ABSTRACT

CHEN, XTAOHONG. Some Advances and Applications of Immersed Interface Methods. (Under
the direction of Zhilin Li.)

In this thesis, two different types of Immersed Interface method (IIM), augmented IIM and
direct IIM, are proposed for interface problems and followed by applications of these two meth-
ods. Both approaches are originally used to solve elliptic interface problems with a piecewise
variable coefficient that has a finite jump across a smooth interface and provide not only a
second order accurate solution in the entire domain but also second order accurate gradients
from each side of the interface. In the augmented IIM, the partial differential equation (PDE) is
reformulated and an augmented variable of co-dimension one is introduced and solved through
a Schur complement system. Second order convergence proof is completed for both the solution
and the gradient. Combined with Alternating Direction Implicit (ADI) method, the augmented
IIM is extended to solve multi-scale parabolic PDE problems in which the coefficient is dis-
continuous, and the domain has many inclusions with different material parameters. Two ADI
methods based on augmented approaches are studied. The introduced augmented variable along
the interface enables us to get dimension by dimension jump conditions in a scale needed to get
accurate discretization in the coordinate directions. With the new ADI methods, not only is
the solution second order accurate globally, but also the augmented variable, which is validated
through various examples.

Unlike the augmented approach, the direct IIM discretizes the system directly without using
the augmented variable and, hence, is easier to implement and computationally more efficient.
For elliptic interface problems, the resulting finite difference scheme is the standard five-point
central scheme at regular grid points, while it is a compact nine-point scheme at irregular
grid points. The computed solution is second order accurate and will be used to recover the
gradient from each side of the interface to the same accuracy. While second order convergence
for solutions can be proved by enforcing a discrete elliptic maximum principle, the theoretical
convergence proof for the gradient is still an open question. An application of the direct IIM
is also presented to solve two-phase incompressible Stokes equations with an interface and a
piecewise constant viscosity on staggered grids. In this application, the velocity components and
the pressure are placed at different grid points. The Marker and Cell (MAC) scheme is used
for discretizing the momentum and continuity equations at regular grid points. The computed
numerical solutions are second order accurate in the L norm for both the velocity and pressure,

which is demonstrated in numerical tests.
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Chapter 1

Introduction

In this thesis, two different types of Immersed Interface method (IIM), augmented IIM and
direct IIM, are proposed for elliptic interface problems and followed by their applications in

solving parabolic interface problems and two-phase Stokes equations.

1.1 The model problems

1.1.1 Elliptic interface problems

We first consider the elliptic interface problem

V- (B(x)Vu(x)) = f(x), xecQ\I, Q=0 uQ, (1.1)
[w](X) =w(X),  [fun](X) =0v(X),  XeT, (1.2)
in one and two space dimensions, where for example, [u] = [u|p(X) = v (X) — u™(X) is the

difference of the limiting values of u(X) from Q and Q sides, respectively, u, = n-Vu = %

is the normal derivative of solution u(X), and n(X) is the unit normal direction at a point X on
the interface pointing to QF side, see Fig. 1.1 for an illustration. We use x to represent a point
in the domain while X a point on the interface I'. Since a finite difference discretization will
be used, we assume that f(x) € C(Q%), B(x) € C1(QF), excluding I'; and T’ € C%, w € C?(T),
v € CY(T). All the parameters and g—f and % are assumed to be bounded. For the regularity
requirement of the problem, we also assume that 5(x) > Sy > 0 and f(x) € CY(Q\I"), for a
constant v > 0 so that u(x) € C*(Q¥), see [17, 2. For the error analysis, piecewise higher
regularity assumptions are needed for the solution.

Many free boundary and moving interface problems can be modelled by differential equations

involving not only the solution to the governing equations, but also the gradient of the solution
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Figure 1.1: A diagram of a rectangular domain = Q*tUQ ™ with an interface I". The coefficient
B(x) has a finite jump across the interface T'.

at the free boundary or moving interface from each side. Such examples include the Stefan
problem and crystal growth modeling the interface between ice and water in which the velocity
of the interface depends on the temperature of the heat equation and its gradient at the interface
(called the Stefan condition), [9, 42]; the Hele-Shaw flow [25, 27]; the coupling between a Darcy’s
system and Stokes or Navier-Stokes equations [32]; and open and traction problems [43, 50].
The most expensive part of simulations from our research on those problems is to solve one
or several elliptic interface problems, for example, two generalized Helmholtz and one Poisson
equations when we solve the 2D incompressible Navier-Stokes equations involving an interface

using the projection method [43].

1.1.2 Parabolic interface problems

The second model problem in this thesis is a two-dimensional parabolic equation

Uy = (Bua:)x + (Buy)y - fa (JZ, y) eQtuQ \Fv

(1.3)
u(z,y,0) = ug(z,y), Given BC on 0O,

with a fixed interface I' € C?, where u; = %, Uy = % and so on, BC stands for a boundary

condition along 00" which can be Dirichlet, Neumann, or mixed along different parts of the
boundary 9Q" (see Fig. 1.2 for an illustration). Two more conditions are needed at the interface
I" to close the system, typically the natural jump conditions which state that both the solution
and the flux are continuous across the interface I'. We assume that the coefficient 8 has a finite

jump across the interface I' corresponding to different materials or states and with a source



term along the interface, as in the Peskin’s Immersed Boundary model [57],

= (), + (Buy), = ) = [ 0(X(3).1) S = X () s, -

xeN=0tuQ", X(s) €T,

where x = (x,y) is a point in the domain, X(s) = (X(s),Y(s)) is a parametric form of the
interface I'. Note that the equation above is defined in the entire domain including the interface
" while (1.3) is defined in each sub-domain Q1 or Q= excluding T

We use the expression (1.3) instead of (1.4) to avoid using a discrete delta function so that
we can design accurate numerical schemes. We assume that f(x,t) is piecewise continuous in the
domain with a possible finite discontinuity across the interface I'. Thus the solution of wu(x,t)
is a piecewise C2(2F) function in the interior of each sub-domain but coupled together across

the interface I' by two jump conditions (also called internal boundary conditions),

ou
ulxer =, |05 = ol (15)
Xel
where for example,
du . du(x) . du(x)
= |p=— = 1 — 1
[5un}x€r [BanL(er x—>Xl,r:Icleﬂ+ﬁ(X) on X_>X17r)1(1697,8(x) on
Ou™ ou~
_ Bt _ B _
= 0| G| = el

and so on, g—z = Vu-n = u, is the directional derivative in the normal direction n with n| =1

pointing to the QT side. We use 7 as the tangential direction following the right-hand side
rule. Thus % = Vu-T = u, is the tangential derivative of the solution u. When w = 0 and
v = 0, the jump conditions are called natural jump conditions. Due to the discontinuity in (3,

the normal derivative wu,, is typically discontinuous even with natural jump conditions.

1.1.3 Two-phase Stokes equations

Last, we consider the following two-phase Stokes equations

Vp=V-uVu+ (Vu)')+g+F, xeq, (1.6)
V-u=0, x € (), (1.7)
u [p0= wy, (1.8)
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Figure 1.2: (a): A diagram of an arbitrary interface immersed in a uniform grid. (b): A diagram
of the multiscale problem with multi-inclusions. The plot is the coefficient 8(xz) > 5y > 0 which
is a piecewise constant.

where u = (u,v)? is the fluid velocity, p is the fluid pressure, p is the fluid viscosity, uy is a

Dirichlet boundary condition for the velocity, g = (g1, g2)” is the body force and F is a singular

source defined as

F = /Ff(s)é(x — X(s))ds. (1.9)

Here X(s) is a parametric form of the interface I' with s being the parameter, for example,
the arc-length, 6(-) is the Dirac delta function, and f = (f1, f2)7 is the density function of the
surface force along the interface. The problem is illustrated in Figure 1.3, where the domain €2
is divided into two subdomains, QT and € ~, by the interface I.

For the regularity requirement of the problem, we also assume that p > ug > 0, I' € C?,
and f € L2. The divergence free condition (5.2) combined with divergence theorem leads to the

compatibility condition for u, i.e.
/ Up - Np = 0, (1.10)
[2/9)

where ny is the unit normal vector pointing to the outside of 0f2.

1.2 A brief overview of the numerical methods for interface

problems

Naturally, finite element methods can be and have been applied to solve the interface problem.

It is well known that a second order accurate approximation to the solution of an interface
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Figure 1.3: A diagram of a rectangular domain 2 = QTUQ~ with an interface I'. The coefficient
1(x) has a finite jump across the interface T.

problem with w = 0 and v = 0 can be generated by the Galerkin finite element method with
the standard linear basis functions if the triangulation is aligned with the interface, that is, a
body fitted mesh is used, see for example, [1, 5, 12, 69]. Some kind of posterior techniques or
at least quadratic elements are needed in order to get second order accurate gradients from
each side of the interface. The cost in the mesh generation coupled with unstructured linear
solver is uncompetitive with the algorithm proposed in this thesis in our opinion. There are
also quite a few finite element methods using Cartesian meshes. The immersed finite element
(IFEM) was developed for 1D and 2D interface problems in [36] and [40], respectively. Since
then, many IFEM methods and analyses have appeared in the literature, see for example,
[14, 21], with applications in [48, 70]. The IFEM distinguishes from other FE methods in terms
of degree of the freedom and structure of the coefficient matrix, for example, the extended
finite element method (XFEM) in which enrichment functions are added near the interface
[61]; unfitted finite element method based on the Nitsche’s method in [20]. Related work in
this direction can be found in [7, 30, 18, 23] and others. Note that, the methods developed in
[24, 26] use a Petrov-Galerkin finite element discretization in which the non-conforming IFE
space and the standard linear finite element space are used as the trial and test functional spaces,
respectively. A partially penalty IFE method has been proposed in [49]. Another type of method
is based on discontinuous Galerkin [68, 53] or weak Galerkin[65] methods with some penalties.
In those methods, some parameters are chosen to achieve the optimal convergence. In general,
discontinuous or weak Galerkin methods are flexible because there are more choices of the
degree of freedom, which in turn implies these types of methods may be computationally more
expensive. Those methods are usually better suited for hyperbolic problems and conservation

laws.



Finite difference methods have also played a very important role in scientific computing
and solving engineering problems. Advantages of finite difference methods based on Cartesian
meshes include simplicity, ease to programming, and ability to utilize many existing fast solvers.
Note that error estimates from finite element methods are based on integral forms which may
not exactly predict the actual errors near the interface compared with that from finite difference
methods that are based on the point-wise (L°°) norm.

Many new finite difference methods based on a Cartesian mesh have been developed for
interface problems, see for example, the matched interface and interface method (MIB) [73],
the virtual node method [22, 3]. The MBI methods share the same basic idea with IIM to
construct the fictitious grid values of the solution near the interface. The IIM achieved this by
adding an additional correction term to the original stencil and the correction term is determined
either by direct interpolation or the augmented variable. In contrast, the MBI methods assume
the fictitious grid values are known and use them to interpolate the limiting values at the
interface. The real fictitious grid values are determined when the limiting values satisfy all the
jump conditions. This procedure does not involves deriving jump relations and strongly depends
on the shape of the interface. And, as a result, the finite difference stencil at the grid point
near the interface is not confined and well structured. The virtual node method adapts ideas
from finite element methods. It tries to construct the basis functions at the grid points near
the interface or irregular boundary to discretize the energy minimization form. The resulted
coefficient matrix or the stiffness matrix is symmetric positive semi-definite. However, it only
produces a first-order accurate gradient.

Most numerical methods for interface problems based on structured meshes are between
first and second order accurate for the solution but the accuracy for the gradient is usually
one order lower. Note that the gradient recovering techniques for example, [64, 71|, are not
suitable for structured meshes because of the arbitraries of the interface and the underlying
mesh. The mixed finite element approach and a few other methods that can find accurate
solutions and the gradient simultaneously in the entire domain often lead to a saddle problem
and are computational expensive, which are not ideal choices if we are only interested in the
accurate gradients near the interface or boundary.

For Poisson equations with singular source along an interface, it has been proved in [2] that
both the computed solution and gradient are second order accurate by a factor of logh in the
infinity norm. In [44], an augmented immersed interface method (AIIM) is proposed to solve
the elliptic interface problems with piecewise constant coefficients. For more general elliptic
interface problems, an augmented IIM [46] that provides both a second order accurate solution
and the gradient on the interface has been developed and analyzed. In [45], a maximum principle
preserving scheme is proposed for variable discontinuous coefficients. A quadratic optimization

is used to determine the finite difference coeflicients at grid points near the interface so that the



coefficient matrix is diagonally dominant. Based on this maximum principle preserving scheme,
a new direct IIM [10] without using augmented variables was proposed which produces both
second order accurate solution and the gradient.

For heat equations with a constant heat conductivity but singular sources, a second order
ADI method was developed In [41]. Since only the source term has a singularity, it is possible
to modify only right-hand sides in the ADI method. The method is further generalized to
discontinuous coefficient cases with a special, but less common flux jump condition [u,] (not
[Buy]) in [47]. The ADI approach is also applied to a non-linear convection-diffusion equation
with a continuous coefficient in [51]. In [72], a matched interface and boundary (MIB) based
ADI method is proposed for heat equations with a discontinuous coefficient, which is a step
forward in this direction. However, the method is only first order accurate in time and does
not have the same structure as that of the classical ADI method. In each directional sweep,
one needs to solve a penta-diagonal system of equations if the grid line involves points from
each side of the interface which makes the ADI method less attractive. The stability and error
analysis are also open questions. A similar splitting technique for elliptic interface problems
can be found in [13] in which the second order version would destroy the ADI structure and
compromise the stability of the algorithm. Some other related research for heat and parabolic
interface problems can be found in [4, 28]. It is challenging to develop ADI schemes for problems
with a discontinuous coefficient because one cannot in general decouple the flux jump condition
in coordinate directions.

The immersed interface method is first extended to solve Stokes flow with constant viscos-
ity in [34]. Later on, an augmented IIM was developed for incompressible 2D Stokes flow with
discontinuous viscosity in [39] and similar problems with a moving immersed boundary in [31].
All these methods decompose the incompressible Stokes equations into three separate Poisson
equations with the same interface and the pressure is computed first to recover the velocity.
Since the standard uniform grid is adapted, it is also challenging to design a numerical bound-
ary condition for the pressure using a uniform grid. An alternative way to solve incompressible
Stokes equations is to discretize momentum and continuity equations together as a whole sys-
tem. In [63], an augmented IIM is combined with the Marker and Cell (MAC) scheme and
an efficient algorithm is designed to solve two-phase incompressible Stokes equations. In [11],
a direct IIM based on MAC scheme was proposed to solve the same problem. Both methods

produce second order solution for both velocity and pressure.



1.3 Comparisons among finite difference based methods for in-

terface problems

In this section, we use a simple one-dimensional elliptic interface problem to illustrate the
differences among some finite difference based methods. Consider the following problem with a

piecewise constant coefficient

[u] =w, [Buy]=.

The key to solve this problem is to derive finite difference schemes at irregular grid points, and
more specifically schemes for u,, term at x; and z;;1. Let us assume « is the interface (a point)

located between the two irregular grid points x; and x;11.

e The classical IIM [35] is based on Taylor expansion, and the method of undetermined

coefficient. This approach assumes the finite difference scheme at x; has the form
Uz (X3) R C1U—1 + C2U; + C3U1 + Ca, (1.11)

where ¢; — ¢4 are undetermined coefficients. Unlike the standard central difference stencil
which apply Taylor expansion about the center point, the IIM expands u;—1, u; and
ui+1 about the control point «, or the interface in the 1D case. This is because Taylor
expansion requires the continuity and the solution in our problem has a jump across the
interface. The standard method of undetermined coefficients then regards u, u, and ug,
as a basis, and sets the coefficients of these basis equal zero to determine the scheme.
In our case, we have two sets of basis to use, namely {u~,u, ,u,,} and {u*,ul, ul },
which are related by jump relations. One can then choose either set of basis and apply

the method of undetermined coeflicients to derive the scheme.

The classical IIM is a very general and well-studied approach. The finite difference stencil
at a irregular grid point is confined involving three grid values in 1D and six to nine grid
values in 2D problem. However, the original IIM approach does not generate second order

accurate gradient.

e The MIB method [73] introduces a useful concept called fictitious value which is a hypo-
thetical grid value extended from the opposite subdomain. For example, we know u; € 2~
and u;11 € Q1. Now let @; and ;1 be the fictitious values of u; and w;;1 respectively.
Then 4; is a hypothetical value of the solution at x; in QT assuming we can extend the

solution from Q7 smoothly to z;. In the same way, ;1 is a hypothetical value of the



solution at x;41 in 7.

Now we have a set of grid values w;—1, u;, and ;41 in €2~ subdomain and another set of
grid values 4;, w11, and u;;o in Q7 subdomain. Since the function value is continuous
in each set or subdomain, we can use standard method of undetermined coefficients to
determine the finite difference scheme for limiting values at the interface. For example,

we will know

U~ R Cp U1 + Cy U+ Cg Ui,
TR cfﬁi + C;Ui.‘rl + c§ui+2,
U, ~ dl_ui_l + dz_uz + d:;ai-i-ly

xT
~ d+i
ul =~ dfa; + dfui + d}fuz‘+27

where all the coefficients {c} and {d} are known. These limiting values have to satisfy

two given jump conditions, i.e.,

St — g o, (1.12)

Here we have two equations (1.12) and two unknowns, @; and ;1, and hence can deter-

mine the schemes for these two fictitious values.

Unlike IIM, the MIB method does not derive the jump relations (more specifically jump
relations for second and higher order derivatives), and this is also true for high-order
dimensional problems. As a result, some interface information like curvature is not incor-

porated into the algorithm and it seems unable to produce second-order accurate gradient.

Another feature of MIB is that the form of its stencil at irregular grid point highly
depends on the shape of the interface. This can also be observed in 1D problem that
the two fictitious values 4; and ;11 are coupled together, see (1.12), and their schemes
involve four grid values instead of three in IIM. If we further assume another interface ~
located between x;11 and x;49, the scheme at irregular grid points will involve total six
grid values. But in IIM, the scheme uses three grid values for all cases. This phenomenon
becomes more common in two dimensional problems. The stencil is not confined and may

involve quite a lot of grid values. As a result, the coefficient matrix is not well structured.
The advantage of MIB is that it can deal with nonsmooth interface with sharp points.

This has not been done for any IIM approach.

The new direct IIM [10] is based on classical IIM. The main idea is that the resulted

coefficient matrix for interface problem should be close to the coefficient matrix gener-



ated by the same problem without the interface. To achieve this, we rewrite the finite
difference scheme at irregular grid points as the standard central difference scheme plus

a perturbation term, i.e.,

Ui—1 — 2U; + Uig

Uy () ~ 2 + C, (1.13)
where C is the correction term and has the formula
1 ZT; — 2
C= 2 ([U] + (Tit1 — a)lug] + (H2>[um]> . (1.14)

The direct IIM assumes the interpolation scheme for the correction term C' has the form
C=cu;+ Coliy1 + C3, (1.15)

where the coefficients ¢; — c3 are determined by the method of undetermined coefficients
using jump relations as illustrated for the classical IIM. One small difference here is
that the direct IIM takes advantages of an additional jump relation from the PDE itself
(the PDE provides two jump relations instead of one), which is the key to construct the

interpolation scheme (1.15) and prove the convergence.

It will be more obvious to see why we prefer the formulation (1.13) over (1.11) in two
or higher dimensional problems. In two-dimensional problem, usually the scheme at the
irregular grid point involves nine gird values. The IIM determines these coefficients by
calling SVD (singular value decomposition) solver which generates the minimum norm
solution. If we use the formulation (1.11), the weights for the involved nine grid values
have the same level of the magnitude. Notice that in (1.15), the coefficients c1 and ¢y are
O(#) in general but actually far smaller than h—lz in magnitude in the numerical tests.
So we can consider that the formulation (1.13) puts more weights on the five grid values
used in the standard central difference stencil. In this case, the correction term C' can
be regarded as a small perturbation and the eigenvalues of the coefficient matrix still
remain in the stability region as demonstrated in our numerical tests. This is also the

main reason, as we believed, for gettiing second order accurate gradient.

Another benefit from using formulation (1.13) is that it is more suitable for convergence

analysis especially for the augmented approaches.

The augmented IIM [46] uses the formulation (1.13) to derive the finite difference scheme
at the irregular grid points. The main idea of AIIM is to introduce an augmented vari-
able, [u;] = ¢q, and solve a new model problem consist of the original PDE, the solution

jump condition, and the jump condition for the augmented variable. The benefit of using
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augmented variable to solve a new model problem is that the formulations for the jump
conditions become very simple and concise, especially for high dimensional problems, see
(2.32)-(2.33). The solution computed from the new model is also the solution for the

original model only if the flux jump condition is satisfied, i.e.,

v = [ﬁua:]
=BTuy — B u,
= [Bluf + B [ug]
= [Blu, + B¢

Combined with the system for the new model, we have

A B
¢ D

U
Q

Fy
Fy

Eliminating U gives the Schur complement equation for @)
(D-CA'B)Q=F,-CA™'F, or SQ=F. (1.16)

We solve for @ first and then use the computed augmented variable to recover the solution.

Compared with direct IIM, one can consider the augmented IIM derive the interpolation
scheme for the correction term C' (1.14) implicitly. This approach produces second order
accurate gradient and have complete proof for the convergence for both the solution and
the gradient. The disadvantage is that it involves solving an additional Schur complement
system (1.16).

1.4 Outline of the thesis

The rest of the thesis is organized as follows

e In Chapter 2, we proposed a new augmented immersed interface method for general
elliptic interface problems with variable coefficients that have finite jumps across a general
interface, and non-homogeneous jump conditions. In Section 2.1, we develop the algorithm
in one-dimension since it is easy to understand and explain followed by the convergence
proof. In Section 2.3, we extend the algorithm to two dimensions followed again by the
convergence analysis in Section 2.4. In Section 2.5, we present some two dimensional

numerical examples.

e In Chapter 3, we proposed a new direct immersed interface method for general elliptic

11



interface problems with a variable coefficient that have finite jumps across a general in-
terface, and non-homogeneous jump conditions. In Section 3.1, we develop the algorithm
in one-dimension since it is easy to understand and explain followed by the convergence
proof. In Section 3.3, we extend the algorithm to two dimensions and prove its conver-
gence. The stability and convergence of our method for general problems will be shown

numerically in Section 3.4 by presenting some two dimensional numerical examples.

e In Chapter 4, we proposed two new ADI methods using some augmented variables to solve
the heat equation with a interface. In Section 4.1, we explain the idea using augmented
strategies and derive needed jump relations in coordinate directions. In Section 4.2, we
develop two ADI methods using different augmented variables in detail. In Section 4.3, we
explain how to discretize the augmented variable using the Schur complement system and
other implementation details. The Schur complement matrix just needs to be generated
initially for a fixed interface. In Section 4.4, we present numerical examples to validate

our analysis and algorithms along with an application.

e A new direct immersed interface method for solving two-phase incompressible Stokes
equations with an interface and a piecewise constant viscosity is proposed in Chapter 5.
In Section 5.1, we derive the finite difference scheme, set up the linear system solver, and
describe how to implement the algorithm. In Section 5.2, we will present some numerical
examples and perform grid refinement and eigenvalue analysis to show the second-order

convergence of our method. We conclude in the last section.

e Conclusions and future work are presented in Chapter 6.
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Chapter 2

An Augmented Method for
Accurate Solution and Gradient
Computations for Elliptic Interface

Problems

In this chapter, we develop an efficient augmented IIM to solve the elliptic interface problem

V- (B(x)Vu(x)) = f(x), xeQ\I, Q=0 uQ, (2.1)

[w](X) =w(X),  [un](X) =v(X), XeT, (2.2)

in one and two space dimensions. where for example, [u] = [u|p(X) = v (X) — u™(X) is the
Ou

difference of the limiting values of u(X) from Q% and Q~ sides, respectively, u, = n-Vu = §*
is the normal derivative of solution u(X), and n(X) is the unit normal direction at a point X on
the interface pointing to Q7 side, see Fig. 1.1 for an illustration. We use x to represent a point
in the domain while X a point on the interface I'. Since a finite difference discretization will
be used, we assume that f(x) € C(QF), B(x) € CH(Q¥F), excluding T; and T € C2%, w € C*(T),
v € CH(I"). All the parameters and g—’g and % are assumed to be bounded. For the regularity
requirement of the problem, we also assume that 5(x) > Sy > 0 and f(x) € CY(Q\T), for a
constant v > 0 so that u(x) € C**V(QF), see [17, 2. For the error analysis, piecewise higher

regularity assumptions are needed for the solution.
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2.1 The one-dimensional algorithm

A model interface problem in one dimension has the following form

(Bug). = f(x), x € (a,a) U (a,b),

u(a) = uq, u(b) = up, [Ula = w, [Buzla =,

(2.3)

where a < a < b is an interface (a point). We assume that conditions for 3(x), f(x) described
in the introduction section hold with Q= = (a,a) and QT = (a,b). We will drop the subscripts
a in the jump expressions such as [u], and [Suz], and simply use [u] and [Bu,].

Let x; = a + th be a uniform mesh with h = (b — a)/N and i = 0,1,--- , N. We define
q = |ugz]o as the augmented variable. Assume that z; < a < ;. We call z; and x4 as
irreqular grid points while others are called regular grid points. The finite difference scheme at
a regular grid point x;, ¢ # j and i # j + 1 can be written as

Bic1/oUim1 = 2B Ui + Bit12 Uis1  f(a4)

Bih? TG 24

where

Bi—1/2 + Biv1)2

Bic1j2 = B(xi — h/2),  Biy1y2 = B(zi + h/2), Bi = 5 (2.5)

At the irregular grid points x; and xj;1, we use the following equivalent differential equation

Bty . i
==L (2.6)

This is one of the key ideas of the new augmented approach. In this way, we can obtain the

Ugy +

second jump conditions [uy;] in terms of lower order jump conditions and derivatives of the
solution.
If we know the jump [u,] = ¢ in addition to the original jump conditions [u] and [Sug], then

we know the following jump relations

[u] =w, [um] =4q,

mmzm_@@+%%zvyyﬂ_ B+ 2.7)

B~ Bt T T gl sl pr?

If By(z;)/B(xj) > 0, then the finite difference discretization at the irregular grid point x;

14



can be written as

Uj-1— 2}? tUim CFD(U, 1, U, Uya) + %((xmjj)) <Uj+1h Ui , C> _ g(ﬂfg") (2.8)

where C' is a correction term, see [38]

ul (41 — a)[ug] w (T4 —Q)q
o:_[h]_ﬁ - :_E_iﬁ - , (2.9)
and C*P(U;_1,U;,Uj41) is part of the finite difference equation,
FD(y7. 77 _ _M _ (41 — o) [ug] _ (241 — @) [ugy]
C (U]_17 UJ’ U]+1) - h2 h2 2h2 (2 10)
o w (mii—a)g (41— a)[ug]
h? h? 2h? ’

in which [ug,] is discretized by, see (2.7),

i - (-2
Tx ﬁ_ ,B T /B+
-f /8; /Bz Uj — U'fl . 533
- 5 -5 [5] 2 5| <o
g] — gg_{q — [%} (U]Hh_UJ + C) otherwise.

The case when 3,(x;)/8(x;) < 0 can be treated in a similar way. We omit the details here. We
can derive a similar finite difference scheme at the irregular grid point ;1. The finite difference

scheme has the following properties.

e It is consistent. The local truncation errors at regular grid points are O(h?), and O(h) at

irregular grids points x; and ;1.

e The finite difference scheme can be written as
AU+ BQ =F, (2.11)

where the coefficient matrix Aj is irreducible, tri-diagonal, and diagonally dominant, U
is the column vector formed by the finite difference solution, and B is a column vector
with at most two nonzero entries at j-th and (j + 1)-th locations, @ is the approximate
value of ¢ = [u,]. Note that Ay, is invertible and the two component of F; and Fj;1 have

been modified.
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2.1.1 Discretization of the flux jump condition

Next we discuss the interpolation scheme to approximate the interface condition [fu,| = v.

First we re-write the jump condition as follows

[Bug) = BHut — Buy =BT (ug +q) — B ug

Br—p (2.12)
This can be discretized as
-8 v
Bﬁf (71Uj—1 + %U; +73Uj41 + Cg) +q= 5 (2.13)

where 71, Y2, v3, and the correction term C'5 are determined again using the idea of the IIM so

that the interpolation scheme is a second order approximation of (2.12), that is,

Bt - B~
B+

In the matrix-vector form, the above equation can be written as

(mutes) + roules) + sulagn) +Cs) + ] = g = O(1?).
SU4+GQ=F, (2.14)

where S is a row vector whose sum is zero.

We define the residual of the flux jump condition given an approximation ) as
R(Q) = SU + GQ — F5, (2.15)

which is the discrete form of r(q) = [Sfu,] — v. If we put the two equations (2.11) and (2.14)
together, we get

A, B||U F
" = (2.16)
S G| |Q Fy
Eliminating U in equation (2.16) gives the Schur complement equation for @
(G—SA,'B)Q = F, — SA; 'Fy. (2.17)

The equation (2.17) can be solved if the Schur complement is nonsingular. Once @ is computed,
one can substitute it in equation (2.11) to solve for U. The cost of computation in this process
is to solve linear systems with the form Apx = b three times, A;lFl, AEIBQ, and finally

(2.11). Since matrix Ay, is tridiagonal and row diagonally dominant, the Thomas algorithm is
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guaranteed to be stable and the solution can be obtained in O(NN) operations.

2.2 Convergence analysis of the 1D algorithm

In this section, we demonstrate second order convergence of the solution globally and its first
order derivative at the interface, as well as the augmented variable of the proposed new method.
The proof is simpler than that in the two dimensional case but serves the purpose of under-
standing the tools used in the proof.

We use the following notations. We denote the errors as E* = U — u with EY = U; — u(x;)
for the solution and E? = @) — q for the augmented variable, respectively, where u(z;) is the true
solution at x;. We use C' to represent a generic error constant. We start with the analysis by
assuming that the coefficient 5(x) is a piecewise constant, the domain is (0, 1), and a Dirichlet

boundary condition at the two end points for simplicity.

Theorem 2.1. Assume that B(x) is a piecewise constant and u(x) is in piecewise C* excluding
the interface . If Q is a second order accurate approzimation to q, i.e. |E9] < Ch?, then we
also have ||E¥|| < Ch?,

Proof: Let T be the local truncation error of system (2.11), that is,
Apu+ Bqg=F; + T, (2.18)

where u is the vector formed by the true solution at the grid points x;, ¢ is the jump of the
derivative of the solution [uy]| across the interface a. Subtracting equation (2.18) from (2.11)
yields

A EY = FY, (2.19)

where F* = —T* — BEY. Notice that |T% < Ch? and B; = 0 at regular grid points while
\:I‘j“| < Ch and |T%,| < Ch, and Bj~~ O(3), Bjtl ~ O(3). Since |E? < Ch?, we have
F* ~ O(h?) at regular points while Fit ~ O(h), F}y ~ O(h). Also when j is piecewise

constant, the matrix Ay can be simplified as
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From [33], we have

h(.l?j - 1).%‘7;, 1= 1,2, ...,j,

(An);;" = hG(zisz5) = (2.20)
h({L‘i—l){lfj, t1=73,7+1,...,N—1,
where
~ (z — 1)z, x < T,
G(z;z) =
(x — 1)z, x>,
is the Green’s function that is the solution of the following
Ay G(z;7) = 0(x — T), 0<z<l 0<zZ<I,
G(0;z) =0, G(1;z) = 0.
The global error of uw then can be represented as
N-1
Ef=h>_ F/'Gwix;). (2.21)
j=1
Since 0 < G(x4;25) < 1, we have the inequality
N-1 ) ) -1 N-1
B[ <Y FF < IF 4 [Ffal + ) 1B+ ) |F
j=1 k=1 k=j+2
~h(O(h) + (N —2)0(h?)) ~ O(h?),
since N ~ 1/h. This shows that ||F%||. < Ch?, hence the proof is completed. [

Next, we show that the Schur complement system is non-singular.

Theorem 2.2. With the same assumptions as in Theorem 2.1 and 3~ # 37, then the coefficient

matriz (a number for the 1D problem) of the Schur complement is non-singular.

Proof: Note that from (2.11), that is, A,U(Q) + BQ = F1, we have A,:lBQ = A,:lFl —

U(Q) and the Schur complement can be re-written as

(G—SA4,'B)Q =GQ — SA;,'BQ = GQ — SA;'F, + SU(Q)
= (SU(Q)+ GQ) — (S4,'F1 + G - 0)
= (SU(Q) + GQ) — (SU(0) + G - 0)
= R(Q) = R(0).
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If @ # 0 and B~ # BT, then R(Q) # R(0). For the one-dimensional problem, we have
(G—SA;'B) = (G- S4;'B)1=R(1) — R(0) # 0. |

Now we are ready to show that the augmented variable () is also second order accurate.

Theorem 2.3. With the same assumptions as in Theorem 2.1 and = # [T, then we have
|E9| = |Q — q| < Ch*.

Proof: Similarly to the definition of the local truncation error T, we define the local

truncation 19 of g as
Su+Gqg=F,+1T9, (2.22)
where u and ¢ are defined as before. From (2.16), we know that

A B
S G

Eu
E1

—_Tu
—T4

—

2.23)

Eliminating E%, we get the Schur complement system for F4
(G- SA'B)EYI = —T9+ SA™'T" (2.24)

We already know that the (G — SA~!B) is non-singular and ||7%||.. < Ch%. The key is to show
that [|[SA™ITY|| < Ch2.

Let b = A~!T", from the definition of the Green function in (2.20), we can write

N—1
bi=nh Z T Gz 1p). (2.25)
=1

At first glance, it seems that E9 ~ O(h) since the interpolation operator ||S||oc ~ 1/h. Nev-
ertheless, the following analysis shows that the terms of O(1/h) are cancelled out to O(1) and
thus B9 ~ O(h?) is true. Let A; = b; — b;_1, i = 2,..., N — 1. Then we have (note that both
SA~IT% and Sb are scalars for the 1D problem)

SATIT" = Sb = S;_1bj_1 + S;b; + Sj+1bj+1
= Sj-1(bj — Aj) + Sjbj + Sj+1(bj + Ajipa)
= (Sj—1+ 85+ Sj+1)bj — Si—18; + Sj11A0 4
= =814 + Sj+1441.

Notice that the term b; is cancelled out. This is because the interpolation operator is for the

'Note that some of the proof is similar to the contents in Section 6.1.2 in [38].
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first order derivative of u(z), and the consistency condition requires that S;_; +5; + S;11 = 0.
Now what is left to prove is that Aj; ~ Aji1 ~ O(h?), which leads to EY ~ h? Since Sj_1 ~
Sj+1 ~ O(1/h). The final step of the proof is explained below.

N-1
A = 1b = bia| = h YT |Glas 1) — Glai;2)]
=1

N-1
< h? Z IT}| + h? (I3 + |T341) from the continuity of G(z;, ),
15,41
~ O(h%).

This completes the proof. [
As a result of Theorem 2.1-Theorem 2.3, we conclude that the solution U is also second

order approximation to u, which is summarized in the following theorem.

Theorem 2.4. With the same assumptions as in Theorem 2.1 and B~ # 87, and B is piecewise
constant, then |E%||s = |U — ufs < CR2.

Proof: Since the Schur complement matrix is a constant independent of h and |T9] < Ch?,
and we just proved |SA™ITY| < Ch?, from (2.17), we have the conclusion. [ |

Not only do we obtain a second order accurate solution and the augmented variable, but
also second order accurate derivative u; and u; if the derivative is computed using the scheme
(2.12), that is,

+
v (5 ) 220

assuming that 3~ # BT. Since the computed @ is second order accurate, we immediately have

the following theorem.

Theorem 2.5. Assume (3 is piecewise constants and U, 1is computed using the above formula

with q being replaced by Q, the computed augmented variable. Then |U; — u;| < Ch?, where

_ g du
Uz = :cl—lg}— dx ($)

2.2.1 An example of the 1D Stefan problem

Our numerical experiments in one-dimension have confirmed our theoretical analysis that both
the solution U ~ u(z) and the augmented variable () ~ [uy] are second order accurate in the

L*> norm. We show an example of a 1D Stefan problem, see for example, [8, 16], in which the
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Table 2.1: A grid refinement analysis for the Stefan problem at the final time ¢ = 3. The

all

computed solution, the first order derivative u («(t)), and the free boundary «(t)
average second order convergence.
N | Ju—=Ullw r |[ua] — Q) r la — Al r
16 | 2.3160 x 10~ 3.9232 x 10~* 4.0734 x 102
32 | 6.4260 x 1072 1.8496 | 3.0046 x 10~% 0.3849 | 1.1473 x 1072 1.8280
64 | 1.9403 x 1073 1.7276 | 1.2357 x 107> 4.6038 | 3.5210 x 103 1.7042
128 | 4.8957 x 10~*  1.9867 | 1.8056 x 10~ 6.0967 | 8.8986 x 104 1.9843
256 | 1.0044 x 107 2.2852 | 7.3479 x 107%  1.2971 | 1.7986 x 10~* 2.3067
free boundary a(t) is moving. The governing equations are
%’;:g%{, for 0<z<a(t), t>0,
u(z,t) =0, for z>a(t), t>0,
where «(t) is subject to the Stefan condition
da ou
T =—5t (1), a0)=0.
The boundary and initial conditions are
ou

The model is from [54]. We can find an analytic solution listed below,

u(z,t) =1

e (z/(2V1))

erf(w) '

a(t) = 2wV/t,

have

where erf is the error function and w is the solution of the transcendental equation /7w -

erf(w)e” = 1. The function f(¢,a(t)) is determined from the analytic solution.

We use a second order time splitting technique to solve the problem, that is, we solve

the differential equation with «(t) fixed, then update the new location of a(t). The augmented

equation now is the boundary condition at «(t). In Table 2.1, we show a grid refinement analysis

of the errors in the solution at all grid points, and the free boundary «(t), and the first order

derivative uy (a(t)), at the final time ¢t = 3. We use lower case for the analytic solution, and

upper case for the computed solutions. We observe that all of them have average second order

convergence.
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2.3 The algorithm for two dimensional problems

In this section, we present the algorithm for two dimensional problems. The key is the mod-
ification of the finite difference scheme at irregular grid points. We first discuss the interface

relations using an equivalent representation of the interface problem.

2.3.1 The jump relations in the local coordinates

As explained in the introduction section, we re-write the elliptic interface problem near the

interface as

Au + ﬁ;ux + %uy = g, (2.27)
[ulr =w,  [ua]r =g, (2.28)

where ¢(X) is the augmented variable only defined along the interface I' which should be chosen

such that the flux jump condition

[Bun]p (X) = v(X)

is satisfied. In this way, the Laplacian term Awu has been separated from (5(z,y) which makes
the discretization easier with our proposed augmented method. This is one of the key ideas of
the new method.

From the description of Section 3.1 in [35, 38], we restate some theoretical results on the
reformulated elliptic interface problem (2.27)-(2.28). Assume that the interface in parametric

form is
r— { (X(5),Y(s)), X(s)e€C2 Y(s)e 02}, (2.29)

where s is a parameter, for example, the arc-length. At a point of the interface (X,Y), the local
coordinate system in the normal and tangential directions is defined as (see Figure 2.1 for an
illustration),

§=(x—X)cosO+ (y—Y)sinb

n=—(x—X)sinf+ (y—Y)cosb,

(2.30)

where 0 is the angle between the z-axis and the normal direction, pointing to the Q% sub-

domain. Under such new coordinates system, the interface can be parameterized as

£=x(n)  with  x(0)=0, x'(0)=0. (2.31)
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The curvature of the interface at (X,Y") is x”(0).

Figure 2.1: A diagram of an irregular grid point (x;,y;), its orthogonal projections on the
interface (X, Y%), and the local coordinates at (X, Yx) in the normal and tangential directions.

If we know the jump in the solution [u] = w and the normal derivative [u,] = ¢ (not the
original flux jump condition [Su,] = v), then we can have the following jump relations at a

point (X,Y") on the interface which is necessary to derive the accurate finite difference method.

Theorem 2.6. For the elliptic interface problem (2.27)-(2.28), given [u] = w and [u,] = q,

then at the interface, the following jump relations hold

[u] = w, [UTI] = w,7 [uﬁ] =q,

Ny

(] = —ax”" + ", [ugn] = w'x" + ¢, (2.32)

o) o= [ (3]s - B+ []

7 3 " A ml, — n .

Uge] = ¢ - —w = | =|u = ||, — 5w + |5

e ( B glie "Bl B 8

where w’, g and w” are the first and second order surface derivatives of w and g on the interface,
which are all evaluated at (&,m) = (0,0).

Here we skip the derivation which is similar to those derived in equation (3.5) in Section 3.1

in [38] assuming that [u] = w and [Bu,| = v are given. Note also that we can express the jump

+
mno

Once we have the jump relations in the local coordinates, we can get back the jump relations

conditions in terms of u™, u, and uz

in the z- and y- directions according to (9.47) in [38]

[uz] = [ug] cos O — [uy]sin 6, [ty] = [ug] sin @ + [uy,] cos 0,
[uze] = [uge] cos? 6 — 2[ug,) cos Osin 6 + [uy,] sin? 0, (2.33)
[yy] = [uge] sin® @ + 2[ugy] cos 0 sin 6 + [uy,] cos® 0.
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2.3.2 The finite difference scheme for the 2D problem

For simplification of discussion, we use a uniform a mesh
;i =a+ih, i=0,1,---M, yj=c+jh, j=0,1,---, N, (2.34)

assuming €2 = (a,b) X (¢,d). The interface I' is represented by the zero level set of a Lipschitz

continuous function ¢(z,y), that is

P={(ny. ¢ley=0, (myea}. (2.35)

In the neighborhood of the interface, we assume that o(z,y) € C2. In implementation, the level
set function is defined at the grid points as {;;} corresponding to ¢(z;,y;). At a grid point

(xi,v;), we define

i = max{pi-1j, Pij, Pit1j> Pij—1, Pij+1} (2.36)
™ = min{@i_1j, Pij, Pi+1,j> Pij—1, Pij+1} - (2.37)

A grid point (z;,y;) is called regular if go?}‘m(p?}m > (, otherwise it is called irreqular.

The set of orthogonal projections (X, Yy), k = 1,2,--- | N, of all irregular grid points on
the interface from a particular side, say Q" side, forms a discretization of the interface I'. We
refer the reader to Section 1.6.4 in [38] on how to find approximate orthogonal projections. Then
the discrete augmented variable @y of the continuous one ¢(s) is defined at those orthogonal
projections. Given a discrete quantity along the interface, we can interpolate the quantity at
the discrete points to get its value, the tangential derivative anywhere along the interface. For
example, assume that (x;,y;) is an irregular grid point, and the interface cuts the grid line at
(:c;‘j, y;) corresponding to the orthogonal projection X = (X}, Y}). We need to get the values
of @ and its tangential derivative at (z7;,y;). We first reconstruct the interface in the local
coordinates as & ~ Cn? + Dn? with error O(n*). We refer the readers to Section 11.1.5 in [38]
about how to find C' and D. We then approximate Q(7n) as Q(7) = Q +w1n +wan? locally with
error O(n%) and Q'(n) = w1 + 2wen with error O(n?). The coefficient w; and wq are determined

from @ values at the two closest orthogonal projections.

The finite difference scheme at a regular grid point

At a regular grid point (x;,y;), the finite difference scheme is the classic conservative one with
the scaling

Bi—1/2,jUi-1.5 + Biv1/2,jUiv15 + Bij—1/2Ui -1 + Bijr1/2Uijr1 — Bi;Ui _ fij (2.38)

hZBij Bl]
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where fi; = f(zi,95), Bi—1/2,; = B(wi — h/2,y;) and so on, and

Bij = Bi—1/2,5 + Bix1/2,5 + Bij—1/2 + Bij+1/2- (2.39)

The finite difference scheme at an irregular grid point

We assume that we know the jump conditions [u] = w and [u,] = ¢, not the original flux
jump condition [Su,] = v. This makes it easier to derive an accurate and stable finite difference
scheme. At an irregular grid point, we discretize the re-written equation (2.27) using a dimension
by dimension approach, and an upwinding discretization for the first order derivative terms.

Let (x;,y;) be an irregular grid point. If the interface does not cut through the interval
(xi—1,xiy1) along the line y = y;, that is, (x;,y;) is regular in the z-direction, then the finite
difference approximation for (Su,), before the scaling is

_Bic1p2Ui—1y + BivayejUivry — (Bicay2y + Biv1y2,1)Ui,

(Bug)s ~ = (2.40)

The final finite difference equation will be scaled in a similar way as those at regular grid points.

Now assume the interface cuts the grid line y(x) = y; in the interval (x;_1,2;41), say at
(x5, y5), with oj; = z; + af;h, 0 < |of;] < 1. Without loss of generality, we assume that
(xi,y5) € Q. We discretize the reformulated equation (2.27), that is,

- Brue Py fT
Ugpg + uyy + :vﬂi:v Bi = Bi7 (241)
where f7, 87, -, are the limiting values at (z};,y;) from 2~ side. We use an upwinding scheme
for the first order term (5, u; /57, that is,
Bz [ Uiy — Uiz n i i Pz <0,
g |\ TR
- ~ B e (2.42)
5% % + # otherwise,
where for example, C‘g = 0if (z;-1,y;) € Q7. Otherwise we have
~T T x :B?j — i
Cij = — ( [u] + [uz] (1 — |ozij|) h) ,  where of; = — (2.43)

see Lemma 10.6 in [38] for the formulas of the correction, where the jumps again are defined

at (:):fj, y;). Similarly, for the second order term g, the finite difference approximation for uz,
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can be written as

Ui—1,j = 2Uij + Uit — CF

2 s (2.44)

U (i Yj) &
where the correction term ij is

(1= Jag;])?h?

Cij = [l + [ua] (1 = [odj]) h + [tax] 5

(2.45)
Approximating [u,,] and [uy,]

Given [u] = w and [u,] = ¢ along the interface, from (2.33) and (2.32) we have the following

[uz] = cos[ug] —sinf[u,] = gcosf — w'sinb,
[uy] = sin@[ug] + cosf [u,] = gsinf + w’ cos b,
[Uze] = cos’ 6 [uge] — 2sin 6 cos O [ugy) + sin? 6 [tnn)

Ny

= —2sinfcosf (w'x” +¢') +sin? 0 (—gx" + w")

Z BJ’_ 1/ /8—"_ / f
—1—00820{(]( —é) —w —B—Zw + [5}

[ )

[uy,] = sin?0 [uge] + 2sin 6 cos 6 [ug,] + cos? 0 [uy,]

Ny

= 2sinfcosf (w'x” +¢') + cos? 0 (—qx” + fw")

¥ +
{3 s
_[%] (Cos@u;—i—sineu;) - [ﬁﬁn] (—Sineu;—i—coseu;)} ,

where w’ and ¢’ are the first order, and w” is the second order, derivatives along the interface,

respectively. In the derivation above, we have used the following formulas
Ug = Uy cOS O 4 uy sin 0, Uy = —Uy Sin 6 + uy cos §. (2.46)

Most of terms in [ug] and [uy,] are computable except terms of u™, u; and u, . Note that
these functions are defined on the interface. Using Taylor expansion, we have v~ (X,Y) =

u” (zi,y5) + O(h), ug (X,Y) = ug (w4, y5) + O(h) and u, (X,Y) = u, (74, y;) + O(h). We simply
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replace u~ with U;; and treat u; and u, using the upwinding scheme to increase the diagonal
dominance of the resulting linear system of finite difference equations. For example, for the

terms containing u, in [u.,] we use

A (Y23 =Yid | TG e g, s,
677 . /B.ﬁ 2 - h h
—|sinf — |—=| cos@ | cos"Qu, = -
b b A M + & otherwise
tmp h L )
where Ay = <[@7] sinf — [&} cos 9> cos? 6,
p g
and once again, for example, CN’Z“] =0 if (z5-1,y;) € Q. Otherwise
C5 = = ([l + [w] (1= o) ) . (2.47)
The linear system of finite difference equations can be written as
AU+ BQ =Fq, (2.48)

where U is the vector formed by the finite difference approximation {U;;} to the solution
{u(z;,y;)}, Q is the vector formed by the discrete augmented variable {Q} to the augmented
variable { [%(X k» Yi) ]}, F1 is the modified right hand side, B is a sparse matrix corresponding

to the correction terms for the [u,] term.

Remark 2.1. e The finite difference stencil is still the standard five-point centered stencil.
This is different from the mazimum principal preserving scheme [45] in which the finite

difference stencil is a nine-point one.

o Ay, is diagonally dominant and invertible. No optimization is needed compared to [45]
because we assume that [uy] is given instead of [Buy ], which makes it easier to discretize the

interface problem. The trade-off is that we also need to solve for the augmented variable.

2.3.3 Discretizing the flux jump condition

At every approximate orthogonal projection of all irregular grid points on the interface, we use
the same least squares interpolation described in Section 4 in [44] to interpolate the flux jump
condition [fu,] = v.

At one orthogonal projection X, = (X, Y}) corresponding to an irregular grid point (z;, y;),

the second order accurate least squares interpolation scheme approximating [Su,| = v can be
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written as

> UG+ Li(B(x), W,Q, V) =0 (2.49)
x5 —Xk|<on

where ¢y, is a parameter of 2h ~ 3h, L stands for a linear relation of its augmenters, the

discrete form of w(X), ¢(X), and v(X). The consistency condition requires that

> y=0. (2.50)

x5 — Xk |<dp

Note that the interpolation coefficients should depend on the index k as well, we omit it for
simplicity of notations.
In matrix vector form, the interpolation at all projections of irregular grid points from one

particular side can be written as
SU + GQ = Fy, (2.51)

for some sparse matrices S and G. If we put (2.48) and (2.51) together we get

A, B||U F
§ =t (2.52)
S G| |Q Fy
Eliminating U in equation (2.52) gives the Schur complement equation for Q
(G—SA,'B)Q=Fy— SA,'Fi, or AjhrQ=Fshur, (2.53)

We use the GMRES iterative method to solve the Schur complement system and do not explic-
itly form the matrices Ay, B, S, G, and Affh“r. The matrix and vector multiplication A;*fh“”Q
needed for the GMRES iteration involves two consecutive steps: the first step is to solve the
interface problem (2.48) given Q; the second step is to find the residual of the flux jump con-
dition, that is, R(Q) = [B(X)U,(Q)] — V. We refer the reader to Section 5.1 in [44] for the
details.

2.3.4 Computing the gradient on the interface

At one orthogonal projection X}, corresponding to an irregular grid point (x;,y;), we use a

similar (two-sided SVD) interpolation to approximate the normal derivative at Xj from Q~
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side

up(Xe) = > Ay Ui+ Ly (B(x), W,Q, V) (2.54)

xi5 —X|<dp,

to get one of u,, (Xy) or u;f (Xy), then use ¢(Xy) to get the other, say v} (Xy) = q(Xg)+u, (Xg).
The linear system of equations has the same coefficient matrix as that in (2.49) for ~;;’s, so
there is almost no additional cost. The term Z}vk (B(x), W,Q, V) is again a correction term due
to the jumps in the involved quantities.

If needed, at a grid point, the partial derivatives u, and wu, can be calculated using the
standard 3-point central finite difference formula with (at an irregular grid point) or without
(at a regular grid point) a correction term. Beadle and Layton [2] have shown that the computed

derivatives using IIM are second order accurate in the L° norm at all grid points.

2.3.5 A new preconditioning strategy

The number of GMRES iterations grows linearly with the mesh size N if there is no precon-
ditioning technique employed. The preconditioning technique proposed in [44] works well for a
piecewise constant coefficient but not for a variable coefficient. The idea of the new precondi-
tioning technique is more like a diagonal preconditioning technique for the Schur complement.
At an orthogonal projection Xj = (X, Yy) where the augmented variable is defined, we use
the re-scaled residual of the flux jump condition

B (Xp)Un (Xi) = B~ (Xi) U, (X)) — v(Xy)

Rrescaled(Xk) — B(Xk) , (2.55)

where 3(Xy) = (87 (Xk) + B7(Xk))/2, to discretize the flux jump condition.

2.4 Convergence proof for the 2D problems

In this section, we provide a convergence proof for two dimensional problems. For simplicity, we
assume that a Dirichlet boundary condition is prescribed along the boundary 9€2. We use U and
u to represent the vectors of approximate and exact solution at grid points; T* and E¥ = U—u
are the vectors of the local truncation errors and the global error. We have EY| aq, = 0 for the
values at grid points on the boundary. Similarly, we define T? and E? = Q — q as the vectors

of the local truncation error and the global error for the augmented variable. According to the
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definition, we have

AU+ BQ = Fy, A,E" + BEY = T, (2.56)

SU+GQ = Fs, SE" + GE? = T4, (2.57)

where the local truncation error vector T is defined as T* = F; — Apu — Bq and so on.

Lemma 2.1. Assume that u(x) is in piecewise C*(Q\T) excluding the interface T. If the
augmented variable is a second order approrimation to [%(X)], that is, |B9||ec < Ch?, then
the computed solution of the finite difference equations (2.48) is also second order accurate, that

is, | Bl < Ch2.

Proof: From the construction of the numerical scheme we know that a component of BE4
is zero at a regular grid point x;; and bounded by Ch at an irregular grid point x;; since
|E?|oc < Ch? as one of the conditions in the theorem. Note that A, is an M-matrix and
ApE* = —BE? 4 T" that is bounded by Ch? at regular grid points and Ch at irregular grid
points. From Theorem 3.3 in [38] or the convergence analysis of IIM in [2], we conclude that
the global error is bounded by Ch?. Also from [58, 59], the partial derivatives using the IIM is
also second order accurate. |

The next step is to show that the computed augmented variable is also second order accurate
by a factor of log h. In this case, we first assume that the coefficient is piecewise constant so

that we can apply some theoretical results from [37].

Theorem 2.7. Assume that u(x) is in piecewise C*(Q\I") excluding the interface T, and the
coefficient B(x) is a piecewise constant 3~ and BT, then computed augmented variable is second
order accurate by a fact of |log h|, that is |E9|| < Ch?|loghl.

Proof: From (2.56)-(2.57), we have
(G — SA;'B)E? = —T7+ SA,'T" (2.58)

Note that solvability of the above linear system has been shown in [44]. We first prove that the
right hand side above is bounded by Ch?. Since the interpolation for the flux jump condition is

a second order one, we have || T9||o, < Ch?. For the second term, from the interpolation scheme
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in (2.49), we consider one component and carry out the derivation

(SA'TY), = > v (4T,

[%:5 —X x| <n

- Z Vi, Z Gh(xlr7 Xij) h2 Tir

|xij7Xk:|§6h l,T (259)

= > Wn > 7Gx xi) |
Ir

|xi5—Xk|<p
where G" (X, %45) is the discrete Green function defined as

_ 1
G" (x5, X1m) = <Ah1elmh2> , G" (9, xim) = 0, (2.60)
j
where ey, is the unit grid function whose values are zero at all grid points except at xj,, =
(x1, ym) where its component is e, = 1, see for example [19]. Note that in the neighborhood
of |x;5 — Xj| < 6y, the points involved in the interpolation is close to X}, we can continue to

derive

_ GM(xyr, xi7) — G (x4, X
(SAth“)k = th Tir Z Vij <G?(Xlr7Xk) +h (Xir, Xi5) - 1(xi ’“)>
lr %5 —Xp|<p

= Z h? Tl Z ’Yi,jG’]l(Xlry X)
l,r

x5 —Xg|<dp,

oGh (%), X
+ Z h3 7, Z Yi,j <I(;(;k)> + O(h)
l,r

xij —X|<dp

oG (xp,, X3
= ZhSTlr Z Yi,j (I 8; i >+O(h)

Lr %5 —X x| <p

The first term in the top line above is zero due to the consistency of the interpolation scheme

for the flux jump condition. We have |7;,.| < Ch? and at regular grid points, and |7;,| < Ch at
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h
irregular grid points, from the estimate of 88% (3.16) in [37] we further derive

c
SATY), | < he |7, | Iw-l< )+Oh
el < 2| 2l =% ) O
< Eoemi( 2 (g em) ow
l,T,Q:LEg |xij_Xk|S5h ir k112
LY Wl T m( ¢ )+O(h)
1. r.Qirr |x‘j*Xk|<5h (HXlT - Xk”Q + h)
ERALLIN % =
= 22 (<|| < h))*o(h)
Qe iy X | <o N I kll2 +
f XY (o) o
177‘797’;7‘7*7‘ |Xij_Xk|S§h (Hxl’f’ - k‘||2 + )
< n > > ( ¢ >h2+0(h3)
- (IIx1r — Xll2 + h)

[xij—Xil<on \I, 72,9

5 c 3
DY 2 <(’Xlr_XkH2+h)>h+O(h )

[xij—Xp|<6n \I,r, Q0"

< Ch*|logh| + Ch?,

where QZ”" and Q, are the sets of all irregular and regular grid points, respectively. In the
derivation above we have used the facts that |vi;| ~ 1/h, |7,] < Ch? at regular grid points
and |7, < Ch at irregular grid points, respectively. We have also used the estimate of the
Riemann sum for the double integral [[1/(z? + y? + h)dzdy < C|logh|. Note also that the
total number of regular grid points is O(1/h?) while the total number of irregular grid points is
O(1/h). It has been shown that Schur complement matrix A5"“" is non-singular, thus we have
A3 B o, < Ch2)log Al

We have shown that the right hand side for the error of the augmented variable has the
order of h%log h. From Section 6.1.2 in [38], we know that the left hand side of (2.58) is

oU

AzchurEq — B%

(E7)

U
_ [ﬁan (0)] , (2.61)

where fJ(Eq) can be regarded as the solution of the numerical method applied to the following
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problem

VBV = TH il =0, (2.62)
@l =0, [ﬂgﬂ - Tix) (2.63)

where T}(x) € C is an interpolation function of T* on the entire domain while TY(X) € C
is an interpolation function of T? along the interface. From the maximum principle, we know
that || < Ch? and \%| < Ch?. Therefore the second term in (2.61) is bounded by Ch?. Thus

we have

oU 90" ou
A?LchurEq _ [Ban (Eq)] — 5‘5‘% (Eq) _ /8_% (Eq) + O(hQ)
= e - 520 ®) 4 o),

on

since [ is a piecewise constant that has been divided by, from [2], we know that the solution
and the derivative are both second order accurate when the IIM is applied, which implies
that ||%—gi(Eq)Hoo < Ch%. We have already proved that ||Aj""E||, < Ch?, this leads to
|E9||o < Ch2. |

Remark 2.2. In the preconditioning strategy, we can write, for example, equation (6.24) in

[38],

—7(Eq) =~ [ﬁ%{i(Eq) + Fr + O(h?), (2.64)

where v is a constant, and Fr is a vector, then we have

AT = {ﬁf;fj (Q)} - [ﬁf,;f(m] =6+%S+<Q>—ﬁ‘g@)‘ [ﬁgg (0)]

— (s Q-5 - 550 )] +ou)

which means that the Schur complement matriz is nearly a diagonal. This may explain why
the number of the GMRES iterations is independent of the mesh size and the jump in 5. For

variable coefficient 3(x), with the new preconditioning strategy, we would have
AFMrQ = = D(B(x))Q + Fr + O(h%),

where D(B(x)) is a diagonal matriz whose entries are (8 — By )/ B, B = (B + By )/2.
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Remark 2.3. While the proof above is for piecewise constant coefficients, the conclusion is also
true, or at least asymptotically in terms of h, for variable coefficient 3(x) > By > 0 assuming
that B(x) € C®(QF) since those terms involved are lower order terms of h. This is because
the coefficient matriz Ap(B8) = Ap(I + Bp) and ||By|| — 0 as h — 0, where Ay is the discrete
Laplacian. This is another advantage of using the reformulated PDE.

2.5 Numerical examples

We present a variety of numerical experiments to show the performance of the new augmented
method for accurate solutions and its first order gradient at the interface. All the experiments
are computed with double precision and are performed on a desktop computer with Pentium(R)
Dual-Core CPU, 2.59 GHz, 4GB memory. We also list the CPU time (s) in tables. We present

errors in L norms and estimate the convergence order using

_ 1, Bl
log2 *® [Bpoc

(2.65)

The tolerance of the GMRES iteration is set to be 107% and the initial value is set to be 0 in
all computations. In all tables listed in this section, we use “Iter” to represent the number of
GMRES iterations, “INp” the number of control points, “N” the number of the grid lines in

each direction of the rectangular domain and “CPU(s)” the run time in seconds.

Example 2.1.

sin(z + y) in Q, sin(z+y)+2 Q-
u(x) = Bx) = (2.66)
log(z? +y*) in QF, cos(z +y)+2 inQF,

where the interface is the zero level set of p(z,y) = /22 +y%> — 0.5, and Q@ = [-1,1] x [-1,1].
The source term f(x), and the interface jump conditions: [u] and [Bu,| are derived from the

exact solution.

This is an example with a genuine piecewise smooth non-linear solution, and a variable
coefficient with a variable discontinuity along the interface. We present a grid refinement analysis
in Table 2.2. The second column is the maximum error of the solution while the third column is
the approximate convergence order. The fourth and sixth column are the errors of the normal
derivatives at the interface from Q= and Q7 sides, respectively. The fifth and seventh columns
are the approximate convergence order of the computed normal derivative. The eighth column is
the number of is the number of GMRES iterations, and the last but one is orthogonal projections

of irregular grid points from Q7T side. The last column is the total CPU time in seconds. We
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Figure 2.2: (a): The solution plot of Example 2.1. (b): The error plot of the computed solu-
tion. The error seems to be piecewise smooth as well which is important for accurate gradient
computation.

can observe from Table 2.2 that the new augmented IIM is second order accurate both in the
solution globally and the gradient at the interface from each side. The total CPU time also
shows that the method is very fast with the optimal computational complexity O(N?log(N?)).
We also observe that the number of GMRES iteration is a constant independent of the mesh

size.

Table 2.2: A grid refinement analysis for Example 2.1 with a modest variable jump in the
coefficient.

N E(u) r E(u;) r E(u}) r | Iter | Ny | CPU(s)
32 | 3.1245x1073 1.5905x10~2 2.1712x10~2 4 | 48 0.01
64 | 7.0327x107% 2.15 | 4.4752x1073 1.82 | 5.5256x1073 1.97| 4 | 92 0.03
128 | 1.1565x10~% 2.60 | 1.1182x1073 2.00 | 1.3993x10"3 198 | 4 | 184 | 0.11
256 | 2.7720x107° 2.06 | 2.9096x10~* 1.94 | 3.7998x10~* 1.88 | 4 | 364 | 0.46
512 | 6.2087x1076 2.15 | 7.3489x107° 1.98 | 9.8004x10~° 1.95| 4 | 728 | 2.45

Now we use the same exact solution and interface but with a large jump in the coefficient

along the interface
80 10107 in O, 267)
Xx) = .
sin(z +y) +2 in Q7.
The jump ratio varies from 1 : 10 to 1.45 : 1482 along the interface, a quite dramatic change.
The results are shown in Table 2.3. We observe that the errors are larger than that in Table 2.2.

This is due to the variations of the coefficient. Since the re-scaled PDE has the form Awu +
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%VB(:U) -Vu+ .-+, we would expect the error term contains %uz and %uy that are O(1) for
Table 2.2 and O(102) for Table 2.3 due to the term 10e'%%. This explains well in the difference

in the errors. Nevertheless, all the nice features are the same as the previous example.

Table 2.3: A grid refinement analysis for Example 2.1 with a large variation in the jump ratio
of the coefficient.

N E(u) r E(u;) r E(ul) r | Iter | Ny | CPU(s)
32 | 6.0115x10~* 3.9014 1.7570 11 | 48 0.02
64 | 1.4706x1071 2.03 | 8.6974x1071 2.16 | 4.2479x10~" 2.04 | 10 | 92 0.07
128 | 4.3411x1072 1.76 | 2.5265x1071 1.78 | 1.2537x10~* 1.76 | 10 | 184 | 0.27
256 | 1.1266x1072 1.94 | 6.5293x1072 1.95 | 3.2493x1072 1.94 | 10 | 364 | 1.24

512 | 2.9178%x1073  1.94 | 1.6916x102 1.94 | 8.4205x10~2 1.94| 10 | 728 | 7.85

An example with more general jump conditions

There are some applications in which we may have more general jump conditions. Here we
consider an example with a more general jump condition, ¢(X)u,} — d(X)u,, = v(X) with
c(X) = 2241, d(X) = y?>+ 1. Our method still can work with the modified augmented equation
(2.51) (now it is ¢(X)u} — d(X)u,, = v(X)) and different preconditioning techniques. The

convergency analysis may not apply directly anymore. In Table 2.4, we list the grid refinement

analysis which has the same predicted convergence and efficiency.

Table 2.4: A grid refinement analysis with a different jump condition ¢(X)u,} —d(X)u,, = v(X).

n

N E(u) r E(u;,) r E(ul) r | Iter | N, | CPU(s)
32 | 1.0220x1072 2.4784x 1072 2.5529%x 102 4 48 0.047
64 | 2.9257x1073 1.80 | 6.5909%x1073 1.91 | 6.2884x107% 2.02 | 4 92 0.172
128 | 7.9724x107% 1.87 | 1.7941x10™2 1.87 | 1.5052x10~2 2.06 | 4 | 184 | 0.578
256 | 2.0781x10~* 1.93 | 4.6908x10~* 1.93 | 3.7353x10~* 2.01 | 4 | 364 | 2.531
512 | 5.3324x107° 1.96 | 1.2033x10~* 1.96 | 9.5584x10~° 1.96 | 4 | 728 | 10.141
1024 | 1.3253x107° 2.00 | 3.7729x107° 1.67 | 3.0206x10™° 1.66 | 4 | 1452 | 44.281

Example 2.2. A general interface example with piecewise constant coefficient.
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The example is from [44]. The interface is the zero level set function

p(x) =1 — (0.5 4+ 0.2sin(50)), (2.68)
and the true solution is
2
;—7 x €N,
= 2.69
U(X) 7“4 + CO 10g(2’l“) Q+ ( )
5—+ € .

The interface is complicated and has relatively large curvature at some places, see Figure 1.1.
We repeat this example with the new preconditioning technique with 37 = 1000 and 3~ = 1 on
the domain = [—1,1] x [—1, 1]. The results are shown in Table 2.5 that are almost the same
as the original fast IIM in [44]. Once again we observe that both the solution and the gradient
are second order accurate and the number of GMRES iterations is independent of the mesh
size. For this example, the interface has large curvature at some places. We need a reasonable

fine mesh to resolve the interface.

Table 2.5: A grid refinement analysis for Example 2.2 with a piecewise constant coefficient
T =1000 and B~ = 1 and a complicated interface.

N E(u) r E(u;) r E(ul) r Iter | Ny | CPU(s)
32 | 1.2880x107* 3.0969 3.0971x1073 14 78 0.04
64 | 1.9431x10~Y -0.59 4.0397 -0.38 | 4.0396x1073 -0.38 | 14 | 154 0.13

128 | 1.8734x1072  3.37 | 4.9723x10~1  3.02 | 4.9765x10~* 3.02 | 11 | 308 0.28
256 | 2.3009%x1073  3.02 | 1.2096x10~1 2.03 | 1.2352x10% 2.01 | 10 | 612 0.99
512 | 3.6351x10~%  2.66 | 2.2790x1072 2.40 | 2.4786x107°> 231 | 9 | 1226 | 21.50

2.5.1 An example for more general self-adjoint elliptic interface problems

With some modifications, the method developed in this paper has been generalized to more

general interface problems
V- (B(x)Vu(x)) — o(x)u(x) = f(x). (2.70)

The regularity requirement for the existence of the solution includes additional conditions
o(x) € C(QF) and o(x) > 0. While we still get second order accuracy both in the solution

and the gradient, the coefficient matrix from the modified algorithm may not be an M-matrix
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anymore. Nevertheless, those affected entries are of O(1) compared O(1/h?) when o(x) = 0,
that is, Af’éo = A9=%(I+ By,) with || By|| < Ch?. Thus we have asymptotic convergence as those
presented in the paper as h — 0.

Example 2.3. A general example with o(x) # 0. We present a more general example with a
non-zero o(x) term with different interfaces, an ellipse and a five-star. The true solution and

coefficient are

—2342 mQ, 14"t in Q,
u(x) = (x) = (2.71)
sin(z +y) i QF, sin(2x —y)+3 in QF,
cos(zy) +2 in Q7
o(x) = , (2.72)
22 +9y2+1 inQt,
where again Q = [—1,1] x [=1,1]. This is a very general example for a self-adjoint elliptic

interface problem with non-linear solution. We test our method for two different interfaces.

In Table 2.6, we show a grid refinement analysis for an elliptic interface ¢(z,y) = (2/0.6)% +
(y/0.4)% — 1. We observe once again second order convergence for the global solution and the

gradient at the interface.

Table 2.6: A grid refinement analysis for Example 2.3 for a general elliptic interface problems
with the interface (2/0.6)% + (y/0.4)% = 1.

N E(u) r E(u;) r E(ul) r | Iter | Ny | CPU(s)
32 | 8.4180x10~3 9.0987x10~2 8.0826x 102 4 | 48 0.10
64 | 9.0036x10~% 3.22 | 2.3473x1072 1.95 | 1.9611x1072 2.04| 4 | 96 0.20
128 | 1.5842x10~% 2.50 | 4.1771x1073 2.49 | 3.6921x10~3 240 | 4 | 188 | 1.60
256 | 3.7209%x107° 2.09 | 1.0639x1072 1.97 | 9.4238x10~* 1.97 | 4 | 372 | 3.02
512 | 9.3380x1076 1.99 | 3.2952x10™* 1.69 | 2.4187x10™* 1.96 | 4 | 740 | 15.02

In Table 2.7, we show a grid refinement analysis for a skinny ellipse ¢(z, y) = 22+ (y/0.25)% —
1 in the domain [—1.5, 1.5] x [—1.5, 1.5]. Once we have the mesh fine enough to resolve the
interface (here N > 64), we observe once again second order convergence for the global solution
and the gradient at the interface although the largest error often appears near the tips of the
longer axis of the ellipse.

If we increase the aspect ratio of the ellipse further, we can approximate the situations in
which the domain has cracks, see Figure 2.4 in which we tried to find the electric potential in

a domain containing an approximated crack o(z,y) = (2/0.5)? + (y/0.0625)2 — 1 within the
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Figure 2.3: (a): The computed solution plot of Example 2.2. (b): The solution plot of Exam-

ple 2.3.

Table 2.7: A grid refinement analysis for Example 2.3 for a general elliptic interface problems
with the interface z2 + (y/0.25)? = 1.

N E(u) T E(u;,) r E(ul) r | Iter | N, | CPU(s)
32 | 8.2459x10~2 1.3352 1.2700 5 44 0.078
64 | 4.7769%x1072 0.78 | 8.9448x10~! 0.57 | 6.7590x10"t 0.90 | 5 88 0.156
128 | 6.5830x1073 2.85 | 1.6557x10~1 2.43 | 1.5748x10~1 2.10 | 5 | 176 | 1.250
256 | 9.2772x10~% 2.82 | 7.1232x1072 1.21 | 4.7413x1072 1.73| 5 | 352 | 2.250
512 | 1.7125x10~% 2.43 | 1.4364x1072 2.31 | 1.1780x1072 2.00 | 5 | 704 | 19.703
1024 | 4.5859x107° 1.90 | 3.3351x10~2 2.10 | 2.7234x10™3 2.11 | 5 | 1408 | 77.812
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domain [—1, 1] x [-1, 1]. In this case, we have the PDE V- (8Vu) = 0, [u]r = 0 and [Su,] = 0,
where [ is the conductivity. The potential is given at the boundary with high potential on the
right. Figure 2.4 (a) is the case with the ratio 7 : 3~ = 1: 1000, while Figure 2.4 (b) the ratio
is B : B~ = 1000 : 1. Note that, we have tested the code against the analytic solution (2.71)
for which we get the same convergence order. More sophisticated techniques and analysis can
be found in [15, 67, 55, 52, 66].

-1 -05 0 0.5 1 -1 -0.5 0 0.5 1

Figure 2.4: Electric potential in a domain containing a thin elliptic object. (a) The conductivity
of the object is large (1 : 1000); (b) The conductivity of the object is small (1000 : 1).

In Table 2.8, we show a grid refinement analysis for the five-star interface p(z,y) = r—(0.5+
0.2sin560) in polar coordinates (r,6), 0 < 6 < 2w. While we still observe average second order
convergence for the global solution and the gradient at the interface, the errors are fluctuated
more even though the average convergence rate is the same, compared with the elliptic interface.
We do observe that again, for complicated interfaces, we need to resolve the interface to obtain

an accurate solution and its gradient.

Table 2.8: A grid refinement analysis for Example 2.3 for a general elliptic interface problems
with a five-star interface, see Figure 1.1.

N E(u) r E(u;) r E(ul) r | Iter | N, | CPU(s)

n

32 | 9.7746x10~1 2.8683x 101 4.7767 11 | 78 0.03
64 | 6.5486x1072 3.89 1.9417 3.88 | 3.2336x10"' 3.88 | 10 | 154 0.10
128 | 1.5688x1072 2.06 | 6.4504x10~1 1.58 | 1.0623x10~* 1.60| 9 | 308 0.29
256 | 1.8890x1073 3.05 | 1.6617x10~t 1.95 | 3.6157x1072 1.55| 9 | 612 1.07
512 | 3.8770x10™* 2.28 | 2.9833x1072 2.47 | 6.7852x1072 241 | 9 | 1226 | 19.22
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Chapter 3

A Direct Method for Accurate
Solution and Gradient Computations

for Elliptic Interface Problems

In this chapter, we propose a direct IIM for the elliptic interface problem

V- (B(x)Vu(x)) = f(x), xeQ\I, Q=0QTuQ, (3.1)
[u](X) = w(X), [Bun](X) = v(X), X eT, (3.2)
in one and two space dimensions. where for example, [u] = [u|p(X) = v (X) — u™(X) is the
difference of the limiting values of u(X) from Q1 and Q~ sides, respectively, u, = n-Vu = %

is the normal derivative of solution u(X), and n(X) is the unit normal direction at a point X on
the interface pointing to Q7 side, see Fig. 1.1 for an illustration. We use x to represent a point
in the domain while X a point on the interface I'. Since a finite difference discretization will
be used, we assume that f(x) € C(QF), B(x) € CH(Q¥F), excluding T; and I' € C2%, w € C(T),
v € CHI'). All the parameters and g—g and g—f are assume to be bounded. For the regularity
requirement of the problem, we also assumed that G(x) > Gy > 0 and f(x) € C(Q\TI'), for a
constant v > 0 so that u(x) € C**V(QF), see [17, 2. For the error analysis, piecewise higher

regularity assumptions are needed for the solution.
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3.1 The one-dimensional algorithm

The model problem in one dimension has the following form

(Bug)e —o(x)u = f(x), =€ (a,a)U(a,b), (3.3)
u(a) =uq, u(b) =up, [ulg=w, [Buglea =", (3.4)

where a < a < b is an interface (a point). We assume that the conditions for 5(z),o(x), and
f(z) described in the introduction section hold in Q= = (a,a) and Q" = («, b).
Let z; = a + ih be a uniform mesh with h = (b —a)/N and ¢ = 0,1,--- , N. Assume that
z; < a < xjy1. We call z; and xj4q wrregular grid points while others are called regular grid
points. The finite difference scheme at a regular grid point x;,7 # j and ¢ # j+ 1 can be written
as _
Bi—1/2Ui-1 — 2B:U;i + Biy12Uit1 oy en

B “EU T (35)

where

Bic1j2 = B(xi —h/2), Biv1o = Bxi+h/2), Bi= (Bi12+ Biy12)/2. (3.6)

At the irregular grid points x; and 41, we use the following nonconservative equivalent dif-

ferential equation

%um - ‘%‘ - g. (3.7)

If Bx(xj)/B(x;) > 0, then the finite difference discretization at the irregular grid point x; can

Ugg +

be written as

LS oyt %((;?))( I 4 Cy) 7@y, S0 ()

where Cs is the correction term for the upwind scheme

=Ty, (3.9)

and C] is the correction term for the central difference scheme

C’l:—M—M[u]—M[u ] (3.10)
h? hr 2h2 e '

The case when 3,(x;)/8(x;) < 0 can be treated in a similar way. We omit the details here. We

can derive a similar finite difference scheme at the irregular grid point x;1.

Remark 3.1. The choices of the upwind scheme for u, are based on the sign of its coefficient

B/ B. Our intention is to make the coefficient matriz A diagonally dominant when the correction
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terms C1, Cy are zero. For problems with nonzero correction terms, it is still possible to use
optimization techniques to manipulate the formulation of C1, Cy, such that this matriz structure
1s preserved. This approach is applied to design a mazximum principle preserving scheme in the

2D algorithm and will be explained later.

Remark 3.2. At regular grid points, the local truncation error is O(h?). While at irreqular
gird points, it is easy to show that the local truncation error is O(h) by applying the Taylor
expansion. Thus we only need to find a second order approrimation of [u;] and a first order
approzimation of [ugs] to keep the local truncation error at irregular grid points to be O(h). The

finite difference schemes we derived are consistent.

3.1.1 Interpolation schemes for [u,| and [u.,]

In this section, we discuss how to derive interpolation schemes for [u;] and [uy,]. First from the

jump conditions (3.4), we can get the following jump relations

LI (3.11)

+ [
L 5+“€6 B+

u=u +w, u

Note that the differential equation (3.7) also provides additional two relations, which are

It ot ghat
ww = gF T gt gt

- o u U,
u_ —L _ﬁxix'

g BT B

(3.12)

(3.13)

Let zj be an irregular point, where k£ = j, j + 1. The Taylor expansion of u(x) about the
interface « is

1
u(ak) = u* + (2 — a)uy + 5 (@ — a) ug, + O(h°), (3.14)

“_»

where the “+” or “—” sign is chosen depending on whether zj lies on the “+” or side of

«. Using jump relations (3.11)-(3.13) to rewrite the limiting values u™, v}, v}, and uy, shown

in (3.14) in terms of ™, and u, , we obtain

u(zj) = &1u” + auy + &3+ O(h?), (3.15)
w(jt1) = mu~ +nauy +n3+ O(h?), (3.16)
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where

f =14 5oy — ),
fo=aj —a— 25_— (z; —a)?, (3.17)
& = g5~ )
and
+
m=1+ ;Bﬁ@jﬂ —a)?,
- -3+
2 = g+<3«"j+1 —a) - 625% (41 — @)%, (3.18)
o F 1 gta) — B
m=w T P T g o

Solving the two equations above for v~ and u, yields the following interpolation schemes

u” = dyuj + daujiy + 03 + O(R?), (3.19)
Uy = Muj +2uip1 + 3+ O(h?), (3.20)
where
L N N N NUS NN
YT am—mé P G —m& 183 = 02103,
172 — 7162 (3.21)

—m &1

1=, T2=—"— 73=—7& — 7213
7 &2 — mé&o 7 &img — mée 7 7183 =720

Note that if we assume 3, > 0 and 8 < 0 which includes the case where (3 is piecewise

constant, according to (3.17)-(3.18) we have
51 > ]-a 52 < 07 m > ]-7 72 > Oa (322)

which guarantees the denominator ;72 — 712 in (3.21) is positive and bounded away from zero,
i.e.

§1m2 —méa > ng(l‘jH —a)+ (a—zy)

> min{ng,l}h.

(3.23)
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The inequality (3.22) is still satisfied when 8, < 0 or 8} > 0 so long as the mesh step size h is
sufficiently small. A sufficient but not necessary condition on h for a nonzero denominator can

be easily derived as
\hBE| < 2B%. (3.24)

Using jump relations (3.11)-(3.13), one can then get

ut = 51Uj + (52u]'+1 + 03 +w + O(hg), (3.25)
v
u;r = p71u; + py2uj+1 + pys + ﬁj + O(hz), (3.26)
T Ghuy + Saugs +85) — P (v + e
Upy = F + Bi( 1U5 + 02Uj4+1 + 3) — ﬁi(’}’lug + Yeuj41 + 73) + O(h), (3.27)
+ ft oot :j v
Ugp = ﬁj + Bj((sluj' + doujy1 + 03 +w) — B—Jr(p'yluj + pyeujr1 + py3 + ,BT) + O(h), (3.28)

where p = 7 /BT is the jump ratio. Hence, the schemes for derivative jumps can be set as

[uz] = ui —uy and [ugz.] = ul, — u,,. Notice that the scheme for [u,] is second order accurate

while that for [u,,] is only first order.

Remark 3.3. The interpolation schemes we derived above only involve two grid points, which
will play an important role in the stability proof. Also in the case where o = 0, we only need the
scheme of u; to get approzimations for [uy] and [uy.|. In this situation, we have n = & and
hence v1 + v2 = 0. We say the interpolation scheme is consistent if the sum of the coefficients

equals zero.

Substituting the interpolation schemes we derived for [uz] and [uz,] back into the finite
difference scheme (3.8) yields
AU =F. (3.29)

The coefficient matrix Ay, is tri-diagonal since the interpolation schemes only involve two irreg-

ular grid points. Hence, the system can be solved in O(N) operations.

3.2 Convergence analysis of the 1D algorithm

In this section, we show second order convergence of the finite difference solution and its first
order derivative at the interface in the case where [ is a piecewise constant and o = 0. With-
out loss of generality, we assume the domain is (0,1) and a homogeneous Dirichlet boundary
condition at the two ends for simplicity.

Since f is piecewise constant, we can incorporate it into the source term f(x) on the right-
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hand side of the equation. We begin by studying the Green’s function solution to the BVP

u’(z) = f(x), =€ (0,a)U(a,l), (3.30)

w(0) =0, wu(l)=0, [ula=0, [Lfuzla=0. (3.31)

For any fixed point z € [0, 1] and Z # «, the Green’s function G(x;Z) is the function of x that
solves the particular BVP of the above form with f(z) = d(z — ), where 6(z) is the Dirac delta
function.

Let us assume T < «. A little algebra shows that the piecewise linear function G(z;Z) has

the form

kix for0 <z <z,
G(7;Z) = ko — 7 forz <z <a, (3.32)
ksx — k3 fora <z <1,
where k1, ko, k3 subject to the following constrains.
ke — k1 =1 from o’ (x) =d(x — 7),
(v — V)k3 = aks — T from [u]=0 (3.33)
BYtks = ko from [Bu,] = 0.
Solving the above system of equations yields
f B E-a)-p(1-a)
1= ;
w
+_
fy = % (3.34)
w
kg =0T
w

where w = Ta + 87 (1 — a). The case where > « can be analyzed in the same way and the

proof is skipped.

Theorem 3.1. Let B be a matriz of the size of Ay, from (3.29). Let B;j denote the entry at ith
row and jth column and let B; denote the jth column of B. Define

Bij = hG(xl,xj) (3.35)

Then, B is the inverse of Ay, i.e. B = A,:l.
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Proof. We only need to show Ay, B; = e;, where e; is the jth column of the identity matrix. By

the way we construct the Green’s function, this is true if the following conditions are satisfied.

1. The interpolation scheme for the correction term Cy from (3.10) only involves the solution

at two irregular grid points and brings no error for piecewise linear solution.

2. The finite difference schemes (3.5) and (3.8) have zero truncation error for piecewise linear

solution if the first condition holds.

3. The interpolation scheme for correction term C; from (3.10) does not involves any constant

terms. i.e. the scheme has the form C7 = (yu; + (ou;11 for some constants (1, Co.

Note that A,U+C is the discrete form of the operation il%‘ satisfying the Dirichlet homogeneous
boundary conditions and jump conditions, where C' is a vector of constants contributed by jump
relations. For the problem we considered, the terms [u] and [u,,] are all zero and hence the

formula for the correction term C; from (3.10) becomes

Cy = —%1172_0‘[%]. (3.36)
For piecewise linear solution, the remainder term O(h?®) in the Taylor expansion (3.14) dis-
appears. Since the scheme we derived for [u,] is second order accurate and only involves two
irregular grid points, the scheme for the correction term C brings no error and the first condi-
tion holds. (If the interpolation scheme involves solution at three grid points, say u;_1, u;, and
ujy1, and T = z;, then the error term will not disappear. This is the reason why we derive a
two-point interpolation scheme.)

The second condition will be automatically satisfied if the first condition holds. This is
because the central difference scheme is second order accurate and hence brings in no error for
a piecewise linear solution. Hence, the second condition ensures that A, B; 4+ C = e;.

To prove the third condition, we only need to show the scheme (3.20) for u; involves no
constant term. i.e. y3 = 0. Since the terms w, v, [u.,], fT, f~ are all zero, the terms &3, and 73
in (3.21) are zero. Therefore, y3 = 0 and the third condition holds. Because of the homogeneous

boundary conditions, we know Ay, B; = e;. This completes the proof. O

Theorem 3.2. For the case where B is piecewise constant and o = 0, the finite difference

scheme that we proposed is convergent and has second order accuracy.

Proof. Denote E* = U — ﬂ, where U is the vector of true values of u evaluated at grid points.
Let T* be the local truncation error of the system (3.29), that is,

AU =F 4+ T (3.37)
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Subtracting equation (3.37) from (3.29) yields
AREY = T". (3.38)
Notice that the magnitude of T% is O(h?) at regular grid points and is O(h) at irregular ones.
By using the Green’s function, the global error of w can be represented as
N-1
Ef =h Y TiG(wix)). (3.39)

Jj=1

Since |G(x;;x;)| is uniformly bounded by a constant, let us say C, we have the inequality

N-1
|Ej'| < Clh T
j=1
j—1 N-1
<on([m o mpal e Y )
k=1 k=j+2
~ Ch (20(h) +(N - 2)0(h2))
~ O(h?).
This shows that |E%||o, < Ch?, hence completing the proof. O

Theorem 3.3. The scheme (3.20) generates a second order approzimation for the first deriva-

tive of the solution from each side of the interface.

Proof. Let U, be the numerical solution of u, . Denote £? = U, — u, and T be the residual

of the equation (3.20), that is,

Uy =My + Youjpr +v3 + 19, (3.40)
where in this case
-1
= ; 3.41
L pr (341
1
= : 3.42
= ) T ol — ) (342

Subtracting equation (3.40) from (3.20) yields

E1 = ’)/1E;1' + ’)/QE}L_i_l + 71, (343)
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Notice that T4 is O(h?), and EY, EY, | are O(h?). From (3.41)-(3.42), we know 71,y are O(1/h)

and 1 + 2 = 0. Hence,

B = [ImE} +7Ej, + 17
= |[2(Ej, — Ej) + 17
< el [Ef — Ef| + [T
~ O(h?),

if |[EY,, —Ej|~ O(h?). Notice that |G(zj41;2k) — G(x;;21)| < Ch for some constant C' since

k1, ko, ko from (3.34) are bounded for all different x. Hence, we have
N-1
Yy —EY =Y T |Glajins o) — Glaj; o)
k=1
N-1
<Ch*y Ty
k=1
~ O(h?).

Therefore, we have |E9| ~ O(h?). This completes the proof. O

3.3 The algorithm for two dimensional problems

In this section, we present the algorithm for two dimensional problems. Assuming the space

domain is 2 = (a,b) x (¢,d), for simplicity of discussion, we use a uniform mesh
vi=a+ih, i=01--M; yj=c+jh, j=01,--- N, (3.44)

where h is the space step size. The interface I' is represented by the zero level set of a Lipschitz

continuous function ¢(z,y), that is

= {(z,y), oé(x,y)=0, (,9)€Q}. (3.45)

The level set function ¢(z,y) satisfies

¢(z,y) <0 for (z,y) € Q7 (3.46)
¢(z,y) =0 for (z,y) €T, (3.47)
é(x,y) >0 for (z,y) € QF. (3.48)
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In the neighborhood of the interface, we assume that ¢(z,y) € C2. In implementation, the level

set function is defined at the grid points as {¢;;}. At a grid point (x;,y;), we define

T = max gi—1j, Gi gy it1,5 Pij—1, Pij+1, (3.49)
= min i1 g, Gi g, Giv1 gy -1, Pij1- (3.50)

A grid point (z;,y;) is called regular if ¢77%° Z“” > 0, otherwise it is called irregular. The

intersections on the interface with the grid lines are called control points, see Figure 3.1 for an

illustration.

B Regular
Irregular
' n ® Control
| | |
[ L] A = u

Figure 3.1: A diagram of regular, irregular, and control points in a square domain with uniform
mesh and circle interface.

The interface information, such as the normal unit vector and signed curvature, etc., can

be easily computed from

v
2 2
L Ouah = 260,00y + OB 552

(&2 + 6P

We next discuss how to derive the finite difference scheme.
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3.3.1 The finite difference scheme in 2D

At a regular grid point (x;,y;), the finite difference scheme is the classic conservative one with

the scaling by discretizing equation (1.1)

Bimy jUim1d + Bis jUin1 + Biy s Usjmt + By s Usir = 4BiilUii oy fiy (3.5
62,‘] h2 BTIJ 7,7 /31’] )
where f; ; = f(xi,y;), 51'75,3‘ = B(x; — %,yj) and so on, and
Bij=Bii1j+Bis1;+Bijo1+Biju1)/4 (3.54)
To derive a scheme at irregular grid point, we reformulate equation (1.1) as
o
Uy + Uyy + &ux + @uy — —u= i (3.55)

B B BB

We will discretize equation (3.55) dimension by dimension. The central difference scheme is
applied for the second order derivative terms while an upwind scheme is used for the first order
derivative terms.

Consider the discretization in x-direction. Let (z;,y;) be an irregular grid point. The finite

difference approximations for u,, and %wux have the following forms respectively.

Uiy = 205 + Ui + G

Uy A —— . , (3.56)
Uij — Ui-1,; + C%, .
B S hld iy,
Poe~d B . B (3.57)
B o Uit — Uiy + Gy
F A otherwise .

Notice that the way we use upwind scheme depends on the sign of ,/5. As explained in
Remark 3.1, our intention is to make the coefficient matrix an M-matrix when all the correction
terms are zero. This makes it possible to design a maximum principle preserving scheme by
manipulating the formulation of the correction terms. Now let’s first suppose the interface does
not cut through the interval (z;—1,xi4+1) along the line y = y;, that is, (z;, y;) is regular in the
x-direction, then the correction terms are zeros, i.e. C’f] = C’f"] =0.

Next we assume the interface cuts the grid line y(z) = y; in the interval (z;,2;41), say at

(x,y;). Without loss of generality, we assume that (z;,y;) € Q7. By using Taylor expansion,
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one can derive the formula for the correction terms.

A L )2
0y = ~lu) (@i — D))~ T ) (3.59)
o i P2 <
Cii = p (3.59)

—[u] = (xiy1 — x})[ug] otherwise.

In this particular case, the corrected values U1 j + C’fj and Ujyq,j + C’fj (when 8, > 0) can be
interpreted as the smooth extensions of the solution at (z;41,y;) from 7~ side. Combing these

two correction terms, the discretization in x-direction can be rewritten as

v Uic1j —2Uij + Uiy | Be U1 — Uiy |
Uag + %ux S +BB T+ Ol (3.60)

where ) _
x x
Gy | B Gl

B h

In a similar way, we define C7 ; as the correction term in the y-direction.

Remark 3.4. When we use a level set representation of the interface, it can only cut a grid
line once between two grid points. For example, in the above description, (x},y;) should be the
only intersection point in the interval (x;,x;41). But it is possible for the same irregular grid
point (x;,y;) to have another intersection point in the left interval (x;—1,x;). In this case, the
formulas (3.58)-(3.59) are still valid but only consider the corrections contributed by Uit ;. One
can simply modify them by adding the corrections contributed by U;—1 ;. E.g. using the same

assumption that (x;,y;) € Q~, the formula (3.58) will become

(Tig1 — ﬂff)Q
2
(zi1 —x})?
2

C¥ =~ [ulg — (Tip1 — &) [ua] R — [t ) R

(3.62)

= [ulp = (i1 = @) el - [uaz]L,

where [-|r and [-]; represent the jump values at the right and left intersection point respectively.

The other correction terms can be derived in a stmilar way.

The formula for the correction terms in other situations can be derived in a similar way.
Note that it is enough to have the local truncation errors of the finite difference scheme at
irregular grid points to be first order without affecting global second order accuracy. Hence, we
only need to have first order approximations of the correction terms Ci”fj, Cf{ e Before deriving

the interpolation schemes for correction terms, we need to study the jump relations.
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3.3.2 Jump relations and the coordinate transformation

To be self-contained, the following contents are presented and cited from [35, 38]. Assume that

the interface in parametric form is
I ={(X(s),Y(s)), X(s)ecC?Y(s)cC?, (3.63)

where s is a parameter, for example, the arc-length. At a point of the interface (X,Y), the local

coordinate system in the normal and tangential directions is defined as

= (x—X)cosO+ (y—Y)sinb,
n=—(x—X)sinf+ (y—Y)cosb,

(3.64)

where @ is the angle between the x-axis and the normal direction, pointing to the Q% sub-
domain, see Figure 5.3 for an illustration. In the new coordinate system, the interface can be

parameterized by
§=x(n) with x(0)=0, x'(0)=0. (3.65)

The signed curvature of the interface at (X,Y) is x”(0), the formula of which is provided by
(5.20).

Figure 3.2: A diagram of an irregular grid point (x;,¥;), its control point (X, Y%) on the x-
axis, and the local coordinates at (X}, Y)) in the normal and tangential directions, where 0 is
the angle between the x-axis and the normal direction.

If we know the jump conditions [u] = w and [Su,] = v, then we can have the following jump

relations at a point (X,Y’) on the interface which are necessary to derive an accurate finite

53



difference method.

Theorem 3.4. For elliptic interface problem (1.1)-(1.2), given the curvature of the interface,
K, the two jump conditions [u] = w, [Pu,] = v lead to the following jump relations in the local

coordinate.

[u] = w, (3.66)
[uy] = ', (3.67)
[Bue] = v, (3.68)
[tnn] = D1 = —klue] +w”, (3.69)
[Buye] = D2 = k[Buy] — [Byue] + v (3.70)

The elliptic equation (1.1) itself gives additional two jump relations in Cartesian coordinates.

+ + 5+ ﬂ* ut M
Uy + Uy = Dy = O (= B— —|— —u + f— (3.72)

Tt T B CERE

Here we skip the derivation which is similar to those derived in equation (3.5) in Section 3.1

in [38]. Through the coordinate transformation, one can get seven jump relations in Cartesian

coordinates and express the limiting values in terms of u™, u,, u,, Uy, ug, . Hence, we have the
following,
ut =uT +w (3.73)
uf = (s> + p)uy + (p— L)scu,, — sw' + B—Jrv (3.74)
s
uf = sc(p— Nuy + (ps” + )uy + cw' + Y (3.75)
+ _[d 2.2 A - 3
Ugy = [S + (4P - 2>3 ¢ tc } Uy + 2(:0 - 1)( —sc )uxy (376)

+ (2 =)Dy — (2s¢/BT)Dy + *D3 — [(2p — 1)s%¢* + ¢*| Dy,
ut, =2(p—1)(s*c — sc®)ug, + [ps* — (20 — 4)s*c® + pcug,

(3.77)
— 2s¢Dy + (2 — 5%) /BT Dy + seD3 — [ps3c — (p — )sc 1Dy,
uf, = —[s"+ (4p — 2)s°¢® + 'ug, — 2(p — 1)(s°c — ch)ua:y (3.78)
— (s =)Dy + (2s¢/BT) Dy + 82D3 +[(2p — 1)s%*¢® + YDy,
Uy = —Uyy + Dy (3.79)

where p = 37/B7 is the jump ratio, 3 are the limiting values from each side of the interface,
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and s, ¢ stand for sinf and cosf respectively. Notice that Dy, Do, D3, and D4 can all be

expressed in terms of u™,u, ,u, by using formula (3.73)-(3.75).

3.3.3 The approximation of correction terms

In this section, we describe how to interpolate the correction terms at the irregular grid points.
Here we derive the scheme for Cf’; used in (3.60) as an example. We will use the jump relations
(3.73)-(3.79) to rewrite the correction term Cf’; and the Taylor expansions of the solution at grid
points in terms of the limiting values u™,u,, Uy s Uz, Uz, . Using the method of undetermined
coefficients, a nine-point interpolation scheme can be derived.

Let (z;,y;) be an irregular point. Without loss of generality, we assume the interface cuts
through the interval (2;_1,;11) along the line y = y; and intersects at the point (z7,y;). We
will use the compact nine points (i, , yj+;,) to derive the scheme, where iy, j;, take values in
the set {0,£1}. The Taylor expansion of u(zyi,,yj+j,) about (7,y;) is

1
W(Tigiy s Yjtg) = 05 + (Tigs, — 2D + Yjts, — Yi)uy + 5 (@iti, — @i )2u,

1 (3.80)
+ +

+ 5 W — Yj) gy + (Titiy — 25) (Yjts, — Y5y + O(h%),

where the “+” or “—” sign is chosen depending on whether (z;1;,,y;4+;j,) lies on the “+” or

“—” side of I'. Note that the right-hand side of the above equation can be expressed in terms

of u™, uy, uy s Ugy,

Uy, by using the jump relations (3.73)-(3.79). Hence, we get the scheme

U(Zitip> Yjtrin) = cilw-kU_ +& U +¢ U +ct U~ +c . Un +c8 (3.81)

UsJk UksJk Y UsJk UsJk LY UosJk
for iy, jr = 0,%1. Similarly, the equation (3.61) can be reformulated as
Cg’j =a U™ +a2Uz_ +a3Uy_ —|—CL4U$_$ —|—CL5U$_y—|—CL6, (3.82)

where the coefficients a1-ag are some constants determined by the model problem.

Assume the interpolation scheme for Cl‘ffj has the form

ngj = Z Yik ik Ui+ik,j+jk + Ve, (3.83)

i Jk

where iy, jr take values of 0,%1. The coefficients {7's} are determined by solving the linear
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system

Uim1j—1  Wigj—1 “*° Ui+l Uikl j+1
u” [ 61_17_1 0(1)7_1 C(l),1 Ch ] _’771,—1_ a1 ]
up | i G o G i Y0,—1 az
uy | S G o i1 e | T |as (3.84)
Uy Cil,fl Cé,fl e 03,1 Cil 70,1 a4
U L1 @ o A Il ma ] Las)
and setting
Ve = a6 — Z i Tk (3.85)
ihosJk

Notice that the linear system (5.76) contains 5 equations with 9 unknown variables and
hence is underdetermined. One can then use SVD to get the minimum norm solution. In this
case, the scheme (3.83) derived for Cf; is first order accurate. At this point, the finite difference
scheme used to discretize the space at irregular grid point is fully determined. In practice, the
correction terms are part of coding of the numerical algorithm. The correction terms are only
needed at irregular grid points near the interface. Thus the additional cost in determining the
correction terms is O(N) instead of that for the linear solver of the finite difference equations
which is at least O(N?).

Denote U as the numerical solution of (1.1) at grid points from our approach. One can then

write down the discretization of equation (1.1) in matrix-vector form as
AU = F, (3.86)

where Ay, is the discrete elliptic operator, and vector F' is assembled from source term f,
boundary conditions, and correction terms. Notice that the coefficient matrix becomes the
discrete Laplacian when 3 is constant and ¢ = 0. In this case, the above system of equations
(3.86) can be easily solved by a fast Poisson solver and the solution is second order accurate.
For problems with piecewise constant [, the second order convergence of the solution can be
numerically proved by enforcing discrete maximum principle and is presented in the next section
3.3.4. For more general problems, the second order convergence for both solution and gradient
will be demonstrated by numerical examples in Section 3.4.

The solution will then be used to recover the gradient at the interface. For a control point

on the interface, let us assume (z;,y;) is its closest irregular grid point. The gradient in the
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normal direction at this control point can be computed by using the formula

U, =costU, +sindU,, (3.87)

n

U = pcosOU, + psin U, +v/67, (3.88)

where the first equation (3.87) comes from the coordinate transformation defined in (3.64) while
the second one (3.88) is simply the result of expanding the flux jump condition in (1.2). In a

similar way, one can derive the formula for the tangential derivatives

Uy = —sinfU, +cosbU,, (3.89)
US = —sinfU, + cos U, + ', (3.90)

T

where the second equation (3.90) comes from jump relation (3.67). Assume the interpolation
schemes for the gradients have the same forms as (3.83). Then take U,, and U,I as examples.
They can be determined from the linear system (5.76) by replacing the right-hand side vec-
tor with [0, cos#,sin6,0,0,0]” and [0, pcos b, psin6,0,0,v/BF]T respectively. The interpolation

schemes for computing the gradients in other directions can be derived in a similar way.

3.3.4 Discrete maximum principle and error analysis

In this section, we propose an alternative discrete maximum principle preserving scheme to
solve the model problem. The difference from the original version is the way we solve the linear
system (5.76). In terms of performance, this alternative approach is no better than the original
one but has extra computational cost for solving the optimization problems. The only purpose
of introducing this method is for the error analysis. In general, if efficiency and simplicity are
preferred, the original algorithm will be the choice. Otherwise, if the theoretical convergence
proof is important, this method may be considered. The following are the details.

In this alternative method, we impose the sign restrictions on the coefficients {7's} from
the system (5.76)

Yik ik >0 if (Zkvjk) 7é (070)7

o (3.91)
Vi <0 if (ig, ji) = (0,0).
The coefficients are determined by the quadratic programming problem
Cy=a
.1 .
min{5y Ty}, st i, > 0 (e i) # (0,0), (3.92)
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where I is identity matrix, Cy = a is the linear system (5.76). We conjecture that the solution
for this optimization problem always exists when the mesh is sufficiently fine and verify it by

numerical tests.

Conjecture 3.1. If the mesh size h is small enough and B+ # 8™, the optimization problem
(3.92) defined with five equalities and the sign constraints has a solution. The solution of the

coefficients {vi, j.} also satisfies

Cy 1
< - 3.93
h’lkﬂk‘ — h2 max <p7 P) ’ ( )
Calp — 1|

R=|Ri|+|Rs| > >0, (3.94)

h2

where constant C,, and Cy are constants, and

Ri=~v11+7%.1+71—71,-1—7,-1—7,-1,
(3.95)

Ry =v,-1+70+71—7-1,-1—7-10— V1,1

The values Ri, Ry defined above are the coeflicients of the first derivative terms in the
Taylor expansion of the form Zwk Vigju P(Titiy, Yj+j,) about the center point (x;,y;), and
®(x,y) € C?() is a test function used to prove the stability in Theorem 3.5. Notice that when
the space step h is sufficiently small, the terms containing o, k, 8, and , in (5.76) are higher
order terms and can be neglected. Hence, in the numerical verification, we only need to consider
the case where 3 is piecewise constant, o = 0 and the curvature x = 0 (the interface is a straight
line), see Figure 3.3. Now Let 2* = x; + ah. The optimization problem only depends on three

variables «, 6, and p. We choose different values of these parameters to verify the conjecture.

1
o; = iAa, Aa:M, i=0,1,---, M,
H
pk,:lOkAp, Ap:f’ k‘:—L’_L_'_l’?L

We choose M = 100, N = 50, H = 5, and L = 50. The jump ratio ranges from 107> to
10°, which should cover most applications. The numerical tests show that the solution to the
optimization problem always exists and the two conditions (3.93)-(3.94) hold. The results are

presented in Figure 3.4.

Remark 3.5. In the case where the mesh is coarse, the optimization solver may fail to give a
solution or provide a wrong solution. We can either add a few more grid points that are close

to the interface or loosen the equality restrictions by ignoring the last two equations in system
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Figure 3.3: A diagram of the grid points involved in the optimization problem.

(5.76). The breakdown happens only at a few grid points when the jump ratio is large or the

grid is rather coarse. Loosening the equality restrictions at a few points does not affect global
second-order accuracy due to the nature of the ellipticity. The details can be found in section

3.5 from [38].
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Now in our algorithm, the following conditions hold.
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1. The discrete elliptic operator Ay, has the form

(AU = Y iy juUitinjtins

iksJk

where the indices ik, ji take values of 0, +1 and
Cirgp = 0 if (i, Jk) # (0,0), ¢y 3, <O if (i, jk) = (0,0).

2. The discrete elliptic operator A, satisfies a discrete maximum principle, i.e.

‘60,0’ = Z Cig -

(i) #(0,0)

3. The discrete set of interior points Jq is connected.

Dirichlet boundary condition.

At least one of the equations from system (3.86) involves a boundary value given by

The following lemma, which is similar to Theorem 6.2 of Morton and Mayer [56], is used to

prove second order convergence of the solution.

Lemma 3.1. Assume that the following conditions hold.

1. Jqo can be partitioned into two disjoint regions

Jo=J1UJds, JiNJy#0.

2. There exists a nonnegative mesh function ® define on Jo satisfying

(Ap®)ij > C1 >0 Y(xi,y5) € J1, (Ap®)ij > C2 >0 V(wg,y;) € Ja.

3. The truncation error at a grid point (z;,y;) satisfies

Tl <Tv Y(xi,y;) € 1, |Tijl <To Y(xi,y;) € Jo.

Then the error is bounded by

Ty 15
|6i7j’ < [AHGI%;(Q (I)A:| max {017 02} .
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In the following theorem, we will use Lemma 3.1 to prove the stability of the 2D algorithm
using an optimization solver for the case where 3 is piecewise constant and ¢ = 0. Let J; and
Jo be the sets of regular and irregular grid points respectively. In our algorithm, the truncation
error 1) at regular grid point is O(h?) while that error T at irregular one is O(h). The key
idea is to find two lower bounds C1 ~ O(1) and Cy ~ O(1/h) such that T1/C; and T»/Cy are
O(h?).

Theorem 3.5. For elliptic interface problem (1.1)-(1.2), assume the following.
1. The coefficient B is piecewise constant, T # B, and o = 0.

2. The quadratic programming problem has a solution {~;, ;. } at every irregular grid point.

8. There exist constants C3 and C4 such that

Cs 1 Cylp—1

where R is defined in (3.95).

Then the numerical method has second order convergence rate. i.e.
lu(@i, y;) = Uslleo < Csh®. (3.102)
Proof. Consider the nonnegative (not strictly) convex functions
ol (z,y) = 2%, O*(z,y) = v, (3.103)
and the nonnegative strictly convex function
d(z,y) = d(z,y) + D*(x,y) = 22 + 1> (3.104)
Let Ji be the set of regular grid points and Js be that of irregular grid points. We have

(Ap®);; > 48% >0 V(w4,y;) € J1, (3.105)

“_»

where the “+” or “—” sign is chosen depending on whether (z;,y;) lines on the “+” or
side of I". If (x;,y;) € Jo, then we have

(An®)ig > 465 + D ViniePivip s + D Vinae Phrin g (3.106)

ikJk U, Jk

where 487 is the result from the standard central difference stencil while the rest parts are the

1

correction terms. Applying the Taylor expansion on {®;,; ; +jk} about the center point (x;,y;)
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yields
> VidePirinjrie = O Vi @i+ hR1(®L)i; + O(1)
Uk U Jk
= th((I)x)i,j + O(l)
>0,

(3.107)

where the second equality comes from the fact ) = (0 and the last inequality is true

Tk ’Yllm.]k
because ®! is convex and coefficients {7;, ;. } also satisfy the discrete maximum principle, see
1ksJk ’

(3.92). In a similar way, we have

Z 'V%J'kq)z%rik,j-s-jk = hRa(®y);; + O(1)
) (3.108)
> 0.

Notice that 7;, j, ~ O(h?) and hence hRy(®L); j, hR2(®,); j ~ O(1/h), the size of which domi-
nates in the correction terms. Combining (3.107)-(3.108) yields

(An®)ij > 4B% + hR1(®,); j + hRa(4y)i; + O(1)
> h-R-|min(®,, ®,)| + O(1)

—1 3.109
> Al i@, 0,)] + 0) (3109)
C
> =24 0(1) >0.
h
Now by Lemma 3.1 we have
T ;1 C1h?
J < i , 11
(A®);,; = 4p% V(zi,y;) € 1 (3.110)
| Ti Ca,s
o < ht V(i y5) € o, 3.111
(Ap®)i; — Cs (wi:95) € T2 (3.111)
and hence
lu(zi, yj) — Ui jlloo < Csh?, (3.112)
O

Remark 3.6. By Conjecture 3.1, the second and third conditions in Theorem 3.5 are satisfied
if the first condition hold. Hence, the second order convergence of the solution is proved for the
case where B is piecewise constant and o = 0. For more general problems, o, B;, and B, are

higher order terms in (5.76). So, the solution will be asymptotically second order convergent.
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The second order convergence proof for the gradient is still an open question for the direct IIM,

and we only demonstrate it in the numerical tests.

3.3.5 An outline of the algorithm

In this section, we give an outline of our algorithm below.

Step 1: Generate a uniform mesh on the domain Q = (a,b) x (¢, d) and use level set function

to represent the interface.

Step 2: Determine the irregular grid points using equation (5.17)-(5.18) and calculate the
coordinates of the control points which are the intersection points of interface and grid

lines.
Step 3: Use the standard central difference scheme at the regular grid points.

Step 4: Solve the linear system (5.76) to determine the interpolation schemes for the correction
terms C7; and CY; in (3.61) and hence the finite difference stencil in equation (3.55)-(3.59)
at the irregular grid points. (The optimization can also be applied by solving the quadratic

programming problem (3.92) to get a discrete maximum principle preserving scheme.)
Step 5: Solve the system of linear equations (3.86) to get second order numerical solution

Step 6: Replace C7; in (3.82)-(3.83) with U defined in (3.87)-(3.88) and the right-hand side
vector in (5.76) with [0, cos#,sin,0,0,0]” and [0, pcosf, psin6,0,0,v/8F]|T for U, and
U, respectively. Then the solution {v;, ;. } solved from linear system (5.76) is the set of
coefficients used to interpolate the normal derivatives at the interface. The interpolation

schemes for the gradients in other directions can be derived in a similar way.

3.4 Numerical examples

We present a variety of numerical experiments to show the performance of the new direct
IIM approaches. All examples are computed with the double precision and are performed
on a laptop with Intel(R) Core(TM) i7-4650U CPU, 1.70GHz, 8.00 GB memory. We
also list CPU time(s) in the tables. We present errors in L*> norm and estimate the
convergence order r using (2.65). We use Algebraic Multigrid (AMG) preconditioned
GMRES iterative method to solve the discrete linear system. The tolerance is set to be
10713 and the initial values is 0 in all computations. In all tables listed in this section,
we use “Iter” to represent the number of GMRES iterations, “N,” the number of control

points, “N” the number of mesh intervals in each direction of the rectangular domain,
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and “CPU(s)” the run time in seconds. In the following examples, we will test each of the
examples by using the original algorithm without the optimization. The grid refinement
analysis is performed to demonstrate the second order convergence for both solution and
gradient at the interface. We also conduct the eigenvalue analysis to show that the inverse
of the coefficient matrix A;, is norm-bounded in L? norm and hence the method is stable.
For the modified algorithm using the optimization, we test it on Example 3.3 and 3.4
to compare with the original algorithm. Unless otherwise stated, the following numerical

results are from the original algorithm without the optimization.

Example 3.1.

sin(x + m Q7
u(m) = @ TY) (3.113)
log(z?+y?+1) inQF,

with
sin(x +y)+2 inQ,
bla) = 4@ TY) o(a) = 0, (3.114)
cos(zx+y)+2 inQt,
where the interface is the zero level set of ¢p(x,y) = /22 +y?> — 0.5, and Q = (—1,1) x

(—1,1). The source term f(x), and the interface jump conditions: [u] and [Suy] are derived

from the exact solutions.

Figure 3.5: (a): The solution plot of Example 3.1 with modest jump. (b): The error plot of
the computed solution. The error seems to be piecewise smooth as well, which is important for
accurate gradient computation.
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Table

3.1: A grid refinement analysis for Example 3.1 with a modest variable jump in the

coefficient, where E(u) is the error of the solution and E(u,), F(u.) are the errors of normal
and tangential derivatives at the interface respectively. All the errors are presented in L, norm.

N E(u) r E(uy,) r E(u;) r | Iter | N, | CPU(s)
16 | 1.04 x 1073 9.39 x 1073 5.59 x 1073 1 28 0.06
32 [ 3.78x107% 1.46 | 241 x1073 1.96 | 1.72x 1073 1.70 | 1 60 0.10
64 | 8.00x107™° 224 ]6.36x107* 1.92|798x107% 1.11| 1 124 0.45
128 [ 231 x107° 1.79 | 1.89 x 10~% 1.75 | 2.13 x 10™* 1.91 | 17 | 252 0.34
256 | 5.65 x 1076 2.03 | 4.75 x 107® 1.99 | 4.94 x 107> 2.11 | 20 | 508 0.77
512 1 1.52x107% 189|135 x10° 1.82|133x10° 1.89| 19 | 1020 | 2.09

Table 3.2: A grid refinement analysis for Example 3.1 with a large variation in the jump ratio

of the coefficient.

N E(u) T E(uy,) r E(u;) r | Iter | N, | CPU(s)
16 | 1.28 x 102 5.31 x 1072 1.54 x 1072 1 28 0.05
32 [337x1073 1.93|1.50x 1072 1.82 |439x1073 181 | 1 60 0.12
64 | 890 x10™* 1.92 | 4.07x 1073 1.88|1.28x107% 1.78| 1 124 0.47
128 | 249 x 107* 1.84 | 1.18 x 1073 1.79 | 3.58 x 107* 1.84 | 19 | 252 0.39
256 | 6.28 x 107° 1.99 | 3.03 x 10™* 1.96 | 9.67 x 107> 1.89 | 22 | 508 0.86
512 | 1.54 x 107° 2.03 | 7.72x107° 1.97 | 285 x107° 1.76 | 22 | 1020 | 2.30

This is an almost arbitrary example with a piecewise smooth non-linear solution, a variable
coefficient with discontinuity along the interface. We present a grid refinement analysis
in Table 3.1. The second column is the maximum error of the solution while the third
column is the approximate convergence order. The fourth and sixth column are the errors
of the normal and tangential derivatives at the interface respectively and are defined as

the averages of the L., errors from each side of the interface Q™ and Q, i.e.

Blun) = S (Bl + 1B oe), Bur) = 5 (Bl + B o)

The fifth and seventh columns are the approximate convergence order of the computed
normal and tangential derivatives. The last three columns are number of GMRES itera-
tions, number of control points, and the total CPU time in seconds, respectively. We can
observe from Table 3.1 that the new direct IIM has average second order accuracy in both
the solution globally and the gradient at the interface from each side of the interface. We

also see that it only takes one iteration to solve the linear system when the mesh is coarse
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The largest eigenvalue

-4.5

55

-6.5

and the number of GMRES iterations is independent of the mesh size when N is large
enough. From Figure 3.6, one can see that the largest eigenvalue of the coefficient matrix
is negative and bounded away from zero. Therefore, the inverse of the coefficient matrix
Ay, is bounded in L? norm by a constant and the method is stable. The total CPU time

also shows the method is very fast.

Now we use the same exact solution and interface and o = 0 but with a large jump in the

coefficient along the interface

ed” in Q7
B(x) = (3.115)
sin(z+y)+2 inQF.

Notice that 3~ ranges from 6.7379 x 1073 to 1.4841 x 10? along the interface, and hence
the jump ratio changes dramatically. Nevertheless, all the nice features are the same as

the previous example as shown in Table 3.2 and Figure 3.6.

(a) (b)
The largest eigenvalue vs. the number of grid points The largest eigenvalue vs. the number of grid points
=351
E]
T 4
=
c
2]
2
bo—a——o0————— T 45 S
2
o
©
g 57
[
-55
-6
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
N: number of grid points N: number of grid points

Figure 3.6: (a): Plot of the largest eigenvalue versus the number of grid points for Example
3.1 with modest jump using the algorithm without the optimization. (b): Plot of the largest
eigenvalue versus the number of grid points for Example 3.1 with large jump using the algorithm

without the optimization.

Example 3.2.
¢ —y in Q7
u(z) = (3.116)
sin(x) cos(y) in QF,
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Table 3.3: A grid refinement analysis for Example 3.2 with 3~ = 1 and S = 1000.

N E(u) r E(up) r E(ur) r | Iter | Ny | CPU(s)
16 | 3.21 x 10~* 1.65 x 1073 7.60 x 1073 1 |20 0.03
32 | 1.37x107* 1.23|745x107% 1.15|228x1073 1.74| 1 | 44 0.13
64 | 3.97x107° 1.79 | 1.93x107* 195|686 x10"* 1.73| 1 | 92 0.22
128 | 1.01 x 107> 1.98 | 6.01 x 107° 1.69 | 1.80 x 10~* 1.93 | 20 | 188 | 0.29
256 | 2.63x 1076 1.94 | 1.66 x 107® 1.86 | 5.22x 107> 1.79 | 24 | 380 | 0.75
512 | 6.85 x 1077 1.94 | 4.00 x 1076 2.05 | 1.32x 107> 1.98 | 25 | 764 | 2.23

Table 3.4: A grid refinement analysis for Example 3.2 with 3~ = 1000 and " = 1.

N E(u) r E(uy) r E(u;) r | Iter | Ny | CPU(s)
16 | 8.42x 1074 4.26 x 1073 9.77 x 1072 1 | 20 0.03
32 1 1.66 x107* 2.35|1.37x1073 1.64 | 8.89 x 107* 0.14 | 1 44 0.11
64 | 4.66 x 107° 1.83 | 2.89 x 107% 2.24 | 3.15x107* 1.50| 1 | 92 0.17
128 | 8.77x 1076 241 | 7.15x 1075 2.01 | 8.17x 1075 1.95| 25 | 183 | 0.32
256 [ 221 x 1076 1.99 | 1.92x 107® 1.90 | 1.85 x 107> 2.14 | 31 | 380 0.84
512 | 540 x 1077 2.04 | 511 x 107 191 | 531 x10°% 180 | 33 | 764 | 281
1 in Q7 1000 in Q7
B(x) = or o(x) =0, (3.117)
1000 in QF, 1 in QF,
where the interface is an ellipse represented by zero level set as
352 y2
= -1 3.118
and the domain is Q = [—1,1] x [=1,1]. The source term f(x), and the interface jump

conditions: [u] and [Buy,] are derived from the exact solutions.

These are two extreme cases where the piecewise function 5(x) has a huge jump at the
interface. The jump ratio p = 7 /8" is 0.001 or 1000 in this example. The grid refinement
for these two cases are shown in Table 3.3 and 3.4. From the tables, we observe the average
second order convergence rate for both the solution globally and gradient at the interface.
Compared with Example 3.1, we find that it requires finer grid to resolve the problem for

extremely small jump ratio p.

Example 3.3. A general interface example with o = 0 and a complicated interface.
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Table 3.5: A grid refinement analysis for Example 3.3 with a large variation in the jump ratio
and a complicated interface using the algorithm without the optimization.

N E(u) r E(up) r E(u;) r | Iter | N, | CPU(s)
16 | 1.50 x 1072 5.21 x 1072 3.25 x 1072 1 48 0.09
32 | 4.09x 1073 1.87|159x1072 1.71 |[1.18x10°2 146 | 1 | 108 0.21
64 | 1.18 x 1073 1.79 | 5.14 x 1073 1.63 | 3.82x 1073 1.63 | 1 212 0.74
128 | 247 x 1074 226 | 1.24 x 1073 2.05 | 1.03x 1073 1.89 | 21 | 428 0.81
256 | 6.40 x 107°> 1.95 | 3.09 x 10~* 2.00 | 3.02 x 10~* 1.77 | 27 | 860 1.33
512 | 1.66 x 107° 1.95 | 8.51 x 10™® 1.86 | 7.21 x 107> 2.07 | 25 | 1728 | 3.42

Table 3.6: A grid refinement analysis for Example 3.3 with a large variation in the jump ratio
and a complicated interface using the algorithm with the optimization.

N E(u) r E(uy) r E(u;) r | Iter | N, | CPU(s)
16 | 7.60 x 10—3 3.72 x 1072 3.19 x 1072 1 48 0.09
32 |3.76x107% 1.02]225x1072 0.73]1.12x1072 151 | 1 | 108 0.25
64 | 895 x107% 207|644 x 1073 1.80|271x10™2 2.05| 1 | 212 0.79
128 | 213 x107% 2.07 | 1.71 x 1073 1.91 | 7.78 x 10~* 1.80 | 20 | 428 0.86
256 | 5.74 x 107° 1.89 | 4.42 x 107* 1.95 | 2.15x 10~* 1.86 | 30 | 860 1.46
512 | 1.44 x 107° 2.00 | 1.18 x 107* 1.91 | 540 x 107® 1.99 | 41 | 1728 | 4.56

In this example, we use the same exact solution in Example 3.1, but the interface is a

5-leaf rose shape, which is represented by zero level set function

$(x) = (0.5 + 0.2sin(56)) — r, (3.119)

The interface is both convex and concave and has relatively large curvature at some
places. We choose the coefficient 3(x) as the one used in Example 3.1, which is expressed
in equation (4.9). The domain is 2 = (—1,1) x (—1,1). Notice that, in this example, we
get a huge change in the jump ratio and the interface has large curvature at some places.
We test this example using both the algorithms with and without the optimization. The
grid refinement for these two cases are shown in Table 3.5 and 3.6. The results from both
algorithms look similar and once again we observe that when the mesh is sufficiently fine,
both the solution and the gradient are second order accurate. For the algorithm with
the optimization, it takes more GMRES iterations to solve the system when the mesh is

sufficiently fine. Although the coefficient matrix produced by this algorithm is M-matrix,
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Figure 3.7: (a): The computed solution plot of Example 3.3. (b): The error plot of Example
3.3. The error seems to be piecewise smooth.

it does not necessarily imply better computational efficiency. For the original algorithm
without the optimization, it runs faster in general. Also the largest eigenvalues of the
coefficient matrix produced by this algorithm is negative and bounded away from zero,
which is shown in Figure 3.9. This demonstrates the stability of the original algorithm in

L2 norm.

Table 3.7: A grid refinement analysis for Example 3.4 for a general elliptic interface problem
with a complicated interface using the algorithm without the optimization.

N E(u) r E(uy,) r E(u;) r | Iter | N, | CPU(s)
16 | 5.03 x 1073 2.11 x 1072 2.24 x 1072 1 48 0.09
32 | 1.71x 1073 1.56 | 6.30 x 1073 1.74 | 5.65x 102 1.99 | 1 | 108 0.22
64 | 441 x107* 1.95| 1.54x103 2.03|1.40x1073 2.01| 1 | 212 0.76
128 | 1.10 x 1074 2.01 | 432 x107* 1.83|3.66x107* 1.94 | 16 | 428 0.67
256 | 2.78 x 107 1.98 | 1.12x 10~* 1.95 | 853 x107° 2.10 | 20 | 860 1.19
512 | 6.91 x 1076 2.01 | 2.87 x 10™® 1.96 | 2.30 x 107> 1.89 | 19 | 1728 | 3.02

Example 3.4. A general example with o # 0.

We present a more general example with a non-zero o(x) term with the same general
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Figure 3.8: (a): The computed solution plot of Example 3.4. (b): The error plot of Example
3.4. The error seems to be piecewise smooth.

Table 3.8: A grid refinement analysis for Example 3.4 for a general elliptic interface problem
with a complicated interface using the algorithm with the optimization.

N E(u) r E(uy) r E(ur) r | Iter | N, | CPU(s)
16 | 6.75 x 1073 2.22 x 1072 2.35 x 1072 10 | 48 0.08
32 11.82x107% 1.89|6.36 x 1073 1.80 | 6.26 x 103 1.91 | 11 | 108 0.23
64 | 4.79x 107 1.93 | 1.57 x 1073 2.02 | 1.56 x 102 2.00 | 11 | 212 0.77
128 [ 1.19 x 107* 2.01 | 4.58 x 107* 1.78 | 4.12x 10™* 1.92 | 11 | 428 0.92
256 | 3.03 x107° 1.97| 1.18 x 107* 1.96 | 9.83 x 107° 2.08 | 12 | 860 1.29
512 | 7.54 x 1076 2.01 | 3.01 x 10™® 1.97 | 2.66 x 107> 1.89 | 12 | 1728 | 3.19

interface (a five-leaf rose) as in Example 3.3. The true solution is

cos(x + if (x,y) e Q™,
2 ry?if (zy) € QF,

with the coefficients

+y+3 if (x,y) € Q™, 22 +y?+1 if (z,y) € Q,
B = Y (@.9) o= Y (@9) (3.121)
sin(z +y)+2 if (z,y) €T, et 1y if (z,y) € QF,

where again Q = (—1,1) x (—1,1).
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Figure 3.9: (a): Plot of the largest eigenvalue versus the number of grid points for Example
3.3 using the algorithm without the optimization. (b): Plot of the largest eigenvalue versus the
number of grid points for Example 3.4 using the algorithm without the optimization.

This is a very general example for a self-adjoint elliptic interface problem with a non-
linear solution. The shape of the interface is complicated and ¢ has a finite discontinuity
at the interface. We test this example using both the algorithms with and without the op-
timization. The results from the grid refinement analysis are listed in Table 3.7 and Table
3.8. One can see that the performance of both algorithms is similar. Again, we observe
average second order convergence for the global solution and the gradient from each side
of the interface. We do see that the mesh needs to be fine enough to resolve the solution
and its gradient because of the complicated interface. Also, the number of GMRES itera-
tions is independent of mesh size when NV is large. For the original algorithm without the
optimization, we plot the distribution of the largest eigenvalue of the coefficient matrix
in Figure 3.9. From that, one can see that all the eigenvalues locate in the left part of the
complex plane and the largest one is bounded away from zero. Numerically, we showed
the stability of our approach without using the optimization. For the algorithm using the
optimization, one can observe that its CPU time is slightly higher. Usually, this additional
computational cost by using the optimization is neglectable compared with the cost from

the linear solver.
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Chapter 4

On Multi-scale ADI Methods for
Parabolic PDEs with a

Discontinuous Coefhicient

In this chapter, two ADI methods based on augmented approaches are proposed to solve two-

dimensional heat equation

u = (Bug), + (Buy), = f,  (2,9) € QT UQT\T, (4.1)
u(z,y,0) = uo(z,y), Given BC on 9Q7, (4.2)

with a fixed interface I' € C?, where u; = %, Uy = % and so on, BC stands for a boundary

condition along Q" which can be Dirichlet, Neumann, or mixed along different parts of the
boundary 907 (see Fig. 1.2 for an illustration). Two more conditions are needed at the interface
I" to close the system, typically the natural jump conditions which state that both the solution
and the flux are continuous across the interface I'. The coefficient is discontinuous and the
domain has many inclusions with different material parameters.

The key to an ADI method is to discretize the PDE dimension by dimension. For a heat
equation with a constant coefficient, say S = 1, this can be and has been done easily since we
know the jump relations [u], [uz], [tuszz], and [u], [uy], [ty,] from the problem. That is, w, v, and

I" directly, for example, we can write

u(xi—h CU]) - QU(IDL, y]) + u($i+17 y])

72 ~ uq}x<xi7 yj) - (Cx)ij7 (43)

where h?(Cy)i; = £ ([u] + [uz)(Tig1 — #*) + (wig1 — %)*[ugs]/2) assuming that z;_; and z; are

from the same side of the interface different from x; 11, * is the intersection of the interface I'
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with the grid line y = y;. The correction term depends on known quantities w, v, and I' linearly
and is similar to the Taylor expansion except with the jump conditions. Thus the ADI method

from time t* to t**1 can be written in the matrix-vector form as
AUF ZFF — B [U]F — By [Un)" (4.4)

where A is the classical ADI operator, U¥*! is the finite difference solution at t**1, typically
k* = k 4 1/2 is the time level between k and k + 1, and By [U]¥" and By [Uy]" correspond
to the correction terms resulted from [u] and [u,], respectively. Note that U* term has been
absorbed into F¥, and the dimension of [U]*" and [U,]*" are O(IN) compared with that of U
which is O(N?).

However, if 8 has a jump across the interface I', then we do not have the dimensional jump
relations anymore. the augmented strategy is to introduce one or several intermediate variables
"

so that we can still use the ADI method. For example, we can set Q¥ = [U,]" as unknown to

have
AUM L B,QF = FF — B[UIF (4.5)

where Q" is an approximation to [Un]k* which should be chosen to satisfy the interface condi-
tion [Bu,] = v. In discretization, often a local interpolation is used to approximate the [Su,] = v

which can be written as another matrix-vector form
CUM! 4 DQY =F% (4.6)

for some sparse matrices C and D. The solution (Uk“, Qk*) satisfies the following system of

equations,
A B

C D

F}

- (4.7)

Uk+1
Q- |

The above system of equations provides a discretization process using the ADI method.

Another key of the augmented method is to solve the above system of equations efficiently.
Note that the Schur complement for Q" is

(D—-CA'B)Q" =Fk —CA"'Fi =F*, or SQ =F*, (4.8)

where A7'F¥ is the result of one step of the ADI for a regular problem. Often we can solve the
Schur complement system efficiently since the dimension of the unknown is O(N). For fixed
interface and time step size, we just need to form S and perform the LU decomposition once.

For time dependent problems and adaptive time step size, the GMRES method is recommended.
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4.1 Two augmented formulations and jump relations
For simplicity of the discussion, we assume that the coeflicient is a piecewise constant

+ +

O @
and B(x) > By > 0. We also omit the time dependence at this moment but focus on the space
discretization. In order to use an ADI method efficiently with the Immersed Interface Method
(IIM) [35, 38], we need to get the jump relations in the coordinate directions such as [Su], [Buz],
[Buzz], [Buy], [Buyy]. These jump relations are obtained using the original interface conditions

(1.5), the partial differential equation (1.3), and a carefully selected augmented variable.

n

Yi—1

,’l'i 13+J.

Figure 4.1: A diagram of the local coordinates system (£, 7) at a point (X*, Y*) on the interface
I'" and the geometry in the neighborhood.

It is easier to derive jump relations using the local coordinates in the normal and tangential

directions. At a point X* = (X*,Y™*) on the interface I', we define the local coordinates as

&€ = (z—X")cosO+ (y—Y")sinb,
(4.10)
n = —(zr—X")sinf+ (y—Y")cosb,

where 6 is the angle between the z-axis and the normal direction at (X*, Y ™). In a neighborhood

of this point, the interface lies roughly in the n-direction, so we can parameterize I' locally by

§=xm), nm=mn,  with x(0)=0, x’(0) =0, and x"(0) =&, (4.11)
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where k is the curvature at X*, see Figure 4.1 for an illustration. For convenience we use
the same notation for the solution u(z,y,t) and other quantities involved both in the original

coordinates and the new local coordinates.

4.1.1 Setting [fu| as an augmented variable

Our first ADI method is to set [Su] as an unknown coupled with the original problem

Uy = (5“@)90 + (5uy)y - fa (1’, y) eNtuQ \Fv

(4.12)
[Bulr =q,  [Bup)r=v, (X,Y)eTl.

The solution u(x,t) above is a functional of ¢(s) and can be denoted as u4(x,t). The solution

of the original problem corresponds to a particularly solution (¢*, us+(x,t)) such that
[uglp = w. (4.13)

Now assume that we know the jump [Sfu] = ¢ and [Su,] = v, then we have almost immedi-

ately

[Buz] = [Bug] cos O — [Bul,sinf = v cosd — % sin 6,

1 (4.14)

[Buy] = [Bug] sinf + [Bu], cos @ = v sin b + leﬁ cos 0.

To get second order jump relations in the original coordinates, we have the following theo-

rem.

Theorem 4.1. Let u(z,y) € C?(QE\T) be the solution to (1.3), (1.5) where T € C?. Let
(X,Y) be a point on the interface with the local coordinates (§,m) as defined in (4.10). Assume
also that [u] = w, [Bu] = g € C*(T"), and [Buy) = [Bue] = v € CHT), then we have the following
Jump relations of the second order derivatives.

d%q dq dv d?q dw
[/Bunn] - _X// d G [/8 §T)] % + d7n7 [,B’U/gg] - X,/U — di’]?z + [f] + —. (415)

Proof: From the governing equation (1.3), we have

[(Bue)a + (Buy)y] = [f] + [w] - (4.16)
Applying Theorem 3.1 in [38], we get the jump relations above. O
Remark 4.1. Usually we know [u] and [Buy], but not [ful, = [Bu], = Zf]. To wutilize the
Jump relations, we set [fu] or d[fTu] d[ﬁ" (see next sub-section) as an augmented variable to
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decouple the two scales. The interface quantities have only one independent variable, say the

arc-length s, thus we use d(:)/dn, for example, for the surface derivatives.

With these jump relations, we can get the jump relations in the original coordinate directions

as the following,

[Buzs] = [Buge] cos® @ — 2[Bugy] cos Osin O + [Buyy,] sin? 6, 17
[Buyy] = [Buee] sin 0 + 2[Bugn) cos Osin 6 + [Buy,] cos? 6. '

4.1.2 Setting d[fu]/dT as an augmented variable

Our second ADI method is to set % = ¢(s), the tangential derivative of u as an unknown

coupled with the original problem

Ut = (Buz)x + (5uy)y - fv ((L‘, y) € QJF U Q- \Fa

d[Bu]
dr

(4.18)

=q, [Bunr =v, (X,Y)e€Tl.
I

The solution u(x,t) above is a functional of ¢(s) and can be denoted as u4(x,t). The solution

of the original problem corresponds to a particularly solution (¢*, ug+(x,t)) such that

[d[uq*]]r dw (4.19)

dr T ds’

Note that % = [fVu - 7] = [Pu,] if B is a piecewise constant. While this formulation is
only slightly different from the previous case, numerical results show dramatic differences in
performance. Now assume we know the jump % = ¢q and [Bu,] = v, then we have almost
immediately

[Bu,] = [Bug] cos§ — [Buy]sin® = v cosf — g sinf
(4.20)
[Buy| = [Bug] sin @ + [Buy] cos§ = v sin + ¢ cos b,
which are different from (4.14) in terms of the augmented variable and their surface derivatives.

It is advantageous to consider Su as a whole because the PDE in the spatial derivatives and

the flux jump conditions are given in this scale. To get second order jump conditions, we have

the following theorem.

Theorem 4.2. Let u(z,y) € C*(QF \T) be the solution to (1.8) and (1.5), where I' € C?. Let
(X,Y) be a point on the interface with the local coordinates (§,m) as defined in (4.10). Assume
also that [u] = w € C*(T), [Bu], = q € C}T) and [Bule = v € C(T), then we have the
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following jump relations of the second order derivatives.

dw
dt”

d d d
[Bumn) = =x" v+ G0 [Buen) = X"+ o [Bueel =x"v = 5o+ [+

: 4.21
., a (4.21)

All those jump relations are somewhat similar. We only need to pay attention to which

interface variables are known and which one is the augmented one.

4.2 The ADI algorithms using different augmented variables

There are two major steps in the algorithm design. One is the ADI method given an augmented
variable ¢(s); and another step is to get the system of equations for the augmented variable
q(s). For more details about an augmented strategy, we refer the reader to [38, 44].

The domain 2 is assumed to be rectangular, say [a, b] X [c, d]. We use a uniform M x N grid
with «; = a +ih, yj = c+ jh, h = (b—a)/M = (d — ¢)/N, for simplicity of the presentation.
We use ufj ~ u(x;,y;) as the finite difference solution at the grid point (z;,y;) and the time
level t*.

We use a level set representation for an interface I' in the domain. That is, the interface is
the zero level of a Lipschitz continuous function ¢(x,y). For example, for a unit circle interface
22 + 92 = 1, one of (and the ideal) level set functions is ¢(z,y) = \/m — 1. In general,
the signed distance function is recommended for numerical computations. In discretization, the
level set function is determined explicitly by its values at the grid points ¢;; = ¢(z4,y;), for
example, for the unit circle interface, ¢;; = /2% + y]2 —1.

We classify a grid point (z;,y;) as a regular or irregular using the level set function. At a
grid point (x;,y;), define

" = max {pi—1,5, Pi,js Pi+1,> Pij—1, Pij+1} 5

min __ :
¥ = Inin {<Pz'—1,j, Pigs Pi+1,55 Pij—1, <Pz',j+1}-

(4.22)

If pmazemin > () the grid point (x;,y;) is called regular, otherwise it is irregular meaning the
interface cuts through the standard five point finite difference stencil. Note that, with the level
set function representation, the interface can only cut the grid line between two neighboring

grid points, for example, (z;—1,y;) and (z;,y;) once.
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The ADI method is based on that described in [41] and can be written as

k+3
L k+s k+3 k k| sh ook ko ks
T/? = Ozauiy = (Cx)ij = Qij — Ry + 0y, Bui; — (Oy)z‘j —fij %

k+1 ket
(T — U, k+l k._i_l k:—l—l

h k k h k+1 k+1
W = 0z Ui F - (Cx)ij - Qij o Rij + (syyﬁuijJr - (Cy)ij - fz 2,
(4.23)

k+1/2 k+1/2
ij - (Ciﬂ)ij
Bugy at (z4,y;) at the time level t*+1/2 and so on which are different for different choices of the

where At is the time step size, 0", Bu is a finite difference approximation to

augmented variable.

k+1/2

The equivalent one-step form. If we eliminate U in terms of ufj and u/H!

]
the one-step form below for purpose of discussion of the consistency and stability but not for

, we get

the implementation,

uETL ok

v ; 1 k41
L = o (Bl + Bu)l) = (G - Qb - RY,

L ren k ko sh k+1 k1
+5 (J, B0k = ()l + o, (Bl = (C)) (4.24)
At o (sh k k  <h k+1 k+1
+ o (O, (Bu)ls — (C)f = o, (Bul™ + ().
The derivation is almost the same except for the factor 8 as in [41]. In the expression above,
the right hand side in the first line is a discretization for (Bu, ), while the second line is for that
of (Buy)y, in which the sum is an approximation for V - (fVu) at the time level th*+1/2 Thus
it is possible to determine the correction terms at each time level t¥ and t*+1 or at the middle
level t+1/2. Also as discussed in [41], if the solution is continuous [u] = 0, then we can simply
set the correction terms ij =0 and Rfj = 0 in our ADI algorithms. Those two upper letters
@ and R may be used to represent other quantities in this paper.
At regular grid points where the interface does not cut the five-point finite difference stencil,
the standard ADI method is used, in which
1
k k k+1 k
(Cx)ij ‘= (Cy)ij = Qij = (Cy)ij = Rij =0.

At each irregular grid point where the interface cuts through either between the grid lines
x;—1 and x;41 or yj—1 and yj+1, we need to determine the finite difference discretization and
these correction terms.

Take Figure 4.1 as an example, and suppose that the interface cuts through the grid line
y = y; at (z*,y;) € I'. Using the formula from [41, 38] and omitting the superscripts k for

simplicity, we have the following lemma.
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Lemma 4.1. Assume thatu € C?(QF), i.e., u(x,y,t) is twice differentiable. Let x; < x* < 41,
and (x;,y;) € 7, (ziq1,y;) € QT then,

u(wi—1,y;) — 2u(x;, yj) + w(wir1, y;) _

h? 12
(i1 — ) (wip1 — %) 4.25
] L as] L O() (4.25)
= Uy (27, yj) — (Cﬂ?)ij + O(h).
So the correction term Cy s given by
[u] (Tiy1 —27) (wiy1 — %)
(Ca)y = — <h2 + [uz] T + [Ua] oz |- (4.26)

There is a similar formula for the grid point (z;41,,y;) in the z-direction as well,

U T, Yj — 2u(x; ,Y5) +ulTiv2, Yj * U
( d ( 212 2 (i, 45) = ug,(z JJJ')[h;
* *\2
T;— T T, — T 4.27
= U;x(ﬁ*ayj) - (Cx)i_u,j + O(h).
So the correction term C;, is given by
[u] (i — 2¥) (; — z*)?

(Codiprg = g + lta] = o [taa] = 55— (4.28)

The correction terms in (4.23) are determined mostly from the above formulas (4.26) and (4.28).

Remark 4.2. If 8 is continuous across the interface, then we know [u] = w and [u,] =
v/B. We have explicit expressions for [u], [ug], [ty], [Uze], [tyy]. The ADI method scheme is the
classical one with modified right hand sides. When (3 is discontinuous, we can not directly get the
dimension by dimension jump relations. The new ideas in this paper is to get those dimensional

jJump relations through a carefully chosen augmented variable along the interface.

4.2.1 The ADI method using [fu| as the augmented variable

The ADI method with a known [Su] = ¢(s) is to discretize the original PDE directly. In the
spatial discretization, we treat Su as a whole. That is, we consider Su as the unknown variable.
With known values [Su,] = v and [Bu] = ¢, the augmented variable, we can find [Bu|, [fu.],
[Buge), and [Buy], [Buy,| from (4.14) and (4.17). Thus we can get the finite difference approxi-
mations for (fu)., and (fu)y, easily. For example, assume that (z;—1,y;) € Q7 (24, y;) € Q7,
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but (z;41,y;) € QF, then the finite difference discretization for approximating Sug, is

B ui—1,j — 267wy + B uit
2

i1 — " Tir1 — 1*)2
(Ca)yy = ([ﬁu] + [Bug] (@in1 —a7) + [Buga] (l+1)> _

—(Cy)y ~ (Buw)z,  where
(4.29)

2 h2 2h2

The ADI discretization (the coefficients of the unknown ufj’s) remains the same with respect
to Bu with different correction terms.
The advantage of this ADI method is that finite difference scheme is the same as the classical

one except that we treat Su as a whole.

The stability discussion

If the augmented variable is exact, then the modified ADI method is actually a Crank-Nicholson
scheme with a perturbation term At uygyy:3/4 from (4.24) if [u] = 0. Thus the method would
be asymptotically unconditionally stable. Nevertheless, the computed augmented variable can
affect the stability. The most conservative estimate using the growth factor assuming that the

augmented variable is at least first order accurate is that

— < 4.
h? - C/Bmaw ’ h ( 30)

At<C :
o IB’VTLG,I

where C' < 5 is the width of the interpolation scheme.

4.2.2 The ADI method using d[Su]/dr as the augmented variable

The ADI method with a known % = ¢(s) is a better one in our opinion because it takes into

account the two scales of two regions involved. It also allows larger time step size compared
with the previous one. The ADI discretization is applied to the original PDE with modified
finite difference coefficients in each coordinate direction. In the spatial discretization, we treat
Pu as a whole and use the known jump conditions [u] = w and [Bu,] = v, and the augmented
variable % = ¢, in deriving the dimension by dimension finite difference discretization at
grid points where the interface cuts the 3-point stencil. We know the first and second order
derivative jump relations, [fu,] and [Bug.|, [Buy] and [Su,,| from (4.20), (4.21), and (4.17). We
derive the analytic expressions of the finite difference discretization below.

For example, assume that (z;_1,y;) € Q7 (z4,y;) € Q, but (xi11,y;) € QF, then the finite
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difference discretization for approximating fug, at (x;,y;) is

V1B ui—15) + 728 uij) + 138 wit15) = (Bug); — Ca,
(B uiz) + A2 (BT wiv1 ) +43(8Tuive,;) ~ (Buy)

(4.31)

8t
|
h

assuming that the interface cuts the grid line y; at z*, or (2*,y;) € I'. Note we have omitted
some index dependencies for simplification of notation. We explain only the derivation of the
first finite difference approximation here. The coefficients are determined so that the linear
combination minus the correction term (C,) can approximate (fuz), at (z*,y;) in the most
accurate way possible if the true solution is substituted in the finite difference formulas above.

Thus with the Taylor expansion at (z*,y;) for each u(x,y;), l =i —1,4,i+ 1, we have
BT u(wi1,y5) + 728" (i, y;) + 138  u(wigr, y;) — Ca
=B (U +uy (z1 — 2¥) + ug,(z1 — 2%)?/2)
7287 (07 + g (2 — %) + ugy(z; — %)% /2)

+ 387 (ut +uf (w1 — 2*) + ul (41 — 2%)%/2) = Co + O <11f1<1l‘cl<x3 |’Yl\h3>

= w (BB e+ B ) +78 87 [u)

+ (Bu); ((@-1 =2+ (0= ) 92 + (2700 = 27)7)
98 (@ = 2) (Bl + 5 (B0 (& = 21+ (@ = 23)P 7

+ oy =) 420 [Bu)an] (g1 = 2= €+ O o bl )

Thus we get the following system of equations.

Bn+B " v2+8 =0
(@j—1 —2")m + (x5 — ") 72 + (Tj41 — 27)73 =0 (4.32)
1 1 1
5(5’3* - 55]'71)2 7 + §($* - l“j)zw + 5(1‘j+1 - 95*)2 73 o= 1,
and the correction term
* 1 *
Ce =0 (87 [l + (a1 = a*) [(Bu)e] + 501 — 2" [ (Bl (433)
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The solution to the system above has a closed form below

(B h—[Bl(z; —a¥)

T =2 D,
B (@i —a) = Bz — a)

V2 = —2 ! "D, ¢ (4.34)
_ 267

V3 ?jv

where
D; = 287 h*+[B)(zj_1 — ") (x; — 2%). (4.35)

The following theorem shows that the solution to the system of equations (4.32) is unique.

Theorem 4.3. If 373" > 0, then Dj > 0. Then, there is a unique solution to the system of
equations (4.32).

Proof: Without loss of generality, we assume 8~ > 0 and 7 > 0. Notice that (z;_1 —
z*)(x; —x*) >0, so if [3] > 0, then D; > 23~ h% > 0, hence the theorem is true. If [3] < 0, i.e.,
B~ > BT, then since 37T > 0 we have

‘B_ - Bt
/8_

< 1.

Hence

B+ g — )y =) > = (g — ) — )

1
> h?— 5(2hh =0,
where we have used the fact that the interface point x* is between x; and x4, that is, z; <

x* < xj41. This completes the proof. O

Similarly, the system of equations for {4}’s is

B+ B2 + 8143 =0

(x5 —2") % + (i1 — ) J2 + (T2 — 27)73 =0 (4.36)
1 o1 Lo 1 2

5(33* —x;)% V1 + 5 (@1 = a*)? 4o + 5@z~ Y43 = 1.
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And we have a closed form for the coefficients,

gt
il Diti
X B (xjr2 —2*) = BH(z; — 2¥)
= -2 4.
V2 h Dy (4.37)
. BTh—[Bl(zj 41 — x¥)
73 - 2 hD 9
j+1
where
Djti = 287h% = [B](zj42 — 2) (2541 — ). (4.38)

We observe some sort of symmetry compared with {7x}’s as we can expect. With almost the

same process, it is easy to show that the system has a unique solution. The correction term is
5 ~ — * 1 *
G = A (57 [+ (o5 = o) [(Bu0u] + 503 = P [(Bu)ae]). (4.39)

The stability discussion

The stability of this ADI method is better than the first one because we have taken into
account the two scales in constructing the ADI scheme. If the augmented variable is exact,
then the modified ADI method is actually a Crank-Nicholson scheme with a perturbation term
%umyyt At from (4.24) if [u] = 0. Thus the method would be asymptotically unconditionally
stable. Nevertheless, the computed augmented variable can affect the stability. The most con-
servative estimate using the growth factor assuming that the augmented variable is at least first

order accurate is that

Ath

where C' < 5 is the width of the interpolation scheme. In numerical experiments, the scheme
does behave like asymptotically unconditionally stable. For small to modest jump ratios, or

large jump ratios with fine mesh, the ADI method works nicely.

4.3 Discretization of the augmented equation and the Schur

complement

The augmented strategy has been discussed in detail in [44, 38, 46]. The implementation of
course depends on different applications. Here we briefly explain some key details for the aug-

mented algorithms.
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4.3.1 Discretization of an augmented variable

The augmented variable is defined at the computed orthogonal projections X; = (X;,Y;), | =
1,2,---, Ny, of irregular grid points from one particular side (say ¢;; > 0) to avoid possible

clustering, see [38] for more details.

4.3.2 The ADI method in the matrix-vector form given an augmented vari-
able

The finite difference solution {uf]} form a vector U¥ whose dimension is O(N M), where M and
N are the number of grid lines in the z- and y-directions with M ~ N, respectively. The discrete
augmented variable Qf*, l=1,2,---, Ny also forms a vector Q¥ € R™o, where k* = k + 1/2,
Ny ~ O(N) is the number orthogonal projections of irregular grid points from one particular
side, say ¢;; > 0.

Given Q*", from the ADI method (4.23), we get {uffl} The solution using the ADI method

with known augmented variable Q*" in the matrix-vector form can be written as
AU L BQY =F¥ (4.41)
for some vector F¥ and sparse matrices A and B which do not need to be generated.

4.3.3 The discrete augmented equation in the matrix-vector form

We also need to discretize the augmented equation such as (4.13), or (4.19), to get a complete
system for UF! and QF". This step involves local interpolations.

For the first augmented approaches, that is, select [Su] as the augmented variable, the
interpolation is similar to that used in [44, 46]. With the augmented equation (4.13) as an
example, we need to interpolate uffl to get U(X;)**! using [u]fT! = wh*! and [puf*!] = ¢*7,
here k* = k 4+ 1. We use the least squares interpolation schemes for interface problems, see
Section 6.1.3 in [44].

The interpolation scheme for approximating u(X;)™ can be written as

ks—1
u(Xy)” = Z Vi Wiz, je+k — O, (4.42)
k=0

where k, is the number of grid points involved in the interpolation scheme, (x;+,y;«) is the
closest grid point to X;, C is a correction term.
The coefficients {~x} are determined by minimizing the interpolation error of (4.42) when

Uj* 4k, j*+k 18 substituted by the exact solution u (x4, yj+4x). Using the local coordinate system
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(4.10) centered at the point X; or any point on the interface nearby, and denoting the local
coordinates of (2 4k, yj*+k) as (&, Mk), we have the following from the Taylor expansion at
X; = (X1,Y;), or (0,0) in the local coordinates:

Wik Yyerk) = (k) = U+ Epug + My
Lo+ + Lo 4 3 (4.43)
+ §£ku€£ + Seng, + 5Tk Uiy + O(h?),
where the ‘+” or ‘—’ sign is chosen depending on whether (&, ;) lies on the ‘+’ or ‘-’ side
of T, u*, ugi, . uffn are evaluated at the local coordinates (0,0), or X; = (X;,Y;) in the
original coordinate system.
The coefficients {7y }’s satisfy the following linear system of equations.
ks—1 ks—1
dow=1L Y w&=0
k=0 k=0
ks—1 =
> =0, 3 > w& =0, (4.44)
k=0 k=0
ks—1 =
_ - 2 _
> W& =0, 22%%—0
k=0 k=0
Once {7k }’s are computed, the correction term C' is determined from the following,
C = az [u] + asq + ae [uy] + as [uge] + aro [ugy] + arz [ugy] (4.45)

where as = Z Ve, G4 = Z &g, ag = Z MYk, and so on, k € KT means that the

keK+ keK+ keK+
grid point involved in the interpolation (2« ik, yj«1x) € Q.

The discretization of the augmented equation (4.13) above can be written as

CU + DQY = F} (4.46)

for some sparse matrices C' and D. The solution (U**!, Q*") satisfies the following system of

equations,
k+1 k
A B Uk* ] = F}f ] (4.47)
C D Q F5
The Schur complement for Q" is
(D—-CA'B)Q" =F5 — CA'F¥ = FF, or  SQF =F*, (4.48)
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where A~1F* is the result of one step of the ADI for a regular problem. Define the residual of

the augmented equation given Q as
R(Q) = CU*! 4 DQ — Fk. (4.49)

Note that R(0) = CU**1(0) — F%, and from (4.41), we have A~'BQ = A~'F} — UM1(Q),
thus the matrix-vector multiplication SQ is
SQ = (D-CA'B)Q=DQ-CA'BQ
= DQ+CU*(Q)—F5+F5 — CA'F}
= R(Q) - (CU*(0) + DO — F%)
= R(Q) - R(0)

(4.50)

since U¥1(0) = A~'F%. The right hand side of SQ = F¥ can be computed from —R(0) which
corresponds to the residual of the augmented equation with zero value of the components of
the augmented variable, which is obtained from one step ADI method.

For fixed interface I' and time step At, the Schur complement matrix S € RM >N is fixed.
So we form the matrix at the first step by using Q =e;, ¢ = 1,2, .-, Np. For moving interface
problem, or adaptive time steps, it is recommended to use the GMRES iterative method, see

for example [60].

4.3.4 The interpolation scheme when d[fu]/dr is the augmented variable

Similar to the derivation of the ADI coefficients, the key to discretize the augmented equation
du
e

scheme for approximating u(X;)~, for example, now is

Ir = q(s) is to treat [Su] as one scale while enforcing the [u] = w condition. The interpolation

ks—1

u(Xy)” = Z Vi (Bw)i 1k, jo 1 — C. (4.51)
k=0

In other words, we interpolate (Su);; instead of u;; and the first equation in (4.44) now becomes
ks—1
Z VB +k, j*+k = 1, (4.52)

k=0

while the rest of equations in (4.44) remain the same; and the correction term now is

C = az [u] + asv + ag q + asg [Buge] + aro [Buey] + ar2 [Buy,], (4.53)
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ko—1
where ag = Z Vi (B)ix-+k, j*+k, and v = [Bu,] is the original flux jump condition. The remain-
k=0

ing a;’s have the same definition as before.

4.3.5 Outline of the new ADI methods

We outline the new ADI methods below.

Setup: Setup a grid {(x;,y;)}; the initial condition {ugj}, the level set function {¢;;};
classify grid points {(z;,y;)} as regular or irregular using (4.22).

Compute the Schur complement matrix: At every irregular grid point (x;,y;) with
@i; > 0, find the orthogonal projection X; at which the augmented variable is defined. The
process also generates an ordering of {X;}, 1 =1,2,---, N,. We also find and store the normal
(tangential can be determined from the normal) and the curvature information.

For i = 1,2,--- , Ny, set Q¥ = e;, the i-th unit vector, and apply the ADI method. The
computed residual of the augmented equation is the i¢-th column of the Schur complement S.
Carry out the S = LU decomposition.

Apply the ADI method from t* to t**!: Find the right hand side of the Schur com-
plement F* by setting Q¥ = 0. Apply the stored LU decomposition to solve SQ*" = F* to
get the augmented variable Q*". Apply the modified ADI method with Q*" to get {uffl}, and

overwrite it to {ufj}

4.3.6 Convergence discussions

The derived ADI methods are obviously consistent. If the solution is a piecewise quadratic
function, then the local truncation errors at all grid points are zero assuming the interface
quantities such as the projection, normal and tangential directions, and curvature are exact.
This is an indication of second order convergence if the ADI methods are also stable.

When we set [fu] as the augmented variable, we get clean time step constraint At <
Ch/Bmaz- The constant C' depends on the interpolation scheme and it is roughly between
5 ~ 10.

We get better than expected stability when we set (%)k“/ 2 as the augmented variable.
The ADI method behaves like asymptotically unconditionally stable. One possible cause may

be the right scale in the algorithm which absorbs § into the formulation as a whole.

4.4 Numerical examples

We first validate our method through problems with known analytic solutions. Most of com-

putations are done on a MAC Laptop with 2.6 Hz Intel Core i7 processor. Most of the results
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shown here are using % as the augmented variable unless specified differently since we think

it is the better choice. We choose the time step size as At = h/2 or At = h/(2C) with
C = max {4+, 87},

4.4.1 An example from the literature

The first example is taken from [72]. This is a good testing example since the solution, its flux,
and the source term, have two different scales and the problem is time invariant. The analytic

solution is given by

@+y)P -1 3
— + —
u(z, y.t) = cos(t) b , B (4.54)
B2+ ) ifr>1,
where r = y/22 + y2. The source term is
2 2\3 _ 1 3
<(‘r+g> - B*) sint + 36(22 + y2)2 cost if r <1,
Y, t) = 4.55
Fw.v.) R | (4.59
—mslnt—mcost 1f7’>1.

In Table 4.1-4.3, we show numerical experiment results with the domain [-2, 2] x [-2, 2].
Table 4.1 shows the results of the grid refinement analysis with modest jump ratios 5~ = 10
and BT =2 in (a), and 8~ =2 and 87 =10 in (b). Table 4.2 shows the results for large jump
ratios 8~ = 1000 and 8t =1 in (a), and 8~ = 1 and ST = 1000 in (b). Table 4.3 shows the
CPU time and the condition number of the Schur complement system with = = 1000 and
Bt =1.

The first column in Table 4.1-4.3 is the mesh size in both z and y directions. The second
column is the error of the computed solution in the maximum norm (pointwise). The third
column is the approximate convergence order r obtained by (2.65). The fourth column is the
error of the computed augmented variable % at the computed orthogonal projections from
@i; > 0 side in the maximum norm (pointwise). We can obtain the gradient or directional
derivative from each side of interface along any directions of the solution u(x,y,t) using the
augmented variable and the given flux jump condition [Sfu,] = v. The fifth column is the
approximate convergence order of the augmented variable. We observe second order convergence
for all cases both for the solution and the augmented variable in the strongest norm. The
computed accuracy (or the error) seems to be independent of the jump ratios. This is somewhat
expected since the coefficient has been absorbed in the ADI method.

Figure 4.2 (a) shows a computed solution with N = 64, 3~ = 2, 87 = 10, and Figure 4.2 (b)
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Table 4.1:

A grid refinement analysis of the new ADI method at the final time T' = 1 with

modest jumps. (a) 3~ =10, T =2, (b) g~ =2, g+ = 10.

(a): B~ =10; B+ = 2.

Table 4.2: A grid refinement analysis of the new ADI method at T' = 1 with large jump ratios.

N [Bals | 7 [ [Begles | 7
40 || 3.6656e-02 2.4534e-03

80 || 7.3944e-03 | 2.3095 || 6.5700e-03 | 1.9008
160 || 1.7855e-03 | 2.0501 || 1.6728e-03 | 1.9736
320 || 3.9268e-04 | 2.1849 || 4.5025e-04 | 1.8935

(b): B~ =2; g+ = 10.

N Bxls [ 7 [ [Bemgloe | 7
40 1.1103e-02 7.1480e-03

80 || 2.8390e-03 | 1.9675 || 1.6853e-03 | 2.0845
160 || 7.6865e-04 | 1.8850 || 4.8657e-04 | 1.7923
320 || 1.9389e-04 | 1.9871 || 1.1757e-04 | 2.0491

(a) B~ = 1000, B+ =1, (b) B~ =1, B+ = 1000.

(a): B~ =1000; B+ = 1.

N [ EN]loo r | Eauglloo r
40 || 4.4455e-02 7.5757e-02

80 || 1.0921e-02 | 2.0252 || 1.7310e-02 | 2.1298
160 || 2.5155e-03 | 2.1182 || 5.4003e-03 | 1.6805
320 || 5.9963e-04 | 2.0687 || 1.2742e-03 | 2.0835
640 || 1.0906e-04 | 2.4590 || 3.4965e-04 | 1.8656

(b): B~ = 1; BT = 1000.

N 1Esle | 7 | Eagle | 7
40 || 2.1571e-02 9.4754e-05

80 || 5.9738e-03 | 1.8524 || 2.2588e-05 | 2.0686
160 || 1.5718e-03 | 1.9262 || 6.3268e-06 | 1.8360
320 || 4.0456e-04 | 1.9580 || 1.5124e-06 | 2.0647
640 || 1.0248e-04 | 1.9811 || 3.9304e-07 | 1.9441
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Figure 4.2: Plot of the computed solution for Example 4.4.1. (a), and the error (b) with N = 64,
B~ =2, B+ = 10.

shows the corresponding error plot of the computed solution, which shows that the error is
piecewise smooth and no large sparks around interface. Similar behaviors are observed with
other computations as well.

In Table 4.3, we list the condition number of the Schur complement for one of the settings
with 3~ = 1000; 3% = 1. The condition number is between 5 ~ 6 and decreases a little as the
mesh gets finer. Once again, this is true for all the test cases with different jump ratios.

The condition number of the Schur complement system when we use either [u,] or [fu] is
slightly larger when the jump ratio gets larger. In all of our testing examples with the jump
ratio as large as 1 : 1000 or 1000 : 1, the condition number is under number 30.

Our computer code is not optimized, but it is still fast in terms of the CPU time from

Table 4.3. The CPU time is roughly the same for different jump ratios.

Table 4.3: Condition number of the Schur complement matrix and the CPU time for the case
of 3= =1000; S =1.

N 40 80 160 320 640
cond(S) || 6.5103 | 6.2896 | 6.1546 | 5.9063 | 5.8548
CPU(s) || 0.45588 | 1.9964 | 10.100 | 61.148 | 438.26

To check the stability, we tried large At, for example, At = 1, T = 1000, 3~ : 3T = 1000 : 1;
and At = 100, T = 105 B~ : Bt = 1000 : 1. The code run to the final time with the
energy max{|ufj|} remains bounded in both cases. It looks like the developed ADI method is
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unconditionally stable.

Note that there are few ADI methods for interface problems in the literature to compare
with except for the one in [72]. While our methods and the one in [72] are all second order
accurate in space, our methods are also second order in time and allow large jump ratios, larger
time step size. Note that At = O(h?) is used in [72] and the linear systems from the ADI
method in [72] in each directional sweep are penta-diagonal instead of usual tri-diagonal which

is still true in our ADI methods.

A grid refinement analysis with [Ju| as the augmented variable

Table 4.4: A grid refinement analysis of the new ADI method using the [Su] as the augmented
variable at 7' = 1 with large jump ratios. The second to fourth columns are the results for
B~ = 1000, B = 1. The average convergence rate is 2.257; The fourth and seventh columns
are the condition numbers of the Schur complement matrix. The fifth to seventh columns are
the results for 3~ = 1, 87 = 1000. The average convergence rate is 2.0778.

N || |IEN|loo(1000 : 1) r cond(S) || |IEN|leo(1 : 1000) r cond(S)
40 9.8746e-03 9.6930 1.7179e-02 10.056
80 1.9708e-03 2.3249 | 10.314 5.6197e-03 1.6121 7.389

160 4.4039e-04 2.1620 | 13.944 8.2220e-04 2.7729 | 10.347
320 9.0273e-05 2.2864 | 18.883 2.2835e-04 1.8482 | 10.880

In Table 4.4, we show the grid refinement results using ¢ = [Su] as the augmented variable
for the same example with large jump ratios 3~ = 1000, 7 = 1 and f~ = 1, 3T = 1000. Once
again we see clearly second order convergence in the strongest norm. The average convergence
rates in the infinity norm are 2.257 and 2.0778, respectively. The condition number of the Schur
complement matrix is between 7 and 19. The advantage of this ADI is that it is relatively simpler
and the finite difference coefficients remain the same as the classical one. The disadvantage
compared with the ADI method with [Su], is that the time step constraint depends on the
jump ratio, At < Ch, where C' ~ 5/f42. The constant C' is between 5 ~ 10 is from the width

of the interpolation for the interface conditions.

Find the steady state solution

We can use the developed method to find the steady state solution of the interface problem
numerically if it exists, or elliptic interface problems V - §(Vu) — f using the PDE u; = V -
(BVu) = f. In Table 4.5, we show the grid refinement analysis for the steady state solution
of (4.54)-(4.55) with cost replaced by number one and sint by zero. In this example = = 1,
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BT = 1000. The initial condition is chosen randomly. It seems that it is enough to have final
time T' = 2 to reach the steady state solution. Once again, we observe second order accuracy

in the maximum norm for both of the solution and the augmented variable.

Table 4.5: The grid refinement analysis for the steady state solution with 7' = 2 with 5~ =1,
BT = 1000.

N TEnle [ 7 | Bagle | 7
40 1.7276 e-02 1.7908e-04
80 || 4.7260 e-03 | 1.8701 || 4.2691e-05 | 2.0686
160 || 1.2523 e-03 | 1.9161 || 1.1732e-05 | 1.8636
320 || 3.3064 e-04 | 1.9212 || 2.8043e-06 | 2.0647
640 || 9.3791 e-05 | 1.8177 || 7.2879e-07 | 1.9441

4.4.2 An example with a variable dynamic flux jump condition

In the first example, [Su] is a constant and the augmented variable [fVu-7] = 0. So the example

may not be general enough. In the second example, the true solution is

2 N2 .
zy (z°+y if r <1,
u(@,y,t) = g(t) ( ) (4.56)
zy (x2+y2) ifr>1,

where r = \/W . The source term f(x,y,t), the initial condition at ¢ = 0, and the Dirichlet
boundary condition are determined from the true solution. This is a general example with a
continuous solution, that is, [u] = 0, but non-homogeneous non-constant flux jump condition
([Bun) # 0 ), and both [Sfu] and [BVu - 7| are varying along the interface,

[Bun] = g(t)zy (487 —657),

[BU} =g(t)ay (BT - B7), [ﬁvu : 7-} —g(t) (2 — ) (BT — B). (4.57)

Note that [fu] and [fVu - 7] are not free variables. In our numerical tests, we set g(t) = cost.
We first show the results of the grid refinement analysis with modest large jump ratios in
Table 4.6 and large jump ratios in Table 4.7. The results agree with that in Example 1 with
second order convergence for both of the solution (at all grid points) and the augmented variable
(at some points on the interface).
Figure 4.3 shows two error plots with N = 64, 3~ = 10, 37 = 2 in the left plot, and
B~ = 0.033, BT = 33 whose jump ratio is 1:1000 in the right plot. Once again, the errors are
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Table 4.6: The grid refinement analysis for Example 2 with 7= 1. (a): 8~ = 2, 7 = 10. The
average convergence order for the solution and the augmented variable are 1.9898 and 2.1013
respectively. (b): 3~ = 10, T = 2. The average convergence order for the solution and the
augmented variable are 2.4904 and 1.7774, respectively.

(a): B~ =10; gt =2.

N | BNl r [ Eaug|loo r
40 || 7.0258¢-05 1.4820e-02
80 || 2.2003-05 | 1.6749 || 1.5871e-03 | 3.2231
160 || 5.1093¢-06 | 2.1065 || 8.8556e-04 | 0.8418
320 || 1.1214e-06 | 2.1878 || 1.8758¢-04 | 2.2301

(b): B~ =2; g+ = 10.
N [EN oo r ||Eaug||oo r
40 || 3.6527e-04 1.0443e-02

80 || 3.9449e-05 | 3.2109 || 2.8714e-03 | 1.8627
160 || 1.9328e-05 | 1.0293 || 1.0501e-03 | 1.4512
320 || 2.0585¢-06 | 3.2310 || 2.5922e-04 | 2.0183

Figure 4.3: Plot of the errors with N = 64 and different jump ratios for Example 4.4.2. (a):
B~ =10, BT =2; (b): B~ =0.033, 3 = 33 whose jump ratio is 1:1000.
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piecewise smooth and no large sparks around the interface.

Next, we show the results with large jump ratios, 1 : 1000 and 1000 : 1. We re-scale the
problem to get more balanced jump ratio without changing the nature of the problem. This
can be done by multiplying the PDE by \/ Bmin/ Bmaz OT \/ Bmaz/ Bmin- In this way, we can get

more balanced time step size. In Table 4.7, we show the grid refinement analysis results using

the modified ADI method. The average convergence order once again is quadratic or better.

Table 4.7: The grid refinement analysis for Example 2 with 7' = 1 with large jump ratios
1:1000 and 1000 : 1. (a): 3~ = 0.033, 31 = 33. The average convergence order for the solution
and the augmented variable are 2.2817 and 2.5749 respectively. (b): 3~ = 33, 7 = 0.033 so
the jump ratio is 1000 : 1. The average convergence order for the solution and the augmented
variable are 1.9381 and 1.9675, respectively.

(a): B~ = 0.033, BT = 33.

N || BN r | Eaug oo r
40 || 1.7240e-04 4.8628¢-01
80 [ 2.7064e-05 | 2.6713 || 2.0254e-02 | 4.5855
160 || 7.1346e-06 | 1.9235 || 1.1348¢-02 | 0.83576
320 || 1.4994e-06 | 2.2504 || 2.2989¢-03 | 2.3034

(b): B~ =33, B+ = 0.033.

N I EN o0 r ||Eaug||oo r
40 || 6.8045e-04 3.0187e-02
80 || 1.8391e-04 | 1.8875 || 8.9924e-03 | 1.7471
160 || 6.4475e-05 | 1.5122 || 2.7157e-03 | 1.7274
320 || 1.2092e-05 | 2.4146 || 5.0469e-04 | 2.4279

A grid refinement analysis with very large jump ratios

We also tested very large jump ratios f~/8%t = 1 : 10° and 8=/BF = 10° : 1 as suggested
by one of referees. Both ADI method work well if At < Ch/Bpmaz, as shown in Table 4.8
using the second ADI method. The second ADI method does allow large time step size but the
convergence behaves more erratically indicating the condition for asymptotic convergence may
not true any more. Also, we show simulations of such large jump ratios for a flow problem in
Figure 4.5.

94



Table 4.8: The grid refinement analysis for Example 4.4.2 with T' = 0.2 with very large jump
ratios 1: 10° in (a) and 10° : 1 in (b). The average convergence order for the solution and the
augmented variable are 2.0707 and 2.1739 respectively for (a) while they are 2.0005 and 1.7608,
respectively for (b).

(a): B~ =1, gt = 10°.

N | EN || oo r ||Eauy||oo r
32 || 1.1659e-04 7.1125e-02
64 || 3.1996e-05 | 1.8655 || 1.2617e-02 | 2.4950
128 || 5.2947e-06 | 2.5953 || 3.0995e-03 | 2.0253
256 || 1.5727e-06 | 1.7513 || 7.7418e-04 | 2.0013

(b): B~ =10%, BT = 1.

N | BNl r [Eauglloc | 7
32 | 2.4321e-01 7.5076e-02
64 | 3.9795e-02 | 2.6115 || 2.7540e-02 | 1.4468
128 || 8.1210e-03 | 2.2929 || 8.7106¢-03 | 1.6607
256 || 3.7963e-03 | 1.0971 || 1.9290e-03 | 2.1750

4.4.3 An example in which the solution has a jump discontinuity

The developed ADI method in this paper can be applied to the case in which the solution has
a finite jump across the interface without correction terms such as ij and Rfj in (4.23). We
would expect that the computed solution is super-linear convergent (nearly second order). We

consider a general problem in which the analytic solution is

cos(t) + ew Y, if r <0.5,
u(z, 1) = (458)
cos(t) + sin(2z) cos(2y), if » > 0.5,

where 7 = /(22 + y2) = 1 is the interface in the domain [—1, 1] x [~1, 1]. The source term,
the flux jump condition, the initial and boundary conditions are determined from the analytic

solution. The solution is not continuous across the interface,

[u] = w = sin(2z) cos(2y) — /4.
In Table 4.9, we show grid refinement results for two cases with large jump ratios. The
second and third columns are the results with 5~ /38%T = 1 : 0.001; while the fourth and fifth
columns are the results with 37 /8% = 0.001 : 1. The average convergence orders are 1.8181

and 1.8877, respectively.
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Table 4.9: A grid refinement analysis for Example 4.4.3 in which the solution has a finite jump
discontinuity.

N HEn”oo T HENHOO r
40 || 9.3882 x 1073 7.2805 x 1072
80 || 3.1509 x 103 | 1.5751 || 1.8623 x 10~* | 1.9670
160 || 7.6708 x 10~% | 2.0383 || 4.7239 x 10° | 1.9790
320 || 2.1412 x 10~* | 1.8410 || 1.4268 x 107° | 1.7171

4.4.4 An application example

We present an example to mimic a flow passing objects to show that our second ADI method
can handle complicated geometries and multi-connected domains. In this example, we assume
an incoming Poiseuille flow profile with u = ¢(t)(4—y?) which is used as the boundary condition
in the domain [—2, 2] x [—2, 2]. The permeability of the material (domain) is 1/8 which is
piecewise constant.

In Figure 4.4, we show the interface and contour plots of the computed solution with g(t) =
cost and a large jump ratio either S~ : 87 = 1/1000 or S~ : 7 = 1000/1. In the top plots, the
permeability inside particles is large so flow get saturated while in the bottom plots the flow
is hardly getting in due to small permeability. The interface is general with both convex and
convex-concave. The results agree with physical reasoning and intuition.

We also tested a situation where the jump ratio is very large, 3~ /8% = 10°: 1 and = /3 =
1 : 10°. In this simulation, the Neumann BC, % = 0 is used for the right boundary. The
convergence remains the same if the time step is At < Ch/Bpqz, see Table 4.8. But for larger
At, while the second ADI method still works, the convergence rate behaves more erratically

indicating that the error constant is large.

4.4.5 A moving example

Finally, we show a moving interface example in the same setting as in the flow problem. Once
again, the Neumann BC, % = 0 is used for the right boundary. The motion of interface is
governed by the mean curvature with the normal velocity of the interface as V,, = a(k — ko).
The level set is evolved by the Hamilton-Jacobian equation ¢; + V,,|Vyp| = 0. We start with
a six-star shaped interface » = 1.2 + 0.4sin(66) in polar coordinates. We set ko = 1.2. Thus
the interface will relax to a circle. The coefficient is S = 50 and 8~ = 1. In Figure 4.6,
we show the contour plots of the solution and the interface at different time. The result is as

expected. In this case, the Schur complement matrix is not a constant matrix anymore and
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Figure 4.4: Snap contour plots (7" = 2m) of the computed solution with N = 80, different
jump ratios 1 : 1000 or 1000 : 1, and different geometries. (a) 3~ = 0.033, 3+ = 33, (b)
B~ =10.033, BT =33, (c) B~ =33, B =0.033, and (d) B~ = 100, 3 = 0.1. In the top plots,
the permeability inside particles are large so flow get saturated while in the bottom plots the
flow is hardly getting in due to small permeability.

Figure 4.5: Contourplot of the solution in the flow situation with very large jump ratio g~ :
pt =1/10% or B~ : g+ =107/1.
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its size also changes. We use the GMRES iterative method to solve the Schur complement
system. Corresponding to the four different snap shots of the interface, the size of the Schur
complement matrix is 462 x 462, 314 x 314, 264 x 264, 254 x 254, respectively, with condition
number being 3.3200, 2.7468, 3.3265,2.9068. With the tolerance 1076, the average number of
GMRES iterations is around 12.

Figure 4.6: A moving interface driven by the mean curvature in the flow.
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Chapter 5

A Direct IIM Approach for
Two-phase Stokes Equations with
Discontinuous Viscosity on

Staggered (Grids

In this chapter, we focus on solving the two-phase Stokes equations

Vp=V-u(Vu+ (Vo)) +g+F, xeQ, (5.1)
V-u=0, x € Q, (5.2)
u |go= w, (5.3)

where u = (u,v)” is the fluid velocity, p is the fluid pressure, u is the fluid viscosity, uy is a
Dirichlet boundary condition for the velocity, g = (g1, g2)” is the body force and F is a singular

source defined as

F = /Ff(s)é(x — X{(s))ds. (5.4)

Here X(s) is a parametric form of the interface I' with s being the parameter, for example,
the arc-length, 6(-) is the Dirac delta function, and f = (f1, f2)? is the density function of the
surface force along the interface. The problem is illustrated in Figure 1.3, where the domain 2
is divided into two subdomains, QT and Q~, by the interface I'.

For the regularity requirement of the problem, we also assume that u > pg > 0, I' € C?,

and f € C'. The divergence free condition (5.2) combined with divergence theorem leads to the
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compatibility condition for uy, i.e.

/ Up - 1Np = 0, (55)
o0

where nyg is the unit normal vector pointing to the outside of 0€2. The viscosity p is assumed
to be piecewise constant,
+ +
pr, o x€eQr,
pu(x) = (5.6)
wo, xe.

Under this assumption, the incompressible Stokes equations (5.1)-(5.2) can be rewritten as

—Upy — Uyy +Pr =91 X E Ot (5.7)
gy — Oy +py = g2 x € OF, (5.8)
—ly — 0y, =0 x€QF (5.9)

where (i, 9)7 is the transformed velocity field defined as
i =pu, U=pv, U= pu. (5.10)

Remark 5.1. The viscosity i is the coefficient for velocity terms but not for pressure and hence
cannot be scaled as what is done for elliptic interface problems [46]. Instead we introduce the
transformed velocity to incorporate the viscosity into the unknowns. This can help mitigate the

scaling effect. The original velocity field (u,v) will be recovered once (4, 0) is computed.

5.1 Finite difference method using staggered grids

In this section, we will design a finite difference method which discretizes the above Stokes

equations (5.7)-(5.9) on staggered grids.

5.1.1 Classification of grid points

As illustrated in Figure 5.1, the idea of MAC (Marker and Cell) Scheme is to place the unknowns
(u,v,p) on different grid points. Specifically the pressure p is located in the center of each cell
(formed by thick lines) and the horizontal velocity u on the middle points of vertical edges and
the vertical velocity v on middle points of horizontal edges.

Assuming the domain is 2 = (a,b) x (¢,d), for simplification of discussion, we use the

uniform mesh

ri=a+1th, i=0,1,---M; y;=c+jh, j=0,1,--- N, (5.11)
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where h is the space step size. To be consistent with the grid indices used in (5.11), we keep
using u®’, v"J, p’ to represent the horizontal velocity, vertical velocity and pressure at the
grid point (x;,y;) in the conventional way. However, ubd v phd are only defined on different

disjoint sets of grid points. We classify a grid point (z;,%;) in the following sense,

(xi,y;) is a u-grid point if (¢ mod 2) = 0 and (j mod 2) =1,
(xi,y;) is a v-grid point if (¢ mod 2) =1 and (j mod 2) =0, (5.12)
(xi,y;) is a p-grid point if (¢ mod 2) =1 and (j mod 2) =1,

where "mod” is the modulus operator used to calculate arithmetic remainder. For example, we

only place horizontal velocity v on u-grid points where the index 7 is even and j is odd, see

Figure 5.1.
A A A A
B grid point
[ ] ® ] ® ] ® ] ® B A gidpoint
® | orid point
A A A A
] [ J = [ ] ] o ] [ J
A A A A
| ] ( J = [ J ] { ] ] [ J ]
A A A A
| ] (] = (] ] o ] ® ]
A A A A

Figure 5.1: A diagram of the distribution of u, v, p-grid points inside a rectangular staggered
grid mesh.

The interface I' in this paper is represented by the zero level set of a Lipschitz continuous

function ¢(z,y), that is

= {(:v,y), o(x,y) =0, (z,y)€ Q} (5.13)
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The level set function ¢(x,y) satisfies

o(x,y) <0 for (z,y) € Q, (5.14)
¢(z,y) =0 for (z,y) €T, (5.15)
é(x,y) >0 for (z,y) € QF. (5.16)

In the neighborhood of the interface, we assume that ¢(z,y) € C2. In the implementation, the
level set function is defined at the grid points as {¢; ;}. At a grid point (x;,y;), we define

max{@;2j, i j, Piv2,j, Pij—2, ijr2, Gi-14, Pit1,}, (T4,y;) is a u-grid point,
i = max{¢i_aj, §ij, it2,js Dij—2, Pijt2, Pij1, Pij1}, (2i,y;) is a v-grid point,
max{ i1, Pij, i+1,j, Pij—1, Pij+1}, (zi,y5) is a p-grid point,

(5.17)
(10027, Gis diras ig—: Gujaas biovgs bivrghs  (2iy5) is a u-grid point,
= min{ei g, 81, Gitag bijo2. bijia bij1,bigir}, (zi,y;) is a v-grid point,
min{@i—1,j, Gi,js Pi+1,5> Pij—1: Pij+1} (zi,y;) is a p-grid point.

(5.18)

A grid point (x;,y;) is called regular if QSZ»LM@?W > 0, otherwise it is called irregular. The

interface information, such as the normal unit vector and signed curvature, etc., can be easily

computed from

v
2 2
_ Gur} = 200,00y + S 520

(63 + 65)°/?

Remark 5.2. Notice that for the grid mesh introduced in (5.11), not every grid point is used
as one can see from the classification definition (5.12). The mesh interval size for the same type

of grid points is actually H = 2h, which is used in finite difference scheme.

5.1.2 The marker and cell scheme

The MAC scheme is to discretize the x-coordinate momentum equation (5.7) at vertical edges of
cells, the y-coordinate momentum equation (5.8) at horizontal edges of cells, and the continuity
equation (5.9) at cell centers using central difference schemes. In the following discussion, we

will use notation U; j, Vi j, P;; U; j;, V;; to represent the numerical solutions of u, v, p, & and
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0 at the corresponding grid point (z;,y;) respectively. First we assume (z;,y;) is a regular grid

point. Using the index system introduced in Section 5.1.1, the MAC scheme can be written as

AT _ {20 _ {20 _ [rii—2 _ [rii+2 pitli _ pi—lj

E + 7 = g, (5.21)
AV _ {20 _ (it _ {2 _ {ridt2  pigtl _ pig-l
72 + i = g5”, (5.22)
itli _ fri-li i+l _ {rig—1
- - —0, (5.23)
H H

for a u-grid point, a v-grid point and a p-grid point, where H = 2h. See Figure 5.2 for an
illustration. Next assume (x;,y;) is an irregular u-grid point. We will discretize the x-coordinate
momentum equation (5.7) term by term. The finite difference approximations for gy, t,, and

p; have the following forms respectively.

Ui—zj — 2Uij + Uisaj + CY

(L e , (5.24)
Uy j—o — 2U;j + Ui ji2 + C

gy = (525)
P — Py +CY

py ey M L T (5.26)

H )

where C’ifj, C’;fj and C’luj stand for some correction terms to be determined and the superscript
u indicates they are used at u-grid points.

Before deriving the formulas for the correction terms, we introduce the notation [-] for a
jump across the interface I and it is defined for an arbitrary function ¢(X) along the interface

at X by
4] = lalr(X) = ¢"(X) — ¢~ (X), (5.27)

where ¢™(X), and ¢~ (X) are the limiting values of ¢(X) from Q% and 2~ sides, respectively.
Now let us first assume that the interface does not cut through the interval (z;_2,z;+2) along
the line y = y;, but cuts the grid line = w; in the interval (y;,y;4+2) at (zi,yj), see Figure
5.2a for an illustration. In this case, (z;,y;) is regular in the x-direction but irregular in the
y-direction. Hence, we have zero x-direction correction terms and nonzero one for y-direction.
Without loss of generality, we assume that (z;,7;) € 7. By using Taylor expansion, one can

derive the formula for the correction terms.
Ciy=Ciy =0, (5.28)

égfj = —[a] - (Yj+2 — yj)[ay] - f[ﬂyy]' (5.29)
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(5.22) can be interpreted as the

smooth extension of the solution at (z;,y;42) from Q~ side. Next we assume the interface does

In this particular case, the corrected value ﬁmurz + C_’Z?‘j in

not cut through the interval (y;_2,y;j4+2) along the line z = x;, but cuts the grid line y(z) = y;
in the interval (z;,z;42) at (z},y;), see Figure 5.2b for an illustration. This time, we assume
(wi,y;) € QT. One can then derive the following formula for the correction terms in a similar

way.

Ct;=0 (5.31)
cu. = [p] + (i1 — 27)[pal if 7 € (24, zi11) (5:32)
O> if x:‘ S (xi_H, $i+2),

where in (5.32), we intentionally choose open intervals to avoid confusion. It is possible to
have z; overlap the grid points. In the implementation, one can avoid this issue by simply

categorizing those on-interface points as either inside or outside of the interface.

(a)
c
(b) ()
I - A A
L ]7J+2 \7’ 12 L Vi J+1
<Ii7y;f) T ij+1 ”Jl
~ P e
. . . 1+1J
\pPi—1Jj \pitl Vi-2J Vi Vit2i ]:7 /i
e — @& — 1 A A . A F
UHQJ Ui U1+24J (r[,y',) 1‘ y} P,/ ‘El’y/
|pii—1 ®
A VZJ?Q VL/ 1
(a2 -
Figure 5.2: (a): MAC scheme for the z-direction momentum equation. (b): MAC scheme for

the y-direction momentum equation. (¢): MAC scheme for the continuity equation.

Now let us take a look at some irregular p-grid point (x;,y;) € . The approximations for
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i, and 9, have the following forms

Uit1,j — Uim15 + CF

Uy ~ 7 , (5.33)
o Vi = Vi + CF
Y~ 7 . (5.34)

Consider a extreme case where the interface cuts through the interval (z;—i,x;) at (x;#,yj),
(ziswiv1) at (z],y;) and (y;,yj41) at (z;,y;), see Figure 5.2c for an illustration. Then the

formula for the correction terms are

#12 *\2
A . oo e (i —al)? Tiv1 — x5,
ng = (@1 — ﬂff)[ux]f = (@ip1 — 7))y, + (1121)[%95]# - (ZHQZ)[um}u,
(5.35)
- BT (7 TR i) L
Cij = =i = y))[y]s = oyl (5.36)

2

where []#, [[]%, []# represents jumps at the intersection points (xfé,yj), (z7,y;) and (z;, ;)

respectively. The formula for the correction terms used in the y-coordinate momentum equation
(5.8) and all the other possible situations can be derived in a similar way. Combining all the

correction terms used at each grid point, the modified MAC schemes look like

AT (=20 _ [i+20 _ {rid—2 _ [rig+2 pitli _ pi-lj

— e+ Ol =g, (5.37)
AVBI =20 _ {20 _ {rid—2 _ {rid+2 pig+l _ pig-1 .
7 O = 63Y)
Ui+l — (ri-ld - il _pig-t
- = - 7 +CP =0. (5.39)

Then (U, V, P) can be solved if the correction terms cty, Gy, CF ; can be determined at each

grid point.

Remark 5.3. To get a second order finite difference stencil for the second derivative (Ogy,
Uy, ), the correction term needs the information of the third derivative jump. In the same way,
a second order finite difference stencil for the first derivative (Qy, Oy, ps, py) requires the infor-
mation about second derivative jump. From the formulations of correction terms (5.28)-(5.32)
and (5.35)-(5.36), one can see that at the irreqular grid points, the finite difference schemes for
the momentum equations have first order truncation error while that for the continuity equa-
tion is second order. Empirically, one lower order of truncation error at the interface or the

boundary will not affect overall second order accuracy of the solution.
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5.1.3 Jump relations and the coordinates transformation

To be self-contained, the following contents are presented and cited from [35, 38]. Assume that

the interface in the parametric form is
I ={(X(s),Y(s)), X(s)ecC?Y(s)cC?, (5.40)

where s is a parameter, for example, the arc-length. At a point of the interface (X,Y), the local

coordinate system in the normal and tangential directions is defined as

= (x—X)cosO+ (y—Y)sinb,

(5.41)
n=—(x—X)sinf+ (y—Y)cosb,

where @ is the angle between the x-axis and the normal direction, pointing to the Q% sub-
domain, see Figure 5.3 for an illustration. Under the new coordinates system, the interface can

be parameterized by
£=x(n) with x(0)=0, x'(0)=0. (5.42)

The formula for the signed curvature x = x”(0) of the interface at (X,Y") is given by (5.20).
Given the angle 6, the unit normal and tangential vector at the point (X,Y) can be expressed
as

n = (cosf,sinf), 7 = (—sinb,cosb). (5.43)

Figure 5.3: A diagram of an irregular grid point (x;,¥;), its control point (X, Y%:) on the x-
axis, and the local coordinates at (X, Y%) in the normal and tangential directions, where 6 is
the angle between the x-axis and the normal direction.
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Given the continuity conditions [u] = 0, V-u = 0 and momentum equations (5.7)-(5.8), one
can derive the following jump relations at a point (X,Y’) on the interface which are necessary

to derive the accurate finite difference method.

Theorem 5.1. For Stokes equations (5.1) with piecewise constant coefficient (5.6), given the
interface information, £ = x"(0), and the continuity conditions [u] = 0, V -u = 0, one can

derive the following jump relations for the velocity u in the local coordinates.

[u] =0, (5.44)
[uy] =0, (5.45)
[puy] - 7 + [pue] -n =0, (5.46)
[way) -+ [pug] -7+ fo =0, (5.47)
[uyy] = —rlug, (5.48)
[pagy] - T + [page] -0 =0, (5.49)
[puge] - 7 + [puge] -n =0, (5.50)
[1yy] -0+ [pge] - 7 = di[puy] - T — f, (5.51)
Bluttye] -0 — [puge] - 7 = [g] - T — fi — 2 fa, (5.52)

where fl =f-n and fg = f -7 are used to represent the force densities in the normal and
tangential directions, respectively. The jump relations for the pressure p are more convenient to

be expressed in terms of jumps of the velocity u in the global coordinates and are given as the

following
[p] = 2 [ugﬂ 0+ fi, (5.53)
(2] = [ptuga] + [y + [g1], (5.54)
[py] = [MUII] + [.vay] + [92]7 (5.55)

which are proved in Theorem (10.2) in Section 10.1 in [38]. After some algebraic manipulations,
it turns out that given [a], [G,], and [Q,,], all the jump relations for the scaled velocity @ will

be known and are given below

[ie] = 2sclity] — (¢ — 87)[y] + 5o,

(6] = —(c® — 8°)[dy] — 2sc[dy)] — cfo,

[ine] = cD1 — 8Dy, [lge] = —sD1 — ¢D3 + sDs,
[0y¢] = sD1 + ¢Da, [b¢e] = ¢D1 — sDy — ¢Ds,
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where s, ¢ stand for sin# and cos 6 respectively, which are defined in (5.41). The terms D;-Ds

are expressed in terms of [0,], and [Q,,] only and are given below

Dy = —[Qy,] - T, (5.60)
Dy = —[i,] - n+ 4r[i, )T — fj, (5.61)
D3 = 2[t,,] -7+ [g] - T — f| — 2k fa. (5.62)

Now the only unknowns are [a], [4,] and [G,,]. Although we do not know the exact values for
these terms, fortunately, they can be formulated in terms of the limiting values and derivatives

of &1 from only one side of the interface, i.e.

[a] = (1/p=1)a~, [o] =(1/p—1)0", (5.63)
[ig) = (1/p = D)ty [0g] = (1/p = 1)0y, (5.64)
[tny] = (1/p = Vi, + £(1/p = D)ie — wlig], (5.65)
[Ogn] = (1/p = 1)y + £(1/p = 1)0; — K[og], (5.66)

where p = p~ /™ is the jump ratio. This makes it possible to write down the Taylor expansion
of a discontinuous function about a limiting jump point from another side of the interface
by utilizing the jump relations and hence derive the interpolation schemes for the correction
terms. Finally, since we are only interested in the jumps defined in global x-y coordinates, the

coordinate transformation matrices are provided below

T, 52 —2s¢ A [Ty
T, —s c| |T. "
T = 1y A Twe| = | —se =82 sc| |Tuyl, (5.67)
T c s||Ty 9 9
Tee c 2sc s Tyy

where T is a function defined on €2, s and ¢ stand for sinf and cosf. Notice that both the
transformation matrices are involutory, which means they are their own inverses. Hence, they

can be applied for the transformation from local into Cartesian coordinates as well.

Remark 5.4. The idea of the IIM is to embed the jump relations into the approximation
schemes for the correction terms. It is known that an interpolation scheme can be derived by
the method of undetermined coefficients using Taylor expansion. In this approach, the solution
and its derivatives at a certain point are regarded as a basis to form a system of equations,
from which the coefficients of the interpolation scheme can be solved. However, if one expands
a variable, let us say u(x,y), about the point on the interface, there would be two possible sets

of basis to use based on whether (x,y) lies on the "+7 or

o S ot ot ot ot
uyy} or {u*, u;, Ty s Ugyys Uiy

side of the interface, say {u~,

Uy, Uy s Uy Uy s Uy, }. This is where the jump relations play
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a role. One can apply the jump relations to convert one basis into another one. The details are

explained in the next section.

5.1.4 The approximation of correction terms

In this section, we describe how to interpolate the correction terms at the irregular grid points.
Here we derive the scheme for C}; used in (5.37) as an example. We will use the jump relations
explained in Section 5.1.3 to rewrite the correction term Cgfj and the Taylor expansions of the
solution (u,v,p) at irregular grid points in terms of the limiting values 4=, 4, Uy s Uy, Uy

Uy and 07, 0y, Oy Uy Uy Dy

33-point interpolation scheme can be derived.

p~. Using the method of undetermined coefficients, a compact

»
»

By grid point
[ ] ] ] { ] ] ] B A grid point
p-grid point

control point

[7/+‘Z._/

Ur‘—z_/ (7f.j (7/4 4.5

A
A

»

Figure 5.4: A diagram of the distribution of u, v, p-grid points involved in the interpolation
scheme for the correction terms.

Let (x;,y;) be an irregular u-grid point. Without loss of generality, we assume the interface
cuts through the interval (z;,z;12) along the line y = y; and intersects at the point (x},y;).

The interpolation scheme for Cgfj involves total thirty-three grid points and has the form

. . )
Gty =D vipap Ui gy + D Yy Viriggeay + 2 0 v o Pogr jagp + 7 (5.68)

davis isdg i
where
iy =0,%£2,4, jp=0,%£2, ¢ ==+1,3, ji==+1,4£3, ii ==+1,3, ji =0,+2, (5.69)

see Figure 5.4 for an illustration. The interpolation scheme that we proposed involves twelve
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u-grid points, twelve v-grid points and nine p-grid points, which contains enough points for
obtaining second order accuracy. Note that we put weight h for p-grid points (see Remark 5.5).

The Taylor expansions of @(z;ty, yj+j») and p(z; it Y Hz) about (x7,y;) have the forms

~ ~ ~ ~ ]- * ~
W(migip, Yjage) = 0 + (Bigap — 27) 07 + (Y50 — y5) iy + 5 (iray — }) iy, (5.70)
5.70

+ 1( g — Y)2E (i — o) (Y — yi) 0k, + O(h®)

o Witiy = Yi) Uyy itifl i )\Yj+ip = Yj)Uay )

and
(ovig es) = 0+ (2ig — 2D0E + (11 — )0k + O (5.71)
p H—zi’yj—i—]z =D :L'H—zi T; )Pz y]""JZ Y5 )Py ) .

where the ”+” or ”—" sign is chosen depending on whether (2, y;+;+) and (.Z‘i+i£,yj+j£) lie
on the "+” or ”7—" side of I'. Here the Taylor expansion of &(z;t;y,y;+sv) is similar to (5.70)

and hence is ignored for simplicity. Note that the right-hand side of the above equations can be
expressed In terms of 4™, Uy, Uy, Ugyy, Ugy, Uy, and 07, Uy, Uy, Vgyy Vg, Dy p~ by using the
jump relations (5.56)-(5.59) and (5.63)-(5.66). Take @(z;tiy,y;j+;v) for example, we will have
the following form

W(Tigiv, Yjrge) = 10" + cally + c3lly + callyy, + 5y, + coly, + 70 (5.72)
+ 80, + 90y + Cl004, + €104, + €120y, + c13p™ + c14, '

where the coefficients ci-c14 are determined by the jump relations. Applying the divergence-
free condition (5.9) and replacing 1, its derivatives, and p by the numerical solution, the above

equation (5.72) can be simplified as

O (@i, Yieap) = Cipgp U™ + e pUs + e p Uy + gy Usi + g Usy + el i Uy (5.73)
ol p V7 oA Vi Vi + e u P+ el |
where
2 ju = €2 — Cy, G ju = €4~ Cll iy g T 6T A
i v i (5.74)

9 _ 10 _ 11 _ l —
Ci}jd}; = C10, Cizd'g = (13, Ci}:mjku = C14, Ci}:’jg = for the others.

A

Similarly, V@i, Yj+j2), P(xi+i§’yj+j£) have the same form as equation (5.73) but with dif-
ferent coefficient set {cﬁZ jZ} and {cép jp} respectively. Using the same approach, the correction
’ kVEk

term C}; given by (5.28)-(5.29) or (5.30)-(5.32) can be reformulated as

Ct; = aiU™ +a8U,; + a§U, + afUs, + atUy, + agU,, (5.75)

+a¥ VT +afVy 4 afV + alo P +aly.
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Now substituting U(miﬂz,yﬂjg), ‘A/(xi“z,yjﬂz), and P(xi+i£7yj+j,’j) specified in (5.73) back
into (5.68) and setting this equation equal to (5.75) yields the following system of equations

U242 - Uiy o hoDigsjte
- ra 1 1A -
u C_o 2 €11 h - €32 ap
- 2 2 2 u
Uy C o2 " 11 h - €32 Qs
- 3 3 3 _ - u
uy 6_27_2 e C]_,l h * 03’2 7_2 _2 a3
- 4 4 4 ’
Ugg | Co2,—2 " €11 h - €32 : ay
U d . c? h-c2 ' a¥
Ty —2,—-2 1,1 3,2 = 5 . (576)
U o cee 9 h-c8 M a¥
Yy —2,—2 1,1 3,2 . 6
- 7 7 7 : u
v C_.og-2 " €11 h - C3,2 ar
— 8 8 8 3,2 u
Uy C_o_ 9o €11 h - €32 L 73,2 as
- 9 9 9 u
Ugg | Co2,—2 " €11 h - €32 Qg
- 10 10 10 u
p L 072,72 A Cl’l h * 03’2 _ _alo_

The linear system (5.76) contains 9 equations with 33 unknown variables and is underdeter-
mined. There are infinitely many solutions for this system. One can use singular value decom-

position (SVD) to get the solution {~;, j.} and set

Yo = aj] — c%kl,jk Vi (5.77)
kI k

where (ig, ji) takes all the values from (i}!, j5*), (¢¥, jp), and (4}, j%). Note that using more points
than necessary for second order accuracy in (5.76) and then applying SVD are important for
accuracy of gradient and the stability. In this way, the SVD solution not only satisfies the
equations, but also has the minimum 2-norm among all possible solutions. In other words, the

magnitude of the interpolation coefficients are well balanced.
For the other situations, one can first find the closest p-grid point to the control point (in-
tersection point) and use nearby thirty-three points (see Figure 5.4) to derive the interpolation

scheme in the similar way. Up to this point, the finite difference scheme for the Stokes equations
(5.7)-(5.9) is fully determined

Remark 5.5. Notice that we add a factor of h to the coefficients of {Pi+i§,j+j£} in the in-
terpolation scheme (5.68). This is used to control the size of the coefficients {h%%jﬁ} for the
p-grid points. Since the system (5.76) is solved by SVD and all the coefficients {~i, ;. } have
the same level of magnitude, the real coefficients of {Pi“ﬁ’jﬂf} in the interpolation scheme are
actually scaled down by a factor of h. This is consistent with the original MAC scheme where

the coefficients for U are O(1/H?) and those for P are O(1/H) in the momentum equations.

111



5.1.5 Solving the discrete Stokes equations

The discrete Stokes equations can be written as the following matrix-vector form,
U
P

A B
C D

Fy
Fy

(5.78)

Our goal in this section is to design an efficient solver for this linear system. Notice that the
coefficient matrix is rank-one deficient since no boundary condition for pressure p is used.
Hence the system (5.78) cannot be solved by regular linear solvers. If we simplify our problem
by making gy = p2, then in (5.78) we will have C = BT, D = 0, A is block diagonal with
two blocks A1, A2, and A1, A2, C'B are negative discrete Laplacian for —A@, —A®0, and —Ap
respectively. In this case, the coefficient matrix is the same as what is obtained from the standard
discretization using MAC scheme for the saddle point problem, and the system can be solved
by Uzawa method. This motivates us to design a Uzawa type method to solve our problem.
The idea of the Uzawa method is to use Richardson method to solve the Schur complement

system
SP =G, (5.79)

where S = CA™'B — D, and G = CA~'F; — F5. And then use the computed pressure P to
update the velocity U by solving the momentum equations. One iteration of Uzawa method

has the form

Ul = A~Y(F, — BPY), (5.80)
PR = PF 4w (G — SPF)

. (5.81)
= P* 4+ w(CUM — B, + DPF),

where w is some positive real number. The iteration starts with a given initial vector P° and

is stopped when ||P**! — P¥|| is small enough. The error equation for Richardson method is
P — P = (I —wS)(P — PY), (5.82)

and the convergence result is given below.

Theorem 5.2. Suppose S is diagonalizable and that {\;} are the eigenvalues of S. The Richard-
son iteration (5.81) converges if and only if |1 — wh;| < 1 for all eigenvalues A\j. In addi-

tion, if all the eigenvalues of S are positive real numbers, then the solution will converge if
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0 < w < 2/Amaz(S). The optimal choice of w is

2

opt = ) 5.83
v Pt Amzn(s) + )\max(S) ( )
and the corresponding convergence rate is
k(S) — 1\" 0
P-P' < | ——— P-P 5.84
1= i< (S5 51) 1P - (5.8)

where k(S) is the condition number of the matriz S.

The proof of the theorem above can be found in most textbooks about numerical analysis,
for example see Chapter 1 in [29]. In our problem, we do not know much information about the
Schur complement S since its definition involves A~!. Fortunately, for the simplified problem
with 4™ = p~, S is the same as what is obtained from the standard discretization using MAC
scheme and is symmetric positive definite. We know that the correction terms used in (5.37)-
(5.39) depend continuously on the jump ratio p = u~/u™ and the eigenvalues of S depend
continuously on its entries. So, if the corrections terms can be regarded as small perturbations
for the coefficient matrix, one can expect that the real part of A; is still positive for all eigenvalues

of S. We summarize our conjecture as the following.

Conjecture 5.1. The eigenvalues {\;} of the Schur complement S (excluding the zero eigen-
value) defined in (5.79) are located in the right half plane, i.e. Re(\;) > 0 for all eigenvalues.

Note that there is a zero eigenvalue for the Schur complement because the pressure is not
unique and can differ by a constant. We will verify the above conjecture in the numerical tests.
The rigorous theoretical proof is still an open question. Under this assumption, we have the

following theorem.

Theorem 5.3. Suppose S is diagonalizable and that {\;} are the eigenvalues of S (excluding
the zero eigenvalue) located in the right half plane, i.e. Re(\;) > 0. The Richardson iteration
(5.81) converges if and only if

QRG()\]‘)

0<w< 200
|Aj12

for all \;. (5.85)

This result simply comes from the condition |1 —wA;| < 1 in Theorem 5.2. In practice, the
imaginary part of the eigenvalue of S has a small magnitude compared with its real part, and the
equation (5.83) is still a solid choice for w. The largest eigenvalue Ay,q2(S) can be approximated

by running power iterations, but finding the smallest eigenvalue A, (S) is expensive. A more
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practical choice for w is
2

T T A (S)

where 1 is the largest eigenvalue of S in the standard discretization using MAC scheme.

(5.86)

Notice that in each Uzawa iteration, the equation (5.80) involves solving the system A~ (F; —
BP¥). This can be computed by Applying GMRES iterative method. Recall that (—A) is
the perturbed matrix of two-block Laplacian matrix. Hence the discrete Laplacian will be an
ideal preconditioner and can be solved by fast Fourier transforms in O(N log(/N)) or multigrid
methods in O(N).

Remark 5.6. The solver we designed in this section consists of an outer Uzawa iteration and
inner GMRES iteration. In practice, one can set a small relative tolerance for GMRES method

to avoid computational cost, which is similar to inexact Uzawa solvers [6].

Remark 5.7. The numerical solution of pressure P solved from Uzawa method differs from the

exact solution by a constant due to the rank-one deficiency of the coefficient matriz.

5.1.6 An outline of the algorithm

In this section, we give an outline of our algorithm.

Step 1: Generate a uniform mesh on the domain Q = (a,b) x (¢,d) and use the level set

function to represent the interface.

Step 2: Determine the irregular grid points using equation (5.17)-(5.18) and calculate the
coordinates of the control points which are the intersection points of interface and grid

lines.

Step 3: Use the standard MAC schemes to discretize momentum equations (5.7)-(5.8) and

continuity equation (5.9) at the regular grid points.

Step 4: Solve the linear system (5.76) to determine the interpolation schemes for the correction
terms Cj';, Cf; and C7; used in (5.37)-(5.39).

17]’

Step 5: Use the Uzawa method described in Section 5.1.5 to solve the system of linear equations

(5.78) to get second order numerical solutions for velocity and pressure.

5.2 Numerical examples

We present a variety of numerical experiments to show the performance of the new direct

IIM approach for solving Stokes equations on staggered grids. All the examples are computed
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with double precision and are performed on a laptop with Intel(R) Core(TM) i7-4650U CPU,
1.70GHz, 8.00 GB memory. We present errors in L°° norm in the following way,

B(w) = 5 max U~ ula y5)| + max IV~ oz, ), (5.7
E(p) = max [(P% — mean(P)) — (p(xs, y;) — mean(p))] , (5.88)

where mean(-) represents the arithmetic mean of the values used on the given grid points. The
convergence order r is estimated by (2.65). We use the Uzawa method to solve the discrete linear
system with the choice of w defined in (5.86). In each Uzawa iteration, A~! is solved by GMRES
iterative method preconditioned by the two-block Laplacian matrix. The preconditioning step
is completed by Algebraic Multigrid (AMG) solver. The absolute tolerance is set to be 107 for
the Uzawa method while for GMRES solver, we set the relative tolerance as 10~!. The initial
value is 0 in all computations. In all tables listed in this section, we use ” Ny” and " Ng” to
represent the number of Uzawa and GMRES iterations respectively, ” N” the number of mesh
intervals for the same type of grid points in each direction of the rectangular domain (half
number of intervals in the big mesh defined in (5.11)), and ”Ag”, "A4” the smallest eigenvalue
of the Schur complement S (excluding the zero eigenvalue) and matrix A respectively. In the
following examples, a grid refinement analysis is performed to demonstrate the second order
convergence for both velocity u and pressure p. We also conduct an eigenvalue analysis to show
that the inverse of the Schur complement S and the inverse of the block A in the coefficient

matrix is norm-bounded in L2 norm and hence the method is stable.

(a) (b) (¢)

Figure 5.5: The solution plots of the transformed z-component velocity i, the z-component
velocity u and the pressure p for Example 5.1 with jump ratio u~ = 1 and pu™ = 0.5 when
N =64 and Q = [-2,2] x [-2,2].
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Q=[-2,2] x[-2,2]. (a) p~ =1 and p* =0.5. (b): p~ =0.5 and p* = 1.

Table 5.1: A grid refinement analysis for Example 5.1 with p= =

I
0.8

1

[_27 2] X [_27 2]
N E(u) r E(p) r | Ny Ng| As Aa
32 | 8.87 x 1073 5.72 x 1073 27 8 025 0.75
64 | 2.12x 1073 2.06 | 1.89 x 1073 1.60 | 33 12 | 0.23 0.75
128 | 549 x 107 1.95 | 4.68 x 10~* 2.01 | 37 18 | 0.21 0.76
256 | 1.46 x 10~* 1.91 | 215 x 10~* 1.12 | 41 22 | 0.21 0.76
512 1330 x 107° 2.15 | 285 x 107> 292 | 45 32 | 0.21 0.76

I
1.2

Example 5.1. Consider the example with the following exact solution:

14

The eigenvalue plots of the Schur complement S in Example 5.1 when N = 64 and

I, p© = 0.5 and Q =

2., ,2 ' -
u(x) = ylze+y*—1) ifxeQ, (5.80)
ifx € QF,
. 2 2 . _
o(x) = z(x*+y*—1) ifxeQ, (5.90)
0 if x € QF,
p =] UxEN (5.91)
0 ifxecQr,
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Table 5.2: A grid refinement analysis for Example 5.1 with x4~ = 0.5, u™ = 1 and Q =
[—2,2] x [-2,2].

N E(u) r E(p) r | Nv Ng| As A
32 |2.89 x 1073 3.33x 1073 30 8 031 1.62
64 | 8.49x10~* 1.77 | 1.51x 1073 1.14 | 36 11 | 0.28 1.65
128 | 1.95 x 1074 2.12 | 4.71x 107 1.68 | 41 16 | 0.25 1.66
256 | 513 x 107° 1.93 | 1.08 x 10~* 2.12 | 46 23 | 0.25 1.67
512 [ 1.29 x 10 1.99 | 2.83 x 10~® 1.93 | 51 33 | 0.25 1.67

with viscosity

1 ifxeQ, L ifxeq,
ESER or px)={7 " (5.9
5 ifxeQf, 1 ifxeQt.
The bounded external forcing term g is given by
-8y ifxe N, 8r ifxe ™,
g1(x) = and ga2(x) = (5.93)
0 if x € QF, 0 ifxeqQt,

which has a finite jump across the interface. The interface is the unit circle which is represented
by the zero level set of ¢(x,y) = /22 +92 — 1 and Q = [-2,2] x [=2,2]. The normal and
tangential force densities can be computed by the analytical solutions and jump relations (5.47)
and (5.53).

Table 5.3: A grid refinement analysis for Example 5.1 with p= = 1, p© = 0.5 and Q =
[—1.99,1.99] x [—1.99,1.99].

N E(u) T E(p) r Ny Ng | s Aa
32 19.91 x 1073 5.12 x 1073 22 9 [024 0.75
64 | 215 x 1072 2.20 | 2.71x 1073 092 | 27 12 | 0.23 0.76
128 | 5.96 x 10~* 1.85 | 4.00 x 10=* 2.76 | 30 17 | 0.21 0.76
256 | 1.33 x 107* 216 | 1.90 x 10~* 1.07 | 37 24 | 0.21 0.76
512 | 3.11 x 107° 2.10 | 249 x 107®> 293 | 45 32 | 0.21 0.76

This is a simple example with a mild jump in the coefficient p along the interface taken

from [39]. We present a grid refinement analysis in Table 5.1-5.2. In the tables, the second
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Table 5.4: A grid refinement analysis for Example 5.1 with = = 0.5, p™ = 1 and Q =
[—1.99,1.99] x [—1.99,1.99].

N E(u) r E(p) r | Ny Ng| As Aa
32 |3.05 x 1073 3.27 x 1073 27 8 030 1.63
64 | 8.42x10* 1.86 | 1.36 x 1073 1.27| 32 11 | 0.27 1.65
128 | 2.07 x107% 2.02 | 414x10°* 1.72 | 37 16 | 0.25 1.66
256 | 4.62x 107° 2.16 | 1.07x 107* 1.95 | 42 23 |0.25 1.67
512 1 1.28 x 107° 1.85 | 2.80x107° 193 | 48 34 | 0.25 1.67

Figure 5.7: The solution plots of the transformed x-component velocity 4, the z-component
velocity u and the pressure p for Example 5.2 with jump ratio u= = 10 and u* = 1 when N =
64.

column is the maximum error of the velocity u while the third column is the approximate
convergence order. The fourth column is the error of the pressure p and the fifth column is the
corresponding approximate convergence order. The sixth and seventh columns represent the
number of Uzawa and GMRES iterations respectively. The last two columns are the smallest
eigenvalue of the Schur complement S and that of the block matrix A in the coefficient matrix.
Compared with the previous augmented method in [39], we can observe that both methods
achieved average second order accuracy in the velocity and the pressure. However, unlike the
augmented approach, the main advantage of our direct IIM method is that we do not need to
set up the augmented variable and the additional Schur complement equation, which makes
the implementation much easier. The eigenvalue plots of the Schur complement S are given in
Figure 5.6. One can observe that all the eigenvalues are located in the right half plane and the
smallest one is bounded away as we increase the mesh size, which agrees with our conjecture
5.1. Combined with the fact that the smallest eigenvalue of the block matrix A is also bounded
away from 0, one can ensure that both the Uzawa and GMRES methods will converge to the

exact solutions and the method is stable at least in Lo norm.
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Figure 5.8: The eigenvalue plots of the Schur complement S in Example 5.2 when N = 64. (a)
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p~ =10 and p* =1. (b): p~ =1 and p* = 10.

Table 5.5: A grid refinement analysis for Example 5.2 with u= = 10 and p™ = 1.
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1.5

N E(u) r E(p) r Ny Ng | As A
32 | 1.41 x 1072 1.70 x 1072 31 14 | 0.14 0.22
64 | 3.26 x 1073 2.11 | 5.22x 1073 1.70 | 34 22 |0.13 0.21
128 | 839 x 107% 1.96 | 1.49x 1073 1.81| 30 33 |0.13 0.21
256 | 2.26 x 107* 1.89 | 5.34 x 10™* 1.48 | 34 43 |0.13 0.21
512 | 511 x 107° 2.14 | 1.10 x 107* 228 | 35 65 | 0.13 0.21

25

Notice that in Table 5.1-5.2, the convergence rate for the pressure oscillates around number
two. This phenomenon has been observed and explained in the literature, see for example [45].
This is because the global errors obtained from the IIM depend on the relative location of
the underlying grid and the interface. This is can be seen from the Taylor expansion that the
largest error at a grid point behaves like O((x;; — X;fj)2) instead of O(h?), where x;; is the
grid point that has the largest error, and X7, is the corresponding intersection point on the
interface near x;;. We also carried out a further study on the convergence orders by perturbing
the domain (or equally the mesh) for the same problem. We perturb the mesh slightly by
choosing Q = [—1.99,1.99] x [—1.99,1.99]. The results of the grid refinement analysis are listed
in Table 5.3-5.4. The results again confirmed the explanations above that the errors do not
decline monotonically but the average convergence rates of the velocity and pressure remain to

be second order accurate.
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Table 5.6: A grid refinement analysis for Example 5.2 with y~ = 1 and u™ = 10.

N E(u) r E(p) r | N Ng| As Aa
32 | 3.18 x 1073 6.82 x 102 10 20 | 0.26 1.80
64 | 8.19x107* 196|235 x1072 154 | 25 15 | 0.24 1.84
128 [ 1.63 x 107* 2.07 | 448 x 1073 2.39 | 31 22 | 0.23 1.89
256 | 3.75x 107 1.93 | 1.19x 102 191 | 33 35 | 0.23 1.89
512 | 1.04 x 107° 1.85 | 3.31x107* 1.85| 34 53 | 0.23 1.89

Example 5.2. In the previous example, the force density is a constant. In this example, we
construct the exact solutions in such a way that all the jumps and their derivatives along the

interface are nonconstant functions. The exact velocity and pressure are given by

% ifxeQ,
u(x) = (5.94)
%(ﬁ +4?) ifxeQt,
—%(1—&:2) ifxeQ,
v(x) = 9 (5.95)
xy , n
L—T Zf X € Q s
<—2x3+2x>y ifx e,
p(x) = (5.96)
0 if x € QF,
with viscosity
10 ifxe Q™ 1 ifxeQ,
pe={ = or nx)={ (5.97)
1 ifxeQf, 10 ifxeQt.
The bounded external forcing term g is given by
9.2, 3 : - 3,3 1 3 3u~ : -
—sxt+3)y ifxe T, —sx°+2x—%Lb-x ifxeQ,
7 (X) _ ( 4Jr 8) . . and QZ(X) — #+4 8 2 . N
—2uTy ifxe QT Bz ifxeQr,
(5.98)
which is discontinuous across the interface. The interface is still the unit circle and Q = [—2, 2] x

[—2,2]. The normal and tangential force densities can be computed by the analytical solutions
and jump relations (5.47) and (5.53).
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Figure 5.9: The solution plots of the transformed xz-component velocity 4, the z-component
velocity u and the pressure p for Example 5.2 with jump ratio 4~ = 10 and g™ = 0.01 when N
= 64.

(a) (b) (c)

Figure 5.10: The solution plots of the transformed x-component velocity 4, the z-component
velocity u and the pressure p for Example 5.2 with jump ratio 4~ = 0.01 and u* = 10 when N
= 64.

This is a general example with a medium jump in the viscosity along the unit circle. The
results for the grid refinement analysis are given in Table 5.5-5.6. The plots of the solutions
and the distribution of the eigenvalues of S are shown in Figure 5.7 and Figure 5.8. Again, we
observe second order accurate solutions for both the velocity and pressure. The eigenvalues of
the Schur complement and block matrix A are located in the right half plane and their smallest
one are bounded away from zero, which implies the stability of our method.

Now we use the same exact solution and interface but with a large jump in the coefficient

u along the interface.

10 ifxeQ, 0.01 ifxeQ,
p(x) = or p(x)= (5.99)
0.01 if x € QF, 10 ifxeQt.

Notice that the coefficient © has a large jump size along the interface. Nevertheless, all the nice
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Figure 5.11: The error plots of the transformed z-component velocity #, the z-component
velocity u and the pressure p for Example 5.2 with jump ratio 4~ = 10 and g™ = 0.01 when N
= 64.

(a) (b) (c)

x

NS A b o N & o9

Figure 5.12: The error plots of the transformed z-component velocity 4, the xcomponent ve-
locity u and the pressure p for Example 5.2 with jump ratio p= = 0.01 and g™ = 10 when N
= 64.

features are the same as in the previous examples. The results of the grid refinement analysis
are given in Table 5.7-5.8 and the plots for the solution, error and eigenvalue distribution are
given in Figure 5.9-5.10, 5.11-5.12 and 5.13. We do observe that the smallest eigenvalue of
A is close to zero (but bounded away from it) when y~ = 10 and p* = 0.01, which causes
difficulty in solving the system by GMRES method. From the solution plots, we also observe
that the transformed velocity @ has a relatively large jump across the interface for the case with
p = 1000 compared with the case where p = 0.001. As a result, the magnitude of the error for
the transformed velocity is relatively larger when p = 1000 compared with that in the second
case. This explains why it takes more computational efforts to solve the problem and needs a

finer grid to resolve the pressure for the first case.

Example 5.3. In this example, the interface is an elliptic shape, which is represented by the
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Figure 5.13: The eigenvalue plots of the Schur complement .S in Example 5.2 when N = 64.
(a) p= =10 and ™ = 0.01. (b): = = 0.01 and p* = 10.

Table 5.7: A grid refinement analysis for Example 5.2 with = = 10 and g™ = 0.01.

N E(u) r E(p) r | N Ng | As AA

32 | 1.56 x 1077 1.68 x 102 42 22 1 0.10 0.003
64 | 386 %107t 201|671 x1073 1.32| 40 36 | 0.09 0.003
128 | 9.82 x 1072 1.97 | 2.07x10™3 1.70 | 21 55 | 0.09 0.003
256 | 2.64 x 1072 1.90 | 6.39 x10™* 1.70 | 26 74 | 0.09 0.003
512 | 6.09 x 1073 2.12 | 1.48 x 10~* 2.11 | 33 101 | 0.09 0.003

zero level set function

(5.100)

1.2 y2
=5+ -1
o(z,y) 2T o
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Table 5.8: A grid refinement analysis for Example 5.2 with = = 0.01 and p* = 10.

N E(u) r E(p) r | N Ng| As Aa
32 | 1.62x 107! 8.19 x 102 22 10 | 0.19 1.67
64 | 3.52x1072 220 |264x1072 163| 32 15 |0.18 1.71
128 [ 339 x 1073 3.38 [ 5.22x 1073 234 | 34 25 | 0.18 1.75
256 | 5.91 x 107* 2.52 | 1.51 x 1072 1.79 | 47 35 | 0.18 1.75
512 | 7.74 x 10™® 2.93 | 3.56 x 107* 2.08 | 51 52 | 0.18 1.75

Figure 5.14: The solution plots of the transformed x-component velocity i, the z-component
velocity u and the pressure p for Example 5.3 with jump ratio u~ = 1 and g™ = 0.001 when N
= 64.

The exact velocity and pressure are given by

% ifx e,
u(x) = (5.101)
%(wQ + 4% ifxeQt,
(—%(1.0—@‘2) ifxeQ,
v(x) = 9 (5.102)
—% if x € Q7
3 9
E +-x)y ifxeQ,
p(x) = 8 (5.103)
0 if x € O,
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Figure 5.15: The solution plots of the transformed x-component velocity i, the z-component
velocity u and the pressure p for Example 5.3 with jump ratio 4~ = 0.001 and u* = 1 when N
= 64.
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Figure 5.16: The error plots of the transformed z-component velocity #, the z-component
velocity u and the pressure p for Example 5.3 with jump ratio 4~ = 1 and g™ = 0.001 when N
= 64.

with viscosity

1 ifxeQ,
0.001 ifxeQt,

0.001 ifxe Q™

or wu(x)=
1 if x € Q.

(5.104)

The bounded external forcing term g is given by equation (5.98) and Q = [-2,2] x [-2,2].
The normal and tangential force densities can be computed by the analytical solutions and jump
relations (5.47) and (5.53).

This is a general example with a large jump in the viscosity along an ellipse. Once again,
when the mesh get sufficiently fine, we observe second order convergence for the velocity u.
However, the pressure seems only sup-linear for the case where p = 1000 and one needs a finer
mesh to resolve it, see Table 5.9. This is in part due to the large jump size in the transformed

velocity 4 along the interface as shown in Figure 5.14. In contrast, the transformed velocity 4
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Figure 5.17: The error plots o thef transformed z-component velocity #, the z-component
velocity u and the pressure p for Example 5.3 with jump ratio = = 0.001 and g™ = 1 when N
= 64.

Table 5.9: A grid refinement analysis for Example 5.3 with = =1 and u* = 0.001.

N E(u) r E(p) r | Ny Ng | As A

32 215 x 1071 4.12 x 1073 32 30 | 0.20 0.003
64 | 416 x1072 237|181 x103 1.19| 35 38 | 0.18 0.003
128 | 9.67 x 1072 2.11 [ 6.37x10~* 151 | 53 58 | 0.17 0.003
256 | 2.18 x 1073 2.15 [ 1.97x 10™* 1.69 | 60 88 | 0.17 0.003
512 | 5.28 x 107* 2.05 | 5.77 x 107® 1.77 | 65 105 | 0.17 0.003

has a relatively small jump across the interface as what is shown in Figure 5.15, and hence can
be easily resolved. This is also reflected in the error plots for the transformed velocity in Figure
5.16-5.17, where the magnitude of the error is relatively larger when p = 1000 compared with
that in the case where p = 0.001. One can actually observe super quadratic convergence in u
from the Table 5.10. The distributions of eigenvalues are given in Figure 5.18. The method is

stable since the smallest eigenvalues Ag and A4 are bounded away from zero.

Example 5.4. In this example, the interface is a complicated star-shaped interface see Figure

5.20a, which is described in the polar coordinates as
r(0) = 0.5+ 0.15sin(66), 0<0<2m. (5.105)

We assume that the singular force is the surface tension and the force strength £(s) is now given

by 5
f(s) = V@X(s), (5.106)

where vy is the coefficient of the surface tension between the two fluids and s is the arc length.
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Figure 5.18: The eigenvalue plots of the Schur complement .S in Example 5.3 when N = 64.
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(a): p~ =1and gt =0.001. (b): = = 0.001 and pt = 1.

Table 5.10: A grid refinement analysis for Example 5.3 with u~ = 0.001 and p* = 1.

I
0.5

I I
1.5 2

real

N E(u) r E(p) r | Ny Ng| As Aa
32 | 526 x 107! 2.19 x 1072 32 10 | 0.14 1.29
64 | 9.40 x 1072 248 | 5.19x 1073 2.08 | 35 15 |0.12 1.28
128 | 1.34x 1072 2.81 [ 1.39x1073 1.90 | 59 26 | 0.12 1.22
256 | 2.19 x 1073 2.61 | 5.09 x 10~* 1.45| 62 31 |0.12 1.22
512 | 3.04 x 107* 2.85 | 877 x107° 254 | 65 48 | 0.12 1.22

I
25

The vector 9*°X /0s? is normal to the interface with magnitude equal to the curvature. Assume

v = 0.1 and the viscosity is

0.5 ifxe,

if x € Q.

1 ifxe Q™
0.5

or p(x)= (5.107)

if x € QT 1
The bounded external forcing term is set to be g = 0 and the homogeneous Dirichlet boundary

condition is assumed with the domain Q = [—1,1] x [-1,1].

This is a general example with a complicated interface. Since the analytic solution is not
available, the error in velocity and pressure are measured by using a reference solution which
is obtained on a fine 1024 x 1024 grid. The results of the grid refinement analysis are given in
Table 5.11. Due to the large curvature of the interface, it does require fine grids to get second

order convergence rate. The solution plots are provided in Figure 5.19.
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Figure 5.19: The solution plots of the transformed x-component velocity i, the z-component
velocity u and the pressure p for Example 5.4 with jump ratio u=~ = 0.5 and u™ = 1 when N

= 64.
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Figure 5.20: (a): A complicated star-shaped interface used in Example 5.4. (b): The configu-
rations of the interface at different times in Example 5.5 when N = 32.
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Table 5.11: A grid refinement analysis for Example 5.4 with = = 1, g™ = 0.1 or = = 0.5,
+
put =1

N E(u) r E(p) r | Ny Ng| As Aa
w =1, =05

64 6.50 x 1073 3.33x 107! 25 14 | 0.23 3.09

128 1.40 x 1073 2.22 [ 1.13x 107" 1.56 | 31 20 | 0.22 3.14

256 827 x107* 0.76 | 7.08 x 1072 0.67 | 39 27 |0.22 3.14

512 2.06x107* 2.01|1.91x1072 1.89| 44 39 |0.22 3.14
pw- =05 put=1

64 1.07 x 1072 3.49 x 107! 25 10 | 0.28 6.49

128 5.80x 1072 0.88 | 2.59 x 10~* 0.43 | 30 16 | 0.25 6.60

256 7.35x107* 298 | 598 x 1072 2.11 | 39 23 | 0.25 6.60

512 1.91x107% 194 |164x1072 1.87| 43 34 | 0.25 6.60

Example 5.5. (Ellipse-shaped bubble under Stokes flow). The purpose of this example is to
show that the present method can handle moving interface problem. The interface is an elliptic

shape, which is represented by the zero level set function

2 2

.
0.752

Y

o L (5.108)

P(z,y) = +

Similar to the above example, we assume the singular force is provided by the surface tension

and the force strength f(s,t) is now time-dependent and given by

82
f(s,t) = ’V@X(s,t). (5.109)
Assume v =1 and viscosity is
1 ifxe Q™
pu(x) = / (5.110)
0.1 ifxeQt.

The bounded external forcing term is set to be g = 0 and the homogeneous Dirichlet boundary

condition is imposed with the domain Q = [—1,1] x [-1,1].

This is a moving interface example. The evolution of the level set function is governed by

the Hamilton-Jacobi equation
o1+ Ap-u=0. (5.111)

We solve this equation by the ENO (essential nonoscillating) scheme described in [62]. Since we
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assume zero gravity, the surface tension will bring the bubble back to a circular shape. In our
simulation, the interface becomes a circle around ¢ = 0.9. The configurations of the interface at

different times are plotted in Figure 5.20b.
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Chapter 6

Conclusions and future work

6.1 Conclusions

In this thesis, we developed two different types of immersed interface methods, augmented 1IM

and direct IIM, to solve interface problems. The major contributions are the following:

e We proposed a new augmented immersed interface method for general elliptic interface
problems with variable coefficients that have finite jumps across a general interface, and
non-homogeneous jump conditions. Both the computed solution and its gradient from
each side of the interface are second order globally. The convergence of the method has
been proved both in one and two dimensions under appropriate regularity assumptions
and a piecewise constant (x). For a variable coefficient §(x), the conclusions are still

true if h is small enough, that is, in the asymptotic sense.

e We proposed a new direct immersed interface method for general elliptic interface prob-
lems with a variable coefficient that have finite jumps across a general interface with
non-homogeneous jump conditions. Both the computed solution and its gradient from
each side of the interface are second order globally. The notable feature of this method
is that no augmented variable is needed. Thus, the method is easier and computationally
efficient. Our numerical experiments indicated that the condition number of the system
of finite difference equations is independent of the coefficient and the jump conditions.
The second order convergence of the method is theoretically proved in one-dimensional
case by using Green’s function. In two-dimensional cases, the second order convergence
of algorithm using the optimization is proved by enforcing the discrete elliptic maximum
principle. For the original algorithm without using the optimization, its second order

convergence is demonstrated in numerical tests.

e We proposed two new ADI methods using augmented variables to separate different
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6.2

scales. The two ADI methods have the same structure and advantages of the classical
ADI method. Each directional sweep involves solving a sequence of tridiagonal system of
equations. If [Su] is used as the augmented variable, then the finite difference equations in
terms of the coefficients are almost the same in terms of Su as the classical ADI method
with added correction terms. The time step constraint is At < C'h/Bnq, Which is not con-
sidered as a severe restriction. If % is chosen as the augmented variable, then the finite
difference coefficients will be modified with closed form of expressions and the method is

asymptotically unconditionally stable.

We proposed a new direct immersed interface method for solving two-phase incompress-
ible Stokes equations with an interface and a piecewise constant viscosity. The computed
numerical solutions are second order accurate for both velocity and pressure. The eigen-
value analysis in our numerical experiments indicate that our method is stable and the
solutions computed from both Uzawa and GMRES iterative method converge to exact

solutions.

Future work

Our proposed ADI methods are originally designed for solving two-dimensional models.
Using [Bu| as the augmented variable, this approach can also be extended to solve three-

dimensional problems and we expect to get similar results.

Our proposed ADI methods perform well for the problems with piecewise constant coeffi-
cients and continuous solution. But for more general problems, it will be better to use the
Crank-Nicolson method. We plan to design a direct IIM using the Crank-Nicolson scheme

to solve general parabolic interface problems.

We also plan to extend our direct IIM based on MAC scheme to solve incompressible

two-phase Navier-Stokes equations.
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