NEW CARTESIAN GRID METHODS FOR INTERFACE PROBLEMS USING THE
FINITE ELEMENT FORMULATION
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Abstract. New finite element methods based on Cartesian triangulations are presented for two dimensional elliptic
interface problems involving discontinuities in the coefficients. The triangulations in these methods do not need to fit the
interfaces. The basis functions in these methods are constructed to satisfy the interface jump conditions either exactly or
approximately. Both non-conforming and conforming finite element spaces are considered. Corresponding interpolation
functions are proved to be second order accurate in the maximum norm. The conforming finite element method has been
shown to be convergent. With Cartesian triangulations, these new methods can be used as finite difference methods.

Numerical examples are provided to support the methods and the theoretical analysis.
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1. Introduction. In this paper, we develop finite-element immersed interface methods using Carte-
sian grids for differential equations with discontinuities in the coefficients across one or several arbitrary
interfaces in the solution domain. These problems are referred to as interface problems in this paper. A

model problem is

—V(ﬁVu) = (x,y)EQ,

(1.1)
u‘ag = 0,

defined in a domain 2 with an immersed interface I', see Fig. 1.1 for an illustration. A vast collection
of applications involve solving such an equation, for example, the projection method for solving Navier-
Stokes equations involving two phase flow [4, 8, 21, 44], the Hele-Shaw flow [19, 20] and many others. If a
problem of interest involving two different materials, such as water and air, solid and liquid in solidification
problems, the coefficient 3 will typically have a jump across the interface between two materials. In some
cases, the jump can be very big, for example, the ratio of the density of the air and water is about 1:1000
in the magnitude.

Our methods can also be applied to those models whose source term f in (1.1) have a delta function

singularity, for example
(12) ) = o) = [ QUX()80x = X(s) ds

where f. is a bounded function, ¢ is the two dimensional Dirac-delta function, X(s) is the arc-length
parameterization of the interface ', and Q(X(s)) is the source strength on the interface. The expression

above can also be written as

(1.3) f=1Jfe—Qdr.
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Such a source function is one of the most important features of Peskin’s immersed boundary method
(IBM) [40, 41], which has been used for many problems in mathematical biology and computational fluid
mechanics, see for example, [5, 13, 14, 16, 43] and many others.

When 8 € C? in Q- UQ* excluding the interface I', see Fig.1.1, then u(x,y) € H', see [6]. From
equation (1.1) and (1.2), it is easy to obtained the jump conditions

(1.4) [ulr = u(z,y)t —u(z,y)” =0, continuity condition,
+ -
(1.5) [ﬁg—iﬂ ) = ﬁ+68Ln — 6_88% = Q(s), net flux across the interface,

where the jump is defined as the difference of the limiting values from the outside of the interface to the
inside, and 85‘—; is the normal derivative of the solution. Therefore, the model interface problem can be

written in an equivalent form:

~V-(BVu) = fo, (z,9)€Q-T, f.ecL*),
(1.6) .
fulr =0, [ﬁg_n} — Q). ulyg = 0.

In this paper, we will use the two known jump conditions (1.4)-(1.5) to develop new finite element methods

to solve the interface problem above.

3

Fic. 1.1. A rectangular domain = QT U Q™ with an immersed interface I'. The coefficients 3(x) may have a jump

across the interface.

A related problem is the parabolic equation
(1.7) u +c-Vu=V_-(6Vu)+f(x,1),

in which the interface may be fixed or moving with time ¢, and the coefficient ¢ and 3 may have different
values across the interface. An efficient discretization for (1.1) is essential to the numerical solution of
this parabolic type equation.

Solving the Poisson equation (1.1) with discontinuous coefficients and/or singular source terms, usu-
ally is not only the slowest part of the entire simulation for many applications, but also leads to the loss
in accuracy. Solving interface problems efficiently and accurately is still a challenge because of many
irregularities associated with them. Many numerical methods have been developed, and below is a brief

review on those closely related to this paper.

1.1. Body fitting grid methods based on finite element discretization. It is well known

that a second order accurate approximation to the solution of an interface problem can be generated by
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the Galerkin finite element method with the standard linear basis functions if the triangulation is aligned
with the interface (body fitting grid), [2, 6, 7, 18, 47]. One advantage of the finite element formulation
is that the resulting linear system of equation is symmetric positive definite for a self-adjoint elliptic
operator which ensures the stability of the algorithm. Applications of such methods can be found in [38]
and many others.

However, it is difficult and time consuming to generate a body fitting grid for an interface problem in
which the interface separates the solution domain into pieces or problems with complicated geometries.
Such a difficulty becomes even more severe for moving interface problems because a new grid has to be
generated at each time step. Few publications can be found on using body fitting grids to solve moving
interface problems with topological changes such as merging and splitting.

Domain decomposition methods can also be used for solving interface problems, for example, [11].
On each sub-domain, one needs to solve the differential equation defined on an irregular domain. The

information then is transfered between the different domains.

1.2. Cartesian grid methods based on finite difference discretization. Using Cartesian or
adaptive Cartesian grids for interface problems has the following merits:

e There is almost no cost in the grid generation. This is very significant for moving bound-
ary/interface problems.

e There are many efficient and popular packages/solvers and numerical methods which are written
for Cartesian grids, for examples, fast Poisson solvers such as fishpack, Navier-Stokes equation
solvers in two and three dimensions on a rectangular square or a box, Clawpack [24] for con-
servation laws, and FFT packages etc. It is relatively easier to incorporate new methods using
existing packages/solvers based on the same grid.

e Recently, the level set method, first proposed in [39], has been successfully used to treat a number
of moving interface/boundary problems, especially for problems with topological changes, and
for problems in three dimensions. The level set method works best with Cartesian grids.

e It is easier to generate super convergent approximations to important physical quantities such as
fluxes using Cartesian grids.

It is true that numerical methods based on Cartesian grids may have some difficulties to adjust
and may lose accuracy for curved interfaces/boundaries. Due to non-smoothness of the solutions, many
standard finite difference algorithms and analysis do not apply for interface problems. A lot of efforts
have been made in this regard for various problems. Below we just review some methods in the literature
which are related to this paper.

The smoothing method for discontinuous coefficients. A simple approach is to smooth out the
coefficient, see for example [44]. The level set expression of interfaces makes the smoothing method much
easier for two and three dimensional problems. However, solutions are also smeared out by the smoothing
method. Another commonly used and sophisticated method is the harmonic averaging technique [3, 42].
While this method is second order accurate for certain one dimensional problems, usually it is not for
two and three dimensional problems.

Peskin’s immersed boundary method. If there is only a singular source term and the coefficient
is continuous, a very simple and first order method is Peskin’s immersed boundary method (IBM) using
a discrete delta function [40, 41].

Fast solvers based on boundary integral equations. Based on integral equations, some fast

solvers are available for Poisson equations with piecewise constant coefficients and other problems [17, 35,
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36, 37]. In these methods, an integral equation is set up at some points on the interface and the boundary
for unknown source strength, and the solution then can be found using a fast boundary integral technique.

Non-homogeneous source terms can be decomposed as two homogeneous problems.

Immersed interface methods. The original motivation of the immersed interface method (IIM)
[25, 28] is to develop a second order finite difference scheme for very general second order elliptic and
parabolic linear PDEs in which an integral equation may not be available, for example, (1.1) with variable
coefficient 3. In this regard, the method is successful and has been applied to problems ranging from
one, two, and three dimensional problems [29]; elliptic, parabolic [46], hyperbolic [27], and mixed type
equations [34]; fixed and moving interfaces [30], and many applications [19, 26, 32, 33]. However, with
variable piecewise coefficients, the resulting linear system of equation from IIM is not symmetric positive
definite. While it is stable for one dimensional problems and certain problems in two dimensions [22], the
stability of the algorithm may depend on the choice of one or more additional grid points in addition to the
standard finite difference scheme [15]. In this regard, the method is not very robust. Various attempts,
such as the multigrid method by L. Adams [1] and the explicit jump immersed interface method (EJIIM)
[45], to mention just a few, have been made to improve the stability and to speed up the method.

It is the purpose of this paper to combine the advantages of simple structure of Cartesian grids and
the finite element formulation to develop accurate, stable numerical methods for interface problems. More
precisely, we want to develop new methods that are accurate at all grid points including those near or on
the interface; stable with nice algebraic structure (the resulting linear system of equation is symmetric
positive definite for self-adjoint elliptic equations) even with discontinuous coefficients. We also hope
the methods developed here can be built into other Cartesian grids based methods such as LeVeque’s
Clawpack and Berger’s AMR (adaptive mesh refinement) and other packages. The error analysis presented
in this paper requires the interface I' to be smooth; the solution to be piecewisely twice differentiable’.
The algorithms proposed in this paper, however, do not have any particular restrictions compared with
standard finite element methods.

We now take a look at the weak formulation of the interface problem. Assuming f(x,y) in (1.1) has
the form of (1.2), we multiply a test function v(x,y) € H}(Q) to both sides of the first equation in (1.6)

and integrate over the domain QF and 2, respectively. Since f. € L?(Q), we have

(1.8) //Q fcvdgcdy://Q+ fcvdxder/ . fevdady.

Applying the Green’s theorem in the domain Q7F, the outside of the closed interface I', we get

(1.9) / ﬁv—ds /ﬁ+ +8 ds+/ BVu - Vvda:dy—/ fevdzdy,
on Ont o+

where n™ and n~ = n are the unit normal directions of the interface I pointing inward and outward

respectively. Similarly there is the following relation from the inside of the interface (27 :

(1.10) /5 —ds+/ | Bvu- Vvdzdyf/ | fovdady.

Since

out out out
ot +,+ _ +,,+
/Fﬁ e d—/rﬂvan_ds /Fﬁv 6nds,

ISuch a solution is usually in H' but not in H?2.
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by applying the zero boundary condition v|sq = 0 and adding the (1.9) and (1.10) together, we get:

+ —
/6+v+aids—/,6’*v*au ds+// 5Vu~Vvdxdy:// £ dzdy.
T an T 81’1 Q Q

Using the flux jump condition (1.5), we obtain the weak form for the interface problem

(1.11) //Qﬂ(x,y)Vu-Vvdxdyz//Q fcvda:dy—/erds, Yo(z) € HY ().

The weak form does allow discontinuities in the coefficient and the derivatives of the solution. The
existence of the weak solution is discussed in [6, 7]. Theoretically, the weak form is the same as those
discussed in many standard finite element method text books, see [6, 7, 23] for example, and will be used
to derive related finite element methods later in this paper.

This paper is organized as follows. In Sec. 2, a non-conforming finite element space is introduced.
The related basis functions satisfy the homogeneous jump conditions (1.4)-(1.5) with Q(s) = 0 either
exactly or approximately. The interpolation function in the new finite element space is constructed and
analyzed. A non-trivial numerical example using the Galerkin finite element method is also given. Similar
discussions are carried out for a conforming finite element space in Sec. 3. The key idea is to extend
the support of the basis function if necessary. The Galerkin finite element method has been shown to be
convergent in the H! norm for certain interface problems. Our discussion leads to another finite element
method that uses Cartesian triangulation away from the interface, but introduces a few additional nodal
points near the interface according to certain rules. The standard linear basis functions then can be
defined on the new triangulation. The comparison of the two conforming finite elements are discussed
and supported by a numerical example.

It is worthwhile to point out that although the discussions in this paper are based on Cartesian grids,
the methods and the analysis can be easily extended to other grids that are not necessarily aligned with
the interfaces.

2. A non-conforming immersed finite element space and analysis. In this section, we in-
troduce a finite element space whose basis are piecewise linear functions satisfying the homogeneous
jump conditions either exactly or approximately. Without loss of generality, we assume that the do-
main € is a rectangle which is separated by an interface I' into two sub-domains Q% and Q™ such that
Q=QTuQ™ UT, see Fig. 1.1. Also, without loss of generality, we assume that Q = 0, and the coefficient
£ in the boundary value problem (1.6) has two pieces separated by the interface T

[ gt itxeqr
ﬁ(x)_{ 8-, ifxeQ,

with G(x) > o > 0 for any x € Q.

A Cartesian grid is then used to form a uniform triangular partition 7, with step size h on € such
that each element T € 7}, is a triangle constructed by the two legs and one of the diagonals in a sub-
rectangle. The discussions and results of this paper can obviously be extended to other grids that are
not necessarily aligned with the interface.

We call an element T' € 7}, an interface element if the interface I' passes through the interior of T', see
Fig. 2.1 for a typical geometric configuration; otherwise we call T a non-interface element. We assume
that the interface meets the edges of an interface element at no more than two intersections?. Such an

2If one of edges is part of the interface, then the element is a non-interface element.
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assumption is reasonable if / is small and guaranteed if the interface is expressed in terms of the zero
level set of the signed distance function (or approximately) of the interface. As in the common practice,
we approximate the interface in 7" by a line segment connecting the intersections of the interface and the
edges of the triangles, for example, the line segment DE in Fig. 2.1. The line segment divides T into two
parts 7% and T~ with 7= T+ U T~ U DE. There is a small region in T

(2.1) T,=T-Q"NTH—-Q NnT~

whose area is of order O(h?®). This indicates that the interface is perturbed in a magnitude of O(h?).
From [7] and the discussions later in this section, such a perturbation will only affect the solution, and
the interpolation function to an order of h2. In this paper, T, TT, T—, and T, are all defined as closed
sets.

As usual, we want to construct local basis functions on each element 7" of the partition 7,. For a
non-interface element T' € 7},, we simply use the standard linear shape functions on T', and use Sy, (7T') to
denote the linear spaces spanned by the three nodal basis functions on 7. Attention is needed only for
interface elements, and we will discuss it in the following sub-section.

2.1. Local basis functions on an interface element. We assume that 3 is piecewise constant.
Without loss of generality, we consider a reference interface element 7' whose geometric configuration is
given in Fig. 2.1 in which the curve between points D and F is a part of the interface. The basis function
in a general interface element can then be defined through the usual affine transformation. We assume
that the coordinates at A, B, C, D, and FE are

(22) (Oah)7 (0,0), (h,()), (Oyyl)a (h - y2»y2)a
with the restriction
(2.3) 0<y1<h, 0<ya<h.

Once the values at vertices A, B, and C of the element T' are specified, we construct the following

piecewise linear function:

ut(x) =ag+a1x+az(y—h), ifx=(z,y) €T,

(2.4) u(x) = {

u” (x) = bg + b1z + bay, ifx=(z,y) €T,
Au™ ou™
(2.5) (D) =u™ (D), ut(B)=u (B), Bto- =f o

where n is the unit normal direction of the line segment DFE. This is a piecewise linear function in 7T’
that satisfies the homogeneous jump conditions along DFE. Intuitively, there are six constraints and six

parameters, so we can expect the solution exists and is unique as confirmed in the following theorem.

THEOREM 2.1. Given a right triangle ABC' as indicated in Fig. 2.1. The piecewise linear function
u(z,y) defined by (2.4) and (2.5) is uniquely determined by u(A),u(B) and u(C).

Proof: Let x = (z,y)T. Because u™ and u~ are linear functions, we have

ut(z,y) = u(A) + a1z + az(y — h), xeTT,
(20 ued = u (z,y) =u(B) + Mw +by, xeT.
From the continuity condition at D and E, we have two equations
(2.7) az(y1 — h) — bayr = u(B) — u(4),

(2.8) ai(h —y2) +az(y2 — h) — bayo = u(B) — u(A) + by (h — y2),
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A (0, h)

Fic. 2.1. A typical triangle element with an interface cutting through. The curve between D and E is part of the
interface curve I' which is approzimated by the line segment DE. In this picture, T is the triangle NABC, TT = ANADE,
T— =T —T7%, and T} is the region enclosed by the DE and the arc DME.

where
u(C) — u(B)

(2.9) by = -

The third equation is from the flux jump condition:
(2.10) aja — ag + pby = paby,

where p = 37 /37, and we have used the fact that the normal direction of the line segment is (o, —1)
with o = (y2 —y1)/(h — y2). The coefficient matrix of the linear system for the unknowns ai, a2, and bo
is

0 v1—h -y
(2.11) A=1|h—ys ya—h —yo

« -1 0

Evaluating the determinant of the matrix above, using the relation of h —y; = (h —y2)(1 4 «), we obtain

the following after some manipulations

det(A) = =(y1 — h)yaa + (h — y2)y1 + aly2 — h)yr — p(h — y2)(y1 — h)
= (h—y2)yea(l +a) + (h —y2)y1 — a(h — y2) (y2 — a(h — y2))
+p(h—y2)*(1+ )
(2.12) = (h—y2) (11 + ha® + p(h — y2)(1 + @) > 0.
Thus from the theory of linear algebra, there is a unique solution to the linear system (2.7), (2.8) and
(2.10). [
We now introduce a local finite element space on each element T of the partition T}, as follows:

Su(T) = {u(x) | wu(x) is linear on T}, if T is a non-interface element,
M {u(x) | u(x) is defined by (2.4)-(2.5)}, if T is an interface element.

It is well known that the dimension of Sj(T") is three if T is a non-interface element. When T is an
interface element, S;,(T") contains three basis functions whose value at one of the vertices of T is unity,
and zero at the other two vertices. Furthermore, Theorem 2.1 tells us that any function in Sj,(T) is a
linear combination of these three basis functions. Therefore the dimension of Sy (T) is also three even if

T is an interface element.
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2.2. The non-conforming finite element space. To describe the finite element space on the
whole domain 2, we let ' be the union of all the interface elements. Then we define the immersed finite
element space Sp,(£2) as a set of functions such that

(2.13) Su(Q) = {6(x) | VT €Th, olr € Su(T), dlore € H ()},

It is worthwhile to point out again that this finite element space is formed by piecewise linear functions
defined according to the partition 7; and the interface, but the partition does not have to align along
with the interface. Part of the interface can be immersed in some elements of 75, and this is the reason
we call Sp,(2) an immersed finite element (IFE) space. On the other hand, the IFE space is rather
similar to the usual linear finite element (FE) space defined by the partition 7. First, they are exactly
the same on every non-interface element. Secondly, they have the same dimension. Fig 2.2 shows a
typical basis function of Sp,(2) with an interface cutting through its non-zero support region. Finally, if
B(x) has no discontinuity, then the IFE space becomes the usual linear finite element space. However,
for a discontinuous ((x), the IFE space is more sophisticated than the usual FE space since the jump
conditions across the interface are satisfied to certain extent. In this case, the IFE space is similar to a
non-conforming FE space in the way that the basis functions may not be continuous across the edges of
elements in 7;. Hence the IFE space introduced here is generally a non-conforming FE space.

The dimension of the non-conforming IFE space is the number of interior points for the Dirichlet

problem. The basis function centered at a node is defined as:

1 ifi=j .
o)

on - = 07 ¢i|8Q = 07

0 otherwise,

and ¢; is continuous in each element T except some edges if x; is a vertex of one or several interface
triangles, see Fig. 2.2. We use I to denote the union of the line segment that is used to approximate the
interface.

(a) (b)

-0.15-

-02F

-0.25F

-03F

—04b

-0.45F

05 L I L I . . )
~0.5 -0.45 0.4 -0.35 -03 -0.25 -0.2 -0.15 05 " s

-0.45

Fic. 2.2. (a) : A standard domain of siz triangles with an interface cutting through. (b) : A global basis function on

its support in the non-conforming immersed finite element space. The basis function has small jump across some edges.

2.3. Approximation capability of the non-conforming IFE space. Given a function u(x)
which is continuous on the entire domain and satisfies the flux jump condition, we define its interpolant
in the IFE space S, (f2) as the function u;(x) € Sp(€2) such that

ur(x) = u(x), if x is a node of 7y,
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We would like to know how well uy(x) can approximate u(x). Since uy(x) is the usual linear function on
each non-interface element, we have the following standard error estimate [9]

lur = ullo,z + kil Twu = ully 7 < Crh? [lully g,

where ||+, 4 is the norm of the Sobolev space H*(A) defined in a set A, and C1 is a constant®. Similar
error estimates can also be given in the norm of the space W*P(A). When T is an interface element,
each partial derivative of u; on T is a piecewise constant function consisting of two values, 8u1+ /0 and
ouy [0z, or duj /Oy and du; /Dy, where ub are the restrictions of u; on T¢, i = +,—. The following
theorem provides the error estimates on them.

THEOREM 2.2. Let T € T be an interface element, and let u(x,y) be a continuous function such

that its restriction u’ = u|lp: on T?, i = 4, — are twice differentiable in each sub-domain Qt NT and

O~ NT, and satisfies the homogeneous jump conditions (1.4)-(1.5). Then we have the following error

estimates
ou ou
(2.15) ‘ 8—; - < (220%na + 1) |ID%ulloo,Th,
00, T\T
(91” 8u
(2.16) ‘ " < (22p%0na +1) [ID%ulloc,rh,
00, T\ T
where
pmax 1 1 1
2.17 cond — — mar — s P min — y .
217 pema =222, g =l 0} oo =i {0 ] }
and
(2.18) 1Dl o, = max { i loo,rg + 2 [ty ||oo,mri + [ty oo, rn0i }-

Proof: Again, we assume that the interface element T' has the configuration given in Fig. 2.1. Since
u(x,y) is twice differentiable in QF and 2, it is also twice differentiable in T%\T,.. First we choose a
point M on the interface such that the tangential line of the interface at M is parallel to the line segment
DE whose slope is:

Y2 — Y1
2.19 o= , —1l<a<+oo.
( ) h—ys

Notice that yo = (y1 + ah)/(1 + «). Plugging this into (2.12) and re-arranging terms we get
+ ah
det(A)] = (=) (-4 he? + ot - B0 4 )
= (h —y2) (y1 +ha? + p(h — yl))
Z pmzn(h - 92) (ha2 + h) 3

where A is the matrix given in (2.11).

Now consider the following Taylor expansions of u(z,y) at A and B

Out(A) - dut(A)

(2.20) ut (z,y) = u(A) + e By (y—h)+...,
(2.21) u” (z,y) = u(B) + aué;B)x + 8u(;;B) Y+ ...

3We use C; instead of C because we have already used C in Fig. 2.1.
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At point D, ut (D) = u~ (D), so we can write

dut(A)
dy

wi—n) =2 BB~ u(A) + e,

(2.22) 3

where e; is the error terms from the two Taylor expansions, therefore |e;| < 2 HD2“HOO T h2. Similarly at

point E, we have the relation

out(4) out(4) o Ou(B)
(2.23) Oz (h—y2) + a@}/ (y2 —h) dy Y2
u(®) - ut) + 2P = ) 1

where €5 is the error terms from the two Taylor expansions. Notice that

u(C) — u(B) _ ou~ (B) N 0%u~(R)

2.24 =
(2.24) b h Oz Ox2 h,
where R is some point between B and C. Therefore we can write
ou™(A) AuT(A) ou~ (B)
h — —h)— ———y2 =

u(B) — u(A) + bi(h — y2) + e2,

where es < 2||D?u|o0,rh? after the term 9?u~(R)/dx? is absorbed into other second order derivative

terms. Using (2.20) and (2.21), and from the flux jump relation of uw at M, we have the third equation

OuT(A) o OuT(A) N ou~(B) aau_(B) te
(2.26) Ox Jy P Oy ™ s
= pab + e3,

where eg is the accumulation of errors from the Taylor expansions. Hence,
(2.27) les| < (max{]al, 1}+ pmaz(lal+ 1)) ||D*ul|o,r he

Equations (2.22), (2.25), and (2.26) are the same as those in (2.7), (2.8) and (2.10) with perturbation to
the right hand sides. By subtracting (2.7), (2.8), and (2.10), from (2.22), (2.25), and (2.26) respectively,
we get a linear system of equations for the errors of the first order of partial derivatives. The solution of
the error Ou™(B)/0y — Ouy /Oy is

0 y1—h e

81253) - 8;—; =| h—y2 y2—h ey |/det(A)
« -1 es
_ea(pr —h)a—ei(h—ya) —era(ya —h) —es(h —y2)(y1 — h)
det(A)
 —ea(h—y2) (1 + @) — e1(h — y2) + era(h — y2) — es(h — y2)?(1 + @)
B det(A)
(h—y) [—a(l+a)es + (a—1)er + (h—y2) (1 + a)es ]
B det(A) ’

where we have used the relation y; = y2 — a(h — y2) again. Now it is easy to derive an upper bound of
the error

(1 + |af)(max{ |af, 1} + ppas(1 + |a])
‘3u(B) au,‘ § a® +2lal+ 1+ 5

ay a ay Pmin (a2 + 1)

2||D?ul| o, Th-



Finite Element IIM 11
If |a| <1, then

a? + 2|l + 1+ (1 + |af)(max{ |of, 1} + pmas (1 +]]))/2 _ 50° + fla| +2
pmin(a? + 1) = Peond™ 02 1

502 +5—2a’+ Z|a| -3
a?+1

S Pcond

502 + 5

< pcondm

= 5pcond-

Note that we have used the fact that f(z) = —%xz + %x — 3 < 0 when 0 <z <1 in the proof above.

If |a| > 1, then

0 + 2o + 1+ (1 + | (max{ |o], 1} + pras(1+]al))/2 _ 2+ o] + 3
pmzn(a2+1) = Peond 042+1

502 +5—3|a)® + Lja| — 2
a?+1

< Pcond
< 5pcond-

In the proof above, we have used the fact that f(z) = —3z* + Zz — 2 < 0 when z > 1.

In either case, || <1 or |a| > 1, we have an upper bound, not optimal though, which is

du=(B) Odup
dy oy

(2.28) <10 peond || D*ul| oo, 1 b

We continue to proceed with the following derivation

Our _ u” (M) Oui _ u(B)|  |0u(B) _du (M)
(2:29) < 10 peond || D%l oo b + || D*ul|0o.7 b
< 11 Pcond ||D2UH007T h,

where the derivative of Ou™(M)/dy is the following limit

ou~ (M) . Ou(x)
Oy 7X€QIEI,§C14>M oy '’
and
Ou;  Ou (M) u(C) —u(B) Ou (M) 5
. - — - < :
(2.30) o - 200 . S < [l

which give estimates in (2.15) and (2.16) for the case when i = —.

+ + + +
However, applying the same approach to 8“(3—1(6‘4) — 88% and 8“8?5‘4) — ag yf fails to generate the desired

conclusion for the case when i = +. We now use the interface relations to prove the error estimates. Since
u is continuous, the directional derivative along the tangential direction of the interface is continuous at
M

_8u+(M) n Aut (M) _Ou (M) n ou~ (M)

2.31 =
(2:31) ar W dy " ar W oy

Ng,
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where (ng,n,) = (o, —1)/va? + 1 is the unit normal direction of the interface I' at M. The flux jump
condition at M produces another equation

(2.32)

ou™ (M) N out(M) ([ Ou (M) N ou™ (M)
or ay v o ay V)

Solving du™ (M) /dz and dut(M)/dy from (2.31) and (2.32) in terms of du~ (M )/Ox and du~(M)/dy,
we get

out (M) , , du (M)

(2.33) Oz _ Ty + Py TNy T+ Py N oz
dut (M) —NyNg + PRy n2 + pn’ u” (M)

dy ' Iy

Notice that the maximum norm of the matrix in the expression above is bounded by 2p;a., see (2.17).
From the definition of uy(z,y), equations (2.31) and (2.32) also hold when the function u is replaced by
ur(x,y). Therefore we have

duf  ut (M) Juy  Ou” (M)
ox Ox ox ox
S 2pmam _
(2.34) duf  dut (M) Juy  du” (M)
dy Jy o Jy y o

IN

22 p%ond ||D2u||OO7T h7

because of the error estimates established for u; . Finally we use the following triangle inequality

8_u§ B out(x) % B Ou'(M) ou' (M) _ out(x)
ox ox ox Ox Ox Oz
4 , < : ‘ + , .
dup  Ou'(x) Quy — Ou'(M) ou'(M)  Ou'(x)
dy dy o0, T\ T, dy dy o dy oy 00, T\T}.

< (22 pZona + 1) ID?ulloo,7 by

from (2.29) and (2.30) if ¢ = —, or from (2.34) if ¢ = +, and from a Taylor expansion for the second term
above. Thus the proof of the theorem is completed. ]
Furthermore, we can easily use the estimates in Theorem 2.2 and the Taylor expansion to generate
an error estimate for u; itself given in the following theorem.
THEOREM 2.3. Let T € Tp, be an interface element, and let u(x,y) be a continuous function such
that its restriction u* = u|pi on T%, i = +,— are twice differentiable in each sub-domain QT NT and
Q~NT, and satisfies the homogeneous jump conditions (1.4)-(1.5). Then we have the following inequality:

Cihh, ifxeT\T,,
(2.35) lu(x) — ur(x)] <
Cyoh?,  ifxeT,,

where h is the shortest distance between x and the vertices of T which are on the same side of the interface
as x, and

(2.36) C1 < (1+4402004) |ID*ulloo,1,

and Cy is some constant.
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Proof: Without loss of generality, we still use Fig.2.1 to illustrate our proof and assume that the
point B is the vertex closest to x. If x € T7\T,, then we have

w0 =ur(B) + G2 (@ = om)+ 5L (- um)
— u(B) + G (M)(a — wom) + (M~ ) + B

= ’LL(X) + R + Ro,
where z g, yp are the coordinates of point B,

Ryl < Qmax{‘auj dum (M)

ox ox

< 44 p?ond ||D2u||OO,T iL h’
from (2.34), and
|Re| < 1D?ulloc,z b,

from the Taylor expansion. Similar result holds for x € TT\T,.

IfxeT,, sayxeTNT™, but x € QF, for example. We take the closest point R € T to x from the

line segment. We know that ||x — R|| ~ h?. Using the triangle inequality we obtain

Jur(x) = u(x)| < Juy (x) —up (B)] + [uf (R) = u(x)|
< [D%ulloo, 7l = B[ + [uf (R) = u™ (R)| + [u™ (R) — u™ (x)]
< 1D?ullo,zllx — R|| + Crhh + || D?ul|oc 7llx — B

~ h?

In the proof, we have used the facts that uj (R) = u; (R), the continuity condition for u; and u(x), and
the first error estimate of (2.35) of this theorem which has been already proved. L

Notice that the intersections of the interface and the edges of the triangles are not in 7). so they
satisfy the first inequality in (2.35), a fact that we need to use in the next section.

REMARK 2.1. Although we have the error estimate for the interpolation functions for the non-
conforming finite element method. The convergence analysis for the finite element solution is not straight-
forward for the particular non-conforming IFE space. Such error estimate is currently under investiga-
tion.

2.4. A non-conforming IFE method. It is obvious that the finite element space Sy (€2) introduced
in the last section is not in the space to which the solution of the interface problem belongs. A function
¢ of Sp(Q) is continuous in the union of non-interface triangles but may be discontinuous on edges of
interface triangles. Therefore the finite element method based on Sj(Q2) is non-conforming. For the

interface problem, we now define its non-conforming IFE solution as a function uj € Spo(Q) satisfying
(2.37) ap(up,vp) = / fuopdady, for all vy, € Spe(QY),

Q
where Sho(Q) = {¢ € Sh(Q) | ¢|3Q = O}, and

(2.38) ap(u,v) = Z / BVu - Vo dzdy.
TET, TeT,
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REMARK 2.2. If the flux jump is not homogeneous in (1.6), the non-conforming IFE solution up, €
Sho(Q) then satisfies

(2.39) ah(uh,vh)=/vahdmdy—/rthds.

2.5. A numerical example for the non-conforming IFE method. We present a non-trivial
example here to show the performance of the standard Galerkin finite element method using the non-
conforming IFE space. In this example, we consider the boundary value problem defined by (1.1) with
a Dirichlet boundary condition. The computational domain is the rectangle —1 < z,y < 1, and the
interface is a circle centered at the origin with radius rg. The boundary condition and the source term
fc are determined from the exact solution

T,Oé

ﬁi,

if r <rg,

(2.40) u(x,y) =
r% 1 1 o herwis
ﬁ—Jr + F - ,8—+ To > otherwise,

where r = \/m and « = 3. Notice that the exact solution satisfies the homogeneous jump conditions
(1.4)-(1.5).

The error estimates for the interpolation functions obtained in sub-section 2.3 indicate that the finite
element solution in the IFE space may have a second order approximation capability. Hence we naturally
expect the IFE solutions are second order accurate in the Lo norm. Since the large errors occur near or at
the interface which is one-dimensional lower than the solution domain, we only present the errors in the
maximum norm in Fig. 2.3, in which the IFE solutions uj, are found with various grid size k. The involved
linear algebraic system has a structure similar to that in the Galerkin method with the usual linear finite
element space. The jump in the coefficient of these tests is taken as p = 1 : 1000 or p = 1000 : 1, a
quite large ratio. As discussed in [31], the errors in the numerical solutions generally do not decrease
monotonously for interface problems. Therefore we need to use the linear regression or the least squares
fitting to find the asymptotic convergence rate. In this way, we notice the second order convergence for

~ h1%%5  where u is

one ratio, ||u — up||, ~ h?, and super-linear convergence for the other, |lu — upl|
the exact solution of the boundary value problem. Similar behavior are observed for other ratios as well.

The magnitude of the errors with 160 by 160 grid is about 10~ for both ratios.

The non-conforming IFE method presented here is simple, easy to implement, and has an algebraic
system similar to that of the Galerkin finite element method based on the standard finite element space.
In particular, the partition of the IFE space does not have to be restricted by the geometry of the
interface. The basis functions of the IFE space satisfy the jump conditions, which enables us to obtain
sharp solutions near the interface. The same idea can be applied to treat three dimensional problems.

3. A conforming immersed finite element space and analysis. In this section, we develop
a conforming IFE space to further improve accuracy of the finite element method based on the non-
conforming IFE space described in the previous section. While the non-conforming IFE method performs
better than the standard finite element method for interface problems, it does not seem to be second
order in the infinite norm. Note that, for regular boundary value problems, the standard conforming
finite element method using the piecewise linear has second order convergence in the infinite norm. We
hope this is also true for the finite element method using a conforming IFE space with second order

approximation capability. However, the requirements of the continuity and the jump relations (1.4)-(1.5)



Finite Element IIM 15

log(er)
log(ern)
&

5 -4 E E -45 -4
log(h) log(h)

F1G. 2.3. The errors of the finite element solutions obtained in the non-conforming IFE space in the mazimum norm
versus the mesh size h in log —log scale with ro = 7/6.28,a = 3. (a): B~ = 1, BT = 1000. The linear regression
analysis gives ||u — up||oo & 0.64657h1-56459 (p): 3= = 1000, BT = 1. The linear regression analysis gives ||u — up||oo =
2.79434h1-94833

turn out to be rather difficult to satisfy simultaneously even with high order elements. One of the key
ideas of our approach is to enlarge the support of some basis functions in the non-conforming finite
element space so that the continuity condition can be maintained.

Let us examine the IFE space again to see why we need to enlarge the support of some basis functions.
The non-conforming basis functions have the same compact support as the standard linear basis function.
However, if we want the basis functions to have the same compactness, to be linear, and to satisfy

1, ifi=yj,
(3.1) $i(x;) = _
0, otherwise,
in a conforming IFE space, then for a given function u(zx,y) that satisfies the jump conditions (1.4)-(1.5),
we may not be able to construct a linear interpolation function that approximates u(x,y) to second order
in the maximum norm. To see this, let us consider an interface element AABC as sketched in Fig. 3.1 (b)
in which the line DF is part of the interface. Let u(z,y) be a function satisfying the jump conditions
ou
u) =0, — 1| =0,
0 5]
on the interface, and have the following values
u(C) = h, u(A) =u(B) =0.

It is very likely that w(D) ~ h for an interface problem. The interpolation function has the form of

ur(z,y) =Y u;p;(x),

where ¢; are conforming basis functions. Then we must have u;(D) = ¢¢ (D) = 0 since u(A) = u(B) =0
and all the basis functions that are not centered at A and B are zero on the entire line segment AB.
Hence |ur(D) — u(D)| = O(h) and the approximation is only first order accurate. Therefore, to achieve
second order accuracy for the interpolation function, we need to either develop new non-conforming finite
element methods, or extend the support of the basis functions. We will focus on the second approach and
still use piecewise linear functions. High order elements shall be considered in the future.

Intuitively, it is not very difficulty to approximate any piecewise twice differentiable function to second

order by piecewise polynomials. The challenge is how to maintain continuity along the edges and the
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jump conditions along the interface simultaneously. Our idea is to average the values of non-conforming
basis functions with the same values at nodal points to keep the continuity. The details are described in

the following subsections.

Fic. 3.1. (a) : An extended region of support of the conforming basis function. (b) : Diagram for constructing the
basts function on AABC.

3.1. Conforming local basis functions on an interface element. The basis functions in the
non-conforming IFE space introduced in Section 2 can maintain the jump conditions well, but they may
have a small jump along the common edge of two adjacent interface elements within their supports. For
example, see Fig. 3.1 (b), the basis function in the non-conforming IFE centered at point B usually is
discontinuous at point D where the interface meets with the common edge AB. Therefore, we would like
to find a way to modify the non-conforming local basis functions in interface elements so that the new
local basis functions can be pieced together continuously along the common edge of any two interface
elements. In addition, the basis functions should still satisfy the jump conditions up to certain accuracy
to get sharp solutions for interface problems.

Following the considerations above, we now describe a procedure to construct basis functions in a
typical interface element AABC' sketched in Fig. 3.1 (b) such that they can be used to form a conforming
IFE space. We assume that the interface meets edges of this element at D and E. The key idea is to
make sure that some of the local basis functions in two adjacent interface elements, such as AABC and
AAF B, can take the same value at the interface point on their common edge, such as point D. On the
other hand, for a Lagrange type element, the values of a basis function in this element has already had
three freedoms at the vertices A, B, and C. Since we need to form the basis functions together with
those in the adjacent interface elements AAF B and AACT to guarantee the continuity, a basis function
in a typical interface element AABC' should have two more freedoms due to the vertices F' and I.

We use the standard five dimensional Euclidean vector e; (whose i-th entry is unity while the other
entries are zero) to assign values of a local basis function ¥;(z,y) at the vertices A, B,C, F and I, and
this basis function is piecewisely constructed as follows:

P1. Use the values at the vertices A, B, C, F and I to form the three non-conforming IFE functions
defined on the elements AABC, AAF B and AACIT respectively.

P2. Assign a value to the point D as the average (or a certain weighted average) of the values at this
point of the non-conforming IFE functions defined on the elements AABC and AAF B formed
in P1.

P3. Similarly, assign a value to the point F as the average (or a certain weighted average) of values
at this point of the non-conforming IFE functions defined on the elements AABC and AACT
formed in P1.
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P4. Partition the element AABC into three sub-triangles by an auxiliary line, say line segment BE,
or DC such that at least one of acute angles, or the supplementary angle if an angle is bigger
than 7/2, of the triangle formed by the auxiliary line is bigger than or equal to /4.

P5. Define the basis function ; to be the piecewise linear function in the three sub-triangles deter-
mined by the values at the points A, B,C, D and FE.

As in Sec. 2, we define a local finite element space on each element T of the partition 7;, as follows:

Su(T) = {u(x) | w(x) is linear on T}, if T' is a non-interface element,
L span {¢;(x),1 <i <5 | ¥;(x) is defined by P1-P5} otherwise.

As usual, when T is not an interface element, the dimension of Sy (T) is three. However, the dimension
of S,(T) is five if T is an interface element, two more freedom are added at the interface points on its
edges. We would like to point out that if 7" is an interface element adjacent to the boundary of €, then
the dimension of Sy (T") becomes four.

REMARK 3.1. Actually Sy (T), the local space of shape functions for an interface element is just the
five dimensional space of continuous piecewise linear functions on the three subtriangles. The procedure
P1-P5 described above defines an interpolation operator from C°(Q) to the space spanned by the local

shape functions and Sy, () is the image of this interpolation operator.

3.2. A conforming IFE space. For the i-th vertex in the partition 7, we let ¢;(x) be the con-
tinuous piecewise linear function that satisfies (3.1) and ¢;|7 € Sp(T) for any element T € 7p,. Then we
let our new IFE space S, (£2) be a set of functions such that

(3.2) Sn(§2) = span{¢;(x)}.

Because of the continuity of its basis functions, this IFE space S, (€2) is conforming. Also, this conforming
IFE space has the same dimension as the non-conforming IFE space and the standard linear finite element
space defined on the partition 7.

The basis function ¢; of S;(€2) centered at the i-th node has a non-zero support on the six surrounding
triangles if the interface does not cut through any of these triangles. This leads to a standard five point
stencil*. If the coefficient is continuous, i.e. p = 1, these basis functions become the standard linear
basis functions. If the interface cuts through any of the surrounding triangles, then, by the definition
of S,(Q), the support of this basis function is extended to two more triangles along the direction of the
interface, see Fig 3.1 (a), where the support of the basis function includes the triangles marked by dashed
lines. As a consequence, the corresponding finite difference scheme will generally have a non-standard
nine point stencil. It is worth to point out that the total degree of the freedom of the conforming finite
element space is the same as the non-conforming finite element space, and is the same as the standard
finite element space using the hat functions.

3.3. Approximation capability of the conforming IFE space. Given a piecewise smooth
function wu(z,y) that satisfies the jump conditions (1.4)-(1.5) along a smooth interface, we will show that
its interpolation function uy(z,y) in the conforming IFE space using the values of u(x,y) at vertices can
approximate u(z,y) to second order, and its first derivatives can approximate those of u(x,y) to first
order in the maximum norm almost everywhere. We assume that the values of the basis functions at
intersections, for example, points D and F in Fig 3.1 (b), are simple averages of the non-conforming

interpolation functions in the two neighborhood triangles. From this point of view, the conforming

4Actually the computation involves a seven point stencil, two of the coefficients are zero due to cancellations.
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interpolation function is obtained by perturbing the values of the non-conforming interpolation functions
at intersections. From Theorem 2.3, such perturbations are bounded by C’lﬁh, where h is the shortest
distance from the intersection points, such as D and F, to the vertices in interface element, such as B
and A, in Fig. 3.1 (b). The following lemma shows that the perturbations in the first derivatives between
two interpolation functions are of order h.

LEMMA 3.1. Assume: (i) T € Ty is an interface element; (ii) wu(x,y) is a continuous function
that its restriction u' = u|pi on T%, i = +,—, is twice differentiable in each sub-domain QT NT and
O~ NT, and satisfies the homogeneous jump conditions (1.4)-(1.5); (iii) ar and uy are the interpolation

functions of u in the non-conforming and conforming IFE spaces, respectively, then

our our
. - <
(3.3) ‘ el (4+/2)C1h,
Our our
4 _— - — < (4 2

where Cy is given in Theorem 2.2.

Proof: The results are trivial in every non-interface element. In each interface element, the dif-
ference between the two linear interpolation functions are caused by the perturbations of the values at
intersections, e.g., points D and F in Fig. 3.1 (b). Since both interpolation functions are linear, we can
consider the rate of changes of the first derivatives with respect to the changes in the function values at
intersections. We just need to consider one of the sub-triangles within the interface element A ABC| see

Fig. 3.1 (b), and we distinguish the following cases:

Case 1: The triangle contains one of the angles from the master triangle. In this case, the
angle can be 7/4, as in AADE and ABCE, or 7/2, as in ADBC if the auxiliary line segment is DC
instead of EB. We will only consider the case where the angle is 7/4 and will use the local coordinates
to simplify the proof.

us

(T2,92)

Uy 2
AN

(0,0) D(ay,0)
Fia. 3.2. A sub-triangle contains one of angles of the master triangle.

Consider a typical geometry in Fig 3.2, where point A is a vertex, and points D and E are intersections
of the interface and the edges of a interface element. The linear function defined in AADF is

T Uz — U Uy — U
(3.5) ur(z,y) = uy + (ug —up)— + ( 3 roz 1>y.
T T2 I

Note that xo = yo. The partial derivatives with respect to z and y are

our  us — up our us—up Uz — Uy

(3.6)

or oz oy ]
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where uq, us, and ug are the interpolation values at points A, D, and F respectively. The partial
derivatives with respect to us and ug above are

O (Qury_ 1. 9 (Our)_
(3.7) %(a_)__ au3<ax>—0’
O (Qury__1. 0 (dur\_1
(3.8) Ouy <B—y> oz Ous <8y> oz
Thus
Our our . 0 Oour B 0 % .
3= 5|l (5) 0~ w0+ 50 (5E) e - e
1
< — |ug(D) — ur(D)|
|1
< Cyh.

The inequality is true within the triangle without second order derivative terms because both u; and u;
are linear. Similarly

Oour our

5 oy g_|u,(D)—aI(D)|+i\u1(E)—az(E)l

|z2]

<C (1+v2) h<3C1h.
Note that in the proof above we have used the fact that

|u1(D) — ﬂ](D)| S Clhil S h|1‘1|,
|u1(E) — ﬂ](E)l < Clhjl < h\/§|l‘2|

Therefore the lemma is true for this case.

If a sub-triangle contains a right angle 7/2 from the master interface triangle, the proof is similar

and we omit the proof to save some space.

Case 2: The interface cuts two right legs of the master triangle. Now we consider a sub-
triangle in which none of its three angles is from the interface element, for example, AADFE in Fig. 3.3
when a > /4. We always choose the triangle that at least one of three acute angles, or the supplementary
angle if one is an obtuse, is greater than or equal to w/4. If & < 7/4, then o > 7/4 and we would choose
the triangle ABED, which is covered in Case 1. We proceed with the perturbation analysis on the
AADE for the interpolation function

(3.9) wr(e,y) = wn + (ug —ur) -

€3 Y2 X3

y (u3 o (ug — ul)h> i

Again uq, ug, and ugz are the interpolation values at A, D, and E. The partial derivatives with respect
to x and y are

Our  uz—uy  (ug —up)h Our  uz —uy

3.10 — ; —
( ) Ox T3 Yo X3 y Yo

The partial derivatives with respect to us and ug above are

(9 8u1 o h . 8 3u1 1
(3.11) Ous <%> o _yg x3'  Ous (896) x5’

o (ou 1 9 (0w
(8.12) a—(a—y)—y_ au3(ay)

0.
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us
E($3,h)
o /_--/B
N /”///,
Ug | ==~
D (Ova)

U

A (0,0)

FiG. 3.3. A sub-triangle contains none of the angles of the master triangle, and the interface intersects the two right
legs of the master triangle.

Since a > /4, we have 3 > h — ys and

h h
< .
Y2 T3 Y2(h — y2)
Therefore
our our h _ 1 _
- _ D) —u;(D — E)—a;(F
S = T < s (D) — (D) + - ur(E) — s ()
C1h? .
< ————min{ys, h — + C1h
y2(h — y2) fo ph G
< 2C1h+ Cih
< 3Cih.
And
our ou 1 _
— — — | < —|uy(D) —ur(D
G ool < D) - w(D)
< C1h.

Once again we have proved the lemma.

Case 3: The interface cuts one of the right legs and the hypotenuse of a master interface
element. A typical picture is shown in Fig. 3.4. One of the angles, /ADE, /EDC, and /DBC, has to
be greater than or equal to w/4. Without loss of generality, we assume that « = ZADE > 7 /4 and the
auxiliary line segment is DE. For other cases, the discussion is similar and is not going to be repeated.
We perform the perturbation analysis on the sub-triangle EDB. Given the values (u1,us,us) at B, D,
and F, the interpolation function is:

U — U us —up)(h —x
(3.13) ur(e,y) = ur + (uz — ur) 2 + ( s3—ur (ug —ug)( 3)/3/2) .
Y2 3 3
The partial derivatives with respect to z and y are
Our  uz—wuy  (ug —uy)(h —x3)/y2 %7u2—u1

(3.14)

Or T3 T3 oy Y
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A
h =y u3
E(J?g,h—x?,)
(5 o
D S e
(an2) ) Se
U1 \\\\
B (0,0) C

Fic. 3.4. A sub-triangle contains none of the angles of the master triangle, and the interface intersects one of the
right legs and the hypotenuse of the master triangle.

The partial derivatives with respect to us and us above are
h— 1
(3.15) 9 (Our\ _ T3, 9 (Our) _ -,
Ous \ Oz Yo T3 Ous \ Ox T3

O (Qur\_ 1. 9 (Our)_
(3.16) a(ay)y auB<ay>°'

Since o > 7/4, it is easy to see that (h — y2)/2 < x3 and therefore

’ 0 <8u1>‘<h—x3< 2h

Ous \ Oz yoxs — Y2 (h—y2)

We can see that

I3 =

S8

and
O (Qu\[_ L _ V2
Ous \ Oz )| — AE|
From the inequalities above, we conclude

2h
~ y2 (h—y2)

Our ouy

ox ox

lus (D) — s (D)| + xig (s (E) — i1 (B)|

V2
<4C1h + — E)—u;(F
<4Ch +|AE||UI( ) —ur(E)

§C1(4+\/§)h.

Finally
our ouy 1
ur Gl (D) — ar(D
o= S8 < jur(D) - (D)
< Cyh.
Therefore we have proved the inequalities (3.3)-(3.4) are always true. [

From the Lemma above, we get the following error estimates for the interpolation function in the
conforming IFE space.
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THEOREM 3.2. Let T € Tj, be an interface element, and let u(x,y) be a continuous function whose
restriction u* = u|p: on T, i =+, —, is twice differentiable in each sub-domain QT NT and Q= NT,
and satisfies the homogeneous jump conditions (1.4)-(1.5). Then we have the following error estimates

(3.17) Our_ Ou < Coh,
ox ox 00, T\

(3.18) ’ ur _ Ou < Osh,
dy dy 00, T\ T

where

Co < Ci1(4+V2) + (229200 + 1) [1D?ulloo,r
<7C4.

Proof: Denote again the interpolation function using the non-conforming IFE space as @y, then

ou _ou| 0w 0w ou _ ou
Jdr O o T\Ts or ox o0, T\, or O 00, T\T
< Cla+ VDR + (220200 + 1) [D?ul|oc.rh,
from Lemma 3.1 and Theorem 2.2, respectively. Similar proof can be carry out for duy/dy. [

From this theorem and the proof of Theorem 2.3, we have the following theorem for the error estimate
of the interpolation function.

THEOREM 3.3. Assume: (i) T € Ty, is an interface element; (ii) u(x,y) is a continuous function
that its restriction u' = u|pi on T%, i = +,—, is twice differentiable in each sub-domain QT NT and
Q™ NT, and satisfies the homogeneous jump conditions (1.4)-(1.5); (iii) uy is the interpolation function
of u in the conforming IFE spaces. Then the following inequality holds

Cshh, ifxeT\T,

(3.19) lu(x) —ur(x)] <
Cyh?,  ifxeT,,
where Cy is a constant, h is the shortest distance between x and the vertices of T that are on the same

side of the interface as x, and

(3.20) Cs < Cy + || D?u|oo 1+

REMARK 3.2.

e The interpolation errors actually depend on the jump in the coefficient, the spatial step size h, and
the geometry. The error generally is not a monotonous function of h because the error depends
on the relative position of the interface and the underlying grid, see [31].

e One may try to set the intersections between the interface and edges as mew nodal points and
then to use the standard piecewise linear finite element space. The problem is that there may be
skinny triangles that will deteriorate the convergence rate. However, we know that the solution to
the interface problem is not independent across the interface. In our approach, we can use one
of the nice triangles to approximate the partial derivatives, and then pass the information to the

skinny ones, if there are any, using the jump conditions as in the proof process for Lemma 3.1.
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We now define the conforming IFE solution to the interface problem as a function up € Spo(€2) such
that

// B(x,y)VupVup dedy = // f vpdzdy, for all v, € Spe(Q),
Q Q

and again, we let Spo(Q) = {¢ € Sn() | dlaa = 0}. For a non-homogeneous flux condition, the
contribution again is a line integral in the weak form.

For this conforming IFE solution, we can obtain an error estimate in the energy norm given in the
following theorem.

THEOREM 3.4. Let u be the solution of (1.6) with Q@ =0, and uy, be the conforming IFFE solution. If
u is in HE(Q) and is piecewise twice differentiable on each sub-domain Q, i = + and i = —, then we

have the following error estimate:
(3.21) [u—unll; o < Csh.

where Cs5 is a constant independent of h.

Proof: Since u, uy, and the IFE finite dimensional space, all belong to H} (). From the standard
FEM theory, uy, is the best solution in the IFE space in the H' norm. Therefore we have

lu = wunlly o < Cllu—urlly g

< Clllu = urlly s, + = w5, )

where u; € H' is the interpolation function of u in the conforming IFE space. Y 7T\7, is the union of
the mis-matched region of the line segments and the interface as shown in Fig. 2.1. From Theorem 3.2,
we know that u — u; and its first derivatives are of O(h?) and O(h), respectively, in the maximum norm
on T\T, of an element T, therefore, u — u; should be of O(h) in the H! norm on the unions of these
regions as well. On each 7)., u — uy and its first derivatives are of order O(h?) and O(1). However, with
the interface being approximated by the line segment on each element, the area of each T, is order of
O(h3). Since the interface is one dimensional lower than the solution domain, we also conclude that

=l g, ~ b
which leads to the result of this theorem. ]

REMARK 3.3.

o The finite element solution u(x) in the conforming IFE space belongs to H*(2) but generally is
not in H*(Q) if B(x,y) has a discontinuity across the interface, see Fig. 3.5. This is the main
reason that the standard finite element does not work well.

e For many practical interface problems, the solutions are indeed piecewise smooth. Generally, if
the source term f(x,y) € L*(Q) is also v*"-Holder piecewise continuous for v > 0, then the
solution u(x,y) is piecewise twice differentiable, see [12].

o We believe that piecewise smooth requirement of the solution in the theorem can be relaxed to
piecewise H2(Q) by developing corresponding interpolation theory in the Sobolev space. Such
investigation is not straightforward and is under way. Once such theory is established, we believe
that the second order or nearly second order accuracy in the mazximum norm can also be proved.

3.4. A numerical example for the conforming IFE method. We present some numerical

results for the same boundary value problem as in Sec. 2.5. We also report the error of the interpolation
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Computed -u(x,y), M=64, a=3, *=50, B =1

-0.02 N
SOOI
’.::Q:‘\\\\\\\

s
-0.04

-0.06

-0.08

-0.1

-0.12

-0.14

-0.16

-
s
%

7RSI

i

il

S
-0.18 =

f
flle
il
L

XXX
55
5K

0.5

0.5

FIG. 3.5. Plot of the computed solution with M = 64,a = 3,31 = 50,3~ = 1. The parameters are chosen to illustrate
the fact that the solution u(z,y) belongs to H} () but is not in H2(Q)). However, the solution is piecewise smooth.
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Fic. 3.6. The interpolation errors in the mazximum norm versus the mesh size h for conforming basis functions
in log —log scale with ro = 7/6.28, 3~ = 1, and Bt = 1000. (a): The linear regression analysis gives ||u — ur||oo ~
3.22816h2:06743, (b): The error in the partial derivative du/dx excluding the region ZTT‘ The linear regression analysis
gives ||(u — uI)IHOO,Z mr, & 2.89806A40-96056

function that is very important for the finite element theory, and is useful in deriving the error estimate
for the maximum norm.

Fig. 3.6 (a) plots the errors between the exact solution and its interpolation functions in the conform-
ing IFE space Sp,(€) with the jump ratio p = 8~ /3% = 1: 1000 and various partition size h. Fig. 3.6 (b)
is the plot of the error in the x partial derivative of the interpolation function. We obtained similar
result with other ratios and partial derivatives. Thus, this example confirmed our error analysis for the
interpolation function. Note that the magnitude of the interpolation error is about 10~* for the solution
and 10~2 for the z partial derivate in a typical 160 by 160 grid.

Fig. 3.7 plots the errors in the maximum norm of the conforming IFE solutions uy from S, () with

various h for two different ratios. The linear regression analysis shows that data in Fig. 3.7 obey

[ — un||oo ~ 6.851261291902 5 = 1:1000,
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F1G. 3.7. Errors of finite element solutions obtained from the conforming basis function in the mazimum norm versus
the mesh size h in log —log scale with 1o = 7/6.28. (a): B~ = 1, Bt = 1000. The linear regression analysis gives
[lu—up||oo = 6.85126R2:01002; (p): 3= = 1000, 3~ = 1. The linear regression analysis gives ||u—up||co & 5.65703h% 01542

[ — up||oo = 5.657030201542  Hh = 1000 : 1,

which suggest that the conforming IFE finite element solution has a second order convergence rate in the

maximum norm.

3.4.1. A comparison with the FEM method with added nodes. As suggested by several
colleagues and other investigators (including one of the referee of this paper), we have tested a slightly
different method. We consider the finite element method based on a triangulation in which most of the
triangles are uniform right triangles from a Cartesian grid. In the neighborhood of the interface, we add
some new nodal points at the intersections of the interface and the edges of the uniform Cartesian right
triangles. Specifically, this triangulation is generated as follows:

1. We first generate a Cartesian triangulation composed of the right triangles over €.

2. We keep all the elements over the non-interface triangles unchanged.

3. For each interface triangle, we break it into three small triangles in the same way as we did
in step P4 in Section 3.1, see also Fig.3.1. Therefore the break-up satisfies the same maximum
angle condition as we did earlier for our conforming IFE method.

The standard Galerkin finite element method with the usual linear basis functions is then applied to this
triangulation. We will call this method the finite element method using a Cartesian grid with added
nodes, or FEMCGAN, for short. The computational complexity of this approach is about the same as
our conforming finite element method. Both methods are new, some futures of them are summarized
below:

e The convergence result of Theorem 3.4 is also valid for the FEMCGAN method. However, this
is guaranteed only with the choice of the maximum angles proposed in this paper.

e In the FEMCGAN approach, all the intersections between the interface and the edges of Carte-
sian triangles are the added nodal points. However, in our IFE methods, either non-conforming
or conforming, those intersections are not part of the nodal points. Therefore, the linear sys-
tem of equation from our approach will be order O(1/h) smaller compared with that from the
FEMCGAN approach. More importantly, many linear solvers based on Cartesian grids such as
MGD9V [10] can be applied to our non-conforming or conforming IFE methods but not to the
FEMCGAN approach. In many applications, we are only interested in the solution at the grid

points, there is no need to recover the solution at the points of the intersections. The Cartesian
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grid methods of this paper are developed for this purpose.

e The FEMCGAN space contains the IFE space, so we can expect the energy norm of the error is
smaller than that obtained from the IFE method, see Table 3.1.

e The FEMCGAN method is a little bit easier to implement compared with the conforming IFE
method.

In Table 3.1, we show the results of the errors in L?(Q2) and energy norms of the FEMCGAN approach
and the IFE method. The problem set-up is the same as the example in Section 2.5 and in Section 3.4.
The ratio in the table is the ratio of two consecutive errors. If the error is proportional to h, then the ratio
should approach number two. If the error is proportional to k2, then the ratio should approach number
four. We can see clearly from the table that the two new methods are comparable. Both methods give

second order accurate results in the L2(£2) norm, first order accuracy in the energy norm.

The FEMCGAN method

h eo(h) ratio ea(h) ratio
1/20 | 5.5479 x 10~4 3.0085 x 1072
1/40 | 1.4040 x 10~ | 3.9516 | 1.5376 x 10~2 | 1.9566
1/80 | 3.5525 x 10~5 | 3.9520 | 7.7803 x 1073 | 1.9762
1/160 | 9.1518 x 1075 | 3.8817 | 3.9160 x 1073 | 1.9868

The conforming IFE method
1/20 | 7.7184 x 104 3.4742 x 1072
1/40 | 1.9050 x 10~* | 4.0516 | 1.7136 x 1072 | 2.0275
1/80 | 4.5729 x 107° | 4.1659 | 8.4975 x 1073 | 2.0165
1/160 | 1.0596 x 1075 | 4.3158 | 4.1195 x 1073 | 2.0627

TABLE 3.1
Comparisons of errors of the FEMCGAN and the IFE methods, where eg(h) and eq(h) are errors of a numerical
solution in the L*(QY) and energy norms respectively. The example is the same as the example in Section 2.5 for the case
when B~ =1, BT = 1000.

The grid refinement analysis from a few selected grids does not provide a good indication for the
convergence in the L* norm because the errors in the L*> norm computed from both methods oscillate
as explained in [31]. Therefore, we use the linear regression analysis to present the convergence in L™
norm for both methods with 10 grid increment. For the FEMCGAN method, we have following results:

error in L? norm ~ 0.20822 h!-98032
error in H' norm ~ 0.58835 h0-99916,
1,0-99231

error in energy norm == 0.60372

error in L norm ~ 0.14247 h!-85615

and for the conforming IFE method, the results are

error in L? norm ~ 0.77413 h221055

error in H'! norm ~ 0.66915 h'-01420,
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error in energy norm = 0.92382 h1.06659’

error in L norm = 1.70096 201002,

Again, these numerical results indicate that these two methods perform comparably.

4. Conclusions. In this paper, we have developed two immersed finite element (IFE) spaces for
interface problems using Cartesian grids. Error estimates are obtained for the interpolation functions
in both conforming and non-conforming new finite element spaces. The non-conforming IFE method
behaviors better than that of the standard linear finite element solutions because the method produces
sharp solutions near or on the interfaces. In addition, this method is very simple, and can be extended
to three dimensions easily. By extending the support of some basis functions, we are able to construct
a conforming IFE space. The Galerkin finite element method based on the conforming IFE space has
been proved to be convergent for piecewise solutions that may not be in H?(Q2). A modification to the

conforming finite elements with added nodes near the interface is also discussed and tested.

The ideas of this paper can be modified for almost any arbitrary grids that are not necessarily aligned
with interfaces. The methods based on the Cartesian grids can be easily used as finite difference methods.
Thus they can be incorporated into other Cartesian grids based methods and packages, for examples,
LeVeque’s Clawpack and Berger’s AMR package, to solve interface problems.

5. Acknowledgments. In this research, Zhilin Li is supported in part by USA ARO grants, 39676-
MA and 43751-MA, USA NSF grants DMS-0073403 and DMS-0201094; USA North Carolina State
University FR&PD grant; Tao Lin is supported in part a USA NSF grant DMS-97-04621. Special
thanks to Thomas Hou for his participation and contribution to this project. We are also grateful to R.
LeVeque, K. Bube, and T. Chan for useful discussions.

REFERENCES

[1] L. M. Adams. A multigrid algorithm for immersed interface problems. pages 1-14. Proceedings of Copper Mountain
Multigrid Conference, NASA Conference Publication 3339, 1995.
[2] 1. Babuska. The finite element method for elliptic equations with discontinuous coefficients. Computing, 5:207-213,
1970.
[3] J. B. Bell, C. N. Dawson, and G. R. Shubin. An unsplit, higher order Godunov method for scalar conservation laws
in multiple dimensions. J. Comput. Phys., 74:1-24, 1988.
[4] J. B. Bell and D. L. Marcus. A second-order projection method for variable-density flows. J. Comput. Phys., 101:334—
348, 1992.
[5] R. P. Beyer. A computational model of the cochlea using the immersed boundary method. J. Comput. Phys.,
98:145-162, 1992.
[6] J. Bramble and J. King. A finite element method for interface problems in domains with smooth boundaries and
interfaces. Advances in Comput. Math., 6:109-138, 1996.
[7] Z. Chen and J. Zou. Finite element methods and their convergence for elliptic and parabolic interface problems.
Numer. Math., 79:175-202, 1998.
[8] A. J. Chorin. Numerical solution of the Navier-Stokes equations. Math. Comp., 22:745-762, 1968.
[9] P. G. Ciarlet. The finite element method for elliptic problems. North Holland, 1978.
[10] D. De Zeeuw. Matrix-dependent prolongations and restrictions in a blackbox multigrid solver. J. Comput. Appl.
Math., 33:1-27, 1990.
[11] B. Engquist and H.K. Zhao. Absorbing boundary conditions for domain decomposition. Applied Numerical Mathe-
matics, 27:341-365, 1998.
L. C. Evans. Partial Differential Equations. AMS, 1998.
L. J. Fauci. Interaction of oscillating filaments — A computational study. J. Comput. Phys., 86:294-313, 1990.
A. L. Fogelson. A mathematical model and numerical method for studying platelet adhesion and aggregation during
blood clotting. J. Comput. Phys., 56:111-134, 1984.

=
LRSS )



Z. Li, T. Lin and X. Wu

A. L. Fogelson and J. P. Keener. Immersed interface methods for Neumann and related problems in two and three
dimensions. SIAM J. Sci. Comput., 22:1630-1684, 2000.

A. L. Fogelson and C. S. Peskin. Numerical solution of the three dimensional Stokes equations in the presence of
suspended particles. In Proc. SIAM Conf. Multi-phase Flow. STAM, June 1986.

L. Greengard and M. Moura. On the numerical evaluation of electrostatic fields in composite materials. Acta Numerica,
pages 379-410, 1994.

H. Han. The numerical solutions of the interface problems by infinite element methods. Numer. Math., 39:39-50,
1982.

T. Hou, Z. Li, S. Osher, and H. Zhao. A hybrid method for moving interface problems with application to the
Hele-Shaw flow. J. Comput. Phys., 134:236—-252, 1997.

T. Y. Hou, J. S. Lowengrub, and M. J. Shelley. Removing the stiffness from interfacial flows with surface tension. J.
Comput. Phys., 114:312-338, 1994.

T.Y. Hou and B.T.R. Wetton. Second order convergence of a projection scheme for the incompressible Navier-Stokes
equations with boundaries. SIAM J. Numer. Anal., 30:609-629, 1993.

H. Huang and Z. Li. Convergence analysis of the immersed interface method. IMA J. Numer. Anal., 19:583-608,
1999.

C. Johnson. Numerical solution of Partial Differential Equations by the Finite Element Method. Cambridge University
Press, 1987.

R. J. LeVeque. Clawpack and Amrclaw — Software for high-resolution Godunov methods. 4-th Intl. Conf. on Wave
Propagation, Golden, Colorado, 1998.

R. J. LeVeque and Z. Li. The immersed interface method for elliptic equations with discontinuous coefficients and
singular sources. SIAM J. Numer. Anal., 31:1019-1044, 1994.

R. J. LeVeque and Z. Li. Immersed interface method for Stokes flow with elastic boundaries or surface tension. SIAM
J. Sci. Comput., 18:709-735, 1997.

R. J. LeVeque and C. Zhang. Immersed interface methods for wave equations with discontinuous coefficients. Wave
Motion, 25:237-263, 1997.

Z. Li. The Immersed Interface Method — A Numerical Approach for Partial Differential Equations with Interfaces.
PhD thesis, University of Washington, 1994.

Z. Li. A note on immersed interface methods for three dimensional elliptic equations. Computers Math. Appl., 31:9-17,
1996.

Z. Li. Immersed interface method for moving interface problems. Numerical Algorithms, 14:269-293, 1997.

Z. Li. A fast iterative algorithm for elliptic interface problems. SIAM J. Numer. Anal., 35:230-254, 1998.

Z. Li, D. McTigue, and J. Heine. A numerical method for diffusive transport with moving boundaries and discontinuous
material properties. International J. Numer. € Anal. Method in Geomechanics, 21:653-662, 1997.

Z. Li and B. Soni. Fast and accurate numerical approaches for Stefan problems and crystal growth. Numerical Heat
Transfer, B: Fundamentals, 35:461-484, 1999.

Z. Li and J. Zou. Theoretical and numerical analysis on a thermo-elastic system with discontinuities. J. of Comput.
Appl. Math., 91:1-22, 1998.

A. Mayo. The fast solution of Poisson’s and the biharmonic equations on irregular regions. SIAM J. Numer. Anal.,
21:285-299, 1984.

A. Mayo and A. Greenbaum. Fast parallel iterative solution of Poisson’s and the biharmonic equations on irregular
regions. SIAM J. Sci. Stat. Comput., 13:101-118, 1992.

A. McKenney, L. Greengard, and Anita Mayo. A fast poisson solver for complex geometries. J. Comput. Phys., 118,
1995.

R. H. Nochetto, M. Paolini, and C. Verdi. An adaptive finite element method for two-phase stefan problems in two
space dimensions. SIAM J. Sci. Stat. Comput., 12:1207-1244, 1991.

S. Osher and J. A. Sethian. Fronts propagating with curvature-dependent speed: Algorithms based on Hamilton-Jacobi
formulations. J. Comput. Phys., 79:12—49, 1988.

C. S. Peskin. Numerical analysis of blood flow in the heart. J. Comput. Phys., 25:220-252, 1977.

C. S. Peskin. Lectures on mathematical aspects of physiology. Lectures in Appl. Math., 19:69-107, 1981.

G. R. Shubin and J. B. Bell. An analysis of the grid orientation effect in numerical simulation of miscible displacement.
Comp. Meth. Appl. Mech. Eng., 47:47-71, 1984.

D. Sulsky and J. U. Brackbill. A numerical method for suspension flow. J. Comput. Phys., 96:339-368, 1991.

M. Sussman, P. Smereka, and S. Osher. A level set approach for computing solutions to incompressible two-phase
flow. J. Comput. Phys., 114:146-159, 1994.

A. Wiegmann. The explicit jump immersed interface method and interface problems for differential equations. PhD
thesis, University of Washington, 1998.



Finite Element IIM 29

[46] A. Wiegmann and K. Bube. The immersed interface method for nonlinear differential equations with discontinuous
coefficients and singular sources. SIAM J. Numer. Anal., 35:177-200, 1998.

[47] J. Xu. Error estimates of the finite element method for the 2nd order elliptic equations with discontinuous coefficients.
J. Xiangtan University, No. 1:1-5, 1982.



