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ON CONVERGENCE OF THE IMMERSED BOUNDARY
METHOD FOR ELLIPTIC INTERFACE PROBLEMS

ZHILIN LI

ABSTRACT. Peskin’s Immersed Boundary (IB) method has been one of the
most popular numerical methods for many years and has been applied to prob-
lems in mathematical biology, fluid mechanics, material sciences, and many
other areas. Peskin’s IB method is associated with discrete delta functions. It
is believed that the IB method is first order accurate in the L°° norm. But
almost no rigorous proof could be found in the literature until recently [Mori,
Comm. Pure. Appl. Math: 61:2008] in which the author showed that the
velocity is indeed first order accurate for the Stokes equations with a periodic
boundary condition. In this paper, we show first order convergence with a log h
factor of the IB method for elliptic interface problems with Dirichlet boundary
conditions.

1. INTRODUCTION

Since its introduction in 1970s, the Immersed Boundary (IB) method [I6] has
been applied to mathematics, engineering, biology, fluid mechanics, and many areas;
see for example, [I7] for a review and references therein. The IB method is not only
a mathematical modeling tool in which a complicated boundary condition can be
treated as a source distribution but also a numerical method in which a discrete
delta function is used. The IB method is robust, simple, and has been applied to
many problems.

It is widely believed that Peskin’s IB method is only first order accurate in the
L* norm. However, there was almost no rigorous proof in the literature until
recently [I5], in which the author has proved the first order accuracy of the IB
method for the Stokes equations with a periodic boundary condition. The proof
is based on some known inequalities between the fundamental solution and the
discrete Green function with a periodic boundary condition for Stokes equations.
In [4], the author showed that the pressure obtained from IB method has O(h!/?)
order of convergence in the L? norm for a 1D model. In [20,21I], the authors
designed some level set methods based on discrete delta functions. With suitable
quadrature formulas in the integral form using the Green functions, the authors
show that their approach can get the expected accuracy. However, there are few
theoretical proofs on the IB method for elliptic interface problems with general
boundary conditions. This is the main motivation of this paper. One difficulty
is that there are little known estimates between the fundamental solution and the
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1170 ZHILIN LI

discrete Green function with Dirichlet or other boundary conditions on rectangular
domains. Compared with the case of periodic boundary conditions where there are
existing estimates between the discrete Green function and the continuous one [§],
there is almost none for Dirichlet and other boundary conditions. The main goal of
this paper is to provide a convergence proof for the IB method for elliptic interface
problems with Dirichlet boundary conditions. We will show that with commonly
used discrete delta functions that satisfy the zeroth moment condition and first
order interpolation property, the IB method is indeed first order convergent in
the L*>° norm with a logh factor. The key in our proof is to establish a connection
between the discrete Green function and the continuous one. Our proof is essentially
independent of the boundary conditions and it is valid in 1D, 2D, and 3D cases.
The result should be applicable for many IB methods involving Stokes and Navier-
Stokes solvers.

2. PROOF OF THE CONVERGENCE OF THE IB METHOD IN 1D

We will give a proof for the 1D model,
(2.1) W=célzr—a), 0<z<l O0<a<l, u0)=u(l)=0,
in this section. Note that the analytic solution to the equation above is

—cr(l—a) if z<a,
u(x)—{ ( ) -

(2.2)
—ca (1 —x) otherwise.

Given a uniform Cartesian grid x; = ih, ¢ = 0,1, -+ ,n, h = 1/n, the IB method
leads to the following system of linear equations,
Ui—1 —2U; + Uiy

h2

where Uj is the finite difference approximation of the solution u(x;), and §;,(x; — @)
is a discrete delta function applied to the grid point x;. In the matrix-vector form,
the above finite difference equations can be written as A, U = F, where A;, is the
tri-diagonal matrix formed by the discrete Laplacian. It is well known that —Aj, is
a symmetric positive definite matrix (SPD) and diagonally dominant. Note that, a
discrete delta function has compact support in the neighborhood of the interface «,
that is, o, (2) # 0 only if || < Wh, where W is a constant. Commonly used discrete
delta functions include the hat discrete delta function (6"%¢(x) with W = 1):

0" (x) —{ (h =2}/ if |z] <h,

(2.3)

:Cah(l'i—a), i:1527"'5n_15

2.4
24 0, if |z| = h,

and Peskin’s original discrete cosine delta function (§°°*¢(x) with W = 2):

1 .
(2 5) 6h(x)cosine _ E (1 + cos (ﬂ'l'/Qh,)) , if |I| < 2h,

0, if |x| > 2h;

see for example, [I3]. Note that, when we use the hat delta function, the result
is the same as that of the IIM for the simple model. The solution to the finite
difference equations is the same as the true solution if there are no round-off errors,
that is,

w(@i—1) — 2u(@;) + u(@it1)

(2.6) -

=cot (z;—a), i=1,2,---,n—1;
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CONVERGENCE OF THE IB METHOD 1171

see for example, [3,[13]. But this is not the case for other discrete delta functions.
We define the error vector as E = {E;}, where E; = u(z;) — U;. We also define
u = {u(x;)}. The local truncation error is defined as T = {T;},

(i-1) — 2u(x;) + w(Tis1)

2
With the definition, we have A, U = F, A,u = F + T, and therefore A, E = T.
For the hat discrete delta function, we have |T;| = 0 for all ¢’s for the simple model.
For the cosine discrete delta function or other discrete delta functions, generally
we have |T;| = O(1/h) for a few grid points neighboring the interface «; see for
example Table Ml on page [[I87 So one interesting question is: Why is the IB
method still first order accurate, that is, ||F|l.c = O(h)? To answer this question,
we first introduce the following lemma.

(2.7) T, =2 — ¢y (2 — q).

Lemma 2.1. Let Apy = e and yo = y, = 0, where ey, is the k-th unit base vector,

then
—hx; (1 —xz) if @ <Kk,
(2'8) Yi = {

—hxy (1 —x;) otherwise.

The significance of this lemma is that the solution is order h smaller than the
concentrated source.

Proof. We note the following identity:
(2.9) Any = h%k = h5het(0) ey,.

For this simple case, the IB method using the hat discrete delta function is identical
to the IIM; see [13]. Thus from the Immersed Interface Method (see [3L[13]) we know
that y is the exact discrete solution at the grid points of the following boundary
value problem

(2.10) W' =hé(x—z), 0<x<l, u(0)=u(l)=0,

whose solution is

—hx (1 —ag) if x <z,
(2.11) y(r) = ,
—hzy (1 —x) otherwise.
This completes the proof. Note that |y(z)| < h. O

From this lemma, we have the following corollary.

Corollary 2.2. Let Apy =r, then |y(z)| < hW||r|leo, where W is the number of
non-zero components of r.

The proof is straightforward from (ZII) and the fact that 0 < z < 1 and
0 < 1— 2z < 1. Notice that for a discrete delta function, it should satisfy at least
the zeroth moment equation (see [3]), that is,

(2.12) > on(w —a) =1,

corresponding to the continuous case [ 5 (x —a)dz = 1 if o is in the interval of the
integration. Now we are ready to prove the main theorem.
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1172 ZHILIN LI

Theorem 2.3. Let u(x) be the solution to @I)) and U is the solution obtained
from the immersed boundary method ([23)) using a discrete delta function oy (x) for
@1). Then U is first order accurate, that is,

(2.13) |E||o < Ch,

where C 1s a constant.

Proof. We can decompose the local truncation error into two groups,
(2.14) T = T" 4 T,

where || Tyegllco = 0 corresponds to the local truncation errors at regular grid points
where 5, (x; — a) = 0 and the true solution is piecewise linear. Note that, we have

n—1
(215) Z T, = Z T7¢9 Z Ti”‘e!] =0+ Z Tirreg.
i=1

On the other hand, we also have

w(xi—1) — 2u(x;) + u(is1)
2

(2.16) = cor (z; — @)

since the finite difference method using the discrete delta function gives the exact
solution at all the grid points. Thus we have

ni:lTi B rf <’U,(1'i1) — QU;E;Ei) tu(wipr) O (x; — a)>

i=1 i=1
(2.17) - -
= Zcéﬁ“t(xi—a)—Zcéh(xi—a) =0,
i=1 i=1

from the zeroth moment equation ([ZIZ). Thus we have 3, T} = 0. We divide
T/ into two groups, one with all positive T;’s denoted as T;""9""; the other one
with all the negative T;’s denoted as 7,9~ Since S, T/t + ST/~ = 0,
T/ and T/~ must have the same order of the magnitude O(1/h) although
those index 4 are different except that |z; — | < Wh is true for all irregular grid

points. Because the solution is linear with ¢, we have

(2.18) E=4,'T.
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CONVERGENCE OF THE IB METHOD 1173

From the solution expression, we know that,

_ -1 _ irreg irreg
E = (4, T)z =— E T/ 9% (1 — z;) + E T2 (1 — a)
<z, T >T;
—x E T (1 — x;) if ; <minz;"
K
T <

—(1—x) E ;" Y if & > minz;",
— 1
- xT;>T;

— |z Z T/ 91 — @) 4 (1 — @) Z T;”e"xi otherwise

z <z, T>xy
—x Z TiiTTEg(l 7&) +O(Wh) if 2 < minx?’regv
T ST ¢
—(1—a) Z T;nga +O(Wh) if 2 > minxz.",
= xT;>T; 4
- Z T a1 - a) + Z T;Wega(l —a) | + O(Wh) otherwise
z<T; T >
=0+ O(Wh),

after we expand all z;’s at a and since all related x; and z; are within Wh distance
from the interface «. This completes the proof. |

3. PROOF OF THE CONVERGENCE OF THE IB METHOD IN 2D

The discussion for 2D problems is much more challenging since the interface is
often a curve instead of a point. In [I5], the author has proved the first order
convergence of the IB method for the Stokes equations with a periodic boundary
condition in 2D based on existing estimates between the discrete Green function
and the continuous one in [8]. However, there are almost no theoretical proofs on
the IB method for elliptic interface problems or other PDEs with general boundary
conditions. We will prove that the result obtained from the IB for the elliptic
interface problem with a Dirichlet boundary condition is indeed first order accurate
in this section.

Consider the following 2D elliptic interface problem,

31  Au(z,y) = f(z,y) +/Fv(5)5(1? - X(s)(y=Y(s))ds,  (x,y) €,

U($,y)‘39 = u0($>y)7

where we assume that f(z,y) € C(Q), ' € C', v(s) € C'. Without loss of general-
ity, we assume that € is a unit square 0 < z,y < 1, see Figure[d for an illustration.
The problem can be decomposed as the sum of the solutions of the following two
problems. The first one is

o) B (2,9) = 2.,
ul(x,y)bﬂ = UO(%?J)a
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0.9} ot ]
0.8f 1
0.7r 1
0.6 ]
0.5 1
0.4} 1
0.3f 1
0.2 .
Q=Q+tuQ-uTl

0.11 T
0Q

0 01 02 03 04 05 06 07 08 09 1

0

FicUure 1. A diagram of a 2D elliptic interface problem. The
interface is I'.

which is a regular problem whose solution is smooth, that is, ui(z,y) € C%(Q).
The second problem is

Aus(z,y) = / v(3)8 (x — X(s)) (y — Y (5)) ds,

u2(,y) |5 = 0.
The solution to the second problem is equivalent to the following problem,

Aus(z,y) =0, [uz]r =0, {%]F =v(s),

(3.3)

(3.4)
uz(z,y)| 5o = 0.

The solution to the original problem is u = u; + us. Since u; is the solution to a
regular problem, it is enough just to consider us(z,y). Thus we will simply use the
notation u(z,y) for us(z,y).
Peskin’s IB method for the problem includes the following steps:
e Generate a uniform Cartesian mesh z; = ih, y; = jh, 4,5 = 0,1,--- ,n.
Here we use a uniform mesh for simplicity. We denote €2, as the set of all
grid points; and 08, as the grid points on the boundary.
e Replace the partial derivatives with the finite difference approximation and
use a discrete delta function to spread the singular source to nearby grid
points, that is, for i, =1,2,--- ,n—1,

Uic1,j +Uip1 + Ui j1 + U jp1 — 40U o1
h? =i
(3.5) Ny
Cif = ka‘sh (zi — Xk) On (y; — Yi) Asy,
k=1
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CONVERGENCE OF THE IB METHOD 1175

where (X, Yx), k£ = 1,2,--- | Ny, is a discretization of the interface T,
and v = v(sy), which we assume it is at least first order approximation,
vg = v(sg) + O(h).

e Solve the finite difference system of equations above to get an approxi-
mation solution {U;;}. This can be done by calling a fast Poisson solver,
say [1].

3.1. Discrete delta functions and discrete Green functions. As a common
practice, we assume that ml?x{Ask} = As ~ O(h). In Peksin’s IB method, a

discrete delta function is used for two purposes. One is to spread the singular
source to the nearby grids. The other one is to interpolate a grid function, say
the velocity, to get its values on the interface. Thus the discrete delta function
used should satisfy at least the zeroth moment condition as described in [3]. The
interpolation using the discrete delta function should be at least first order accurate,
that is,

(36) Z h kaéh Xk)éh( Yk)ASk:/F’U(S)dS-FO(h),

3,7=1

which corresponds to

(3.7) [ [ o5 @ = X150 (0)) dsedy = [ w(spas

From [[,u(x,y)0 (x — X) 6 (y —Y) dedy = u(X,Y), we should also have the in-
terpolation property7

(3.8) Z R2u(s, y;)0n (xi — X&) 0n (5 — Yi) = w(X,Y) + O(h).

i,j=1
In (30) and (B8], the error terms depend on the first order derivatives of v(s) and
u(x,y), respectively.

A discrete delta function has a compact support, that is,
(3 9) o, (.’Ei—Xk) =0, if |£L'i—Xk| > Wh,
' and 3y (y; — Vi) =0, if ly; — Yi| > Wh,

where x;; = (2;,y;), and W is a constant.
We define the error vector as E = {E;;}, where E;; = u(z;,y;) — U;;. We also
define U = {u(x;, y;)}. The local truncation error is defined as T = {T};},

w(wi—1,y5) + u(@iv1,y;) + w(@i, yi—1) + w(@i, yj) — 4ul@i,y;) 1B
12 ij
In the matrix vector form, we have A, U =F, Apu =F + T, and therefore A, E =
T, where Aj, is the matrix formed by the discrete Laplacian. We have |T;;| = O(h?)
at regular grid points where C/” = 0. In general, we have |Tj;| = O(1/h) for
grid points neighboring the interface I except for the correction terms using the
Immersed Interface Method (IIM) [I1HI3] for which we have |T}M| = O(h) at
irregular grid points where the interface cuts through the standard five-point stencil.

It is interesting that the local truncation errors can have order O(1/h) at some
grid points, but the global error is still of O(h). There has to be some kind of
cancelations of the errors, which can be seen from our proof process.

Ti; =
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1176 ZHILIN LI

Definition 3.1. Let e, be the unit grid function whose values are zero at all
grid points except at Xy, = (21, Ym ) Where its component is e;,,;, = 1. The discrete
Green function centered at x;,,, with homogeneous boundary condition is defined
as

1
310) G xgoxin) = (Aiengz ) o GH (O ) =0,

ij
where 0€);, denotes the grid points on the boundary 0f2.

Note that from Remark 4.4.6 in [7], we know that G}, (x;;, X, ) Is symmetric,

(3.11) G" (Xij, Xim) = G" (Xim, X;5) -

The usual discrete Green function, also called a discrete fundamental solution, on
the entire integer lattice is defined as

1
(3.12) Angn (Xij, Xim) = ¢ 1%
0, otherwise,

if xi; = Xim,

for all integers ¢ and j; see, for example, [2,[6]7110LI5L1I8L19] for more discussions
about the discrete Green’s functions. Note that gp (X;j,X;m) is also symmetric,
that is, gn (Xij, Xim) = gn (Xim, Xij)-

To prepare the convergence proof, we first list some lemmas that are either
directly or indirectly used in the convergence proof. The following lemma is the
discrete first Green formula. Although it is not directly used in the proof, it shows
how the discrete summation is related to the integral form; and how the source
distribution is related to the jump conditions.

Lemma 3.2 (The discrete first Green formula and an error estimate). Let u(z,y)
be the solution to BI). Thus u(x,y) is in the piecewise C*(Q) space, that is,
u(x,y) € CHQ\T). Assuming that the distance between T' and 0 is O(1), that is,
dist(T', 0Q) ~ O(1), then we have

n—1
(3.13) Z Apu(z;,yj)h* = %ds +O0(h) = / v(s)ds + O(h),
ij=1 o On r
where
o ) ) ) o . 4 o
Ahu(l‘i, y]) _ ’U/(xz 17y]) + 'U/(xri-lvy]) + ’LL(J,‘Z, Yj 1) —+ u(x“ y]+1) 'U:(J?“y])

h? ’

is the discrete Laplacian using the standard five-point stencil, and the summation
is over all the interior grid points.

Proof. We first prove the discrete first Green formula by expanding the summation.
After cancellation of interior terms, only boundary terms are left in the summation
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CONVERGENCE OF THE IB METHOD 1177

as follows:
n—1 n—
> Anulziy)h® = Y 0, 5) ; W, y;) +3 pU(n, ;) _h“(xn—la Y;)
ij = =
i TS hu(ﬂcnyo) ; u(asi,yl) n Shu(xi, yn) _hu(xi7yn_1)
i=1 i=1
ou
= —ds+ O(h).
i (h)

On the other hand, by integrating both sides of the partial differential equation
BI) with f(z,y) =0 and ug(z,y) = 0, we get

|| sudody = [[ ([ 006130 = () (=¥ () ) oy,

or equivalently,

This completes the proof. O

FIGURE 2. A diagram of the domain, interface, and integration.

Remark 3.3. The double integral [ fQ Audzdy can be divided into three parts

/ Audxdy = // Aud:z:dy+/ Audzdy+/ Audxdy
Q Qr Qo Q.

ou ou ou
= Aﬂ%ds—/rj%ds—l—/rj%ds,

see Figure 2l for an illustration, see also [I2]. As € — 0, we have

. Ou
l%/ge Audmdy—/rv(s) dS—/F {8_71] ds
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1178 ZHILIN LI

from the partial differential equation [B.]) with f(z,y) = 0 and ug(x,y) = 0. Thus

we get
lim// Aud:bdy—/ —ds
e—0 89

While Lemma is not directly used in our convergence proof, it is easier to
illustrate the relation between the boundary integral along 02 and the source dis-
tribution along I' for the first Green formula than for the second Green formula
that is used in the proof.

3.2. Interpolating the discrete delta function. We know that G"(x;;,Xim)
defined in ([B.I0Q) is a grid function with a homogeneous Dirichlet boundary condition
at the boundary grid points. The discrete Laplacian AhGh(xij, Xim) 1s zero at all
interior grid points except that it is 1/h? at x;,,,. We can interpolate G"(x;;, Xim )
to the entire domain to get an interpolation function G’}(X, Xim ). We consider any
such an interpolation function that satisfies the following:

° G}}(xij,xlm) = Gh(xij,xlm).

o G (x,x;,) € C1(Q) N H2(Q).

° AhG?(xij,xlm) = AhGh(xij,xlm) = 0, that is, zero for all 7 and j except

fori=1land j=m
e The interpolation is second or higher order accurate, that is,

(3.14)  [0°G" (xij, Xpm) — O°GY (xij,Xim)| < CR*7NYN 1 for |||y < 2,

where the derivatives of G"(x;j, X;,,,) is defined from finite differences (see
[19]) and « is the summation notation as used in the literature for the
Sobolev spaces.

. flem AG!(x, %y )dxdy = O(h) except for the four neighboring squares
centered at x;,, on which flem AGH(x, %y, )dxdy = 1+ O(h), where Ry,
is the square [z; — h, x; 4+ h] X [Ym — h, ym + h] and so on.

We provide a construction of such an interpolation function in Appendix [Al

Lemma 3.4. Let G"(x,x;,) be an interpolation function of G"(xi;,Xim) that
satisfies the conditions above, then we have the following estimates:

1
(3.15)  Gh(x,xpm) < 4+—1og(||x_xlm||§+h2)+0(h),

C
(3.16)  |0“G" (x,xim)| <
oG | (1% = Ximll2 + B)1 10

+0(h), ifllah <k-1,

where k is the order of interpolation and C is a constant. The inequality [BI6]) is
true if dist(x,00) ~ O(1) and dist(0Q,X;m) ~ O(1).

Proof. From Remark 4.4.8 in [7], we know that

G" (x5, Xim) < + — log (IIxi5 — ximll5 + h?) .

=4
Thus from the order requirement of the interpolation function, we have the first
inequality. To prove the second inequality, we use the expression from (4.11) in [I§]:

(3.17) G" (X, X1m) = gn (Xij, Xim) — 8 (Xijy Xim) — 8 (Xijs Xim) »
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CONVERGENCE OF THE IB METHOD 1179

where 5(X;j,X;m) is chosen such that AhGh(xij,xlm) = 0 at the grid points on
the boundary of the unit square using the method of images. Thus §(x;;,X;m) is a
combination of gp(x;;, Xim ) at points outside of the unit square. From Theorem 3.1
in [19], we have |0%gn(xi;, Xim)| < C/ (Ixij — Ximl|2 + 1)1, The same can be
said for §(x;j,X;m). The term s(x;j, Xy ) is chosen such that Gh(xij,xlm) =0 at
the grid points on the boundary of the unit square and Aps(x;j,X;m,) = 0 at all
other grid points. Thus s(xi;,Xim)|oq, Is the trace of gn(Xij, Xim) — §(Xij, Xim);
see Remark on page 297 in [5]. Since the values of s(x;j;,Xim)|aq, are from the
discrete Laplacian, it can be smoothly extended to the entire boundary 0€2. Thus
from Lemma 2.7.5 in [9] and the maximum principle, we have

Cllafi \'*" Cllafl \'*"
) e m)l < | —————— =\ 5 ¥ —F~ )
(3.18) ’8 5(x,% )‘ < <dist(x, o0) Sléplsl dist(x. 00 s;§|s|

where C' is another constant. From Section 4.4 in [I8], we know that s(x;;, Xim) =
O(1) as long as dist(9€, x;;,) = O(1). Thus as long as dist(x, ) ~ O(1), we have
’ 9% (%, Xym)| ~ O(1). This completes the proof of the lemma. O

Remark 3.5. The interpolation function is not unique. Along the boundary 952,
from the requirement of the interpolation function, %G? (Xij, Xim ) does exist and
is continuous. We have, for example,

(3.19) oGh (gg,xlm) _ G (x15, X1m) ; G (%05, X1m) L om)

along the boundary = = 0.

Using a similar procedure in proving the discrete Green formula, we can get the
second discrete Green formula.

Lemma 3.6. Let u(z,y) be the solution to B.1) and G"(x,x;) be an interpolation
function of G"(x;;,X1m) that satisfies the conditions listed in Section B2. If 1,m #
1 orn — 1, then we have,

3 Al )G (x5, X ) = / o($)G (X (), xpm)ds + O(h).

Proof. Again, we show the second discrete Green formula by expanding the sum-
mation. After cancellation of interior terms, only boundary terms and a source are
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left. Thus, we get

n—1
w(zo,yi) — (T, y;
Z AhU(:Ci,yj)Gh(xij,le)hzzZh (zo yj) - (71 y])Gh(le,le)

4,j=1 Jj=1

n—1
N Z hu(xn, Yj) —hu(:cnfh Y;) Gh(xn71,j7 Xim)

n—1
N Z hu(fi, Yo) ;u(xi’yl) G" (x1, Xim)

n—1

P ) S, )

G (x05, Xim) — G" (%1, Xim
B AL >h LIRS

_ nil hGh(Xn,jale) - Gh(Xn,Lj,le)

h u(xn—layj)
n—1 h
(%i0, Xim) — G™(x41,%x
_ Zh 305 A L) - ( i1 lm)u(l'i7y1)
G i,m Xlm _Gh i,m—1, Xlm
-5 G ) =G )
7;1
+ Z xzvyj AhG" (XZ]7XZ'HL)h2
7,7=1

U B (x. Xpm,
- /ag (g_n(x) G} (%, Xim) — W “(X)> ds + u(xim) + O(h).

On the other hand, by integrating both sides of the partial differential equation
@BI) with f =0 and ug = 0, we get

/ /Q G (%, Xim) Audzdy = / /Q ( /F v(s)8 (z — X(s)) (y — Y (s)) ds> G (%, Xy )dzdy,

or equivalently,

ou OG (%, Xy A
/ <8n Gl (x, x)m) — — oy ds + //Q uAGT (X, X )dxdy

- /F o(s) GE(X(8), X0 )ds.
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Note that

// AGI X, Xim )dxdy = Z // AGI X, X )dzdy

Rij\Rim

[ ueaG] e dody
Rim

= > [ (st +0m) ) Otyasay

Rij\Rim i

i //R ( w(im) + OUL)) AGH (X, Xim) drdy

lm

1181

= % (ute)+ 00 ) 00+t [ MGy + 001

Rij\Rim

= O(h) + u(Xim) + O(h) = u(xym) + O(h),

where R;; is the square centered at x;;. In the derivations above, we have used the
fact that AG”(x,%;,) = O(h) except for the square Ry, and the area of R;; is

h2. This completes the proof.

]

Lemma 3.7. Let CinB be the correction terms in the immersed boundary method

B3, v(s) € C* be defined in @), and G"(x,Xym) be an interpolation function of
G"(x;;,%Xim) that satisfies the conditions listed in Section B2l Then we have the

following estimate:

ZCIBG xzj,xlm)hQZ/

r
Proof. We denote hy = max{Asy} ~ h, then
Z CinBGh(Xi]‘, le)h2

j

= Zkaéh Xk) 5;, ( Yk) ASkG (xij,xlm)hQ

zykl

= Z v Asy Z Sn (x5 — ) 0 (y; — y) GP (%45, X1m) B?

Ny

k=1

From the expression (4.2) and Lemma 4.1 in [3], we know that

Bl <Ch Y~ |0°Gh (& xim)] -

laefli=1

u(s) G’}(X(s), le) ds + O(hlogh).

The summation Z;:L v AS (G’} (X, Xim) + Ek) is the composite trapezoidal rule
for the line integral. We divide the summation into three groups, one with the
summation of k that || Xy — xim|l2 > v/h, one with b < || X — Xpmll2 < VA, and
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the other is for the remaining k’s. The contributions from the boundary points are
split as half and half for each group. For the first two groups, we have

Z "vpAsy (G} (X, xim) + Bi) = / v(s)G" (X (s), Xpm) ds + E},
1K=t 12> I,

where ”/ means the coefficients are half at the two boundary points, and Ffélm is the
part of the interface that intersects the circle centered at x;,, with radius h. For
the part || Xy — Xpm|l2 > Vb, we have

|E,11| < Ch?max ! !

— < Ch? 5 < Ch,
Bk = ximl2 + ) (\/E+h)

due to the second order partial derivatives of G?(X(s),x;,,) and the first order
derivatives of E}.

For the part h < ||X}, — Xmll2 < v/, the error estimate is a little bit tricky.
From the error estimate of the trapezoidal rule in each interval, we have

h? h
|Bal < 5D ks |3aG}}(€k,le)| < Ch? s
12 zk: ||az|1::2 zk: (l1€x = Xim) 12 + 1)
< Chi/ LQSC@/ d—ggcn
hs (1"—|—h) . T

For the last group, we have

Z "vpAsy (G} (X, Xim) + Ex) = / v(s)G" (X(s), Xim) ds + E3
X =1 |2 <h T
< maxw(s)hlogh + EZ,

from the estimate of G/(X(s),Xyn) in BI6). For the error term E?, since the
length of the integral is O(h), we have

<on 2 5 < Ch.
(h+h)

1
|E,2L| < Ch%h max 5
X ([ Xk = Ximll2 + h)

This completes the proof of the lemma. |

Now we are ready to prove the main result of the paper.

Theorem 3.8. Let u(z,y) be the solution to BI) and U is the solution vector
obtained from the immersed boundary method B.3) using a discrete delta function.
Then U s first order accurate with a logarithm factor in the L norm, that is,

3.20 E;;| < Chlogh,  i,j=1,2,---,n—1.
( J
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Proof. Consider the error at a grid point Ej,,, if x;,, is close to the interface, that
is, dist(T', xym) < Wh, we have

Epp = ((Ah)ilTlB)

lm

— ((Ah) 1T1B> —|—((A) 1TIB)l

reg irr

_ O(h2)+((A ) 1TIB)

wrr

- Z <h2Tij(Ah)_1eij%> +O(h?)

dist(x;;,0)<Wh lm

= > W2 (Anu(zi,y;) = CF) G (xij, Xim) + O(h?)

dist(xij ,F)SW}I

= ZhQAhu(aci,yj)G Xij, Xlm) Zh2CIBGh Xij, Xim) + O(R?)

ij

( /F v(s)G(X(s), xim)ds — > vk G} (X), xlm)Ask> +0(h)

k
= O(hlogh),

after we apply Lemma and Lemma 371 Note that, in the expansion of the
summation from dist(x;;,I') < Wh to all interior grid points, we have used the fact
that Apu(x;,y;) = O(h?) and CP = 0 when dist(x;,T) > Wh. If dist(T', x1) >
W h, the proof above is still valid except that we are not going to have the singular
integration. Thus, we do not need to have the log i factor. This means that for the
IB method, the larger errors often occur near or on the interface. (Il

4. CONCLUSIONS AND DISCUSSIONS

We give a convergence proof of the immersed boundary (IB) method in the L*°
norm. The key of the proof is to establish a connection between the discrete Green
function and a continuous one with the same boundary conditions. We show that
the IB method is indeed first order accurate with a logh factor if a reasonable
discrete delta function is used. The reasonable conditions are the following: the
discrete delta function should satisfy the zeroth moment condition (summation
equals to the unity); with a local support (non-zero only in a small band of the
interface with band width Wh); and the interface does not intersect the boundary.
The conclusion of the first order convergence should be applicable to other linear
boundary conditions in addition to the Dirichlet type as long as the method of
images applies. Furthermore, since quite a few Stokes and Navier-Stokes solvers
such as the projection method, stream-vorticity formulations use fractional time
splitting methods and Poisson/Helmholtz equations, that is, at each time step, the
solvers involve solving several Helmholtz/Poisson equations. Thus the analysis in
this manuscript for a single scalar equation can be applied.

The paper’s result about the convergence of the IB method applies to any
moment-preserving discrete delta functions. The first order convergence is guaran-
teed for any discrete delta function that satisfies the zeroth moment condition with
a local support.
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1184 ZHILIN LI

On the other hand, whether the local truncation errors always behave like O(1/h)
depends on several factors. Note that most moment-preserving discrete delta func-
tions in the literature are derived for accurate line/surface integrals, but not for
pointwise discretizations. Thus, we believe that for general interfaces, the local
truncation errors near/on the interface do behave like O(1/h) for most of the dis-
crete delta functions that have appeared in the literature. Some sophisticated dis-
crete delta functions such as the one obtained from the source removal technique
in [I4] are a few exceptions.

APPENDIX A. THE CONSTRUCTION OF AN INTERPOLATION FUNCTION
OF THE DISCRETE GREEN FUNCTION

We construct an interpolation function from the grid function AG?(x;;,X;m)
to the discrete Green function AG”(x,x;,,) that satisfies the conditions listed on
page 178

Let ¢(x,y) be the function that satisfies the following conditions:

[ ]
1
(A1) AG}(xxin) =d(eg).  [[ ule)dndy = 5.
Im

° AG?(X7 Xim) takes values of G? (Xij, Xim ) at four corners and the center.

In other words, we choose the source term and the boundary condition so that the
two conditions above are satisfied.

Then, we construct the interpolation function G%(x, x;,,,) on other squares from
the values of AG"(x,x;,,,) using Qi (K) € C*(Q), where Qy, is defined as the finite
element space

k
Q*(K) =< v(x,y), on each Ry, v(z,y) = Z Biriy?,  w(z,y) € CH(Q)
i=0,j=0
over a quadrilateral mesh K, R;; is a square of h by h. In the paper [23], the author
has proposed a system to construct C''-Q* finite element spaces on quadrilaterals
meshes.

We have implemented and tested the interpolation function G?(x, Xim) of
Q°(K) € CH(), which is third order accurate (k = 3). As usual, we just need
to construct a shape function over a unit square. The total degree of freedom of
Q°(K) € C(2) is 36. In our construction, we specify the values of v, v, vy, Vg,
Ugy, Uyy, Which imposes 24 constraints. To keep the continuity of the solution and
first order partial derivatives, for example, along the side z = 0, we impose the
coefficients of zy® and zy* to be zero. That is, there are two constraints along each
side, which add an additional 8 constraints. Using the undetermined coefficient
method for the 36 constraint with the 32 conditions, we have a system of equations
with 36 unknowns and 32 equations (constraints). The condition number of the
coeflicient matrix, the ratio of the largest and smallest non-zero singular values is
8.9851 x 103, which indicates the matrix has full row rank and the system of equa-
tions has an infinite number of solutions. We suggest choosing the SVD solution as
the interpolation function.

To see that the interpolation function is in C!, we use the side z = 0 as an
example. Along this side, the function is a fifth polynomial, which is uniquely
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FIGURE 3. A plot of the shape function in Q°(K) € C*(2) at two
neighboring squares.

determined by its values, the first and second order derivatives at two points. Thus
the interpolation function and its tangential derivative are continuous along this
side. The normal derivative is in general still a fifth polynomial of y along x = 0.
After we impose the constraints that its coefficients of xy® and zy* to be zero, it
becomes a cubic polynomial which is uniquely determined by its values (v,) and
tangential derivatives (vgy,) at two points. In Figure [B] we show a plot of such
an interpolation function in two neighboring squares with a function value at one
corner being a unit while others and all the derivatives are zero.

A.1. Numerical verification of [B.I5) and BI6). We also verify the inequal-
ities (3158 and (BI6) numerically. Without loss of generality, we solve the dis-
crete Laplacian on the square [—1, 1] x [—1, 1] using different meshes m = n =
32,64, 128,256,512, and 1024. Since the solution is symmetric with « and y, we

h 2 ~h
just check G, 38%, and 88%. We check the inequalities of ([BI5) and B16) at all
the grid points and find the closest differences in the following matrix:

0.2502 0.2501 0.2500 0.2500 0.2500 0.2500
(A.2) — | 0.7032 0.7051 0.7061 0.7066 0.7068 0.7070
0.5188 0.5093 0.5046 0.5023 0.5011 0.5006

h 2 ~h
We can see that all the inequalities (3I5) for G?, and BI6) for 38%, and aaf;

with C' =1 are true. We also verify the inequalities of (810 and (8-I6) graphically
in Figure [ (b)—(d) by plotting the differences of the quantities between the left-

and right-hand sides of (B1H) and (BI6).
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FIGURE 4. Plot (a), a discrete Laplacian with a 32 by 32 mesh.
Plot (b), the differences of the quantities between the left- and
right-hand sides of BI5) for G%; Plot (c)-(d), the differences of

the quantities between the left- and right-hand sides of (316 for

h 2 ~h
83Gm L and 83% with C' = 1, respectively.

APPENDIX B. A NUMERICAL EXAMPLE

We use a numerical example to show that the immersed boundary method is
indeed first order accurate and its local truncation error is of order O(1/h). The
differential equation is

(B.1) Au(z,y) = /F25(x L X()O(y - Y($)ds,  —1<m y<l,

where the interface I' is the circle r = 1/2, where r = /22 + y2. The function

(B.2) =1 s
. u(z,y) =
1+log(2r) ifr> 1,

satisfies the PDE. This example is taken from [IT]. We use the IB method to solve
the PDE with the Dirichlet boundary condition given by (B2]). In Table [ we list
the results of a grid refinement analysis. In Table[Il the number N is the number
of grid lines in the x and y directions. The interface r = 1/2 is discretized by
Xy = 0.5c08(2kw/N) Yy, = 0.5sin(2kw/N), k=0,1,--- ,N — 1.
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CONVERGENCE OF THE IB METHOD 1187

TABLE 1. A grid refinement analysis of the IB method using the
discrete cosine and hat delta functions.

N HEcosHoo ordercos |Tcos||oo HEhat”oo OT‘deThat HThatHoo
20 5.72171072 17.3534 || 2.1724102 9.1327
40 2.72261072 | 1.0715 | 34.9848 [/ 9.99331073 | 1.1202 20.6630
80 1.339910=2 [ 1.0228 | 69.9772 || 5.276110—3 | 0.9215 43.5721
160 || 6.73401072 | 0.9926 | 139.254 || 4.536510~3 | 2.1789 117.289
320 | 3.35101073 | 1.0066 | 279.483 || 1.8853103 | 1.2667 195.664
640 || 1.67371073 | 1.0018 | 556.360 || 1.198510=3 [ 0.6536 495.791
1280 || 8.466310~* | 0.88326 | 1122.01 || 5.402110~* | 1.1497 892.463

In the second and fifth columns of Table [l we show the L® errors of the com-
puted solution of the IB method using the discrete cosine and hat delta functions,
respectively. The third and sixth columns show the approximate convergence order
using the two consecutive errors. We see clearly first order convergence. In the
fourth and seventh columns we show the local truncation errors in the L norm.
We see that the largest local truncation error increases in the order of O(1/h).
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