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ABSTRACT. We propose an immersed hybrid difference method for elliptic
boundary value problems by artificial interface conditions. The artificial in-
terface condition is derived by imposing the given boundary condition weakly
with the penalty parameter as in the Nitsche trick and it maintains ellipticity.
Then, the derived interface problems can be solved by the hybrid difference
approach together with a proper virtual to real transformation. Therefore,
the boundary value problems can be solved on a fixed mesh independently of
geometric shapes of boundaries. Numerical tests on several types of boundary
interfaces are presented to demonstrate efficiency of the suggested method.

1. Introduction. In this paper we propose the immersed hybrid difference (IHD)
methods for elliptic boundary value problems. Let us consider an elliptic boundary
value problem on a multiply connected domain such that

~Au = f inQT, (1.1a)
A+ pudp+u = 0 onlT, (1.1b)
u = 0 only. (1.1c

Referring to Fig. 1let Q = Q- UQt, T =90t N9Q~ and Ty = 9. The vector v+
denotes the unit outward normal vector on I' from QF, respectively. We assume the
source f is smooth enough in QT and the inner boundary I' is smooth for the sake
of concise regularity analyses. The case (A, u) = (1,0) corresponds to the Dirichlet
condition and (A, ) = (0,1) corresponds to the mixed boundary value problem with
the Neumann interior boundary condition. It will be called the Neumann condition
from here on since we are interested in treating the interior boundary condition.
When Ap # 0 it is called the Robin condition. The boundary condition on the outer
boundary is assumed to be the homogeneous Dirichlet condition for simplicity. For
exterior domain problems the outer boundary condition can be replaced by some
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F1GURE 1. Configuration of the problem domain

absorbing boundary condition, which has many physical applications such as the
heat conduction and wave propagation problems.

The finite element and finite difference methods work very well for the boundary
value problems if a mesh is constructed properly. Many researchers have studied and
developed numerical methods for various problem by using finite difference (FD)
and finite element (FE) approaches, to name a few, the (compact) finite difference
[20, 30], conforming and non-conforming FE (see [4] and references therein), mixed
FE [1, 6], discontinuous Galerkin (DG) [2, 7, 10] and hybridized DG (HDG) [9]. For
these methods, boundary fitting mesh generation is the most effort taking part in
implementation when the boundary of a domain is geometrically complicated. For
curved interfaces high order methods fail to achieve the optimal order of convergence
since the boundary conditions are imposed on a non-physical boundary with the
usual elements. Thus, we need additional treatments (e.g. isoparametric curvilinear
elements [3, 5, 19]) to recover the optimal order of convergence. On the other hand,
various immersed methods for elliptic boundary value problems and relate problems
have been introduced and developed to handle the computational domain involving
complex geometries or curved interfaces/boundaries. For example, the boundary
integral method (BIM) was introduced by Mayo [24, 25]. Recent work by Marques
et al. [23] and the kernel-free boundary integral method [33, 34, 32] are inspired
by the BIM. Some of other well established methods are the immersed boundary
method [27], the immersed interface method [21, 22|, the explicit-jump immersed
interface method [31], the ghost fluid method [12, 11], the immersed boundary
smooth extension method [29], the matched interface and boundary method, and
other methods [8, 28, 13]. These methods commonly reduce the efforts of mesh
generation for the interface problem, because robust and efficient structured grids
are used instead of a fitted mesh generation. The differences are how they enforce
the boundary conditions and how they produce the solution in the domain.

The immersed hybrid difference method was developed by the first author [14]
for the elliptic interface problems, and this idea is extended to solve boundary value
problems. In the immersed boundary approach, instead of solving the equation on a
boundary fitting mesh, we consider the extended problem of it on the whole domain
by treating the inner boundary as an immersed interface. To do that, we introduced
artificial interface conditions maintaining ellipticity of the weak formulation and im-
posing the given boundary condition simultaneously. Then, the immersed interface
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type numerical method solves the problem on the uniform rectangular mesh. Simi-
lar to the existing immersed methods, our approach reduces mesh generation efforts
compared to the standard finite element or finite difference approaches. Also, there
is no numerical integration to solve the problem and the number of global degrees
of freedom can be reduced via embedded static condensation since our approach is
based on the hybrid difference method. On the other hand, there are drawbacks in
our approach compared to the existing immersed methods. The condition number
of the local system can be large when the penalty parameter is very small, and
the extended problem requires extra computational cost. If the size of Q™ is small
compared to that of Q% the additional computational cost can be ignored, and this
kind of situation arises commonly in physical applications such as wave scattering
problems.

The hybrid difference (HD) method is a finite difference version of the hybridized
discontinuous Galerkin method and it was introduced by the authors and their col-
leagues for the elliptic, Stokes and Navier-Stokes equations [15, 16, 17, 18]. Recently,
the immersed boundary approach was applied to the HD method to develop the IHD
method by the first author [14] for elliptic interface problems. The key feature of
the IHD method is the introduction of the wvirtual to real transformation (VR-T)
to find the finite difference stencil on interface cells, which refer to the cells that
contain a portion of the given interface. The VR-T defines a relation between two
locally extended sub-solutions on interface cells. In this paper we treat boundary
I' as an immersed interface, therefore, we need a mesh generation of the whole
domain Q7 U ™, and the boundary conditions are imposed weakly by artificial
interface conditions which contain a penalty parameter. The technique reminds us
the Nitsche trick somehow.

The immersed hybrid difference method is consisting of two kinds of finite dif-
ferences. Let us consider a decomposition of the domain into rectangular cells, 7y,
so that Q = Ugre7, R. The cell difference approximates the local PDE on R € 7},

—Au = f onR. (1.2)

The intercell difference patches the local solutions together on intercell edges by
approximating the flux continuity,

[[Ovu]]e = Oule + Oprule =0 one=IRNOR. (1.3)

The continuity of u is guaranteed by assuming u is single valued on cell edges.
Here, v and v’ are the outward unit normal vectors from R and R’, respectively. In
the THD the boundary conditions on I'g appears explicitly, however, the boundary
condition on I is included in the VR-T and it does appear explicitly.

The paper is organized as follows. In §2 the artificial interface conditions are
derived, which will replace the boundary conditions on I' in (1.1), and some re-
lated analyses are provided. In §3 one dimensional immersed hybrid difference is
introduced and the artificial interface conditions in §2 is used in deriving the vir-
tual to real transformation. The two dimensional extension of the immersed hybrid
difference are discussed in §4. In §5, numerical examples are provided to justify
the theory and to demonstrate efficiency of the proposed method. Lastly, some
concluding remarks are given at the end of the paper.

2. The immersed boundary value problem by artificial interface con-
ditions. In this section we extend the given boundary value problem (1.1) in a
multiply connected domain to the immersed boundary value problem in a simply



3364 YOUNGMOK JEON AND DONGWOOK SHIN

connected domain by introducing artificial interface conditions. For simplicity of
discussion on solution regularity we assume that the interior boundary is smooth
enough.

2.1. Dirichlet condition. Let us consider the Dirichlet condition.

~Aut = f inQF, (2.1a)
ut = gp onT, (2.1b)
ut = 0 onTy. (2.1¢)
By solving another Dirichlet condition in 2~
—Au” = 0 inQ7, (2.2a)
um = u" onT, (2.2b)

one obtains a solution
(2) = ut(z), =eQf,
) = u (r), ze .

By the theory of elliptic operators in [26] we have the following lemmas.
Lemma 2.1. Suppose Q= € C"T51 for r > 0. Then,

10— u" [ grs=1/2ry < Cllgnll get1/2(ry
with —r—1<s<r+1.
Lemma 2.2. Suppose Q" is Lipschitz. Then,
10+ u™ (| Loy < Cllut |y + Cllut a1 @y + Cll fll Loy

and
[u* a1y < Clldu+u™ || Loy + Cllut L@y + Cllfll Loty

We convert the above decoupled problems (2.1) and (2.2) into an approximat-
ing coupled problem with suitable interface conditions, and it will be called the
immersed boundary value problem from here on.

Let +a) N
ul (x), €O,
uelw) = { u (v), =€,

be the solution of the coupled problem;

—-Aulf = f inQF, (2.3a)

€

—Auy; = 0 inQ, (2.3b)

€

with the exterior boundary condition u* = 0 on I'g, and with the interface condi-
tions

F=u_, eruf+ed,-u =—-ul+gp onT. (2.4)
Here, vT and v~ are the unit outward normal vectors on I' from QF and Q—,
respectively, and 0 < € < 1.

Let us introduce function spaces for the extended solution v = ut Uu~.
HEQ-UQT) ={uecCQ):ut =ulg: € HF(QF)},
HEQ Ut ={ue HY Q- uQt) :ulp, =0}

The extended solution u € HJ (2~ UQT) of (2.1) and (2.2) satisfies the variational
form, for v € H(Q~ U Qt),

(Vu™, Vo )g- + (Vut, Vo) gr — (0p+u™ +0,-u",v)r = (f,v )qr.  (2.5)

u
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Moreover, the solution u. € H}(Q~UQT) of the immersed boundary value problem
(2.3) and (2.4) satisfies the variational form, for v € HZ(Q~ U Q*),

(Vu_ , Vo )g- + (Vul, Vo )gr — (O,+ul +0,-u_,v)r, (2.6)
1
= (Vu_, Vo7 )o- + (Vu!, Vot)or + <€(Ue —gp),v)r = (f,v)g+

Subtracting (2.5) from (2.6) we have

(V(ue —u),Vo)g + é(uE —gp),v)r = —(Op+u 4+ 0,—u",v)r.
Taking v = u — u, one obtains that
[ue = gpllL,y S €lldru® +dy-u| Ly (2.7)
< ellgplle ) + 1wt la @y + 1 fllLa@h)-

2.2. Neumann condition. Let us consider the the problem with the Neumann
boundary condition only on the interior boundary.

~Aut = f inQF, (2.8a)
d+ut = gy onT, (2.8b)
u™ = 0 onTy. (2.8¢)

The extension of u™ to the whole domain is made by considering an additional
Dirichlet condition.

V-(eVu™) = 0 inQ, (2.9a)
uw = u" onT. (2.9b)

Then, the total solution u € Hg (2~ UQT) satisfies the following variational problem,
for v e HY Q™ UQT),

(eVu™, Vo )g- + (Vut, Vo )ar — gy +€dp-u™,v)r = (f,v)ax- (2.10)

The immersed boundary approximation of the problems (2.8) and (2.9) is ob-
tained by introducing appropriate interface conditions as follows.

~Aulf = f inQF, (2.11a)
~V-(VuI) = 0 inQ, (2.11b)
ul = 0 onTy, (2.11c)
with the interface conditions
ul =u., Op+ul +e€d,-u- =gy onT. (2.12)
Then, u. € H} (2~ UQT) satisfies the variational problem, for v € H}(Q~ U QT),
(eVu_, Vo )g- + (Vul, Vot)gr — (g, v)r = (f, v )ar+. (2.13)
Subtracting (2.13) from (2.10) one obtains that
(eV(u™ —ul), Vo )g- + (V(u" —ul), Vot)gs = (ed,-u,v)r. (2.14)

Take v = u — u,, and using the duality of the Sobolev space, Lemma 2.1 and the
trace theorem we have

V" —uD)i@n S elldu-ulla-zmllvllmem
<

ellu™ o) lut = uf |l gy
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Notice that u~ is independent of €. The Poincaré inequality yields that
IVt —uD)r,00) S ellu™ a1 @-)- (2.15)
2.3. Robin condition. Let us consider the the problem with the Robin boundary

condition on the interior boundary (we consider only the case uA > 0 and p # 0 in
(1.1b)). Without loss of generality assume p =1 and A > 0.

—-Aut = f inQF, (2.16a)
Op+ut+ u = gr onT, (2.16b)
ut = 0 onTy. (2.16¢)

As in the Neumann case the extension of u® to the whole domain is made by
considering an additional Dirichlet condition.

V-(eVu™) = 0 inQ, (2.17a)
v~ = u" onT. (2.17b)

Then, u € H (2~ UQ™) satisfies the following variational problem, for v € H}(Q~U
ah),

(eVu™, Vo )g- + (Vut, Vo )gr — (gr — M+ €dy,—u™,v)r = (f,v )ar. (2.18)

The immersed boundary approximation of the problems (2.16) and (2.17) is ob-
tained by introducing appropriate interface conditions as follows.

~Aul = f inQF,
—V-(eVu;) = 0 inQ,
ul = 0 onTy,

with the interface conditions

ul =u-, Oyrul + uf +ed, us =gp onT.

Then, u. € H} (Q~ U QT) satisfies the variational problem, for v € H}(Q~ U Q™),
(eVu;, Vo )g- + (Vul, VoT)aor — (gr — Muf,v)r = (f,v)a+. (2.19)

Subtracting (2.19) from (2.18) one obtains that

(eV(u™ —u.), Vo )g- + (V(u' —ul), Vor)gr + (Mu — u.),v)r = (ed,-u™,v)r.

By a similar argument as in the Neumann condition

IV (u™ = ub) Ly + Allu — UeH%Q(r) Sellu [z @y

3. One dimensional immersed hybrid difference method. In this section we
introduce the immersed hybrid difference method for the immersed boundary value
problems.
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FIGURE 2. One dimensional cell configuration: m cell-point, ® in-
tercell point.

3.1. The 2nd order method for the Dirichlet condition. We begin with the
simplest one dimensional method. Consider the domain [0, 1] with two interface
points, 'y € I,_1 and T'y € I;, where it is divided into N-cells so that [0, 1] = uj.":j)llj
with I; = [12;,72;+2]. The non-interface cell contains one cell-point and two intercell
points, and the interface cells I_; and I; contain an additional point that is the
interface point as in Fig. 2.

We consider the one dimensional elliptic Dirichlet condition on two disjoint in-
tervals O = (0,T1) U (T2, 1): find u™ such that

—ul, =fonQFf, uF=gronly, ut=gyonTy ut(0)=ur(1)=0.(3.1)
In addition to the above problem we consider an auxiliary problem such that

—u,, =00n Q" =(I'1,Ig), v~ =¢gronly, w =gyonls. (3.2)
From here on we call 4 = u™ Uu~ the exact solution.

The reason to consider the auxiliary problem is that one wishes to solve the
problem (3.1) on a non-matching grid with an extra cost of solving the problem in
(3.2). The numerical method on non-matching grids will be called the immersed
(interface) hybrid difference method. By following the argument in the previous

section we are going to solve the following coupled problem instead of (3.1) and
(3.2). Let ue = uT UuZ be the solution of the coupled problem:;

—Dguf = f inQF, (3.3a)
—Dypu; = 0 in Q7 (3.3b)
with the exterior boundary condition u™(0) = u™(1) = 0, and the interface condi-
tions
=, Oprul + €0, ul = —ul +g; onTy, (3.4a)
ul =u-, €d,-ul +ed,rus = —ul +go onTs. (3.4b)

+ _
ul =u

Then the equations (3.3) with the interface conditions (3.4) can be solved by an
immersed (interface) numerical methods. The advantage of this immersed approach
will become more clearer for higher dimensional problems since the problem can
be solved on a uniform mesh, which is independent of the geometric shape of an
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interface. In our approach the interior boundaries I'y and I'; are treated as immersed
interface.

For the sake of simplicity we use u for u. from here on as long as there is no
danger of being confused. The total exact solution u = ut Uu~ satisfies

u(m):{ ut(z), xeQr

u (z), zeQ~

We are going to use the finite difference method. Then, the approximation

Uk — 2U2k—1 + Uggk—2
D" oy =
zaxU2k—1 (he_1/2)?
with hi_1 = 1og —12k—2 is not appropriate for approximation of u,, on the interface
cell since u is not smooth enough on the interface cell Iy_1 = [nog—2,m2x]. It is

inevitable to consider extensions of uT on interface cells. The interface cell I5_; is
meant by the cell with which Iy,_1 N QT # g and Ix,_1 N Q™ # o.
Now, we consider an extension u of u on interface cells.

( ) T e [07772k]7
u(x) =4 u (z), @€ [nor—2,n242l,
u"'(m) T e [77217 1}7
with reference to Fig. 2. Here, ™ = u™ on QT and &4~ = u~ on 97, and u
is multiply valued on the mterface cells Iy_1 = [nor—2,m2k] and I} = [noy, Noi+a).

Then, the finite differences based on u* yield good approximations for derivatives
as follows; on Ij_1
~

at —out —I—u Us — U
Dh ~+ 2k 2k—1 2k—2 Dhit _ Ugg 2k—2 35
zUop—1 = (ho1/2)? ) aUop_1 = Moy (3.5a)
3us — 4uF +u 3uL. — 4ur +u
~ 2k—2 2k—1 2k ~ 2k 2k—1 2k—2
ol iy, 5= e . Oh g, = B .(3.5b)

on the interface cell I,_;. Here, the unit normal vector v+ on the cell interface
represents the normal vector from the neighboring right cell and v~ represents that
from the left cell. Notice that we use the notations, d,- and d,+ for the normal
derivatives on the genuine interface.

Now, we consider how to obtain @ from u, that is, how to obtain the extended
values {Uy, .,y ,,Uy,} from the existing values {uj, ., Uy, ,,Uy.} (see Fig. 3).
From here on, {U;, ., Uy, ,Uq,} are called the virtual values, and {ug, ., Uy, ,
Uy} are called the real values. It is time to introduce a relation between the real
and virtual values, which is called the virtual to real transformation (the VR-T). To
obtain the VR-T we use the artificial interface conditions in (3.4) and the governing
differential equation

ut(Ty) =u=(I'y), (3.6a)

ey (T1) +ut(T1) = ety (T1) + g1, (3.6b)

Uy (M2k-1) = —Ugy (26-1) + for-1- (3.6¢)

To impose the conditions in (3.6) the Lagrange interpolations, u~ = s, _,¢1 +

Upy 1 G2 + Uyy 3 and U = a;k_gd)l +773‘k_1¢2 + ﬂ;‘kd)g are used, where ¢1, ¢o, @3 €
Py (I1.) = span{1,z,x?} are the Lagrange basis. In the VR-T the first two conditions
corresponds to the 1-d version of the interface conditions in (2.4), and the third
condition is called the consistency condition, which is derived from the governing
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—@ »
M2k—2 M2k—1 2k

FIGURE 3. An illustration of the extended solutions u*(z) in the
interface cell I_;: the solid lines are the original u®(x) and the
dotted lines are extensions.

differential equation. In view of Fig. 3 the VR-T yields the following linear relation
between the virtual values and the real values

[ﬂ;k72’ a2+k717 E;k]T = M[a;kfw ﬂzikfp ﬂ;k]T + £[07917 f2k71]T-

Then, the virtual values in the finite differences (3.5) can be rewritten in terms of
all real values via the VR-T. For example, let us look at —D" w5, 1> 5";+ ﬂ;‘k_Q and
Ol 75, in (3.5a) and (3.5b). The finite differences in real values are obtained as

h ~—

- Dwxu2k71

a;k - 2627c—1 + a;k—Q
(hx—1/2)?
(1+ mag)tig, — (2 — mag)Uy,_; + miily,_, ~lizgr + hisfar—a
(hi—-1/2)? (hr—1/2)%

ho~+

v+ Ugg o

~4 ~4 ~4
_ Bugy oy —dugy_ + Uy,

h ~—
au— Uag

hy—1
(3 — 4m21 + mgl)ﬂ;—k_2 + (74’[7122 + mgg)ﬂ;k_l =+ (747’)123 —+ mgg)ag_k
hi—1
4+(*4b2%*bﬂ91+(*4b3+l%)ﬁk—1
hi—1
By, — AUy g+ Ugy_s
hi—1
(3 + mag)tgy, + (—4 + m12)lg,_; + Mmiily, . l12g1 + 113 for—1
hi—1 hy—1 ’

where m;; and l;; are the (4, ) components of matrices M and L, respectively.
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Theorem 3.1. Let I’y € [nog—_2,m2k] and 6 = 2%. The matriz M for the

Dirichlet condition is nonsingular if |63 —6| # %, where € is the penalty parameter,
O0<e<l.

Proof. The matrix M is derived by solving the homogeneous jump and consistency
conditions, that are,

[[ullr, =0, elfue]lr, = —u"(T1),  [[tao]lpar_, =0 (3.7)
Consider the function d(z) = u*(x) —u~(x). Using d € P2(I}_1), the conditions in
(3.7) yield that dy, =0, d, = K and d = K(z —TI'y) for a constant K = 7@
on I_q.
To show that M is an injection let us assume that the virtual values are zero so
that uy, ., = u;rk_l = u;k =0 (that is, -1 < §d <0 with I'; =
Fig. 3). Then, d = K(z —I';) yields that

u;k_g = K(nok—2 —T1), uyy_y = —K(mox—1 — 1), uy, = =K (2 — I'1).
The Taylor expansion yields that

5hk 1 0*hj_,

ut(ly) = ug_y+——Dyug,_, + 3 Dagtg;,_,
__Ohpa K(T]%—Q —T1) | 0°hj_y K(nog—o —T1)
2 Tor 1 8 (he1/2)7°
02— 6(1—0)(1+6
= K(nog—o—T1) = M—fﬂlkq
2 4
where § = %ﬁ”;; The condition, K = — (Fl) yields that K (hg_1(6—0%)+4€) =

O

4 _
0. If§—0% # — T K = 0. Then, the real values satisfy uf, o, =g, | = ugy, =
and M is injective.
Now, let us consider the other case so that the virtual values are {uz_kﬂ, Usp_ 15
uze} (that is, 0 < 6 < 1). Let uy,_, = ug,_; = uz, = 0. Then, d = K(z —T')
yields that

)

Ugp o = K(nor—2 —T1), udy_; = K(nar—1 —T1), ugy, = —K (2 — I'1).
The Taylor expansion yields that
Shi_1 62h;

uw (T) = ugy+ —5 Doty + %Dmuzk 1
Ohpoy K(pok —T1)  0%hji_y K(nox — 1)
2 hi—1 8 (hi—1/2)?
K Kh
= —5(54-52)(77%—11) : = (5 - 6%,

where § = F}L%f’}; The condition, K = —@ yields that K(—hg_1(6 — &%) +

4¢) = 0. Then, M is injective under the assumption. O

Theorem 3.2. Let T'y € [nak—2,M2k] and § = 2%2’1“1. The matriz M for the
Neumann condition is nonsingular with the penalty parameter 0 < e < 1.

Proof. The matrix M is obtained by solving
[ullr, =0, (uf —eu;)(T1) =0, (ug, — eug,)(2r—1) = 0. (3.8)
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Let us consider d(z) = u™(z) — eu™ (x). Using d € Py(Ix—1), the conditions in (3.8)
yield that d,, = 0, d, = 0, hence u* = eu™ + K for some constant K. Now, using
(ut —u7)(T'1) = 0 we have ut(I'y) = u™(I'h) = £

To show that M is an injection let us assume that the virtual values are zero so
that uy, o, = u;r,Pl = u;k =0 (that is, —1 < § < 0 with I'; = nop_1 + (5% as in
Fig. 3). Then,

_ K _ K
R O T Y T T
The Taylor expansion yields that
Shi— 8%hi
ut(T) = ugp, + TlDiCu;_k—l + Sk “Dppuy
_ Ol KW, K K52
2 I 8 (he_1/2)? 2
Using u*(I'1) = £, we have K (62 — 6 — 12-) = 0. Since 62— 6 — 2= #0, K =0,
which implies u;rkf2 = Ug,_, = Uy, = 0. The injectiveness of M is proved. The
proof for the remaining case, 0 < § < 1, can be obtained by a similar way. O

Remark 1. In our approach we use the penalty parameter ¢ = h® with a >
1. Therefore, the case |6% — §| = 4h®~! (for Theorem 3.1) can be avoided if the
genuine interface I'; is not located somewhere very close to the cell center or the
cell interfaces.

Now, let us introduce the hybrid difference method. Let U be the approximate
solution of @, and U and U~ are those of ! and u_ by the immersed hybrid
difference method. Then the hybrid difference method can written as follows. The
PDE (3.1) at the cell interior point and the flux continuity at the intercell points
derives the following hybrid difference equations:

*DZmU;jH = foj+1, I; c Qf, (3.9a)
(08 + 00 )Us; 45 =0, (3.9b)
—D} Uiy = fajr, Q7 (3.10a)
(Oh- +0L)U5; =0, (3.10D)

and on the interface cell I _; and I; (see that 7a;_1 € Q™ and 79,21 € Q7 in Fig. 2),
— DI U5y = for—1, —DRUS L = faga (3.11)

Note that the intercell equations related to (3.11) are contained in (3.9b) and
(3.10b). The VR-T does not appear explicitly in the hybrid difference formula-
tion, and it is contained implicitly when evaluating the finite differences in the
interface cells.

3.2. A higher order method. Now we consider a higher order method based on
the cell configuration in Fig. 4. It should be noted that the interior cell points
{Nak+1,Nak+2} of the cell [k, nar+3] are the Gaussian points. In this case we
have the four real and four virtual values in the interface cell. The real values are
U Usiet1s UZ?chzv UEHS} and the virtual values are {U&,U&H, Usir2 Usprs)-
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FIGURE 4. The Ps-interface cell configuration. The cell interior
points are Gaussian points for the interval [n4g, Nak+3]-

The VR-T is derived by solving the following four independent equations by con-
sidering U=, U+t € P3(I}) = span{l, z,x? x3}.

ur(r)=uv-(I)

UH(D) + U (L) = U (L) + g (L)
~Ugy (nagr1) = ~Upy (ages1) + fann
~Ufy (akt2) = Uy (Mar2) + f4k+2}

For the Neumann condition we use the following VR-T,
Ut =U-(I (3.12a)
UH(T) = U, (1) + gn(T) (3.12b)
~U o (na41) = —€Upp (Na41) + fania
~Ufy (nak+2) = —€Up (an42) + f4k+2-}

For the Neumann VR-T we can use —Uf, (n) = —U_..(n) + f instead of —U; (n) =
—eU_,.(n) + f since =Dy ,u- = 0, and the former makes the convergence behavior
more regular according to our numerical test in Section 5. For the Robin condition
only the equation (3.12b) will be changed to

U () + \UT) = U, (T) 4 gr(D).

(3.12¢)

4. Two dimensional THD method. In this section the one dimensional im-
mersed method is revised to accommodate the two dimensional case. Since the
immersed hybrid difference method for the non-interface cell is trivial, we mainly
discuss on the ITHD on interface cells and related two dimensional VR transforma-
tion.

4.1. Hybrid difference method. The hybrid difference method for the equation
(1.1) is composed of two kinds of finite differences, the cell finite difference and
the intercell finite difference as follows. With reference to the cell configuration in
Fig. 5 the cell finite difference is

U (n5) —2U () + U (n3) Ut (ns) —2U" (na) + U* (1)
(h1/2)? (k1/2)?
= f+(774) (4.1)
on the cell Ry, and the interface finite differences are
3U* (n5) — AU () + U™ (n3) " 3U* (15) — AU (n6) + U (7)

—A"UT () =

(02U *]lns = =0,
fo1 ho (4.2)
(R = S0 018) = 4Uk+(774) +U*(m) | 3U*(ns) = 4U:;(7711) +U (p13) _
1 2

In the above finite differences U™ (n;) and U™ (n3) are virtual values, and they
should be replaced by the real values {U~ (1), U~ (n3), U (n4), Ut (n5),UT (ng)}
via the VR transformation.
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FIGURE 5. The Q;—gmd |R1| = hy X kl, |R2| = hg X kl, |R3| = h1 X ko.

4.2. Two dimensional VR transformations. In Fig. 6, two grid types are dis-
played. The left one is the Q3-grid cell, the others are the Q5-grid cells. Note that
the interior grid points are the Gauss points on the corresponding dashed line. If
an interface passed through a cell, this cell is called the interface cell. The interface
cells are divided into two types. It is called the coherent interface cell if the interface
and the lines of integration (the red lines) intersect, and the incoherent interface
cell has no intersection. In Fig. 6, the left and center ones are coherent and the
right one is incoherent. In the IHD method, an incoherent cell is regarded as a
regular cell which an interface does not pass through at all. Now we introduce two
dimensional VR transformations for interface coherent cells. Firstly, we consider
the constitutive equations on the Q35-coherent grid cell. Since the Q35-grid cell con-
tains five real and virtual values, respectively, we need the constitutive equations
composed of five equations as follows.
The VR-T for the Dirichlet condition (2.3):

U+(T1) = U_(Tl)
U+ () = U_(Tg)} (4.3a)

)
Ut (1) + €0ys UT(12) = —€0,- U™ (12) + gp(72) (4.3b)

—AU™(n3) = =AU (n3) + f(n3) : consistency
(

Ut (m1) + €0+ U (1) = —€0,-U™ (11) +9D(Tl)}

The VR-T for the Neumann condition (2.11):
Ut(rn)=U"(n)
Ut(r) = U(T2)}
0+ UM (1) = —€0,- U™ (11) + gn (1)
0+ Ut (12) = —€0,- U™ (12) + gN(Tg)}
— AU (n3) = =V.(eVU™)(n3) + f(n3) : consistency

(4.4a)

(4.4D)
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FIGURE 6. The coherent Q5-grid (left) and @Q%-grid cells (center),
and the incoherent interface cell (right). There is no rule for the
choice of points {7;}, and a quasi-uniformly distributed set of points
along the interface will be reasonable.

These are simple and natural generalizations of the one dimensional VR transfor-
mations.

Since there are twelve real and virtual variables, respectively, (see, the center in
Fig. 6) in the coherent Q3-cell grid, we need a set of 12-constitutive equations as
follows.

U, =0, U" +[[dUll, =gp(p), [-AU]l;= f(q) (4.5)
The VR transformation for the Dirichlet condition.

(U], =0, 0,+U" +€d,-U™ =gn(p), —AU(q)+ V.(eVU)(q) = JE(Q)

The VR transformation for the Neumann condition.

Here, p = 71,72, 73, 74 and g = n4,M5,7Ms, 9. The conditions (4.5) and (4.6) are used
to derive the VR transformations for numerical computation in Section 5.

In order to define the VR transformation, the number of equations required is
((k + 1)? — 4) which is equal to the number of grid points in a Qj-grid cell. It is
natural to consider for the 4(k — 1) distinct interface points and the (k — 1) interior
Gaussian points of a cell.

4.3. The binomial space Q}(R). In order to impose the constitutive equations,
we need binomial spaces for U~ and U™ satisfying the following properties:

(P1): The degree of freedom of Q}(R) = (k+1)? — 4.

(P2): Py(R) C Q;(R) C Qr(R)

(P3): Qr—2(R) C AQ;(R).
Here, Qr(R) is the space of binomials of degree < k for each variable, and Py (R) is
that of the total degree < k. In order to obtain the optimal convergence rate, the
condition (P2) is required. The condition (P3) guarantees independent consistency
equations. Since U and 0,U become functions which have the number of degrees
of freedom 2k and (2k — 1), respectively, in the corresponding variable on a slanted
interface, the (2k — 2)-collocations on U and 9, U on the interface are independent.
If the interface is parallel to the coordinate axes then both U and 9,U degenerate
to polynomials of degree k. Since 2k — 2 < k + 1 for k < 3, they are independent
only when k£ < 3.

The following two binomial spaces are likely to be most commonly used,
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* Q3(R) = span{l,z,y,2°,y°},

o Q3(R) = span{l,z,y,2* 2y, y? 2°, 2%y, xy?, y*, 2%y, 2y’ }.
It is easy to see that Q% satisfy the properties (P1)-(P3) and Q3 satisfies P;(R) C
Q3(R) instead of (P2).

Remark 2. Let the extended solutions satisfy u* € C*+1(R) for an interface cell
R with a smooth enough interface. Then,

inf ﬂi — Ui < Chk+1 ui
U£€Q;(R) | loo.r < ™ | k41,00, R
for k > 3, and

inf [aF — U*|lao,r < CR2|[u 2,00, r-
UiGQS(R)

5. Numerical experiments. In this section, we present numerical experiments
in one and two dimensions to illustrate efficiency of the THD method. We also
performed numerical experiments by changing a which determines the penalty pa-
rameter € (see, Remark 1).

5.1. One-dimensional numerical examples. We perform numerical tests for a
one-dimensional problem.

Ex. 1. Let us consider the differential equation, —u,, = f on QF = [0, 2] U [%, 1],
and the exact solution satisfies

e —1, 0<x<

NTIS

u(z) =
sin(rz), 2 <z<1.

Then, the extended solution satisfies u™(z) = (e7 — 1)(5 — 7z) + sin(27)(7z — 4)

on [2,3].

The immersed boundary value problem solves the extended problem,

4
_Da:xuj:exa OSxS?v
5

— Dypul = 7 sin(rx), - <z<l1,
4 5
*Drx 7:07 - =]
zaUe - <z < 7

with «(0) = u(1) = 0. The interface conditions are imposed as

4
=u_, ul+ed,rul =—ed, u + e —lats= =

€
+ — + + - (? 5
ul =u_, ul +ed,+ul =—ed,~-u_ +sin i at x = 2

for the Dirichlet condition, and the interface conditions for the Neumann condition
are

1 4
ulf =u-, Oprul = —€d, u_ +e7 at x = =

€

5
uf =u-, Oy+ul = —€d,-u_ —wcos <77r> at x = -

The penalty parameter is taken to be ¢ = h* with a =1, ..., 4.
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FIGURE 7. Numerical experiments for the 1-d Dirichlet condition
on the P3-grid. The first two figures represent error and conver-
gence rate, respectively, and the right represents the scaled condi-
tion number ((Condition Number) x h3).
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FIGURE 8. Numerical results for the 1-d Neumann condition on
the Ps-grid. The scaled condition numbers are almost coincident.

The computation is made on the cell configuration in Fig. 4. According to the
standard theory of approximation the best possible order of convergence is of O(h*+
h) when u € C*(QT) with e = h®. Here, h represents the scale of a mesh. Fig. 7
shows that all the numerical results for the Dirichlet condition concord well with
the expected convergence. For the Neumann problem convergence behaves a bit
erratically, and convergence stays around O(h3) while the expected convergence is
of O(h*) when a = 4 (see Fig. 8). It is interesting to see the scaled condition number
((condition number) x h3) stays constant with respect to the penalty parameter
e = h®. It is clear that the condition number for the VR-T heavily dependent on
the penalty parameter €, however, this ill-conditioning in the VR-T does not affect
on the condition number of the global stiffness system.

5.2. Two-dimensional numerical examples. We provide two-dimensional nu-
merical examples for the Poisson equation on three multiply connected domains
with a curved inner boundary. Numerical experiments were performed only on the
Q5-grids with the uniform mesh grids. The errors are measured in the discrete
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FIGURE 9. The three different problem domains with the @3-
grid. Grid 1 (left, circle), Grid 2 (middle, rotated ellipse) and Grid
3 (right, five-leafed flower).

Ls-norm,

lalify =D D lulnig)?

ReTh Nij €R

for a mesh T of Q = QTUQ ™. Fig. 9 represents three different immersed boundaries
and corresponding mesh grids that are used in our computation. Since the inner
boundary is treated as an interface in our approach we call it frequently as interface.
A mesh grid is called interface coherent if all interface cells are coherent and it is
called interface incoherent if there is at least one incoherent interface cell. The
incoherent interface cells are treated as a regular cell in our computation.

In the immersed methods one wishes to use a fixed mesh (usually, the uniform
mesh), independently of the shape of interface or immersed boundary. Then, it is
inevitable to have incoherent interface cells for curved interfaces. Let us introduce
a measure that indicates the portion of coherent interface cells among all interface
cells, which is called the coherence ratio:

#(coherent interface cells)

h tio =
CONCTENCe Tatio #(all interface cells)

In the Fig. 9 the immersed boundaries satisfy

2, 2 a2 (@-y)?  (x+y)? _
z°+y" =0.37, 0.02 + 012 =1, r=0.5+0.1cos(d),

respectively. The the five-leafed flower is expressed in the polar coordinates.

Fig. 10 represents the coherence ratio for each immersed boundary for the mesh
configurations in Fig. 9. The rotated ellipse has the least coherence ratio among
them. The five-leafed flower has the less oscillatory coherence ratio.

Ex. 2. We consider the Poisson equation on the multiply connected domains as
shown in Fig. 9.

—Au=-2 onQ7F

where the exact solution is given as u(x,y) = e® cos(y) + 22 on the square [—1, 1] x
[—1,1]. The Dirichlet and Neumann condition are considered. As shown in Section
2 we solve the extended problem

—Aul = -2 inQF,

€

—Au; = 0 inQ7,
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FIGURE 10. Coherence ratio for the uniform @Q3-grids with the cir-
cular interface(red), elliptic interface (blue) and flower-like interface
(black). The horizontal axis represents the number of subdivisions
for each axis of the computational domain.
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FIGURE 11. The L5 errors and convergence rates for the Dirichlet
condition on the circle of radius 0.3 with the uniform @Q3%-grid(Grid

1).

with the interface conditions
., ulf +ed,ruf =—€d,-u_ +gp onT (Dirichlet),
, Oy+uf = —€d,-u_ + gy on T (Neumann),

with gp = u|r and gy = 9,+u|r by varying e = h*, a = 1, ...,4. The computation
is performed on the (quasi-) uniform Q%-mesh grid.

Fig. 11 represents numerical results for the Dirichlet problem on the domain
[-1,1] x [-1,1] \ D, where D is a disk with radius 0.3, and Fig. 12 represents
that for the Neumann condition on the same domain. Both show the optimally ex-
pected convergence, O(h® +h*). Unlikely to the one dimensional case the Neumann
condition also achieves the optimal convergence.

Fig. 13 represents the convergence history for the Dirichlet problem on the do-
main with the rotated-ellipse inner boundary. Even though the coherence rate is
relatively lower than those of others, convergence did not seem to be influenced
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much by the lower coherence ratio. Fig. 14 represents the convergence history for
the five-leafed flower. The boundary is non-convex and a poorer or oscillatory con-
vergence is observed with the uniform mesh. Therefore, we adopt a quasi-uniform
mesh, which is obtained by modifying the uniform mesh slightly on the places that
the interface becomes horizontally or vertically flat. By doing that we can reduce
the number of interface cells with reentrant interface boundary, otherwise cells with
reentrant interface boundary are recognized as interface incoherent cells in our pro-
graming. The cell with reentrant interface is meant by that interface comes in and
goes out of a cell through the same edge of a cell. For convex interfaces as in the
first two figures in Fig. 9 the four interface collocation points as in the middle of
Fig. 6 are used to imposed artificial interface conditions. For the five-leaped flower
case we picked two sets of collocation points, each of which are consisting of four
collocation points. One set is used to impose [[U]] = 0, and the other set is used
for the remaining interface condition. This seems to enhance the stability of the
VR transformation. The convergences are optimal, however it is much lower than
the theoretically expected one when o« = 4. The bad conditioning by a very small
penalty parameter in the VR transformation and non-convexity of the domain seems
to have some negative influence in convergence.

The condition number of the VR transformation increases in the order of O(h®)
as h decreases, however the (scaled) condition number for the global stiffness system
is independent of the penalty parameter h™ as mentioned in the one-dimensional
case.

According to our numerical experiments non-convex interface boundaries induce
some difficulties in mesh generation if one wish to reduce the number of cells with
reentrant interface, which is an important part for a more regular convergence of
numerical solutions. It is intuitively trivial to see that the higher degree methods
yields higher coherence ratios, hence it is desired to use at least the Q)5-IHD method.
Moreover, complexity of the boundary shapes seems to have more influence on
convergence than the coherence ratio.

6. Concluding remarks. In this paper the immersed hybrid difference method for
elliptic boundary value problems on multiply connected domains is presented. The
artificial interface conditions combined with the virtual to real transformation intro-
duced in [14] enable us to solve the boundary value problems on general rectangular
meshes which are constructed independently of the geometric shape of the bound-
aries. This approach dramatically reduces mesh generation efforts when a problem
domain has a boundary of complicated shapes. Although we need additional de-
grees of freedom due to the approximation in €27, the additional computational cost
can be negligible when the size of Q™ is relatively small, compared with that of Q.
The numerical results indicate that the IHD method can be promising in handling
problems on domains with a complicatedly shaped boundary. The optimal rate of
convergence can be achieved when the parameter « is chosen properly.

Acknowledgments. We would like to express sincere thanks to anonymous refer-
ees, whose invaluable comments improved the quality of the paper a lot.
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