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LINEAR AND QUADRATIC IMMERSED FINITE ELEMENT
METHODS FOR THE MULTI-LAYER POROUS WALL MODEL
FOR CORONARY DRUG-ELUTING STENTS

HUILI ZHANG!, TAO LIN?, AND YANPING LIN3

Abstract. In this paper, we consider a multi-layer porous wall model for coronary drug-eluting
stents that leads to an interface problem whose coefficients have multiple discontinuous points,
and an imperfect contact interface jump condition is imposed at the first discontinuous point
where the stent meets the artery. The existence and uniqueness of the solution to the related
weak problem are established. A linear and a quadratic immersed finite element (IFE) methods
are developed for solving this interface problem. Error estimation is carried out to show that
the proposed IFE methods converge optimally. Numerical examples are presented to demonstrate
features of these IFE methods.

Key words. Linear immersed interface method, quadratic immersed interface method, multi-
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1. Introduction

It is known that alteration of blood flow due to the narrowing or occlusion of
an artery is one of the most common occurrences in cardiovascular diseases. A
treatment for cardiovascular diseases is alteration of blood flow in which, in order
to hold open and to provide structural stability to the damaged vessel, a drug-
eluting stent (DES) is inserted in the artery. A number of mathematical models
[40, 41, 44] are proposed to simulate the drug transfer in the arterial wall in this
kind of treatment. As is well known that the arterial wall consists of many layers
with different structural and chemical properties [23]. Tt is believed that a better
modeling of the wall structure brings us a more effective description of the drug
release from a DES. One of these complete wall models is the multi-layer wall
model that takes into account the heterogeneous properties of the different layers
constituting the arterial wall. Because the mass dynamics mainly occurs along
the direction normal to the stent’s coating, G. Pontrelli and F. Monte proposed
a simplified one-dimensional (1D) multi-layer porous wall model in [42], see the
illustration in Fig. 1 which is based on Fig. 2 in [42].

First of all, let us review this model briefly. In a general 1D framework, we
consider a set of intervals [a;—1, ], ¢ = 0,1,2,...,n, having thickness I; = a; —a;—1
modeling the drug coating (¢ = 0) and the arterial wall layers (i = 1,2,...,n), as
shown in Fig. 1. At the initial time (¢ = 0), the drug is contained only in the coating
and it is distributed with maximum concentration ug and, subsequently, released
into the arterial wall. Here, and throughout this paper, a mass volume-averaged
concentration u(x,t) is considered.

We know that the metallic strut is impermeable to the drug, so there is no mass
flux passes through the boundary surface at x = a_;1. Thus, the dynamics of the
drug in the coating [c_1, o] should satisfy the following 1D diffusion equation and
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related boundary-initial conditions:

3t T ag("Dogy) =0 @ € lo-nal
0
—DOaZ:O7x:a_1’

U(:L', 0) = Uo,

where Dy is the drug diffusivity, ug the concentration in the coating.

ST
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FIGURE 1. A sketch of the layered wall. ST indicates the metallic
stent strut bearing the polymeric coating, while [a_1, o] means
the polymeric coating. The continuous wall layers are defined by
[@i—1,04], 7 = 1,2,...,n. This illustration is based on Fig. 2 in
[42].

To prolong the drug release time, we need to slow down the drug release rate.
To achieve this goal, a permeable membrane (called topcoat) of permeability p is
placed at the interface (x = ag) between the coating and the arterial wall. Thus,
the mass flux passed through it is continuous while the drug concentration might
have a possible jump. In this case, the mass transfer through the topcoat can be
described by the following second Kedem-Katchalsky equation:

p,2ula) _ wie) _ ulai),

ox Co c1
ou(ag ) oulad)
Do 8IO = D1 6$0 — 25111,(0&3),

where, ¢g and ¢; are two constants relevant to the porosity. Hereafter, D; is the
diffusivity of drug and §; denotes for a constant characteristic convection parameter
in[o-1,04],i=1,2,...,n.

Then, we consider the drug transfer in the layers of the arterial wall. In the i-th
layer, the drug transfer obeys the following advection-diffusion-reaction equation
and related initial conditions:

ou 0 Ju )
E + %(7‘D’L% +25’Lu) +ﬂ1u = 0; T e (aiflaai)a = ]-7 27" -5 1,

u(z,0) =0, z € (a1, ),
u(anvt) =0,
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where f3; denotes for the drug reaction coeflicient in [a;—1, a;]. To close this mass
transfer system, the jump conditions requiring the continuity of flux and concen-

tration are assigned at each interface point © = o; (i = 1,2,...,n — 1):
u(e; ) = u(af),
Ju(a; _ Ou(a;
D,L' éxz ) — 2(5iu(ai ) = Di+1 ( L ) — 2(5i+1u(a;r).

In this paper, we develop immersed finite element (IFE) spaces for the steady
state multi-layer porous wall model. The steady state model has its own importance
and the IFE spaces developed are also applicable to the dynamic multi-layer porous
wall model which we plan to address in a follow up article. Specifically, the steady
state multi-layer porous wall model is the following interface problem for the mass
volume-averaged concentration u(x):

(1) (*D’u/(l‘) + 25“(1'))/ + ﬂu(x) = f(l'), T e [Oéiflvai]a i = ]-a 27 sy Ty
(2) Dou'(a—1) =0, up(ay,) =0,

with the imperfect contact jump conditions at the first interface point:

{—)\Dou'(ao) =u(ag) —u(ag),

(38) Dot/ (ag ) = D' (o) — 281u(ag),

and the usual concentration and flux continuity jump conditions at other interface
points:

Y — (et
Div/ () = 26iu(a; ) = Digaw'(of") — 20ip1u(ey),

where \ = %, D(z), 6(x), B(z) and f(z) are functions on («_1, @, ) such that
D(z) = D; when z € (q;—1,;), 0<i<n,

§(x) = 6; when z € (aj—1,;), 0<i<n, =0,

B(x) = B; when z € (aj—1,0;),0<i<mn, By =0,

f(x) = fi(z) when z € (a;-1,;), 0 < i< n.

We also assume that D; > 0 for 0 < ¢ <nand d;, 8; >0 for 1 <i<mn. It is clearly
that this is an elliptic interface problem with two types of interface points: the
imperfect contact interface point at ag and the rough coefficient interface points at
aj,1<j<n-1

Generally speaking, two groups of numerical methods have been introduced for
the interface problems. Methods in one group are based on the finite difference
formulation, such as the immersed interface method [25], the matched interface
and boundary methods [49], and the ghost fluid method [13]. More details about
immersed interface methods based on the finite difference formulation can be found
in [27]. Methods in another group are based on finite element (FE) formulation,
such as the penalty discontinuous method [3, 8], the unfitted finite element method
[17], the discontinuous Galerkin method [9, 16]. These methods modify the weak
formulation of finite element methods when treating with the element near the
interface.

Proposed in [6], another idea of solving interface problems with rough coefficients
is to use a finite element space constructed specifically according to the problem to
be solved. One of the popular technique is to modify the approximating functions
around the interface, such as the general finite element method [4, 5], the multiscale

(4)
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finite element method [11, 12], and the partition of unity method [7, 39]. Along this
idea, the immersed finite element (IFE) method has be developed to solve interface
problems with meshes independent of the interface [1, 2, 18, 19, 21, 22, 26, 28, 31,
38, 43, 45], see [10, 14, 20, 32, 33, 34, 35, 36, 37, 46] for more details. The basic
idea of IFE method is to construct special basis functions according to the jump
conditions on interface elements while using standard basis functions on the non-
interface elements. There have been publications about solving second order elliptic
interface problems [1, 2, 15, 18, 19, 22, 24, 26, 28, 29, 30, 38, 47, 48], but, to our best
knowledge, no IFE methods have been developed for dealing with the the imperfect
contact condition with convection and reaction such as the jump condition imposed
at ag in the interface problem described by (1)-(3) for the mathematical modeling
of the drug transfer from the stent coat to the arterial wall.

This paper is organized as follows. In Section 2, we will consider the weak
formulation of the interface problem described by (1)-(3). Then we will develop
and analyze a linear and a quadratic IFE methods in Section 3 and Section 4,
respectively. In Section 5, we present numerical examples for the IFE method
developed in this article. Finally, some conclusions are given in Section 6.

2. Setting and Weak Solution

In this section, we study the existence and uniqueness of the weak solution for
the interface problem described by (1)-(3). We start from the following space for
the weak problem:

(5) Hﬁ(a,l,an) = {v € L*(a_1,ay) | vlgs € Hk(Qi), v(a,) = 0} ,

where k > 1 is an integer and Q™ = (a_1,a9), 2 = (ap,a,). On HE(a_ 1, ap),
we will use the following norm:

(6) el oesson) = (il 0 + Tl g

We also use || - ||o,(a_,,a,) t0 denote the L2 norm throughout this paper. By the
standard procedure, the interface problem described by (1)-(3) leads to the following
weak problem: find u € H!(a_1, ay,) such that

(7) a(u,v):(f,v),VveHé(a,l,an),
where the bilinear form a(u,v) is defined as

[V] oo [W] g
A

(8) + /a" (V' (z)(Du' (z) — 26u(x)) + Bv(z)u(z)) dz, Vu, v € Hy(a—1, an).

—1

We now consider a bilinear form related with a(u,v):
9)

ao(u,v) = % + /an (DV' (z)u' (z) + Bo(z)u(z)) dz, YVu, v € Hy (o1, o).

—1

It is obvious that ag(u,v) is a symmetric semi-positive-definite bilinear form on
Hl(a_1, ). Now, let u € HL(a_1, ;) be such that ag(u,u) = 0. Then

(10) M + /an (D(/(2))? + B(u(x))?) dz = ag(u,u) =0,

—1
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which, because of the positiveness of D and 3 described in (4), leads to ||ull; (4, a,.) =
0. This further implies u(ag) = 0. Then, by (10), we have

(11) M + " Do(v'(z))? dz = 0.

a1

Thus, u(ag) = 0 and v/(z) = 0, Vz € (a_1,a9). Therefore, u = 0 on (a_1,ap)
and we have u = 0 on (a_1,ay). All of these show that ag(u,v) is a symmetric
positive-definite bilinear form on Hl(a_1,a,); hence, we can use it to define a
norm as follows:

1/2
oy )” o (A2 2 1
ol = <%+ [ (@) + stuta) )m) Yue Hy(o1,00).

-1
Lemma 2.1. There exist positive constants C;(D, 3, \), i = 1, 2 such that

(12) Ol oy oy < lllay < Colully oy gy - ¥ € HA(01,000).

A—1,0n

Proof. The existence of C2(D, A, ) for (12) follows from the definition of |||, and
the Sobolev imbedding theorem; hence, we prove the first inequality by showing
the continuity of identity mapping:

I : (Holg(aflﬂ Oén), H '||a0 ) — (Holz(a*17 a’ﬂ)ﬂ ||.||17(05—11C¥n) )’

here, by (Hg(a-1,0m),[ll,,) and (Ha(a—1,an), [l
linear space H) (o1, o) as normed spaces with norm |||, and norm (RIFw

P )), we consider the
—1,0n

a_i,an)’
respectively. Let u € HL(a_1,a,) and let {u,,}52; € HL(a_1,0a,) be a sequence
such that lim |u,, —u||, = 0. Then, by
m—00 0
. 2 2
i (D4, 8} = 0l 0y, < o =l
we have n}gnm lum = ully (ag,a,) = 0- This implies that lim |um () — ulog)| =

m—00
0. Then, from
|um () — ulag)]

umozar —uozar — (um(ag ) — ulay
(o) — )|+ /2 (nd08) 0§ ) mleg) — (e )

IN

IN

|um(ag) = ulag)] + A2 flum —ull,, ,

we have lim |um (g ) — u(ag )| = 0. In addition, from
m—o0

2
Dy Hu;n - U’IHO,(a,l,ag) < ||um - u”ag )

we know that lim |luj, — o/, ) = 0. Finally, by
m—0o0 ’

x—1,&0

() = ) = unlog) —ulag) — [ (uhals) = () ds,

it holds mlgnoo [um = ullo, 0,00y = O- Therefore, lum = ulli (o 1,00) = O

| - !

which, together with W}gnoo [tim = ull} (ag 0,y = 0, leads to W}gnoo lum = ully (o 1 0m)

=0, and the continuity of the identity mapping I is proven. O

Theorem 2.2. The bilinear form a(u,v) defined by (8) is continuous and coercive

under the assumption that (C1(D, \, 3))? > 2 max 0;. Thus, the weak problem (7)
<i<n

admits a unique solution u € Hl(a_1,ay) for every f € L*(a_1, ).
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Proof. Again, the continuity of a(u,v) follows directly from its definition and the
Sobolev imbedding theorem. Then, by Lemma 2.1, we have
a(u,u) = aop(u,u)—2 ou' (z)u(z) de = HuHiO — 2/ ou' (z)u(x) dz
a_1

a_1

2 2
Z (CI(D7 )\ﬂ /8))2 ||u|‘17(a717an) -2 11213‘<Xn 51 ||u|‘17(a717an)

= ((C1(DAB))? =2 max &) lullf (o, 0,

from which the coercivity follows because of the assumption that (C1(D, ), 8))? >

2 max d;. Finally, the existence and uniqueness of the weak solution to (7) follows
<i<n

from the Lax-Milgram theorem. (I

3. Linear IFE Method

In this section, we develop a linear IFE method for solving the interface problem
(1)-(3). We start from the construction of a linear IFE space for the interface
problem. Form a uniform partition 7j, for the solution domain [a_1, ] as follows:

1 =20< 21 <2< ...<Z; <Tig1<...<TN_1 <IN = Qp,
(13) hi=x;—x;_1=h,i=1,2,..., N,
771:{[$i,xi+1],i207 1,2,...,N—1}.

As usual, we call NV}, = {z;}}¥, the set of nodes. For each element T € Ty, we call
it an interface element if T'N {ai}?;()l # (); otherwise, we name it a non-interface
element. Without loss of generality, we assume that each interface element contains
only one interface point. Throughout this paper, 773’” denotes the collection of
interface elements, and 7" = T, /T}f”t denotes the collection of non-interface
elements. On each element T = [z;,x;+1], whether it is an interface element or
non-interface element, we let Lg’lo) (x), Lgll)(:c) be the two linear Lagrange shape
functions associated with nodes z; and x;41, respectively, i.e.,

Lz(',lj)(xk) =iy k=14,i4+1,5=0, 1.

Following the general framework of IFE, on each non-interface element T' = [z;, 2;41],
the local linear IFE space is the standard linear finite element space, i.e.,

ST = span{L{Y, LAY, T = [wi, wia], T {ea} i =0,
hereinafter, the superscript (p) with p =1, 2 in S,(Lp) and Lgf)k), k = 0, 1 emphasizes
the involved space is constructed with p-th degree polynomials.
Our main effort is to develop local linear IFE spaces on all the interface elements.

Then, all the local IFE spaces are put together to form a conforming IFE space for
solving the interface problem. For the construction of the local linear IFE space

on an interface element T' = [z;,x,;11] containing the j-th interface point «; for
7=0,1,2...,n— 1, we will use the following linear polynomials:
Lo (@) = S22, Lo ilo) = 2220,

(14)

. . Ti41—x T _ T—oy
Laj,erl(x) = Tipi—ay Lit1,0, (z) = Titi—o;



54 H. ZHANG, T. LIN, AND Y. LIN

3.1. Local Linear IFE Space for the First Interface. Let us consider the
local linear IFE space in the interface element T' = [z;, x;41] such that ag € T. We
note that the interface jump conditions across «aq are different from those at other
interface points. Let

wO( ) {Ll Oéo( )+al£ao,i(x)7 YIS [Ii,ao],

diLag,iv1(2), © € [ao, Tit1],
(15)

aerlLOto Z( ) S [xia aO]a
z+1(93) 7
dz—i—lLao,z—i-l( ) + Li+1,oco (.ﬁ), T e [a0,$i+1].

Then ¢?(x) and 1?, ,(z) are piecewise linear polynomials such that ¢} (z;) = 6,
4, k = 1,14 1. The coefficients in these piecewise linear functions can be further
determined by the interface jump conditions across ag as stated in the following
theorem.

Theorem 3.1. Coefficients of ¥9(x) and wgﬂ(x) defined in (15) are uniquely
determined by interface jump conditions in (3a) across ag such that the coefficients
ai, aiv1, di, diy1 of Y9(z) and wz—i—l( x) are as follows:

1

a; = A( DoLj o, — 2ADo61 L} o + DoDIAL; o Ll iiy),
(16) d; = K‘DOLz agr Titl = A(Dlz’ngl,ao)a

1 .
div1 = T (D1Liyy oy + DoDINL, 1L ).

o, 1+1,a0

=201 + DoLl,, ; — D1L}, ;11 +26:ADoL,,, ; — A\DoD: L, ,L!

g, gt ap,i+1

Proof. Applying the jump conditions (3a) across o to ¢ (z) and ¥,  (x), by direct
calculations, we can see that a;, d; satisfy

di — a; = ADo(L} ,, + a:Ll, ),

di — a; = )‘DldiLaO,H—l — 2)\(51di,

while a;y1, d;11 satisfy

dit1 — aiy1 = ADoait1 L, ;,
dip1 = aipr = AD1(dig1 Loy sy + Ligy o) = 2M01di1.

It is easy to see these are two linear systems about the coefficients in 9! (z) and
Y91 (2), and the determinant of their coefficient matrices both are A. In addition,
we can easily verify that A > 0 since it is a sum of positive terms. Hence each of
these two systems must have a unique solution, and a;, a;+1, d;, d;4+1 are uniquely
determined. In addition, they can be expressed as (16). O

Theorem 3.1 indicates that ¢ (z) and ¥, (z) are well defined IFE shape func-
tions on the interface element T' = [z;, x;41] containing the first interface points «yp,
and we can then use them to form a local linear IFE space

1 0,0
S}(L )(T) = span{y;, ¢i+1}a
where the superscript in ¥? and w?H emphasizes that this local linear IFE space
is for the element T' = [z;, 2;41] containing the first interface points ay.

For the approximation capability, we consider the IFE interpolation in S,(ll)(T).
For every u € L*(T) such that u|[;, o, € C°[2i, a0] and uljay,z;,,) € C°law, zit1],
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its linear IFE interpolation is

(17) Iu(z) = u(z:)y] (2) + u(@ip)i (2).
Then, by Theorem 3.1, we can write the IFE interpolation as follows
(18) fgu(x) _ ugrxf)Li,ao(x) + uI_Lao,iEm)a T e [xia aO]a

uf Lag,i+1(®) + u(@iv1)Lit1,a0(2), @ € (a0, Tita],

where u; and u}" have the following expression:

uy = —(=Dou(x;) L], + Dyu(wis1) L,y o — 2Mu(zi)DoL] 61

1(10

+ DoDl)\’u,(Iz)L Llag erl)

1,00

1 .
uf = A ~(Dou(wi) L} o, + Dru(is1)Liyy o + DoDiAu(@isr) Loy i Lisy ap)-

On the other hand, we can also form a standard linear finite element interpolation
of uon T = [;,x;41] as follows
. (i) Li g () + u(ag ) Lay.i(2), € [24, 0],
(19) Du(zx) = ( Jz fa[)( (% ) L zE [ :
u(og ) Lag,i+1(®) + w(@iv1)Lit1,a0 (%), @ € [0, Tita].

Then, we have the following standard error estimates for linear finite element in-
terpolation:

(20) lu = IRllo,(e1,00) + Rllw = TRullr (os,00) < ChPIlull2, (200

”u - Ih”O (o,it1) + h”u - Ihu”l (0 ,mi41) < Ch2”u”2 (o,@ig1)s

provided further that u|(;, oy) € H?(x;,a0) and Ul(ag,zis1) € H?(ag, wi41).

We can then estimate the error in f,?u by the splitting u — f,?u =u— fgu—i— fgu —
Tou,
Theorem 3.2. Let T = [x;,x;11] be an interface element containing the first in-
terface point og. Then, for every u € L*(T) such that Ul(zs,00) € H?(x;,00) and
Ul(ag,zis1) € H?(ap, zi41), we have
(21) lu = Dyullo i) + Pl = Tpully ) < CR2|ulla (s wii0)s

where C is a constant independent of ag € [xi, Tiy1].

Proof. By (18) and (19), we have

i}Olu _ j}?u _ (u(ai) - UI_)IV’aoyi(x)a T e [xi; aO];
+) - u?)Lao,i+1(x)v VS [QOaxi+1]~

By simple calculations and the jump conditions, we have

22
(22) (u(a

lu(e®) —uf| ——| Do(Iju —u) (ag ) + D1(Iju — u)' (af)
(23) + DoDiALL, (Ifu — ) (af )|
1
<
_A(|J1| + [J2| + [ J5]),

where
J1 = Doe’(ag), JQ = D1€ ( 8_) J3 DODl)‘Lixo i ( (—)i_),
with e(z) = I?u(z) —u(z). Because e(z;) = e(ag ) = e(ag) = e(zi+1) = 0, we have

e ()] < (a0 = @) [[ully (1, 00) » €/ (@3] < (@is1 = @0)2 [ty (4, ) -
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Then, following the standard procedure, we obtain
1] < Dolao — @)% ||l (2.a0);
[T2] < Di(@ivr = 00)2 [[ulla tag.oii1)-
|J5] < DoDi(ag — i)~ (wis1 — 0) % [[ull2,(ag .. )
In addition, we have the following estimate:
% < Cmin{(ag — x;), (41 — o), (@0 — ) (@41 — 0) }-
Then, by applying these estimates to (23), we obtain
[ —u(a)| < ChE|lullq.,
Hence, by (22) and the fact that
| Zao,i+1(@)0,(a0ei01) + Pll Lag,ie1 (@)1, (g 100) < CBY2,

mi+1)'

we have

(24) ||j2u - i2u||0,(oéo,l‘q,+1) + h”i}?u - j2u||1,(ao,$i+1) S Ch2||u||2,($i,l‘q,+1)'
Since [ju — i2u||k7(ao,xi+1) < ju— ii?unka(aoﬂmﬂ) + ”ii?u - i}?“||k,(a0,x,,+1)v k=01,
by (20) and (24), we have the following estimate:

(25) ||u - ji(b)u”Oa(Oto,me) + h”u - j2u||1,(a07$7,+1) < Ch2”u”27(l‘m$i+1)'
Similarly, we can show

(26) lu = Lullo,zs,m0) + 2l (@ = Int) 11, 2s.00) < CR2[[tlla, 2 2041)-

Finally, estimate given in (21) follows from (25) together with (26). d

3.2. Local Linear IFE Space for Other Interfaces. We now consider the local
linear IFE space on the interface element T' = [x;, x;41] such that a; € T for an
integer j € {1, 2, ...,n — 1}. As before, we let

R i el

CiLa;,iv1(2), © € [aj, 2],

(27) .
W (2) = bi+1La,,i(x), T € [zi, aj],
z+1 Cit1Lay,i11(%) + Liy1,a, (%), © € [0, Tiga].
We note that the interface jump conditions at «;, j € {1,2,...,n — 1} are the

same type and they can be used to determine coefficients in 1/1{ () and 1/)17 11() as
stated in the following theorem.

Theorem 3.3. Assume that §; < §;11, then coefficients of ¢! (z) and wgﬂ(x)
defined by (27) are uniquely determined by interface jump conditions in (3b) across
o such that the coefficients by, biy1, ¢i, ciy1 of ¥l () and ], (x) are as follows:
-1 _ . 1 .
b =c¢; = ——D;L; , , biy1=ciy1 = —Dj1L] ,
(28) c AV J i, Jr} Cit+1 A JH1Hi41, 0
A=-DjnLy, i1+ DiLy, ; + 2011 — 205

Proof. By applying the jump conditions in (3b) across a; to 1/1{ (x) and 1/)17 11(), we
can see that coefficients b; and ¢; satisfy

b; = ci,
Dj(Li o, +biLy, ;) = 20;bi = Djpacily, i1 — 205116,
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while b;+1 and ¢;4; satisfy

bit1 = Cit1,

DjbiiLy, ;= 205biv1 = Djya(civily, o1 + Livy o)) — 26511041
The determinant of coefficient matrices in these two linear systems is A. Since
d;+1 > 0;, it can be easily shown that A > 0. Hence each of these two systems must

have a unique solution, respectively, and b;, b;41, ¢;, ¢;+1 are uniquely determined
and they can expressed as in (28). O

Remark: It seems to the authors that the assumption §; < J;41 is a reasonable
assumption for practical applications. Recall that §; is the convection parameter
in the layer [a;j_1,q;]. According to the model setup, a larger j means the layer
[aj—1, ;] is closer to the blood flow in the artery; hence, it is reasonable to assume
a larger convection there.

It is obvious that functions ¢} (x), k = i, + 1 defined by (27) are such that
Pi(x1) = Ok, k, L =1, i+ 1. Again, these functions are linear IFE shape functions
and they can be used to define a local linear IFE space:

SE(T) = span{vd, vl ),
where the superscript in wg and wf 41 emphasizes that this local linear IFE space is
for the T' = [x;, x;41] containing the j-th interface point ; for j € {1, 2, ..., n—1}.
For the approximation capability of S,(ll) (T) with oj € T forsome j € {1, 2, ..., n—
1}, we consider the error in the linear IFE interpolation in S}(ll)(T). For every
u € C%T) = C°([z;,xi+1]), its linear IFE interpolation is

(29) Bu(z) = u(@)] (@) + ul@ir)d]y, (2).
By Theorem 3.3, the linear IFE interpolation on T' = [z;, x;41] can be written as

(30) jj ( ) u(xi)Li,Otj (l‘) + uéjLaj7i(m)’ T € [xia aj]a
u\xr) = - “
" uh Loy iv1 (%) + u(@ir1) Livro,(2), € [ag, miy1],
here,
1 . .
ul, = x (Cu@)DiLi g, +ul@ic) DjriLiga,)-

We can also form the standard linear Lagrange interpolation of u on T' = [x;, T;41]
as follows:

— u(x; L—ya,:c +uo<-[2a,7i:c,:c€ Xi, O,
(1) Hul) = ( )v 5 (@) +uley) Jﬁ) [, o]
u(j)La, i1 (@) + w(@iv1)Lit1,a; (%), @ € o, Tiga].
The standard finite element approximation theory provides the following error

bounds for f,]lu

(32) lu = Bullo,(z,a,) + hllu = Bully 2,0, < Ch2ulla,@r0,)5
||U - IfJLUHOv(O‘jaxiJrl) + hHu - Ifjbu”lv(aj,xwrl) S Ch2||u||2,(aj,$i+1)'
We now turn to the error estimation for u — I }Jlu

Theorem 3.4. Let T = [x;,xi+1] be an interface element containing the j-th in-
terface point aj, j € {1, 2, ...,n— 1} and assume that 0; < §;41. Then, for every
u e COT) such that ul(, a,) € H*(2i,05) and ul(a, o,..) € H*(oy,i41), we have

(33) lu — I} ul

Ti41

0,(zi,@it1) + hHu - ji“' 1,(zi,@it1) < Ch/2||u||27(93i793i+1)7
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where C is a constant independent of a; € (xi, Tiy1).

Proof. Let us consider the estimation on the subelement [z;,;]. By the jump

conditions, we have
(34)
Lu(x) — Hu(z) = (u(aj) — uéj)ﬂaj,i

Ty, — X

) = R = apte; —zn ¢ D,

here B
I'=DjLia;(@it1)(u(a;) — u(w:)),

IT = Dj1(u(zir1) — u(ey)),
ITT = =2u(0y)(zit1 — o) (G541 — 6j)-
Clearly, we have
/ / y) dyde = u' (o ) (aj — i) + (u(z;) — u(ey)),
and

/ - / y) dyde = (u(zip1) —u(a))) — ' (o ) (wip1 — o),

which means
I+II=-D; Ll% Zit1) (/ / dyd:nfu(aj )(aj:ni)>

+ Djp (/ M/ y) dydz + ' (o ) (wip1 — 0@))

(35) _—
=—D; Ll o, (Tig1 / / y) dydz + Djyq / y) dydx
+ Dy’ (of )(@ip1 — o) — Dj(wip1 — OCJ)U/(OG),
- Jl + J2a
where
Tit+1
Ji=-D; LZ 0 (Tit1 / / y) dydx + Djq / y) dydzx,
Jo = Djpru' (0] )(@ip1 — ;) = Dj(zig1 — Oéj)ul(%-_)-
By the jump condition at a;, we have
Jo+ I1T
(36)

=(Djpru'(0f) = 205 41u(a) ) — Dju'(a ) + 205u(a ) (g1 — az) = 0.

Then, it remains to estimate J;. Noted that
-« Qj (7] Tit1 Tjt1
< Dol (sl [ [ @) dyds D [ [ ) dys
ZT; Z; Qg (e %]

< OP*|ulla,(zr2000):
by the assumption that §;41 > §;, we have
Azipr — aj)(a; —2i) = Dj(wig1 — o) + Djpa(ey — x3) > min{Dj, Djy1}h.
Therefore,
Ji
A(Tit1-a,) (0 — i)

(37) < Ch1/2||u||27(l‘7,,$i+1)'
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Then, applying (35), (36), and (37) to (34), we obtain
1 = L ullo, (o0
< ChY2 = illo,or,00) [ ull2, e

@ 1/2
<en( [l -aiP ) ulla e < OFulla e,

T

mi+1)
:Ei+1))

and ||1:,]1u - f,{u||17(x7,7aj) < Ohllull2,(z;,2,,)- These two estimates lead to

”ii]Lu - ji]Lu”O,(ﬂCi,aj) + h”iszu - j}Jzu”L(ﬂ%O&j) < Ch2”u”27(%7%+1)'

Applying the similar arguments to the subelement [, z;41], we obtain

5w = ullo, o ivn) + DI = Bl ay,000) < CR2 2o,

Tit1 Tit1 Tit1)*

Hence, we have

||I}]zu - j}]zu”O,(Ii, ) + h”I}]zu - jglu||1,(1i793i+l) < ChQH“HQ,(Ii,

Tig1 Tit1)

Finally, using the triangle inequality and the classical approximation result (32),
we can derive the estimate in (33) as follows:

e = Bullo o) + Bllw = Bul .,

Tit1)
(59) S~ Bloeanie + e fylh euecen
+ 1B = By + B = Bl oo
< O |lulz, oo soi0)-

O

3.3. Convergence of the Linear IFE Space. Using the local linear IFE spaces
on each element T € Ty, we can define a linear IFE space globally on whole solution
domain (a_1, ) as follows:

S (a1, an) = {v € L (a1, an) | v]gx € COQF),v]r € SS(T), VT € Th},
where, we recall that the local linear IFE space S,(Ll)(T) is defined by

S(l)(T) _ Span{LE’B?LE}BL T= [miami-i-l]a Tn {ai ?;01 =%
h span{) bl }, T = [vi,2i41], 05 €T,5=0,1,2,...,n— L.

For a function u € Hl(a_1,ay), we define its linear IFE interpolation L €
S,(Il)(a,l, ay,) plecewisely such that, for every element T = [x;, z;41],

. u(xi)L%) (x) + u(xi+1)L§11) (x), when T'N {ai}?z_ol =0,
Ihu|T = g ’

u(:cl)z/;f(z) + u(:niﬂ)q/)f(x), when o; € T,7=0,1,2,...,n—1.

Then, we derive an error bound for the linear IFE interpolation in the following
theorem.

Theorem 3.5. Assume that 6; < 6;41,J = 1,2,...,n — 1, then there exists a
positive constant C independent of h and the position of o;,j = 0,1,...,n =1
such that

(39)

lu = Tntlloa v + 2t = Tntlls oy < C2 o s anys Vi € H2 (o1, an).
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Proof. By the definition of Iu, we have for k = 0, 1,

e — Tntlliga oy = > llu—Fullr

TeTh
= Y lu—Buler+ Y llu—Hulkr,
Te']’}zlon T€7—};Lnt
= > lu—Tuler+ Y lu—Gullkr
Te']’}zlon T€7—};Lnt

Then, estimates for the standard linear finite element interpolation error |lu —
Inullg,r, T € T;7°" and the estimates for the linear IFE interpolation error |u —
Iyullkr, T € T;™ given in Theorems 3.2 and 3.4 imply that

flu— jh“Hk,(aflyan) < Ch2_k||u||2,(a71,an)a k=01,

which further leads to (39). O

We now discuss the linear IFE solution to the interface problem described by
(1)-(3). Let

Sia-1,an) = {olo € S (a1, an), vlaza, =0},
and the linear IFE solution uy, € Sf(:g(a,l, avy,) is then defined to be such that

(40) a(un,vn) = (f,vn), Yon € S;%(afhan)
The error bound for the linear IFE solution uy is given in the following theorem.

Theorem 3.6. Assume the condition required by Theorem 2.2 holds, 0; < 0541, j =
1,2,...,n —1, and that the solution u to the weak problem (7) is such that u €
H2(a_1,ap). Then the linear IFE solution uy, defined by (40) satisfies the following
estimate:

(41) lu = unllo,(ay,a0) + Al = unlli @ ya0) < CH?[lullz 0y a0)-
Proof. 1t is easy to see that

alu —up,vp) =0, Vo, € V.
Hence, by using Theorem 2.2, we have

|lu — uh||i(a7ha") < Ca(u — up,u —up) = a(u — up,u — vp)

< Cllu = unlly, @ ra v = valliaran):
The above inequality together with Theorem 3.5 imply

v = unll @ yon) <€ inf Al =wnll1 0100
UES,(L())(a,l,an)

< Cllu— Inulh (o s,a0) < Chllullza s a0)-
Using the usual duality argument, we get
lu = unlloa—s,an) < CH?llullz,ay1,a0)-

Then, (41) is proven. O
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4. Quadratic IFE Method

In this section, we develop a quadratic IFE method for solving the interface
problem (1)-(3). Let T, be the partition of the solution domain (a_1, ;) defined

n (13). As usual, on each element T = [z;,%;41], we introduce another node
Tit1/2 = % and the standard local quadratic finite element shape functions

LE?(I), k = 0,1, 2 associated with the three local nodes: z;, z;y1/2 and ;1.
On each non-interface element T = [x;, x;41], the local quadratic IFE space is the
standard quadratic finite element space:

ST = span{L3), L), L3 (2)}, when TN {a}i) =

We need to construc quadratic IFE shape functions on interface elements. Let T' =
[zi, zi+1] be an interface element containing «;, j € {0, 1, 2,...,n — 1}. Without
loss of generality, our discussions in this section mainly focus on the case: z; <
Tip1/2 < aj < wiq1 in which we will use the following quadratic polynomials as the
building blocks for the quadratic IFE shape functions:

(42)
(x—$z+1/2)(35—04]) (30—551')(30—04‘)
Li i\T) = L'L a; \T) = ! ’
o) = ey e = e e — )
(2 = Tig1)2) (@ — 24) (z —a;)?
Lo i) = Hipr o () = 290"
) = o g~z e = e
H, o — 22— Zit1 (z — 2it1)? . Hapy = (@ — o) (& — zig1)
aj — w1 (0 — Tig1) (oj — mi1)

All the ideas and results in this section can be readily extended to the other case:
x; < 0y < Tiy1/2 < i1 in which we will use three Hermite type basis functions in
the subinterval [z;, o;] and three Lagrange type basis functions in the subinterval
[aj, zi11] in forms similar to (42) as building blocks for the corresponding quadratic
IFE shape functions.

The quadratic polynomials in (42) have the following properties:

(43)

-1 1 1 1
L{L a ) = + 5 Lla Q) = + )
(29) (i = ig12) (20— ) 5:23) (aj —xiy12) (o — )
2 2
LI.I ) = , L”'i Tr) = 9
by (7) (@i = @i1p2) (@i —ag) O @) (aj = Tiy1/2)(a; — m4)
2 —2 2
H” - W ()=——= " N —
i+1.0; () (ip1 — oy)? a;0(7) (e —aip1)?” ! 1(2) (aj — ziy1)

In addition, by using the standard interpolation error analysis procesure, we derive
the following estimates about these quadratic polynomials:

||LaJ,z| 0,(xq,05) + hHLaJ z“l (xq,005) < hg/ ( - xz+1/2) 1;
(44) ”Haga (aj,xiy1) + hHHO(jJHL(O‘ngE-H»l) < Ch3/2’
”H T Tit1) + h||H9‘ij||17(aj,$i+1) < Ch1/2'

4.1. Local Quadratic IFE Space for the First Interface. Let T = [2;, Zi41]
be an interface element containing the first interface point ag. Firstly, We pro-
pose three quadratic IFE shape functions on this interface element in the following
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formats:

¥; ()

L’i,ao (I’) + C?Lao,i(m); HAS [xia Oto],
a?Hao,O(x) + b?Ha0,1($)7 x € [, Tit1),

Li+1/270éo (z) + c?+1/2La07i(x)a z € [z, ao),
a?+1/2Hao,0($) + b?+1/2Hao,1($)a x € [ao, Tit1),

(45) 7/11'0+1/2(99) = {

w()_’_l(x) _ c?—i—lLao,i(x)v T e [:Ei,ozo],
’ a1 Hogo(x) + 091 Hao 1 () + Hip 1,00 (2), 2 € [0, Zig1],

whose coefficients a%, bg and cg, k=1,i+1/2, i+ 1 are to be chosen so that these
piecewise quadratic functions can satisfy the interface jump conditions (3a) across
ap. However, the two equations in the interface jump conditions (3a) are obviously
not enough to determine all three coefficients in each of the proposed quadratic
IFE shape functions. Following the ideas in [2, 30], we therefore propose to impose
one extra jump condition for the unique determination of the quadratic IFE shape
functions:

(46) Do(vR)"(ag) = D1(¥3)"(ag) = 201 (4R) (g ), k=1, i +1/2, i+ 1.

Other types of extra jump conditions can be considered, but the related error
estimation confirms that the one given in (46) leads to an optimally convergent
quadratic IFE space.

Theorem 4.1. Functions ¥ (z), ?_H/Q(:c) and Y2, (z) in (45) are uniquely deter-
mined by interface jump conditions in (3a) and (46). In addition, the coefficients
in these functions are as follows:

%[GIL;C,O«) (Oto) + DODIL%,QO]; k=1,i+ 1/2,
1
A
ADo L}, o, (0) + [1+ ADo L, . (ao)leh, k = i,i+1/2,
{ [1+ADoLl,, i(a0)]clyq, k=i+1,
1
Dy
1
Dy

D%H;;Lao, E=i+1,

[DoL, (040) + DQLI

k,aq ag,k

(Oéo)ci + 251&%], k=1i,i+ 1/2,

[DoLl,, i(0)cyyy +261a9, 4], k=i+1,

with
A =DiH! DoD.L" .+ 2D.5,H"

010,0 - ao,i Ozo,l

©' = —DoD1H]] ; + 201Dy — 2DgD1 61 H), | +4DodiA — ADo D7 H,

«@ ap,0°

— 461 - 0'L., (),

@,

(48)

Proof. Applying jump conditions in (3a) and (46) to ¥9(z), k =i, 4+ 1/2, 4 + 1,
we have

Prlag) —vR(ag) = ADo(4y) (o ),
Doy (e ) = D1(¥) (af) — 26197 (),
Do(y})"(ag ) = Di(¥)" (e ) — 201 (W) (ad ), k=14, 4+1/2, i + 1.

We know that this is a linear system for coefficients ag, bg, and cg, and the de-
terminant of its coefficient matrix is A. It can be verified that A < 0 under the
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assumption z; < ;172 < ap < x;4+1. Hence this linear system has a unique solu-
tion which yields the formulas in (47) for af, b9, and ¢, k=1i,i+1/2,i+1. O

It is easy to verify that the quadratic IFE shape functions given in Theorem 4.1
have the following property:
@) = 0k, dok =1, i+ 1/2, 0+ 1.

Hence, we can use these quadratic IFE shape functions to define a local quadratic
IFE space on the interface element T' = [z;, x;4+1] containing g as follows:

2 (0
Sf(L )( T)= Span{w( Z+)1/27 1/)14_1

We now consider the approximation capability of this local quadratic IFE space.
For every u € L*(T) such that u|(;, o, € C°[2i, a0] and uljay,z;,,) € C°law, zit1],
we define its quadratic IFE interpolation as

(49)  u(z) = u(@)y) (@) + ul@izr/2)¥i (@) + ul@ip)viy (@)-

Using the formulas for the coefficients of 1/12, k=1i,i+1/2,i+1 given in Theorem
4.1, we show that
(50)
Ou(a) w(@i) Liag (€) + w(Zit1/2) Liv1/2,00 (2) + Ugy Lag ; (), € [24, ),
u(z) =
" 5, Hoo,0(2) + oy Hoo. 1 () + u(@is1) Higr a0 (2), @ € [0, 2],

where, constants u,, , @} and @/, o, are defined by

(e To RS o
Ug, = [6 lo(a0) + DoD1lj (o) — D%u(miJrl)Hz(ii-l,ao]?
(51) Uy, = ADolo(OéO) [1+ ADo Ly, (o)),
ﬂlag - [DOZO(O‘O) + DOLO&Q 7,( )ﬂ;U + 251ﬂg0]’

with
(52) lj(z) = u(wi)Li o, (x) + u(@it1/2) Lig1/2,a,(7), 5 =0,1,2...,n— 1.

In addition, using (42) and the definition of A given in (48), we derive the following
estimate about %

1
< C'min — ), (0 — ) (@0 — Tit1/2),
(53) A (@ A

(o — $i+1/2)(9€z‘+1 - 040)2, (o — i) (o — ﬂfi+1)2}~

On the other hand, we can also interpolate u by those quadratic polynomials in
(42) as follows:
(54)
u(a) (i) Liao () + w(Tiy1/2) Lit1/2,00 (2) + u(0g ) Lag,i(@), 2 € [2i, o],
pu(z) =

w(ag ) Hag,o(2) + u' (0 ) Hag1 (2) + w(@it1) Hip1,00 (2), 2 € [0, Tiga].
The above~Lagrange—Hermit interpolation have the following standard error esti-
mates for IPu :

lu = Lullo(zra0) + Rllw = Tullt (or00) < CP?[ull3(r.00):

||u - If?u||07(ao,xi+1) + h”u - If?u”l,(ao,le) < Ch3”u”37(ao,$i+1)’
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provided further that ul(;, ag) € H>(zi, a0) and uf(ag .«
point-wise estimates, we have the following results:

[u"(ag) — (I5u)" (o

o)

[u"(ag) = (IRw)" (ag)] < (zis1 — @0) 2 |lulls @011
o)l <
)| <

)y € H?(ap,i41). For the

i+1
| < (a0 — )2l (2 .00):
(56) °

[/ (g ) — (I3u)' (g
W/ () = (Tju)'(ag

(@0 = wir1/2) (@0 — )2 ull3 (21,00
(xi-i-l - a0)3/2||u||3,(a0,1i+1)'
The next theorem shows that the local quadratic IFE space has the expected opti-

mal convergence.

Theorem 4.2. Let T = [z;,x;11] be an interface element such that ag € [, Tit1].
Then, for every u € L*(T) such that u|(y, oy € H>(xi,00) and ul(agz.,,) €
H3(a, zi41), we have the following estimate for the quadratic IFE interpolation:

(57) ”u - jguHO,(fEiﬂ?iJrl) + hHu - IB“HL(%‘,OEHQ < Ch3||u||3,(1u

:Ei+1))

where C is a constant independent of ag € [xi, Tiy1].

Proof. Subtracting (50) from (54), we have
(58)
0, 0 (u(ag) = Tay) Lag.i(2), = € [2i, o,
Ihu - Ihu == + 4 , I ,
(u‘(ao ) - uao)Ha[)yO(m) + (U (ao) - u‘ao)Hao,17 HAS [QO;mi+1]'

Using (51) and the jump conditions in (3a) and (46), we have

(59) u(ag ) = Uy = 71 + T2 + 73 + 74 + 75,
where
(60)
1 1
T = —Z(DoDl + 2D0D1(51)\)Hg0 16/(050_), To = Z(2D061 + 4DQ)\(5%)€/(0¢O_),
1 _ _ 1
T3 = ZDODle”(aO ), T4 = fZADODQH”O o€’ (ag), 75 = fZD%e”(aar),
with e(z) = u(z) — IDu(x). (53) implies
1
e < Clao — i) (wig1 — o).

Substituting the above inequality, H,, ; given in (43), and the estimate of |e’(c )]
given in (56) into (60), we obtain

mi| < Ch*2 (a0 = migaso)llulls o)
Similarly, using (53), the bounds for |e’(ag )|, le” (ag)l, [€¢”(ag)| given in (56) and
the H/;  given in (43), we get

|Tk| < Ch3/2(a0 - $i+1/2)||u||3,(zi,zi+1)a k= 27 37 47 S.

Then, putting these estimates for 7,1 < k <5 in (59), we obtain
(61) u(ag) — tig,| < Ch**(ay = zigr9)|ulls (aeei)-

Substituting (61) and the estimate about L, ; given in (44) into (58), we obtain
the following estimate on the left subelement (z;, ag):

(62) 17w = IRullo s 00) + R IRY = Tullt,(2s,00) < OB ulls,(a,

mi+l) :
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Now we aim to derive the estimates on the right subelement [a;, 2;41]. Using (51),
the jump conditions in (3a), and (46), we have

1 _ _ _
ul, —u(og) = —|DoDie”(ay) + 2Dod1e’ (g ) — DoD1HYY, (€' (ag ) — Die” (o)

[e7)) A
+ ADED1 (L), i(ag)e" (ag) = L €' (ag)) = DoDILL, i(ao—)Ae” (o) |,
~ DoLy,, (=) _ _ Do , _. 26,
Uiy, —u' (o) = %(%0 —u(ag)) + D—lel(ao )+ D—I(UIO — u(og)).

Using arguments similar to those we used in (61), we have

(63) jaf, —u(of)] < Ch* (a0 — migay2)|ulls, (@2
and
(64)

_ _ Dy _ _
|, —u'(og)] < | (g, — ulag )| + |D—€'(0<o I+15- (ug, — ulag))]
1 1

< Ch3/2|u

Then, applying (63), (64), and the estimates about Hy, k., k = 0,1 given in (44) to
(58), we have the following estimate on the right subelement [ag, ;1]

(65) 125 = Iullo, (oo 04 ) < Ch?||ul
Thus, the combination of (62) and (65) yields
(66) [ 5ju — Lullo,es,zi 1) + hlHRu — Iul

3,(i,@ig1)

) + h”I}(z)u - j}?u||1,(ao,;ci+1 3,(ziymig1):

3
Tit1 1,(zi,xi41) <Ch ||u||37(3«'7,,xi+1)'

Finally, estimate given in (57) follows from
Hu - jiozu||0,(93i,zi+1) + h”u - jfozu||17(95i,wi+1)
< Hu - Ii?ullo,(mi,IHﬂ + hHu - Iiozu||17(95i,wi+1)

+|\I~gu—fgu )—l—thgu—f,?u

|07(93i793i+1 1(xi,@it1)>

and then applying estimates in (55) and (66). O

4.2. Local Quadratic IFE Space for Other Interfaces. We now develop a
local quadratic IFE space on the interface elements T = [z;,2;41] that contains
the interface point «;, for an integer j € {1,2,...,n — 1}. We propose three
shape functions wg (x), wf " /2(30) and wf +1(x) in the following piecewise quadratic
polynomial formats:

w](z) _ L?,Otj (I) + agL%wi(x)a S [xivaj]v
’ agHaj,o(x) +bgHaj,1(x)7 HAS [ajvxi-i-l]a

Li+1/2,aj (l‘) + a‘z_j’_l/QLOtj,’L-(x)? VS [Iia aj]a
@i g joHay0(@) + 00, pHa, 1 (2), @ € [0y, miga],

(67) Wl jp(x) = {
?/fj (@) = a{HLaj,i(x), T 6}[@,0@»],
" al \Ha,o(x) + b Ha,1(2) + Hig1,a,(2), © € [0, 2ig1].

For the unique determination of the above three quadratic IFE shape functions, we
propose to use the following extra jump condition because it leads to an optimally
convergent, quadratic IFE space:

(68) ' ' _
Dj(¥1,)" (o) =205 () (07 ) = Dja ()" (0] )= 20541 (1) (@), k =i, i+1/2, i+1.
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Theorem 4.3. Assume that 6;41 > 6; and D1 > Djy10;, then, the shape
functions proposed in (67) are uniquely determined by the jump conditions (3b)
and (68). In addition, the coefficients in these functions have the following repre-
sentations:

1 . .
J - Z[6L21aj(aj)+Dij+1L;c/,aj]7 k:Z7 Z+1/2
a/k =
1
- ZD?HH{SFLW k=i+1,
| g [6ak DL, ()] k=it 12,
b= D |
——0Oaj,,, k=i+1,
j+1
with
(69)

© = —D;D; 1 H) | +20;11D; —26;D;y1, © = D;L,, () — 20; + 25,11,
A =-0OL,, i(a;) = DiDji1 Ly, + DI Hy o+ 2(8541 — 0;)(Djr Hey = 26541)-
Proof. The proof of the uniqueness is similar to Theorem 4.1 by using jump condi-

tions (3b) and (46), and the coefficients are obtained by solving the related linear
system. O

By direct verification, we can see that the quadratic shape functions given in
(67) have the following property:

Yl(x) = Oy, ky L=, i+ 1/2, 0+ 1.

Hence, they can be used to define the local quadratic IFE space on the interface
element T' = [z;,x;41] containing the interface point a;, j € {1,2,...,n — 1} as
follows:

ST = span{d, v,y 0]}

In order to get approximation capability of the local quadratic IFE space S }(12) (T),

we firstly consider the error in the quadratic IFE interpolation in S}(f) (T). For
every u € C%(T) = C%([w;, zi11]), we define its quadratic IFE interpolation as

(70) fflu(x) = “(%)W(fﬂ) + U($i+1/2)¢f+1/2($) + U($i+1)¢g+1($)-

By using the formulas given in Theorem 4.3, the quadratic interpolation on T' =
[i, 2i41] can be written as
(71)
Fu() w(zi)Lia, () + w(Tiv1/2) Lit1/2,0, (T) + la; Lo, (2), © € [z, q5),
U =
4 ﬂajHajyo(m) + ﬂ;jHajyl(m) + u(xiJrl)HiJrl,Otj (l‘), T e [Oéj,ﬂ?i+1],
here,
1
A

_ 1A
iy, = Do (Ot + Djlj(ay)).

U, =

(©l(c) + DjDj 1l () — Diqu(@iv1) Hi g, )
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In addition, by (42) and the definition of A given in (69), we can derive the following
estimation about %:

1 .
A S Omin{(zin —oy)(ay — 1), (g — i),

(73) (aj —m3)(j — Tig1y2), (f — ﬂfi)3/2(aj - ﬂfi+1/2)1/2}-
The Lagrange-Hermit interpolation of u using the quadratic polynomials in (42)
has the following expression:
(74)

7 w(zi)Lia, () + w(Tiv1/2)Lit1/2,0, (2) + w(og) La, i(2), © € [25, aj],

u =
" u(ej)Hay 0(x) +u' (0] ) Hay1 (2) + w(@ig1) Hipr,a, (1), @ € [, 2i11].

If ul(z;,a,) € H3(z;, ) and (o) 2i41) € H3(avj, zi41), the standard finite element
approximation theory provides the following estimates for I fbu

(75) ”u - jgu||0,($i7wq,+1) + h”u - jgu||1,($i,$i+1) < Ch3||u||37($7,7

Tip1):

In addition, point-wise estimates in (56) can be readily extended to o as follows:

(0 ) = (Tu)" ()] < (e — )2 |ulls (o0,

(76)  u"(af) — (Lw)" (@ )] < (i1 — ;) |ulls a0

/() = (Tu) (7)) < (g — zigay2) (g — 23) 2 |ulls (0,.0,)-
We now turn to the estimation for u — I }Jlu

Theorem 4.4. Let [x;,x;+1] be an interface element containing the interface point
aj,7=1,2,...,n—1, and assume that §;41 > 6; and D;6;41 > D105, then for
every u € COT) such that u|(y, o) € H?(x, ;) and ul(a; o,,.,) € H* (0, 2i41), we
have

Tit+1

(77) ”u - jgu||0,($i7wq,+1) + h”u - jgu||1,($i,$i+1) < Ch3||u||37($7,7

3:7,+1)7

where C' is a constant independent of a; € [z, Tit1].

Proof. Let us firstly consider the difference between I }]{“ and T i{“ Subtracting (71)
from (74), we have
(78)

Fu—Tu= {

By using jump conditions in (3b) and (68), we have

(u(aj) - ﬂaj)Lajgi(x)7 YIS [miaaj]a
(u(j) = Tay)Hayo(x) + [ (af ) = U4, | Hay 1 (2), @ € [y, Ziga].
lio; —u(ay) = 01+ 02 + 03 + 04,

here,

1 _ 1 _ _
o1 = =3 DiDjiHy, 1€ (ay), o0 = 21(Djdj4¢(af) = 2Djn e (ay),
1 _ 1
o3 = ZDijJrle”(aj ), 04 = fZDJQ-He”(a;F),
with e(z) = ffbu(:c) —u(x). Using (73), we have

L] < O — )y — )
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The last equation in (43), together with the estimate for ¢'(c; ) given in (76) imply
that

|01| < Ch3/2(aj - $i+1/2)||u||3,(93i795i+1)'

Similarly, by using (73) and the bounds for [e¢'(a; )], [¢"(a; )], |e”(a;r)| given in
(76), we obtain

ok | < Ch3/2(aj - $i+1/2)”“|

3, (zi,Tit1)> k=23, 4.
Summing up o from 1 to 4, we obtain
(79) [u() — tia,| < CE*?(a; — i1 ) |tlls (o100s0)-

Applying (79) and the estimate about L, ; given in (44) to (78) leads to the
following estimate on the left subelement [z;, a;]:

(80) | Lju— Iju|

0,(zs,a;) + h||1:,]lu — f,]lu|

1,(zs,0a5) < Ch3||u||37(93i793i+1)'

Similar, using (72) and the jump conditions in (3b) and (68), we have
(81) [/ (f ) — @, | < CH*2 ulls

Then, using (79), (81), and the estimates of Ha; x, k=0, 1 given in (44), we have
the following estimate on the right subelement [a;, z;11]:

Tip1):

(82) HfijLu - j}]LuHO,(aj,m+1) + th}]Lu - j}Jzqu,(ag‘,m+1) < Ch3||u||37(93i7
(80) and (82) imply

(83) ijjbu - jfjbu| 0,(zi,zit1) T thiju - fi“||1,(x7,,xi+1) < Ch3Hu|
Finally, (75) together with (83) imply (77) directly:

mi+1)'

3,(i,mig1)

Hu - jibu| 0,(zi,@it1) + h’Hu - jibu| 1,(zi,xit1) § Ch3||u||37(ﬂiq,7ﬂiq,+1)'

O

4.3. Convergence of quadratic IFE space. We can define a quadratic IFE
space globally on the whole solution domain («a_1, ;) as follows:

S (a1, an) = {v € Lo, an) | v]gr € COQF),vlr € SS(T), VT € Th},
where, we recall that the local quadratic IFE space S }(f)(T) is defined by
2 2 2 _

S(T) = span{L{%), L, LY}, T = i, wi1), TN {ei}jo) =0

h Spfm{%qv wngl/Qa ¢§+1}7 T = [mi;miJrl]a Qi € Ta ] = 07 ]-7 2; sy — L.
For a function v € H}(a_1, ), we define its quadratic IFE interpolation Ly e
S,(IQ)(a,l, ay,) plecewisely such that, for every element T = [x;, z;41],
hale = { HE L0 @)+ ul@isy) LY +u(Ea) L @), TN {a} iz =0,

RU|T = ; i i .

u(xz)d)f (37) + u($i+1/2)w§+1/2($) + U(xi-&-l)%? ($)7 aj S T7J = 07 17 27 e, 1.

Then, we get the error bound for the quadratic IFE interpolation which is given
in the following theorem.

Theorem 4.5. Assume that ;41 > d; and D;jéj41 > Dji105, then there exists a
positive constant C independent of h and the position of aj, 7 =0, 1,...,n—1 such
that

lu = Inullo (o yan) + Plu = Inulli oy a0 < CRlulls 000

Proof. Since we already have the interpolation error estimate on each element, the
proof follows from arguments similar to those used in Theorem 3.5. O
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We now consider the quadratic IFE solution to the weak problem defined by (7).
Let

Sia(a1, an) = {vjv € S (a1, an), Vlo—a, = 0}.

The quadratic IFE solution u; € S }(f%(oz_l, o, ) to the interface problem described
by (1)-(3) is defined to be such that

(84) a(un,vn) = (f,vn), Yon € S;‘f&(aman)-

Then the error bound for the quadratic IFE solution u; can be derived as before
which is stated in the following theorem.

Theorem 4.6. Assume the condition required by Theorem 2.2 holds, §;41 > 0; and
Djdj41 > Dji16;. Let u € H2(Ja—1,ay)) be the solution to the weak problem (T7),
then the quadratic IFE solution uy, defined by (84) satisfies the following estimate:

= unlloarr,an) + 2t —unll1 a0 < CR*ullsa_an-

Proof. The proof follows form arguments similar to those used in Theorem 3.6. [J

5. Numerical Experiments

In this section we present numerical examples for demonstrating the conver-
gence of the linear and quadratic IFE methods. We let the simulation interval
be [0,1], and assume there are three interface points: ap = 1/9, a1 = 1/3 and
as = 2/3. These interface points separate the interval into four sub-intervals
[0,1/9],1/9,1/3], [1/3,2/3] and [2/3,1]. We set the exact solution u for this prob-
lem to be

uo(x), = € [0,1/9],
1/9,1
(85) u(z) = ui(x), z € [1/9,1/3],
us(x), x € [1/3,2/3],
U3(£L’), T e [2/?” 1];
with
1 1
uo(z) = @x”_l, up(x) = gac", ug(z) = 2" ug(x) = 3(1 — )™,
here, n is an integer. We also let
~ 18(n—1)Dy 1
D1 = T, 51 = 2(971D1 - 81(71 - ].)Do),
- 6nD1 - 2(51 o 1
DQ = 3(’[7, T 1) , 52 = 2(3(n + 1)D2 371D1 + 251),
802 —3(n+1)Ds 1
D3 = 3(Tl+5) s 53 = 4(3(71*1)D3*3(71+1)D2+4(52),
1
A= ————.
81(n —1)Dg

Then we can verify that u(x) satisfies the jump conditions (3). The right hand side
term f;(x), ¢ =0, 1, 2, 3, is determined by (1). We now report numerical results
generated by applying the IFE methods developed in Section 3 and Section 4 to
the interface problem described by (1)-(3) whose exact solution is u(z) defined in
(85).
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Example 1. In this group of numerical experiments, we observe that the proposed
IFE methods work well for large values of B;, 1 = 1, 2, 3 emphasizing a stronger
reaction. We have tested these IFE methods with Dy arbitrarily chosen between
1072 and 2 x 1072 and B1 € (1,2), B2 € (10,2 x 10?), B3 € (10%,2 x 10%).

Table 1 presents typical numerical results for errors and the convergence rates
for the linear IFE method when n = 3 and n = 6, Table 2 contains correspondingly
numerical results for the quadratic IFE method. In related computations for these
data, we used the following parameters:

Dy = 0.010616229584014, By =0, B; = 1.72333131659,

B2 = 140.10036408113, 3 = 16730.88858585343
Data in these tables clearly show that the linear and quadratic IFE methods con-
verge optimally in both the L? and H' norm.

TABLE 1. Errors and convergence rates of the linear IFE method
when n = 3 (left) and n = 6 (right) with large values for §;,j =

1,2, 3.
N L?norm rate Hlnorm | rate N L%*norm rate H'norm rate
10 |4.3701e-03 2.2745e-01 10 |5.8815e-03 2.7493e-01

20 [9.1751e-04|2.2519(1.1101e-01 {1.0348 || 20 |1.3050e-03|2.1721|1.4092e-01|0.9642
40 |2.0358e-04|2.1721 |5.4916e-02 [ 1.0154 || 40 [2.8071e-04 |2.2169 |6.9235e-02 | 1.0253
80 |4.7784e-05|2.0910|2.7257e-02 | 1.0106 || 80 |6.3358e-05 |2.1475 |3.4282¢-02 | 1.0140
160 |1.1416e-05 | 2.0655 | 1.3569e-02 | 1.0063 || 160 |1.4811e-05|2.0968 |1.6990e-02 |1.0128
320 |2.8087e-06 |2.0231|6.7707e-03 | 1.0030 || 320 |3.5812e-06 | 2.0482 | 8.4612e-03 | 1.0058
640 |6.9626e-07 | 2.0122 | 3.3820e-03 | 1.0014 || 640 |8.8460e-07|2.0173|4.2231e-03|1.0026
1280 |1.7385e-07 | 2.0018 | 1.6906e-03 | 1.0004 | | 1280 | 2.2033e-07 | 2.0054 | 2.1106e-03 | 1.0006
2560 | 4.3403e-08 | 2.0019 | 8.4523e-04 | 1.0001 || 2560 | 5.5041e-08 | 2.0011 | 1.0552e-03 | 1.0002

TABLE 2. Errors and convergence rates of the quadratic IFE
method when n = 3 (left) and n = 6 (right) with large values
for B;,5 =1,2,3.

N L*norm rate Hnorm | rate N L%norm rate H'norm rate

10 |2.6661e-04 1.8276e-02 10 |5.3218e-04 3.7440e-02
20 |3.3866e-05|2.9768|4.5238e-03 |2.0143 || 20 |6.8757e-05|2.9523 |9.2084e-03 | 2.0236
40 |3.7201e-06 | 3.1865|9.6740e-04 [ 2.2254 || 40 |8.7238e-06 [2.9785 |2.2819e-03 | 2.0127
80 |4.6298e-07|3.0063 | 2.4106e-04 | 2.0047 || 80 |1.0967e-06 |2.9918 |5.6983e-04 | 2.0016
160 |5.7719e-08 | 3.0038 | 5.9870e-05 [ 2.0095 || 160 |1.3729e-07 | 2.9978 | 1.4243e-04 | 2.0003
320 |7.2261e-09 | 2.9977 | 1.4985e-05 | 1.9983 || 320 | 1.7170e-08 |2.9993 | 3.5611e-05 | 1.9998
640 |9.0293e-10 | 3.0005 | 3.7433e-06 | 2.0011 || 640 |2.1465e-09 |2.9999 | 8.9031e-06 | 1.9999
1280 |1.1287e-10 | 2.9999 | 9.3613e-07 | 1.9995 || 1280 | 2.6833e-10 | 2.9999 | 2.2259e-06 | 1.9999
2560 |1.4107e-11 | 3.0002 | 2.3399e-07 | 2.0003 | | 2560 | 3.3541e-11 | 3.0000 | 5.5647e-07 | 2.0000

Example 2. We have observed that the IFE methods also work well for small
values of B;, i = 1, 2, 3 which let the model described by the interface problem (1)-
(3) emphasize the diffusion or convection more than the reaction. In this group of
numerical experiments, we have tested the IFE methods for 8;, i =1, 2, 3 randomly
chosen such that 51 € (0.01,0.02), B2 € (0.001,0.002), 85 € (0.0001,0.0002).
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TABLE 3. Errors and convergence rates of the linear IFE method
when n = 3 (left) and n = 6 (right) with small values for §;,j =

71

1,2, 3.
N L*norm rate H'norm rate N L%norm rate H'norm rate
10 [4.9674e-03 2.1563e-01 10 [6.4165e-03 2.6721e-01
20 |1.2271e-03(2.0172|1.0790e-01 |0.9989 || 20 |[1.6163e-03 |1.9891|1.3491e-01 |0.9860
40 |3.0870e-04|1.9910 | 5.3986e-02 [ 0.9990 || 40 |3.9695e-04 |2.0257 |6.7431e-02|1.0005
80 |7.6854e-05 | 2.0060 |2.7025e-02 | 0.9983 || 80 |[1.0065e-04 |1.9796 |3.3759¢-02 | 0.9982
160 |1.9307e-05{1.9930 | 1.3516e-02 [ 0.9997 || 160 |2.4837e-05 |2.0188 | 1.6876e-02 | 1.0003
320 |4.8130e-06 | 2.0041 |6.7603e-03 | 0.9994 | | 320 |6.2946e-06 | 1.9803 | 8.4407¢e-03 | 0.9996
640 |1.2293e-06 [ 1.9691 | 3.3804e-03 | 0.9999 | | 640 |1.5535e-06 |2.0186 | 4.2202¢e-03 | 1.0001
1280 3.0329¢-07 | 2.0191 | 1.6904e-03 | 0.9999 || 1280 | 3.9354e-07 [ 1.9810 | 2.1102¢-03 | 0.9999
2560 | 7.5839e-08 | 1.9997 | 8.4520e-04 | 1.0000 || 2560 | 9.7113e-08 | 2.0188 | 1.0551e-03 | 1.0000

TABLE 4. Errors and convergence rates of the quadratic IFE

method when n = 3 (left) and n = 6 (right) with small values

for 8,5 =1,2,3.
N L*norm rate H'norm rate N L%*norm rate H'norm rate
10 [2.3101e-04 1.5134e-02 10 [5.4047e-04 3.5801e-02
20 |2.9875e-05[2.9510 | 3.8832e-03 [ 1.9624 || 20 |[6.9574e-05 [2.9576|9.0744e-03 | 1.9801
40 |3.6881e-06|3.0180 | 9.5535e-04 [ 2.0232 || 40 |8.7780e-06 |2.9866 |2.2754e-03 | 1.9957
80 [4.6321e-07[2.9932|2.4015e-04 |1.9921 || 80 |[1.0982e-06 |2.9987|5.6951e-04 | 1.9983
160 |5.7849¢e-08 | 3.0013 | 5.9856e-05 | 2.0044 || 160 |1.3749e-07 | 2.9978 | 1.4242¢-04 | 1.9996
320 |7.2484e-09 | 2.9966 | 1.4984e-05 | 1.9981 || 320 |1.7173e-08 |3.0011 |3.5611e-05 | 1.9997
640 |9.0585e-10 | 3.0003 | 3.7433e-06 | 2.0010 | | 640 |2.1486e-09 |2.9987 |8.9031e-06 | 1.9999
1280 1.1333e-10{2.9987 [ 9.3613e-07 | 1.9995 || 1280 | 2.6835e-10 | 3.0012 | 2.2259¢-06 | 1.9999
2560 [ 1.5537e-11|2.8669 | 2.3399¢e-07 | 2.0002 || 2560 | 3.4181e-11 | 2.9728 | 5.5647e-07 | 2.0000

Typical numerical results are presented in Tables 3-4 which, again, clearly demon-
strate the optimal convergence of the proposed linear and quadratic IFE methods.
In related computations for these data, we used the following parameters:

Dy = 0.010616229584014, 8o =0, [ = 0.015482995717499,
B2 = 0.001133907855848 33 = 0.000162651593614.

6. Conclusions

In this article, we have developed linear and quadratic IFE methods for the
steady state interface problem about a multi-layer wall model for the drug-eluting
stent. Error estimation have been carried out to establish the optimal convergence
of the proposed IFE methods and numerical examples are provided to corroborate
the theoretical analysis. The developed linear and quadratic IFE spaces can be
applied to the related time dependent multi-layer wall model for the drug-eluting

stent.
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