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ERROR ANALYSIS OF
AN IMMERSED FINITE ELEMENT METHOD
FOR EULER-BERNOULLI BEAM INTERFACE PROBLEMS

MIN LIN*, TAO LIN, AND HUILI ZHANG

Abstract. This article presents an error analysis of a Hermite cubic immersed finite element (IFE)
method for solving interface problems of the differential equation modeling a Euler-Bernoulli beam
made up of multiple materials together with suitable jump conditions at material interfaces. The
analysis consists of three essential groups. The first group is about IFE functions including bounds
for the IFE shape functions and inverse inequalities. The second group is about error bounds for
IFE interpolation derived with a multi-point Taylor expansion technique. The last group, and
perhaps the most important group, is for proving the optimal convergence of the IFE solution
generated by the usual Galerkin scheme based on the Hermite cubic IFE space considered in this
article.
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1. Introduction

This article presents an error analysis of an immersed finite element (IFE)
method that can solve interface problems with interface independent meshes for the
differential equation modeling a Euler-Bernoulli beam formed with multiple mate-
rials. Without loss of generality, we consider an Euler-Bernoulli beam of length 1
formed with two materials such that the flexural rigidity of this beam is a piecewise
positive constant function

8=, x¢€(0,a),
BT, x € (a,1),
where € Q = (0, 1) is the interface of the two materials whose flexural rigidity
are 3~ and BT, respectively. It is well known, see such as [8], that the deflection

u(x) of an Euler-Bernoulli beam at a point x € € corresponding to a given load
f(x) satisfies the following so called beam equation:

(2a) (Bu"(x))" = f(x), € Q- UQT,

(1) Blz) =

where Q= = (0, ) and Q" = (a, 1). Boundary conditions are required to uniquely
determine a solution from (2a), and we will consider the clamped boundary condi-
tions at the ends of the beam:

(2b) u(0) = wo, u'(0) = wy, u(l) =ws, (1) = wy,

other boundary configurations, such as the popular cantilevered boundary condi-
tions can also be considered. At the material interface «, the deflection u(x) is
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required to satisfy the following rigid connection conditions:

u(a-) = u(a+),
w(a-) = u(a+),
Bu(a=) = (o),
Bu (o) = Bru" (o),

continuity in the deflection),
continuity in the bending angle),

continuity of the bending moment),

~ Y~~~

continuity of the shear).

Specifically, the interface problem to be discussed for the Euler-Bernoulli beam
equation is to find the deflection function w(z) such that all the equations in (2)
are satisfied.

Immersed finite element methods are a group of finite element methods that can
solve interface problems with meshes independent of material interfaces where the
coefficients in the differential equations are discontinuous. Instead of simple poly-
nomials, IFE methods use Hsieh-Clough-Tocher type macro finite element functions
[5, 7] which are piecewise polynomials on each interface element constructed accord-
ing to interface jump conditions. In other words, IFE methods employ functions
that already partially solve interface problems locally on interface elements rather
than generic polynomials having nothing to do with a specific interface problem to
be solved. Of course, on all the non-interface elements which are not cut by mate-
rial interfaces, i.e., which are occupied by one of the materials, IFE methods just
use polynomials of choice as usual finite element methods. In a certain sense, the
fundamental concept for IFE methods has a trace in the generalized finite element
method proposed in the 1980s [3, 4] which employs shape functions on an element
constructed by locally solving the problem in that element, even though these shape
functions may be non-polynomials, they possess key features of the solution to a
boundary value problem.

An TFE method was introduced in [13] for solving an interface problem of a
two point boundary value problem. Afterwards, IFE methods have been developed
for solving elliptic interface problems [2, 10, 12, 14, 16, 19, 25, 26], some time
dependent interface problems [11, 22, 18, 20], interface problems for linear elasticity
[9, 15, 21, 23], Stokes interface problems [1], and interface problems for some 4-th
order differential equations [17]. In particular, a Hermite cubic IFE space has
been developed in [27] for solving interface problems of the differential equations
modeling a Euler-Bernoulli beam. Fundamental features of this IFE space are
presented in [27], such as the unisolvence for the Hermite cubic IFE shape functions
on every interface element, the consistence of the IFE shape functions with their
corresponding Hermite cubic finite element shape functions. More importantly,
it is reported by numerical examples in [27] that this IFE space can be used to
produce an optimally convergent approximation to the interface problem of the
beam equation. Our goal in this article is to carry out an error analysis for the
Hermite cubic IFE space developed in [27] and to theoretically prove that the
interpolation in this IFE space has the optimal approximation capability, and the
numerical solution produced in this IFE space by the usual Galerkin finite element
scheme can converge optimally to the exact solution to the beam interface problem.

In the error analysis to be presented later in this article, we will use the standard
Sobolev space on an open subinterval D of Q: for every integer m > 0,

(3) H™(D) = {u | ut € L*(D),0 < j < m}
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on which we have the following norm and semi-norm:

(4) s = | S N@ 2 s fuly = Hu(m)HO . Yue H™(D),
=0 ’

where ||-[|, p is the norm of L?(D). Also, we will use the following related Sobolev
space: for every integer m > 1,

(5) HPD)={ue H™(D) | uP|sp =0, 0< j <m—1}.

In the case when o € D, we let D* = DN QF and we will consider the following
space:

(6) H™D) = {u| ulp+ € H™(D¥)}

which is endowed with the following norm and semi-norm:

el p = \/;o (Il o+ [[HD o )
(7) Yu € H™(D).

o = A (1 -+ 1 )

This article is organized as follows. In Section 2, we will recall the Hermite cu-
bic IFE space developed in [27], derive the L bounds for the Hermite cubic IFE
shape functions on every interface element, and establish the inverse inequalities
for functions in this IFE space. In Section 3, we use a multi-point Taylor expan-
sion technique to prove that the interpolation in this IFE space has the optimal
approximation capability. Section 4 is to show that the IFE solution generated by
the usual Galerkin scheme posed on this IFE space converges optimally according
to the polynomials used in this IFE space.

2. A Hermite Cubic Immersed Finite Element Space

To be self-contained, let us first recall in this section the Hermite cubic IFE
space developed in [17, 27] for solving the interface problem described by (2) for
the Euler-Bernoulli beam. Let 7, be a mesh of the solution domain 2 = (0, 1) with
following nodes independent of the interface point a:

(8) To=0<z1 <2< <INy <TNt1 =1
with
hy =2k41 — 2k, k=0,1,2,... N, h:OgCanNhk.
On each element ey = [zk,zr41], & = 0,1,..., N of the mesh T, we have the

following standard Hermite cubic finite element shape functions:
(9)  nj(x) = Nj(Fr(x)), for j = 1,3 and ¢y, ;(x) = hiN;(Fi(x)) for j = 2,4,
where

(10) Fi () =
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is the affine mapping between element e and the reference element [0,1], and
N;(§),j =1,2,3,4 are the Hermite cubic shape functions on [0, 1] defined by

1) Ni(€) =26° =36 +1, Np(¢) = €° 26 +¢,
N3(€) = —26° +3¢%, N9 =¢ ¢,

These Hermite cubic finite element shape functions satisfy the following Hermite
interpolation conditions:

for € € [0, 1].

b (Tr) =1 ¢k 1(@k) =0, ¢k (zrt1) = 0,9 1 (T11) = 0,
(12) Or2(xr) = 0,0 o (k) = 1,k 2(Th41) = 0, ¢y o (Tp41) = 0,
br,3(zr) = 0,0 5(xr) = 0, dr 3(Tpy1) = 1 ¢ 3(Trg1) =0,
Pra(xr) = 0 fbk 4($k) =0, ¢pa(Trt1) = 0, ¢} 4($k+1) 1.

When ey, = [zg, Tx+1] € Tn is the interface element such that a € (x, xp4+1), we
use « to form two subintervals é; = (zj, ), é§ = (a,2x11). The following IFE
shape functions have been developed in [17, 27]:

Ui @) = N (Fe(a), weey, o
Pra () = {wk,J(x)zNj(Fk(x)), erz, forj=1,3
(13)
Uiy(@) = Ny (Fu(@)), weer, o
Vr,j(T) = {wlw(x):hkNjJr(Fk(x))7 zeet for j =2,4

where ﬁj (£),7 = 1,2,3,4 are the IFE shape functions on the reference element
[0,1] such that

(e = Nr(€) =1+&(am+h(€—a) if0<E<a,
N € = (-1 +di(§—a) ifa<e<,

S NS@© =+ ath(e-a) iH0<e<a,

Nz@‘{ NF© = (€ 1)2er + ol — @) Ha<E<l,

(14) )

Fy(e) = 4 N (€)= Eas +bs(E — @) if0<¢<a,
Ni(€)=1+(-1)2(cs+ds(€—a)) ifa<e<l,

e = N (&) = €(as +ba(€ — &) if0<¢<a,
N =(E-1D)+ (-1 (ca+da(§—a)) ifa<e<,

with & = Fj(«) and the coeflicients in these shape function are determined by the
following linear systems [17, 27]:

a’ 0 —(a—-1)? 0 [a;
26 6% 261 (G- | |bi| _.
(15) 28~ 448~  —2Bt  —da—-1)p+| |a| T "7 1,2,3,4,
0 687 0 —63* | d;
-1 —& 1 (& — 1
N 0 . —1f{ . 0l . 1
(16) with @3 = ol =1, B=],| Ga= 0
0 0 0 |0
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The IFE shape functions defined by (13) are macro finite element functions, i.e.,
they are piecewise cubic polynomials defined according to the subintervals of the
interface element ey, = [, Tx+1] € Ty, formed by the interface point a. By design,
these IFE shape functions satisfy the standard Hermite interpolation conditions
[17, 27]:

VY (o) = Ly 1 (1) = 0,91 (wk41) = 0,95 1 (Th41) = 0,
(17) VYr2(zk) = 0,9 (k) = 1, ¥p 2(T41) = 0,9} o(@k41) =0,
VYr,3(xk) = 0,9 3(vx) = 0,Yp 3(z41) = 1, U3 3(@k41) =0,
Ura(@r) = 0,9 4(zk) = 0, ¢ a(zrt1) = 0,9 4(Tp41) = 1.

Moreover, according to Theorem 2.1 in [17], these IFE shape functions satisfy the
jump conditions (2¢) in the interface problem, i.e., across the interface o € é; =
(zk, Tk11), they satisfy

(18) [wk,j}a = Oa [d};cj]a [5¢m] [me} = Oa ] = ]-a 27 3; 4

where [v}a = v(a+) — v(a—) for any function defined on ey = [z}, Tp11].
With these Hermite cubic shape functions, we can form the following local IFE
space on each element e; in a mesh 7j:

(19)
Sh(ex) = span{¢x ;j(z), j=1,2,3,4}, if ex € Tp is a non-interface element,
" B span{yy j(x), 7 =1,2,3,4}, if ex € Ty is an interface element.

Following the usual procedure, we can use the local IFE spaces defined on elements
in a mesh 7 to form the Hermitian cubic IFE space as follows:

(20) Sh(Q) = {u € H*(Q) | ul. € Su(e), Ve € Tr}.

Even though IFE functions in Sj(ex) are macro cubic polynomials on the inter-
face element ey, = [zk,zr 1] € Th, they are closely related to their finite element
counterparts which are cubic polynomials. For example, the four IFE shape func-
tions ¥y j(x), j = 1,2,3,4 are consistent with ¢y ;(x), j = 1,2,3,4 [17, 27]. Fur-
thermore, some estimates well-known for finite element functions are also valid for
IFE functions, among which are L*° estimates for the shape functions and inverse
inequalities stated in the two lemmas below.

Lemma 2.1. There exists a constant C' independent of the interface location
such that the following estimates hold on the interface element ey, € T:

Ch,™, j=1,3,
(21) ’w,g’j?(x)‘ < m=0,1,2,3, Vz € ex.
Chy,™™, j=24,

Proof. We use the formulas in (15) and (16) to compute a;, bj,c; and d; for j =
1,2,3,4 in (14). Without loss of generality, we assume that ey = [0, hi] such that
a = ahy and x = bhy, with a,b € [0,1], and we let e, = [0,a] and e} = [a, hy).
With these preparations, using direct algebraic calculations and by (13), we can
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show that
(22)
‘Ns (aab75775+)| — .
j,m m s _ —
D(a,ﬁ_,ﬁ"‘) h’k ’ xeekv § = a+a J 1735
]w,ﬁf’})(x)’ _ m=0,1,23
‘Ns (aab75775+)| 1— .
2,m m s _ —
Dia,f,B7) o e s= A =24
where N?, (a,b,87,8%),s = —,+ and D(a,3~,37") are polynomials in terms of
a,b, 3~ and BT. In particular,
D(a,57,8%) = (=1+a)*(87)* = 2(-1+a)a2+ (-1 + a)a)3~ 5 +a*(6%)%

Thus, by the fact that a € [0,1], we have
(23) D(a,87,87) > (-1+a)*(B7)*+a*(B7)* > C(B7,B8") >0, Va € [0,1].

Hence, (21) follows from applying (23) to (22).
|

Lemma 2.2. There exists a constant C' independent of a such that the following
inverse inequalities hold on the interface element ey, € Tr for nonnegative integers
I and m satisfying 0 <1 <m < 3:

(24) |v| < Chl ™ v]¢, » Vv € Sh(ér),

m,ék —
here, the semi-norm is defined in (7).

Proof. Estimates given in (24) are obvious when [ = m. Then, we consider the
case in which [ = m — 1,m = 1,2,3. Without loss of generality, we assume the
interface element is e, = [0, hy), let e, = [0,a] and e = [a, hg], and assume that
ér = [0,hi/2] C e, . Every IFE function v € S (€é) can be expressed as

o(z) = v () =co txt+cyat+ezad, w e,
vHa)=cf +efa+cefat+ciad, zeef.

The jump conditions in (18) implies that coefficients of v satisfy M—C~ = M+C™T
with

1 a o a? 1 a o a? c(jf
_ o1 2a 3a? + 01 20 3a? T
Mi=10 0 28 6pa|'™ |0 0 2% 68%a » CF = 5
00 0 68 00 0 68" 5

Noted that upper triangular matrices M* are invertible so that
C =M")"'M'CTand C* = (M")"'M~C".
In addition, we have (M~)~!M* and (MT)~!M~ are both upper triangular ma-

trices, and each entry of the matrices can be bounded above by a constant C'
independent of a because 0 < o < hy < 1. Therefore, we have

5] < C(e |+ [T | + o®|cF ),
lev| < C(IcT | + elef | + o®|cf ),
lc£| < O],
leg'| < Clef .

(25)
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Using the above inequalities, we have
a R
|v|iék = / (¢ +2cyx + 3¢z 2%)* da + / (cf +2cf 4 3¢5 2?)* da
) 0 [eY

(26) < haller| +2]ex | b+ 3| ex | 202 + hl|ef | +2 | | b+ 3 || h2)?

< Chy ((¢7)? + (¢3)%h3 + (c3)*hi) -

By direct calculations, we have

M

2
ol e, = / (ef +2c5a + 3cza®)? da

T 0
he [ _ 1, _ 9  _ o 1 _ _ 3 _ _
=75 <(C1 )%+ 5(62 )?hi + %(03 hi + ¢ ey hy + 56163 hi + 302G hi) ;
and
1024]0f} & — hi ((e7)? + (c3)?RE + (c5)?hit)
_ 509 . _ 283 ., _
=5llhk(cl )2 + Th%(cz )2 + ?hz(c?, )2

(27) +512hjcy ¢y + 256hicy c5 + 192hjc; c5 .

Note that the right hand side of (27) is a quadratic form about ¢;,j=123 whose
associated matrix is

511h,  256h2 12803
M = |256h% (509/3)h3 96k |,
12807  96hL  (283/5)h3

and it is easy to verify that M is a symmetric positive definite matrix. Therefore,
(27) leads to

b (1) + (6520 + () i) < 1024 ol g, .
Applying this inequality to (26), we have
2 2
(28) |U|1,ék <C |U|17é,C .

By the direct calculation and (25), we obtain
_ 3, _ _ 3., 3 _
|U|§ék =2(cy )*hi + 5(03 )2} + 3ey e hi > (2 - E)(Cz )?hy, + (5 —301)(cz )?hi,

for any positive constant o7, and

[eY hy
|U|§7ék = / (2¢; + 6c5x)* dx +/ (2¢5 4 6cfx)* de < C ((c3 )*hi + (c5)?h}) -
0

[e3

Using a o1 € (2, 3), we have
(20) [Vl < C ((e2)hn + (5 i) < Clols g, -

Similarly, we have

a hy
0l ¢, = / (6¢3)? dx + / (65 )% dw < 36((c3)* + (cf )*)he < Clcz )*ha,
()M «@
2
e, = [ (06 de = 1865 P
0
which implies

(30) w30 < Clulss, -
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Finally, estimates (28), (29) and (30) together with the standard inverse inequalities
on € lead to

(31) |v] < Ch; ! vl m=1,2,3,

m,ér — m—1,6

C ol g, < Chi* o

m—1,é

and (24) follows from applying (31) repeatedly.

3. The Approximation Capability of the Hermite Cubic IFE Space

It has been demonstrated by numerical examples in [27] that the Hermite cubic
IFE space S, (Q2) has the optimal approximation capability, i.e., the interpolation of
a function u(x) in the IFE space Sp,(€2) can approximate u(x) optimally provided
that the function u(z) has a suitable regularity. Our goal in this section is to
theoretically confirm this optimal approximation capability by an error estimation
for interpolations in this IFE space.

Let u(z) be a function in H2(Q). First, locally on an element ey = [z, ¥4+1] in
the mesh 7}, used to construct the IFE space S, (€2), if ey, is a non-interface element,
we define the local IFE interpolation of u(z) as the following cubic polynomial:

In gu(x) =u(zy)r1 (x) + o' (xr) dr2(x)
(32) +u(@hs1)Pr,3(2) + U (Tht1)Pra(z), Vo € ex,

but if ey is an interface element, we define the local IFE interpolation of u(x) as
the following macro/piecewise cubic polynomial:

I wu(z) =u(zy)Yn,1 () + o' (vg) g 2 (2)
(33) + u(@pp1)Vn,3(2) + U (2p41)Ypa(x), Vo € ek

Then, globally over Q = [0, 1], we define the IFE interpolation of u(z) to be the
piecewise cubic polynomial Tpu(x) € Sp(x) such that

(34) Inu(z) = I, pu(z), Yo € e € Th.

We start from the following estimates for the error in Ipu(z) on a non-interface
element e € Tp:

(35) H(Ihu)(m) - u(m>H0 < Chy™uly, . m=0,1,2,3,
€k ’

which requires ul¢, € H*(éx), where éx = (xk,2k+1). These error estimates follow
from a standard textbook numerical analysis, see [24] for example. However, these
estimates are not valid on the interface element for any function u(x) satisfying
the jump conditions given in (2c) because u is not a H* function in general unless
B~ = 1. Instead, we will derive optimal error estimates for Iu on the interface
element by extending the multi-point Taylor expansion idea [6] to piecewise H*
functions, and we proceed as follows.

Hereinafter in this section, we let e, = [z, zk11] € T, be the interface element
such that interface point o € (zg,xk+1). The following lemma provides formulas
to represent values of u and u’ at the boundary points of e, in terms of u and its
derivatives at « € e, = [z, o
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Lemma 3.1. Let u be a function in ff‘l(ék) and assume it satisfies the jump con-
ditions in (2c). Then, for x € e, we have

(86a)  w(wx) =Cp + Ry,

(36b) O = ula) + o/ (@) (wk — ) + %u"(x)(a:k C o)+ L) e — 2)?,

6
o) Ry =g [ s
(36d) (1) = Cy + Ry,
(36¢) O = /() + " (2) (2 — 7) + %u'"(x)(xk _ o)
(366) Ry =5 [ - 9hu s)as,

(36g) u(rr+r) =Cy + Ry,

5 = ule) + o (@) @ — )+ g0 @)@ — )+ g @) - 2)°

ﬁ_ " 2
( 1+5—+)< (&) + " (@) — 2)) (wrs1 — )

8-
54_ m(x)(karl - Oé)B,
(361) Ry = R3,1 + R3,2 + R?:37
B 1 Tr+1
Rs, = g/ (zrs1 — 8)°ul)(s)ds,

Ryo = : ( 1+ g;) (@1 — @)’ /a(a — s)u(s)ds,

Rys = : ( 1+ g;) (41 — @) /a u®(s)ds,

(36)) W' (zp41) = Cp + Ry,

Ll
2
1

(36h) + ( 14+ o

O = /(&) + (@) (wnir — )+ 50" (@)(rps 2

+ (14 5) @) + ) - ) - )

B+
1 B~ Iz 2
(36k) +3 -1+ — 5+ (@) (Tp41 — @)=,
(361) Ry =Ry + Ry, + Ry,
1 Th41
Ry, = / (zhy1 — 5)°u® (s)ds,
Byp= ( > (@41 — 04)/ ‘(a - S)u(4)(s)ds,
1 8 o
Ry B < I+ ﬁ_+) (Tht1 — a)Q/x u™® (s)ds.

Proof. Expansions (36a) and (36d) are standard Taylor expansions with integral
remainders. For (36g), since u € H*(é;) and u satisfies the jump conditions given
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in (2c), we know that u € C(e;) and

Tk+41

w(zpr1) = u(x) —|—/ u'(s)ds

x

— o)~ [ W= - [ o - o)
= )~ (W onia -9l - [

[e3

(aki1 = (o) )
- (v =9 = [ - 9 eas)

[e3

= u(x) + v (v) (g1 — 1) — %/0 o (8)d(zpsi1 — 5)2 — %/mkﬂ W (8)d(zpe1 — )2

Then, applying integration by parts and the jump condition about «” in (2¢), we
have

u(zpr1) = u(@) + ' (z)(Tpgr — ) + %“H(x)(xk“ —a)’
#5(14 5 ) wle)aui - o
- %/wa u///(s)d(xk+1 . 8)3 _ é/{jkﬁ—l u'”(s)d(l‘k—i-l _ 5)3.

Applying integration by parts one more time and the jump condition about » in
(2¢), we have

w(@rn) = u(z) + ' (@)(@rs1 — ) + 0 (@) (o1 — 2

2
s g @ -0 + 3 (<14 5 ) e awi - o
(37) + é (_1 + g—;) u" (=) (Tp41 — @) + é /jkﬂ(xkﬂ — 5)%u(s)ds.

Finally, we obtain (36g) by applying the following standard Taylor expansions to
(37):
«

u(a=) = u'(z)+u"(x)(a—1)+ / (o — s)u'®(s)ds,

x

u(a—) = u'"(x)—k/a u® (s)ds.

Expansion (36j) can be derived by similar procedures.
|

Similarly, the following lemma provides formulas to represent values of u and v’
at the boundary points of ey in terms of u and its derivatives at = € e} = [a, zj41].



832 M. LIN, T. LIN, AND H. ZHANG

Lemma 3.2. Let u be a function in ff‘l(ék) and assume it satisfies the jump con-
ditions in (2c). Then, for x € e} we have

(38a) u(wy) = Cf + Ry,

CF = u(e) + (@) — ) + " (@) — ) + o (@) — 2)°

LY ) ")+ " (@) o — 2))(an — )’

1

2
(38b) i1 ( ) o () — ),
(38¢) R} = Rfl + R} PR RT 3

Rflzg/ (21 — s)°u (s)ds,
1 )2 @)
R, = =3 1—|—— (xr — @) (o — s)u'™ (s)ds,
+ _ 1 )3
R13:6 1—|—— T — Q) ul
(38d) u(z) = Cf + RS,

Cf = /(&) + " (&) (ax — 2) + 2u () (2 — 2)?

@ 2
o[-
L1

ﬁ "
5—) (@) + u"(z) (0 — ) ek — o)
_|_

(380) 3 (14 ) @) - a2

(38f) RJ—R§1+R22+R§3,
Ri =5 [ o= P s)as,
R;Q = ( 1+ g—) (xx — @) /:(a — s)uP(s)ds,
Rig =3 < 1+ g—+) (zr — )? /Ta u™® (s)ds.

(38g) u(xpt1) = C;r + R;r,

(38h) CF = u(@) + /(@) (wrer — 2) + 50" (@) ke — 2 + g @) wro — o),

) 1 Tht1
(381)) Ri = 6/ (zrg1 — 8)3u® (s)ds,

(38)) W' (zp41) = Cf + R,
1
(38k) Cf =/ (x) +u"(z)(2py1 — ) + §U'/'($)($k+1 —z)?,
1 Tr+41
(381) Ri =3 / (a1 — 5)2u® (s)ds.

Proof. Expansions (38a), (38d), (38g) and (38j) follow from similar arguments used
in the proof for Lemma 3.1.
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On the interface element ey, putting expansions derived in Lemmas 3.1 and 3.2
into the IFE interpolation defined by (33), we have

(Inew) ™ (z) = w(ze )y <x> + u'(ka(’”) (@) + u(@rp )0y (2) + o (@ )0y (2)

- mlblw s mwlw( ) _ s _
(39) Z ZR , m=0,1,2,3, x €e}, s=—,+.

The followmg lemma shows that how the term involving C¥,1 < j <4,s = —, +
in (39) can be simplified.
Lemma 3.3. Let u be a function that satisfies the conditions stated in Lemmas 3.1
and 3.2. Then

4
A (z
(40) ZC;%() :u(M)($)7 m=20,1,2,3, erZ, s =—,+.

Proof. We give a proof for the case in which m = 0 and x € e, , similar argument can

be applied to other cases. First we note that €, j = 1,2, 3, 4 are linear functionals

of u(z),u (z),u”(z) and w”(z), and by elementary algebraic calculations, we can
. 4 - =

rewrite » ., C; iy () as follows:

(41)
4

Z Ci iy (@) = Di(z)u(x) + Da(x)u'(z) + Ds(x)u” (x) + Da(z)u" (), = € ef
=1

with

Dy (x) = ¢};1($) + ¢};3(x)a
Do(z) = (wr — 2)tp 1 () + U o (0) + (@1 — 2)p 5(2) + 1y 4(2),

' 5
+ 5 3T
+ _(xk+1 —z)+ -1+ g—;) (Th+1 )} Vi alz)
1 1
Da(@) = 2 (@n = 2y (2) + 5 (2 — 2)*y 5 (@)
# g -0+ 5 (114 52 ) @ - D)onn -
1 _
+g<—1+g—+) (Zh41 )}1/%3( )
# g -2+ (<14 5 ) @ - 9)nn -
+3 (14 5 ) @ - 2| o),
We can easily see that D;(z),j = 1,2,3,4 are polynomials whose degree are not
more than 6. By the fact that le Sh (ek) we have
D) =ty () + ¢y g(2) = 1.
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In addition, by the fact that 1,2 € Sy, (ex), we have

Da(2) = (21 = 2)1bye 1 () + Wy o () + (a1 — 2)8p5(2) + 2y 4 (7)

= Ty 1 () + ¥y o(2) + Trp1y 5(2) + ¥y 4 (@) — 2(y (7)) + ¢y 5(2))
=x—x=0.

Furthermore, by using formulas of the IFE shape functions given in (13) and direct
algebraic calculations, we can verify that Ds(z) = 0 and D4(z) = 0. Finally,
putting these values of D;(z),j = 1,2,3,4 in (41), we obtain (40) for the case in
which m = 0 and = € [z, a].

By the three lemmas above and (39), we have the following expansion for the
IFE interpolation error on the interface element eg:

(42)

(In o)™ (z) — ul™ (2) = m=0,1,2,3,

et (@)
j; Rj—dg’ﬂn—, T € e;: = [, Tp11]-

This expansion suggests us to estimate the magnitudes of the four terms on the right
hand of (42) in order to derive an estimate for the error of the IFE interpolation,
and we proceed in the following theorem.

Theorem 3.1. There exists a constant C independent of the interface location
a such that for every u € ﬁ4(ék) satisfying the jump conditions given in (2c),
where ey, € Ty, be the interface element, we have the following estimates for the IFE
interpolation defined by (33):

(43) H(Ih,ku)(m) _ u(m)‘ < Ch;™( |u|47é; + |u|47éi ), m=0,1,2,3.

0,éx

Proof. We start from the estimation on e;,. By Lemma 2.1 and the formula for R}
given in Lemma 3.1, we have

S 2
= / (é/ ’(xk—s)3u(4)(s)dsdf+ﬁl(x)> dx

< Ch,™ < /m a ( /x j(xk - s)3u(4)(s)ds>2dx> -
<o ([[ ([ [ Jofu) )
<o ([ ([/tnsrie [ oo a)e)

< Chy ™™ Jul g

1/2

iy,
HR_ wk’l

1 dx™

0,é;,
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Similarly, by Lemma 2.1 and the formula for R, given in Lemma 3.1, we have

. 9 1/2
. = (/xk (%A ’(:Ek - 8)211,(4)(8)(18—2);;3(%)) d!E)

5 N\ 1/2
< Ch,lf_m < T — S) 4)(s)ds) da:)

(L
§0h§m< ( (s — 5)° / u<4>(s)fds>dx)1/2
(foneef pare)e)

For the term of Ry, by formula (36i) given in Lemma 3.1, we note

9 1/2
B dmw* « 1 Tk41 dmw* (x)
0,é,, T ¥
; 5 N\ 1/2
< (/Tk <6/T (Th+1 —s)gu(4)(s)dsj£7;i()> dw)
i@\’
1 Thi1
(/ <6/ (zrg1 — 8)%u® (s)ds d;Ti ) dx)

1/2

_d" P,
RQ dl‘m7

< Ch};m <

< Chy™™ |u|47é; :

~( <
[ ([-sre ]
(

9 1/2
< Ch,™ u(4)‘ (s)ds) da:)
Tk+1 Tht1 2 1/2
+Ch™ (/ (Tp+1 — s)Gds/ u(4)(s)‘ ds) dx)
T «

< Chy~ m(|“|4,é; + [u |4,é;t ),
_ A"y
3,2 dx™ ~

0,6,
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m. ) —
_ Ay
3,3 dx™

0,é;,

2 1/2
o (1 _ . .
i (/ <6 <_1+ %) (2ht1 - @)’ / u<4>(s)dsj£7§;@> dx)
a N ) 12
o </ ((ka - a)B/ u(4)(8)d8> dx) < Chy ™™ Jul - -

Therefore, by the estimates above and Ry = Ry, + 3, + R3 5, we have

e
_ A
3L ggm

_ A"y,
32 qgm

_ Ay
3,3 dx™

0,é, 0,é, 0,é,,

< Chy™(July o + [y o )-

0,é,

Now, let us estimate the term of R, . By (36l) given in Lemma 3.1, we note

_ Ay
4,1 dx™
0.6
1/2
@1 [Tetr d™, 4 (x)
= /I’c (5/30 (zrs1 — s)2u® (s)ds d;;i d
| @\t
« « m x
< /m <§/T (wh1 — 5)*u™ (s)d d;fl ) dx)

1/2

a (1 Th+1 dmd}_ ({E) 2
(L iz
@ a 2 1/2
([ (o )]
o Th41 2
con (1 o) )

<Chy~™( |u|4,é; + |“|4,é; )

1/2
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e
_ APy
42 ggm

0,é;,

-/ ((-1 25 ) - o [ s>u<4><s)ds%;i(x)>2 dr

o o 2 1/2
Chy™™ (/ (/ (a — s)u(4)(s)ds) da:)
@ «a « 2 1/2
< cpm ( / ( / (a — s)2ds / [u®(s) ds) da:> < Ch™ ful,

1/2

IN

_ Ay
4,3 dx™
0,é;,
5 1/2
a 1 — a dmd}— T
= /I’c (5 (—1—!— g—Jr) (Tp+1 — oz)z/w u(4)(s)dsd;7’:;()> dx
o o 2 1/2
< Chy™ (/ (/ u(4)(s)ds) dx)
o « o 2 1/2
< Chy ™ (/ </ 12ds/ u(4)(s)‘ ds) dw) < Chy™ |u|4’é; .
Therefore, by the estimates above and Ry = Ry, + R, + R; 5, we have
R A"y 4 _ A"y _ APy _ APy
4 dx™ B — 4,1 dx™ B 4,2 dx™ B 4,3 dx™ -
0,é, 0,é, 0,é, 0,é,
< Chi_m( |u|4,é; + |“|4,é;§ )
Using these estimates in (42), we have
4 —
d™p, .
(m) (m)’ - k,j
I — < R;
H( hokt) W < ; o
2k
4—m
(44) < ON M (st s ), m = 0.1,2,3
By Lemma 2.1, Lemma 3.2, and similar arguments, we can show that
4 m,/,+
d™y; .
(m) _ (m) + k,j
H(Ih’ku) v ’o,é,j = Z Rj dz™
j=1 0,
(45) < OB (fuly g+ luly sy )2 m = 0,1,2,3

Finally, estimate (43) follows easily from (44) and (45).
|
By the estimates in (35) and (43) and standard arguments, we derive the esti-

mates for the error in the IFE interpolation globally over the whole solution domain
in the following theorem.
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Theorem 3.2. There exists a constant C' independent of the interface location o
such that for every v € H*(Q) satisfying the jump conditions given in (2c), we have
the following estimates for the IFE interpolation defined by (34):

(16) L™ —u| < Oh T (uly g+ lulyge ). m=0.1,2.3

4. Error Bounds for the IFE solution

In this section, we derive the error bounds for the IFE solution for the interface
problem (2), which, as usual, can be assumed to have homogeneous boundary
conditions, i.e., wg = w1 = wy = ws = 0. Formally, we multiply (2a) by a test
function v € HZ(Q), and then integrate both sides on the domain Q. A direct
application of integration by parts and jump conditions in (2¢) gives

1 1
" 1 d — d .
/0 pu” (x)v" (z)dx /0 fuodz

Define the bilinear form a(-,-) : HZ(Q) x H3(2) — R:

1
(47) a(u,v)z/o Bu” (x)v" (z)da.

Then, we obtain the weak form of the beam interface problem: find u € HZ(£2)
such that

(48) a(u,v) = (f,v), Yo € H3(S).

Since the mapping u — ||u”|, ¢, is a norm over the space Hj((2), equivalent to the

norm |||, o, it is clear that a(u, u) > C; Hqu o Which implies that the bilinear form
a(-,-) is coercive. On the other hand, it is obvious that the following continuity of
the bilinear form holds:

(49) a(u,v) < Calulyq |vly 0 < Csllullyq vl -

Therefore, the weak problem of the beam interface problem has a unique solution
according to the Lax-Milgram theorem.

We use the finite dimensional IFE space S5, (Q) C H%(Q) to discretize the weak
formulation (48) such that the cubic Hermite IFE solution uj € Sp,0(Q2) to the
interface problem described by (2) is defined by

(50) a(uh, ’Uh) = (f, ’Uh), Vvh S Sh’o(Q),

here, S, 0(Q) = {v € Sp(Q2) | v(0) = v(1) = v/(0) = v/(1) = 0}. Applying the
Lax-Milgram theorem again, we can see that the IFE solution u; uniquely exists,
and we can show that uj converges optimally to the exact solution u of the interface
problem (2) in the following theorem.

Theorem 4.1. Assume that the exact solution u to the interface problem described
by (2) is a function in H*(Q). Then, there exists a constant C' independent of the
interface location such that the IFE solution up has the following error bounds:

(51) lun — tm,a < Ch*™™( luly o + [uly o+ ), m=0,2.
Proof. Since Sj, 0(Q2) C H3(2), then, by (48) and (50), we have

a(u — up,v) =0, Yo, € Sp0(9).
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Hence, by the coercivity,
Cylup, — u|§Q < a(up — u,up —u) = alup, — u, vy — w)
< Cslup, — ulz2.alvn — ul2.0, Voi, € Sho(Q)
which, according to Theorem 3.2, implies that
(52) lup — ulz,.0 < ClIpu — ulz,0 < Ch2(|“|4,97 + |uly o+ ),

where Inu € Sp0(£2) is the IFE interpolation of u. The adjoint problem of (48) is:
Given any g € L*(Q), find an element ¢, € HZ(£2) such that

a(¢g,v) = (g,v), Vv € H§(Q).

It is casy to see that the adjoint problem is regular, i.e., ¢,|o+ € H*(Q) and there
exists a constant C such that

|9gla0- + |dglaar <C ||9||0,Q :
Then, by Theorem 3.2 again, we have

(53) inf oy — nla.o < g — Indgla.o < Ch?|gglaa < Ch* |lglly.q -
GrhESK,0(Q) ,

Since u — up, € HZ(£2), we have
a(¢g,u —up) = (g,u — up).
On the other hand, we have a(u — up, ¢r) = 0, Vo, € Sp (). Combining these
two relations, we obtain
(9, u = un)| = la(u — un, og — dn)| < Colu — unl2,0ldg — dnl2,0;
which leads to

u—up)| <Clu—u inf — < Ch? U—u
(g n)| <O hl2,0 e o g — Pnl2,0 < lgllo.q | hl2,0

because of (53). Using the above inequality and (52), we have

g,u — Up
(54 fu—unlg< sup [ZUun)l

< Ch*(Julyq- + [ulyqs ),
O S T (lulyq- + luly g+ )

and estimates established in (52) and (54) together lead to (51).

We say that a set of meshes T, h > 0 of Q is quasi-uniform provided that there
exists a constant C' such that
h

min Ay
en€Th

(55) <C, h>0.

For the IFE solution wu; produced with a set of quasi-uniform meshes 73, h > 0, we
can further derive its optimal error bounds in the semi-H' and semi-H?> norms in
the following theorem.

Theorem 4.2. Assume that the exact solution u to the interface problem described
by (2) is a function in HY(Q) and the IFE solution uy is generated on a set of
quasi-uniform meshes. Then, there exists a constant C' independent of the interface
location such that:

(56) |up, — Um0 < Ch4*m(|u|479_ + luly o+ ), m=1,3.
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Proof. By the triangle inequality, we have
(57) [un = Ul o < lun — Inul, o + [T —ul, o, m=1,3.

By Lemma 2.2, the standard inverse inequalities on non-interface elements, and the
quasi-uniform property (55), we have

un = Inttlyy o <C D fun =Tyl o < > Chiun = Tyul, 4

ek €Th ex€Th
< D O (lun =l e, + o= Inuly g g,)
e €Th

< Ch™ Y (|Jup, — ul, 1o+ u—TIhul, ;q) m=1,3.
Then, by Theorem 3.2 and Theorem 4.1, we have
[, — Tt < O (ful - + [l ) m = 1,3,
Finally, applying this inequality and Theorem 3.2 to (57), we obtain
(58) lun — u|m,Q < Ch4_m(|u|4,97 + |UJ|4,Q+)a m=1,3,

and (56) is proved.
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