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An Immersed C? Interior Penalty Method for Biharmonic Interface
Problems

Yuan Chen! Xu Zhang’

Abstract

In this paper, we introduce an immersed C° interior penalty method for solving two-dimensional bi-
harmonic interface problems on unfitted meshes. To accommodate the biharmonic interface conditions,
high-order immersed finite element (IFE) spaces are constructed in the least-squares sense. We establish
key properties of these spaces including unisolvency and partition of unity are, and verify their opti-
mal approximation capability. These spaces are further incorporated into a modified C? interior penalty
scheme with additional penalty terms on interface segments. The well-posedness of the discrete solution
is proved. Numerical experiments with various interface geometries confirm optimal convergence of the
proposed method in L2, H' and H? norms.

AMS suject classification: 35R05, 66N15, 65N30
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1 Introduction

The biharmonic equation arises from plate bending theory in continuum mechanics. Its numerical solution
poses significant challenges, particularly when using conforming finite element methods, since constructing
Cl-conforming elements [6] is notoriously difficult and expensive. To address this difficulty, a wide range of
alternative discretization techniques have been developed over the past several decades.

One direction involves nonconforming finite element methods [38], which relax inter-element continuity
requirements. However, these elements lack a systematic hierarchy to higher-order spaces. Another approach
is mixed finite element methods [27, 7], which reformulate the fourth-order PDE into a system of second-
order equations. While effective in some cases, the mixed formulation introduces saddle-point structures and
require stable element pairs that satisfy the Ladyshenskaya—Babushka—Brezzi (LBB) condition [13], which
is often nontrivial to construct. In addition, discontinuous Galerkin (DG) methods [39, 23], weak Galerkin
(WG) methods [40] are very flexible on approximation spaces and mesh types, but they usually have the
very high number of degrees of freedom, which makes these method costly to use.

A balanced alternative between H ?-conforming finite elements and fully discontinuous Galerkin methods
is the H' semi-conforming approximation, known as the C? interior penalty method [26, 11]. This method
is particularly attractive because it uses only standard C° Lagrange elements while preserving the positive-
definiteness of the resulting linear system and maintaining a natural hierarchy to higher order. Its flexibility
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has enabled extensions to a variety of PDEs, including optimal control problems [12], phase field crystal
equations [25], and Hamilton—Jacobi-Bellman equations [9], among others.

In this paper, we focus on biharmonic interface problems, governed by fourth-order elliptic equations
with discontinuous coefficients across heterogeneous media. Such problems arise in composite plate bending,
multiphase materials, and phase transition models. Let 2 C R? be an open bounded domain separated by
a closed interface I' such that @ = Q+ UQ~ UT. Consider the two-dimensional biharmonic problems:

A(B(x)Au) = f, in Q/T, (1.1a)

u = 0, on 99, (1.1b)

Opu = 0, on 0f), (1.1¢)

where the Laplacian is A = 25 + 22 n = (n1,n2) and t = (t1,t2) denote the outward normal and

ox? x3 "
tangential unit vectors, respectively, and 3 is a piecewise constant coefficient that takes distinct values 8%
on QF. Across the interface T', the solution satisfies continuity conditions on the displacement and the
normal derivative (see (1.1d)-(1.1e)), as well as two Neumann-type interface conditions (see (1.1d)—(1.1g)):

[ulp = 0, onl, (1.1d)

[Onu]p = 0, onT, (1.1e)

[BOwmu]p = 0, onT, (1.1f)

[On (BAu+ BOyu)]y = 0, onT, (1.1g)

where the jump operator [v]y := v™|p — v~ |p. Here and thereafter, we denote

2 2 2 2 2 2
Onv = an@iv, at’U = Z tiaﬂ), &mv = Z Z nmj&jv, 8mv = Z Ztmj@ijv,
=1 =1

i=1 j=1 i=1 j=1

where 0; = a%i, and 0;; = #;xj. For biharmonic interface problems, while the Dirichlet interface conditions

(1.1d)-(1.1e) are universal, there are two types of Neumann interface conditions in the literature. The first
one, derived from Stokes formulation, takes the form

[BAulp =0,  [Ou(BAW] = 0. (1.2)

The second type is derived form the energy functional of free thin plate bending problem, which takes the
form of (1.1f)-(1.1g).

The main idea of immersed finite element methods is to solve interface problems on unfitted meshes
by designing special shape functions with similar behaviors as exact solutions around the interface. On
the interface elements, piecewise polynomials are enforced to (weakly) satisfy jump conditions on interface.
Over the past decades, the IFE method has been developed to solve elliptic equations [35, 30], elasticity
systems [36, 29], Stokes equations [32, 21], and Navier Stokes equations [22, 42], to name only a few. The
IFE method has been extended to higher order for solving elliptic problems through weak enforcement [2],
least square construction [3], Cauchy extension [28, 1], and Frenet transformation [4, 5]. The main obstacle
of high-order IFE construction is that polynomials are impossible to satisfy interface conditions exactly
on general curves. The least-squares approximation provides an efficient approach to weakly impose the
interface jump conditions [3, 21, 22].



Several immersed finite element approaches have been developed for biharmonic interface problems. For
instance, [34, 18] employed a mixed formulation, and used piecewise linear IFE functions to approximate
the resulting saddle problem. In a recent paper [19], the mixed formulation was extended to biharmonic
interface problems on surfaces. The same idea has also been used in a finite difference framework [33]. In the
nonconforming framework, an immersed Morley element was constructed in [17] and a Nitsche extended finite
element method was developed for solving biharmonic interface problems. Nevertheless, the development of
high-order IFE spaces for fourth-order interface problems remains limited.

Other methods for biharmonic interface problems on unfitted meshes have also been proposed. For
example, CutFEM [14, 15, 16] use C' finite element space with Nitsche’s method for weak enforcement
of the interface conditions. A reconstructed discontinuous Galerkin method [20] has been developed using
unfitted meshes, where the approximation space is constructed by patch reconstruction and the interface
conditions are enforced weakly through Nitsche-type techniques. More recently, a nonconforming virtual
element method on unfitted polygonal meshes has been developed in [37].

In this paper, we introduce a modified C? interior penalty method with immersed P}, finite elements
for solving the biharmonic interface problem (1.1). High-order Py immersed finite element spaces are
constructed through a recently developed least-squares approach [3, 21]. We analyze key properties of new
IFE space, such as unisolvency and partition of unity, and verify their approximation capability. These
spaces are incorporated into a modified C? interior penalty method, in which additional penalty terms are
imposed along the interface curves for stabilization. We prove the well-posedness of the numerical scheme
and present extensive numerical examples to demonstrate the optimal convergence in L%, semi-H' and
semi- H? norm.

The rest of paper is organized as follows: Section 2 introduces notations and assumptions used throughout
the text. Section 3 develops the high-order immersed finite element spaces and establish their fundamental
properties. Section 4 presents the modified C? interior penalty scheme and its theoretical analysis on well-
posedness. Section 5 reports numerical experiments to assess the performance of the method. Section 6
concludes with a brief summary.

2 Notations and Assumptions

In this section, we introduce some notations and assumptions to be used in this paper. Let Q cC Q, we
denote the standard Sobolev space W*?() with norm || - lw.p(qy) and semi-norm | - \Wk,p@) for k> 1 and

1 < p < oo. For p = 2, we write H*(Q) with norm || -||; and semi-norm |-|;. If QNT # 0, we set Q% = QNQ*
(s = 4+, —) and define the broken Sobolev space

PWHP(Q) = {u: u|g, € WFP(QF), s = +, —, u satisfies (1.1d) — (1.1g)}. (2.1)

For p = 2, we denote PW*2(Q) by PH’f(Q) For matrix value functions u with u; ; € W*P(Q), we denote
the corresponding Sobolev space W*P(Q) and define

lallwroy = 2 gl (22)
i

Let 75 be a shape-regular [10] triangular mesh on 2 with mesh size h = maxye7, {hr} where hy is the
diameter of the element T € T,. Define the set of interface elements 7;' = {T' € T, : TNT # 0}, and the
non-interface elements 7;" = 7}1\7;lZ For T €T} welet T =TNQ*, and Tp =T'NT.



Let &, denote the set of all edges of the mesh 7, and €Oh the interior edges. Denote 5,2 and &' = 5;1\5,’;
the set of interface edges and non-interface edges, respectively. For each e € £/, define et = eNQ*F. Let F
be the set of edges belonging to interface elements. For any e € &, denote the adjacent elements by T and

T2, and define their jump and average by

[w], = wlr —wlrz, {w}, = % (wlrr +wlr2) . (2.3)

The unit normal n, is oriented from T} to T2, and the tangent vector t. is taken counterclockwise along e.
These notations are illustrated in Figure 2.1.

We assume that the interface I' is C? smooth and satisfies the following assumptions:

(H1) The interface I' cannot intersect an edge of any element at more than two points unless the edge is
part of I'.

(H2) If T intersects the boundary of an element at two points, these intersection points must be on different
edges of this element.

The smoothness of I' ensures the following lemma holds:

Lemma 2.1 (r-tubular neighborhood). Let T' be a regular, simple, C?> curve. For each point X € T, let
N, (r) to be the line segment of length 2r centered at x and perpendicular to T'. Then, there exists r > 0
such that for any two points X, Y € I'; X # Y, the line segments Nx(r) and Ny (r) are disjoint. We define
the r-tubular neighborhood of ' by Ur(r) = UxerNx(r).

As in most cases, our analysis in this paper is conducted on the mesh 7, with sufficiently small h. To
make it precise, inspired by [31], we denote the radius of the tubular neighborhood of the interface I" by r
and then restrict h < r/2.

Figure 2.1: Notations of this article (Left) and fictitious element (Right)

3 High-Order Immersed FEM Space

In this section, we construct IFE spaces that approximately satisfy the biharmonic interface conditions
(1.1d)-(1.1g).



3.1 Least-Squares Biharmonic IFE Spaces

For each triangular element T € Ty, let Pp(T) be the standard polynomial space of degree at most p on
T. Let {A; : i € Z,} be the set of Lagrange nodes with set N,(T) = {A;}icz, and Z, the index set. For
example, when p = 2, we have |Z,| = 6, with Ay, Ay, A3 are vertices of T', and A4, A5, A are midpoints of
its edges.

On each non-interface element T' € T;"*, the local IFE space on T is identical to the standard Lagrange
finite element space, i.e. Pp(T'). Let wz 7 € Pp(T) be the Lagrange shape functions such that

f,T(Aj) :5ij7 Vi,jEIp,
where ¢;; is Kronecker delta function. In this case, the local IFE space on 1" is given by
Si(T):=span{y : i € I}, for T € Tp".

On each interface element 7' € T/, the interface conditions are enforced in a least-squares sense. We
denote Igt ={iel,: A € T*} the index set of Lagrange nodes located in TF. Moreover, we define the
tensor polynomial space Sy(T') = P,(T") x Pp(T') and the piecewise polynomial space

Hy(T) = {v € LA(T) : v|ps € Pp(TH), v|p- € Pp(T7)}. (3.1)

The spaces S,(T") and H,(T) are isomorphic, i.e., there exists a natural isomorphism My : S,(T) —
H,(T) given by
u, on T
v, on T~

My (u,v) = { V(u,v) € Sp(T). (3.2)

The local IFE space on the interface element is constructed as a subspace of H,(7T"). For ease of expo-
sition, we construct the IFE space as a subspace of Sp(T") and then map into H,(T') through Mp. It is
straightforward to verify that the following functions form a basis of S,(T):

o - i 0), if i €Tf - 0,97 7), ifi € L} (33)
T 0,¢Fn), ifieZ,, T P.,0), itieT,.

We may write S, = Sp1 @ Sp2 where Sp1 = span{&},i € Z,} and S, 2 = span{n!,,i € Z,}. To enforce
interface conditions, we define bilinear form Jy(-,-) : Sp(T) x Sp(T) — R* U {0}, which measures the
violation of the interface conditions:

TP (u,v) =wp /r,} [u] [v] ds + wih? /FA

T

(0] [00] ds + wph / [80mti] [B0mv] ds
F)\
T (3.4)
+ wshb / [B8(0nAu + On)] [B(OnAv + Opyrv)] ds,
I

here we adopted the idea of fictitious element introduced in [44], which constructs local IFE spaces on an
enlarged element to alleviate ill-conditioning caused by extremely small-cut subelements. Specifically, for
each T € T}, we define the fictitious element

T\={X €R?:3Y € T s.t. OX = AOY},



where O is the barycenter of T. The extended interface segment is then I'), = 75 NT. An illustration of the
fictitious element is show in the right hand side of Figure 2.1.

The bilinear functional J7 (-, ) defines a semi-norm on S, denoted by | - | gr- In fact, for p = 2 or 3, it
induces a norm, as will be shown later.

Given nodal values v = (v;);ez,, the associated S, IFE function on T takes the form

QP%HV = Z Uz’ff,T + Z Cinf’Ta (35)

€T, €T,
where the unknown coefficient vector ¢ = (c;)icz, is determined by minimizing the violation of inter-
face conditions | - | Jr The precise statement is in Theorem 3.2. We test (3.5) against 7}, to enforce

T Erlv,nt ) =0, i =1,2,...,|Z,| leading to the following linear system:

AP*c = —BP?v, (3.6)
with
WA A
A% = (jf (Uj,T,ni,T))iJeIp € R‘Ip|><|zp" ij = (j)l\’ (gj,T’m»T))i,jeIp e RIZeIxIZp| (3.7)

The IFE functions of space H,, are then constructed by mapping ¢%|v back via M7p. In summary, the IFE
basis functions on T' € 7} is defined by:

v = Mrehle, i €I, (3.8)

where e; is the canonical basis vector in RZel. Tt is straightforward to verify gbf r(Aj) = 6 for i,j € I,
Examples of P, and P3 IFE basis functions are shown in Figure 3.1. In the first row, the third, fifth and
sixth P IFE basis functions are presented, while the second row lists the third, fifth and tenth Ps basis
functions. It is clear that the pointwisely continuity of basis functions along the interface I'r cannot be
guaranteed. In fact, enforcing two distinct polynomials to coincide pointwise on nontrivial curve is generally
impossible. Instead, the IFE basis functions are weakly continuous across the interface.

For each T' € Ty, we define the local finite element space S},(T') by:

pi | span{Yi, i€ T}, if T €T
Sn(T) = { span{¢; , i € L}, if T € Ty (3.9)
The global IFE space S}, () is then defined by
SP(Q) = {u € L*(Q) : u satisfies conditions (C1)-(C4)}. (3.10)

where
(C1) wulp e SH(T), for all T € Tp.
(C2) wis continuous on every non-interface edge e € &}'.
(C3) u is continuous at all nodals A;, i € Z,, for all T' € Ty,
(C4)  ulopa =0.
Remark 3.1. This least-squares functional (3.4) is sufficient for polynomial degree p < 3. For higher

degree such that p > 4, an appropriate extended jump conditions across interface needs to be employed in
the least-squares functional.



Figure 3.1: First Row: 3rd, 5th, 6th Ps basis functions; Second Row: 3rd, 5th, 10th P3 basis functions.
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Figure 3.2: The exemplified cut cases when interface is a line. The sub-figures 1-3 are Type I elements for
P2, the sub-figures 4-6 are Type II elements for Ps.



3.2 Property of Biharmonic IFE Spaces

In this subsection, we present some basic properties for the biharmonic IFE space (3.9).

Theorem 3.1 (Unisolvence). On every interface element T € 7;3, for polynomial degrees p =2 and p =3
with T' not a straight line segment, given any nodal values v, there exists a unique IFE shape function in
the form of (3.5).

Proof. The proof of existence follows arguments similar to Theorem 2.1 of [21]. For uniqueness, let K
denote the null space of S, 2. Then we prove the uniqueness in different categories of curve types for F%.

Case 1. F{}, s a straight line.

We consider p = 2 as an example. For this degenerate case, let u = (u1,u2) € Sp2 N ICZ;. Since v = 0,

we may write u = Zllel c¢ini . Because I % is a line, the condition u € ICi implies
[u] =0, [Ohu] =0, [BOnmu] =0 and [B(0nAu+ Opyu)] =0

on Fa\. Equivalently, this yields a linear system Mc = 0 where M € RZ»[*IZrl. The structure of M depends
on how the interface segment intersects the element 7'. If the interface passes through two legs of the right
angle, T is called a type I element; otherwise, it is called a type II element. Some exemplified cutting
configurations are illustrated in Figure 3.2. In each case, uniqueness follows by verifying that det(M) # 0
through direct computations. For instance, in the left configuration of Figure 3.2, the determinant can be
explicitly written as:

det(M) = 32(d* + €*)?(Py + pP2) > 0 (3.11)

where 1/2<d<1land 1/2<e<1, p=p"/87,and P; are P, are polynomial of d and e which cannot be
equal to 0 at the same time:

Py =—d3(1—2e)%e —2d%(—2 + e)e® — e 4 de3(—1 + 4e) + d* (=1 + de — 2¢%) > Py(1/2,1/2) > 1/8,
Py =2d* (=14 ¢)® + d®(1 — 2e)%e 4 2d*(—1 + €)%e? + 2e* + d(e® — 4e*) > P»(1,1) > 0.
(3.12)

The remaining case can be verified using the same logic, although the computation are tedious to included
here. This proves the positive definiteness of J} on S, 2, which means J}(-,-) is an inner product on Sp».
Consequently, the matrix A is positive definite and therefore invertible.

Case 2. F{}, 1s either a non-algebraic curve or an algebraic curve with degree greater than p.

In this case, let (u1,u2) € Spa N lCI;, then we claim that (uj,u2) = (0,0). Indeed, note that u; — ug is
a polynomial of degree at most p. It is impossible for such a polynomial to vanish almost everywhere on a
non-algebraic curve, or an algebraic curve with degree greater than p. Therefore, we must have u; —us =0
on T), which implies u; = us. Since both vanish at all nodes A;,i € Z,, it follows that u; = us = 0. Hence,
jf (+,-) is an inner product on S, 2. Again, we conclude that A is positive definite and thus invertible.

Case 3. Fr} is an algebraic curve of degree larger than p/2 but less than or equal to p.



In this case, let (u1,u2) € Sp2 NKy. We may write
Ul — U = LkQ

where L(z,y) is a polynomial whose zeros are given by F:/\F and k£ > 1. Without loss of generality, assume
that L is irreducible and relatively prime to the non-constant polynomial (). Since u; —us is of oder at most
p and T is of degree larger than p/2, we can only have k < 2, i.e. k= 1. Since (u1,us) € K%, we must have

O (LFQ) =0
on I’%. By direct computation, we have
OnLFQ = kL*10,(1L)Q + L*0,Q.

When k = 1, this reduces to 0, LQ = (0, L)Q on I'}.. Here, (9,Q)L = 0 is due to L = 0 on I'}.. Since L and
Q are relatively prime, it follows that 0, L = 0 on I‘%. This implies 0, L = 0,L = 0 on F%, contradicting the
assumption that Ff\r is a nontrivial algebraic curve. Thus, the only possibility is £ = 0 and @ = 0, so that
u1 — u9=0 on T). The remaining conclusion follows as in the previous cases. O

Remark 3.2. For general polynomial order p, the construction based on the bilinear form (3.4) guarantees
the existence of IFE shape functions. However, uniqueness can only be established when the interface curve
is either non-algebraic or an algebraic curve of degree strictly greater than p/2. So for higher-order cases,
it is natural to extend the interface jump conditions by incorporating additional terms in (3.4).

Theorem 3.2 (Least Square Construction). On every interface element T € T;}, given nodal values v, the
IFE shape function constructed by the above procedure minimizes the semi norm | - |Jf over Sp.

Proof. The proof follows the same argument as Theorem 2.2 in [21]. The property is a consequence of the
least-squares construction of the IFE shape functions. ]

Theorem 3.3 (Partition of Unity). On every interface element T € T, IFE basis functions satisfy the
following partition of unity property:

S ghp=1, p=23 (3.13)
i€T,
Proof. Let ¢}, = Ziezp ¢¥ 1, so that ./\/l;lgbg, € §,(T). By direct computation, we have
gbg}(Ai) =1,i€1,

since (bf 7(Aj) = 0;;. This corresponds to the case v = 1 in the IFE construction. By Theorem 3.1, there
exists a coefficient vector ¢ such that

W= Mpleh, B =" &+ > ety (3.14)
i€, i€,y

It is clear that ¢ = 1 is a valid solution due to the partition of unity results of standard Lagrange type basis
functions and the definitions of ff o and nf - By uniqueness result in Theorem 3.1, this solution is unique,
so ¢ = 1. Therefore,

b= My ZgﬁT—l—anT =1, onT. (3.15)

i€T, i€,
O



4 Immersed C° Interior Penalty Method

In this section, we derive the immersed C? interior penalty scheme for the biharmonic interface problem.

4.1 Derivation of Immersed C° Interior Penalty Method
Let u € PH*(Q) be the true solution of the problem (1.1). Define

Vi ={ve H\ Q) :v|p € HX(T) if T €T, vlpe € HX(TF) if T € T} (4.1)

On each interface element 7' € 7;', multiplying the equation (1.1a) by v € V}, and integrating by parts on
the subelement T (s = %) gives

A(BAu)v dX = — Vo - (VBAu) dX +/ v(VBAu -n) ds
Ts Ts oT's (42)
= BV%u : Vv dX + B (OpAu)v ds — / B (V*u) : (Vo@n) ds,
Ts oTs oTs

where (a ® b);; = a;b;. After some simplification, we obtain

/ (ﬁAQU) vdX = / BV2u : V2 dX +/ [BOnAuv — BOpnudnv — BOpudiv] ds. (4.3)
K Ts aTs
Using the tangential derivative identity:
/ Ontu0iv ds = Ot (Optuv) ds — / Ongruv ds, (4.4)
oT's oTs oTs
together with the gradient theorem
Ot (Onruv) ds = 0. (4.5)
ors
The equation (4.3) becomes
/ (5A2u) vdX = BV%u : V20 dX — B0nnudyvds + B (OnAu + Opgru) vds. (4.6)
s Ts orTs ors
Similarly, on non-interface elements 7' € 7,", it holds [11]
/ (BAQU) vdX = / BV : V20 dX — BOnnudyvds + B (OnAu + Opyru) vds. (4.7)
T T ar T

Summing (4.6) over s = +,— and all interface elements T € T}, together with summing (4.7) over all
T 7, yields

Z/vadX:Z/TﬂVQu:V%dX

TeTh TeT),

-y / {80 [Bnelds + 3 / {8 (Bn it + O} [0] ds s

. Je .. Je
ecéy 665;;

-y /F {B0mul [ne]ds + 3 /F {8 (0u A0 + D)} [0] ds.

TeT) TeT)

10



Finally, adding symmetric terms and stabilization terms following the convention of interior penalty methods,
the immersed C? interior penalty Galerkin scheme for the biharmonic interface problem is defined as: find
up, € S7(€2), such that:

ah(uh, Uh) = Lf(Uh), Yoy € Sﬁ(Q), (4.9)

where ap(up,vp) = Ap(un, vn) + Jhu(un, vn) + Jpn(up, vp). The components of ap(up,vy) are given by

(u,v) Z /BVQU V2u dX,

TET,
JU/B
Jhu(u,v) Z {B0nnu} [Onv] ds — {B0unv} [Onu] ds + Z [Onu] [Onv] ds
) x) S
oull U vl ds oufs U v| ds Tu ¥ {53 U v| as
*ZQM/WH”“+1\LM“%W%g%mﬂMMM%W
(4.10)
Thn(u,v) = Z or (1e718% | [Ownu] [Onnv] ds + e |87 [ [Onnu] [Onnv] ds
) 1- )
+ Y gF\ew/ Bntt] [Ornv] ds + Z ""{B}} W [lds+ > ""h{gﬁ}} [] [v] ds.
eEE"ﬁ]—'Z € TeT; T I'r
(4.11)

with {8} = (BT + 57)/2. In this scheme, stabilization terms are included both on interface edges and
interface segments, since the IFE space does not enforce the interface conditions pointwise. Inspired by [31],
we further add penalty terms on the flux 92u to enhance the numerical stability. These terms are applied
to all edges of interface elements. A similar idea was employed in [21] where additional penalty terms were
introduced to stabilize the pressure field in Stokes interface problems.

4.2 Well-posedness of the Numerical Solution

We establish the well-posedness of the numerical solution u; obtained by the scheme (4.9). Define the
mesh-dependent norm || - ||, on S} by

ol = 3 BV 0laqry + 3 T M0uollEae + 3 258 0,01l

TeTh e€&y TET,
ﬂ_
+ZUU<| +‘ ||[[8 U]]HL2 et) | |||[[ nv]]HLQe ) + Z O-F|6|5H[[ nnv]]HLQ
e€E} e€EPNF o (4.12)
A on
+ 32 or (17187 M0melEacery +1e 18~ NOmedlZa)) + 32 s el
eeéi eeé}i
on {8
+ 3 2 .
;T
TeT;i
Lemma 4.1. || - ||, defines a norm on S}.
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Proof. Tt is clear that || - ||, defines a semi-norm, so it remains to show positivity. Let v € S} and assume
|v][n = 0. Then for each T for 7;" and each each subelement 7% with 7}/, we have ||[V?v|?> = 0. Hence, v
is piecewise linear. By the definition of || - ||, the jump of v vanish across all non-interface edges, interface
edges e € &}, and interface segments I'z. Thus, v is continuous across the entire domain €. Similarly,
the jumps of normal derivatives vanish, indicating v is globally linear. Since v|spq = 0 and 2 is a polygon
domain, it follows that v = 0. Hence || - ||, is a norm on S7. O

Next we prove the trace inequality for IFE spaces. We first recall the standard trace inequality for a
kth-degree polynomial v on a triangle 7', with edge e [43]:

kE+1)(k+2) e
Iollz2o < \/H() rillollzaa (4.13)

2

Building on this estimate, we derive trace inequalities tailored to IFE functions on interface elements/edges.

Lemma 4.2. Lete € 5}; be an interface edge with neighboring element T} and Tg. Suppose v is a polynomial
of degree k. Then for s = 4+, —, there exists a constant C, independent of interface location and h, such that
the following estimate holds for at least one of i € {1,2}:

loll2(esy < Cle*| ™2 oll 2 gis)- (4.14)

Proof. Without loss of generality, consider the isosceles subtriangle T} C T>* with base edge e® and base
angle & = min{a, 7/4}, as constructed in the proof of Lemma 6 in [31] (see Figure 4.1). The existence of
such a subtriangle is guaranteed by Lemma 2.1. Here, « is the minimum nonzero angle of the triangulation
whose existence is ensured by the shape regularity assumption on 7,. Clearly, & is independent of the
interface location. Applying the standard trace inequality on T}, we obtain

(k+1)(k+2) |e?| 2(k+1)(k+2)
Ioll 2oy < \/ 2 ey = \ 2 o Wiy (1.15)
The equality is due to |T1| = 1[e*|> tan(d). Setting C' = W, we obtain the estimate. The constant
C depends only on the polynomial degree k& and shape-regularity constant. O

Then we derive the following estimate for the symmetric term of (4.9) on interface edge.

Lemma 4.3. Let u,v € SZ. Then

' Z {BOnnu} [0nv] ds

e

eESZ
§8< > BIVullFairy + Y BTl IOl |72ty + D B le7| ||[[8nnu]]”%2(e_)> (4.16)
TETn e} ecél
+0( 3 Zr ol + Z ol ).

681

where C' > 0 is independent of the interface location and the mesh size h.
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Figure 4.1: An illustration of triangular T

Proof. On the subedge e', we have the following equality:
S [ oy olas =% [ (80l + 5 1501 ) 10,01 ds
ccéi 7" ccéi 7"

_Z/ 5amu\T2 [Onv] ds + = Z/ [80nnu] [Onv] ds =: Q1 + Q2.

ecéi et ecéi

(4.17)

Without loss of generality, choose T2 to be the subelement satisfying Lemma 4.2. Then by Cauchy-Schwarz
inequality, we have

[NIES

@< (X o]

ec&;

nnu|T2

1
2 BT
o) (2 Ll ) (.19
e},
Applying Lemma 4.2 on T? T we have

@l <0( 3 5% Wl ) (3 Zr ol )

eEc‘j}iL e€&; <4 19)
§C<ZB+IIV%H%2(T+) (3 £ owiz ) -
TeT} et}

By Young’s inequality ab < éaQ + 2b%, we have

Qi <L ( S BVl e ) +202( 5/ - Bl 2 m) (4.20)

TeT; 65’
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For @J2, Cauchy-Schwarz and Young’s inequality give

1 1
02l < 3 (32 #1e 1omul e ) (3 L il )
e€&; 651 (4.21)
1
< 3( S Al MmillEeny ) +5( S Mowlie )
ecél e€&}
Combine estimates of @1, (J2, we have:
1
Y [, ot ioalas] <g( X8IV + X 571 ol
eES’ et TeT; 6651
(4.22)
+(2C2 (Z | +’ av]]”L2 e+)>
e€&;
An analogous estimate holds on e~. Adding the two sides, we obtain the estimate (4.17). O

We have a similar estimate for the edges e € 5,’; ﬂ]-',’; neighbored by a non-interface element and interface
element. This result is summarized in the following Lemma.

Lemma 4.4. Let u,v € S}. Then

‘ > / {80unu} [Onv] ds| < (Zﬂnv?uup + 2 Blellommulllza )

eeé,’;ﬁ}'}i T€7—h eegnmfz

+C 2{: ’| Hﬂa v HL2

665”

(4.23)

where C' > 0 is independent of the interface location and the mesh size h.

Proof. For e € 5}} N fi, at least one neighborhood element is a non-interface element. Without loss of
generality, assume 72 is non-interface. Then

> / {B0nnul [Onv] d Z / <ﬁamu\T2> nv]]ds—l—f > / [80nnu] [0nv] ds =: Q3 + Q4.

ecénnri © ¢ eénnFi ecénnri © ¢
(4.24)

For @3, applying standard trace inequality similar to Lemma 4.2 and summing over all elements gives

@l <0 X AIvulg) (X 2l ) (1.25)

TeTh eeégﬁfﬁ

For @4, Cauchy-Schwarz inequality gives

@<y X sl ) (X DRl ) (1.26)

e€pnFi e€PNFL

Applying Young’s inequality to the bounds for Q3 and @4 yields the estimate (4.23). O
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Next we prove the continuity and coercivity for ap(u,v):

Theorem 4.1 (Continuity). For all u,v € S’Z, there exists a constant C' independent with the interface
location such that:
an(u, v) < Cllully (o]l - (4.27)

Proof. Tt suffices to bound the symmetric terms, since the other terms follow directly by Cauchy-Schwarz
inequality. For e € £\ F}, the standard estimate [8] together with trace and inverse inequalities gives

> | {BOwnu} [0n0] ds

ecEP\Fi ©

<o X a9l ) (X Zltowll? )" < Cluly ol @425)

TeT, i 1!

For e € £ N F}, the bound follows from (4.25) and (4.26) . For e € S}Z we use (4.19) and (4.21). The
stabilization terms in Jj,(u,v) and Jp,(u,v) are bounded by Cauchy-Schwarz inequality. Finally, for
Ap(u,v) we have

1 1
2 2
)| < (X 8V ) (X IVl ) <l Dol (4.29
TET, TEeTy,
Combining all estimates gives the continuous result (4.27). O

Theorem 4.2 (Coercivity). For allv € SZ, there exists a constant c,, independent of the interface location,
such that
an(v,v) > c|v|7 . (4.30)

Proof. As before, we only need to estimate the symmetric terms. For e € c‘f};\}“’i, the standard estimate
yields

WAL LOEES C< 2 5||v2u||ggm>%( 2 \f\||[[anvu||2>é

ceEp\Fi "¢ TETn e€ey
1 2
> —cfp (T vt +2o( 3 22 w.a)] sy
TeTh ectl
1
> 5 (3 a9l ) - o £ L i),
TeT eEEG;LL

Fore € &'N F!, Lemma 4.4 gives

_ / {80t} [On] ds

A Je
ecEINF}

1
> (S A+ X el ) (2 D il )

TeT, eeéﬁﬂfﬁ eGED}’LL

(4.32)
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For e € 5}’” we use Lemma 4.3 to get:

Z/{{B&mv}} Opv] ds

e

6687’
> = 5 ( 0 Ay + T B ool + 5 87 ool ) asy
TeT 6682 eec‘)Z
-0 Zr ol + Z = 10wl )
ESl

Taking the generic C' to be the maximum in the above three estimate, we have

023 3 B9 ey + (u =200 ¥ e o+ Y 2 he o, upi,

TeT, 665” TeT;
5_
+ou =0 X L Mol + L il
6651
1 o
+(op — 8)( Z le|B ||[[8nnv]]H%2(e) + Z leantag H[[annv]]H%?(eJr) + Z B e | H[[annv]ﬂﬁ:?(e))
e€EPNF] e€&l e€&l
On {{/8}6 On {/B}}e
+ Z | |3 |||I ]]HL2 (e) + Z ||[[U]]||L2(FT)
eegl TGTZ
(4.34)
Choosing o, = 3C, o = 1, and defining With ¢ = min{%, 2C'}, we have the coercivity result. O

The well-posedness of our numerical scheme follows directly from the continuity and coercivity results,
and the Lax-Milgram Theorem.

5 Numerical Examples

In this section, we present three numerical examples to demonstrate the performance of the immersed
C" interior penalty method. Throughout all computation, the computational domain is chosen as =
[—1,1] x [-1,1].

The interface-unfitted triangular mesh 7y, is constructed as follows: we first partition € into N? uniform
squares with side length h = 2/N, and then subdivide each square into two triangles by its diagonals with
the negative slope.

For the construction of the IFE shape functions, we set the parameters in the bilinear form (3.4) as
wo = max{B+, 37}? and wy = wy = w3 = 1. Numerical quadratures on curve interface segments and curved
subelements are carried out by suitable mappings onto line segment and standard triangles, respectively.
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Figure 5.1: Tllustration of interfaces used in Examples

5.1 Straight Line Interface

In this first example, we test the accuracy and consistency of proposed method with a straight line interface.
The interface is represented by the level set

I'={(z,y) € Q:20+y —c=0},

which partitions the domain into Q* = {(z,y) € Q: 2z+y—c >0} and Q™ = {(x,y) € Q: 2z +y—c < 0}.
The exact solution is given by

|~

| F=Qety—c)?sin’(ry), zeQ”
u(z,y) = 2z +y— c)?sin?(ry), x € QF.

sy

(5.1)

—_

In the following result, we take ¢ = 1/0.5, see left plot of Figure 5.1 for a visualization.
Tables 1 and 3 report the interpolation errors of the Py and P3 IFE spaces for the case (37, 87) = (1, 100).
Both spaces exhibit optimal approximation order of convergence:

1ZPu — ullo + h|ZEu — uly + h?|Thu — uls = O(WPTY),  p=2,3. (5.2)

Tables 2 and Table 4 display the numerical solution errors. For p = 2, we observe optimal convergence in
the H' and H2-seminorms, and suboptimal convergence in L?-norm, consistent with the known behavior of
the C? interior penalty method for non-interface problems [26]. For p = 3, all norms convergence optimally,
These results confirm that our immersed finite element spaces, combined with the proposed immersed C°
interior penalty method, achieves the expected accuracy for the line interface case.

To further test the consistency with respect to the interface location, we consider a vertical interface
aligned with y-axis. The new line interface can be written as

I'={(z,y) : 2 —c=0}.

The exact solution is

1
W@, y) = { Z%:(x —¢)?sin®(my), x>c (5-3)

17



N  |[ZWu—ul|lp order |[ZJu—wu|;  order |ZJu—uly  order
10 2.2981 x 1072 9.2168 x 101 3.5313 x 10!

20 2.9230 x 1073 297 2.3391 x 101  1.98 1.7926 x 10}  0.98
40 3.6703x 107* 299 58708 x 1072 1.99 8.9983 x 10° 0.99
80 4.5932 x 1075 3.00 1.4692 x 1072 2.00 4.5036 x 10° 1.00
160 5.7431 x 107% 3.00 3.6738 x 1073 2.00 2.2524 x 10° 1.00

Table 1: Interpolation error of immersed Ps element of line interface when T = 100, 3~ =1

N llup, — ullo  order lup, — uly order |lup, —uly  order
10 1.1367 x 101 1.0854 x 109 3.5853 x 10!

20 27870 x 1072 2.03 2.6715x10~1 2.02 1.8030 x 10* 0.99
40 7.2460 x 1073 1.94 6.7052 x 1072  1.99 9.0140 x 10° 1.00
80 1.8531 x 1073 1.97 1.6832x 1072 1.99 4.5059 x 10° 1.00
160 4.6735 x 107%*  1.99 42162 x 1073 2.00 2.2527 x 10° 1.00

Table 2: Numerical solution errors of Py element of line interface when 8+ = 100, 5~ =1

N ||I£u —ullp  order |I,fu —uly order |I£u — 2 order
10  1.6860 x 103 1.0195 x 101 6.4074 x 10°

20 1.0708 x 10~% 3.98 12934 x 1072 298 1.6289 x 10° 1.98
40 6.7182x 1076 399 1.6225x 1073 299 4.0884 x 10~* 1.99
60 1.3280 x 107%  4.00 4.8104 x 107% 3.00 1.8184 x 107! 2.00
80 4.2028 x 10~7  4.00 2.0298 x 10~* 3.00 1.0231 x 10~*  2.00
100 1.7218 x 1077  4.00 1.0394 x 10~* 3.00 6.5485 x 1072  2.00

Table 3: Interpolation error of immersed P3 element of line interface when ST = 100, 3~ =1

N l|up, — ullo order lup, — uly order lup, — ula order
10 6.4599 x 1073 1.3698 x 10~ 1 6.0325 x 10°

20 4.1086 x 107*  3.97 1.7319x 1072 2.98  1.5031 x 10°  2.00
40  2.7180 x 107°  3.92 2.1956 x 1073 2.98 3.7432 x 10~! 2.01
60 5.4620 x 1079  3.96 6.5410 x 107%* 2.99 1.6610 x 10~}  2.00
80 1.7460 x 1079 3.96 27676 x 107* 2.99 9.3358 x 1072 2.00
100 7.1692 x 107  3.99 1.4196 x 10~* 2.99 5.9720 x 1072 2.00

Table 4: Numerical solution errors of Ps element of line interface when 8 = 100, 5~ =1
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In this experiment, we set (87, 3%) = (1,10) and fix the mesh size h = 2/40 = 0.05. The parameter
¢ varies across the interval [0.71,0.79], so that the interface {x = ¢} moves through grid columns. When
¢ = 0.75, the interface align exactly with the mesh, and the immersed C° interior penalty method reduces
to a standard C° interior penalty method. Figure 5.2 reports the error in three norms as the interface
moves. The results demonstrates that the errors evolve smoothly with respect to the interface location,
including at the degenerated case when the interface coincides with the mesh. This confirms the robustness
and consistency of our method under interface movement.

102
o— [ 2 H! = H?
10!
E; = = g-oEEE-8 = = £]

= 0

= 10
z

5 10!
=

10—2

10—3

0.7 0.72 0.74 0.76 0.78 0.8
C

Figure 5.2: Errors of an moving line with respect to position

5.2 Parabola Interface Case

In this example, we test our method on a curved interface defined by a parabola. The interface is given by
I={(z,y) € Q:y—(2*+22+¢)=0}

which divides the domain into QT = {(z,y) € Q : y — (2> + 22 +¢) > 0} and Q= = {(z,9) € Q :
y— (22 + 22 +¢) < 0}. We set ¢ = —? in the experiment, see the middle plot of Figure 5.1 for reference.
The exact solution is defined by

L(22 492 +c— 2(1— 2 27 €0,
U(.’L‘7y) - ﬁl (332 e y)Q ( y2)2 ! (54)
(@ +2wte—y)" (1-47)°, zeQh.
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Tables 5 and 6 report interpolation errors of the immersed Py and P3 spaces for the case 57 = 10 and

B~ = 1. In both cases, we observe optimal convergence rates consistent with theoretical expectations.
N |[Z0u —ullo  order 1Zhu — uly order |Zhu — ulo order
10  5.8973 x 1073 2.5587 x 107! 8.2234 x 10V

20 7.5802x 107* 296 6.6025 x 1072 1.95  4.2167 x 10°  0.96
40 9.5420 x 107°  2.99 1.6647 x 1072 1.99  2.1224 x 10°  0.99
80 1.1949 x 10~° 3.00 4.1718 x 103 2.00  1.0631 x 109  1.00
160 1.4944 x 1079 3.00 1.0437 x 102 2.00 5.3187 x 10~' 1.00

Table 5: Interpolation error of immersed Ps element of parabola interface when when S+ =10, 3~ =1
N |[Z0u —ullo  order 1Zhu — uly order |ZPu — ulo order
10 3.9532 x 1074 2.5529 x 102 1.3731 x 10V

20 2.5089 x 107° 3.98 3.2559 x 1073  2.97 3.4956 x 10~! 1.97
40  1.5807 x 1079  3.99 4.1044 x 10~* 2.99 88171 x 1072 1.99
60 3.1153x 1077 4.01 1.2152x10~%* 3.00 3.9124 x 1072 2.00
80 9.8835 x 107® 3.99 5.1370 x 107° 2.99 2.2057 x 1072 1.99
100 4.0438 x 1078 4.00 2.6281 x 10~® 3.00 1.4101 x 1072  2.00

Table 6: Interpolation error of immersed P3 element of parabola interface when when g+ =10, 3~ =1

Figure 5.3 summarizes numerical solution errors for the parabola case with fixed §~ = 1 and varying
BT. When t = 1, the interface disappears and the method reduces to the standard C° interior penalty
method. In all cases, the proposed method achieves expected rates of convergence for both P, and Ps
spaces. The results also indicates mild variations in error magnitudes across different parameter values., but
the convergence remains robust.

5.3 Circular Interface Case
In this example, we consider a circular interface. The interface is the level-set function
D= {(z.y) € Q:a? 42 =12},

which separates the domain into Q7 = {(z,y) € Q: 22 +y? > 73} and Q= = {(z,y) € Q: 2% + v < r}.
The exact solution is

( ) (12+y277‘(2)7)2sin2(ﬂ'y)’ e (5 5)
ul\r,y) = 202522 gin2 :
(e 4y 7;2 s (Wy)’ reQt
We take rg = m/6.28 in our tests, see the right plot of Figure 5.1 for reference.
Tables 7 and 9 report interpolation errors for 37 = 1 and 3~ = 50. As in previous examples, the
immersed P2 and Ps spaces exhibit optimal approximation in || - ||o, | - [1 and |- |2 norms. Tables 8 and 10

present the numerical solution errors for the proposed scheme.
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Figure 5.3: Numerical solution errors of Py (first row) and Ps (second row) for parabola interface case

Finally, we examine the conditioning of the stiffness matrix associated with the scheme 4.9. Figure
5.4 shows condition number versus N for fixed 3~ = 1 and varying 7. For the Py space (left), the
condition number scales like O(h™*); moreover, the magnitude is higher for large coefficient jumps than
for moderate ones. Similar behavior is observed for the immersed Ps3 space (right). These results indicate

regular conditioning of the proposed method.

N |[Z0u —ullo  order 1Zhu — uly order |ZPu — ulo order

10 7.5156 x 1073 3.0133 x 107! 1.1212 x 10*

20 9.8140 x 107* 294 7.8906 x 1072 1.93  5.8092 x 10°  0.95
40 12383 x 107* 299 1.9919 x 1072 1.99 2.9275 x 10°  0.99
80 1.5514 x 1075 3.00 4.9916 x 1072 2.00  1.4666 x 10°  1.00
160 1.9404 x 1079 3.00 1.2486 x 102 2.00 7.3364 x 10~'  1.00

Table 7: Interpolation error of immersed Po element of circular interface when when T =1, 3~ = 50
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N |up, — ullo order lup, — uly order lup, — ula order

10 3.7308 x 1072 4.3174 x 107! 1.1364 x 10!

20 1.0019x 1072 190 1.2319x10"! 181 58557x10° 0.96
40  2.9634 x 1073 1.76 3.4468 x 1072 1.84  2.9410 x 10°  0.99
80 8.2261 x 107* 1.85 9.1887 x 1072 1.91  1.4702 x 10°  1.00
160 2.1543 x 107 193 23678 x 1073 1.96 7.3458 x 1071 1.00

Table 8: Numerical solution errors of Py element of circular interface when T =1, 3~ = 50
N ||ZPu—ullo order |ZJu—wuly  order  |ZPu—wuly  order
10 7.0400 x 104 4.3002 x 1072 2.5482 x 10°

20 4.3799 x 107°  4.01 5.3550 x 1073 3.01 6.3730 x 10! 2.00
40 27397 x 1076 4.00 6.6977 x 10~*  3.00 1.5955 x 10~1  2.00
60 5.4131x 1077 4.00 1.9849 x 10~* 3.00 7.0938 x 1072  2.00
80 1.7129 x 107  4.00 8.3747 x 107° 3.00 3.9910 x 10°2  2.00
100 7.0169 x 10~® 4.00 4.2880 x 10® 3.00 2.5545 x 1072  2.00

Table 9: Interpolation error of immersed P35 element of circular interface when when 8T =1, 3~ = 50

5.4 A Flower Interface Case

In this final example, we consider a relatively complex flower-shaped interface. The level-set function of the
interface is defined as

d(x,y) = (2% + y?)[1 + 0.6 sin(6 arctan(y/z))] — (1.57/6.28)*

which splits the domain into QT = {(z,y) € Q : ¢(z,y) > 0} and Q= = {(z,y) € Q : ¢(z,y) < 0}. The
shape of this interface is shown in the left plot of Figure 5.5. We set the source term f = 0 and homogenous
boundary conditions.

Since it is difficult to construct an exact solution for this geometry, we adopt a reference solution
computed on a very fine mesh (N = 320) to evaluate errors. To facilitate high-order numerical quadrature
on this irregular domain, we employ the technique described in [24, 41]. The computed errors for the

N ||lup, — ullo order lup, — uly order lup, — ula order

10 2.9512 x 1072 1.6345 x 1071 4.2294 % 10°

20 4.7377x 1072 2.64 22606 x 1072 2.85  1.0358 x 10°  2.03
40  2.0030 x 107*  4.56 2.0387 x 1072 3.47 2.1701 x 10~t  2.25
60 4.3622 x 107° 3.76 5.0789 x 10~* 3.43 8.4434 x 1072 2.33
80 1.4458 x 1075 3.84 1.8888 x 10~* 3.44 43573 x1072 2.30
100 6.0724 x 1079 3.89 88723 x107° 3.39 26391 x 1072 2.25

Table 10: Numerical solution errors of P3 element of circular interface when 8+ =1, 3= =50
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Figure 5.4: Condition number of Py (left) and Ps (right) IPIFEM for circular interface case

immersed Py C° interior penalty method are reported in Table 11. The approximate error norms are

defined as
1/2

lun —allg=h | > @a(X)—a(X))* |, |up— al; = |[Doun — Do, (5.6)
XeN,,

where Dsu denotes the second-order central difference approximation of Vu on the grid function u. The
surface plot of the numerical solution is shown in the right plot of Figure 5.5.

N ||up, —ally  order lup, — Gy order

10  2.9510 x 1073 4.8539 x 1073

20 1.2720 x 1072 1.21 2.0239 x 1072  1.26
40 4.3351 x 107* 155 6.7660 x 10™*  1.58
80 1.0786 x 10~* 2.01 1.6779 x 10~* 2.01
160 2.2620 x 107°  2.25 3.5572x 107° 2.24

Table 11: Numerical solution errors of Py element of flower interface when 8+ =1, 8~ = 50

6 Conclusion

In this paper, we developed immersed Py and Ps finite element spaces for biharmonic interface problems.
We analyzed key properties of these spaces, including unisolvence and the partition of unity. The number
of degrees of freedom is identical to that of standard finite element spaces. The approximation capabilities
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Figure 5.5: The shape (Left) and surface plot (Right) of the flower interface example

of the proposed spaces were confirmed to be optimal through numerical experiments. We further applied
these spaces to solve biharmonic interface problem using an immersed C? interior penalty method, where
additional penalty terms were introduced on both interior edges and interface segments to ensure stability
and theoretical consistency. Extensive numerical experiments with various interface shapes demonstrated
the optimal accuracy, robustness with respect to interface location, and regular conditioning of the proposed

method.
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