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RESIDUAL-BASED A POSTERIORI ERROR ESTIMATION FOR
ELLIPTIC INTERFACE PROBLEMS APPROXIMATED BY
IMMERSED FINITE ELEMENT METHODS*

YANPING CHENT', JIAO LU%, YANG WANG!, AND YUNQING HUANGY

Abstract. This paper studies a residual-based a posteriori error estimator for partially penalized
immersed finite element (PPIFE) approximation to elliptic interface problems. Utilizing the error
equation for the PPIFE approximation, we construct an a posteriori error estimator. Properly weighted
coefficients are proposed for the terms in indicators to overcome the dependence of the efficiency
constants on the jump of the diffusion coefficients across the interface. The PPIFE method is based
on non-body-fitted mesh, and hence we perform detailed analysis on the local efficiency bounds of
the estimator on regular and irregular interface elements with different techniques. We introduce a
new approach, which does not involve the Helmholtz decomposition, to give the reliability bounds
of the estimator with an L? representation of the true error as the main tool. More importantly,
the efficiency and reliability constants are independent of the interface location and the mesh size.
Numerical experiments are provided to illustrate the efficiency of the estimator and the adaptive mesh
refinement for different jump rates or interface geometries.

Keywords. Interface problems; a posteriori error estimator; immersed finite element methods;
adaptive refined meshes.
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1. Introduction

Interface problems with discontinuous coefficients have appeared widely in a variety
of engineering and physical fields, for instance, stationary heat conduction problems
with a discontinuous conduction coefficient [1], fluid problems with different viscosities
[2], electromagnetic problems [3] and so on [4,5]. Because of the discontinuity of the
coefficients in the equation and the nature of the interface, the solution of the interface
problem usually has low accuracy. As a result, it is a considerable challenge to solve
interface problems efficiently and accurately.

There are some methods based on body-fitted grids available in the literature to
solve interface problems, such as the classical finite element methods [6, 7], the virtual
element methods [8,9], and the weak Galerkin methods [10,11]. These methods require
the mesh to align with the interface to render a high-order accurate approximation
(see Figure 1.1(c)). If the shape or location of the interface does not change, using
these methods to solve problems is relatively efficient. However, it may be difficult and
time-consuming to solve a problem with a moving or complex interface. Other methods
based on structured grids that do not align with the interface have been developed,
such as extended finite element methods [12,13], immersed interface methods [14, 15],
and immersed finite element methods [16-22]. These methods have many advantages
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over the usual body-fitted grid methods. In particular, when a problem with a moving
interface is involved, they do not need to generate a new grid as time evolves. This
simplifies the solving process and saves a considerable amount of storage.

The immersed finite element (IFE) methods were first introduced by Li in [23] as
a new finite element method for solving one-dimensional elliptic interface problems.
The key to the IFE methods is to construct piecewise polynomials on interface el-
ements according to interface jump conditions while using standard polynomials on
non-interface elements. Subsequently, the partially penalized immersed finite element
(PPIFE) method was proposed in [24]. This method adds extra stabilization terms
on interface edges to penalize the discontinuity of the IFE functions and maintain the
stability of the format. As a result, the accuracy near the interface is improved while
maintaining the stability of the algorithm. More recently, the PPIFE method has been
proposed for parabolic interface problems [25], hyperbolic interface problems [26], elas-
ticity interface problems [27,28], and so on [29, 30].

Since IFE functions are discontinuous over interface elements, the IFE methods
often have a much larger error near the interface. This indicates that IFE solution
errors are not uniformly distributed throughout the solution region. Therefore, if we
simply improve numerical approximation accuracy by using a global uniform refined
grid, it is computationally expensive and cannot accurately refine the regions with large
errors. We consider introducing an adaptive refinement strategy based on a posteriori
error estimation. The strategy uses the information from the IFE solution computed on
some initially uniform mesh and then adapts the grid in a post-processing way, thereby
obtaining a grid more tailored to the problem. Moreover, the adaptive strategy reduces
the number of unknowns and can converge to the exact solution faster. A posteriori error
indicators in the adaptive refinement process provide vital information for generating
a new refined mesh. Over the past six years, the residual-based a posteriori error
estimate analysis for IFE methods has been less studied, and only a few results have been
attained so far. Chen et al. [31] proposed an adaptive IFE method with error control by
introducing different error indicators on interface elements and non-interface elements,
respectively, which can effectively solve elliptic and Maxwell interface problems. He and
Zhang [32] analyzed a residual-based posterior error estimate for the PPIFE method
for elliptic interface problems and then used the Helmholtz decomposition to prove the
estimator is reliable.

In this work, our first purpose is to construct a robust, efficient and computationally
simple error estimator such that it accurately reflects the solution error distribution and
achieves an optimal convergence rate. We use the PPIFE solution u, itself, the source
term f, and the error equation for the PPIFE approximation to derive an estimator that
contains three terms: the element residual, the numerical solution jump, and the numer-
ical flux jump. Note that the estimator constructed here is quite different from the one
in [32], which leads directly to a new analysis approach for a posterior error estimation,
especially for the analysis of the elemental residual and the numerical solution jump.
The second purpose of this paper is to present a new and direct approach for obtaining
the reliability bounds of the estimator without involving the Helmholtz decomposition.
To this end, our analysis makes full use of an L? representation of the true error and
a modified Clément interpolation. Then, combined with the trace inequality for linear
IFE functions, both the element residual and the numerical flux jump can be bound.
We cannot, however, do the same for the numerical solution jump because the global
IFE functions are discontinuous across interface edges. A special trace inequality was
introduced to overcome this difficulty. On the other hand, we know that the IFE solu-
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tion is a piecewise linear function on interface elements, so using the standard bubble
function technique [33] to prove efficiency bounds does not apply here. We modify the
standard technique according to the feature of the linear IFE basic function. However,
when the interface element is irregular, the modified technique does not give explicit
efficiency bounds. This bound is addressed, in this case, by an interpolation estimate
in the IFE space.

The outline of this paper is as follows. The next section starts by presenting the
model problem, defining some norms, and introducing the IFE space. The error equation
for the PPIFE approximation is derived in Section 3, and then we construct a residual-
based a posteriori error estimator. Sections 4 and 5 prove the efficiency and reliability of
the residual-based a posteriori error estimator, respectively. Several numerical examples
are presented in Section 6. Finally, Section 7 summarizes and proposes a further work
plan.

(a) (b) (c)

Fic. 1.1. (a) A square domain Q cut by an interface I'; (b) Non-body-fitted mesh of an interface
problem; (c) Body-fitted mesh of an interface problem.

2. Preliminaries and partially penalized IFEM space

2.1. Interface problem. Let Q CR? be a bounded open domain with a Lip-
schitz boundary 9. The interface T' is a C%-smooth curve that divides 2 into two

sub-domains Q7 and Q7 such that Q=QFNQ~NT (see Figure 1.1(a)). Further, we
assume 'NIN=0. In this work, we consider the following elliptic interface problem:

—V-(aVu(z))=f(x), if xeq, (2.1)
(;p):(), 1fx€5'§2,

where f € L?(Q) is a given function, the diffusion coefficient « is a piecewise constant
function defined by

a’, if zeQt,
a(r)= .

a, ifxeQ™,
and min{a™,a”}>0. And the exact solution u satisfies jump conditions across the
interface I':

[ulp=0 and [aVu-n|.=0, (2.3)
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where n is the unit outer normal vector of the interface I' with a direction that points
to the domain Q.

In this paper, let W;f (©2) be the standard Sobolev space with the standard norm
H.”Wzlf(ﬂ) and the semi-norm |~|WI,;(Q). For any measurable open domain BC(, we
denote B®:=BN°, s=+. When B*# 9, s=4, we define a space as follows:

W;(B) ={ueW, (B):u

BsEWIf(BS),SZ—F,—}
equipped with the norm and the semi-norm
||uH€~V5(B) = H“||€V§(B+) + ||UH€VII;(B—) and |u|z’;‘7§(3) = |u|€v§(3+) + ‘u|€vl§(3—)‘
Next, we introduce the following space:
PWI]f(B):{u:u|BSGW1’f(BS),s::I:; [u]=0, [fVu-nr]=0 on I‘ﬂB}.

We denote LP (B) as the Lebesgue space for 1 <p <oo, with a norm ||~HLP(B). Specially,
L?(B) is a Hilbert space with the inner product and norm

1/2
(v,w)B:/ vwdz and |jv||g= (/ |v|2dx> .
B B

As before, L?(0B) is the square-integrable function space on dB equipped with the
inner product and norm

1/2
(v,w)aB:/ vwdz and ||u|a,3(/ |v|2d:c) .
OB OB

For p=2, we let H*(B)=WJ}(B) equipped with the norm [l x5y and the semi-
norm || i ). Further, we define the Hilbert space HE(B)={ve H*(B):v=0 on B}.
Similarly, we have PH* (B)=PWJ} (B). If B=Q, we will omit the index Q.

The weak formulation of problems (2.1)-(2.3) then is: find u€ H} (2) such that

/aVu-Vvdx:/fvdx, for all v € Hy (). (2.4)
Q Q

2.2. Partially penalized IFE space. Let 7, ={K}(0<h<1) be a family of
Cartesian triangulations of Q. Then A, £, and & are the corresponding sets of nodes,
edges, and interior edges, respectively. Denote by 7,7 the set of interface elements in 7y,
and by 7" the set of non-interface elements. We assume that the interface intersects
at most two edges of an interface element. If the interface intersects the element at
either one vertex or two adjacent vertices, then the element is a non-interface element.
This assumption is reasonable when h is small enough. We denote the set of interface
edges and non-interface edges of the edges £ by £ and £7°", respectively. Similarly,
we let £ and £"°™ denote the set of interior interface edges and interior non-interface
edges, respectively.

For any element K €Ty, we let Tre ={1,2,3} and A;,j € Zx denote its vertices. We
define the local IFE space as follows:

Sp(K)=span{¢;,i€ Ik}, for K€T,.
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If KeT*", ¢;s,i€ Lk are the standard linear nodal basis functions satisfying

y 1=]

. ijelk.
0, iz MK

¢i(A;) = {
For each K € 'Efnt, we know that the two points where the interfaces I' and K intersect
do not lie on the same edge. We use D and E to denote the intersection of the interface
and OK, and let n=(7,72) denote the normal vector to the line segment DE. The
line segment partitions K into two subelements, K™ and K~ (see Figure 2.1). Then, on
the interface element K, the linear IFE shape functions ¢;,i € Ty are piecewise linear
polynomials specified by [34, 35]:

F1c. 2.1. A triangular interface element

) — ot + + +
04 >={¢i ()= et bianter, xR (2.5)

¢; ()=a " x1+b z2+c”, x €K,
where the coefficients satisfy the interface jump conditions
+ —
+ 09 —a 9¢;
on on

Then, we introduce the following global IFE space and piecewise linear space on Q:

o7 (D)=6; (D), ¢f(E)=¢; (E) and a

Sn(Q))= {U€L2 (Q):v|g€SK(K) VK €Tp,v is continuous at any z €N ,and v \3920},
V(Q)={v:v|geP (K), VK T},

where Py (+) is the space of linear polynomials on element K.

Given e€ & , we denote K. 1 and K, 2 as two elements that share the common edge
e. Fix veV, (Q), we define its average and jump on each edge by

1 ~
{U} = i(UIKeyl +/U|K312)7 6687

VK. 665\5,

and

[ ] v |Kc,1 —v |Kc,27 665,
v, = ~
c VK., ec&\E.

For simplicity, we omit the subscript e in these notations if there is no ambiguity.
Take any test function v, €S, (2) to multiply both sides of (2.1), then applying
(2.2), integration by parts on each element together with the identity

[uv] = {u} [v] + [u] {v},
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one obtains

/qude: > /Kavu.vvd% > /{anne}[vT]ds. (2.6)

KeT, ccgint’€

Note that [@Vu-n.],=0, Ye€& and [v,], =0, Ve E™", where n, is the unit normal
vector to e pointing from K. o towards K. ;. According to the regularity of u, for any
parameter o,¢ >0 and >0, we have

e /{aVvT~ne}[u]ds:0 and Z/ V‘J[u][UT}dpo, 2.7)

h
ecint” ¢ ecint [he

where h, denotes the length of e.
Inserting (2.7) into (2.6), we obtain

ap (u,v;) :/ fu,dx,
Q

where the bilinear form ay, (-,-) defined by

an (u,0:)= Y /KaVu-Vdeos— > /{anne}[vT]ds

KeTh ecfint”©
e} /{aVUT-ne}[u]ds—F 3 /ﬁ[u}[w]ds.
ecint” ¢ ecdint” @ 1C

We may thus formulate the following PPIFE method: find u, € Sy (2) such that

ah(uT,vT):/ fordz, for all v, €S, (). (2.8)
Q

3. Estimator
In this section, we describe an error estimator for the PPIFE approximation.
In order to estimate the true error E=u—wu,, one may make use of (i) the PPIFE
solution u, itself, (ii) the source term f, and (iii) the error equation for the PPIFE
approximation

an(Ev)= [ fodz—ap(u,,v), forallve Hg(Q). (3.1)
Q
Decompose (3.1) into local contributions from each element, to be rewritten as

ap (E,v)= Z /Kffud:cf Z /KaVuT~Vvdx

KeTy, KeTn

—€ Z /{aV’u-ne}[uT] ds. (3.2)

ee‘(:‘int €

Integration by parts over each element gives

Z/aVuT~Vvdx:— Z
K

KeTy, KeTh

/KV-(aVuT)vdx—i—Z/[aVuT-ne] {vidz. (3.3)
ecé ¢
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Inserting (3.3) into (3.2), we get

n(E,v) Z / Rrvdx — Z/jne{v}dx—e Z /{aVv ne}jyeds, (3.4)
KeTs ccdint
where R is the element residual
Rx=f+V-(aVu,;), inK, (3.5)
Ju,e is the jump of the numerical solution across the edge e
Jue =ltir], (3.6)

and jy . is the jump of the gradient across the edge e

(aVur -n.) |k, , — (aVu, -n.) |k, ,, if ecé,
in.e = VU, neg|= ' ' - 3.7
e =] ° {0, ifecE\E. (37)
Let a4 and ay be the arithmetic and harmonic averages of «, defined as
at+a- 2ata~
- _— Q\oN
ap= 2 7 T, and ag=4 at+a”’ TEMIN,
a’, x €09, a’, x €00.
It is easy to verify that
Vvat Va— 1 1 1 1
<Jag, — < /ay, < , and < . 3.8
2 —VT T T ovar~ Vaa Wa—  aa (3:8)
The expression in (3.4) directly leads to a local error indicator nx defined by
S O juel?) + 2
Nk = ~ Ju,e OlK Kl K
e€€rnéint
+ > 2 (3.9)
6651{(‘]5"0"

where hg is the diameter of K, £k is the set of three edges of K, and ax denotes the
value of « restricted to K. Then, the global error estimator 7 is defined by

=Y k- (3.10)

KeTn

REMARK 3.1.  When K €7,;°", the second term in (3.9) is equal to 0. Now, the
error indicator only involves the element residual and the numerical flux jump. The

fundamental work of efficiency bounds for both terms on non-interface elements has
been established in [36,37].

4. Local efficiency bounds

In this section, we will establish the local efficiency bounds of the error estimator
n. To this end, we first need some notations and assumptions. Given e€ &, let
et =enNQ" and e =eNQ~. As before, set K.+ ; and K.+ 5 as two elements that share
the common edge e™.
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When K €7,*°", the local indicator contains only Rx and j,.. The efficiency
bounds of both terms were addressed on non-interface elements by Verftirth [36], who
used the bubble functions technique. We mainly establish here the efficiency bound of
Nk over interface elements. We know that the IFE solution is a piecewise linear function
on interface elements. As a result, the technique cannot be used to prove the efficiency
bound of nx on K € T,/ directly. To solve this difficulty, we define bubble functions
on Kt and K, respectively.

Fix a triangle element K+ CKGﬁ"t, £;,i=1,2,3 denote the barycentric coordi-
nates of K. We then define the triangle-bubble function g by

K=

27€1€2€3, on K+,
0, on Q\K .

For each et € £+ NE™, define the edge-bubble function 1. by

40145, on K+ UK+ o,
‘o, on O\ (Ko+ 1 UK+ o).
Notice that we here let K+ =K.+ ;. If KT is not a triangle, then it must be a quadri-
lateral. We divide K7 into two triangles by connecting a vertex of KT and an interface

intersection, e.g., connecting D and A; in Figure 2.1.
The following lemma gives the bound of Rg on each element K €7j,.

LEMMA 4.1. Let Rg= ﬁfK Ry dx be the average of Ryx over K €Ty, and then the
following estimate holds:

h2 2 _ 2
"k \Rg|%<C (Ha1/2VEH Y2 Hofl/z (R — Ry) H ) , (4.1)
QK K K

where C' is a constant independent of the mesh size and «.

Proof.  'We first estimate the bound of Rk on each interface element K. To this
end, we construct an element-bubble function 95 on K+. Using the property of the
element-bubble function [38], we get

IRk lfee < [ o () o

:/ V‘(aV(uh—u))szRKder/ (RK*RK)dJKRKdI.
K+ K+

From the definition of ¥ i, we can derive ¥k |gx+ =0. Furthermore, we apply Green’s
formula and the Cauchy-Swartz inequality to find that

||RKH§{+§/ aVE-V(q/)KRK)da:+/ (R — Ric) e B d
Kt K+
<NaVEll e [V (0rcBre) || o + || Boc = Bl oo ([0 R e
Noting that
I9 () e <CRLNE] . and oncRl g, < Bl (@02)

Hence, {RKHK+ can be bound as

1B || e <O (i @V El s +[| B = Ric e )
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Using the Cauchy-Swartz inequality, we arrive at
| Rl <C (hih oV Bl o+ || Ric = Racl| ) (43)
Analogously, we construct an element-bubble function on K~ to obtain
IRk | - SC(h;(E ||CVVE||K7+HRK_RKHK7)' (4.4)
Now, using the definition of norm, we derive
e e = (el + )

<chi (max{h_2 h2 YaVE|% +||Rx — R Hz)
> ax K+ K- K K K K

<(forisl s o mn-mal)

The constant C'=Ch3, max{h;(%r,h;(%} in the last inequality. For K € 7;"°", we define

an element-bubble function on K to obtain
h 2 1/2 2 2 —1/2 (P 2
o Rxlie < Ha VEHK+hKHa (RK—RK)HK .

Here the constant C' is independent of the interface location. This completes the proof.
d
The estimated result of jy, . is stated in the lemma below.

LEMMA 4.2.  For every eel, the following estimate holds:

he
”7"‘”5<C(HO‘1/2VE‘
204

ie 12 [o72 (R~ )|

’ ) (4.5)

We

where we is the union of all triangles that have e as an edge and the constant C' is
independent of the mesh size and c.

Proof.  We first consider an arbitrary interface edge e € £™. Denote by v, the
edge-bubble function on e*. We can deduce from the properties of v, and the continuity
of aVu-n that

lmellZ < / [0V 0 e do < / [0V (e — ) ] e
Noting that 1. is equal to zeros on dw,+. Next, applying Green’s formula gives
/e+ (aV (ur —u) n.) |k, , Yejn,edr= /KEJr 1 Ritbejn.e+aV (ur —u) -V (Yejn,e) de.
Hence, we have
linell2e < [ Rictudnat a¥ (ur =) (o) d,
w, +

From the properties of v, [38], on the other hand, we know that

. —1/2 . . 20 -
IV Wedne)ll,  SChZ nellys  and [ Gednell,  <CRY nells-  (46)

W+ — W+ —
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Using the Cauchy-Schwarz inequality and (4.6) yields the error estimate
linello <C (R22 VBN, , +02 IRl ). (4.7)
Afterward, we apply (4.3) and (3.8) to obtain
linellor <C (h 10V El, , +h2 | Ric— R, , ) (48)
Similarly, we define 1. on e~ to get
linell, <C (h* 0V El,, _+hY*|Ric—Ruc]|,, ). (4.9)
This and (4.8) imply
e lnell? =he (Ine s +llgn.el?-)
<Ch, (max{h;l,h;l} ||aVE||ie +he HRK — Rk Hie)
2 >
The constant C'=Ch, max {hgf,h;l} in the last inequality. For each non-interface edge

’ ) . (4.10)

We

2 _
<Cay <Ha1/2VE‘ +h2 a2 (Ric — Ruc))|

ee & we define an edge-bubble function on e to obtain

<0 (v

2 _
—‘rhg HO&71/2 (RK —RK>‘

he | .
— H]n,e
aa
The constant C' is independent of the interface location. This completes the proof. 0O
With a similar argument in Lemma 4.2, we can give the estimate of j, ..
LEMMA 4.3. There is a constant C such that, on each interface edge e € EM, the

following estimate holds:

;TH el SCHal/QVE‘ (4.11)

2
we

The constant C' is independent of the mesh size and o.

Proof. For an interior edge e € £, the unit normal and tangential vectors to e are
denoted by n. = (z.,y.) and t. = (—y.,x.), respectively. Given v € Hg (), define j; . =
v Ov

[Vu-t.], as the tangential derivative jump across the edge e and Viv= 73773

S Y -
the formal adjoint operator of the curl operator. Our goal here is to prove the efficiency
bound of |[jy,ell,. From [32], however, we know that

”ju’e”eﬁ- < Che+ ||jt,e||e+ . (4~12)

Next, we adopt the same method as in Lemma 4.2 to give the efficiency bound of
jt.ell - For each interface edge e £™, we define an edge-bubble function ¢, on e.
Applying the properties of 1., the continuity of Vu-t. and Green’s formula to deduce
that

lieel2e <€ [ Vst de<C [ 9= o) da

W+

<C|VEll,_, IV Grete)l

w4+
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Similar to (4.6), we have

1V Geetbelll,,, <ChY? ltell
Hence, one obtains

el <ChZZVE],, - (4.13)
Applying (4.12), it is derived that

ljueller <Ch?laVE],, | - (4.14)
Analogously, we get

luell,- <CRY2[aVE], . (1.15)

Using the definition of norm and (3.8) yields

—1 - 2 _ . 9 ) 9 B
he ' ||ju7e||e :he ' (”]u,e”eJr + ||]u7e||e*) < CCYHI Hal/QVE‘

2

We ’

which completes our proof. ]
The following theorem is a direct consequence of the above three lemmas.

THEOREM 4.1.  Let u€ PH?(Q)NHE (Q) and u, be the unique solution of problems
(2.4) and (2.8), respectively. Then, there exists a constant C independent of the mesh
size and o, such that

nkg <C (Hal/szHwK +hg Hoﬂ/z (Rk — Rk) HMK> , (4.16)

where wy denotes the set of all elements K €Ty, that share an edge with K.

REMARK 4.1. The constant C' in Lemma 4.1 and Lemma 4.2 depends on
max{ he_f,he_,l}. If the intersection of the interface and an interface edge and the el-
ement vertexes are infinitely close, the constant C' makes no sense. In this case, the
interface element can be approximated as a non-interface element. It implies that there
may exist a constant controlling the efficiency bound. The following lemma proves our
conjecture.

LEMMA 4.4. There exist constants C; >0,i=1,2,3, for each K €Ty, such that

hk

o= il <€ (‘ al/szHK+hK Ha—uz (Ri — R) HK—&—thin{heJr,hef}) ,

(4.17)

w+hemin{m,m}), ceExném, (418)
) +hemin{¢ﬂ,¢ﬂ}>,

(4.19)

OH | . 1/2 ‘
— < E
2he||.7u,e||e_c2 < ‘Oé \Y
he . 1

linell, <Cs [t vE]
2004

where e € ExNE in the third inequality, and the contants C;(i=1,2,3) are independent
of the mesh size and .

we+hKHoF% (RK—RK)‘
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Proof.  Without loss of generality, we assume that h.+>h.-. By the Cauchy
inequality, we then have

1/2
1Riclie = (1Racler + 1Rl ) <CURKl s +IRxcl-). (4.20)

To the first term on the right-hand side of (4.20), applying the standard efficiency
bound result in Lemma 4.1, we arrive at

j% ||RK||K+ <C (Hal/ZVEHK-I-hK Ha_l/z (RK —RK) HK) . (4.21)

We define an interpolation operator Py,: PH?(2)NH} (2) =S, (Q). The second
term on the right-hand side of (4.20) follows from the Cauchy-Schwarz inequality and
Green’s formula such that

1Bl se- <hih || Rac+ V- (@Vur)|| gy ooy + 1 = Rl -
<NV @Vl s ey + RS 1 = Bl gy + 1 = Bl -
<hit [0V (ur = Pyu) -l gy +hih @V (u—Pyu) -nl| g
i = Bl gy 11 = R -
Applying the Holder inequality, we have
¥ (wr = Pott) 1| 1 (o) SR @V (ur —u) -m||,, €K™, (4.22)
and
£ =Rl 1 ey SR || £ = B[ e (4.23)

Now, a direct application of (4.22) and (4.23) gives

_1 _1 _
IRkl - <hg? [|aV (ur — Pou) nl| g +hi? [|oV (u—Pyu) nll g + || Rx —RK(HK )
4.

24)

The first term in (4.24) enjoys the following estimate [32]:
h;(l,/QHaV(uT—Phu)-nHaK,SC’\/Of. (4.25)

From [24], we know that the interpolation Phu in the IFE space Sp, () satisfies the
estimate

oV (u—Pyu) |k 0|2 < CH |ul| Bz (), Ve M.
Using this estimate yields
h?||aV (u— Pyu) -nl|, - <Chy . (4.26)
Hence, utilizing (4.25) and (4.26), we get

hk —-1/2 P,

e < - — .
\/@HRKHK,_C(}LK—F}ZK}LK +hKHOé (RK RK)HK*)

Finally, combining this bound with (4.21) yields (4.17). And from Lemma 5.2 in [32]
and (3.8), we directly obtain (4.18) and (4.19) to complete the proof of the lemma. 0O
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5. Global reliability bound

In this section, we shall prove the global reliability bound of the estimator. To this
end, we need to introduce an L? representation of the true error, the trace inequality
for linear IFE functions, and a modified Clément interpolation operator.

Given z €N set

[, vo.dzx ~
dwe 0y

mo=3 [, ¢-dz’ 2eN, (5.1)
0, Vze N\W,

where ¢, €S}, () is the linear IFE nodal basis function at z €N, w, is the union of all
triangles that have z as a vertex, and N denotes the set of all vertices in N except those
on 9Q. We define a modified Clément interpolation operator Zj : H} (Q) — Sy, () by

Tho= Z (m.0) b (5.2)

2EN

We recall the following modified Clément interpolation estimates, which are proved
in Lemma 4.3 in [32].

LEMMA 5.1.  For each ve H}(Q), let Tpv € i (Q) be a modified Clément interpolation
of v. There exists a constant C independent of the mesh size and the interface location,
such that

lv=Thv|| x <Chi||VV||w, VK €T, (5.3)
IV (v=Znv)l[ x <CIVOllwy VK €Th, (5.4)
||(U—Ihv)|KHeSChi/QHVUHwK, Veelk and K € {K.1,Kc2}. (5.5)

REMARK 5.1. The interpolation operator Zpv we define here is slightly different
from that in [32]. In this work, 7,v only involves the linear IFE nodal basis function.
However, 7, v in this literature [32] involves both the classical barycentric hat function
and the linear IFE nodal basis function. It is verified that the operator Z,v defined in
(5.2) also satisfies the above interpolation estimate.

The trace inequality for linear IFE functions is stated in the following lemma.

LEMMA 5.2.  For each vE€ S, (Q) on K €T, the following inequality holds:

18V 0|, <Ch 28V (5.6)

where C is a constant independent of the interface location and the mesh size.

The following lemma gives an L? representation of the true error, which is one of
the key points in our error analysis.

LEMMA 5.3.  We have the following L? representation of the true error E:

2
Ha1/2vEH /RK (E—Ep) dx+2/]ne{E En}ds
Q
KeTy,
_ Z /{aVE Ne}ju,eds+e Z /{aVEh N} ju,eds+ Z e |o—]ue [En] ds,
eES”” € 665”” € 657111 €

(5.7)
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where set B, =T E.

Proof. According to the definition of the L? norm, we have
H 1/2VEH (aVE,VE)=(aVE,V(E—Ey))+ (aVE,VE}).

Since ap (ur,v7)=(f,v;) and ap(u,v;)=(fv,) for all v, €8,(Q), we have
ap (u—1ur,v;)=0. Choosing v, = Ej, we get

(aVE,VE,)= Y [{aVE-n}[Ep]ds+e > /{aVEh-ne}[uT] ds

eegint € eeéint €

+ Y [ (53)

eegtnt

Integration by parts elementwise and the observation that £ — Ej, vanishes on 0f) yields

(aVE,V(E—E)) Z/aVEVE Ey)dzx

KeTh

=Y / Ry (E—Ey,) dx+Z/]ne{E Ep}ds

KeTy, €

+ Y [{aVE-n.} [E-E)]ds. (5.9)
ecint” €

Together with Equation (5.8), we directly obtain this result (5.7) to complete the proof
of the lemma. O

Below, we establish a reliability bound of the estimator.

THEOREM 5.1.  Let u€ PH?(Q)NHE (Q) and u, represent the solutions to the prob-
lems (2.4) and (2.8), respectively. There exits a constant C' independent of the interface
location and the mesh size, such that

a2V E|| < Ch. (5.10)

Proof.  Every term in the L? representation of F in Lemma 5.3 is denoted by
I, (1=1,2,...,5)

|aY?VE|?: =1+ b+ s+ I, +1Is. (5.11)

Applying the Cauchy inequality to the first term in (5.11) leads to

h )2 1/2 1/2
Ilg<z Cj;nRKni) <Z aoele- EhnK) :

KeTh KeT
From the results of Lemma 5.1, we then conclude that
1 2 2
. Ha1/2 (E—Eh)H §0Ha1/2VEH . for all K€y
(hK) K WK

Hence, we get

(h)? v
IlgCHalﬂvEH ( > Cj;nRKni{) : (5.12)

KeTs
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To bound I, from the Cauchy-Schwarz inequality, we arrive at

1
I < < (E—En) k.|, +5 H (E—Ehn) |k, . {e>
ecé
1/2 1/2
. 1 2
Zh€||]n,e||i Z EH(EiE‘hHKe,i e
ecé =12 \ecé ©
Further, we use (3.8) and (5.5) to obtain
1 E=El2< o (5.13)
Then, we have
1/2
he . 2
LC||a!2VE|| | 302 e . 5.14
,<0|a 3 o el (5.14)
ec

For any ve H'™*(K)(s>0) with Ave L?(K), and the following inequality holds
[39]

/ (Vo-ne)wnds <Chz 2 fwnll, (Vo] +hic 1Av] ), wi€PL(K).  (5.15)

Applying this estimate, (3.8) and the bound of Ry yields

L<C S b el ( > ||aVE||K+hK||RK||K>

€Eéi"t Kew,
_ an
§C<Ha1/2vEH+ Z hKHorlﬂ (RKRK)HK> Z f||Ju,e||e.
KeTk ecfint

To bound the fourth term in (5.11), the key is the trace inequality in Lemma 5.2,
which together with (3.8) and (5.4), yields

L<C Y ljuell, ( ) he”?nawhnK)

ecfint Kewe

<C Y liuell, ( ) th/QIIaV(Eh—E)K+h£1/2||aVEIIK>

ecfint Kew.e

aH | .
<ClaVEl 32 /7 ljuell.-

ecfint

To bound I35, by the Cauchy-Schwarz inequality and the inverse inequality, we get

I<C Y Njuel IE]l.<C Y hot?

ecfint ecEint
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Further, the function Ej, in space S, () is characterized by the property Ej, |so=0. By
the Poincaré inequality and (5.4), we have

1Bullg <CIVELo<C Y IIVE|x+IV(E=En)llx <C > |VE[g.  (5.16)
KeT KeTh

Hence, by (3.8), it follows that

|e'

amg .
I5§0Ha1/2vEH zg: TI:H]u,e
ec int

Finally, these estimates, together with Young’s inequality and the definition of 7,
eventually prove the theorem. 0

6. Numerical examples

In this section, we present several numerical experiments to verify the efficiency
and reliability of the a posteriori error estimator. Besides, we propose a corresponding
adaptive refinement strategy and apply it to all kinds of test problems. The standard
adaptive refinement process is depicted as follows:

Solve — Estimate — Remark — Refine.

In our numerical experiments, the adaptive refinement strategy is performed specifically
as follows:

(1) Solve PPIFE numerical solution ) on a given polygonal mesh T},

(2) Estimate the error indicator nt for each element defined in (3.1),

(3) Mark the elements to be refined, and then select into a "marked” set 7\;3 such that,

for a given parameter ¥ =0.5,
> =9 > ik,
}?e’?\’hi KGTJ

(4) Refine each element K E'ﬁi to get a new mesh 7,/",
(5) Repeat steps (1)-(4) until the preset conditions are met.

Our main goal is to test the performance of the estimator and the correspond-
ing adaptive refinement strategy for different jump ratios or interface geometries. For
the goal, we will first consider solving the dual thermal conductivity problem [24,40]
with a circular interface at different jump ratios. We then chose an interface problem
with a flower-like interface [41] to test the applicability of the estimator at a moderate
jump ratio. We refer to the MATLAB-based finite element package iIFEM [42] for the
simulations.

6.1. Example 1. A circular interface I' divides the domain Q=[-1,1] x [-1,1]
into separate regions

Q+:{(x1,x2):\/x%+x§>ro} and Q_:{(xhxg):\/m%—&-mggro}

where ro=m/6.28. The solution of (2.1)-(2.3) is given by

:v% + m%)g/z

1
ﬂi( s if ((El,l‘g)EQ_,
u(x)=

;r(x%xg)?’/ﬂ(ll)rg, if (21,20)€QT.
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The source term f is as follows:
f=—25(a2+22)"

We test the performance of the estimator by comparing the convergence errors
obtained on a sequence of meshes that are either uniformly or adaptively refined start-
ing from a given 8 x 8 Cartesian triangular initial mesh. We solve the above problem
for two typical different jump ratios: 3+/8~ =100 (moderate jump) and S¥/8~ =10*
(large jump). Figure 6.1 reports the estimated error and the error Ha1/2V(u—uT)H
on uniformly and adaptively refined meshes for the case of the two typical different
jump ratios. As can be seen, the error and the estimator curves on the uniform and
adaptive meshes are parallel to N~'/2, where N is the total number of degrees of free-

dom. Moreover, all the errors converge toward zero as h= max {hk} vanishes, and
KeTh

they behave identically whatever the jump ratios are. However, in the same case, the
errors are smaller and decrease much faster on adaptive meshes. On the other hand,
we observed that the estimator gives an upper bound on the error, as predicted by
the theory. Based on these results, we can conclude that the estimator and the error
Hal/QV(u—uT)H distribution match quite well for both the jump ratios.

B": 5 =100:1 §*: 6 =10000: 1

10°

Error adeptive IFEM

— 0
——#— Estimator 1 on adaplive mesh 107 F
NS
Error uniform IFEM
- Estimator 1 on uniform mesh

107 \’&\\aK\

Error adzptive IFEM

——#— Estimator 1 on adaptive mesh
NO5

Error niform IFEM

Estimator 1 on uniform mesh

Error and Estimate
¥
/

Error and Estimate

10° 10
# Degree of Freedom

(a)

10° 10
# Degree of Freedom

(b)

Fic. 6.1. Convergence of the error and the estimator on uniformly and adaptively refined meshes.

The adaptively generated triangulations for both different jump ratios are visualized
in Figure 6.2. Note that the adaptive meshes in the two typical jump ratios are slightly
different. Here we see that the refinement is concentrated only near the interface for
B+/B8~=10% In comparison, for 37/8~ =100, there is a part of the refinement that
is near the boundary. We know that the IFE methods usually have a larger error over
interface elements. When 8%/8~ =100, however, we observe that the error is larger
over both interface elements and boundary elements. Therefore, there is one slight
difference. This shows that the error indicator precisely detects these errors, and the
adaptive algorithm refines accordingly. From Figures 6.3 and 6.4, we can easily see
that the adaptive refinement significantly reduces pointwise errors in the vicinity of the
interface.

6.2. Example 2. To test the applicability of our estimator, we consider here a
flower-like interface, as illustrated in Figure 6.5(a). In this example, we tested on the
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S - — .
B8 : 5 =100:1 g : 3" =10000:1

(a) 10th iterations with 1896 trii _ (b) 10th iterations with 928 triangles.

F1G. 6.2. Adaptive meshes

(a) Adaptive meshes (b) Uniform meshes

F1G. 6.3. The pointwise errors on uniformly and adaptively refined meshes for B+ /5~ =100.

same domain as in Example 6.1. The exact solution is given by

(«3 —i—x%)z (140.4sin(6arctan(xz/x1))) —0.3

=
(33%—l—ac%)Q(1+0.4sin(6ar0tan(m2/x1))) -0.3

B+
For initial meshes, we use a 16 x 16 Cartesian triangular mesh. To compare the
performance of the estimator in different interface geometries, we chose a moderate
jump of BT =100 and S~ =1. The adaptively generated triangulations at levels four,

eight, and twelve are depicted in Figures 6.5(b)-6.5(d). We observe that the adaptive
process correctly refines the triangles in the regions of the interface and boundary, as in

, if (z1,22)€Q7,
u=

R if (xl,x2)€Q+.
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(a) Adaptive meshes (b) Uniform meshes

FIG. 6.4. The pointwise errors on uniformly and adaptively refined meshes for Bt /8~ =10%.

g*: 8 =100:1
1
oM
Q
>0
-1
-1 0
(a) (b)
g% 5 =100:1
(c) (d)

Fic. 6.5. (a) The flower-like interface; (b) Adaptive meshes with 1320 triangles on level 4; (c)
Adaptive meshes with 4840 triangles on level 8; (d) Adaptive meshes with 16190 triangles on level 12.
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ot o
B3 =100:1
Error adaptive IFEM
——— Estimator 1) on adaptive mesh
10° TH NS 1
\K\\ Error uniform IFEM
R Estimator 7 on uniform mesh
*\
e
~
2 TR
© TSk
£ Sk
7] TSk
u Tk
° S
g T
= XX ~
o S 3
I T
107 ¢ =
X
\\
-
L L T~
10° 10*

# Degree of Freedom

(a) Adaptive meshes

F1G. 6.6. Convergence of the error and the estimator on uniformly and adaptively refined meshes.

the previous example. It shows that our error indicator captures the local distribution
of the error very well for complex interface geometry.

The convergence graphs of the error ||a1/ 2V(u—uT)H and the estimated error are
plotted on both uniform and adaptive meshes in Figure 6.6, together with the theoretical
convergence rates N~1/2. We can see that the errors on adaptive meshes are smaller
than on uniform ones. As in the previous example, the estimator gives an upper bound
on the error and they decrease at the same speed. They once again match quite well.
This example confirms that a more complicated interface can easily be considered in
this framework and that optimal convergence can equally well be done.

The numerical results presented in this section emphasize the reliability and effi-
ciency of the error estimator. Moreover, this confirms that adaptive refinement is more
efficient than uniform when solving elliptic interface problems with different interface
geometries or different jump ratios.

7. Conclusion

This paper derived and analyzed a residual-based a posteriori error estimate for
the PPIFE method applied to two-dimensional elliptic interface problems. First, we
constructed a robust and computationally simple a posterior error estimator that in-
cludes the element residual, the numerical flux jump, and the numerical solution jump.
We further demonstrated that the estimator is efficient with constants independent of
the jump of the diffusion coefficients across interfaces, the interface location, and the
mesh size. A new and direct approach based on an L? representation of the true error
was introduced without involving the Helmholtz decomposition and has been applied to
prove that the estimator is reliable. Moreover, we proposed a more local adaptive mesh
refinement strategy based on a posterior error estimation and adopted it for the PPIFE
method to solve the interface problem. For different jump rates or interface geometries,
numerical results verify that the estimator is efficient and reliable and illustrate the
improved convergence rate in comparison to uniform mesh-refining. In future work, we
will consider residual-based a posteriori error estimates of IFE methods for parabolic
interface problems.



Y.P. CHEN, J. LU, Y. WANG, AND Y.Q. HUANG 1017

Acknowledgements. This work is supported by the National Natural Science

Foundation of China (41974133, 11971410), State Key Program of National Natural
Science Foundation of China (11931003) and Postgraduate Scientific Research Innova-
tion Project of Hunan Province (CX20210606).

[1]
[2]
[3]
[4]
[5]
[6]
7]
(8]

[9]

[20]

22]

[23]
[24]

[25]

REFERENCES

A. Hansbo and P. Hansbo, An unfitted finite element method based on Nitsche’s method for elliptic
interface problems, Comput. Meth. Appl. Mech. Eng., 191(47-48):5537-5552, 2002. 1
C. Bernardi and R. Verfirth, Adaptive finite element methods for elliptic equations with non-smooth
coefficients, Numer. Math., 85(4):579-608, 2000. 1
E. Haber and U.M. Ascher, Fast finite volume simulation of 3D electromagnetic problems with
highly discontinuous coefficients, SIAM J. Sci. Comput., 22(6):1943-1961, 2001. 1
Y. Efendiev and T. Hou, Multiscale finite element methods for porous media flows and their appli-
cations, Appl. Numer. Math., 57(5-7):577-596, 2007. 1
D. Gueribiz, F. Jacquemin, and S. Fréour, A moisture diffusion coupled model for composite ma-
terials, Eur. J. Mech. A/Solids, 42:81-89, 2013. 1
J. Xu, Error estimates of the finite element method for the second order elliptic equations with
discontinuous coefficients, J. Xiangtan. Univ., 1:1-5, 1982. 1
Z. Chen and J. Zou, Finite element methods and their convergence for elliptic and parabolic inter-
face problems, Numer. Math., 79(2):175-202, 1998. 1
L. Chen, H. Wei, and M. Wen, An interface-fitted mesh generator and virtual element methods for
elliptic interface problems, J. Comput. Phys., 334:327-348, 2017. 1
G. Wang, F. Wang, L. Chen, and Y. He, A divergence free weak virtual element method for the
Stokes—Darcy problem on general meshes, Comput. Meth. Appl. Mech. Eng., 344:998-1020,
2019. 1
L. Mu, J. Wang, G. Wei, X. Ye, and S. Zhao, Weak Galerkin methods for second order elliptic
interface problems, J. Comput. Phys., 250:106—-125, 2013. 1
L. Song, S. Zhao, and K. Liu, A relazed weak Galerkin method for elliptic interface problems with
low regularity, Appl. Numer. Math., 128:65-80, 2018. 1
H. Sauerland and T.P. Fries, The extended finite element method for two-phase and free-surface
flows: A systematic study, J. Comput. Phys., 230(9):3369-3390, 2011. 1
N. Wang and J. Chen, A nonconforming Nitsche’s extended finite element method for Stokes
interface problems, J. Sci. Comput., 81(1):342-374, 2019. 1
R.J. LeVeque and Z. Li, The immersed interface method for elliptic equations with discontinuous
coefficients and singular sources, SIAM J. Numer. Anal., 31(4):1019-1044, 1994. 1
M. Colnago, W. Casaca, and L.F. de Souza, A high-order immersed interface method free of deriva-
tive jump conditions for Poisson equations on irregular domains, J. Comput. Phys., 423:109791,
2020. 1
L. Zhang, A. Gerstenberger, X. Wang, and W.K. Liu, Immersed finite element method, Comput.
Meth. Appl. Mech. Eng., 193(21-22):2051-2067, 2004. 1
X. He, T. Lin, Y. Lin, and X. Zhang, Immersed finite element methods for parabolic equations
with moving interface, Numer. Meth. Partial Differ. Equ., 29(2):619-646, 2012. 1
T. Lin, D. Sheen, and X. Zhang, A locking-free immersed finite element method for planar elas-
ticity interface problems, J. Comput. Phys., 247:228-247, 2013. 1
T. Lin, Y. Lin, and X. Zhang, A method of lines based on immersed finite elements for parabolic
moving interface problems, Adv. Appl. Math. Mech., 5(04):548-568, 2013. 1
R. Guo, T. Lin, and Y. Lin, Approzimation capabilities of immersed finite element spaces for
elasticity interface problems, Numer. Meth. Partial Differ. Equ., 35(3):1243-1268, 2019. 1
D. Jones and X. Zhang, A class of nonconforming immersed finite element methods for Stokes
interface problems, J. Comput. Appl. Math., 392:113493, 2021. 1
Y. Wang, Y. Chen, Y. Huang, and Y. Liu, Two-grid methods for semi-linear elliptic interface
problems by immersed finite element methods, Appl. Math. Mech. Engl. Ed., 40(11):1657-1676,
2019. 1
Z. Li, The immersed interface method using a finite element formulation, Appl. Numer. Math.,
27(3):253-267, 1998. 1
T. Lin, Y. Lin, and X. Zhang, Partially penalized immersed finite element methods for elliptic
interface problems, STAM J. Numer. Anal., 53(2):1121-1144, 2015. 1, 4, 6
T. Lin and Q. Zhuang, Optimal error bounds for partially penalized immersed finite element
methods for parabolic interface problems, J. Comput. Appl. Math., 366:112401, 2020. 1


https://doi.org/10.1016/S0045-7825(02)00524-8
https://link.springer.com/article/10.1007/PL00005393
https://doi.org/10.1137/S1064827599360741
https://doi.org/10.1016/j.apnum.2006.07.009
https://doi.org/10.1016/j.euromechsol.2013.04.008
https://link.springer.com/article/10.1007/s002110050336
https://doi.org/10.1016/j.jcp.2017.01.004
https://doi.org/10.1016/j.cma.2018.10.022
https://doi.org/10.1016/j.cma.2018.10.022
https://doi.org/10.1016/j.jcp.2013.04.042
https://doi.org/10.1016/j.apnum.2018.01.021
https://doi.org/10.1016/j.jcp.2011.01.033
https://link.springer.com/article/10.1007/s10915-019-01019-9
https://doi.org/10.1137/0731054
https://doi.org/10.1016/j.jcp.2020.109791
https://doi.org/10.1016/j.jcp.2020.109791
https://doi.org/10.1016/j.cma.2003.12.044
https://doi.org/10.1002/num.21722
https://doi.org/10.1016/j.jcp.2013.03.053
https://doi.org/10.1017/S2070073300001387
https://doi.org/10.1002/num.22348
https://doi.org/10.1016/j.cam.2021.113493
https://link.springer.com/article/10.1007/s10483-019-2538-7
https://link.springer.com/article/10.1007/s10483-019-2538-7
https://doi.org/10.1016/S0168-9274(98)00015-4
https://doi.org/10.1137/130912700
https://doi.org/10.1016/j.cam.2019.112401

1018 A POSTERIORI ERROR ESTIMATION FOR ELLIPTIC INTERFACE PROBLEMS

[26]
[27]
28]
[29]

[30]

31]
32]
[33]
[34]
[35]
[36]
37]
[38]
[39]

[40]

[41]

[42]

Q. Yang, Numerical analysis of partially penalized immersed finite element methods for hyperbolic
interface problems, Numer. Math. Theory Meth. Appl., 11(2):272-298, 2018. 1

A. Liu and J. Chen, A partially penalized P1/CR immersed finite element method for planar
elasticity interface problems, Numer. Meth. Partial Differ. Equ., 35(6):2318-2347, 2019. 1

P. Huang and Z. Li, Partially penalized IFE methods and convergence analysis for elasticity
interface problems, J. Comput. Appl. Math., 382:113059, 2021. 1

Y. Chen and X. Zhang, A P2— P1 partially penalized itmmersed finite element method for Stokes
interface problems, Int. J. Numer. Anal. Model., 18:120-141, 2021. 1

R. Guo, T. Lin, Y. Lin, and Q. Zhuang, Error analysis of symmetric linear/bilinear partially
penalized immersed finite element methods for Helmholtz interface problems, J. Comput. Appl.
Math., 390:113378, 2021. 1

Z. Chen, Y. Xiao, and L. Zhang, The adaptive immersed interface finite element method for
elliptic and Mazwell interface problems, J. Comput. Phys., 228(14):5000-5019, 2009. 1

C. He and X. Zhang, Residual-based a posteriori error estimation for immersed finite element
methods, J. Sci. Comput., 81(3):2051-2079, 2019. 1, 4, 4, 4, 5, 5.1

R. Verfirth, A review of a posteriori error estimation techniques for elasticity problems, Comput.
Meth. Appl. Mech. Eng., 176(1-4):419-440, 1999. 1

Z. Li, T. Lin, and X. Wu, New cartesian grid methods for interface problems using the finite
element formulation, Numer. Math., 96(1):61-98, 2003. 2.2

Z. Li, T. Lin, Y. Lin, and R.C. Rogers, An immersed finite element space and its approximation
capability, Numer. Meth. Partial Differ. Equ., 20(3):338-367, 2004. 2.2

R. Verfiirth, A posteriori error estimation and adaptive mesh-refinement techniques, J. Comput.
Appl. Math., 50(1-3):67-83, 1994. 3.1, 4

M. Ainsworth and J. Oden, A posteriori error estimation in finite element analysis, Comput.
Meth. Appl. Mech. Eng., 142(1-2):1-88, 1997. 3.1

C. Bernardi and R. Verfiurth, Adaptive finite element methods for elliptic equations with non-
smooth coefficients, Numer. Math., 85(4):579-608, 2000. 4, 4

Z. Cai, C. He, and S. Zhang, Discontinuous finite element methods for interface problems: Robust
a priori and a posteriori error estimates, SIAM J. Numer. Anal., 55(1):400-418, 2017. 5

L. T. Huynh, N. Nguyen, J. Peraire, and B. Khoo, A high-order hybridizable discontinuous
Galerkin method for elliptic interface problems, Int. J. Numer. Meth. Eng., 93(2):183-200, 2012.
6

R. Guo, T. Lin, and X. Zhang, Nonconforming immersed finite element spaces for elliptic interface
problems, Comput. Math. Appl., 75(6):2002-2016, 2018. 6

L. Chen, iFEM: an innovative finite element method package in Matlab, 2008. 6


https://doi.org/10.4208/nmtma.OA-2017-0002
https://doi.org/10.1002/num.22416
https://doi.org/10.1016/j.cam.2020.113059
https://par.nsf.gov/servlets/purl/10213071
https://doi.org/10.1016/j.cam.2020.113378
https://doi.org/10.1016/j.jcp.2009.03.044
https://link.springer.com/article/10.1007/s10915-019-01071-5
https://doi.org/10.1016/S0045-7825(98)00347-8
https://link.springer.com/article/10.1007/s00211-003-0473-x
https://doi.org/10.1002/num.10092
https://doi.org/10.1016/0377-0427(94)90290-9
https://doi.org/10.1016/S0045-7825(96)01107-3
https://link.springer.com/article/10.1007/PL00005393
https://doi.org/10.1137/16M1056171
https://doi.org/10.1002/nme.4382
https://doi.org/10.1016/j.camwa.2017.10.040
https://www.math.uci.edu/~chenlong/Papers/iFEMpaper.pdf

