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A FINITE ELEMENT METHOD ON COMPOSITE GRIDS BASED ON
NITSCHE’S METHOD

ANITA HANSBO, PETER HANSBO, AND MATS G. LARSON

ABSTRACT. In this paper we propose a finite element method for the approximation of
second order elliptic problems on composite grids. The method is based on continuous
piecewise polynomial approximation on each grid and weak enforcement of the proper
continuity at an artificial interface defined by edges (or faces) of one the grids. We prove
optimal order a priori and energy type a posteriori error estimates in 2 and 3 space
dimensions, and present some numerical examples.

1. INTRODUCTION

Composite overlapping grids are commonly used with finite difference and difference-related
finite volume methods, e.g., as a tool for local mesh refinement [5]. In finite element and re-
lated finite volume methods, which are inherently unstructured and thus allow for local mesh
refinement, the need for overlapping mesh methods is less obvious. However, a general finite
element/volume methodology for handling overlapping meshes would be a useful tool to deal
with the often complicated mesh generation problem. Examples of specific applications include:
(@) construction of a global mesh for a complex geometry by using overlapping meshes of ele-
mentary parts; (b) coupling of unstructured and structured meshes; and (c) coupling of boundary
fitted meshes to structured or unstructured meshes, see Fig. 1.

The purpose of this paper is to introduce and analyze such a method for a model second order
elliptic problem in 2 and 3 space dimensions. Unlike composite grid methods where interpo-
lation is performed on the boundary of the overlap, cf. [2, 5], our approach is based on weak
enforcement of the proper continuity across an artificial interface defined by edges (faces) of
one of the meshes. The weak enforcement proposed here is constructed in such a way that the
resulting scheme is stable and “arbitrary order consistent” in the sense the exact solution satisfies
the discrete equation. Hence we are able to prove optimal a priori error estimates for arbitrary
order of polynomial approximation under weak mesh conditions; in particular the meshes may
overlap in quite an arbitrary fashion.
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2 ANITA HANSBO, PETER HANSBO, AND MATS G. LARSON

F1GURE 1. Overlapping mesh FEM may be used to couple a boundary fitted
mesh to an unstructured mesh (top), or to construct a global mesh by using
overlapping meshes of elementary parts (bottom).

In composite grid methods, the solution on the overlap is usually computed on both (all)
meshes, either using interpolation on all (artificial) interfaces [5], or by integration of products of
test functions living on both meshes, as in the finite element method proposed by Brezzi, Lions,
and Pironneau [4]. In contrast, in our method one only computes the solution on one of the
meshes on the overlap; in fact, we do not require the meshes to overlap at all even though this is
the situation we have in mind.
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Our method stems from the work of Nitsche [10], where a method for consistent weak enforce-
ment of Dirichlet boundary conditions was introduced, and is related, in particular, to Becker,
Hansbo & Stenberg [1], where the meshes were assumed to be non-matching on the interface
but shape regular on both sides of this interface. Here this last condition is relaxed, which, e.g.,
makes possible to use highly structured meshes in irregularly shaped subdomains. Related work
includes also the mixed penalty approach analyzed in Lazarov & al. [8, 9].

An outline of the paper is as follows: In Section 2 we formulate the second order elliptic
model problem and in Section 3 we state the mesh assumptions and define the numerical method
used for the approximation. In Section 4.1-4.2 we demonstrate the stability of the method and
derive the approximation properties of its (non-standard) finite element spaces. Optimal order a
priori error estimates in a discrete energy norm, as well as in L -norm, are shown in Section 4.3.
Our a priori analysis is in parts akin to Hansbo & Hansbo [7], where optimal order convergence
was shown for a method where a material discontinuity interface was allowed to cut through
the elements in an arbitrary fashion. Using similar lines of arguments as in [7], a posteriori
error estimates for the control of linear functionals of the error may be derived for the present
method. In this work we instead focus our attention in Section 5 on two variants of residual
based a posteriori energy norm error estimates, where the element indicators of the second one
are designed for ease of implementation, reducing the complications due to the geometry of the
mesh. These estimates do not presuppose the saturation assumption used in [1]. Finally, in
Section 6, we discuss some implementation details and present numerical examples, including a
convergence study using quadratic elements i 2D as well as examples using the a posteriori error
estimates as a basis for the implementation of an adaptive algorithm.

2. PROBLEM FORMULATION AND PRELIMINARIES

As a model problem, we consider Poisson’s equation in a bounded domain Q in R", n = 2 or
n = 3, with, for simplicity, a convex polygonal boundary 2. Find u : 2 — R such that

(2.1) —Au="f Ing,
u=0 ona,

with f € L2(Q).

Consider two given triangulations T.", i = 1, 2, where h is a mesh size parameter. Assume that
they together cover €, so that @ = Q7 U @, where @] = U _1nK. The meshes may overlap in
an arbitrary fashion; further assumptions are given below. We then choose an (artificial) internal
interface I" composed of edges from the triangles in Tlh and dividing 2 into two open disjoint
sets Qj, 1 = 1,2, such that @; C QF and @ = Q1 U Q UT. We assume that the interface I’
does not depend on h, by, i.e., assuming that the mesh family Tlh is obtained by refinement from
a single coarse mesh, or by remeshing of a region 21 defined from a selected mesh.

For any sufficiently regular function u in 1 U 22 we define the jump of u on I by [u] :=
uilr — Uz|r, where uj = ulg; is the restriction of u to €2;. Conversely, for u; defined in 2; we
identify the pair {uy, us} with the function u which equals u; on ;.

h
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Our model problem may now, due to the (artificial) interface, be written as:

(2.3) —Au=f iInQ1UQy,
(2.4) u=0 onog,
(2.5) [u=0 onag,
(2.6) [Vqul =0 onag.

Here n denotes the exterior unit normal to 41 and Vhv = n - Vo is the normal flux.
For a bounded open connected domain D we shall use standard Sobolev spaces H' (D) with
norm || - |r, p and spaces Hg (D) with zero trace on 9 D. The inner products in HO(D) = Lo(D)

is denoted (-, -)p. For a bounded open set G = Uiz=1 D;, where D; are open disjoint components
of G, we let H"(Dl U Dy) denote the Sobolev space of functions in G such that u|p, € H K(Dy)

with norm
2
2
I ll.0yuD, = (Z I- ||k,Di>
i=1

3. FINITE ELEMENT SPACES AND METHOD

1/2

3.1. The Finite Element Spaces. We will use the following notation for mesh related
quantities. Let hy be the diameter of an element K € T" and h = MaXy cthj—g k. TO

distinguish elements from the two meshes, we will sometimes use indexed element notation
Ki € T for clarity.

The nodes on T" of the elements in Tlh , together with the points of intersection between
elements in Th and I', define a partition of I', I = U,eJhFJ Note that each part I} belongs to

two elements, one from each mesh. We denote these elements by KJ and K%, respectively. A
local meshsize on T is defined by

(3.1) h(x) =h x el

KJ b
For any element K € T. h let Pk = K N denote the part of K in ;.
We make the followmg assumptions regarding the meshes:
Al: The triangulations are non-degenerate, i.e.,

hk/pk <C VK eT", =12
where h is the diameter of K and pk is the diameter of the largest ball contained in K.

A2: The meshes have locally compatible meshsize over I'. More precisely, let KlJ € Tlh and
KJ e T be the elements which contain a specific part 'l of I'. We assume that

ChKlj < thj SChKlj Vi e .
Here and below, C and c denote generic constants.

We shall seek a discrete solution U = (U1, U») in the space vh = Vh X V2h, where

={¢ € H! () : ¢lkng; 1s a polynomial of degree p VK € T, ¢|aQ = 0}.
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Note that functions in V" are, in general, discontinuous across I'". As for the nodal representation
of polynomials on the parts in 22, see Figure 2.

F1GURE 2. The interface I' consists of element edges from elements in Tlh.
Each part T'J belongs to two triangles, Ki € Tlh and Ké € T2h. Nodes for

representing a quadratic polynomial on the element sz are indicated. The
same nodes are used in the implementation to represent a polynomial on the
part PKj = Ké N Qo.

2

3.2. The Finite Element Method. The method is defined by the variational problem: find
U e VM such that

(3:2) a"(U,¢) =1(¢), Vo eV
where
a"(U, ¢) = (VU, V$)a,ue, — ((VaU), [#Dr — (U], (Vag))r + (*h 71U, [¢Dr,
(@) = (f, d)q,
with

(Vhv) = Vo onTl,

and where h is the local meshsize (3.1). The continuity conditions of u and Vu at I" are satisfied
weakly by means of a variant of Nitsche’s method [10] for consistent weak enforcement of
Dirichlet boundary conditions. To ensure stability, the parameter A has to be taken sufficiently
large and we return to this issue in Lemma 4.4 below.

Here we use a one sided approximation of the normal flux on the interface instead of the usual
symmetric average

(Vhv) = (Vnui+ Vau)/2  onT,
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commonly used in the discontinuous Galerkin method and in the context of interfaces between
meshes that are shape regular on both sides of the interface by Becker, Hansbo & Stenberg [1].
The latter situation rules out the possibility of arbitrary small elements in 2> close to the inter-
face. As has been noted by Stenberg [12], any convex combination of the fluxes yields consistent
methods. In Hansbo & Hansbo [7], this fact was exploited to allow for internal discontinuities
along an interface in shape regular elements, chosing convex combinations that take into account
the size of the parts of the cut element to ensure stability. In fact, a one-sided flux approxima-
tion could have been used there too, however with negligible gain in implementation complexity.
Likewise, in the case of the present work a stable two-sided variant may be defined. However,
in this case such a method but becomes more complicated to construct and implement since the
element parts on each side of the interface now stems from two different meshes. This is an
important practical point, and the main reason why we use one-sided fluxes here.
With these definitions, we have the following consistency relation.

Proposition 3.1. The discrete problem (3.2) is consistent in the sense that, for u solving
(2.1)(2.2) there holds

a'(u,¢) =1(¢), VeV,
or, equivalently,
(3.3) a'(u—U,9) =0, V¢eVh
Proof. Let u be the solution of the Poisson problem (2.1)—(2.2). Then (Vau) = N1V -u; =
—N2V - Uz = Vphu and [u] = 0. By Green’s formula it follows that

a"(u, ¢) = (YU, V)a,u0, — (Vau), [$D)r
= (_Auv ¢)91U92 + (Vnu - (Vnu>’ [¢])F = (f’ ¢)91U92’

which proves the result. Il

4. A PRIORI ANALYSIS

4.1. Interpolation Error Estimates. In the error analysis, we shall use the following mesh
dependent norms:

2 . -1/2. 1,2 -1 2
1013200 = INCO™20lGr = > e FIvIG .
jedn *
2 . 1/2. .2 ) 2
1012 1/20 1 = INCOY20lI5 1 = D My s 101G 1
j€dn
and
2. 2 2 2
(4.1) ol == 1V011§ 0,00, + Va0 220 r + 10011520 -

Note for future reference that
(4.2) (U, v)r < llvllyzhrlivil-1/2hr-

To show that functions in V" approximates functions v € H(}(Q) N HPL(Q) to the order
hP in the norm ||| - |||, we define an interpolant 1"v € VM of v by 1"y = 1w on @i, i =1, 2.
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Here Iih is the standard Lagrange nodal interpolant on the mesh Tih of Q. The following local
interpolation error estimates holds, see, e.g., [3].

(4.3) o= 1M[lmk < ChE ™ ™plpiak, mMm=0,1,p>1,KeT,i=12

One may note that a node of interpolation used to define 1w lies in @} = UKETZhK but not

necessarily in Q.
The following interpolation error estimate holds.

Lemma 4.1. Let |My = Iihv on Qj, 1 =1,2, where Iih 15 the Lagrange nodal interpolant
on the mesh Tih of @F. Then, for p>1,

(4.4) llv — "]l < ChPlvlpsra, Yo € H}(Q) N HPTL(Q).

In the proof of this result, we need to estimate the interpolation error at the interface. We recall
the well known trace inequality

(4.5) lwllg ¢ < Cllwllg gllwlly g, Yw € HX(K).

on a reference element K. The following Lemma provides a scaled version of (4.5) which can
be used to estimate traces not only on the boundary but on arbitrary lines (planes) intersecting
the element.

Lemma 4.2. Let L be the intersection between a line (plane) and an element K. Then
(4.6) lwlif e < Chitllwlg x +hkllwlfk. Yw e HY(K),
where the constant C s independent of L.

Proof. Map the element by an affine map to a reference element K and denote by L the
image of L. For the plane case, let (§, ) denote local coordinates on K such that n=_0on
L. If L divides K into two subsets let K1 denote one of these sets, and else set K1 =K.
Let n denote the outward pointing unit normal of K1 and note that we may assume that
n, =1on I". By the divergence theorem,

2/ wlay = f div(O,wz)dV:f n- (0, w?dA
aé‘ Kl 8K1

= fwsz—i—/ n,,wsz.
C AK1\L

We thus find, using Cauchy-Schwarz’ inequality and (4.5), that
lwlg ¢ < 2llwlg g, Iwlly g, + Iwlg g\ ¢
= 2||w||0 K1”w”1 Ky + ”w”O Gk = C”w”o K”wul K-

The result of the lemma now follows by scaling. The proof in three dimensions is similar.

0
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Proof of Lemma 4.1. Starting from the definition of the norm (4.1) we have three terms
to estimate. Beginning with the interior contributions we find that

A7) IVe—-1")loe < IV = IM")llogr < ChPv|py10r < ChPlvlpi1g.

for i = 1,2. Here we have used the fact that Qj C @F C Q and the interpolation error
estimate (4.3).
Next, for the contribution from the jump at the interface, we note that

h h h
(4.8) Ilv—1"vlll1280r < llv—=I{vll2nhr + lv = 50126 T.

and consider first the second term on the right. Let L(I'j) be the line segment (plane

domain) obtained by extending I'j to the boundary of K?{ € Tzh.
By the definition of the discrete 1/2-norm,

h -1/2 h
(4.9) lv—1Dvllyznr < > Y h " llv = T2vlo L)
1
KeT2TjCcK

By Lemma 4.2, we have that

1 - h-1(h-2 h. 12 ol
(410) hK:{ ||‘U — |2 v“O,L(Fj) < Cthth]J- (hKZJ ”U — |2U||O K2j + ”U — |2U||1 Kzl)

It follows from assumption A2 that h,j h;} < C. Hence by (4.10) and the interpolation
2 Ry

estimate (4.4) we obtain

~1y._ (h 2 2p|y12 ‘
(4.11) hKlj||v |2U||o,L(r1><Ch |U|p+1,K2"

Combining (4.9) and (4.11) we arrive at the desired estimate
(4.12) lv = 130120 < ChPulps105 < ChPulpiag.

Here we have used that by assumption A2, the number of terms in the inner sum in (4.9)
is bounded, uniformly with respect to the mesh size. The estimate for the first term on
the right hand side in (4.8) is readily found by similar arguments.

Finally, by Lemma 4.2 with w = (Vh(v — 1M0)) = Va(v — va), we have that

hy i I1{Va (0 = M) iy = C (||V<v — 1IP0I + g IV = Ilhv)n;Kl,»).

We find in the same way as above, using the interpolation error estimate (4.4) and summing
the contributions over the interface, that

(4.13) (Va0 = ") 121 < ChPlo]pi10.
The lemma now follows from (4.7), (4.12) and (4.13). O
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4.2. Coercivity. To prove coercivity of the bilinear form we need the following known inverse
inequality. We include its proof for completeness.

Lemma 4.3. For ¢ € V", the following inverse inequality holds:
Va1 o < CiIVHIZ o

Proof. Recall the definition of (Vphd) = Vpp1. Note that on a reference triangle (tetrahe-
dron) K which is the image of K € Tlh under an affine map, we have

1(Va)I2 < CIVSIS -

since if the the right hand side is zero so is the left hand side, and since the space of
polynomials of degree p — 1 is finite dimensional. The result then follows by scaling, using
the invers of the affine map, and summation over all elements with an edge on the interface
r. O

Lemma 4.4. The discrete form aP(-, ) is coercive on V", i.e.,
a"(v,v) = ClvllI* Vv eV,
provided A is chosen sufficiently large. It is also continuous, i.e.,
a(u, v) < Cljulll lIlvlll Yu,v e V.

Proof. Continuity of the discrete form follows directly from the definitions. To prove coer-
civity, we use (4.2) to estimate the form from above:

a"(v,v) = [|Vullg o, + IVVII5 o, — 2], (Vav)r + A2 [W1I15 20 1
> [Voll§ g, + V1§ 0, = 21(Vav)ll—y2hrl[]ly20.r + AT 201
It follows from the inverse inequality in Lemma 4.3 that
=21(Vav) I~z rllvlly2ne = —€l{Vavll2yonr — € I 20 r
> —€C[|Vll§ g, — € vl pn
Combining these estimates we obtain
a"(v,v) = (L= €CNIIVVl§ g, + IVVIG 0, + A — e DT 201
Taking € = 1/(2C,), coercivity follows if A > 1/2 4 1/e. U
4.3. A Priori Error Estimates.

Theorem 4.1. For U solving (5.2) and u solving (2.1-2.2), the following a priori error
estimates hold

(4.14) llu—Ull < ChPlulpi1.0,
and
(4.15) lu—=Uloq < ChPulp1 0.
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Proof. For any v € VM, |lu=U]|| < [lu—=vl|| + |[lv — UJl|. Further, by Lemma 4.4 and
orthogonality, we have that
IV —vl? < Ca"(U —v,U )
=ca'(u—v,U —v)
< Clllu—=vlll IV = lll,
and it follows that
llu—Ulll <Cllu—v|| YveV"

Taking v = 1"u and invoking the interpolation result of Theorem 4.1, (4.14) follows.
For (4.15) we use a duality argument. Let z be defined by

(4.16) —Az=e inQ,
z=0 on 0%,
with e = u — U. Multiplying (4.16) with e and using Green’s formula gives
lellg.q = —(Az, ©)q
= (Vz,Ve)q, + (VZ,Ve)q, — (Vnz [eDr
=a'ze),

since [Z] = 0 and Vphz = (VxZ). Now, using the symmetry of ah(., ), the orthogonality
relation (3.3), and Theorem 4.1, we find that

(4.17) lelf o =a"z— 1"z, e) < Cliz— I1"z|||lle]l < Chlizll2alle]l.
Finally, by elliptic regularity, we have

I1Zll2,2 < Cllello,e
and thus the estimate (4.15) follows from (4.14) and (4.17). O

5. A POSTERIORI ERROR ESTIMATES

We first introduce an interpolation operator suitable for the a posteriori error analysis. From
Scott and Zhang [11] we deduce the existence of Clement type interpolation operators ry i, i =
1, 2, defined on H 1(S2i*), which preserve Dirichlet boundary conditions on 92 N Q_I* and satisfy
the following local interpolation error estimates.

(5.1) hg v = vimk < ClIVolloak, m=0,1, K € Th,.
Here AK denotes a patch of elements which are neighbors of K. We then define
(5.2) v = (fhav1, (Fh2E2v2)|q,)  forv e H1(Q1 U Q).

Here we have used an extension operator E, : H1(22) — H() such that (Eow)|q, = w and
(5.3) |BEowma < Clwimg, Yw e H™(Q2), m=0,1.
In the following lemma we collect some useful estimates for the interpolation operator 7.
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Lemma 5.1. Let w be the interpolation operator defined in (5.2). Under assumptions Al
and A2 the following estimates hold for v e HY(Q1 U Qp):

(5.4) > b — willkng < ClVuildg. =12
Keﬂh
(5.5) lvi — (@v)illyzhr < ClVuilloe, 1=1,2,
(5.6) > bt = 7vl3 sngnr < CIVeilldg. i=1.2,
Keﬂh
(5.7) IV@wllog < CliVullog, =12
Proof. We consider the case i = 2 as the proof for i =1 is similar. Let v = Ezvz denote

the extension of vz to  and recall that v, — (mv)2 = v5 —I'h2v5 on Q2. Using (5.1) with
m = 0 we obtain, for K € Tzh, that
hitllvz — (rv)allokng, < lvs — rh2vsllok < ClVv3lioak.

As the number of elements in the patches AK is uniformly bounded with respect to the
mesh size by assumption Al, it follows that

-2 2 2
Y hilllvi = @vilikng, < CIVURIG o
KeTh

whence (5.4) follows by the bound for the extentions operator (5.3). Turning to the sec-
ond inequality (5.5) of the lemma, it follows from trace inequality (4.6) and interpolation
estimate (5.4) that
h Tlvz = @walld ;= Ch Fllvz — (v)allf , + vz = Grv)2l]
Ki orl -— Kzl 0,K» 1Ky

2
ClIVu2l ak,.

A

where we also have used that hK j h;} < C by assumption A2. Summing over the elements
2 Ry
and using (5.3) gives
vz — (wv)2llajznr < ClVuslloe; < CliVullog,

The third estimate (5.6) is readily shown by similar arguments. Finally, for the fourth
inequality of the lemma, it follows from (5.1) and (5.3) that

IV(@v)llo.e, < V(s —rh2v)lloe; + IVullog, < ClIVvlloq,,
and the proof is complete. O
We shall also need the following trace inequality.

Lemma 5.2. Under our mesh assumptions there holds, for all K € Tlh and I'j C 9K,

(5.8) Vovill—12ri < C(llelllo,K + hK||Av1||o,K), v e H3(K).
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Proof. On a reference element K there holds (cf. [6], Theorem 2.2)
In-wl 159 = C(lwlgg + 1V wlog). weLa(R)": V- w e La(K).

The result follows from this estimate, scaled by the map from the reference element, with
w = V. O

We are now ready to show an a posteriori error estimate in a discrete energy norm, using the
following notation. At an edge of an element K that is common with a neighbouring element L
we let [w] = w|k — w|L_ denote the jump of w over the edge. Further, np denotes the outward
pointing unit normal of the boundary of a domain P.

Theorem 5.1. Assume A1, A2, and A > 1. For U solving (3.2) and U solving (2.3), the
following a posteriori error estimate holds :

2
(5.9) IVell§ a,u0, + €320 <CD Y ok
i=1lKeTh

Here the element error indicators pk i are defined by

pii = hgllf + AU p + hllineg - VUTIG 5p + i ITUTIG sperr + D IIUTIE 25,
FjCK
where Pk = KN Qi for K Tih.

Proof. Using the definition of the method (3.2) we have the identity
(5.10)
| = (Ve, Ve)q,ue, = (Ve, V(e—7)a,ue,+((Vn€), [reDr+([el, (Vare)r—(h (€], [reDr.

Integration by parts gives

2
1
I = ) Y ((-ae (e—ne))pK+§([nK-Ve],e—ne)apK\r)

(5.11) =1 KeT"
+((Vne), [e—me]Dr + ([Vnel, &2 — me)r

+((Vne), [reDr + ([e], (Vare)r — (Ah~[e], [reDr.
Note that we may write
—(h7'el, [xeDr = (*h~ el [e— meDr — [I[€]I5 20, — (A — D™ e], [e]r.

Using that u and its derivatives have zero jumps over the element edges and the inter-
face, and also that —Ae = f 4+ AU in the interior of the elements, we obtain the error
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representation formula

2

2.2

1
((f + AU, (e — me))p, + 5([I‘IK -VU], e— ﬂe)aPK\r>
i=1 KeTh

2 2
IVello,q.uq, + IelllT/2h

+([VaUl, & — m&)r + (U], (Vne)r + ([U], (Vare)r
+(h7YU], [e — weDr — (0 — Dh el [eD)r.

Here the last term is non-positive under our assumptions. We now proceed to estimate the
other terms on the right hand side. For € > 0 to be chosen below we have that

(f +AU, (e—me)p

IA

I(f + AUllo,pc lle — ello, p

IA

€. _
SNRIT+ AUIG 6 + Shille = el py

Treating the other term in the sum over the elements in the same way, we find by Lemma
5.1 that the first term in (5.12) may be estimated as follows.

2

1
((f + AU, (e—me)p + E([nK -VU], e— ﬂe)aPK\r)
KeTh

C
- > (h$<||f + AU|[§ p, + hk I[Nk -VU]II%,apK\r>
Keﬂh

-2 2 -1 2
+Ce Y (hK le—mell3 5, + hi ||e—ne||o,apK\F)
KeT

C
=3 (MR + AUIZ g+ PclinG - VU1 5y )
Keﬂh

(5.12) +CellVell§ g -

Using again Lemma 5.1, we obtain for the second term ([V, U], & — wep)r that
([VhU], & — mex)r < Cl|[VaU]ll—12h,rll€2 — m€2ll1/2,h,
< ClI[[VaUlll—1/2n,rlIVello,2,

< ZI[VaUll2 /2. + CellVelld g,

€
C 2
(5.13) <52 D lVaUllZp r + Cell Vel o,
i=1KeTh

In the last step above, we have merely distributed the error indicator at I' over the elements
intersected by I', using that the element sizes are compatible by assumption A2. For the
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third term ([U], (Vnh€))r, we begin to note that
([U1, (Vae)r < Z U2, | Vaerll-1/zr,

€
< Z MUz r, + 51 Vel 2z -
By the trace inequality of Lemma 5.2 we have that
IVnesl2 1o, < CUVeEZ  ; +h2 IV - Vel2 )
[ 1 M1
=C(IVel? ; +h% ;I f+AU[Z ).
0K/ K} 0.K/

and hence, since the number of parts I'j in each element is uniformly bounded,
(5.14)

(U1, (Vner < Z( I +AUlg K,+||[UJ||1/ZF)+Ce||Ve||S,Ql

IA

—Z > it +AU||OK, + Y UL o r, | + CellVellg g,

i=1KeTh rjcK
The fourth term ([U], (Vame))r is bounded as follows
(U], (Vare))r < [I[UIll2n,r (V) ll-1/2,h,1-
Further using the inverse inequality of Lemma 4.3 and (5.7) we obtain
1{Vame)ll-1/2nr < ClIVrel§q, < ClIVeldq,.
Likewise, for the fifth and last term we find by Lemma 5.1 that
(h'[U], [e—7eDr < [[U]llyznrlle—mellyznr < ClUllIy2hrlVeloaua,-

Thus we get for the fourth and fifth terms that
(5.15)
(U], (Vare)r + (h U], [e—rmeDr < Cl[UllyznrlVelloaus,

A

i=1lKeTh

—Z Z hl (U113, aPKmr+C€||Ve”0 QU

Choosing € small enough, the theorem now follows from (5.12), (5.12), (5.13), (5.14), and

(5.15).

The error indicator of Theorem 5.1 contains a term Dk = h;1||[U]||g P corresponding
to a discrete 1/2-norm over I, as well as a term

Sci= ) IUlfer,

FjCK
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with continuous 1/2-norms over the parts I';. We shall consider the computation of S¢ in the
special case of linear elements in two dimensions in Section 5 below, using that for a one-
dimensional interface (see, e.g., [3])

2
(5.16) U2, = UG, + [ [ = ey
J J

In a general case, however, S¢ is somewhat complicated to compute and one would like to sim-
plify the error indicators. Indeed, Sk is bounded by (but not equal to) ||[U]||%/2,ap.<mrv and
it is therefore natural to ask if an inverse inequality can be found which would make possi-
ble to remove Sk from the error indicator. We note that even though we have the inverse in-
equality ||[U]||%/z,r,- < C|Tj |_1||[U]||c2),r,-' the corresponding elementwise inverse inequality

||[U]||§/2,8PKﬁr < ChE1||[U]||c2),aPKmr does not follow since the parts I'j may become arbi-
trarily small even when the meshsize is bounded away from zero. Nevertheless, Sk and Dk
may, as we shall show, both be bounded by a third quantity of the same order of magnitude. In
Theorem 5.2 below we use this and some further simplifications to obtain a less sharp but more
implementation-friendly a posterori error estimate. Integration over the parts Pk is not required
to compute these error indicators, nor is integration over the parts I'j; all terms are integrals of
single polynomials over the original elements or its edges.

Theorem 5.2. For any piecewise polynomial w on the partition {I'j} of I', let wj denote
the polynomal which defines w on I'j. Theorem 5.1 holds with p%,i replaced by

ki = hillf+AUJE + hkllink -VU]ué,am;«
+ ) (hKu[vn ill0.ax i NIV, ”oaKer)
j:TjcK

Proof. We shall show that pk ; < COk i. Obviously,
(5.17) If+AUIgp < IIf +AUJE k-
Further, for K € Tih we have that
hk linpy - VUIIG 55 = hicllini - VUTIE speir + D hlline - VUTIE
rjcK
(5.18) < hillink - VUTIG jengr +hic Y IIIn- VUL
jTjcK

oaKer

We now turn to the estimate of Sx = Zr,—cK ”[U]Hi/z,r,-- For K € Tih and I'j C K we

also have I'j C Ki. Consider a reference element K for Klj with I'j mapped onto r j in
the edge (side) E. By equivalence of norms there holds for all polynomials q of degree p

13,5z, < llal , ¢ < Cllallj ¢
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Mapping back to Klj and taking q = [U]; we find that

12 -1 112 )
U2 < ChKli YT ||o,aK{mF’

where the constant is independent of j. Hence, using assumption A2 to replace hK i by hg
1
ifi =2,
_ 2 -1 112
(5.19) S o= 2 UM, =Chct D VTG i
rjcK j:TjcK

Since Dk = hE1|| [U]||%’ 3P AT is indeed bounded by the right hand side above, the theorem
now follows from (5.17), (5.18), and (5.19). O

6. NUMERICAL EXAMPLES

6.1. Implementation. For the numerical examples to be presented, we chose to make the
following simplifying assumption: the interface is assumed to be made up of straight lines that
are so long that each element on the cut grid is intersected by just one corner of the interface. We
further assumed that the area enclosed by the interface lay completely within the cut mesh. We
then needed to consider only seven cases, depicted in Figures 3-5.

FIGURE 3. Elements containing one corner of the interface: zero nodes, one
node, and two nodes on the opposite side of the interface.

FIGURE 4. Elements cut by a straight segment: one node and two nodes on
the opposite side of the interface.
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DA

FiGURE 5. Overlapped elements: two sides and three sides cut.

For the numerical integration, we divided any non-triangular cut part of an element into trian-
gles, using sufficiently high integration for the stiffness matrix to be exactly evaluated. On the
interface we performed exact (hnumerical) integration of all terms using the union of the intersec-
tion points on the cut side and the nodes on the uncut side to define the intervals of integration.

6.2. Convergence study. The example was solved on the domain (—4, 4) x (—4, 4) with
an overlapping domain according to Figure 6. The locations of the corners of the overlapping
domain were determined by

X| |cos¢ —sing||—-25 05 05 -25 n 0.75
y| |sing <cos¢ |[|—-25 —-25 05 05 1
with ¢ = 1.
We imposed zero Dirichlet boundary conditions and applied a forcing term
f=64—2x2—-2Y>
corresponding to the exact solution

U=(X—4) X+4) (y—4) (y+4).

We solved this problem numerically using finite elements with both a linear and a quadratic
polynomial ansatz. Elevations of the different solutions on the same mesh can be seen in Figure
7. In Figure 8, we show the convergence in Lo—norm of on a sequence of refined meshes. As
expected, we obtain second and third order convergence for the linear and quadratic approxima-
tions, respectively.

6.3. Adaptive refinement. In order to evaluate the a posteriori estimate (5.9) we need to
compute the continuous half-norm (5.16) of the jump. We have implemented the error estimator
for linear elements, whence we compute the half-norm as follows: since [U] is linear on each
I'j, [U1(§) = a& + b, say, we can write

U1E — VI _ [aE—nl* _
& = nl® & = nl?

and thus
U5 2,0, = ITUTIIG r, + %17 12
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FI1GURE 6. Coarse triangulation of the domains.

///]‘v&‘
AN
Mg{ﬁyx”}x‘\

/),
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5:> /7 %’/%{ :‘ ‘ \\
L

AT

N

Fi1GURE 7. Elevation of the linear and the quadratic solutions on the coarse mesh.

We considered an example with exact solution

U= e ) (4= x) (4 ) 4= y) (44 Y),
256
on the same domain as in the previous example, and used the two a posteriori estimates of The-
orem 5.1, called estimate 1, and Theorem 5.2, called estimate 2. These estimates were used to
control the local meshsize by a fixed fraction refinement strategy (refining the elements contain-
ing the largest contributions). No attempt was made to calibrate the unknown constants appearing
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Ficure 8. Convergence of the different approximations.

in the estimates; instead we computed the effectivity index, defined as
estimated error

exact error

in order to numerically verify that it remained constant as the mesh was refined. In Figure 9, we
show the mesh obtained when using estimate 1, and in Figure 10 the corresponding result when
using estimate 2. The solution on this mesh is shown as an elevation in Figure 11. Note that the
meshes in both cases has a tendency to refine more at the interface. This is because the local error
is the largest there, as has been noted previously, cf. [1, 7]. This phenomenon is more noticeable
using estimate 2, as expected since this estimate is more conservative at the interface. Finally,
in Figure 12, we show the effectivity index on the sequence of meshes for both estimators. As
can be seen, the effectivity index is almost constant for both estimates, which indicates that the
refinement on the interface does not much affect the global norm. We also show the ratio of the
errors on the sequence of meshes obtained with estimate 2 to that obtained with estimate 1. We
note that this ratio is slightly above 1, indicating that the degrees of freedom are put to slightly
better use using estimate 1, as expected.

effectivity index =
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FiGURrE 9. Final adapted mesh in a sequence using Estimate 1.

FiGUurE 10. Final adapted mesh in a sequence using Estimate 2.
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Ficure 11. Elevation of the approximate solution.
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FiGURE 12. Effectivity index obtained on a sequence of adaptively refined meshes.
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