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CutFEM without cutting the mesh cells: a new way to impose Dirichlet and
Neumann boundary conditions on unfitted meshes

Alexei Lozinski

Laboratoire de Mathématiques de Besancon - UMR CNRS 6623,
Univ. Bourgogne Franche Comté, 16 route de Gray, 25030 Besangon Cedex, France.

Abstract

We present a method of CutFEM type for the Poisson problem with either Dirichlet or Neumann boundary conditions.
The computational mesh is obtained from a background (typically uniform Cartesian) mesh by retaining only the
elements intersecting the domain where the problem is posed. The resulting mesh does not thus fit the boundary of
the problem domain. Several finite element methods (XFEM, CutFEM) adapted to such meshes have been recently
proposed. The originality of the present article consists in avoiding integration over the elements cut by the boundary
of the problem domain, while preserving the optimal convergence rates, as confirmed by both the theoretical estimates
and the numerical results.

Keywords: Fictitious domain, finite elements.

1. Introduction.

In this article, we propose a new approach to the numerical solution of boundary value problems for partial
differential equations using finite elements on non-matching meshes, circumventing the need to generate a mesh
accurately fitting the physical boundaries or interfaces. Such approaches, classically known as the fictitious domain
methods, have a long history dating back to [1] in the case of the Poisson problem with Dirichlet boundary conditions.
They were later popularized, by Glowinski and co-workers, cf. [2] for example, and successfully applied in the
context of particular flow simulations [3, 4]. The basic idea of the classical fictitious domain method is to embed the
physical domain Q into a bigger simply shaped domain O, to extend the physically meaningful solution on Q by a
fictitious solution on O \ Q using the same governing equations as on €, and to impose the boundary conditions on
0Q by Lagrange multipliers. At the numerical level, this means that one can work with simple meshes on O, but one
also needs a mesh on the physical boundary 9Q for the Lagrange multiplier, which should be coarser than the first
one in order to satisfy the inf-sup condition [5]. One is thus not completely free from meshing problems. Another
unfortunate feature of such methods is their poor accuracy: one cannot expect the convergence order to be better than
1/2 with the respect to the mesh size. Closely related penalty methods are well suited for both Dirichlet and Neumann
boundary conditions [6, 7], may be simpler to implement in practice than the fictitious domain methods with Lagrange
multipliers, but share with them the poor convergence properties.

More recently, several optimally convergent finite element methods on non-matching meshes were proposed fol-
lowing the XFEM or CutFEM paradigms. XFEM (extended finite element method) was initially introduced in [8] for
applications in the structural mechanics on cracked domains (Neumann boundary conditions on the crack). Its ability
to impose Dirichlet boundary conditions was demonstrated in [9, 10] and a properly stabilized version with proved
optimal convergence was proposed in [11]. The CutFEM methods [12] were first introduced in a series of papers by
Burman and Hansbo [13, 14, 15]. The common feature of all these methods is that the simple background mesh is
only used to define the finite element space (only the mesh elements having non empty intersection with Q are kept
in the computational mesh), but the solution is no longer extended from the physical domain Q to a larger fictitious
domain. The integrals over Q are thus maintained in the finite element formulation. The boundary conditions are im-
posed either through Lagrange multipliers living on the same mesh as the primary solution [11, 13] or by the Nitsche
method [14, 15] stabilized by the ghost penalty [16]. The optimal convergence, i.e. the error estimates of the same
order as those for finite element methods on a comparable matching mesh, are established for all the methods above.
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As already mentioned, XFEM/CutFEM methods contain the integrals over € in their formulations. This can be
cumbersome in practice. Citing [13] “the only remaining difficulty of implementation is the actual integration on the
boundary and on parts of elements cut by the boundary. This difficulty however is expected to arise in any optimal
order fictitious domain method.” We attempt in the present article to prove that this statement is not entirely true.
We propose in fact an optimal order fictitious domain method that does not involve the integrals on Q and thus does
not require to perform the integration on parts of elements cut by the boundary. Our method can be regarded as a
mix between the classical fictitious domain approach and CutFEM. As in CutFEM, we use the the computational
mesh constructed by keeping only the elements from the background mesh on the embedding domain O having non
empty intersection with Q. On the other hand, we extend the solution from Q to the computational domain, which
is now only slightly larger than Q. In fact, the extension is done on a narrow band of width of order of the mesh
size, contrary to the extension to entire O as in the classical fictitious domain approach.! This minimizes the effect of
choosing a “wrong” extension and enables us, with the help of a proper stabilization mainly borrowed from CutFEM,
to preserve the optimal convergence without integration on the cut mesh elements. Unfortunately, the integration on
the actual boundary should still be performed, so that some non trivial quadrature techniques are still needed. We
believe however that an integration over the surface (resp. the curve) cut by the mesh is simpler to implement than
that on the cut mesh elements in 3D (resp. 2D).

Let us now give a first sketch of the methods that we propose in this article. We restrict ourselves to the simple
model problem: the Poisson equation with either Dirichlet boundary conditions

—Au=finQ, u=gonl nH

or Neumann ones 5
Au=finQ  HL-gonT )
on

Here Q ¢ R?, d = 2,3 is a domain with smooth boundary I' = 4Q, f and g are given functions on Q and I' respectively
(satisfying the compatibility condition fQ f+ fr g = 01in the Neumann case).

We start by embedding € into a simply shaped domain O and introduce a quasi-uniform mesh ‘7',? on O consisting
of triangles/tetrahedrons of maximum diameter % that can be cut by the boundary I" in an arbitrary manner. The
computational mesh 77, is obtained from 7~ho by dropping out all the mesh element lying completely outside :

Th={TeTP:TNQ#a}), Q= Urcer,T)° 3)

as illustrated in Fig. 1. €, is thus the domain occupied by the computational mesh, slightly larger than Q. We denote
its boundary by I'j, := 0€,.

We outline first the derivation of our method in the case of Dirichlet boundary conditions, following the prelimi-
nary version in [18]. We assume that the right-hand side f is extended from Q to Q;, and imagine (for the moment)
that (1) can be solved on the extended domain €, while still imposing the boundary conditions on I':

—Au = fin Qy, u=gonl. @)

We keep here the same notations u and f for the functions on €, as for the originals on Q. Integration by parts over
€, and imposing the boundary conditions weakly on I as in the antisymmetric variant [19] of the Nitsche method

[20] yields
0 0 0
fVu-Vv—f —uv+fu—v+zfuv:f fv+fg—v+zfgv, Vv e HY(Qy) (®)]
Q, T on r on h r Q, r on h r

with vy > 0. Here, n on I" (resp. I';) denotes the unit normal looking outwards from Q (resp. ). Our finite element
method is then based on the weak formulation (5) adding to it a ghost penalty stabilization to assure the coerciveness
of the bilinear form. The method will be fully presented in Subsection 2.1 and analyzed in Subsections 3.2 and 3.3.

The idea of constructing numerically a smooth extension to the whole O is explored in [17] resulting in an optimally convergent method. The
price to pay is the necessity to solve an optimization problem by an iterative process, which can be expensive in practice.
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Figure 1: Left: the “physical” domain Q represented by its boundary I embedded into a rectangle O with the “background” mesh 7}? on it. Center:

the computational mesh 77 obtained by dropping the unnecessary triangles from 'Tho Right: the band Qg occupied by the cut elements 7’,{ of the
mesh 7.

Unlike the preliminary version in [18], the optimal error estimates are here proved under the natural assumptions on
the regularity of the data: f € L*(Q,), g € H*(T') (vs. f € H'(Q) in [18]). We stress again that formulation (5)
does not contain integrals on Q. Otherwise, the resulting method is very close to the antisymmetric Nitsche CutFEM
method from [16].

We turn now to the case of Neumann boundary conditions (2). We start again by extending f from Q to €,
and imagine (for the moment) that (2) can be solved on the extended domain Q; while still imposing the boundary
conditions on I':

P
“Au= finQ, a—: —gonT. (6)

Integration by parts over Q;, and imposing the boundary conditions weakly on I" would yield

0 0
fVu-Vv—f—uv+ —uv:f fv+fgv
Q, r,,an r on Q r

Such a formulation does not seem to lead to a reasonable finite element method. It is difficult to imagine a stabilization
that would make the bilinear form on the left-hand side above coercive; unlike the Dirichlet case, one cannot rely on
the smallness of u near I' to control the non-positive terms in the bilinear form. Note that a Nitsche method for the
Neumann boundary conditions is proposed in [21] in the mesh conforming case. However, the terms added there to
the natural variational formulation tend to weaken its coercivenes, rather than to enhance it.

Fortunately, we are able to devise an optimally convergent method by introducing a reconstruction y = —Vu of
the gradient of u on the band of cut mesh elements Ql,: , cf. Fig. 1 on the right, and by replacing the weak formulation
above with the following one

fVu-Vv+fy-nv—fy~nv+y1f@+Vu)-(z+Vv) @)
Q, T, r o

h

- f o+ f o, Vv € H'(@Q),z € L)
Q, r

with y; > 0. The terms multiplied by y; serve to impose y = —Vu on QZ . Our finite element method (13), based on
the weak formulation (7) with the addition of grad-div and ghost stabilizations, will be fully presented in Subsection
2.2 and analyzed in Subsections 3.4 and 3.5, under the assumption of some extra regularity on the data: f € H'(Qy,),
g € H¥(T') so that u € H*(Q). It involves the additional vector-valued unknown yj,, which results in some extra
cost in practice, as compared with a simpler method for Dirichlet boundary conditions. Fortunately, this extra cost is
negligible as &7 — 0 since yj, lives only on the mesh elements cut by I" which constitute smaller and smaller proportion
of the total number of elements as the meshes are refined.



Our finite element methods for both Dirichlet and Neumann cases are presented in more detail in the next sec-
tion. Their well-posedness and the optimal error estimates are proved in Section 3. We restrict ourselves here to P;
continuous finite elements on a triangular/tetrahedral mesh. An extension to higher-order elements Py and a possi-
ble adaptation to Robin boundary conditions are sketched in Section 4. We present some numerical experiments in
Section 5, restricting ourselves to the P; elements. Some final conclusions are provided in section 6.

2. Presentation of the methods

2.1. Dirichlet boundary conditions

We present first our discretization of Problem (1). Recall that 77, is a quasi-uniform mesh obtained from a larger
background mesh retaining only the elements lying inside Q or cut by I, cf. (3) and Fig. 1, and €, is the corresoinding
domain with boundary I';;. We inspire ourselves from the variational formulation (5), introduce the finite element space

Vi = {vy € H'(Q) : vilr € P{(T) VT € T3} ®)

with P; denoting the set of polynomials of degree < 1, and introduce the following discrete problem:

Find u;, € V), such that
ov
an(up, vp) = f AL +f T X fgvh Vv € V) €)]
n I’l r

ah(u,v)zfghvu-vv—f—wf fuv+0'h2f H } (10)

and y, o are some positive numbers properly chosen in a manner independent of 4. The last term in (10) is the ghost
penalty [16]. It is crucial to assure the coerciveness of a;. The notations here are as follows: [-] stands for the jump
over an internal facet of mesh 77, and

where

Fr = {E (an internal facet of 7)) suchthat AT € 7, : T NI # @ and E € T}

The ghost penalty is thus a properly scaled sum of the jumps of the normal derivatives over all the internal facets of
the mesh either cut by I' themselves or owned by a mesh element cut by I'.

2.2. Neumann boundary conditions

We turn now to Problem (2). We inspire ourselves with the variational formulation (7) and introduce a subspace
of V}, (continuous P, finite elements on mesh 77, as defined above) appropriate to the treatment of Neumann boundary

conditions
‘7/1 = {Vh € Vh : f = 0} (11)
Q,

Zy = {zn € H'(Q)! : zulr € PY(TY VT € T}

and an auxiliary finite element space

Here Thr represents the cut elements of the mesh and Qg the corresponding subdomain of €;:
T} ={TeT,:TNT =) andQZ:(UTeﬂrT)" (12)
cf. Fig. 1, right. We shall also denote by 1"2 the internal boundary of Q, i.e. the ensemble of the facets separating QZ

from the mesh elements inside Q, so that dQ; =T, UT,.
Our finite element problem is: Find u;, € Vi, Yn € Zj, such that

ay (up, s vis ) = f Svn+ fg"h + Yaiv frfdiVZh Ynzn) € Vi x Z) (13)
Q r o
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where

aﬁlv(u,y;v,z)=f Vu~Vv+fy-nv—fy-nv+yd,-vf divydivz (14)
ol T r ar

g h

+ylf(y+Vu)-(Z+Vv)+0'hf[@H@]
ar r on||on

with some positive numbers y;,, v and o properly chosen in a manner independent of /4. In addition to the variational
formulation (7), we have introduced here

e a grad-div stabilization (the terms multiplied by ;) in the vein of [22], which is consistent with the governing
equations since y = —Vu and thus divy = —Au = f on Q;

e a reduced ghost stabilization (the term multiplied by ok in (14). Contrary to the Dirichlet case (10), it is
sufficient to penalize the normal derivative jumps only on the facets separating the cut elements from the uncut
ones.

Remark 2.1. The introduction of the subspace V), is helpful to ensure the well-posedness of problem 14 (otherwise,
if posed on Vy, X Zy, the functions u = 1, y = 0 would be in the kernel of aflv reflecting the fact that the exact solution
is not unique without an additional constraint). We have chosen to impose this constraint on ), rather than on  in
line with our desire to avoid the integrals on Q, difficult to implement in practice.

3. The theoretical error analysis.

3.1. Geometrical assumptions and technical lemmas.

The theoretical analysis of the methods presented above will be done under the following assumptions on the
boundary I" and on the subdomain QZ covered by the cut mesh elements, as defined in (12). Both these assumptions
are typically satisfied if the mesh is sufficiently refined with respect to I".

Assumption 1. The subdomain Qg can be covered by open sets Oy, k = 1, ..., K and one can introduce on every Oy
local coordinates &1, &, in the 2D case, d = 2 (resp. &1, &2, &3 if d = 3) such that

e 'NOyisgivenbyé;=0and QN Oy by &4 <0
. Qi N O is given by —a(&1, &) < &4 < b(&1, &) with some continuous non-negative functions a and b;
o b(&1,&) +a(é,&) < Crhwith some Cy > 0;
e all the partial derivatives 6¢;/0x; and 0x;/0¢; are bounded by some Cy > 0.
Moreover, each point of Qg is covered by at most Ny, sets Oy.

Assumption 2. The boundary I" can be covered by element patches {Ili}i=1,. n, having the following properties:

.....

e Each patch I is a connected set;

Each 11y is composed of a mesh element Ty lying inside Q and some mesh elements cut by I, more precisely
I, =T, U Hg where Ty, € Ty, Tk C Q, H£ C 7'}{, and Hg contains at most M mesh elements;

T _ (N l.
* 7, = UL

I and 11, are disjoint if k # L.



Figure 2: Illustration of the construction of an element patch Il;: a portion of a triangular mesh 77, with the facets composing Il represented by
solid lines, the facets separating the cut triangles from the interior ones (I';) represented by thick dashed lines, and the remaining facets in thin
dashed lines. The patch Il is composed of the interior element T C € attached to a facet Ey C I'; and several triangles cut by I (the remaining
part of IT; denoted by H,E).

In what follows, we suppose both assumptions above to hold true and use the notation C for positive constants
(which can change from one instance to another) that depend only on C;, C5, N;;;, M from the assumptions above and
on the mesh regularity. We also recall that mesh 77, is supposed quasi-uniform.

Assumption 1 is quite standard and essentially tells us that the boundary I' is smooth and not too wiggly on the
length scale A, so that one can be sure that the band of cut mesh elements is of width ~ h. Assumption 2 is slightly
more technical. Let us explain the construction of element patches evoked there, cf. Fig. 2. Each patch I is assigned
to a facet E; C Fﬁl separating the cut elements from the interior ones. To form the patch I, one takes a mesh
element T} lying inside Q and attached to E;. One then picks up several cut elements touching Ej; to form H£ and
set Iy = T, U H{. If, again, the boundary I is not too wiggly with respect to the mesh 77, one can partition the cut
elements between the patches I1; so that each patch contains a small number of elements (typically from 2 to 4 in 2D,
and slightly more in 3D).

We begin with two technical lemmas. The first one is in the vein of Poincaré inequalities taking into account the
assumption that Qg is a strip of width ~ & around I'.

Lemma 3.1. Forallv e HI(QZ),
Mlg,or < € (VAIVlor + AVl or) (15)

Proof. Consider the 2D case (d = 2). Recalling Assumption 1, we can pass to the local coordinates &;,&, on every
set Oy assuming that &; varies between 0 and L, and to use the bounds on &, and on the mapping (x, x;) — (£1, &) to

write
5 Lo L rbé) & gy 2
vl <[ [ veaeueda-c [ [ (V(§,0)+f—(§,t)dt) derdé
OaQ}:(fl)ﬂOk 0 et 1,62 2 1 o et 1 o 6{“2 1 2 1

L b 2 Gy 2
<c f f (v2<§1,0>+( f 6—(fl,t>dt) ]dfzd«fl
0 J-a) o 0&
bED | 5y

L
< 2 (£,,0 hzf ,
S Cfo ( Lot —a(én) 352(61 )

2 2 2
< ChiMllgrro, + Ch ”VVHO,QEOOA-

2
dt) déjl

Summing over all neighborhoods Oy, gives (15). The proof in the 3D case is the same up to the change of notations. [

Corollary 3.2. Forallv € H*(Q}),

IMlogr < € (R IVllor + B9Vl + R VIl o) (16)
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Proof. Applying Lemma 3.1 to Vv we get

.o < C(VAIVVllor + Alvlqr) a7

Substituting this into (15) leads to (16). ]
Lemma 3.3. Forallv € H(Q)),

[Wllor, < C (||V||0,r + hl[Vylor + h3/2||vl|z,gg) (13)

Proof. As in the proof of Lemma 3.1, we only consider the 2D case. Using again Assumption 1, we can represent v|r,
inside every Oy, by a Taylor expansion with the integral remainder

, L , L v bED 52, 2
MR 0, < C fo V(& bE)dés = C fo VEL0) + blE) 2 (E1.0) + fo SR € ~ | dey
&)

9
L b(&1) 52
ov o“v
<C f [vz(fl,O) + (6,07 + 1 f —2<§1,t)2dr)dfl
0 3] o0&
< CUMG o, + H IV o, + BV grog,)
Summing this over all Oy gives (18). O
Lemma 3.4. Forallve H'(Q}),
2 Wi < CAMG + v ). (19)
Eefr
and
VI, < CAWI - + AV or)- (20)

Proof. Let E be a mesh facet belonging to a mesh element 7' € 7,. Recall the well-known trace inequality

1
VB, < € (Zuvuéj + h|v|%,r)

Summing this over all E € Fr gives

1
2 2 2
S il < c(znvnmg + h|v|mg)
EcFr

leading, in combination with (15), to (19). The proof of (20) is similar: it suffices to take the sum over the facets
composing I7,. O

3.2. Dirichlet boundary conditions: coerciveness of a.

We turn to the study of method (9)—(10) for the problem with Dirichlet boundary conditions. Our first goal is to
prove the coerciveness of the bilinear form a;, uniformly in 4. The proof of this result, cf. Lemma 3.6, will be based
on the following

Lemma 3.5. For any 8 > 0 one can choose 0 < @ < 1 depending only on the mesh regularity and on parameter M

from Assumption 2 such that
6vh] 2

hl} o < alvillg, + B ) @1

EeFr 3}’1

0.E

forall vy, € V),



Proof. Choose any S > 0, consider the decomposition of QZ in element patches {II;} as in Assumption 2, cf. also
Fig. 2. Introduce
3\//;]

where the maximum is taken over all the possible configurations of a patch II; allowed by the mesh regularity and
over all the piecewise linear functions on Il;. The subset #; C Fr gathers the facets internal to IT;. Note that the
quantity under the max sign in (3.2) is invariant under the scaling transformation x +— hx and is homogeneous with
respect to vj,. Recall also that the patch I1; contains at most M elements. Thus, the maximum is indeed attained since
it is taken over a bounded set in a finite dimensional space (one can restrict the maximization to patches of diameter
of order 1, since the quantity to maximize is invariant under rescaling).

Clearly, @ < 1. Supposing @ = 1 would lead to a contradiction. Indeed, if @ = 1 then we can take I, v; yielding
this maximum and suppose without loss of generality |v,|; 7, = 1. We observe then

v I
vall 7, + B —h]

Pt on

il e =80 S [ 221,
@ = max

I,vi %20 |Vh|

=0

0.E

since Ivhlink Ivhl1 Tt |Vh|| - This implies Vv, = 0 on T} and [3V”] Oon all E € ¥, thus Vv, = 0 on I, which

contradicts |vy|i, = 1.
This proves @ < 1. We have thus

2
6vh
il < vl +Bh ) E}
E€Fy 0,E
for all v, € V}, and all the admissible patches IT;. Summing this over Iy, k = 1,..., Ny yields (21). O

Lemma 3.6. Provided o is sufficiently big, there exists an h-independent constant ¢ > 0 such that

1
2 . 2
a(n, vi) = cllvalll, with VIl = i g, ZIIVIIO,F
forall vy, € V),

Proof. Let v, € Vj, and By, be the strip between I' and [y, i.e. B, = Q; \ Q and 0B, = ' UT,. Recall that we assume
the normal n to look outward from €, (resp. ) on I';, (resp. I'). The outward looking normal on 9B}, coincides with
n on I';, and with —n on I'. We have thus

LU 1 (T Zf
Ty 6n r@n h OB, 6}1 h OB

Ter! T 6”

(using T = (0B, N T) U(B,NadT)and Av, =0on T) 22)

0 [6
[ [ 1w - ﬂvh}— o= Y, [ w5
fert maT on B Fog, | On

FeFr
Substituting this into the definition (10) of a;, yields
o
Vh

Z f [6vh avh
FNB,, on
Noting that B;, C Q}; we can use (21) combined with the Young inequality (for any € > 0) and (19) to write

2 2
ap(Vp, vp) = (Vv —f [Vvpl™ +
Q, By,

Fefr

2
1 ovy, & s Yy
a@p,v) = (1= )il g, + (cr -B- —)h —} -5 vallo g + - lvallor
’ 2¢e Eezﬁ on 0.E h Eezﬁ h
2
eC ’ 1 ovy, y—&C/2
> (1 - - 7)|Vh|1,g,, + (O' -B- Z_S)h o [%] o + T”Vh”of
r

8



Taking e sufficiently small and o sufficiently big this bounds a(vy, v;) from below by clllvhllli as claimed. O

3.3. Dirichlet boundary conditions: the error estimates.

We can now establish an optimal H' error estimate for the method (9)-(10) using the coerciveness of a;, provided
by Lemma 3.6. An L? error estimate will follow in Theorem 3.8.

Theorem 3.7. Suppose f € L>(Q), g € HY*() and let u € H*(Q) be the solution to (1), u, € Vy, be the solution to
(9)—(10). Provided o is sufficiently big, there exists an h-independent constant C > 0 such that

1
lu — uplio + —=lu = usllor < Ch(llfllo, +llglls/2.r)- (23)

Vh

Proof. Under the Theorem’s assumptions, the solution to (1) is indeed in H?(€) and it can be extended to a function
it € H*(Qy,) such that it = u on Q and lli@ll.0, < Clfllo.q + llgllzj2r), cf. [23]. Clearly, i satisfies

- P v
an(it, vi) = (fsvidrey + fga—h + X fgvh Yv, € Vy
r-on  hJr
with f := —Aii. It entails a Galerkin orthogonality relation
ap(it — up, vy) = f (f = Hvi. Vv € Vi (24
Q

We have then using the standard nodal interpolation I;, : C(€Q;,) — V}, and recalling Lemma 3.6

1 . ap(up — Ipii, vy) an(ew, vi) + (f = f> vz,
—lup — Lyiilll, < sup =
c eV vl eV vl

with e, = &t — Iii. Using the definition (10) of a;,, we can now bound term by term

Oe, o, y
an(eu, vi) < leulio,vilig, + [Vallor, + lledllor |[==1|| + <lledlor!vallor
(911 0,1, 61’1 o.r h
Oe ov,
Eer " fllo.e 7 Wlo,e

1
2 \1

de, |I? 1 Oe

2 u 2 u

<Cllelo, +h| 22+ Flledfr+h > vl
onllor, h = on 0.5

We have used here Lemma 3.4 to bound £ 3, ges ‘M]

on

2
oF and ||vpllor,. This entails thanks to the usual interpolation
estimates ’

an(ew, vi) < Chlitla, o, llvally
Moreover, f = f on Q so that
(f = Fovwzan < IIf = flloanalvilloane < Chllf = floa, vl
thanks to Lemma 3.1 (recall that Q;, \ Q C Qg ). We conclude
Nl = Initlly, < Chlliila., + If = fllow,) < Ch(lik.q, + 1 fllog, + Adlog,) < Ch(lik.a, +1flog,)

Combining the estimates above with the triangle inequality proves [[u, — @ll, < Ch(l|fllo.q, +1gll3/2r), as claimed. [

9



Remark 3.1. The proof above does not rely on a solution to the non-standard boundary value problem (4) on ,. We
rather use the well defined solution u to problem (1) and extend it to C,.

The following theorem gives an L? estimate for the error. It is sub-optimal, although the numerical experiments
reveal the optimal convergence rate O(h?), similar to the state of the art in the study of the non-symmetric Nitsche
method.

Theorem 3.8. Under the assumptions of Theorem 3.7, there exists an h-independent constant C > 0 such that
llu = unlloe < CI* (I fllo.cy, + lglls/or) - (25)
Proof. Let us introduce w : Q — R such that
—Aw =u—uy, in Q, w=0onT. (26)

By elliptic regularity, |[wl|,o < Cllu — uslloq. Let W be an extension of w from Q to €, preserving the H? norm
estimate. Applying Corollary 3.2 to w and Lemma 3.1 to Vw yields

Wllg.r < CHllu = willoa  and ¥l or < € Vhliu = whllo.o
Similarly, applying Lemma 3.3 to w yields
Wllo,r, < Chllu — upllo.o

Taking wy, = Iw, we can summarize the bounds above together with the interpolation estimates as

_ oW — wy) L
W — walig, + VA Ha—n + —IW = willorur,

orur,  Vh

~ - 1
+ VRl or + [@llor, + —=Iwillor < Chllu = usllog @7)

Vh

Using Galerkin orthogonality (24) and estimates (27) we arrive at (recall B, = Q;, \ Q)

ow
||M—Mh||§,g=fV(M—Mh)'VW—f(M—Mh)6—
Q r n

_ ah<u—uh,v~v—wh>+fMW—zﬂu—ma—w—fwu—uh)-WH F— P
T 6n r 81’1 By, By,

6(12 - uh)
on

IA

- 1 | ~
C(Illu — uplly + + —llu = upllor + ﬁlu —uplior + Vhlf - fIIo,gg) hllu = upllo.g

or, h

which gives the announced error estimate in L*(Q) norm thanks to the error estimate in the triple norm ||-||| already
established in the proof of Theorem 3.7. We also recall ||f||0yQ,r = ||Aidlloq, < C (Ifllogo, + llgll3/2r)- O

3.4. Neumann boundary conditions: coerciveness of ahN .

We turn to the study of method (13)—(14) for the problem with Neumann boundary conditions. Our first goal is to
prove the coerciveness of the bilinear form aﬁ’ uniformly in 4. To this end, we note that ahN can be rewritten using the
divergence Theorem as

afqv(u,y;v,z)zj;2 Vu-Vv+ (vdivy+y-Vv)+7d,-ng;rdivydivz (28)
7 By, h

+71f(y+Vu)-(Z+Vv)+0'hf [G—MHQ]
QE r;’x on||on

provided y and v are of regularity H'. We have denoted here again B, = Q;, \ Q. The following lemma will allow us
to control th y - Vv while the other term fB/ vdivy can be controlled thanks to the grad-div stabilization.

10



Lemma 3.9. For any 8 > 0, there exist 0 < a < 1 and 6 > 0 depending only on the mesh regularity and on parameter
M in Assumption 2 such that
f zn Vv
By,

Proof. The boundary I" can be covered by element patches {II};-
consider

2
ov,
< il g, + Slzn + Vil oy + H[a—;] (29)

or

fOV all v € Vi, zn € Zy,.

Ng as in Assumption 2. Choose any 8 > 0 and

.....

I,
z v —Bllzn + Vv “ -k | .
llznllo.rxr [valy e = Bllzn h”OHr Bh o,drmanlk
@ := max (30)
g,zp,v#0 2||Zh||0 Hr |Vh|1 T,

where the maximum is taken over all the possible configurations of a patch II; allowed by the mesh regularity and
over all the piecewise linear functions v;, and z;, on IT;. Note that the quantity under the max sign in (30) is invariant
under the scaling transformation x — hx, z;, — %zh, vy = v, and is homogeneous with respect to vy, z;. Thus, the
maximum is indeed attained since it is taken over a bounded set in a finite dimensional space.

Clearly, @ < 1. Supposing @ = 1 would lead to a contradiction. Indeed, if @ = 1, we can then take Iz, v;, z
yielding this maximum (in particular, |vh|1 m T ||zh||0 nr > 0). We observe then

v
2 2 h
|Vh|1 1, Flzallonrvalyor + 5 ||Zh|| ot + Bllzn + V|| ot +Bh H[ =0
0,0TNATIL
and consequently (recall |th% |vh|1 Tt |th% HF)
AL g
ov
2 h
qulm + Bl + Vvl e +/3hH[ =0 31)
0,[9Tkﬁan‘[(‘
This implies [z, + Vvpllo, Hr:0 i.e. Vv, = —z, on Hr Since Vvj, is piecewise constant and z;, is continuous, it means

that Vv, = —z, =const on Hr We also have

“ i = 0, which implies Vv, =const on the whole IIj.

'o,annan'k‘
Since, by (31), Vv, = 0 on T, we have finally Vv, = 0 on II; and z; = O on H{, which is in contradiction with
W, + Dl > 0.

Thus @ < 1 and

o o, 5 vy

zallo gl < ||zh||onr+—|vh|mk+ﬁ||zh+Vvh||0Hr+ﬁhH[ }
© 2 ’ Uy

0,0T;NATL

for all vy, z;, and all admissible patches IT;. We now observe

th‘VVh < Zf zn Vv < leZhHo,n;lvhlLH{
By, Bhﬂn;( k

%
a9 2 vy,
< §||Zh||0’gg + |Vh|1 a, TBllzn + Vvh||0,9£ +,3hH[ ]

or}

&)

<a(l+ S b, + (8+ 5 + 52 ) lon+ Vuall o+
0.1

for any € > 0. We have used here the following estimate valid by Young inequality
laallg, o < Mz + Vallg o + IVVAlG or = 2020 + Vv, Vvl gp

11



1
< (1 + ;) llz), + Vw.ll(z),g; + (1 +&)vili g,

Taking ¢ sufficiently small, redefining « as « (1 + %) and putting 6 = (,8 +5+ 2%) we obtain (29). O
Lemma 3.10. Provided vy ;,,y1 are sufficiently big, there exists an h-independent constant ¢ > 0 such that

ay nsznsviezn) = v zally, Vv € Vinzn € 2,

5]

with

2 2 : 2 2
v, 21 = W g, + iVl oy + 2+ VuIR o +

(O

Proof. Expression (28) for aélv implies for all v, € Vi, 70 € Z

N 2 -
a, Vs 23 Vi zn) = ili g, + | (Ve divz, + 2z, - Vvg)

By
+ Yaill div zlly o + 7illzn + Vvill} o + ok oo
w 0,9 0,2, on or
b
A combination of (29) with the Young inequality (for any € > 0) yields
&
@ O 23 Vi 2) 2 (1= @l g, = SIVallg
1 o I
. h
+ (m - 2—) 1divzll o + (1 = Ollzn + Vil o + (o = B [—] (32)
£ £, L2, on ort
We have for any v, € V,
||Vh||()’Qh < Cp|Vh|1,Qh (33)

with a mesh independent constant C,,. This is the standard Poincaré inequality (recall that fQ/ vy, = 0) but one should
check that C), does not depend on €,. This can be easily done thanks to the Poincaré inequality on Q. Indeed, denoting
Vho = I]@ fQ v, we have

[Vallo.o, < 1ve = Vnalloa + Vhalloe + lvallo.one

and
Vnalloo = L fvhl = L f vh| < M”Vh”(),ﬂ,,\ﬂ
VIQ| lJa VIQ[ [Jana 12

The ratio of domain measures [, \ Q[/|€] is uniformly bounded under the assumption of 4 sufficiently small. We have
thus, by Poincaré inequality on Q (with a constant which is obviously mesh independent) and then by Lemma 3.1

IVallo.o, < Cvalia + lvallogne) < C(|Vh|1,£2 + Vhlvalloaa + h|Vh|1,Q,,\Q)
Finally, invoking the trace inequality ||v;llo.90 < C(|villo.o +[vili.o) and recalling that 4 is sufficiently small, we obtain
(33).
Substituting (33) into (32) entails

N . ) 2 1 : 2
ay Vi, Zn3 Vis Zn) 2 (1 —a- Ecp)lvhh’gh + (mv - Z) Il div zally o

ovy,
+ 1 = Ollen + Willg or + (o —ﬁ)h”[a—;]

or

Taking &, 8 sufficiently small and vy, y4;, sufficiently big this bounds ahN Vi, 203 Vi, 71) from below by clllvh,zhlllﬁ as
claimed. O

12



3.5. Neumann boundary conditions: error estimates.

We can now establish an optimal H' error estimate for the method (13)—(14) using the coerciveness of ahN provided
by Lemma 3.10. An L? error estimate will follow in Theorem 3.12.

Theorem 3.11. Suppose f € H' (), g € H¥>() and let u € H3(Q) be a solution to (2), (un,y) € Vi, X Z, be the
solution to (13). Provided v4,,7Y1 are sufficiently big, there exists an h-independent constant C > 0 such that

lu — upli.0 < Ch(|fll1 0, + llgll3/20)- (34

Proof. Under the Theorem’s assumptions, the solution to (2) is indeed in H*() and it can be extended to a function
it € H3(Q,) such that it = 1 on Q and li@lls.0, < CUlflliq + liglls/2r). Introduce y = —Viz on Q}rl Clearly, i, y satisfy

ay (i, y; vi, z) = fon+ fgvh + Yaiv fr fdivz, Yu,z) € Vi xZ,
[ r o

with f := —Aii. It entails a Galerkin orthogonality relation

ap @ —up,y —yisvinzn) = | (F=Fva+yaw | (F=Hdiva, Ynz) € Vi XZ, (35)
Q/, Qh

We have then using the standard nodal interpolation I;, : C(€;) — Vj, and recalling Lemma 3.10

N = )
ay, (up = Init, yn = Iny; vi, zn)

1 y
—lun = Init, yo — Inylll, < sup
c hEVixZ lva, zalll,

ay (e ey;vinzn) + (f = foviizay, + Yan(f — fdiv )@

= sup
V)V XZ Vi, zalll,

with e, = it — Ijii, ey, = y — I;y. Recalling (28), we can bound

N . :
ay(eus ey v z) < ledia,valio, +[|div eyl o villo.s, + lleyllo.s, Valg,

. . Oe 6vh
+ Yaiv ||div ey]|, or I1div zallg.or +Y1lley + Veullgarllzn + Vvalloar + o ||| = el
»=<h h h h onu or on oL
" h “h
2 de. II” :
2 2 : 2
< Clleuli g, + lleullgr + |div ey|o,Qg +llellgqr +h ‘ 6:} ] Ve, zillln
L 0.1,
By the usual interpolation estimates this entails
ay (eus ey: Vi 2) < Chlliihg, + Wl o)lvas zally < Chllitl 13,0, Ve zallln
since y = —Vii on Qg. Moreover,
(f = Fovmray + Yailf = Frdivan an, < If = Fllog, (IMalloe, +11div zlloar) < CILF = fllog,va zall,
thanks to (33). We recall now that f = f on  so that, thanks to Lemma 3.1,
If = fllog, = Ilf = fllogr < ChLf - flio, < Ch(lflig, +llillzg,) (36)
and conclude
Wun — Lpailll, < C(hlihg, +11f = fllo.g,)
Combining the estimates above with the triangle inequality proves [|uy — i, y, — yll, < Ch(llfll .o, + lIglls/2.r)- O
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Remark 3.2. The proof above does not rely on a solution to the non-standard boundary value problem (6) on €,. We
rather use the well defined solution u to problem (2) and extend it to Q. The optimal convergence is then obtained
at the expense of a stronger than usual assumption on the right-hand side in (1): we need u € H?, f € H' where as
u € H?, f € L? suffices for standard P finite elements on a conforming mesh.

Theorem 3.12. Under the assumptions of Theorem 3.11, there exists an h-independent constant C > 0 such that
ifelﬂg llu = uy = cllog < CH2(1Ifllq, + llglls20)- (37)

Proof. Let us introduce w : Q — R such that

0
-Aw=u—u, —cinQ, —w=00nF, fsz
(9n Q

with ¢ € R chosen to ensure that this problem is well posed, i.e. ¢ = ol fg(u — uy). By elliptic regularity, |[wlh.o <
Cllu — uj, = cllog. Let w be an extension of w from Q to €, preserving the H? norm estimate and set wy, = I,W.
Integration by parts and interpolation estimates yield

llu—u, — cI|&Q = f V(u—uy)-Viw —wyp) + f V(u - up) - Vwy,
Q Q

f V(u - uy) - Vwy,
o

< Chlit — upl1,0,Whq, +

‘We now rewrite the bilinear form (28) as

ajf(u,y;v,z)=fVu-VHf(vdivy+(y+vu)-vv)+ydivf divydivz
Q By r

+7’1f(y+Vu)~(z+Vv)+(rhf[a_”]. @}
Q T on| [on

so that the Galerkin orthogonality relation (35) with v, = w, — Wiq,,2n = 0 and wy,q, the average of wj, over €,
becomes

f V(i — up) - Vwy, + f div(y = yp)(Wp = Wi0,) + @ + Vit =y, — Vuy) - Vwy,)
Q By,

+y|f(y+Vﬁ—yh—Vuh)-th+0'hf [M][%]
QE r on on

i
h

= | (f = Hwp = Who,)
Q,

Recalling the definition of the triple norm from Lemma 3.10, this leads to

f V(ﬁ — Mh) . VWh
Q

~ ~ _ 8Wh
< Cllit = ity y = Iyl [nwh — wna,llo.ar + Wil o + Va H[W}

o,rz,]

+ ||f - f”O,QEHWh - Wh,Q/,HO,QE
By Lemma 3.1 and interpolation estimates
willogr < 109 = Iitllogr + Wlloqr < CR2W.qr + C (VAINllor + Al or ) < € VAW,
and similarly

IVwillar < IVGE = Libllogp + IV#ll.ar < Chlhgr + C (VAIVHllor + AVl or) < € ValFlha,
14



Finally,

NioA

1€24]

p
|
5
=

wino r =
I¥n0ullog =~

Jom
Q,

f I h
Q

VLA Q|

< W = Inwlloq, + —IWllgor < ChlW[.q
S A X S y
1 "yl h "

Combining all the estimates above we arrive at

Nl = un = clly o < € Vh(llii = ity = Iyl +11f — FloaDIWll2.g,
We conclude recalling the bound on the triple norm of the error from the proof of Theorem 3.11, (36), and the
regularity estimate ||Wll2,q, < Cllu — u;, — cllo.q- O
4. Extension to Py finite elements and Robin boundary conditions

The methods presented above can be easily extended to Py finite elements giving optimal convergence of order 4*
in the H!'-norm, k > 2. We thus consider in this section the finite element space

VI = (v € H'(Qu)  vilr € PUT), VT € Ty} o9

with IP,(T') representing the polynomials of degree < k, propose some modifications to be introduced to the methods
above, first for Dirichlet boundary conditions and then for Neumann-Neumann ones, and outline the convergence
proofs in both these cases.

4.1. Dirichlet boundary conditions
The method (9)-(10) is modified as follows:

Find u, € V;lk) s.t.
0
“h(”h’vh)zf th+fg%+%fgvh—0'h2 > ffAvh, Vv, e VO
Qh r n r TC7—IF T
ou a vy
dl(u,v)=f Vu-Vv—f —v+fu—+—fuv
: Q, r, on r on  hJr
k ‘ .

; dMulldv
2 2j-1 dul|ov
+oh Z fT(Au)(Av)+O'Z Zh fE[anJ [ﬁnﬂf}

TcT) Eefr j=1

with

Note that the additional stabilization term with the product (Au)(Av) is strongly consistent since —Au = f. Also note
that the ghost penalty term is extended to control the normal derivatives of all orders up to k, cf. [15].
Revisiting the theoretical analysis of Section 3 reveals the following:

e Lemma 3.5 remains valid thanks to the extended ghost penalty. Indeed, the only thing to recheck in its proof is
the following implication: if Vv, = 0 on T} and all the norms of the jumps contained in ghost penalty vanish,
then Vv, = 0 on Hg . This is true since the extended ghost penalty controls all the derivatives present in our
finite element space.
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e The first relation (22) in the proof of Lemma 3.6 now becomes

6vh favh f 2 f f [avh}
—Vy — [Vvu|* + (Avp)vy, — Vi | —=—
Ty on ! By, ! Z TnB;, o FNBy, ] on

TeT FeFr
since one can no longer assume Av, = 0 on 7. The new term with Av, can be then controlled thanks to the
additional A - A stabilization term in the bilinear form a;, so that Lemma 3.6 remains valid.

e In Theorem 3.7, we should now suppose f € H*"1(Q,), g € H**1/2(T') so that the solution u to (1) is in H**(Q).
The proof of the Theorem can be then followed using appropriate Sobolev spaces and standard interpolation
estimates to Py finite elements. The only non-trivial change in the proof concerns the estimate for ||f — f] ||0’Qg,
which should be changed to

If = fllogr < CHf = Flecra, < CH' (k1 g, + il ). 39)

This can be proved by refining the argument of Lemma 3.1. We recall that f = f on Q and both f and fare in
H*1(Q) so that all the derivatives up to order k — 2 of f and f coincide on I'. The bound (39) then follows as in
Lemma 3.1 employing a Taylor expansion with the integral remainder of order k — 1.

Keeping in mind the modifications above, we can easily establish the convergence of the Py version of our method:
given f € H*"'(Q,) and g € H**!/*(T"), and supposing o sufficiently big, one has

1
lu — upli g + WH” — wpllor < CHE(Iflk-1.0, + llglles1/2.0)-

pk+12

The L? error estimate of order can be also proved as in Theorem 3.8.

4.2. Neumann boundary conditions

We turn now to Problem (2). The goal is to extend the method (13)—(14) to P finite elements. We thus recall the
space V}(lk) as in (38), introduce its subspace V}(Lk) as in (11) and the auxiliary finite element space

79 =z e H'(Q) 2 2y € PUT)Y, VT € T))

Our finite element problem is: Find u;, € \7}([]‘), Yn € Z,(lk) solving (13) with the bilinear form ahN modified as follows

azl(u,y;v,z)ZI Vu-Vv+fy~nv—fy~nv+yd,-vf divydivz
Q, I r Q
: ul|dlv a0y |0z
+y f(y+Vu)~(z+Vv)+0' h2f—1f[—][—]+a A [—H—]
! o ]Z:; T onJ || On/ Z Z on/ on’

EeFin j=1

We have added here extra penalization terms controlling the jumps of the higher normal derivatives of u on FZ and an
additional ghost stabilization term controlling the jumps of derivatives of y on the cut facets, denoted by 7 (7 is
thus the collection of interior facets of mesh 7, hr ; 7—}"’” C Fr).

Keeping in mind the modifications above, we can easily establish the convergence of the P, version of our method:
given f € H*(Q,) and g € H*!/2(I'), ans supposing v, y1 sufficiently big, one has

lu — w0 < CHN(I flleay, + llgllks/2r)-

The L? error estimate of order 4**!/2 can be also proved as in Theorem 3.8. Note that we still need to assume some

extra regularity: f € H*(Q,) contrary to f € H*"(Qy,) in the case of Dirichlet boundary conditions, or to what whould
be necessary for the optimal convergence of the standard finite element method.
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4.3. Robin boundary conditions
We can also consider the problem

A= finQ, u+KZ—u=g0nF (40)
n

with « > 0. It is straightforward to adapt the method of the Neumann case (13)—(14) to the present Robin case. To this
end, we rewrite the boundary conditions in (40) as —u + g” = % g. By the same considerations as in the Neumann case
we arrive then at the following method for (40) using Py finite elements (without the constraint of zero integral over

Q,): Find u;, € V( ), Vi € Z/(lk) such that

1
fVuh-Vvh+fyh~nv—fyh-nV+f—uhvh+%ﬁvf divy, divz, (41)
Q T K fol)
('j.lu a.lv (3 C")./
2j-1 e B e 2j+1 Y o’z
+71f()’/1+VMh) (Z/1+VV/1)+UZI1 fr;[aané’nf]Jra-Z Zh [anf] [Onf

EE‘FF”I j=1

L fvn +f gvn + def fdivz, Y(vi, zn) € V;(lk) XZ](,k)
h

The proofs above can be easily adapted to show the optimal convergence of this scheme both in H'(Q) and L*(Q)
norms.

Alternatively, one can adapt the method of the Dirichlet case (9)—(10) mimicking the approach of [21]. In the
context of unfitted meshes (I' # I'), choosing the antisymmetric variant of the Nitsche method and adding the ghost
penalty, this would give the scheme?: Find u;, € V,(f> such that

ﬁuh (314/7 8vh 1 f ﬁuh th
v h * v - 1 h - h A, h a. 42
Lh uj, 73 N on —V, + jl:(u/ + K— on ) on + P h/’y (u/ + K on )(V/ + K on ) ( )
uy, |0y
2 2j-1 hl| < h
+oh f (Aw)(Avy) + o Z Z/ f [ o H M]
T, EeFr j=

vy, vy, )
+ + K— Yv, eV
fg,,fv f K+h/yfg(” K@n) T

The advantage of (42) over (41) is in the absence of the additional variable y,. However, the analysis of this scheme
is yet to be done and is out of the scope of the present paper.

5. Numerical experiments.

We shall illustrate our methods (9)—(10) and (13)—(14) by numerical experiments in a 2D domain Q defined by a
level-set function ¢:

={(x,y) : o(x,y) < 0} with ¢ := r*(5 + 3 sin(76 + 77/36))/2 — R* (43)

where (r, §) are the polar coordinates r = +/x% + y2, 8 = arctan )XC, and R = 0.47 (this example is taken from [11]). To
construct the computational mesh, we embed Q into the square O = (-0.5, 0.5)2, introduce a regular N X N criss-cross
mesh on O, and drop the triangles outside Q to produce 77, and 77, as illustrated at Fig. 1 in the case N = 16. In some
of our experiments, the domain Q will be rotated by an angle 6, counter-clockwise around the origin. This is achived
by redefining 8 as 6 = arctan )XC — 6.

All the computations are done in FreeFEM [24] taking advantage of its level-set capabilities (the key word
levelset in numerical integration commands int1d and int2d to deal with the integrals over I' and over Q, cf.

2This approach has been suggested by an anonymous reviewer.
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Subsection 5.2). Note that the numerical integration on I' introduces an additional error which is not covered by our
theoretical analysis: I is in fact approximated by a sequence of straight segments with the endpoints obtained by
approximate intersections of I with the edges of 77, This error is of order 4> and thus can be assumed negligible in
the case of P, finite elements (which is the only case studied numerically in this paper). We presume that a subtler
approximation should be employed when dealing with higher order finite elements, as in [25].

5.1. Dirichlet boundary conditions

We start by solving numerically the Dirichlet problem (1) in domain (43) with zero right-hand side f = 0 and a
non-homogeneous boundary condition g set so that the exact solution is given by

u = sin(x)e’ (44)

We employ the method (9)—(10) taking the following parameter values: y = 1, oo = 0.01. Fig. 3 represents the solution
obtained on a 16 x 16 mesh. We observe that the numerical method captures well the exact solution, the perturbation
being essentially concentrated in the narrow fictitious domain B, = €, \ Q. Fig. 4 reports the evolution of the error
under the mesh refinement (always using the regular criss-cross meshes as mentioned above) and confirms the optimal
convergence order of the method in both H' and L? norms.

e Vale IsoValue

-0 17904 W08t
0121525 0123402
00637 - 0.0853659
- 000596529 - 0.00732001
WD 05181 05070

W 108354 M. 10874z
W 167574 W r66Te
W1t [
W 19 e

W ot W 54amns
[ TN
W s6eire W 556957
W0 514051 WD514003

W sT183 WD.573020

Iso¥alus

WD.000e384E
Wp.00z29151
W 003746
W oos20104
W 0063531
W 00510357
W 00s5634
W00
WD.0124724
00130266
W0.0153809
W.0168352
W0ie2894
W01974E7

Figure 3: Poisson-Dirichlet problem (1) with the exact solution (44) on domain (43). Top-Left: the numerical solution uj on the 16 X 16 mesh as
in Fig. 1 produced by method (9)—(10); Top-Right: the exact solution u; Bottom: the error u — u;,.

In order to explore the robustness of the method with respect to the placement of the physical domain on the
computational mesh, we now redo the calculations above, rotating by a series of angles 6y ranging from 0 to 27”
as described in the preamble of this Section. For each rotation angle 6y, the boundary I' cuts the triangles of the
background mesh in a different manner, creating sometimes the “dangerous” situations when certain mesh triangles
of 77, have only a tiny portion inside the physical domain Q. Fig. 5 presents the errors in L?(Q) and H'(Q) norms
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Figure 5: Poisson-Dirichlet problem (1) on the domain as in Figs. 1 and 3 rotated by an angle 6 around the origin: the relative errors in L*(Q) and

H'(Q) norms as functions of the rotation angle 6p.
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Figure 6: Poisson-Dirichlet problem (1) as in Fig. 3 but on the 32 x 32 mesh. The relative errors in L*(Q) and H'(Q) norms as functions of

parameters y and 0.
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as functions of 6 at different discretization levels. We observe that the errors do not vary much from one position to
another, especially when measured in the H'(Q) norm. Moreover, this variability decreases as the meshes are refined.

Finally, we explore the influence of the parameters y and o in (10) on the precision of the method. The error
norms on a fixed 32 x 32 mesh for various choices of y and o are presented at Fig. 6. We observe that the method
is not very sensitive to the parameters, especially when the error is measured in the H' norm. The accuracy does not
seem to deteriorate catastrophically even in the limit y, o — 0. This is somewhat surprising in view of the theoretical
analysis of Section 3 and may indicate that a subtler theory could reveal the optimal convergence properties of the
method (9)—(10) without stabilization. In our numerical experiments above, we have preferred however to remain on
a safer side and have chosen a rather large value of the Nitsche parameter y = 1 while keeping the ghost stabilization
parameter o = 1072 small. Note that larger values of y seem to make the method more sensible and unpredictive with
respect to the choice of 0. On the other hand, the error is clearly monotonically increasing with o in the regime y < 1.

5.2. Comparisons with CutFEM

As already mentioned in Introduction, our method (9)—(10) is very close to CutFEM methods, the essential differ-
ence being that we avoid the integration over Q, i.e. the numerical integration over the cut mesh elements. Although
such an integration is in principle difficult to implement (in particular, it is more difficult than the integration over
the segments of the boundary I'), it is already available in FreeFEM, so that we can easily compare numerically the
performance of CutFEM with that of our method.

We have considered the following variants of CutFEM with V), denoting everywhere the P, finite elements space
on the mesh 77, as in (8).

a) A version with Lagrange multipliers approximated by Py finite elements on the cut triangles ‘7'{ [13]:
Findu, € Vj,, 4, e W), .= {,uh € LZ(Q}:) : ,Ltth € Po(T) YT e 47-hl"} S.t.

f Vuy, - Vv, + f vy = f fon Vv, €V, (45)
Q T Q
fﬂhuh —oh Z [An]lpn] = fgﬂh Yup € W

I T

Eegl VT

b) A version based on the symmetric Nitsche method [14]:
Find u;, € Vj, s.t.

Buh ﬁvh Y (91/!/1 avh
LVM/,~VV/1— r%\/h— rb{h% + Zj]:lxlh\)h‘i‘o'h Z L —:| [—:| (46)
€

0
:ffvh_fgﬂ"'zfg"h Vv, € V),
Q, T Bn h r

¢) A version based on the antisymmetric Nitsche method (similar to the above, only the sign in front of the third term
changes) [16]:
Find u;, € V}, s.t.

Buh 6vh )/f f (91/!/1 th
LVM/, Vv, fljanvh+f1:uh on +h ruhvh-i-O'hZ . 47

0
= th+fgﬂ+ngVh Yy, €V,
Q, T Bn h r

The results are presented at Fig. 7. We consider there the same setup as in Fig. 5, i.e. domain  given by (43)
rotated around the origin at a series of angles 6, the exact solution given by (44). The stabilization parameters y and
o are given in the captions (we have taken the same parameters for the antisymmetric version as for our method in
Fig. 5, while a larger value for y was necessary for the symmetric version). Comparing the results in Figs. 5 and 7, we
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(c) Antisymmetric Nitsche CutFEM (47) withy = 1, o = 0.01

Figure 7: Poisson-Dirichlet problem with CutFEM. The relative errors in L*(Q) and H'(Q) norms as functions of the rotation angle 6y, cf. Fig. 5.
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observe that all the methods have overall almost the same accuracy in the H'(Q) norm, but CutFEM produces better
results (gaining by a factor around 2) when the error is measured in the L?(Q) norm. However, the performance of
CutFEM (with the exception of the antisymmetric Nitsche variant) can drastically degrade at certain position of the
domain Q with respect to the mesh (the spikes of the error on the graphs as functions of the rotation angle 6). This is
certainly an implementation issue, which can be conceivably explained by inaccuracies in the numerical integration
over the cut triangles and/or by an incorrect determination of such triangles due to the round-off errors. We do not
attempt here to investigate this issue further, and merely note that the absence of integration over the cut triangles in
our method (9)—(10) permits us to avoid some delicate implementation issues.

5.3. Neumann boundary conditions

We now turn to the Poisson-Neumann problem (2). Our test case is similar to that used before: the domain is
given by (43) and the exact solution by (44). The right-hand side in (2) is thus f = 0 and the boundary condition g is
set up as g = n - Vu with the normal n defined via the levelset function ¢ in (43) as n = %. We employ the method

(13)—(14) taking the following parameter values: y4, = 1, y; = 10, o = 0.01. The constraint fQ u, = 0 is enforced
with the help of a Lagrange multiplier, thus increasing the size of the system matrix by 1. A convergence study under
the mesh refinement is reported at Fig. 8. It confirms the optimal convergence order of the method in both H' and L?
norms.

—a— L’error
104k - —¢ - H'error

1 T ER |
0.02 0.04 0.06
h

Figure 8: Poisson-Neumann problem on domain and meshes as in Figs. 1, 3: the relative errors in L?(Q) and H'(Q) norms as functions of 4 under
the mesh refinement.

In order to explore the robustness of the method with respect to the placement of the physical domain on the
computational mesh, we now redo the calculations above, rotating Q by a series of angles 6, ranging from 0 to 27”,
same as in the Dirichlet case. Fig. 9 presents the errors in L*(Q) and H'(Q) norms as functions of 6, at different
discretization levels. Overall, the errors are of the same order as in the Dirichlet case, but they are now much more
sensitive to positioning the domain with respect to the mesh. This is especially true for the L? error whose variability
does not fade out when the meshes are refined.

The origin of this unfortunate phenomenon can be partially attributed to possible bad conditioning of the matrix
of method (13)—-(14). Indeed, the scaling of the grad-div stabilization term there is inconsistent with other terms.
Loosely speaking, assuming that y scales as %u, the scaling of the term with y,;, with respect to the mesh size is
1/h?* in 2D, while the scaling of all the other terms is 1. We have tried to recover the correct scaling of this term
in numerical experiments reported in Fig. 10. The coefficient yg;, is taken there proportional to A? rather than a
mesh-independent constant. This scheme is thus not covered by the preceding theory but it gives essentially the same
results in practice as the scheme with constant y,;,. In particular, the lack of convergence in the L? norm on certain
geometrical configurations is still observed on the most refined meshes.

It is also interesting to compare the results produced by the scheme (13)—-(14) with those of CutFEM: Find uy, € V,
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Figure 9: Poisson-Neumann problem (2) in the domain as in Fig. 1 rotated by an angle 6, around the origin: the relative errors in L2(Q) and H'(Q)
norms as functions of the rotation angle 6. The grad-div stabilization parameter set to yg;, = 1.
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Figure 11: CutFEM (48) for Poisson-Neumann problem (2) in the domain as in Fig. 1 rotated by an angle 6y around the origin: the relative errors

in L2(Q) and H'(Q) norms as functions of the rotation angle 6.



S.t.

fVuh Vvh+a'hZf

EcFr

Ouy || 0 -
”’H v"] f fon+ f gV Vv € (48)
Qp

The results are reported in Fig. 11 taking the stabilization parameter o = 0.01. The error curves in the H'(Q) norm
are practically the same as those for (13)—(14). We also observe once again a big variability of the L>(Q) with respect
to the geometry. However, these variations seem to fade out under the mesh refinement, contrary to the scheme
(13)—(14).

Extensive numerical experiments on the influence of the stabilization parameters y;,, y; and o in (14) have been
also conducted. Similar to the Dirichlet case, the accuracy does not seem to deteriorate catastrophically in the limit
Yaiv»0 — 0 and the method is not too much sensitive to the parameters in a wide range. We choose not to go into
further details since the behaviour with respect to 3 parameters is difficult to summarize efficiently in figures or tables.

5.4. A test case in 3D

In a slight variation to the preceding numerical experiments and to the theoretical analysis of the paper, we present
here the results for the diffusion equation in a 3D domain:

—div(DVu) = fin Q, u=0onl 49)

with a non-constant diffusion coefficient D. We take Q c R as the ball of radius 1 centred at the origin. Denoting r
the distance to the origin, we choose the diffusion coefficient and the exact solution as

1
S

and adjust the right-hand side f accordingly. The method (9)—(10) is modified as follows: Find u;, € Vj, (the P,
continuous finite elements on mesh 77,) such that

3’4h avh 7 f f
DVuy, - Vv, — D—v, + | u,D +oh
L ) Up = Vvj fr‘ : on Vi fr h on l UpVp + 0 Z

EcFr

({)I/lh

Oovy
H v;]: S Yy, eV,
Q,

The numerical experiments have been done in FreeFEM using the HYPRE linear solvers via PETSc. The com-
putational meshes 77, were obtained from the background uniform tetrahedral meshes on a sufficiently large cube by
getting rid of the tetrahedra outside Q, cf. some example in Fig. 12. The following stabilization parameters were used:
v = 1,0 = 0. A mesh convergence study is reported in Fig. 13 and confirms the optimal convergence rates.

6. Conclusions

We have presented an optimally convergent method of the fictitious domain/XFEM/CutFEM type avoiding the
numerical integration on cut mesh elements. The numerical experiments confirm the optimal convergence and the
robustness of the method (with a possible slight deficiency on the level of L? errors in the case of Neumann boundary
conditions). We have restricted ourselves to simple model problem (Poisson equation, easily generalisable to the
diffusion equation) in this first publication, but the methods should be applicable in more realistic settings as, for
example, elasticity problem on a cracked domain (the method would then be similar to XFEM of [8] but avoiding the
integration on the mesh elements cut by the crack). Further research could be aimed, apart from extensions to more
complex problems, at a finer understanding of the influence of stabilization parameters.
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Figure 12: The computational meshes used in 3D numerical experiments. Left: 77, obtained from the 10 X 10 X 10 background mesh; right: 77,
obtained from the 20 x 20 x 20 background mesh.
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Figure 13: Diffusion problem (49) on the unit ball and meshes as in Fig. 12: the relative errors in L>(Q) and H'(Q) norms as functions of / under
the mesh refinement.
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