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1 Introduction and problem set up

Extended finite element methods (XFEMs) represent a vivid subject of research in
the field of computational mechanics [13,21]. The aim of XFEMs is to enable the
accurate approximation of problems whose solutions involve jumps, Kkinks,
singularities and other locally non-smooth features within elements. This is achieved
by enriching the polynomial approximation space of the classical finite element
method with non-smooth functions that resemble the true solution near interfaces.
Such methods have shown their potential in several applications of solid mechanics,
such as the finite element analysis of cracks, shear bands, dislocations, solidification,
and multi-field problems.

Recently, XFEM has been applied to flow problems with moving interfaces, such
as the numerical simulation of flows involving immiscible fluids, see for example
[15] for a broad introduction or [23] more specific applications. In this context,
different types of enrichment strategies for the finite element approximation spaces
have been proposed. The method originally proposed in [16] for the approximation
of the Laplace equation with contrast coefficients is particularly effective, see also
[1,27], owing to the good approximation properties and the simplicity of
implementation. Indeed, it has been successfully extended to the approximation of
saddle point problems in [2,3, 8,17]. The main drawback of the method consists in
the lack of robustness when the interface cuts the mesh in a way that very small sub-
elements are created. Stabilization methods based on the interior penalty approach
have been proposed to override this issue [3,9]. As it will be confirmed by the
numerical experiments reported below, for saddle point problems additional
instabilities arise because the enrichment of the Lagrange multiplier space (the
pressure) affects the satisfaction of the inf-sup condition [5]. There are two possible
solutions of this issue. On one hand, the enrichment method could be modified. This
strategy has been investigated in a series of works [2,10,24]. It seems to be a
promising method. However, a complete stability analysis of the proposed
approximation spaces is not available yet. On the other hand, the stabilization
methods developed to cure the instabilities with respect to small cut-elements may
also help to stabilize the pressure. This is the approach successfully adopted in
[3,17].

We aim to investigate the application of XFEMs, in particular of the method pro-
posed in [16], to the approximation of saddle point problems. This method combines
weak enforcement of interface conditions using Nitsche’s method with XFEM approx-
imation spaces.

From now on, we will refer to this family of methods as the Nitsche-XFEM schemes, as
proposed in [15]. In particular, we focus our attention on Stokes equations and the



related applications. Given a bounded domain £2 C R? crossed by an interface I”
dividing £2 into two open sets £21 and §2; we solve:

=V (uiVu) + Vp=f in£;,

V-u=0 in £2;,
u=20 on ds2, (1)
[u] =0 on I,
[pn — uVu-n] =0 on [

The parameter w; plays the role of fluid viscosity and is constant in each subdomain
;. Here, since (1 7# w2, the continuity of stresses across I” induces a kink on the
velocity field and a strong discontinuity on pressure (also called jump discontinuity).
This is a consequence of the interface conditions (1)4,, where [v]] = v|g, — vlgo,
denotes the jump across I". Accordingly, n is the unit normal vector on I” pointing
from £21 to £2;. The equilibrium condition between the normal component of the
stresses may be generalized to include surface tension as follows:

[pn — uVu-n]l =tkn on I,

where « is the curvature of I” and t is the surface tension coefficient [15]. This
more general condition can be naturally embedded into the numerical method that
we will develop, giving rise to an additional right hand side proportional to Tkn.
Surface tension introduces a jump discontinuity across the interface in the pressure
field, which can be accurately captured by the scheme. As a consequence, most of the
results that we will present remain valid when surface tension is accounted for. Only
the error analysis (Theorem 2) should be carefully reviewed, because the additional
term decreaes the regularity that can be assumed for the exact solution of problem [22].

An approach based on finite elements where the computational mesh does not fit to
the interface is not suitable for these kind of problems, because it does not satisfy opti-
mal approximation properties. To preserve accuracy, the strong or weak discontinuities
in the solution must coincide with mesh edges. However, for many time-dependent
problems such as two-phase flows or fluid-structure interaction, non-matching grid
formulations become an interesting option because they avoid remeshing [23,25,26].

Mixed finite elements are a typical choice of approximation spaces for the discrete
formulation of a saddle point problem without interface. It would be natural to expect
that the same finite element spaces would be adequate to solve the interface prob-
lem using the Nitsche-XFEM formulation. The numerical experiment shown in Fig. 1
reveals that XFEM spaces do not inherit the inf-sup stability of the underlying FEM
approximation. More precisely, Fig. 1 suggests that pressure oscillations, resembling
to the checkerboard instability, appear in the neighborhood of the interface. In this case,
the Nitsche-XFEM formulation is applied to solve problem (1) on a quasi uniform
mesh cut by a circular interface separating two regions characterized by heterogeneous
viscosities. Following the approach already adopted in [3,17], we investigate how to
avoid these oscillations by the choice of suitable enriched finite element spaces and
stabilization terms. However, instead of stabilization techniques based on the interior
penalty technique, we study the behavior of the well known Brezzi—Pitkaranta stabi-
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Fig. 1 For the test case #3 reported in Sect. 4, we show the typical checkerboard pattern of instabilities for
the pressure in the cut region (b), while velocity approximation is not affected by instabilities, as confirmed
by the visualization of the velocity field magnitude (a). In picture (¢), a zoom on the pressure instabilities
and in picture (d) the mesh that has been used for testing the conditioning of the problem, which results are
also reported in Sect. 4

4

lization technique [6] applied to this new context. Finally, we address the properties of
the algebraic system of equations arising from the proposed discretization method. In
particular, we study the spectrum of the Schur complement matrix, showing that the
stabilization method is essential to ensure that the conditioning of the system does not
depend on the diameter of cut-elements. This result has an important consequence. It
confirms that the classical solution methods for algebraic saddle point problems, such
as the Uzawa method, can be successfully combined with this approximation scheme.
A recent result on the stabilization of Stokes problem with interfaces in the context
of fictitious domain method has been presented in [19]. Here, pressure is stabilized



by the addition of penalty terms for the jumps in the normal velocity and pressure
gradients in the vicinity of the interface.

2 Finite element formulation

We solve (1) on a conforming triangulation 7, of £2 which is independent of the
location of the interface I". However, we need to make some assumptions concerning
the intersection between I" and the mesh. Let us define the subset of cut elements
Gn = {K € 7T such that K NT" #£ @}, see Fig. 2a. In the following, we call this subset
of elements cut region. Moreover, let us define the triangulated restricted and extended
sub-domains, £2;, .Q;r respectively, as follows

2" ={xe K,VK suchthat K N 2; # ¥}, £2; ={x e K,VK such that K C £2;}

We observe that £2,” C SZ;r and

=972 |Jo. =27

We make the following assumptions:

— Assumption A1 For any element K in the cutregionandi = 1, 2 there exists a patch
formed by the union of the element K with some of the elements of §2;” sharing
with it an edge (see Fig. 2a). This collection of elements is called a macro-element
of K and it is denoted with Mg ;. Furthermore, we assume that the restriction
of each macro-element to £2;” is not empty, namely My ; := Mg,; N §2; # .
Finally, we observe that MI}’ ; contains at least one element of 7j, such that the
ratio |Mg ;|/ Mg ;| is always upper bounded, where the symbol | - | represents the

measure of a subset in R2.

— Assumption A2 [ intersects each element boundary 0 K exactly twice, and each
(open) edge at most once, see Fig. 3.

— Assumption A3 The interface is defined by the zero isoline of a level set function;
the level set function is then approximated by linear interpolation on the computa-
tional mesh. The interface is thus represented by a chain of straight segments. We
assume that the straight line segment I'x , connecting the points of intersection
between I" and 9K is a good approximation of I'x = I’ N K in a sense that is
detailed in [16], Assumption 3. This construction can be generalized to three space
dimensions.

The first assumption is satisfied if the mesh is uniform, atleast in the region neighboring
the interface I". The last two hypotheses imply that the discrete approximation of the
interface subdivides elements into simple shapes (a triangle and a quadrilateral or a
couple of triangles).

We can now define the extended cut region Sy, as the union of Gj, and all the elements
K € 7T, sharing an edge with at least one cut element (see Fig. 2b). This is equivalent
to define Sj, as the set of all the elements contained in at least one macro-element for
all K € G, (Fig. 2):
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Fig. 2 aFilled with the diagonal line pattern, a macro-element for an element K € Gy, (in light blue). This
macro-pattern is composed by K and its adjacent element that shares an edge with it. b Definition of .Qf
in light blue the set Gj, and filled with the diagonal line pattern the extended cut region Sy,. As we can see,
the extended region contains all the elements near to the cut region, meaning that they share an edge with
at least one cut element (color figure online)

(a) (b)

Fig. 3 Second (a) and third (b) assumption about the intersection between I" and 7}, are not satisfied

Sy = U U Mg ;.

KeGyi=12

The proposed XFEM method doubles the degrees of freedom in the elements that are
crossed by the discontinuity interface, as shown in Fig. 4. This is achieved by a suitable
definition of the approximation spaces. Let 7,"; be conforming triangulations of £2;"
such that the union of 7,7, and 7,, gives 7, and for every triangle K € 7,7 N 7,",
we have K N T" # (). Moreover, we define 7, ; = ’];l"’l \ Gp.



Fig. 4 Linear basis function in an element crossed by I". The local basis functions ¢ on a cut element K
$1in K = KNQp
¢rin K = KN Qy
need to double the degrees of freedom on K so that ¢; can be represented in K by its nodal values and
the same holds for ¢

must be discontinuous across I" : ¢ = . Since ¢1 and ¢ must be independent, we

Let us define the following couple of inf-sup stable spaces on §2,

V(Q) := [{¢n € CO(£2), such that ¢y |x € P!, VK € T} N HJ (2) & B1?,
0(2) := {¢y, € CY(2), such that ¢y, | € P!, VK € Tp,},

where B = {b such that b|x € P> N HJ (K), VK € Tj}.
In alternative, we may use the plain P! — P! elements,

V(2) := [{¢n € CO(£2), such that ¢, |k € P!, VK € T},
0(£2) := {¢y, € CY(2), such that ¢y, | € P!, VK € Tp,},

that will be combined with a stabilization term defined below. We now introduce the
couple of inf-sup stable spaces on the restricted sub-domains £2;”,

Vh_,i = {dn € V(£2,7), such that ¢, = 0 on Iy,
Q}Zi = 0(£2,).

LetZr = {1, ..., n} be the set of all vertexes in the cut region Gj, and let
Wy, = {¢n € C°(£2), such that ¢ |x € P!, VK € T;} N H} (2)

be a standard linear finite element space on the triangulation 7}, of the domain §2 and

let {qb,{} be the Lagrangian basis of Wj,. We can now define a couple of finite element
spaces on the cut region:

Vit = [span{g) € Wijer 1P, Q5" i= spanig) € Wi} jezr.
The definition of the finite element spaces for the approximation of (1) follows:

Vi =V, ®@ Vi, Oni= 0, ® 05"



The enrichment of the cut region is obtained by overlapping the spaces Vj ; and
QOp.i in G, which entails that the degrees of freedom of the elements K € G, are
doubled. We seek (wy,;, pn.i) € Vi, X Op.i,i = 1,2 such thatu, = (uy,1, u,2) and
Ph = (Pn,1, pr,2) satisfy:

Brly, pr), i )]+ su(prsqn) = E Vi), YV, qr) € Ve x O, (2)

where Vi, = Vi1 X Vi 2, On = Qp1 X Qp,2 and

BrlQay, pr), Vi, qn)] = an g, vi) + by (pr, vi) — bp(qp, up)
an (W, vi) == /Mquhl VVh,dx—/{{MVllh nj} [villds

1129

/{{MVVh n} [uyllds + Z/ Vuh's' timax Tup 1V Tds

Keg,

b(ph, Vi) = Z/phlv vh,dx+/{ph}[[vh njds.

1129

where hg is the diameter of the generic element K. We fix t;,qx = maxg u and we
define the average operator as {{v}} - = kjv|, + k2v|g,. For each element K € Gy,
it must hold k1 + k» = 1. For this scheme it is important that the weights depend of
the measure of cut elements, for example k; = |K N £2;]/|K|. In particular, we use
the following definition proposed in [1]:

) |K M §2;|/ i
ki == . 3)
K N 21|/p1 + |K N 8220/ o

We remark that in the case | = w; the last two definitions coincide.

The term s, (pn, qn) is the stabilization operator defined on the cut region. We are
interested in analyzing the properties of the Brezzi—Pitkaranta stabilization technique
[6] applied to this new context. For this reason, we consider the following operator
acting on the pressure approximation near the interface:

si(pnan) = D D Vskty hK/Vph,i~th,idx, “

i=1,2KeS,),

where &, is the extended cut regton reviously defined. We remark that the integral
in (4) is on the entire element K is is crucial to prevent a bad conditioning of

the algebraic problem. As we have already pointed out, our choice of spaces V)
and Q; hi is inf-sup stable on the restricted sub-domains. In the case of equal-order
stabilized velocity/pressure formulation we add to the discrete problem formulation
the additional stabilization term cj, (pp, g ). Although ¢, (pp, g5) canbe chosen among
the family of symmetric stabilization operators, the most natural choice in our case is
the Brezzi—Pitkaranta stabilization:



cn(phqn) == D cni(ph.qn). where
i=12

cni(phgqn) == D Vsﬂl’_lh%(/vl’h,i'vq}t,idx~
KeT,; K

In this case, we aim to find w, = (uy 1, u2) € Vj and py = (pn.1, pr.2) € Qp such
that

Bul(ay, pr), iy gn) + cn(prs qn) + su(prsan) = & vi) 2, YV, qn) € Vi x Oy

)
In the forthcoming sections, we will analyze the two proposed variants of the Nitsche-
XFEM scheme.

A final remark concerns mass conservation. It is well known that stabilization tech-
niques of Brezzi—Pitkaranta type introduce a consistency error in the mass conservation
equation which is, in the classical setting, of order h?. We wish to point out that in our
proposed technique for ]P’é — P! elements, the stabilization term is activated only in
the subset Sj, of elements adjacent to the interface I”. Since the number of elements
in S, scales like #~! (and not 22 as the total number of mesh elements), the error
in mass conservation introduced by our proposed method is of order 43. Thus, in our
opinion, it is acceptable in practice.

3 Analysis of the scheme

First of all, let us define the following norms on the trace of a function on I":

2 . 1,12 2 . 2
WIS o= D kg 05 10120 == D hklVlIG -
KeGy Kegy
Then, we introduce the following broken Sobolev spaces: Hlf = {v : vlg €

H*(82)),i = 1,2} with the corresponding norms

2 2 2 . 1/2 2
IVIRe = D I¥li g I¥Eg,. = D lw " viig.
i=1,2 i=1,2
2 . =172 2
112 g= = 2 i "ally g
i=1,2
2. 2 1/2 2 —1/2 2
VI = IVIT o + I tdae IVIIT o+ s £V VB2 2
2. 2 2 —1/2 2
IV DI = IIVIP + 191 o + limas GaBI2 10 -

Let us define by ; (pn, gn) as the restrictions of by (pn, gi) on the domains £2;,

bn,i(pn, qn) = —/ PhiV - vpidx,

2



and let us introduce the discrete trace inequality

h VI, < ClIVIG & (6)

which will be necessary for the theoretical analysis, as in [17], and proved thanks to
[4] and [16]. Thanks to this inequality, taking g, € Qj, we have,

—1/2 — —
il A2 1z = W a2z = 32 mxh{{Pan b G
KeGy

—1/2 —-1/2
= > hie (er Paana 13 + 183 Poan 2 1)
KeGy
—1/2
<C > > Iy Phignill}
i=1,2KeGy,
—1/2
<C > >l Panil}
i=1,2KeGy,
—1/2
<C > > Panild x = Clianld or .-
i=1,2[(e'];l+i

In particular, the following equivalence of discrete norms holds true,

VI + gn g o+ < 1V an)ligs < VI + A+ Ollgnllg g - (D

3.1 Stability analysis

The first part of our theoretical analysis focuses on the stability of the scheme.

Theorem 1 We assume that there exist constants Cp1 and C ), independent of the
mesh size, such that N pp ; € Qp.; there exists Vp, ; € Vi 2 Vp, |G, = 0 such that

”Vphj ”179;# = CP1||phvi”0,(2f,M’ ()

CpallPn,illo, - = bni(Phis Vi) + Cni(Phis Phi)- &)

These are sufficient conditions for the stability of the approximation on the subregion
27, see [12]. Under this assumption, there exists a positive constant Cy, independent

of the mesh characteristic size such that, for any (g, pp) € Vi x Qy, it holds:

Brl(n, pr), (Vu, gu)l + cn(pr, qn) + sp(pns qn)
CsllQup, p)llo+ < sup )
(Visqn) €V x Qp Vi, gn) o+

(10)

We remark that (8) implies

ol o= < Corlpnilly ot .



To prove (10), we start showing some properties of the bilinear forms aj, (uy, vy),
bn(Vi, pn)» cn(pn, qn) and sp(pn, qn)-
Lemma 1 The bilinear discrete form an(ay, vy) is continuous on Vi, and coercive,

provided vy, is chosen sufficiently large. That is, there exist two constants Cp, and Cy,
independent of the mesh size such that

ap(p, vp) < Cyllluplll [Ivilll, VYvu € Vi, (11)
an(vi, Vi) = CalllValll>, Vv € Vi (12)

Let vy, € Vy, pn € Qp and g, € Qy. There exist three constants Cp, Cs1 and Cyo,
independent of the mesh size, such that

br(Vir, pn) < ColllvalllUl pallo, @+, + il {pnBll—1/2,n,1), (13)
cn(pns> gn) = Csillpnllo, o+ ullgnllo, o+ us (14)
sn(pnsqn) < Cs2llpnllo, o+ ullanllo, o+ .- (15)

Furthermore, owing to (11) and (13), the bilinear discrete form B[ (ay, pr), Vi, qn)]
is continuous on Vi, X Qp,

B, pr), Vi, qn)) < Cellp, p)llo+ 1 (Va, gl o+ (16)

Proof To prove (11), we first prove the following generalized inverse estimate,

||{{MVth}}||71/2h r= CIMmax||Vh||1 Q. (17)

where Vv, = (Vvy)n. This estimate holds true when linear finite elements and the
weights k; defined in (3) are used. In this particular case the constant C; is such that
C; < 2. For the proof of (17) we observe that, since vy, is linear in Gy, for every
K € Gj, we have,

2
I Vava 121 o e = h& | Tk | (ki1 VaVaa + ka2 Vava 2)

| K| 2 2
<h Vv )
K E |K N M, Vv, ||(),1m_Q,

i=1,2
| Tk | |K N2 /i
=hk 2 1K N2 ———3# I VVhillo kne
1 . .
) (Zj=1,2|1<m{2,|/u,)
1 | K N $2;| 1/2
= hg| k| s 2 2Vill} kna,
=1y2|Km:2j|/uj) ioln M
1
< hg|Tk| D IVYRilG kngp

|K O $211/pn + KNSl /ua S,



- hig Ik
K|

2
= CI,K//Lmax”VVh”(),K,M-

2
Hmax | VVi ”(),K»/i

We point out that, under the assumption of shape-regular mesh, the constant Cy g is
bounded independently of the mesh size and the location of the interface I". Indeed it
is simple to prove that C; g < 2.

Summing over all the elements K € G, and setting C; = mI?x Crk <2 we have

IA

2
Z Cr,k Mimax IV HOstM
KeGp

2
C1lmax Z Vv ||0,K,/,L
KeTy,

1€ Vava 121 o

IA

2
= CI//Lmax”VVh”(),_Q,M-

We are now ready to prove coercivity.

v = 3 [ Tv0dx =2 [0 aVavil ds
r

i=1,20

_ 1/2
[ Vst A2 = 1018 0+ s oD
r

12 “12
_2||Mn1/ax[[vh]]||1/2,h,1"||,uma{c {uVavetl—1/2.n,1r

12 L. _ip
R R N Tt A7 [ e ITeviel ALY [ ey

Then, it follows form (17) that

an(Vp, Vi) = §||Vh||1,g,ﬂ + 3T o Ivelll 2, u

1 ~12 1/2
= ltmas” U Invi 1210+ O = € laatas VAT 1S

Taking € = 4C7y and choosing y,, > 4Cy the coercivity of aj, (uy, vj,) follows, since
|1 2
ap(Vp, Vi) > min 5 Cy,» E Uvallt e,
1/2 —-1/2
Hlatax IV I3 o+ Nimas” € aVa 12 o)
where Cy, = (y, — 4Cy). This completes the proof. Continuity of the discrete

form ay (uy, vp,) follows directly from its definition, while to prove the continuity
of by, (pn, vi) we proceed as follows,



bu(pn,vi) = — /Ph,iV “Vp,idx +/{{Ph}} [v4 - nllds
' r

IA

—1,2 12
lpnllo, o+ wllvellne.u + (T {{ph}}||—1/2,h,F||Mm/ax[[Vh -n]lll1/2,n,r

—1/2
< Collvalll(l pallo, 2+ + Nitmas” KpaR =1 /2.0 1)

Continuity of the stabilization operator ¢, (pp, gn) is proved as follows,

cnlpran) = D, D ysui‘lhi/vph,i -V idx

i:l,ZKETh.—i X
2,2, —1/2 —1/2
< D0 D whkh e Cpalox s Sanllo.x
i=1,2K€'];:i
=

Csillprllo, 2+ llgnllo, o+ -

Here the first inequality follows from the inverse inequality. The continuity of
sn(pn, qn) is actually obtained in the same way. Summing estimates (11) and (13)
and using the definition of the norm ||(-, -)|| o+ yield the result (16). O

To prove the inf-sup condition, we first consider a stability estimate for a projection
operator.

Lemma 2 The L? projection operator on a macro-element M K.i,» hamely ITj
H' (Mg ;) — PY( My ;), satisfies the following property:

1nil} v, = € (10l o, + Vi (Phis Pr) - (18)
where

Vh.i(Ph.i»> qh.i) = Z / ysir (L= ) ppi (1 — y)gn,i.
KeGnpy

Yi(Phs @) = D Vi (Phis Gii)
i=1,2

and C is a constant dependent on the total number of elements that can form a macro-
element Mk ; with a generic element K € Gj,.

Proof Since ITj, py, ; is a linear function on a macro-element, it holds that:

Mk i
My ;|

2 2
0T pn i3 g, S VTPl - -

where we have introduced the notation x < y to represent the existence of a generic
constant ¢ such that x < cy. We represent pj ;|s; as the sum of the linear part and
aresidual: pp,ilpy; = ppp,i + rpi. It follows that



2 2
I Pr.illo, g, = HInphi + rhillo my
2 2
= T pnillo,prg; + 1rnillo,prg
Mk i
Mg ;|

<

~

2 2
T prillg g+ 17millo -

Owing to Assumption A1, the ratio between the measure of the entire macro-element
and that of its restriction is upper bounded. We now consider the second member of
the last inequality, where we identify 8 = |Mkg ;|/|Mj ;| in order to simplify the
notation:

2 2
BT p.illy py— + Wrnillo g,

2 2 2
= BT pnil py = Blrnillday, + 1+ Bl

< ,3/ (T pni — 11.i) Tn i + i) + (U4 R lIG 0z,
My ; ’

Be B
= S Tnpni = nil6 e, + 5 1PilG pp A BONRNG by

Be

Be 2 2 p 2
=< 7||thh,i||o,MK’,- + 7”’%,1‘ HO,MK,,' + Z”Ph,i HO’ME,,'

+(1 + ﬂ)”rh,i”%,MK,i'
Since

Be Be Be
1 pnil6 by, = (1 = S JUPnilG by + WP NG b, + 5 i 06 e

we obtain

Be Be Be
(1 = S ) UeniW s + S TP i WG g, + 5 Imi 13 e,

2
e B

Be 2 2
< 7||nhl7h,i||o,MKYi + 7||rh,i||o,MK.i + Z

1Pnillg e+ 4 B G

from which it follows that

28 210+ 8)
12 o~ 2 TR 12
1200, S 5o e 1Phillng, + 5= pe Whilling, - (19

Choosing a suitable €, for instance € = ,3_1 we have

2 2 2
1P 1B i, S 1PmalG e+ i 1



and, because of the equivalence of the discrete norms,

1/ —12

_1/2 2 -2 2 2
12 PG e S W2 Pl gy + N 201G -

To conclude, we sum over all elements of .Qf and rescale all norms using [L!_

obtain

2 2 -1/2 2
Ipnilly g, = Npnilly o+ D Iy pnillg &
KeGy,
2 -1/2 2
< pnillg -+ 20 Mg " pnillg ary,
' Kegh

2 1o

2 -1/2 2 —1/2 2
Slenilly o+ D (Ilui Pilly pr 1 rh,ino,MK,,.)

Kegy

S €@ (1pnall o, + V0P P)) -

We remark that, since we sum on the macro-elements of all K € Gj, some elements
will be counted more than once. The mesh-dependent constant C(7) that appear in

the proof takes into account this fact.

O

This result gives origin to several families of stabilization methods. Notably, the ghost
penalty methods as well as the Brezzi—Pitkaranta stabilization can be seen as schemes

to control the local operator.

Lemma 3 The stabilization term

si(pnoan) = D D vsii hg / Vpni - Vanidx

i=12KeS), %
dominates on the local projection stabilization, that is

Yo (@ns an) S su(qn. qn)-

Proof We use the following result [7,12]:

lgn,i — Hhgn,illo,mg; < ChIVanillL2mg > Yani € Qi

(20)



where the constant C is independent of the mesh size. We can now write,

Yiulgn an) = D D vsri I = T gni 15 pry

i=1,2KeGy,
< > D Oy W IVanillg g,
i=1,2KeGy,
-1
<CT) Y D vy hkIVanillg
i=1,2KeS,,

< sn(qn» qn)-
where C(7;,) depends on the number of elements that form each macro-element. O

The following property is a consequence of Lemmas 2 and 3:
1Phillg g o S UPilG -, + S8 (Phis P @D

It shows that in the Nitsche-XFEM method the discrete pressure can be controlled
provided that an inf-sup stable velocity/pressure approximation is combined with the
Brezzi—Pitkaranta operator restricted to the neighborhood of the cut region. Using
standard arguments, see [3], we now prove that the scheme is stable in the sense
specified in Theorem 1.

Proof of Theorem 1 As a first step, we prove the inf-sup stability on the domain £2,
given the local stability estimates (on the restricted sub-domains):

b(phs ¥py) + ch(ps pi) + 51 (ps pi) 2 Cpall Pallg g+ - (22)

We take a vy, = (Vp, |, Vp,,) satisfying the assumptions of the theorem and, remind-
ing that v, ; are null on the cut region since their support is limited to the restricted
sub-domain £2;”, we can write:

b(Ph,Vph)— z /thv Vp/,,dx+/{{ph}} IIVp;, nlds= Z bhz(phlavphl)

1]29 i=1,2

z (i (Phis V) + Chi(Phiis qn.i)) = bu(pn. Vp,) + cn(phs pr)
i=1.2

z 2 Coalpnill.a-
i=1,2

Using inequality (21), we are now able to prove the global inf-sup stability (22):

b (Phs Vi) + cn (P p1) + 51(Pas P1) = D Cpallpmilo, o= + sh(pns i)
i=1,2

2
Z Cp2||ph||0’_g+,ﬂ



We are now ready to complete the proof. Using the test functions v, = uj, +nv, and
qn = ph, we obtain that

IVhs a)ll e+ = 1k +nVp,, P llo+ < A, pu)lle+ + 17V p,, O) 2+
= [z, p)lle+ + nvp, | = 1, pp)llo+ + [107Vp, 11,24

and using (8) we get,

2 2 2 2 2 2
Vo3 = 0 WVp I <07 20 Coillpnillg o
i=1,2

2 2 2 22 2
< 2 Coullpnilly v, < W Coilla, p)lig:.
i=1,2

which allows us to write,

Vs gl e+ < [1Q@n, pr)lle+ +nCprll(un, pp)lle+
= 1+ nCpD W, p)lle+ < Ia, p)llo+.

Now we develop the term By, [(uy, prn), (Vi, )] as

Bul(g, pr), Vi, gn)] = ap(ap, wy 4 nvp,) + bp(pr, ap +0vy,) — bp(pr, uy)
= ap(up, up) + ap (W, NVp,) + bp(pr, nVp,)- (23)

As for the term ay, (uy, nv,, ), we get

an(p, nvp,) = D /uiVuh,mVVph,idx—/{{Mnanph}} [uyTlds
r

i:1’2[2,-

A

—1/2 1/2
< lunll @ dnvp e + liomas {enVavo, B=1 20 0l a1 2,0 7

IA

€ 2 1 2
5”“’1”1,9# + Z”’?Vph ||1,Q,ﬂ

1 ~1/2 € 1/2
+Z”Mma,/\f {{M’)anph }} ”2—1/2,11,1‘ + §||,U~m/ax [[Uh]]”%/z,h,r-

Exploiting the trace inequality (17), we get:

A

€ 2 1 2 C[ 2
anp nVp,) = S ll™+ S2nvp e+ 52 10Vp 2.

2
¢ (14 CnC%?
= Sl + ————1palg o+ (24)

A



Using (11), (22), (24) and (7) we obtain

Bul(an, pr), iy gn)) + cn(pns qn) + sn(pn. qn)

(1+CnCn?
2e

a1+ C,)c§1n2
2e

2 € 2 2 2
> Cqlllugl|| —Ellluhlll — ”ph”(),ng,M+Cp2”ph||0,g+’u

€
> (Ca = Pl + (Cp2 = Mpnllg or . = Cslln, p)lige

and, dividing by [|(vs, gn) |l o+, We have

Bul(an, pr), i, gn)) + cn(pns qn) + sn(pr. qn)
1 (Vas gn)ll 2+
- Bal(@n, pr), iy g1+ ch(pis qn) + sn(Phs gn)
- I, pr)ll o+

= Csll(up, pp)ll+.

The thesis (10) of the theorem holds by choosing € and 1 such that

2C e
€<2C, and n < [|——Trs.
1+Cnez,

3.2 Error analysis

We start from the consistency of the scheme, which will be useful for the derivation
of the error estimate. For its derivation we follow [16] and [3].

Lemma 4 Let (uy, pp) be the solution of the finite element formulation (2) and (u, p)
€ [H*(£21U$22)1? x H'(£21U$2,) be the weak solution of (1). Then the finite element
formulation (2) fulfills the following consistency relation,

Brlw—uy, p—pn), Vu, gn)l = cu(pr, gn) +sn(pn, qn), Y(Vi, qn) € Vi x Qp. (25)

Proof The property follows by observing that the exact solution (u, p) satisfies

Bul(a, p), (vi, qn)] = (£, Vi) 2, Y(Vi, qn) € Vi X Qn, (26)
and then subtracting (2) to (26). O
We now analyze the approximation properties of the proposed finite element space,

using the interpolation operator defined in [17]. As shown in [17], it enjoys the fol-
lowing approximation and stability properties:



Lemma 5 The interpolation operator defined as in [17], namely R}, : H*(£2) —
V.0, with s = 2 for the velocities and s = 1 for the pressure, is such that

1/2
IV = Riv. p = Rip) % = 02 (Cullimafavl3 g + Collpl 1)

(approximation), (27)
IR;wlre < Clwls,2, 0 <r <min(l,s), Yw € H*(£2)
(stability). (28)

Starting from these results, we prove the following theorem.

Theorem 2 The following error estimate holds true

1/2
lw—wi. p = pllgr = Ch (lmlaulzg +lpligr,). @9
Proof .We have

@ =, p— pw)lle+ <ll(@— Rju, p— Ry p)llo++II(Ryu —up, Ryp — pp)llg+

The first term can be estimated using the interpolation error estimate (27) directly,

1/2
I = Riw, p— Rip)lg+ = Ch (lilaculag + 1plo ) -
To estimate the second term we use the inf-sup condition (10), to get

I(Rju —w, Rip — pw)llg+ < sup Cy ' (Bul(Rju—wy, Rip — pn), (Vir, gi)]
Vi,qn 70

+cn(Ryp — s qn) + su(Ryp — pry an) /11 (Vi qn) o+ -

Adding and subtracting the exact solutions u and p to 3, and using the consistency
relation for the finite element formulation (25), we get

I(Rju—wy, Rip — pw)llgr < sup Cy '(Bul(w— Rju, p — Rip), (Vi qn)]
Vi, qn 70

+cn(Ryp.an) + s (R p, an) /| (Vi qn) | o+

Since the stabilization terms are symmetric we can use the Cauchy—Schwarz inequality
followed by the continuity property (13) to obtain

1/2

cn(Rip, qn) < cn(Ryp, Ri )2 enlqn, an)''* < en(RE p, R p) 211 (Vi g,

1/2

su(REp, qn) < sn(R;p, REp)Y2su(qn, qn)'? < su(REp, RE )21 (i, g



Finally, by using the continuity of B[ (-, -), (-, -)], (16), it follows that

IRy —wi, Rip = pllg+ < C (Il = Rjw, p— Rip)lo-

+en(Rip, Rip)'2 + su(Ri p. Ry p)'/2).

The first term is estimated using the interpolation error estimate (27). Then we use
the definition of the stabilization terms and the stability properties of the interpolation
operator (27) to obtain
2 2
cn(Ryp, Ryp) < CH2 3 Ipill} o o sn(REp, Ryp) < CH2 1Dl o
i=1 i=1

The thesis follows by combining the previous estimates. O

3.3 Conditioning of the Schur complement matrix
We are now interested in analyzing the conditioning of the system and in particular
we focus on the Schur complement matrix. The forthcoming results will enable us to

solve the discrete problem using the classical methods for saddle point problems like
the Uzawa method [14]. Problem (2) can be written in algebraic form as

% -1
-B S p )
where blocks are related to the bilinear forms, namely

ap(up, vp) = (i, Aup),  bp(ay, gn) = (gn, Buy)
while for the stabilization terms we have S = S| + S> where

ch(phqn) = (qn, S1pn)s Sh(phyqn) = (qn, S201)-
The Schur complement C is defined as

C=BA"'B" +5.

From (2), we define the following bilinear form,

Ly (g, pr), Vi, qn)] = apay, Vi) + by (Va, pr)
—bp (W, gn) + cu(pns qn) + sn(ph» qn)- (30)

and state the following assumptions:



Assumption A4 There exist positive numbers Cg, Cp, Cs1, Cs2, Cp, ¥, v, indepen-
dent of uy,, vy, pn, qn such that

Calllvalll® < an(va, va), 31
Cpo(1 + O)llpnllo, o+, uMValll = ba(Va, pr), (32)
Csillpnllo, o+, ullgnllo,. @+, = ch(pn» qn)s (33)
Coallprllo, e+, ullanllo,o+.u = sh(prs qn)s (34)
Call, pp)llo+ 1(¥h, gn)ll @+ = Bpl(us, pr), Vi, qn)]l, (35)
Ly [y, pr), Vi, qn)]
vl pi)llgs < sup i M 36
= Vi, qn 20 1 Vis gn)ll o+
_ Ly [y, pr), Vi, qn)]
Y, pp)llg+ = sup . 37
Vi qn#0 I (Vas gn) o+

Analogously, there exist 7' < 7 such that

7. pm)llas > sup bp(up, gn) — cn(phs qn) — Sw(ph, gn) ‘ (38)
Vi,qn#0 ”CI”O,.Qﬁ;L

We remark that the existence of 7’ follows from (37) with 7" = y. However, we can

consider the case in which a better estimate of 7’ may be available. Inequalities (31),

(32), (33), (34) and (35) correspond to results of Lemma 1, and (36) is the thesis of

Theorem 1. The equivalence of discrete norms (7) has been used in (13) to obtain (32).

Inequality (37) follows from assumptions (33), (34) and (35).

Theorem 3 Under assumption A4, the eigenvalues of C are localized as follows:

2
M) (39)

A (C) € ze(C:)/SIZISV\/H—(
7z C,

Proof To prove (39), we follow the general framework proposed in [11]. For each
pn € Op, letuy, € V), be defined by

an(@n, i) + by (v, pp) =0 Vv, € V, thatis, @, =—A"'BTp,.  (40)

Taking u, = @, in (30), makes Ly, [(wy, pn). (Vi qn)] = cn(prs qn) + su(pns qn) —
by (uy, gn) = (qn, Cpp) independent of vj,; hence, using (36) and (38),

) C c
Yl pllgr = sup —mCP g, (@ o)

< < 7@, pn)llo+-
vinan20 1V am)llg+ — gp20 llgnllo,. o+ .

(41)
From (40), (31) and (32) we have,

Calllnll1* < an i, @) = —bu(@n, pr) < Cop(1+ Ol pallo, o+, l10alll,



so that ||[ay]]] < % Il pnll o+, yielding the following estimate,

Cp(l+0O)

2
2 llo, 2+
Ca ) Phrllo,2 L

lprllo,. o+, < 1L, p)llg+ < \/1 + (

and Eq. (41) becomes

Ylipnllo,.@+. < sup

a0 llgnllo, @+ 0 —

(g1, Cp1) <V\/1+(Cb<1c+ 0)

2
) I Prllo, 2+ -

4 Numerical results

We analyse the order of convergence of two variants of the proposed method compared
with two reference methods and we investigate how Brezzi—Pitkaranta stabilization
improves the conditioning of the algebraic problem.

4.1 Comparison of different variants of methods

The previous analysis is valid for those choices of finite element spaces and stabiliza-
tion terms for which the inf-sup condition is guaranteed on the restricted sub-domains.
The stabilization on the extended cut region makes the inf-sup condition to be globally
satisfied. We analyze the numerical performances of the following combination:

- IP’,]7 — P! elements with Brezzi—Pitkaranta stabilization on the cut region. We notice
that, since the inf-sup condition is satisfied because of the bubble stabilization, we
do not need the additional term c (pp, qn).-

— P! —P! with Brezzi—Pitkaranta stabilization on all the domain, i.e. both ¢, ( Phs qh)
and s, (pn, qn) are active.

These two choices will be compared with two reference methods. The first one employs
Pé — P! elements without any additional stabilization in the extended cut region
(sn(pn, gn) = 0). This is the method for which we observed instabilities in the pressure
approximation, as hown in Fig. 1. The second one has been proposed by Burman—
Becker—Hansbo [3] and it consists in choosing P! — P elements with a stabilization
based on the jump of the pressure along the edges of the mesh, so we define:

ch(pn, qn) + s(pu, qn) == E /_yphF[[Ph,l]][[q}z,l]]ds
i
Féf] F

. / 22 el Mgy 2. “2)

FE]'—zF

where F; denotes the set of interior faces of ’17:



From the standpoint of accuracy, the considered methods are substantially equiva-
lent. Indeed, they all satisfy the following theoretical estimate [12,20]:

o —wplli.e.n+ 1P = prllo,e+, < Chllulz.e +lplLe)- (43)

In what follows we will show that the performance of all methods is coherent to the
theory, but appreciable differences may appear in the magnitude of the error.

A strong point in favor of the Brezzi—Pitkaranta stabilization is that it is easy to
implement, that is it keeps to a minimum the effort needed to introduce the stabilization
term in a pre-existing finite element code. Moreover, it can be easily used in a parallel
context. In contrast, the assembling of a stabilization term that needs integration on
the edges of the elements, such as the Burman—-Becker and Hansbo stabilization,
usually requires to access information about the adjacent elements to each edge, which
increases the communication between processors.

4.2 Test cases and results

The numerical tests have been implemented in the C++ finite element library LifeV
(www.lifev.org), developed by the collaboration between four institutions: Ecole Poly-
technique Fédérale de Lausanne (CMCS), Politecnico di Milano (MOX), INRIA
(REO, ESTIME) and Emory University.

We solve the saddle point problems in the domain £2 = [0, 1]* crossed by the
interface I' = {x, y|(x —x¢)?>+ (y — ye)? = a*}. We seta = 0.25 and x. = y. = 0.5.
Let us define £21 = {x, y|(x — x.)% + (y — y¢)? < a?} the internal part of the domain
with respect to the orientation of the normal of I", and £2, is the external part. We
set y; = 1 and the penalty parameters y, = y,, = 10. The determination of these
parameters is fairly heuristic. This is one of the major drawbacks of using penalty
methods for pressure stabilization and to enforce interface conditions. The selected
values have been tuned on the simple test case 1 described below, aiming to obtain a
stable numerical solution that is not prerturbed by the consistency error due to pressure
stabilization. These values have been then kept constant for all the other numerical
experiments. The fact that they fit to all test cases suggests that they fall in the range
where stability and accuracy criteria are simultaneously satisfied.

We consider three different test cases. In the first two tests there is no variation in
the parameters of the problem between the two sides of the interface. The surface I”
is then an artificial interface, however the additional XFEM degrees of freedom and
the weak imposition of the conditions across the surface can produce extra numerical
errors in the region near the interface. We discuss in details the convergence analysis
for the error on the velocity and pressure solution.

Test 1: Poiseuille’s flow We start from the Poiseuille’s flow in the domain 2 crossed
by I', for the verification of the numerical solver. We remind that in a Poiseuille’s flow,
the velocity profile is parabolic for the horizontal component and null for the vertical
one. The gradient of the pressure is linear. As we can see in Fig. 5, the numerical
results are coherent with the theoretical estimates (43). The error constant of the
stabilized P! — P¥ scheme is slightly larger than in the other cases. This behavior can


www.lifev.org

Log(H1-error) for velocity
Log(L2-error) for pressure
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Fig. 5 Convergence analysis for test 1

be explained observing that this method is the only one based on piecewise constant
pressure elements, to approximate a linear pressure field.

Test 2: An artificial interface in an incompressible medium We analyse the case
of an artificial interface in an incompressible fluid with constant material properties
over the entire domain as proposed in [3] and [17]. For problem (1), the following
continuous analytical solution is available,

u(x,y) = [20xy3; 5xt — 5y4], px,y) = 6Ox2y — 20y3 -5,

and is obtained by setting the right hand side f = 0. We observe that the velocity
approximation error is very similar for the four considered methods. For the approxi-
mation of the pressure, methods based on the Brezzi—Pitkaranta stabilization perform
slightly better that the others (Fig. 6).

Test 3: An elastic interface problem After these preliminary tests, we analyze a
problem with heterogeneous coefficients [3]. This is an incompressible linear elastic
problem that can be reinterpreted as a Stokes flow with suitable forcing terms. Let £2
be the unit square [0, 1]? and £2; be the circle of radius @ = 0.25 centered in b = x, =
ye = 0.5, as defined above. We set E; = E> = 1, vy = 0.25 and v; = 0.49. Coeffi-
cients w; are defined as follows: u; = E; /2(1 +v;)), A; = E;jvi /[(1 +v;)(1 —2v;)].
Using polar coordinates, where r = \/ (x — b)2 + (y — b)2, the analytical solution for
velocity and pressure is given by the following expressions, for vy # 0.5:

( 0) c1r in .Q]
u,(r,0) =
(r — br—z)cz + br—z in §£2>
ug(r,0) =0
—2c1A1  in £24
pr,0) =

—2cAy  in §2o
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which exactly satisfy the interface conditions of (1). The solution of this test case,
calculated using ]P’}7 — P! elements, is shown in Fig. 1. The momentum and mass
conservation equation of (1) are satisfied, provided that the right hand sides f and g
are chosen for the momentum and continuity equations, respectively,

f=0, g=-""in Q.

We notice that the variation on the Poisson coefficient produces a kink in the radial
velocity profile and a strong discontinuity in the pressure solution (Fig. 1a, b). Strictly
speaking, p can be interpreted as the pressure only in the incompressible case (Stokes
problem), but we shall omit this distinction. Similarly to the previous results, perfor-
mances of the methods are quite similar concerning the velocity approximation. When
the pressure field is discontinuous, Fig. 7 shows that resorting to a stabilization method
on the cut region is recommended. However, the best performances are obtained when
pressure stabilization is adopted on the entire domain, combined with either P! — P?
or P! — P! elements. Finally, we are interested in studying the behavior of the scheme
for two different choices of weights k;. In Fig. 8, we collect the results of the test
discussed above, performed using the weights defined in [16], which do not account
for the heterogeneity of viscosity. Comparing the results reported in Figs. 7 and 8, we
do not observe a significant difference. We remark that the computational cost of these
weights is very similar and we conclude that both the choices are suitable to solve a
problem with a mild heterogeneity between coefficients.
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Fig. 7 Convergence analysis for test 3, using the averaging weights defined in (3)
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Fig. 8 Convergence analysis for test 3, using the averaging weights defined in [16]

We finally observe that for the analysis of the numerical experiments we have
used the standard H' and L? norms for velocity and pressure respectively, while
the theoretical error estimate of the scheme we have analyzed is provided for
l(w —uy, p — pn)llo+. We claim that the norms considered for the numerical tests
are the dominating terms of this more general error indicator. This is confirmed by
Fig. 9, where we show |[[[u;]l|l1/2,4,r- This term is a part of ||[(u —uy, p — pp)ll o+
and it scales as /#3/2, in agreement with the expected theoretical estimate. We notice
that its magnitude is significantly smaller than the one of the velocity H ' norm.
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Fig. 9 L2-norm error for the jump of velocity across the interface

4.3 Problem conditioning

As we already pointed out, the Nitsche-XFEM method allows for using meshes inde-
pendent of the position of I, but instabilities in the cut region depend on how the
interface crosses the elements. For this reason, we study the conditioning of the pres-
sure Schur complement matrix C for the third test case previously described and we
use the P! — P! elements with Brezzi—Pitkaranta stabilization. By increasing the radius
of the circular interface I, see Fig. 1, we modify the intersections between the mesh
and the interface. According to Theorem 3, we expect the condition number of the
stabilized method is not affected by the geometry of the interface. The calculation of
the condition number is done following [18].

In Table 1, we collect the obtained results. First of all, we observe that the condition-
ing of matrix C is almost constant when using P! — P! elements with Brezzi—Pitkaranta
stabilization on the whole domain, as expected from (39). The condition number is
independent of how the interface cuts the mesh.

In addition, we calculate the minimum eigenvalue of the Schur complement matrix,
preconditioned with the pressure mass matrix. When the pressure stabilization on the
cut region is active, we use M?,‘ defined as,

2
4], 5 [ i
i=lor
where we remark that the integrals of basis functions having support in a K € G, are
computed on the entire element K. For the non stabilized case, the usual definition is
applied,

2
(Mp],, = Z/ﬂ ai'qpdx,  q;'.qy € Oh.
i=1 i



Table 1 Conditioning of the preconditioned Schur complement C for small perturbations of the radius r

of §21 (top)
r min [fgAgd ] kom0 (MH~1o) k(Mo
P} pore — P! P! — P! + BP stab. P} pp1e — P+ BP stab.
0250  0.31038 8.15 x 102 1.35 x 103 559.83
0270  0.02990 8.27 x 103 1.36 x 103 654.35
0280  335x 1074 2.61 x 107 1.37 x 103 2.66 x 10°
0.281 1.34 x 1073 2.18 x 108 1.37 x 103 9.14 x 103
r min { %} min{;(M;'0)}  minpu(MH IO} minf(MF) 7o)
P ppre — P! P! — P! + BP stab. P} ppre — P!+ BP stab.
0250  0.31038 —1.6434 0.486 0.2318
0270  0.02990 —2.6736 0.4945 0.2316
0280  3.35x 1074 —4.3228 0.4939 0.1359
0.281 1.34 x 1075 —22.1581 0.4936 0.1235

Minumun eigenvalue of the preconditioned Schur complement C for small perturbations of the radius of
£21 (bottom)

The quantities min{A; ((M+) 1C)} and min{A; (M, 1C)} inform us about the inf-sup
stability of the scheme, bedause they are directly proportlonal to the inf-sup constant
[12]. The analysis is reported in Table 1. The fact that the minimum eigenvalue of
min{A; (/\/l 1C)} is nor positive, neither bounded from below when the size of cut
elements decreases confirms the lack of stability of the approximation method without
pressure stabilization. Conversely, the Brezzi—Pitkaranta stabilization, applied on the
cut region or on the whole domain, restores the desired positivity and boundedness
property, almost uniformly with respect to the cut-element size.

5 Conclusions

This work arises from the observation that the approximation of saddle point problems
with extended finite elements poses some stability issues. In particular, for the Stokes
problem the approximation of the pressure may be locally unstable. Standard mixed
finite element spaces combined with simple enrichment strategies lead to a satisfac-
tory approximation method, provided that pressure stabilization is introduced into
the scheme. The general framework of symmetric stabilization techniques is suitable
to cure this kind of issues. In particular, we have shown that the Brezzi—Pitkaranta
stabilization scheme is effective also in this new approximation context. The alge-
braic properties of the scheme are also analyzed, enabling the application of standard
solvers, such as the Uzawa method.
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