ROBUST PRECONDITIONING FOR XFEM APPLIED TO
TIME-DEPENDENT STOKES PROBLEMS

SVEN GROSS*, THOMAS LUDESCHER', MAXIM OLSHANSKII ¥, AND ARNOLD
REUSKENS

Abstract. We consider a quasi-stationary Stokes interface problem with a reaction term pro-
portional to 7 = 1/At > 0 as obtained by a time discretization of a time-dependent Stokes problem.
The mesh used for space discretization is not aligned with the interface. We use the P; extended
finite element space for the pressure approximation and the standard conforming P» finite element
space for the velocity approximation. A pressure stabilization term known from the literature is
added, since the FE pair is not LBB stable. For the stabilized discrete bilinear form we derive a
new inf-sup stability result. A new Schur complement preconditioner is proposed and analyzed.
We present an analysis which proves robustness of the preconditioner with respect to h, 7, with
7 € [0,c0] U [c1h™2,00), and the position of the interface. Numerical results are included which
indicate that the preconditioner is robust for the whole parameter range 7 > 0 and also with respect
to the viscosity ratio p1/p2.
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1. Introduction. In this paper we treat a Stokes problem on a bounded con-
nected polygonal domain 2 in d-dimensional Euclidean space (d = 2,3), which is
partitioned into two connected subdomains €2;, i« = 1,2. For simplicity we assume
that € is strictly contained in Q. The interface between the two subdomains is
denoted by I'; i.e., I' = 99Q;. The normal at T" is denoted by np. On each of the
two subdomains we assume given constant strictly positive values for density p; and
viscosity p; and consider the following problem: Find a velocity vector field v and a
pressure function p such that

Tpiu—div (u;D(u)) + Vp = f1 inQ;, i=1,2,
divau =0 inQ;, i=1,2
[u] =0 onT, (1.1)
[—pnr + pD(u)nr] = fo on T,
u=20 on 0,

with 7 > 0 a given constant, D(u) := Vu + (Vu)T, and [v] denotes the jump of
the quantity v across the interface I'. Our interest in problem (1.1) is motivated by
the numerical simulation of two-phase Navier-Stokes equations [15]. After time dis-
cretization one obtains a quasi stationary problem of the form (1.1), where f; accounts
for inertia terms and external forcing and fo are surface tension forces. The jump
in normal stress at the interface results in a discontinuity of the pressure across I'.
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Below we shall introduce a well-posed weak formulation of this problem, in which the
condition [u] = 0 is treated as an essential condition in the choice of the trial space
and the condition on the normal stresses is treated as a natural interface condition. In
two-phase flow applications the interface is unknown and finding its location is a part
of the numerical simulation. Thus often the fluid dynamics problem is coupled with
an interface capturing technique. One commonly used interface capturing technique
is the level set method, see [28, 8, 24] and the references therein. If the level set
method is used, then typically in the discretization of the flow equations the interface
is mot aligned with the grid. This causes certain difficulties with respect to an accu-
rate discretization of the flow variables. Recently, extended finite element techniques
(XFEM) have been developed to obtain accurate finite element discretizations, see,
for example, [10, 17, 15, 7]. These methods are closely related to so-called CutFEM,
cf. [5]. We consider one particular XFEM, in which the pressure variable is approxi-
mated in a conforming P;-XFE space and the velocity is approximated in the standard
conforming P,-FE space. This pair of spaces is popular in the discretization of two-
phase incompressible flows [13, 25, 26]. The pair is not LBB stable and therefore a
stabilization technique is needed. We use the stabilization suggested in [17]. In the
recent report [18], this finite element discretization method has been analyzed for the
stationary variant of (1.1), i.e., 7 = 0. For the corresponding variational formulation,
an inf-sup stability result is derived with the key property that the stability constant
is uniform with respect to h, the viscosity quotient u1/pe and the position of the in-
terface in the triangulation. Based on this result and interpolation error estimates,
optimal discretization error bounds are derived in [18]. We use this discretization
for the quasi stationary problem (1.1). After discretization one obtains a symmetric
saddle point system. Due to the use of the standard P»-FE space for the velocity,
optimal preconditioners for the velocity block in the stiffness matrix are known (e.g.,
multigrid). In [18] a robust Schur complement preconditioner for the stationary case
(7 = 0) is presented. In this paper, we derive a new Schur complement preconditioner
for the quasi-stationary case (7 > 0). We propose a preconditioner that is robust with
respect to h, T, u1/pa and the position of the interface in the triangulation.

The three main contributions of this paper are the following ones. Firstly, we present
a Schur complement preconditioner that is new. Secondly, for a part of the parameter
range, namely 7 € [0, co] U [c1h™2,00), with constants ¢; > 0, we give a theoretical
analysis from which the robustness property follows. For our analysis, we need an LBB
type stability result for the Darcy limit, i.e. 7 — co. We prove this new result (3.2).
Finally, we give results of systematic numerical experiments, which indicate that the
robustness property of the preconditioner holds for the whole parameter range 7 > 0,
and propose a slight modification of the Schur complement preconditioner which has
improved robustness with respect to the density ratio p1/pa.

2. Discrete problem: P,-P;XFEM pair. For the finite element method we
first introduce a suitable weak formulation of (1.1). For a subdomain w of  the L?
scalar product on w is denoted by (-, ). We use the notation (-,-)o := (-,-)o,o. The
piecewise constant functions pu, p are defined by p(z) = u;, p(x) = p; for x € ;. We
introduce the spaces V := H}(Q)4, Q := {p € L*(Q) | [, *p(z)dz =0} and the
bilinear forms

a(u,v) = f/Q,uD(u) :D(v)dz, b(v,p) =—(divov,p)o.
2



The weak formulation reads as follows: Given f € V' find (u,p) € V x @ such that
a(u,v) + 7(pu,v)o + b(v,p) = f(v) forall veV, (2.1)
b(u,q) =0 for all g € Q. ’

The functional f contains contributions from both the volume force f; and the surface
force fa in (1.1). We refer to the literature for a derivation of this weak formulation,
which is well-posed [11, 15].

Assume a family of shape regular quasi-uniform triangulations consisting of sim-
plices {7r}r>0- The triangulations are not fitted to the interface I'. Corresponding
to the family of triangulations, we assume a family of discrete surfaces {I'y}n~0 ap-
proximating I'. Each I'j, is a C%! surface and can be partitioned in planar segments
(line segments for d = 2, triangles or quadrilaterals for d = 3), consistent with the
outer triangulation Ty, i.e. for any T € T, an intersection T'N Ty is either planar or
has zero (d — 1)-measure. We assume that I'j, is close to I in the following sense:

ess sup |n(z) — np(x)| < ch, (2.2)
zely,

where n is the extension of nr in a neighborhood of I' and ny, is a unit normal on
T',. Since the rest of the paper deals with a discrete problem, in what follows and
without ambiguity, £2; and Qs denote the interior and the exterior of I'j, rather than
of I'. The coefficients p;, i1; are assumed to be piecewise constant with respect to this
mesh-dependent partition §2 on Q7 and €2s.

We introduce the subdomains
Qi ={T €Ty |measq(TNY) >0}, i=1,2,
and the corresponding standard linear finite element spaces
Qin ={vn €C(Qpn) |vnlr eP1 YT €y}, i=1,2.

We use the same notation (2, , for the set of simplices as well as for the subdomain
of Q2 which is formed by these simplices, as its meaning is clear from the context. For
the stabilization procedure that is introduced below we need a further partitioning of
Q; 5. Define the set of elements intersected by I'j:

’ThF ={T €T | measy_1(TNT,) >0},
and let
Wi h = Qiﬁ \ 7;?, 1= 1, 2.

Note that Tj, = wy p Uws p U ’7711“ holds and forms a disjoint union. The corresponding
sets of faces (needed in the stabilization procedure) are given by

Fi={FCoT |TeTy, FgoUn}, i=12,

and F; := F1 U Fy. For each F' € Fj, a fixed orientation of its normal is chosen
and the unit normal with that orientation is denoted by ng. These definitions are
illustrated, for d = 2, in Fig. 2.1.
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F1G. 2.1. Set of faces F1 (in red) and subdomains wy p, (light-blue) and Qq 5, (light- and darker
blue triangles) for a 2D example.

A given pp, = (p1,h,P2,n) € Q1,1 X Q2,5 may have two values, p1 5(z) and ps (),
for z € T,F'. We define a univalued function p}, € C(£; UQ2) by

ph(z) = pin(z) forx € Q.

ProproSITION 2.1. The mapping pp, +— pg is bijective.

Proof. Surjectivity holds by construction. Assume py, qn, € Q1,5 X Q2,5 With pp, #
gn. Without loss of generality we can assume p; p # g1 . There exists T' € 4 5, such
that g1 5 # p1,n a.e. on T. By the definition of €4 5, we have that meas;(7'N€y) > 0.
Hence ¢qj, = (qn)i0, # (Pr)jo, = p, on a subset of ; with positive measure. This
proves injectivity. O

On Q1,5 X Q2,, we use a norm denoted by ||prl[5 o, ,ua, , = PLallg .o, , FP22l6 0, , -
The XFEM space of piecewise linears is defined by
Qn = (Qun x Qan)/R={pn € Qun x Qo | (1" 'pj,1)o =0} (2.3)

The space Qp, is used for the discretization of the pressure. Note that {p}, | pn € Qn }
is a subspace of the pressure space Q.
For the velocity discretization we use the standard conforming P»-space

Vi :={vn € C(Q)? | vpr €P§ YT €T, vjgo =0} C Hy(Q)".

The pair V}, x @}, is not uniformly LBB stable with respect to how the interface T',
cuts through the triangulation, cf. [15]. Hence, we need a pressure stabilization. For
this we introduce the bilinear form

2
Jnran) = Gi(Dins@in)s  Phrdn € Qun X Qan,
=1 (2.4)

with i (pin, gin) == p; 'Y We((Vpin - nel, [Vain - ne)or,
FeF;

which is also referred to as a ghost penalty term, cf. [4]. Here [Vp; ) - nr] denotes
the jump of the normal component of the piecewise constant function Vp; j across
the face F'. Since p;; € @, is continuous in 2; 5, i.e. the tangential component of
Vp;n has no jump across F € F;, we replace [Vp; - ng] by [Vpip] (to simplify the
notation).



The discretization of (2.1) that we consider is as follows: determine (up,pn) €
Vi, X @Qp, such that

k((un,pn), (vn,qn)) = f(vn)  for all (vn,qn) € Vi X Qn, (2.5)
k((uhvph)v (Uha (Jh)) = a(Uh, Uh) + b(U}“p}:) + T(puha Uh)O + b(Uh, Q}IZ) - 5p.j(ph7 Qh)a

with a sufficiently large stabilization parameter €, > 0, independent of 7, h, and how
T'j, intersects the mesh. In [18] this finite element discretization method was analyzed
for the stationary case, i.e. 7 = 0. A uniform LBB type stability result and optimal
order error estimates were derived. In this paper, we prove a different uniform inf-sup
stability result for the pair of finite element spaces and, based on this result, we focus
on developing a robust preconditioner for the algebraic problem.

3. LBB type stability conditions. In [18] the following LBB type inequality
was derived:

) 3
div vy, p)o 3y, "3 -3
Sup (li’h) + Z Z h‘jH,ui 2[Vp¢,h]||g7p Z ”:u 2ph||0791,hUQZ,h? (3'1)
oneVi ||z Vunlo o1 Fer,

for all p, € Q. This result forms the basis for the analysis of the Schur complement
preconditioner for the case 7 = 0 in [18]. Here and in the remainder of this paper we
use the notation A 2 B, when A > ¢ B holds with a positive constant ¢ independent of
h, the problem parameters p, u, and of how I'j, intersects the triangulation. Similarly,
A < B is defined and A ~ B obviously means that both A 2> B and A < B hold.
The goal of this section is to prove the alternative LBB type stability property

(divon, ph)o |, (< -3 .\
p RO STUST hllp; F [l g

v, €V ||P%"Uh||0 i=1 FeF;

1 -1 _1
2 1o~ 2Vpplloiuas + pmdxh 2 lph]lllor, ¥ pr € Qun X Q2 (3.2)

where [p} ] := (P1,h—p2,n)|r, denotes the interfacial jump of p}, and prmax = max{p1, p2}.

Recall that the Py-P;XFEM pair (V},Qp) is not LBB stable. The second term on

the left hand side is a ghost penalty stabilization as in (2.4), however, with a different

h-scaling. We split the proof of (3.2) into two partial results in the next two lemmata.
LEMMA 3.1. The following uniform bound holds for i =1,2:

div vy, pb ?
sup VU o | (Z h[Vpl-,unaF) > IVohllos, Y pn € Qi

Vi Unllo
e, M0

(3.3)

Proof. For any two tetrahedra 17,75 € Q;j sharing a face F', the regularity of
triangulation assumption yields the estimate

IVpinlle r, S IVDinlld 2, + RIVPRIIE £

Applying the above inequality to estimate HVpithg’T over all T € T,I', and using the

fact that any T € ’7? can be reached starting from a suitable tetrahedron in w;j
crossing a finite independent of A number of faces from F;, we obtain the estimate

> blVDiallg e+ 11VPin 5.0 (34)
FeF,;

b Z VPl ., = coll VPR

ih —
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(This estimate was introduced in the analysis of a stabilized Nitsche method for the
Poisson and Stokes equations in [6, 22].) Let Vj,(w; ) be the velocity FE space on the
triangulation w; , C §; (zero values on Ow; ). From the literature [3] the following
inf-sup property of the Hood-Taylor P»-P; pair is known:

div v, pi.n
sup (divon, pis) > il Vpinllow.n, VY Pih € Qin, (3.5)
U}lEVh(wi,h) th”wai,h

with ¢; > 0 independent of h. We square (3.5), scale with 0;2 and combine it with
(3.4) to obtain

> ol Vonl15.0,-

_ div vp, pi n
;2 sup (7]% + Z R [Vpin]lI2
U}LEV}L(Wi,h) ”vhHO,w, h FeF;

Simple calculations yield (3.3). O

We need to derive a uniform bound for the second term on the right-hand side of (3.2).
This is done in Lemma 3.2. For the proof of that lemma we need some special decom-
position of the surface I'y, that we now introduce. We start with the decomposition
of T, into the set of (planar) segments Fr := {F =T, NT | T € T,' }:

U F

FeFr

A subset of “large” surface segments is defined by
FL:={F € Fr | measq_1(F) > yoh® 1},

with a suitable constant ~g. Proposition 4.2 from [9] implies that there exist constants
Yo > 0 and ¢ > 0 depending on the shape regularity of the outer triangulation 7y,
but independent of h and of how I'j, intersects the mesh, such that for each F' € Fr
there exists an F© € F2 satisfying

dist(F, F°) < ch. (3.6)

For every I',NT = F € F2 let b(F) be the barycenter of F and v(F) € 9T a vertex
of T that is closest to b(F'). Let ¢(F') be the scalar nodal linear finite element basis

function corresponding to the vertex v(F). Let .7-' 9 be a maximal subset of F such
that supp(¢(F)) Nsupp(¢(F)) = 0 for any F, F € ]-'19, F # F. The property (3.6) also
holds with the set F2 replaced by the smaller set F2 FO (and a possibly larger constant

¢). The elements in F2 are labeled by an index set K, i.e., FQ = { F}, | k € K}. Each

F e Fr\ ]—'IQ is added to the (or one of the) surface segments Fj, € }"0 which has
smallest distance to F. The resulting enlarged surface macro elements are denoted
by Fk.

This results in a decomposition of I'y, with the following properties

Iy = U Fk, 1nt(Fk) ﬂlnt( ) =0 ifk £ 4,
keK

Vke K dF, € ]-'19, such that F), C Fk,

|Fy| ~ hd=t,  diam(Fy) < h forall k € K.
6



LEMMA 3.2. There exists hg > 0 such that for all h < hg the uniform bound

div vy, pt) 2 -1
sup VL0 (™S gy iz ) 2 e, (37)

vREV) ||vhHO i=1 FeF;

[N |

for all pp, € Q1,5 x Q2.5 holds.
Proof. For a given py, € Q1,5 X Q2,p, introduce the notation ¢ = [pl,:] We thus

have
AR, = A / Pdr=h1Y / .

keK

Let by = b(F}) be the barycenter of a large surface element Fj C Fy (as explained
above). For z € Fy, let fb Vq - tds be the line integral along the shortest path in Fj,
which connects by and z. Here ¢ denotes the tangential unit vector along this path.
The domain formed by the simplices in 7,0 that are intersected by the macro surface
segment Fy, is denoted by 7,'. Note that |7,"| ~ h¢ holds. Using this, ||z — bs|| < A,
and the estimate in (3.4) we get:

h‘lz/ Vq tds dx<hZ|Fk|Z||Vplh||2w
keK bk keK i=1
< hd (Fk)NZZ/ |Vp1h| dx
keK i=1 keK i=1

) ) (3.8)
S IVeinlia., S Z IVpinll3 e, + Z > wllVpenllge

i=1 i=1 FEF;

2
+Z Z MV nll§ 5

i=1 FEF;

Using g(x) = q(bx) + [, Vg-tds we obtain

2
BB, <207 3 IFilatb? + 2670 Y [ /Vq-tds do
keK keK
SETEY T a0k)? + 1VIIG.00 u0. +Z > hllVpislll3 (3.9)
keK i=1 FeF;
div vy,
ST ST PG S ob SUTCARI
keK v €V th”U im1 Fer;

where in the last inequality we used Lemma 3.1. It remains to derive a bound for the
first term on the right-hand side of (3.9), which is denoted by

Qi=h""2 3" a(by)?
keK

Recalling that nj, denotes the unit normal vector on T'j, and vy = v(F}) for Fy € ]-'19,
Fy, C Fy, we define the velocity piecewise linear finite element function uy € Vj:

u (m> _ q(bk)nh(bk) if x=vi, ke K
h 0 at all other vertices in 7?.
7



Due to the construction of the set of surface segments F2 it follows that wuy, is a sum
of nodal (vector) basis functions with non-overlapping supports. From the definition
of uy, it follows:

Q=h""Y"Jun(vi)* 2 b2 Junlf3- (3.10)
keK

Furthermore, on £}, we have that = +— g(by)up () - nj,(bg) is a scalar piecewise linear
non-negative function and on Fjy C Fj:

/F q(br)un(x) - np(br) dr = [Fi|q(br)un(bx) - nn(bk)

~ hd_lq(bk)uh(vk) -np(bg),

(3.11)

where in the second equivalence we used that v is the closest vertex to by. Using
(3.11) we get

Q=h""" " a(bi)un(vi) - nn(br)

keK
~h™! q(bx)un(z) - i (by) dz
,CEZK/ k h h\DE
< h~ 1 Z/ bk uh nh(bk)dﬂc
keK
,;(/ hAE (3.12)
+h™ 1 Z/ bk Uh (nh(bk) —nh(m)) dx
keEK
D /F (abx) = a(@))un(@) - na(x) dz

=: h_l/ q(z)up(x) - np(z)dx + Ry + Ra.
Ty

We derive a bound for the term R;. Let d be the signed distance function to the
C?-smooth surface I', hence Vd(x) = n(z) for x in a neighborhood of I'. For = € Fj,
we get, using (2.2),

[ (br) = na()|| < [lna(br) = Vd(br)l| + [Vd(z) — na(@)[] + [Vd(bx) — Vd(z)]|
< ch +||D*d||os|[br — z[| S h.

Hence, noting [[un|[ ez, < [¢(bk)], we obtain

(R S AT Ella®m)l[unll o h S HTH D a(br)* = Q. (3.13)
keK keK

For deriving a bound for Ry we use g(z) —q(bg) = fblk Vg-tds and the results in (3.8)



and in Lemma 3.1:

1Ral S (™ Z/ |/ Vo tds]’ar)” (b7 Y Bl )

keK br keK

< (191 0on, + 32 3 AlVPll )" (A2 3 ab0?) " (51

i=1 FeF; keK

NI

d ,
< (s v, (zzhuvpmuw) Ja

mev, Tonllo 2o 2o

To handle the first term on the right-hand side of (3.12) we use integration by parts,
Lemma 3.1 and (3.10):

. 2
—divuy, _ _
h—l/ a(wun () - ma (o) dr =TIV ERPIO oy 4 1y :/ Vpin - un de
Ty i=17%

Tanllo
(diV'Uhvph 0 _
< ( sup VUL gy o) (o) (3.15)
U Tonllo

div vp, 3
§<sup M ZZhH szh|OF)2> V@

vp €V ”UhHO i=1 Fer,

Combination of (3.12)—(3.15) yields, for h < hy and hy > 0 sufficiently small,

div oy, p
Q< [sup (] S MRl

v EVY ||UhHO i=1 FeF;

and using this in (3.9) completes the proof. O

The analysis above leads to the main result of this section.
THEOREM 3.3. There exists hg > 0 such that for all h < hg the following uniform
estimate holds:

divop, p
p (# (Z > hllp; * [V, h]||0F>

R EVi ||p2vh||o i—1 Fer,

1 1l 1
2 10~ 2Vppllo.uas + pmdxh 2 lph]llor, ¥V Pr € Qua X Qan,  (3.16)

Proof. Since the sup in the left part of (3.3) is over finite element velocity functions

with support in €2;, one can scale (3.3) with p;% and add the results for ¢ = 1, 2, which
yields

(div vp, ph 2 :
h h

sup hllp; 2 Vp wllIg.F
g SRt (57 5 n il

i=1 FeF;

+

2
_1 L
2 Z sz 2VP£||07Qi = Hp 2Vp£||07Q1UQ2 vV pn € Q1,n X Q2.
i=1

1
Adding this estimate and the one in (3.7) scaled with pm2x proves the theorem. O
9



4. Algebraic problem. In this section, we introduce the matrix-vector repre-
sentation of the finite element problem (2.5). For V}, we use the standard nodal basis
denoted by (vj)i<j<m, i-e.,

m
Vi dup = ijwj. (4.1)
j=1
The vector representation of uy, is denoted by x = (21,...,2,)7 € R™. In Qin we

have a standard nodal basis denoted by (¢ ;)1<j<n;, ¢ = 1,2, i.e.,

Qu,n X Q2,n > pr = (P1,h,P2,n) Zy1g¢1pzy2g¢2,g (4.2)
The vector representation of py, is denoted by y = (¥1.1,-- Y1015 Y2,15- - - 7y2’n2)T c
R™*"2, We use (-,-) and ||-|| for the Euclidean scalar product and norm. The bilinear

forms a(-,-), (p-,)o, b(-,-), 7(-,-) have corresponding matrix representations, denoted
by A € R™*™ C e R™*™ B e Rmtn2)xm j ¢ Rutn2)x(ni+na) regpectively. The
following holds:

a(up,up) = (Ax,x) for all uj, € Vy,
(pun,up)o = (Cx,x) for all up € Vp,
b( uh,ph) (Bx,y) forall up, € Vi, pn € Q1,n X Q2,n,
J(on,pn) = (Jy,y) forall pp € Q1.n X Q2.

The matrices A, C' are symmetric positive definite. The matrix J is symmetric positive
semi-definite. Let 1 := (1,...,1)T € R™*™2. From b(u, 1) = 0 for all uj, € V}, and
j(1,qn) = 0 for all g, € Q1.4 X Qa,p, it follows that BT1 = J1 = 0 holds. We introduce
two mass matrices in the pressure space:

M = blockdiag(M1, Ma),  (M;)ky == (17 "bik, dig)o,in, 1<kl <m;, i=1,2,
M= blOdeiag(M\l,ﬁz), (M)k,l = (u; "bigs dit)ogs, 1<k l<mn;, i=12.

For these mass matrices we have the relations

_1
= ||/’[/ 2ph||g701’hUQQ’h7

_1 _1
(My,y) =l 2prald ., + i

_ 1
wlg.a, = e 2 p,ll5-

2
— _1 _ 1 _ 1
(My,y) =l *prald o, + s *p2nldo, =D w2
=1

The matrix-vector representation of the discrete problem (2.5) is as follows. First
note that (u~!pl,1)p = 0 iff (My,1) = 0. The discrete problem is given by: Find
x € R™, y € R"*T"2 with (My,1) = 0 such that

K (;) . (A TBTC —ijj) (;) = (B) o b= (L) 1<j<m. (4.3)

The matrix K of the algebraic system (4.3) is symmetric indefinite. One common
approach to solve the system numerically is to exploit the structure of the matrix and
to apply a Krylov subspace method with block diagonal preconditioner:

(40
K;<0 QT)’

10



where A,, @, are both SPD matrices and should be chosen as preconditioners of the
(1,1)-block A + 7C and the Schur complement of K, which is given by

S, :=B(A+71C)"'BT +¢,J. (4.4)

We refer to [2] for a review of this and other approaches to the numerical solution of
saddle point algebraic systems. It is well-known that if A, is uniformly (with respect
to the relevant parameters) spectrally equivalent to A + 7C and @, is uniformly
spectrally equivalent to S7, a preconditioned MINRES method, with preconditioner
K, applied to the system (4.3) has a high rate of convergence for the whole parameter
range. Good preconditioners A, for A+ 7C are known, e.g. a multigrid method. In
the next section we introduce a Schur complement preconditioner Q.

5. Schur complement preconditioner. In this section we introduce a precon-
ditioner for the Schur complement S.-.

An ansatz for the Schur complement preconditioner is obtained by looking at the
continuous level. It is known that for the Schur complement corresponding to the
weak formulation (2.1), with g1 = pe = p1 = p2 = 1, a uniform preconditioner (with
respect to 7) is given by

ol i=T-1A4, (5.1)

cf. [23, 19, 21]. Here AR,I is the solution operator of the following Neumann problem:
given f € L3(f2), determine p € H*(Q) N L3(£2) such that

(Vp,Va)o = (f,q)o forall g€ H'(Q). (5.2)

The preconditioner (5.1) interpolates between two extreme cases 7 = 0 (the Schur
complement preconditioner for the stationary Stokes problem) and 7 — oo (the pres-
sure Poisson problem). We shall use the same interpolation idea on the discrete level
and for variable coefficients.

For 7 = 0, it is shown in [18] that the preconditioner Qg := M+ gpd is spectrally
equivalent to Sy, i.e. Qo =~ Sy, with spectral constants independent of h, u, and of
how T intersects the triangulation (note that p occurs in neither Qg nor Sp).

For the other extreme case, 7 — oo, a preconditioner for S; is constructed by
using a suitable discrete version of the Neumann problem (5.2) with variable diffusion
coefficient: Determine p € H2(; U Qs) N LE(Q) such that

—divp 'Vp=f in Q;, i=1,2,
[p~'Vp-n]=0 on T,
[p]=0 on I,
Vp-nga=0 on ON.

(5.3)

A convergent second order accurate discretization in the XFEM space is obtained
by enforcing weak continuity at the interface using the Nitsche method. This dis-
cretization was introduced and analyzed in [16]. We recall some results from that
paper. One defines the Nitsche-XFEM discretization of the Neumann problem (5.3)
as follows: Find p;, € @, such that

(p™'Vpr, Van)ooiu0, — (o~ ' Vor -1, [an])or, — ({0~ Van - nl}, [pr])o,r,

+ A sl [an])or, = (fian)o for all g, € Qn.
11
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Here we used the average {w} := rkiw; + kowg with element-wise constants k; =
ki(T) = |Q|i;|T‘ for T € T, pmin = min{py, p2}. The parameter A > 0 is needed for
stabilization. The bilinear form for this discrete problem is given by

sn(pn,an) == (0~ "Vpn, Van)o.oue, — o~ Von - nlt, [an])o,r,
— (fo~"Van - n}, pr))o.r,. + A" o (ln]s [an])o,r -
It is known that this bilinear form is uniformly, with respect to h, p; and the location

of I'y, in the triangulation, equivalent to a simplified one, where the averaging terms
are deleted, cf. Lemmas 4 and 5 in [16]:

(5.5)

1 -1 —
sn(pn, ) = lIpwlli = 10~ 2 VonlIE o,00, + A pinll PR3 1, (5.6)

for A sufficiently large and for all p, € @),. For the corresponding matrix represen-
tation we introduce matrices P, N € R(™i+n2)x(ni+n2) (where P is used to denote
Poisson and N denotes Nitsche):

2
Z/ pi 'Vpj, - Vpj, dx = (Py,y) for all py,pn € Qi X Qan, (5.7)
i=1 7%

B pmin (PR [BRDor, = (Ny,§)  for all p,pn € Qup X Q. (5.8)

Hence, (Py,y) + AM(Ny,y) = ||ps||7 holds. For this XFEM discrete Laplacian we use
the notation

L:=P+AN. (5.9)

This matrix L is a stable approximation of the part BC~'B” in the Schur comple-
ment S;, cf. (4.4). Efficient preconditioners for L are studied in [20], and used in
section 7. In section 6 we show that for sufficiently large 7, the Schur complement
matrix S, is spectrally equivalent to %L + €pJ, uniformly in A and the location of
T'j, in the triangulation. Motivated by the structure of the preconditioner on the con-
tinuous level, we use a linear interpolation between the preconditioners for the two
extreme cases, 7 = 0 and 7 — oo, similar to (5.1). This leads to the following Schur
complement preconditioner:

Q= (M\—&— ep) P+ T(L+7e, )7, T €[0,00). (5.10)

Experiments in Section 7 illustrate the robustness of this preconditioner.

REMARK 1. The XFEM discrete Laplacian L in the preconditioner Q-1 can be
replaced by the matrix corresponding to the bilinear form sp(-,-) in (5.5). We use
the matrix L corresponding to || - [|? since it is easier to implement and the results
are very satisfactory, cf. Section 7. Furthermore, the matrix L is always symmetric
positive definite, whereas the matrix corresponding to sy (-, -) is positive definite only
for A sufficiently large.

6. Analysis of the Schur complement preconditioner. We are not able to
prove robustness of the preconditioner @, for the whole range 7 € [0, 00), cf. Remark 2
below. Although such robustness is observed in numerical experiments, we can only
handle the two extreme cases, T € [0, koco]U[c151h ™2, 00), with ¢; > 0 given constants
and

Hmin Mmax
ko = ’ R1 = )
Pmax Pmin

12



with Hmax = max{ul, ,UQ}a Hmin = min{ﬂh ﬂ2}7 Pmax ‘= maX{Pl, 02}, Pmin =
min{p1, p2}. The two parameter ranges 7 € [0, koco] and 7 € [c1kh ™2, 00) are treated
in the two subsections below.

In the remainder we assume that the stabilization parameters A > 0 and €, > 0
are fixed, independent of h, 7, p, u. For two SPD matrices A1, Ay, we use the notation
Ay S Ay, Ay ~ A, to indicate that spectral inequalities are uniform in h, 7, p, 1 and
the location of the interface in the triangulation. In this section, the constants in the
inequalities may depend on cg, 1.

6.1. Uniform spectral equivalence for 7 € [0, cpro]. The results for this case
easily follow from the analysis in [18].
LEMMA 6.1. For T € [0, coko| the uniform spectral equivalence

ST’:]/\Z-FEPJ

holds.
Proof. Note that

A<A+70< <1+7pm“> A
Hmin

holds. Hence, for 7 € [0, coro] we have S, ~ BA™'BT +¢,J = Sy. The uniform
equivalence Sy ~ M + epd is derived in Theorem 6.2 and Lemma 6.3 in [18]. The
analysis is based on the LBB stability estimate (3.1). O

LEMMA 6.2. For 7 € [0, coko] the uniform spectral equivalence

QT:]/\/.T—FSPJ

holds on the pressure subspace of all pp, € Q1 5 X Q2,5 with (= p},1)o = 0.
Proof. The spectral inequality Q7' > (M +¢,.J)~! follows from the definition of
Q-. For 7 > 0, we also have the chain of inequalities

Q'S (M4epd) t e (T L4e,J) < (M+e,J) "
& M+4e, J <t ' Lte,d & MST ' L4e,J  (6.1)

Take p € HY(Q1 U Q) with (u=!p,1)p = 0. We use the orthogonal decomposition
p = po + pp (orthogonal with respect to (u=1-,+)o), with

Po = ,LL1|Ql|71 in Ql
—/,L2|Qg|71 n QQ,

a € R. We then have (pg,1)p.0, =0, i = 1,2. Using a trace inequality for (pé‘)mi we
get

||,LL 2poHO S Mmm”[po] h o~ :u’mm||[p”|0 Iy + /’LmlnH[pO ]”0 JTh
~ /”Lmln”[p]”() JTh + lu’mm”VpO ||O ,Q21UQs "
Using this and a Poincare inequality on 2;, we get:

_1 _1 _1 _1 _1
= 2p)2 =l 2pg 12 + ln 2poll2 < llu= 2 Vg |2, + |l 2poll}

S ||u_§Vp0 H%,Qlqu "‘Nmm”[P]Ho r, = llu” 2Vp||0 Q.uQ, T F‘mmmp]”o Th-
13




Hence, for py, € Q1.5 X Q2,5 with (u=1ph,1)g = 0 we obtain

T _1 _1 —
(My,y) = ln"2pulls < 1472 Vorl8 a.ua, + Hainll P15 1,

Pmax _1 Pmi -1 —
< T VPLIG 0000, + AT i PR
min HMmin
Sl (P Nyy)).
Hmin

This yields, that for 7 < coko the uniform spectral inequality M < 1L and thus (6.1)

holds. O

As a direct consequence of the two lemmata above we obtain the following.
COROLLARY 6.3. Take T € [0, koco]. The uniform spectral equivalence

Q-78,Qr % ~1
holds.

6.2. Uniform spectral equivalence for 7 € [c;x1h ™2, 00). We introduce
~ 1 1T
Sr = =BC7 "B +¢,J.
T
Note that for 7 > ¢1xk1h~2 we have

rC<A+70< <h2“r“a"+7)chc.

Pmin
Therefore,
S, ~ §T for > cir1h 2. (6.2)
LEMMA 6.4. For 7 € (0,00) the uniform spectral inequality
S, ST L+e,d (6.3)

holds.
Proof. Note the identities

1 B b !
(BO7'Bly,y)? = max ABxy) y>1 = max 7(u1h’ph). (6.4)
X (Ox,d e [pbunll

The following trace inequality from [16]
lwlZ2r,nr) < e(bz [wlg r + hrlwll ) for all w e HY(T), (6.5)

holds with a constant ¢ independent on how I'; intersects the simplex T'. Using (6.5)
and the finite element inverse estimate |jup |17 < hy'{junllo We get

2
blan )l = | [ enlpflds =Y [ un- Vil do
'y i=1 Ql
r 1 lo. T
< lunllo,r, lpxlllo,rs + o2 unllo (1072 Voy, llo,0,00.

1, 1 -1 1 —1
S h72p2unllo puillPhlllo,r, + Loz unllo 072 Vpy,

14
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Employing this in (6.4) yields

(BC™'BTy,y) S b ppiallonl 5 r, + 1072 V516 00000
= (Ny,y) +(Py,y) < (Ly,y),

from which the result (6.3) easily follows. O

The proof of the lower spectral bound for §T relies on the LBB stability result (3.16)
for the Py-P; XFEM pair with ghost penalty stabilization.

LEMMA 6.5. Take T € [c151h™2,00). There exists hg > 0 such that for h < hyg
the uniform spectral inequality

S, > Pmin (=17 4 o)

Pmax

holds.
Proof. Thanks to the relations (6.4) and the definitions of J, P, and N, we rewrite
the LBB stability result (3.16) in matrix notation as

BC1BT 4 h~2k,J > P+ Pmin > Pwin po
pmax pmax

The estimate of the lemma now follows for 7 > h=2k;. O

It remains to show that the proposed preconditioner @, is spectrally equivalent
to 771L + £,J. This is the assertion of the next lemma.

LEMMA 6.6. For 7 € [c1k1h™2,00) the uniform spectral equivalence

Qr =1 'Lte,d

holds.
Proof. The spectral inequality Q7! > (t71L +¢,J)~! follows from the definition
of Q.. Observe the chain of the inequalities:

Q'S Lted) e (M+eJ)  S(r Lte )
& 7 L4e, ) SM+e,J o7 ' LS M+e,J.  (6.6)

Using (6.5) and a standard finite element inverse inequality we get

2
_1 —
W (Ly,y) =Y 10”5 Vo 5.0, + Bl PRllE
i=1
Pmax _1 _1
< BN (W2 2 Vil g, + Bl P pinlir, )

Pmin %

Pmin

1
. ¥ u x
14 2pinllo o, S pma (My,y).

min

5 .umax

2
i=1

Hmax 2 2 —% 2 —% 2

< BN (W2 Vpinla,, + s P pinlie,, )
i=1
2

Pmin ;

In Lemma 6.3 in [18] the uniform spectral equivalence M ~ M + epd is shown.

Combining these results we get, for 7 > ¢1k1h ™%

Ry AR LRLLLY SRSy VNl Ve |
Hmax
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which proves the last estimate in (6.6). O

As a direct consequence of lemmata 6.4-6.6 and (6.2) above we obtain the following.
COROLLARY 6.7. Take T € [c1k1h™2,00). Then the uniform spectral equivalence

Pminf < Q7%5,Q7% <1
Pmax
holds.

REMARK 2. The analysis in this section proves the robustness of the Schur
complement preconditioner Q, only for 7 € [0, coro] U [c1k1h ™2, 00). Clearly, these
results are less satisfactory in two respects. Firstly, we are not able to prove robustness
for the whole range 7 € [0, 00) (under assumptions on the viscosity and density ratio).
Secondly, the “constants” ¢; used in the intervals [0, coro], [c1k1h ™2, 00) depend on
the problem parameters p;, p;.

We comment on the first issue. Even if we restrict to the case % ~ 1, % ~ 1
we are not able to prove robustness for the whole 7 range. The difficulty that we
encounter is related to the implicit coupling of diffusion A and reaction C terms in
the Schur complement matrix, B(A 4+ 7C)~'BT. While the limiting cases 7 | 0 and
T — 0o are well amenable to analysis, the intermediate 7 range is not easy to analyze.
For the simpler case of a smooth unsteady Stokes problem without interface, two
approaches are known in the literature which help to extend the robustness property
of preconditioning to all 7 € [0,00). The first one from [23] uses an interpolation
argument based on the H? regularity of the differential problem, which the interface
Stokes interface problem that we consider does not possess. The second approach
from [21] uses a uniform boundedness of the Bogovski operator in the differential
setting and requires the construction of a uniformly bounded Fortin projector to the
finite element space. This approach requires that the finite pair that is used is LBB
stable. However, the pair (V},, Q) that we consider is not LBB stable. Moreover, if
the latter approach is applied to the Stokes interface problem (1.1) one would need
a uniform boundedness of the Bogovski operator in weighted norms, a result that we
are not aware of. Therefore, we are not able to extend these known approaches for a
smooth Stokes problem to the Stokes interface problem and hence we can not prove
robustness of the preconditioner for all 7 € [0, c0).

Related to the second issue we note the following. The ghost penalty terms in the
standard inf-sup condition (3.1) for the Stokes problem and the alternative inf-sup
condition (3.16) for the Darcy problem have different scaling with respect to problem
parameters. Since both of these inequalities are applied to analyze (2.5), this results
in the dependence of kg and k1 on the ratio between diffusion and density coefficients.
One may attempt to remove this dependence by the design of the ghost penalty term
in (2.5) which accounts for both p-s and p-s. However, this makes the stabilization
dependent on the time step, which is an undesirable property. We did not study this
option.

7. Numerical experiments.

7.1. Discretization error. In [17] the P,-P,XFEM pair with ghost penalty
stabilization is considered only for a stationary Stokes interface problem, and it is
shown that the method then has optimal discretization error bounds. In this section
we consider a time dependent Stokes problem with a pressure solution that is discon-
tinuous across a stationary interface and illustrate that the proposed discretization
has (optimal) second order accuracy. We consider the unsteady Stokes equations on
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Refinements

Fi1c. 7.1. Discretization errors for simultaneous temporal and spatial refinement.

the domain Q = [—1,1]3 with constant density and viscosity coefficients p = u = 1.
We take the following analytical solutions:

2 T2
ug(t,x) = e 1217 |z | (1 =€), (7.1)
0
_ 1, ze
tx)=at(1—e )+ ’ 7.2
paltyz) = £H(1 — e {07 e (7.2

where Oy = {z € Q: |lz|| <rr}, T ={x € Q:|z] =rr}, Q2= Q\ Q; with rp = 2/3.
A force f = fq + fp with a body force fq and interface force fp(v) = Ufr v-nrds
with 0 = 1 is imposed on the right hand side in (2.1) such that the unsteady Stokes
equations have as solution v = u, and p = p,. The choice of the velocity field u,
is consistent with a stationary interface I', since u - np = 0 holds. Note that instead
of a surface tension force, where the interface curvature has to be approximated, the
artificial surface force fr has been chosen for which a second-order discretization is
available. The discretization of the surface tension force is crucial for the convergence
order of two-phase flow simulations, cf. [14, 12], but these effects are not studied here.

In the initial triangulation 7,, i.e. refinement level 0, the domain is subdivided
into 4 X 4 X 4 cubes each consisting of 6 tetrahedral elements. For the experiments
the mesh is successively uniformly refined, halving the mesh size h in each refinement
step. Hence, the mesh for refinement level 3 consists of 32 x 32 x 32 x 6 tetrahedral
elements. For the piecewise linear approximation I'j, of the interface I' we use the
zero level of the piecewise linear interpolation I,/ dr on Tj /2 of the signed distance
function dr to I'. For time discretization we apply the implicit Euler method, with
a uniform time step denoted by At. The simulations are performed until the final
time ¢t = ty := 0.1 is reached. The coarsest time step size is At = 0.01. For each
spatial refinement step the time step size At is divided by four. This results in a
time step size At = 1.5625 - 10~ on refinement level 3, and requires 640 time steps
to reach t = ty. In each time step we use the finite element discretization described
in section 2, with a constant stabilization parameter value €, = 0.1. Figure 7.1 shows
the convergence results for the pressure error e,(z) = p(z,ty) — pp(x,tf) with respect
to the L?-norm and velocity error e,(z) = u(z,t;) — up(x,ty) with respect to the
H'-norm for ¢ ¢ = 0.1. The results show a clear second order convergence behavior.
In further experiments (not presented here) one observes that the velocity L? error
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|lew]lo also has a second order convergence behavior. This can be explained by the
fact that the time discretization error dominates the total error.

7.2. Schur complement preconditioner. We consider the preconditioner
— -1
Q7' = (M+ng) (L4 re,d) Y, (7.3)

with 7 = 1/At. Spectral condition numbers £(Q-15,) := Anax(Q71S,)/Amin (Q71S7)
of the preconditioned Schur complement are shown in Table 7.1 for varying mesh size h
and time step size At. We use the parameter values €, = 0.1 (stabilization parameter
in discretization method) and A = 1 (parameter in Nitsche-XFEM discretization,
cf. (5.9)). To obtain the eigenvalues MATLAB’s eigs was utilized. Different from the

At=10"1 At=10"3 At=10"° At=10"7 At=10"?

=0 49.88 25.45 20.99 20.94 20.94
l=1 49.52 25.63 21.33 21.14 21.13
=2 91.19 79.90 19.59 16.20 16.15
TABLE 7.1
Spectral condition numbers of preconditioned Schur complement Q;lST for fized ep = 0.1,

A =1 and varying time step size At and mesh width h.

previous experiment, to reduce memory requirements in the MATLAB computation
an adaptive refinement around the interface I' was applied. Refinement level [ = 0
denotes the unrefined mesh, which is the same as in the previous experiment, whereas
I = 1,2 means that the mesh is refined once/twice around the interface. The results
reveal very strong robustness for At < 10~°. For larger At there is a dependence of the
condition number on the refinement level I. For the condition number computations,
more refinement levels could not be used due to memory limitations. For a similar
2D experiment on uniformly refined grids up to level I = 3 (not presented here)
we observed a robust behavior of the condition numbers for the whole range of At
and [. In the next experiment iteration numbers for the preconditioned system are
investigated, which can also be computed on finer grids.

Table 7.2 shows the iteration numbers for MINRES, with a relative tolerance of

1079, using the proposed Schur complement preconditioner applied to the previous
-1

defined system. Here, again At and the mesh size are varied. The part (M\ +epd )
in the Schur complement preconditioner is approximated by a Jacobi preconditioned
CG solver with relative tolerance 10~%. The part (L+T5pJ)71 is approximated
by a symmetric Gauss-Seidel preconditioned CG solver with relative tolerance 104,
A symmetric Gauss-Seidel preconditioned CG solver with relative tolerance 1072 is
used as preconditioner A, for the (1,1)-block A + 7C. The rather small relative
tolerance 10~% in the CG solvers is needed to preserve the symmetry of the Schur
complement preconditioner. For values larger than that MINRES sometimes diverges
due to symmetry loss.
The results are in accordance with the observations made in the previous experiment,
but we observe a stronger robustness with respect to variations in mesh size.
REMARK 3. The Jacobi preconditioned CG method is an efficient solver for
the linear system with matrix M + ¢,J, because this matrix is uniformly spectrally
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At=10"1 At=10"2 At=10"° At=10"7 At=10""°

=0 64 46 41 41 42

=1 64 53 50 53 53

=2 63 52 47 47 49

=3 64 49 45 44 45
TABLE 7.2

Iteration numbers of MINRES with constant ep = 0.1, A = 1 and varying step size At and
mesh width h.

equivalent to the well-conditioned mass matrix M. An efficient robust solver for the
systems with matrix L 4 7¢,J is much more difficult. For very large 7 values (i.e.,
very small At) this matrix has an extremely large condition number. Furthermore,
the matrix J has a very large kernel. For not too small values of At the performance of
the symmetric Gauss-Seidel preconditioned CG method is acceptable. As an example,
for At = 1072 the iteration counts for the inner CG solver for I = 0,1,2,3 are
42, 26,22, 24, respectively. Note that the system with matrix L + 7¢,J has dimension
equal to the number of pressure unknowns, which is much smaller than the number of
velocity unknowns. Hence, somewhat higher iteration counts for solving the system
with matrix L+7e,J are still acceptable in view of the total costs of one preconditioned
MINRES iteration. For very small At the counts are no longer acceptable. For
example, for At = 1072 and [ = 0, 1, 2, 3 the iteration numbers are 58, 148, 455, 1480,
respectively. We are not aware of a solver for the system with matrix L + 7¢,.J that
is robust and efficient for the whole A and At range. One possible approach, which
turned out to be rather promising in our experiments, is to use a special subspace
decomposition as in [27], in which information on the kernel of J is used.

In the following experiment again the spectral condition numbers are studied, but
now for a fixed mesh refinement level I = 1 and time step size At = 10~° and varying
stabilization parameter €, and Nitsche parameter A\. We recall that ¢, is used in the
FE method for the original time-dependent Stokes problem, while A appears in the
definition of the preconditioner and hence can be chosen to optimize the algebraic
solver performance. The results are presented in Table 7.3. Robustness with respect

gp=10"" £,=10"3 £,=10"%2 ¢,=10"1 ¢,=1 ¢,=10

A=0.01 2143 2132 2112 2104 2103 2103
A=0.1 219 215.5 211.9 210.5 210.3 210.3
A=1 27.24 24.68 22.36 21.33 21.08 21.04
A=10 19.06 20.21 20.18 20.12 20.11 20.11
A =100 143 111.1 105.7 108.5 111.2 112.6
TABLE 7.3
Spectral condition numbers of the preconditioned Schur complement Q-ts, for fixed | = 1,

At = 107% and varying X and ep.

to €, can be observed. The results show that in the preconditioner the Nitsche term
in (5.9) is essential. One can observe that for A — 0 and thus a vanishing penalization
of discontinuities at the interface, the condition number increases very strongly. On
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the other hand, for A 2 10 one can observe the effect of over-penalization, i.e. a too
strong weight is laid on the continuity across the interface.

Overall, the preconditioner shows robustness for the case of constant coefficients
p1,2 = 1,2 = 1. The robustness holds for a certain range of Nitsche parameter values
A € [1,10)].

7.3. Jumping coefficients. In this experiment we study the performance of
the preconditioner with respect to variations in the coefficients p; and p;. We show
results for the iteration numbers of MINRES for the discrete problem on uniform
meshes and use the same settings as described in Section 7.2. Table 7.4 shows the
iteration numbers of MINRES for varying mesh size h and viscosity ratio ps/p1. The

pa/py =10"° 1073 107! 1 10 10%® 10°

0 44 46 47 46 46 47 47

=1 55 53 54 53 52 53 52

=2 51 50 52 52 53 52 52

=3 54 52 48 49 51 49 49
TABLE 7.4

Iteration numbers of MINRES with At = 1073, s = pa = p1 = 1, &p = 0.1, A = 1 and varying
mesh size h and viscosity 1.

iteration numbers are almost constant for the different viscosity ratios and hence the
preconditioner shows a strong robustness with respect to jumps in the viscosities.
We also consider the robustness with respect to jumps in density, for a case
with a constant viscosity. Table 7.5 shows the results for varying mesh size and
density ratios. We observe a very mild dependence of the iteration numbers for ratios

p2/pr =107 1072 10~* 1 10 10°® 10°

[=0 60 73 61 46 45 67 269

=1 70 79 65 53 53 101 433

=2 72 83 66 52 54 133 595

=3 88 87 68 49 53 153 634
TABLE 7.5

Iteration numbers of MINRES with At = 1073, py = p1 = pa = 1, ep = 0.1, A =1 and varying
mesh size h and density pa2.

Pmax/Pmin € [1075,10], but a significant increase for puax/pmin > 103, especially on
the largest refinement level [ = 3. For the case with extremely large density jumps
the behavior can be improved using an idea from [17]. We take an element-dependent
Nitsche parameter

At = puin {p~ 1} (D + C£> (7.4)

with constants D > 0 and C > 1. Here, the averaging operator is defined as {a} :=
20



K1a1 + Koas with the element-dependent weights

-1
P Q2T

1 1 )
p1 Qor + py i

-1
P2 Q1T

1 1
p1 aor + py i

K1l = N
and «; 7 := |T N Q| /h3. with hr the diameter of element T' € T,. Such a harmonic
weighting is also used in [1] for a Nitsche-type discretization of a Poisson interface
problem. The other terms in (7.4) are ar = air + azr and yp = [ N T|/hZ.
The previous experiment was repeated, but now with an element-dependent Nitsche
parameter A = Ap. Table 7.6 shows the corresponding iteration numbers, where the
free parameters in Ay are chosen as D = 0.5 and C = 1.5. The iteration numbers for

p2/p1 =10"° 1073 107! 1 10 10% 10°

0 69 71 61 48 46 50 46

=1 80 80 66 54 52 60 65

=2 85 85 66 51 53 54 54

=3 92 89 68 50 50 54 959
TABLE 7.6

Tteration numbers of MINRES with At = 1073, p1 = u1 = p2 = 1, €p = 0.1 and varying mesh
size h and density p2 for the element-dependent Nitsche parameter \p.

the element-dependent Nitsche parameter Ay are comparable to those obtained for
the constant Nitsche parameter A for the case of a small or moderate density ratio
Pmax/Pmin € [107°,10], but are also very robust for large density ratios pmax/Pmin >
103. For the extreme case of py/p; = 10° and [ = 3 the iteration number is reduced
by a factor of 11 when taking A7 instead of A while the computational effort for the

application of the Schur complement preconditioner stays essentially the same.

8. Conclusions. In this paper we studied the efficient preconditioning of lin-
ear saddle point systems resulting from the finite element discretization, with the
pair P;-XFE (for pressure) and P, (for velocity), of a quasi-stationary Stokes inter-
face problem. In the discretization a ghost penalty pressure stabilization technique
known from the literature is used. The resulting discretization has optimal approxi-
mation properties and is robust with respect to non-alignment of the (approximate)
interface in the triangulation. We introduced and analyzed a new Schur complement
preconditioner. Numerical experiments illustrate the performance of this precondi-
tioner, in particular its robustness with respect to variation in h, 7, the position of
the interface in the triangulation and the viscosity quotient uq/ps. Using a suitable
element-dependent Nitsche parameter leads to robustness with respect to the den-
sity quotient p1/p2, too. We mention two topics that deserve further investigations.
Firstly, the theoretical robustness analysis covers only the extreme ranges for the
problem parameter 7, namely 7 sufficiently small (7 € [0, coro]) or 7 sufficiently large
(1 € [e1k1h™2,00)). It is not clear how to analyze the intermediate 7 range. Secondly,
in the Schur complement preconditioner linear systems with matrix L + 7¢,J have to
be solved approximately. For “very large” 7 values the efficient solution of these sys-
tems turns out to be difficult, and the development of an appropriate preconditioner
for this matrix deserves further attention.
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