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NEW STABILITY ESTIMATES FOR AN UNFITTED FINITE ELEMENT
METHOD FOR TWO-PHASE STOKES PROBLEM

ERNESTO CACERES', JOHNNY GUZMAN', AND MAXIM OLSHANSKIT!

ABSTRACT. The paper addresses stability and finite element analysis of the stationary two-phase
Stokes problem with a piecewise constant viscosity coefficient experiencing a jump across the
interface between two fluid phases. We first prove a priori estimates for the individual terms of
the Cauchy stress tensor with stability constants independent of the viscosity coefficient. Next,
this stability result is extended to the approximation of the two-phase Stokes problem by a finite
element method. In the method considered, the interface between the phases does not respect
the underlying triangulation, which put the finite element method into the class of unfitted
discretizations. The finite element error estimates are proved with constants independent of
viscosity. Numerical experiments supporting the theoretical results are provided.

1. INTRODUCTION

We are interested in the analysis and a finite element method for the two-phase Stokes problem
(also known in the literature as the Stokes interface problem). The system of equations is posed
in a bounded Lipschitz domain  C R, d = 2,3, decomposed in two subdomains (phases) O,
The interface I' between two phases is a closed hypersurface immersed in €2, i.e., I' C 2 and
I' = QtNQ—. We assume I is Lipschitz smooth. The Stokes interface problem reads as follows:
Given a force field f € L2(Q)4, a source term g € L?(f), an interface force A € L%(I")¢, and
viscosity coefficient v+ constant and positive in each subdomain, find the fluid velocity u and
the normalized kinematic pressure p such that

—div(yiD(u)) +Vpt=fF in QF
divu=g in €,

(1.1) [ul]=0 on T,
[o(w,p)n] =X on T,
u=0 on 09,

where D(u) := 2(Vu+ (Vu)?) is the rate-of-strain tensor, o(u,p) = v D(u) — pI is the Cauchy
stress tensor, and n is a unit vector on I' pointing from QF to Q~. For any f € L'() we use
notations f* for the restriction of f on QF, i.e., f* = f|g+; same convention is used for vector
functions. The jumps on the interface are then defined as [o(u,p)n] = o(ut,p™)n—c(u™,p )n
and [u] =ut —u".

The studies of the Stokes interface problem are motivated by continuum models of two-phase
flows. If the fluid is treated as Newtonian incompressible with immiscible phases separated by the
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sharp interface, then the system (1)) is a reasonable model problem for the limit case of highly
viscous fluid; see, e.g., [19] [0, 17, [I§]. It also appears as an auxiliary problem in numerical
simulations of two-phase incompressible flows [8]. According to the continuum surface force
model, cf. [3], the effect of interfacial forces, such as the surface tension, are taken into account
by using a localized force term at the interface, i.e., A in ().

Problem (1)) is linear and a standard weak formulation (2II) renders it as a saddle-point
problem, thus yielding the well-posedness result and leading to Galerkin numerical methods;
see, e.g., [7, 4]. This textbook analysis, however, does not provide an explicit information on
the dependence of the stability and numerical errors estimates on the viscosity coefficient, in
particular, on the ratio v /v~, provided v~ < v*. This robustness question becomes important
if one addresses numerical stability of Galerkin methods, such as the finite element method,
for the case of high variation in viscosity coefficient between two phases. The v-dependence
of stability and finite element error estimates for (LI]) have been studied in the literature only
recently; see [I4], 13| 10, 1I]. In those studies, stability and error analysis was done for the
natural energy norm of the problem. In particular, under certain further assumptions on Q%F,
the a priori estimate from [I4] (proved there for g = 0, A = 0) reads

1 1 1
(1.2) lv2D()|z2) + v 2pllr2(0) < Cllv 2]l 12(q),

with C' independent of v. Note that for single phase Stokes problem, a simple scaling argument
provides uniform estimates for the quantities v u and p. Similar result does not follow from (L.2])
for the velocity and pressure in each of the phases. For example, for vTu' and p™ the estimate

(2] yields

V+
(1.3) I D)z @r) + 1P 2@y < CIfll2 @) +14/ = IIfll20)):

We see that the right-hand side blows up for v~ — 0. In the present paper, we prove the
following stability result for the solution of (LII):

(1.4) [vD)l[2) + Pl z20) < CUIfllL2) + M L2y + 1V 9ll2 @)

The improvement over (3] is clear: the re-scaled solution components, vTut and p*, enjoy
uniform estimates in the corresponding subdomains, just as for the single phase problem. The
estimate (L4]) can be also seen as the uniform estimate for the components of Cauchy stress
tensor, an important quantity in practical fluid mechanics.

In the same spirit as (L4 improves over the energy estimate (L2)), the finite element analysis
developed in this paper extends the existing one by deriving robust in v stability estimates and
error estimates for the components of the finite element Cauchy stress tensor. Following [10], for
the discretization of (1) we consider a geometrically unfitted finite element method known as
Nitsche-XFEM or cutFEM. Geometrically unfitted methods use a fixed background mesh which
does not respect the position of the interface. The main advantage of unfitted FEM is the relative
ease of handling time-dependent domains, implicitly defined interfaces and problems with strong
geometric deformations [2]. We prove uniform with respect to v stability and error estimates
for the unfitted FEM. These results hold for a family of bulk LBB-stable finite element Stokes
pairs defined on the background mesh. These pairs include Py 1 — Py, k > 1, and Priq — P,?isc
for k > 0, Q c R% d = 2,3, and several other elements. We are able to accomplish this by
combining ideas from the two papers [0, [5]. In [9] an unfitted FEM for the single phase Stokes
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problem was analyzed. We borrow some crucial inf-sup stability estimates from that paper.
In [5] similar stability results were proved the Poisson interface problem. The chief tool was
to use extension operators in Sobolev spaces. Similarly, here extension operators are essential,
however, the pressure terms and the div-free condition add several new difficulties.

We organized the paper in five sections. In section[2a notion of the weak solution is introduced
and estimate (3] is proved. Section B describes the finite element method and proves the
analogue of (L3)) for the finite element solution. In section @] a v-independent optimal order
error estimate is proved. Finally, a few illustrative results of numerical experiments are given in
section Bl

2. A priori ANALYSIS FOR (L))

2.1. Preliminaries and problem setting. We introduce a variational formulation of (I.I]) and
several notations to be used throughout the paper. For an open set @ C R% denote by (,)o
the L? inner product in O, and by | - |0 the corresponding norm. For the mixed variational
formulation of (L)), we set V := [H}(£2)]¢ for the space the vector field u belongs to, whereas
for the pressure p we set M = L3(Q), with LZ(O) = {p € L*(O) : (p,1)o = 0}. We let || - 1.0
denote the H'(O)-norm. The norm of V*, the dual of V, is denoted by || - ||_1, and (-,-)_;
denotes the pairing, with respect to the L?-duality.
We consider the abstract mixed formulation: Find (u,p) € V x M such that

~

a(u,v) +b(v,p) = (f,v)-1  VveV,

(21) b(u7q) = _(97 q)Q vq € M7

where
a(u,v) := (vD(u),D(v))q, b(v,q) = —(divv,q)q, andfe V*.
The problem (Z1) is the weak formulation of the Stokes interface equation (L)) if we let

(2.2) (£, v)_4 ;:/Qf-v+/r>\.v.

2.2. Stability estimates for the weak solution. In this section, we analyze the variational
formulation (2.I)) of the Stokes interface problem (II]). We are interested in the following
stability result for the solution (u,p) € V x M of 2I)):

(2.3) lvD()||o + |Ipllo < CUI-1 + vglla),

with a constant C' > 0 independent of v and depending only on €2 and I'. A standard energy
argument gives estimates for ||\/v D(u)||q with the corresponding constant C' on the right-hand
side dependent on v. Without any loss of generality we shall always assume v~ < v*. The key
to get the improved result (2.3]) is using an energy argument to estimate ||[v~D(u)||q-, and then
using an extension operator to estimate ||t D(u)|/q+. This strategy is similar to the one taken
in [5] for the Poisson interface problem. However, here the pressure term and the divergence
condition require careful treatment, by a repetitive use of a continuous inf-sup condition.

In what follows, for an open set @ and a function ¢ € L?(O), we denote its average over O
by the expression avgn(q) = |0 (g, 1)o. We start by proving the following results.
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Lemma 2.1. Let u € V and p € M solve [2.11). Then there exists C > 0, depending only on
and I', such that

(2.4) Ip* — avegs (p*)llox < C(Iv* D(u*)llox +[[F]-1),

(2.5) Iple < C(lvD(w)llo + |[f] -1).

Proof. Since p* —avgq+ (pT) € LE(QF), the result from [I] ensures the existence of v € H{(Q¥)
such that divv® = p* —avgq+ (p*) in QF, and ||[v¥||; o= < CO]p* —avgg=« (p™)||q, for some C > 0
depending only on Q and I'. Therefore, using the first equation of (1) with v* in QF extended
by zero on QF and since (divv®, 1)q+ = 0, we get

+ avgo+ (pj[),divvjt)glL = (divvi,pi)g

Ip* — avgos (pF)|15e = (p
= (vED(uF), D(vF))ge — (EvE) 1 < (v D(a®)lgx + [[fl-1) IVF]1 0
< C(|v D)oz + |[fl-1)[[pT — aveqs (0F)|lq=,

which gives (24]). On the other hand, since p € M, there exists v € V such that divv = p
in Q, and [|v]|1.0 < C||p|la, for some C' > 0, depending only on QF. Therefore, using the first
equation of (2] with v € V, we get

Ipll3 = (divv,p)o = (vD(u), D(v))a — £ v)_1 < Clplle(lvD)lla + [[f]-1),
which proves (2.3]). O

In order to prove ([23]), we start by estimating ¥~ D(u™). This is an easier part of the desired
estimate (2Z.3) since v~ < v,

Lemma 2.2. Letu €V and p € M solve [2.11), then there exists C > 0, depending only on €2,
such that

(2.6) [v=D(u™)[o- < C([fl|-1 + [lvglle)-
Proof. The result follows from basic energy arguments and pressure estimates provided by
Lemma 211 To see this, let us test the first equation of (ZJ]) with v = u and the second
equation with ¢ = p to get
1 o~

(2.7) [v2 D(w)|§ = (£ u)-1 + (9. p)o-
We start by estimating the first term on the right-hand side
Clifl -

=

where we used Poincare’s inequality, Korn’s inequality and the fact that 0 < v— < v*. To
estimate the second term, we use the following decomposition

(2.8) (f,u)_1 < CJff|_1| D)o < lv2 D(u)|lo

(9,p)a =(g ,p~ —avgg-(p"))a- + (97, avgo- (P ))a-
+ (97,07 —aveqr (p7))a+ + (97, aveq+ (p7))o+-
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By (24]) we have
(97,07 —avgg-(p7))a- + (97, 0" —avgo+ (pT))o+
< C(Vv g lo- IV~ D) lo- + ViFlg o+ IVvF D) g+) + Cllglall—1
< C(|lv2gllallv: D)o + [gllalEl-1).

From g € M it follows that (¢g,1)q = 1 and so |QT|avgg+ (pT) = —|Q 7 |avgg- (p~). We employ
this equality below to obtain
(97 avga-(p7)a- + (97, avgo+ (PT))a+
= (avgo-(97),avgo-(p7))a- + (avga+(g"), avea+ (p™))o+
Qr _
— o (@B (1), v (0 o + (@550 (91), v (9o

Hence, we have
(97 avgo-(p7))o- + (97 avga+ (p))a+ < Cllg"lla+llpla < Cllg™lla+(lvD)a + £ll-1)
l A~
< CVrt|gtila+ v D(a)lle + Cligllallfl -1,
where we used (23] and the fact that v~ < vT. Thus, we have shown that

1 1 =
(2.9) (9;p)a < C(lv2gllallv> D)o + llgllelfl-1)-
Combining ([2.7), (28], (Z9) and using that v~ < v we arrive at

1 1 - 1
vzD(u Q§C<—f_ + |lv2g Q>
[v2D(u)] \/V—_II -1 + llvzg]l
This implies the result due to v~ < vT. ]

An immediate consequence of Lemma 22 and (24)) is the desired pressure estimate in Q™.

Lemma 2.3. Letu € V and p € M solve [2.11), then there exists C > 0, depending only on €,
such that
P~ —avga-(p7)lla- < C(Ifll-1 + llvglle)-
It remains to show analogues bound for vD(u) and p on Q. To estimate vD(u) in QF, we
consider an extension operator. A detailed construction of this operator can be found in [I6]

Chapter VI, Section 3.3]. Let E : H'(QT) — H(Q) be the bounded extension operator from
QF to Q. That is, if w € HY(QT), then

(2.10) EweH'(Q), Ew=w in QF, and |Ewl|io<C|w|q+,

with a constant C' > 0, depending only on Q7 and 2. Moreover, one can assume Ew to vanish
on 09, i.e., Ew € V for w € V. Further, we note that if w(x) := a + Bx € RM(2), then

D(w) =0, and hence divw = tr(D(w)) = 0.

Here RM(O) is the space of rigid body motions defined on O. We denote by PEM (v) the
L?-orthogonal projection of v € L?(0)? onto the subspace of rigid body motions.
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Lemma 2.4. Let u € V and p € M solve (21)), then there exists C > 0, depending only on
and I', such that

(211) lv* D)o+ < C(If-1 + llvglle).
Proof. Define v € V by

v Eut, if |0QT N oY > 0,

| B(at =PEM (ah)), if [02T N 02| = 0.

The boundeness of the extension operator in (2.I0]), Poincare’s and Korn’s inequalities imply
(2.12) [viiLe < CID(™)|lq+
The first equation of (2 with the above v gives
(2.13) v D)3 = Ev) 1 — (v D(u”), Dv7))o- + (divv,p)a,

where we used that D(v") = D(u"). We now bound each term on the right-hand side of (2.13]).
Using (2.12]) we have

(2.14) (Ev)-1 < C[f-1 ] D)l
Thanks to (212) and (2.0) we bound the second term on the right hand side of (2.13))
(2.15) — (v D7), D(v7))a- < C([[fl-1 + [vgllo) D)o+

For the third term we use decomposition:
(2.16)  (divv,p)a = (divv™,p~ —avge-(p~))o- + (divv™, avge-(p7))e- + (divu™,pT)o+
Using ([2Z3) and ([ZI2]) we estimate
(divv™,p~ —avgo-(p7))a- < C([fll-1 + [vglle) ID(®)[lo+.
For the next term in (2.16) we use (divv,1)q = 0 and the second equation in (LI]) to write

(divv™,avgo-(p7))a-

o _ Qr . _
— (v (ivy )yavge (07 =~ (v (divv).avo (7)o
o - ; o ;
=—|Q_|(avgm(dlvu );avga-(p))a- =—|Q_|(avgm(g );avga-(p~))a--

Hence, with the help of ([2.5]) and (2.6]) we get
(divv™,avgo-(p7))o- < Cllg"lla+llplle < Cllg™ o+ (lvD(u)lla + [1f]-1)
< Cvtllgtllor D)o+ + Cllgt llo+ (1€l -1 + lvglle)-
Similarly, for the last term in (2.I6]) we have,
(divu®, pF)or < CvtllgllarID()lor + Cllg™ o+ (Ifl-1 + [[vglla)-
We combine the last two estimates to obtain the bound

(divv,p)a < ([fll-1 + [vglle) [DP)llo+ + Cllg o+ (-1 + lvgla).
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This estimate together with ([2.13)), (214]), [2I3]) leads to another bound
v D) G < (Ifl-1 + gl D)o+ + Cllg*llo+ (-1 + lvglle)

1 5 vt -~
< o (Il + vglle)® + - 1D@Oge + Cllg* lla+ (11 + lvglla).
This implies ([ZI1)) after multiplication all through by v and doing simple computations. [
Collecting (2.5]), (2.6) and (2I1]) we obtain the main result of this section.

Theorem 2.1. Let u € V and p € M solve 2.)), then there exists C > 0, depending only on
Q and T, such that

(2.17) lvD()llo + lIplla < CEI-1 + [vglle) < Ul + AR+ v glla)-

The second inequality in (ZI7) follows from the definition of the functional fin (Z2)), the
Poincaré inequality and the trace inequality, ||v|r < C||v||1,q.

3. THE FINITE ELEMENT METHOD

3.1. Preliminaries and problem setting. For the discretization purpose, we assume that 2
is polygonal /polyhedral. Let {7, }r>0 be an admissible family of triangulations of Q. We adopt
the convention that the elements T" and edges e are open sets, and use over-line symbol to refer
to their closure. For each simplex T € Ty, let hr denote its diameter and define the global
parameter of the triangulation by A = maxp hp. We assume that 7j, is shape regular, that is,
there exists k > 0 such that for every T € Tj, the radius pr of the inscribed sphere satisfies

3.1 hr
( ) pT > -

The sets of elements intersecting Q% and the set of elements cutting the interface I' are of
interest. These are defined by

TE={TeTh:TNQF£0}, and T, ={T €T,:TNT #0}.
We also define the sets of elements interior to each of subdomains QF, ’7?2 ={T ¢ ’7? (T C QF)

Finally, we let 5;52. be the collection of d — 1, sub-simplexes of 7?2 (faces for d = 3 and edges for
d=2).
For T € 77?, we denote Tt := T NT. Under these definitions we define the h-dependent

domains
Qf = int( U T), and Qfl = int( U T).
TeTE TeT,

In particular, using the definition of the sets 7;L and 7;L ., we have that Q = Q ;U Q . This
fact will be useful when constructing a discrete extension operator. We also con81der the layer
of elements cut by the interface:

wp = int( U T),

TeTF
and define the set of faces (edges) of T} restricted to the interior of Qf:

Sg’i ={e=1int(0Ty NOT3) : T}, T5 € ’7# and Ty NT #£ 0 or ToNT # (}.
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For a piecewise smooth vector valued function v, the jump across an interior face e = int(977 N
O0T») is defined by [v] = v|p, - n; + V|, - ng, where n; and ny are the unit normal vectors
to e, pointing outwards to 77 and T, respectively. For a scalar function, we define [p] =
plry 1 + plpyno.

The space of discontinuous and continuous finite element pressures are given by

Mh,disc = {q € Lz(Q) : Q|T € Pkp(T) VT e 771} and Mh,cont = Mh,disc N C(Q)a

where integer k, > 0 is a fixed polynomial degree. Throughout this paper, M };‘ﬂk = Mj, qisc for
kp, > 0 or M};“lk = Mp, cont for k, > 1. We define Mhi = M};“lk N L2(Q,jf). Finally, our pressure
space is given by

My :={q:=(q".q") € My x M;| : (¢, 1)q- + (¢", 1)g+ = 0}.

Note that every element from ’7;? supports two finite element pressures corresponding to different
phases. Only the restriction of these pressures to Q1 or QF, respectively, makes sense as a
numerical approximation of the true pressure solving the original problem ([II]). Same comment
will be valid for the finite element velocity fields defined next. We consider the vector finite
element space for k£ > 1,

WhE ={weV:wePyT), forall T € T,}.
Next we consider a background velocity finite element space V})l“lk such that
W c vk c Wi,
for some integers s >k, > 1. Let Vi := VUK A HY(QF). Finally our velocity space will be

Vi i={vi=(v,vh) eV, x V]

Also, we denote a generic element v;, € V), by v, := (v, vih).

Functions from M), Vj, and their derivatives are multivalued in wy,, the overlap of Q; and
Q, . Below we use the L?(2) norm notion for such functions to denote the norm of single-
valued functions obtained by restricting Q;—components on Q" C Q; and 2, -components on

Q™ C Q. For example,

lprlléy = llpi 16+ + oy l- o llv D(n)[lg = llv* D(w)lIge + v~ D(uy) |-

for pp € Mp, up € Vj,, and so forth. The jump of a multivalued function over the interface is
defined as the difference of components coming from ;" and Q. i.e. [v;] =v) —v; onT.
We consider a discrete norm || - |15, defined on Vy, as follows: for all vj, € Vy,

ITve]lI7 ~ _ o
Valldn = ID(vR)IR+ D By — Do D lePTHIoRvETIZE Do D lel T IToaviTIZ,

TeTr ecg, =1 ecg, =1
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where 95 is the £—th order normal derivative. We define a scaled norm

- 2
2 5 I~ [valll7,
Al o =D+ Y e
TeTY
S S
{— —mal «— (— 4
+ D el oV I+ D D lelP M v IoaviTIE,
ecgy ™ =1 eyt =1
and the augmented scaled norm
(32) VAl e = IValE e + D hrlly™ DVl
TeTF

We use the notation || - ||+ to define a discrete norm on My, for all g, = (g;, . g7 ) € My, by

kp
14 V4 -
g 1% = gl + D D 1P I0aar Iz lanlh = Naf I35 + lay 12 4
eeé',l:’i £=0

Spaces V} and M are dual to V}, and Mhi with respect to || - |14 and || - ||+ 4. For Fp, € Vj
and G}, € M, we have by definition that

Fp(vy, Gh(qn
IFuloin= sup 220 g Gl = sup G2
vaeVy [IVRllLn ane, |lanlln

where we agree that sup, is taken over non-zero elements, if x appears in the denominator. In
this paper, we only consider bulk spaces V};‘ﬂk, M }i’ulk which form inf-sup stable pairs. This is
listed as an assumption.

Assumption 1. There exists a constant & > 0 such that

divv,q)o
llglla < sup (divv, 9o
vevbuk  [vllLe

for all ¢ € MPU& N L3(Q).

We end this section by considering further assumptions on the mesh and on the pair of spaces
{V}p, My, }. These assumptions are essentially the ones made in [9]. For a generic set of elements
T C Tp, denote w(T) C Ty, the set of all tetrahedra having at least one vertex in 7.

Assumption 2. For any T € T,l' we assume that the sets W*(T) = ’7?2 Nw(w(T)) are not
empty.

We note that this assumption can be weaken by allowing in W*(T') neighbors of T of degree
L, with some finite and mesh independent L > 2.

Given T € 77?, we associate arbitrary but fixed szf € W*(T), which can be reached from T
by crossing faces in Eg’i. More precisely, there exists simplexes T = Kli,KQi, . ,Kj\jf[ = K%
with K Ji € 7;; for j < M. The number M is uniformly bounded and only depends on the shape
regularity of the mesh. Moreover, note that by ([B.]) there exists a constant ¢ only depending
on the shape regularity constant s such that

h
L < s < chr.
c T
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+ + _
For T € 77%1-, we set K7 =1T.

Assumption 3. Let F € 5}1;’i, with F' = 0Ty N 0T. Assume K%; can be reached from K%l by
crossing a finite, independent of h, number of faces of tetrahedra from ’7#@

The following assumption is also a type of inf-sup condition but restricted to interior elements
in two phases, i.e. those lying inside Q}f ;

Assumption 4. There exists a constant 8 > 0 such that

. (divv, ¢* ot o bk
Blg= |+ < sup ——"" for all ¢ € MP"MK
S vpimot) Ve,

where

s = 30 BRIV Ry + 3 el I

TeTE, e€EE,

Examples of pair of spaces V}’L‘ﬂka };‘ﬂk that satisfy the Assumption [4] can be found in [0
Section 6]; they include Pyy1 — Py, k > 1, and Pyigq — P,;ﬁsc for k >0, Q c R d = 2,3, and
several other elements. In particular, if a pair VE“HLM };“Ik satisfies these assumptions, we have
the following result.

Theorem 3.1. Suppose Assumptions[2{{] hold. There exists a constant § > 0, independent of
h and q, and a constant hg > 0 such that for all q € LZ(QjE )N Mbulk and h < hgy, we have

(divv,q)o+
h,i

Ollgllg < sup
S v s,

Proof. See [9, Theorem 1]. O

We will also need trace and inverse inequalities which can be found, for example, in [9].

Lemma 3.1. Let T € Ty, then it holds

(3.3) oll 2oy < C(hp P lollr + RV 0l3),  for allv e HY(T),
(3.4) ollz2(rary < C(hp 2 ollr + RE2 V0|3, for allv e HY(T),
(35) lollz2ory < Chz'[ollr for all v € Py(T),
(36) lollz2grery < Chz o]z for all v € Py(T).

with a constant C' independent of T and on how I" intersects T'.

3.2. Discrete Extension Operator. As in the continuous setting, a chief tool will be an
extension operator. In this section we provide a discrete analogue of the extension operator in
@I0). Widlund [20] provided a discrete extension operator when the mesh fits the interface.
For non-fitted meshes, as is the case here, a discrete extension operator can be found in [5] for
piecewise-linear finite element functions and smooth interface.

In Lemma below, we prove the result for unfitted meshes and finite elements of arbitrary
degree that admit the existence of a local nodal basis. Let us make this assumption precise. The
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velocity bulk space is the space of vector functions, i.e. V})L‘ﬂk = ®?:1Vj,h. For each component
space Vj; we assume that (i) there is a set of points (nodes) N(7,) = {y;,...,y,} such that
v € Vj 3 is uniquely determined by v(y;) for 1 <4 < ¢; (i) for each T" there exists a local subset
N(T) = {y € N(Tp) : y € T} such that v|r is uniquely determined by the values there; and
(iii) if ® : T — T is the affine mapping to the reference simplex, then ®(N(T)) is independent
of T' € T;,. The existence of the local nodal basis is, of course, standard if Vzulk = Wi for some
integer k > 1. Moreover, we assume only Lipschitz reqularity of the interface.

Lemma 3.2 (Finite element extension). Assume I' is Lipschitz, the meshes {T,} are shape
reqular and satisfy Assumptions[3, and assume V})L‘ﬂk has a local nodal basis. There exists an
extension operator Ey, : V;{ — V]Z“lk with the following properties:
a) Epvy = vy, on Q;Lr,
b) There exists C > 0, independent of h and position of T against the underlying mesh,
such that for all vy, € V}J{,

[Ervallie < Cllvally o
Proof. The proof is given in the Appendix. ]

3.3. The discrete variational formulation. In this section, we define the discrete counterpart
of (2I). The jumps over the interface are enforced weakly, and a term is added to enforce the
symmetry of the bilinear form a. A discrete variational analogue of (2] is given by the problem
of finding (up, pp) € Vi, X My, such that

(3.7) ap(up,vp) + bn(vi,pn) = Fp(vn) Vvy €Vy,
' bu(up,qn) — Jn(pn,an) = Gunlan) Van € My,

with bilinear forms given below. For all u;, = (u, ,u}), v, = (v; ,v}) € V), and p,, = (p;, . p),
an = (a, - @;7) € Mp, we define
I N v
an(up, vi) = (v D(w;), D(v})) oo + (V" D(u}), DV)) e + > e (Tunl, [val) 1,
TeT,
= (" D(w ), [vil)r = (" D(vy)n, [un])r + In(up, va),

with
In(up,vi) =T, (ap, vi) + 35 (up, vi), I (ap, vi) Z\ 261 Z e E([04ur ], [05viED)e,
cee
bh(Vh,Qh) = _(qﬁvdivvf:)Q* - (q;,diVV;)Q+ + (q;7 [[Vh]] ' Il)l",
and

+ kyp
_ v
Tn(nsan) = Ty Proan) + i (onsan). Ty (e an) =5 D Y 1elPHH(10w3 ] 105 e
eeg,lz’i £=0

Stabilization parameters 7;,':, v and « are all assumed to be independent of v, h and position
of I' against the underlying mesh. Parameter v needs to be large enough to provide the bilinear
form af(-,-) with coercivity. For the purpose of analysis, we set ’y;,t = ’yljf = 1. In practice,
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these parameters can be tuned for better numerical performance (see section [B for numerical
examples) and the analysis below remains valid if all 7; and v are O(1) parameters.
The right-hand side Fj, € V} will be defined later on, and we assume G}, € M is given by

Gn(an) == G}, (qn) + G;(qh), such that Gf(qh) = Gf(qﬁ)

It is straightforward to check that the norm of linear bounded functions G}f can be expressed
in terms of M, }ic spaces. More precisely, it holds

Gy l—1n = sup |Gy (@)I/ g5 l4,m-
q,jfeM,jf

Also, we assume Gy, satisfies G, (1) = 0. In particular, this implies that if the second equation
of (B.7) is satisfied by ¢, € My, then it is also satisfied by ¢, + ¢ for any constant function c.

3.4. Well-posedness of the discrete scheme. We are now interested in a finite element
counterpart of the a priori estimate (2.3]). More precisely, for the solution (uy,pp) of 1), we
shall prove the following stability result:

(3.8) lvD(ap)lle +llpalle < CUIFLI-1p + v Gy |-1p + v IGy -10)

with a constant C' > 0 independent of v*, h and the position of I' in the bulk mesh. The
proof will largely follow the main steps made in section 2l We first prove specific estimates for
discrete pressure in ) and subdomains. The continuity of the bilinear forms a; and by, and
the coercivity of aj in 'V}, will help us with energy estimates, which due to v~ < v™ yield the
desired control of vD(uy,), pressure and stabilization terms in Q7. To extend these estimates to
Q7T a crucial result about extension of finite element functions is stated (with its proof moved
to the Appendix section). The result is then applied to gain control of finite element viscous
stresses and pressure in QF. Define the natural energy norm for a; by
- 2
(3.9) [Vl = vz D)+ > H\/V_h[[ﬂ—i-%(vh,vh), for all vi, = (v;, Vi) € Vj.
TeTr T
We will need the following technical lemma which is essentially found in [I2, Lemma 5.1]. The

main difference is the use of Korn’s inequality and projections onto the rigid body motions
instead of the Poincaré inequality and projection onto the constants.

Lemma 3.3. There ezists C > 0, independent of h and vr, such that for every q, € My, it
holds

(3.10) a1 < © (bl v T i)+ 5 )

and for all vi, € Vp,
1

1
+1(12 412 —o— 2
B DI < C(IDWHIE, + 23w + 3 0vD)) < Cllval
The following result discusses the continuity and coercivity of the bilinear form aj;. We omit
the proof since they are by now standard and can easily be proved using Lemma [3.Il See, for

example, similar results in [9].
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Lemma 3.4. Let vy, wy, € Vy, and qn, € My,. Then, there exists C' > 0 and hgy, independent of
h and v*, vy, and wy, such that for all h < hg it holds

lan(vi, wi)| < Clivilv, [[Whllv,,

(3.12) |an (v, Wa)l < CllVallsnwl[Whl1n-
Additionally, for all v € [H*(Q;) x HMH Q)] x V), we have
(3.13) |an (v, wh)| < ClIVI[1nv [ Whl1n-

Finally, there exists o > 0, independent of h and v*, such that
athH%,h < ah(vh,vh) Vvh € Vh.
The following result is the discrete analogue of Lemma 211

Lemma 3.5. Let u, € Vy, and pp, € My, solve B1). Then, there exists C,hy > 0, depending
only on € and I', such that for h < hqg it holds

(3.14) Ilpy — anQii(p}jL:)HQi < C(Iv D) llox + T, P2 + |Fall-1n),
and
(3.15) Ipnlle < C(lanlline + Ty (o pu N2+ @ 0f 5 )2 + [ Fhll-1)-

Proof. Let qf = pf — avgﬂf(pf). Noting that Jff (pf,pf) = Jh(q}f, q}jf) and employing (3.10])
from Lemma [33] we get 7

+ +/, 4+  +
(3.16) Cth ||?zi < ||Qh||g2)fZ + ViJh (ph 7ph)'

On the other hand, since qf € L%(Qf ;)» Theorem B.T]implies that there exist 6, hg > 0, depend-
ing only on €2, such that for all A < hg, it holds
R S R S
. (divwyj, g, )Qfl (divwy, p;, )sz
(317) Ollgtlgs < sup : - s dbitel
Y wirevhinH) (O3 ) W), ”m;i wireVEIENHY (QF ) W ”m;i

However, for wf € vhulkn H(l](Qf ;) we notice equalities

T
(dlvwh’ph)gii ~ bn(vi,on)  Fr(vip) —an(vip, vi)

willioz Ivalle Va1

(3.18)

)

where vj, = (w; ,0) or v;, = (0,w}"). Because v}, is supported on Qfl we have
(3.19) ap(up, vi) == (V" D(ay), D(v;))) - + (v D(u)), D(vi)) s + In(un, va),

With the help of the Cauchy-Schwarz inequality, inverse estimates and Korn’s inequality we
obtain

(3.20) lan (n, va)| < Cllv=D(uy) o+ 1valin:
Using B.I8)-@BI9) in B3IT), we arrive at
(3.21) lgi o < C(Iv=D(ai)llox + =5 0y, pi) + [Fall-10),

which leads to (3.14).
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In order to prove ([B.I5), we consider oy, = py — g5 and observe that |l ||z~ ) < Cllpnlla-
Moreover, a simple calculation shows that

QF . QF QF] 4 27
(an, Do = 1557, Do+ + 157 @ Do-— 15577 h Darar —1o=Pr: Da-\o-
|§2}-1L-72 h |Q;7Z h |Q;7Z h QJr\Qh72 |Qh7i| h Q-\Q

h,i‘
Hence, using that (p;,,1)g- + (p;, 1)+ = 0 and that |QF \ Q.| = |QF| — |QF ;| < C'h we have

@ 197
19l

((ans Dal< (168, Vairgz |+ 17> Daor 1) +

Do+
(5.2 ‘\(Ph Jor+|

. 1
< Cpt o 1llgrar . + 97l [lg-ya- + Alf @) < Ch palla:
In the case 77 M };‘ﬂk = Mj, gisc we let r, € M };‘ﬂk to be the L? projection of aj, onto piecewise
constants with respect to the mesh 7. In the case, M}L’u“‘ = Mj, cont We let rj, € M}L’u“‘ be the
continuous piecewise linear function such that r,(z) = o (z) if z is a vertex and z € QF, and
rp(z) = o, (z) if x is a vertex and = € Q~. In either case, Th|gf = af.

Recalling the notation w, = Q\ (2, , UQ; ), we then note that

(3:23) lirn — awlla = lIrn — anll, < Oh2 rh — @l ooy < Ch2 onllzoe(o,) < Ch2 ol
We let 7, = rp, — avgq(rp,). From 322) and 23] we have that
(3.24) 17, — ralle < Ch2|lppllo which implies ||, — anllo < Ch2 |y lo-
Assumption [l provides us with v, € V]ﬁulk such that
(3.25) ll7nllo < (divvy,7h)o  and  ||vplio = 1.

Let wj, € V}, be given by wy, = (vh|Q;,vh|Q;). It holds |[wy||1,n < C||vp|l1,0. To verify the
last inequality, we note that the first term in the definition of ||wy||; , vanish, while the second

jump term can be estimated with the help of the finite element trace and inverse inequalities.
Hence, we get

(div v, 7)o = (divva, py, )o- + (div v, pih)a+ + (divve, 7, — py )o- + (div vy, 7 — pih)o+
= ap(up, wp) = Fp(wp) + (div vy, 7 —pp o~ + (divva, 77 = pi )t

where we used the first equation of ([B.7). Thanks to (B12) and ([B:23]) we have

EllFnlla < CUlunlliny + [1Frll-on + 17, =2y la- + 175 = pflla+)
(3.26) < Cllupllipy + 1Fnll-1p + 170 — anlle + llag lo- + llgg lo+)-
We then use the triangle inequality, (3.21), (8:24]), and (326]) to get

Ipnlle < llay llo- + lla o+ + llan = Talle + [I7nllo
< Cl[unlliny + [Fll-1n + @y (g2 N2+ G W p0) Y2 + W2 [palo)-

The result now follows after taking hg small enough.
O

In order to prove (3.8)), we start by obtaining an estimate for [~ D(u; )| o~ using the energy

norm (3.9).
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Lemma 3.6. Let (up,pp) € Vi x My, be a solution of B1). Then, there exists C > 0, indepen-
dent of h and v*, such that

lv™D(w)g- + v~ J;, (wy, ,wg) + v~ J; (pg,,03))

(3.27) o T
< C(|Fnll=tp + v Gy l=1p + v IGE I =1p) "

Proof. We use the first and second equation of 7)) with v, = uy and g, = pp, respectively,
and the coercivity of ay for v large enough to get

(3.28) allup ¥, + Jn(pr.pn) < an(un,wp) + Jo(prs o) < [Frn(un) + |Gh(pn)l,

with some o > 0 independent of v and h. By definition of the norms || - ||;,, and || - ||v,, and
since v~ < v, we get

[Fnll-1.nl[anllv,

Vi~ ’
so that it only remains to estimate |Gp (py)|. In order to do this, we will decompose the expression
Gn(pn) = Gy, (p;,) + Gif (p}") into three terms:

Gu(pn) = Gy, (py, — o) + G (pf — aff) + Gulan),

where af = avgﬂfi(pf). Then, using (314) and v~ < v we get

(3.29) [Fn(an)| < [Fall-1nllunllin <

|Gy (o), — ap)| < CVVHIG | (IVVED () o= + i (0 ) ) + ClIG 4 n [ Fall- 10
On the other hand,
|Grlan)| =Gy (e3) + Gy ()| = Gy (o) — o)l < NGy llnlley, — ey lla+ < ClGY [l+-nlpnle;
where we used our assumption that Gj (1) = —G; (1) . Therefore, we have
(3.30)

Gu(pn)| < CVVIIGy, |1+ VU G —un) ([unllv, +Tn(pa. pn) 2+ ),

[F 4l —1,n+—=llPnllo
\/_ \/_

where we used that v= < v*. After re-scaling by F the estimate ([B.I3]) yields for the last
term on the right-hand side of (3:30]) the bound,

1 1
——=lpalle < C(l[unllv, + Jn(pn,pr)"/* + \/THFhH—Lh)a

Vi

again due to v~ < v*. Using now ([3:29) and ([B:30) to bound from above the right-hand side of
([328)) leads after some calculations to

— 1
allupl, + (s o) < CVr |Gyl IGE -1m) (lunllv, +In (o pn) > +—=Frll-11).

=
Therefore, we have

lun 3, + Ja(prs o) < C(VV |Gy =1 + VTG |- 1h+\/—||Fh|| 1h)°
The result now follows by multiplying both sides by v~ and using that v— < v™. O

As an immediate consequence of Lemma [3.6] and ([B.14)), we have the following result.
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Lemma 3.7. Let uy € Vy, and pp € My, solve BT). Then, there exist C,hy > 0, depending
only on € and I', such that for h < hy,

(3.31) lpy — aveq- ()~ < C(VIIG, l—in + v IG —1p + [IFnll-10)-

The next result is the discrete analogue of Lemma 241

Lemma 3.8. Let uy € Vy, and pp, € My, solve B1). Then, there exist C,hy > 0, depending
only on € and I', such that for h < hqg it holds

(3.32) ”VJFD(UZ)HQ; + (V+J;(PZ7P}T))1/2 < C(w Gy ll=1n + v IGE =10 + IFall=18)-

Proof. We first note that the rigid body motions belong to the velocity finite element space , and
using Lemma [3:2] we consider the discrete extension Ej : V;} — Vhulk and define wy, € Vhulk
by
Epuyf if (002 N 9N | > 0,
Wy, 1= .
h Ep(uf — PgZM(u;)) if (002N 9Q; | = 0.
Let hg > 0 be sufficiently small such that if Q7 is the inclusion, then 92N 9" = (). Then, if QF

is not the inclusion, we have by the boundedness of the extension Ej and by Korn’s inequality
that [|[wy||1,0 < [[uf |, o+ < ClD(u))|lg+. On the other hand, if QT is the inclusion, we have
*“h h

by the boundedness of the discrete extension Ej, Korn’s inequality and since
(3.33) D(wi)=D(u}) inQf,

that |[wp|1,0 < Cllu; — ng(uZ)HLQI < C’||D(ut)||92 In both cases, it holds

(3.34) [Whall1,0 < C||D(UZ)||Q;-

We let v, € V}, be given by vy, = (wh|Q;,wh|Q;). By the same arguments as in the proof of
Lemma B.5, one shows ||vy|[1,n < C|lwp|[1,0. First equation from [B7) yields
(3.35) vHID(u) G + 37 (an, up) = an(an, va) + R =Fu(va) = bu(vi, pn) + R,
where
R=—(v"D(uy),D(vh))o- — (v~ D(v; 0™, [up]) — I}, (up, va).

We bound every term on the right hand side of ([835]). With the help of (B.8) and BII]), we
get for the last term

(3.36) R < CE|lvpll1,hs
where
_ o v~ [un] I3 o
2= DG+ Y s v ()
TeTr T

consists of terms already estimated in Lemma For the first term on the right-hand side of

B33) we have

(3.37) Fn(va) < IFall-snllvallie < 1Fal-1nlwallio-
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It remains to estimate the second term on the right-hand side of ([B:33]). Noting that (3.33))
implies div w;{ =div U—Z and using QT C QZ, we get
—by(Vi,pn) = (divv, ,p, Jo- + (divv;,p;{)gw = (divw, ,p, Jo- + (divu;[,p;)gﬁ

Setting o = ang;_(p,:) and using that (divwy, 1) = 0, we have

(divw, ,p;, Jo- = (divw, ,p, —a; )o- + (divw, ,a; )o-
= (divw, ,p, — o )o- — a; (divw), 1)g+
divwh,ph ay )o- (dlv u,ap o+
ay)a- = G (ay,)
< HWhHl,anph — oy llo- + Gy [-1nllag, o+
We also have from the second equation of [B.1) with g, = (0, pZ)
(divw!,p o+ = =G (o) = L o pi) NG I-1nllpf .0 — T3 (0 pi)).
Now we see that
(3.38) = ba(vh,pn) < Iwallio- vy, — oy llo- + 1G] 1-unllpy 1+n + llog, o+ ) = 7, (o 27y)-
We combine [B.38), B.37), (B36]), and (B35 to get
(3.39) L < (CE+I|Full-rn+ lIpy, — oy la- vt Iwnlle + vF NG —inlpg 1+ + ey, lo+),
where
L = v Dw)Es + v 35 (wn, wn) + v (03 py)-
It remains to estimate the solution-dependent terms on the right-hand side of ([B:39]). Thanks
o (BI8) we get
P+ ey o+ < Ulpnlle + (I (o 00)) )
< O(lunll e + ™ Jy (g o DY2 + T 0 o) + [Fall-1,0)
<SCE+ @Iy )" + [Fall-1) + CVL.
From (3:34) we conclude that v ||wy 1.0 < CvT||D(u))| g+ < CVL and hence we have
L<CE+Ip, —aylla + @ Ty 05 oy DY + [Fnllon + v IGH -0V
+ OVt G - n(IFall-1p + E+ (7 Iy (0, 9)')-
The result now follows after using (B31) and B2T). O

As an immediate consequence of Lemma [B.§ and ([B.15)), we have the following result.

Theorem 3.2. Let (up,pr) € Vi X My, be a solution of the finite element method [B1). Then,
there exists C, hg > 0, independent of h, position of I in the mesh and v*, such that for h < hg,
it holds

lvD(uwp)lle + llpnlle < C NG, l-vn + vTIIGH =1n + [Fall-10)-
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4. FINITE ELEMENT ERROR ESTIMATES

We use the stability results from the previous sections to obtain error estimates for both
lvD(u —uy)||q and ||p — ppllo. We assume that the solutions to the two-phase Stokes problem
() sufficiently smooth in each subdomain. In particular, we assume that u* € H**1(Q%) and
pt € H»TH(QF). In such a case there exist extensions of u and p, from QF to QF, denoted
by ujg and pjg and with the property u§|gi = u® and p§|gi = p*, such that ujg € HTH(Q),
py € H»TL(Q),

[uglssr0 < Clut|sr0e,  and  |Ipglk,+1.0 < ClpT lk,+1.0+,

where C' depends only on  and I'. Further, we will identify u* and p® with there extensions.
For the error analysis in addition to the augmented norm for the velocity ([B.2]) we also define

2 2 —112 2
lanlli := llanlls + Z hr(llay 7, + gy 117;.)-
TeTr
Multiplying the first equation of (LI with v*, using that [o(u,p)n] = A, and taking into
account the choice of the weights for the average {v}r in the definition of aj, we define Fj, by
(4.1) Fp(vi) = (£, v;)a- + (v o + (A vi)r.
Then, we have the main result of this section.

Theorem 4.1. Let (u,p) € V x M be a solution of @I) with f € L%(Q), A € L2(I') and
g € L3(Q). Furthermore, let (up,py) be the approzimation that solves B.1) with Fy, given by
@I) and G (qF) = —(9,q; o= Assume that ut € HTH(QF) and p* € H»H1(QF). Then
there exists a constant C independent of v, h, u, p such that

(4.2) [vD(u —up)llo + [[p — prlloa < C inf ([la = wall1 s + 1P = Thllns) -

wrEV, rnEM},

Proof. As discussed above we let u™ and p* be the extensions of the same functions to the entire
Q. Then, by using ([&1]), we one easily checks the consistency result:

ap(w,vy) + bp(vy,p) = Fr(vy), for all vy € Vi,
br(w,qn) — Jn(p,qn) = Grl(qn), for all g, € My,

Hence, we have for an arbitrary wy, € V, and rj, € @), the following consistency result:

(4.3) ap(up — Wi, vi) + bp(vy, pp — rR) = Lp(vy)  for all vy € Vi,
(4.4) bn(wy, — Wi, qn) — Jn(ph — Thyan) = Qnlqn)  for all g, € My,
where

Ly(vn) = ap(a — wp,vp) + bp(va, p — 14), Qnlan) == Qy, (an) + Q3 (an),
and
@y, (an) = —(g;, , div (0™ = w;))o- — (g5, . [u—wp] 07 )r = J (0™ —71;,.43,),
Qr (an) = — (g, div(ut —wi))gs = JF (0F =1 ).
We can easily show, using for example ([B.13]), the following bound

Ln(vi)l < (la = wallLhws + 0 = rallns)[Vallm,
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which implies
ILall—1,n < ([[a = Wall1awx + 10— Thllnx)-

Similarly,
vE1Qy (an)] < Clw = Wallihws + 12 = ralla)lldy 14,0-
Hence,
vlQp -n + v Q4 -0 OUw = Wl nws + [P = 74ll0x)-
The result follows after applying Theorem and triangle inequality. O

Using [B3) and (B4]) with standard interpolation properties of finite element functions and
the definition of the norms of the right-hand side of (&2]) the next results follows from the
theorem.

Corollary 4.1. Under the same assumptions as in Theorem [.1], it holds:

(4.5) |lvD(u—uyp)|la + [p — prlle
s+1—ky

< Chmntebe ) (ol 0+ Ipllk<0) + O3 B a1,
(=2
with a constant C' independent of v, h and the position of the interface in the background mesh.

The solution norms on the right-hand side of ([4.3)) are the norms in the broken Sobolev spaces
H(Q7) x HY(QY),

lalZ e = llallf - +llalf g+, for g € HY(QT) x H(QY),

and similar for vector functions from H*(Q7)% x H*(QT).

5. NUMERICAL EXPERIMENTS

Example 1. Consider the squared domain €2 := (—1,1) x (—1,1) and the embedded interface
22423 = R?for R=1/\/m. We define Q- = {x € R? : |x| < R}, and QF = Q\ Q" and
choose the data f € L2(2) so that the exact solution (u, p) is given for all x = (21, 5) by

2 w2/
o _|X|< ‘”2>, x| < R
14

X
(5.1) u(x) = ' . and p(x) =2} — 2,
R? — |x2 [ —xo
— , x| >R
vt T

We observe that [u] = 0 and [vD(u)] = 0, and since p is continuous, we get [o(u,p)n] = 0.
Also, u is divergence free. We will show that the errors ||[v D(u — uy)|lq and ||p — prllo are
independent of v. In order to do this, we consider a uniform diagonal triangular decomposition
of 2, and test the code with two pairs of spaces V]Z“lk X M, }fulk that satisfy Assumptiondl These
are the Mini-element and the pair P, — FPy. We choose a mesh with N = 160092 degrees of
freedom for the Mini-element and N = 164697 degrees of freedom for the pair P, — F.

We denote the errors by e(u) := |[vD(u — up)||q and e(p) := ||[p — prllo and compute them
experimentally, with decreasing values of v~ and increasing values of v*. As a good balance
between stability and conditioning, we set the stabilization parameters to v = 25, v& = 15 and
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yl:,t = 20 for the Mini-element and v = 20, v = 10 and yl:,t = 15 for the pair P, — Fy. The
numerical results are summarized in Table 5.1

Parameters Py, - Py Mini-element
v [ v | e | e | e | e®)

1E—01 | 1E +01 | 0.01708 | 0.00448 || 0.06200 | 0.00409
1E—02 | 1E+02 | 0.01708 | 0.00448 || 0.06200 | 0.00409
1E—03 | 1E +03 | 0.01708 | 0.00448 || 0.06200 | 0.00409

1E—-04 | 1E 404 | 0.01708 | 0.00448 || 0.06200 | 0.00409

Table 5.1. Example 1 with Q= completely interior. Errors are shown for a fixed mesh,
increasing values of v and decreasing values of v .

From Table 5.I] we observe that the errors e(u) and e(p) remain unchanged for a fixed mesh
when v~ decreases and v increases.

Now we switch the role of O and =, and define Q* = {x e R? : |x| < R}, @~ =Q\Q".
Observe that Q% is now the inclusion. We choose the data f € L?(2) so that the exact solution
(u,p) is given by

w< T2 ) x| < R
vt x1 9 9
u(x) ) ) , and p(x)=x5—z7.
R® — |x] <—:E2> x| > R
v T ’ -

We choose a mesh with N = 160092 degrees of freedom for the Mini-element and N = 164697
degrees of freedom for the pair P, — Py, and as a good balance between stability and conditioning
we set the stabilization parameters to v = 25, v = 15 and ’y;—L = 20 for the Mini-element, and
v = 20, v& = 10 and 7;,': = 15 for the pair P, — Py, consider decreasing values of v~ and
increasing values of v, and summarize the results in Table

Parameters P, - P Mini-element

v [ v | ew | e | e | W)
1E —01 | 1E 4+ 01 | 0.01210 | 0.00282 || 0.06200 | 0.00401
1E—02 | 1E 402 | 0.01210 | 0.00282 || 0.06200 | 0.00401
1E—03 | 1E 4+ 03 | 0.01210 | 0.00282 || 0.06200 | 0.00401
1E —04 | 1E 404 || 0.01210 | 0.00282 || 0.06200 | 0.00401

Table 5.2. Example 1 with Q1 completely interior. Errors are shown for a fixed mesh,
increasing values of v and decreasing values of v .

Similarly, we observe that the errors e(u) and e(p) remain unchanged for a fixed mesh when
v~ decreases and v increases.
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Example 2. We consider the same exact solution (u,p) given by (5.J), and the finite element
errors

e(p) = llp —pullo, and e(u,p)® = [lvD(u—uwy)lg +[lp — palld.

We test the method for P» — Py bulk spaces and fixed viscosity and stabilization parameters
v==0.5, vt =20, v =20, vF = 10 and ’y}:,t = 15. We consider a sequence of uniform triangular
meshes with decreasing mesh size. The experimental rates of convergence are computed as

log(@j/ij_l)
log(h;/hj1)
where ®; is the corresponding error norm at mesh level j. The error norms and experimental

rates are shown in Table Also, we show plots of the approximate solution (up,pp) in
Figure 11

e(u) = [[vD(u —up)lle,

08 -
06 -
04 -

0.2 !
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N
0.4 |

Table 5.3. Example 2, errors for a sequence of uniform meshes, and fixed values of v*.

dofs | e(w) |[r(w | e |x(®) | e(up) |r(up)
815 59F — 01 — 9.8F — 01 — 1.1E + 00 —
2867 26F —01]1.201 |22FE —01|2157|34FE —01] 1.761
10867 |1.1EF —01|1.163|1.0F —01|1.106 | 1.5FE —01| 1.138
42199 | 5.2FE —02(1.139 |[46FE —02|1.154 | 6.9FE — 02| 1.145
166303 | 2.5FE — 02| 1.039 | 22E — 02| 1.035 | 34F — 02| 1.037
660243 | 1.3E —02 | 1.010 | 1.1E —02]0.998 | 1.7E — 02 | 1.005
1481863 | 84F — 03 | 1.004 | 7.5E — 03 10.996 | 1.1E — 02 | 1.000

The solution (uy, py) is approximated with P, — Py elements.

T
Ssssssasaaaagny

0.6 (33

0.8 R

V777777700,
1777777
1r7rss

QAW
Saan NN

~~
-
NN

(PPPIISNREENN
A N
RV PP I sl
1l pre =TT

ssssss
\\\\\\
\\\\\

277700

.
NP2 A
Aammmr”

PRI

DR
i,

N

weeccristtiyryd]

N
N
1 1 1

N

1 =
08 :
06 ]
0.4 o.
0.2 :
0
02 :
0.4 ;
-0.6 '
08 .
1 0.5 0 0.5 1

Figure 5.1. uy, (left) and pp, (right) using the pair P, — Py.

We repeat the experiment using the Mini-element and the same set of parameters and meshes.
The computed error norms and experimental rates are shown in Table B.41
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dofs | e(w) [r(w | e |r(®) | e(uwp) |r(up)
604 1.8F + 00 — 9.5F — 01 - 2.0F + 00 —
2072 75FE —01]1.226|20FE —011]2269 | 7.8E —01] 1.362
7736 3.3 —011.189 | 6.0F —02|1.716 | 3.4F — 01| 1.213
29796 | 1.5FE —01|1.121 |2.0F —02 | 1.587 | 1.5F — 01| 1.132
116924 | 74EF — 02| 1.043 | 70E —03 | 1.507 | 74E — 02 | 1.049
463192 | 3.7TE —02 | 1.012 | 25FE — 03| 1470 | 3.7E — 02 | 1.015
1038836 | 24F — 02| 1.005 | 1.4FE — 03| 1.460 | 2.4F — 02 | 1.006

Table 5.4. Example 2, errors for a sequence of uniform meshes, and fixed values of v*.

The solution (uy, pp) is approximated with the Mini-element.

Example 3. We consider the parameters v~ = 0.5, v = 2, and the exact solution (u,p) given
by
2 2
1 [ sinmz;sinmas vitag, x| <R
(5.2) u(x) = — , and p(x)= 1 .
T\ COS x| COS Ly —t x| > R
6’

We observe that [u] = 0, and the jump [o(u, p)n] is non-zero and is given by

—3cosmrysinTxy [ T 6mRZ+1 [(x;
— - =: A(x).
[o(u, p)m] () - T () = am)

Additionally, u is divergence-free and (p,1)q = 0. We test the code with the stabilization
parameters v = 30, v = 25 and ’y;,t = 25 for the Mini-element, v = 30, 7 = 25 and ’y;,t =20
for the pair P, — Py, decompose the domain by a sequence of uniform meshes with decreasing

size, and summarize the results in the Tables and

dofs e(w) |r(m)| el |x{) | e(wp) |r(up)
815 |14E+00| — |58E+00| — |59E+00| —
2867 | 4.6E — 01| 1.568 | 2.9E — 01 | 4.321 | 5.4E — 01 | 3.445
10867 | 1.6E — 01 | 1.484 | 8.1E — 02 | 1.824 | 1.8E — 01 | 1.564
42199 |7.2E—02 | 1.192 | 3.3E — 02 | 1.309 | 7.9E — 02 | 1.213
166303 | 3.3E —02 | 1.130 | 1.3E — 02 | 1.359 | 3.5E — 02 | 1.164
660243 | 1.6E — 02 | 1.033 | 6.0E — 03 | 1.104 | 1.7E — 02 | 1.042
1481863 | 1.1E — 02 | 0.999 | 4.0E — 03 | 0.962 | 1.1E — 02 | 0.995

Table 5.5. Example 3, errors for a sequence of uniform meshes, and fixed values of v*.
The solution (uy, py) is approximated with P, — Py elements.

We finish by showing plots of the computed finite element solution (uy, pp) in Figure

Example 4. We consider the same exact solution (u, p) given by (0.2]) and repeat experiments
from Example 3, this time with experimental errors for ||div(u — uy)||q, and also with respect
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dofs | e(w) [r(w | e |x(®) | e(wp) |r(up)
604 3.0F + 00 — 1.1E + 01 — 1.1E + 01 —
2072 1.5FE +00|1.003 |1.7E+00|2.639 | 2.3E +00 | 2.288
7736 59F —01|1.329 | 4.5F —01 | 1.927 | 7T4E — 01 | 1.609
29796 | 24F —01|1.285|14F —01|1.717 | 2.8E — 01 | 1.415
116924 | 1.1E —01 | 1.159 |41F —02|1.732 | 1.2E — 01| 1.261
463192 | 5.2FE —02]1.064 | 1.0EF —02 |2.014 | 5.3E —02| 1.134

1038836 | 3.4E — 02| 1.021 | 4.8E — 03 | 1.850 | 3.4E — 02 | 1.043

Table 5.6. Example 3, errors for a sequence of uniform meshes, and fixed values of v*.
The solution (up, py) is approximated with the Mini-element.

Figure 5.2. u; (left) and p, (right) using the Mini-element. The colormap for the
velocity vector field uy, is ||up||2 and for the pressure field py, is the height pj,(x).

to the L norm for the (viscous part of the) stress tensor and pressure

eq(u) = [ldiviu —up)llo,  ex(u) = [¥D(u—up)l[p=(@) and ec(p) := [lp = pnllre@)

respectively. We test the method for P, — Py bulk spaces and fixed viscosity and stabilization
parameters v~ = 0.5, v+ = 20, v = 20, ’yf = 10 and ’y;: = 15. We build a sequence of uniform
triangular meshes with decreasing mesh size. The error norms and experimental rates are shown
in Table 5.7

We repeat the experiment using the Mini-element, the same viscosities v* and stabilization
parameters vy = 30, v = 15 and fypi = 5. The computed error norms and experimental rates are
shown in Table 5.8 Although, the error estimates in L> norm are not covered by the analysis
of the paper, the numerical experiments demonstrate the first order of convergence.
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APPENDIX A. FINITE ELEMENT EXTENSION.

The goal of this section is to provide the H'-bounded extension operator for finite elements
of arbitrary degree, i.e. to prove Lemma We build the desired extension for each velocity
component independently. Let th be the H&(Q)—conformal FE space of degree k. Then VE“H‘ =
®?:1Vj7h, and each Vj, satisfies Vh1 C Vjn C V) for some integer » > 0. Fix arbitrary j €
{1,...,d}. Using the definition of the local nodal basis, mapping 7' € T} to the reference
simplex and the equivalence of norms in a space of finite dimension, one shows

(A1) vl (T)_Cyglj\?é,)‘v(Y)‘ VoeVip TeTh,

with some C independent of v and 7T
The strategy will be to build an extension operator for piecewise linears first. Then to use
that extension operator to build a general extension operator.

A.l. Extension operator for piecewise linears. Let Vhl’Jr = {v]g+ 1 v € V1. Consider
h

ONS Vh1 ™ and let Fv € H} () be the Stein extension [I6] such that
(A.2) Ev=v on QF and [Ev|i0<Clvliq+

We need I5%(Ewv), the Scott-Zhang interpolant of Ev onto V;!. The construction of I5%(Ev) € V!
follows the standard procedure from [I5]. However, some care is required to ensure that we are
recovering the same P! function in all interior tetrahedra of Q7

(A.3) IS2Ev|p = Ev|lp =v|p  forall T € 7;;2

To provide ([A.3)), we exploit a freedom in choosing the Scott-Zhang interpolant pointed out in
[15]: For every vertex y of 7, we need to associate either a d-dimensional simplex to y or a
d — 1-dimensional simplex. If y is a vertex for some 1" € 7;;2 and y ¢ 012, then we associate one
of these simplices from ’7;;2 with y. By the stability property of the Scott-Zhang interpolant we
have

(A4) 1% Bvllia < Ol Bvllve.
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Now we define a discrete extension operator for piecewise linear v € Vh1 .
Elo(y) v(y) if y is a vertex and y € Q_;Lr,
v = _
" IPZEv(y) if y is a vertex and y ¢ Q.
Note that
Elv=v on Q.

We decompose 7;;2 = ’7;;1 U ’7;1.’“ where ’7;;1 ={T ¢ 7;;2 : T has a vertex y such that y €
K, for some K € 7,'} and 7;;i’mt = 7;;1\7;21
We then see that

IVERl. = S IVEl}

TeT,

= > VBl + > IVEWIZ
TeT, TeT, M

= > IVEwlF+ > IVI¥Eu|7
TeT, ! TeT, ™

< D IVEWIF + B} o
TET,

Therefore, we are left to bound >/ 1 |VE}v||%. We use the triangle inequality to get
h,i

1,12 SZ 2 1 SZ 2
Z IVELvl|7 < Z 2(IVIP2 Ev||7 + [V (Epv — IP7Ev)|7)
ety et
<2 I%Eolff - +2 ) V(B - I Ev)|l7.
TeT;
For ease of notation we set w = E}Lv — IS?2Fv. Now note that if T € T € 7;:2-’1 then w vanishes

on all vertices that do not belong to QZ Hence, using inverse estimates we get

2 d—2 d—2
[Vwlf < Chz?llwlf < ChE[wllfeery < ChT> Y Jwlfe
KeT,D KNT#0
<chp® > ik
KeT! KrT#0

Hence, we will have

Yo IVwli < Y b lwliz.

TeT, TEeT,

Recalling AssumptionPl if T' € ’7? there exists K1 € ’7;?'2 such that T'= K1, Ko, ..., Ky = K
and K, K1 have a common d — 1 face for j </ and K; C QZ The number ¢ < M where M
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is uniformly bounded and only depends on the shape regularity of the mesh. Then we see from
a simple scaling argument that

)4
lwllF < Cllwli, + Y b, IVwlk,)-
i=1

Using ([A.3) we have w|, = 0 since K7 € T, and so

)4 )4
2 2 2 2 2
Jwllz <C Z R, IVl < Chp Z [Vwl%,-
i=1 i=1
In the last inequality we used that by shape regularity hgx, < Chy where C depends on M and
shape regularity constant. We then get

- SZ
> hfllwlf < C Y0 [Vullf < CIVolg, + IVIZED)E,).
TeTy TET,F
In the last step we used ([A.J]). Therefore, combining all the inequalities above we obtain

IVERIE < CUI ol g + Vel ).

We hence, get that after using (A2) and (A4) that
1
VBl < Cllel, -
Finally, since Eilﬂ)’Q; =vand Q = QU Q_Z as indicated in section Bl we get
(A5) IVE}vlla < Clloll g3
A.2. General Discrete Extension Operator. Building on the availability of E}L we define

the general extension operator. Let Vh+ = {’U|Q; :v € Vjp} and consider the subspace ij =

{v eV, 1 v(y) =0 for all vertices y of T,"}. For v € W, we consider the extension Qnv € Vj,
by defining its nodal values as follows

Only) = {v(y) ity € N(Th) and y € O
0 if y e N(T) and y ¢ Q;f
Then we can easily prove the following lemma.
Lemma A.1. Forv € W}:r it holds
(A.6) ||V(QhU)HQ;7i < CIHV’UHQ;7
where the constant C1 only depends on the shape regularity of the mesh.
Proof. Note that th|9;i is supported on all simplices 7' € 7, that have at least one edge
belonging to 89;. Lets call this set of simplices wy, :
w, ={T €7, : an edge of T' belongs to 89;},
and we also consider the set
w;{ ={T ¢ ’7? : an edge of T belongs to 89;}



28 E. CACERES, J. GUZMAN, AND M.A. OLSHANSKII

For each T € wj , let E(T) := {r € 7;" : 7 and T share a common edge}. Then we have due to
the finite element inverse estimates:

V@l = Y IVQuwlE <€ Y A Qe
Tew, Tew,
At the same time, with the help of (AJ]) we have for each T € wj,
ooy < C <C o0 (1)
1Qnvl Loe () < Jnax 1Qrv(y)ll < RIS vl oo ()

For the second inequality we used that (Q,v vanishes on all nodes except the nodal points of T’
that belong 0T and belong to the boundary of 89;. Since v € W}:r and so v vanishes on all the
vertices of such 7’s, we obtain

|Qnvllee(ry < Chr e IVl Loe (7).

Finally, applying inverse estimates gives

1Qnv|l oo () < C’hTh;d/2||Vv||T for some 7 € Z(T).

Hence,
2 2 2
IVQuel < X IVl < Vo,
7 Tewz
O

Let I, : C(Qf) — V. be the Lagrange interpolant. In section [A1] we defined a stable
discrete extension operator E} : VhlJF(Q;{) — VL C V.

We finally can define our general discrete extension operator. For any v € V]J;L, we define
Epv € Vj), as follows

(A7) Epv = E} (Inw) + Qn(v — Iyw).

Note that v — Iv € W}:r so indeed this definition makes sense.
We use the boundedness of E}, (AF), (AS) and the stability of J;, to obtain:

IV Enollo <IVELT)lgy  + 19(@n(0 = Tno)) g
<Cllhwnll s +CIV @ ~ Iw)llgr < Cllol, o

with some C independent of h and the position of I' in the background mesh. Hence, we we
have proven Lemma
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