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Abstract

These notes are concerned with the numerical treatment of the coupling
between second order elliptic problems that feature large contrast between
their characteristic coefficients. In particular, we study the application of
Nitsche’s method to set up a robust approximation of interface conditions
in the framework of the finite element method. The notes are subdivided in
three parts. Firstly, we review the weak enforcement of Dirichlet boundary
conditions with particular attention to Nitsche’s method and we discuss the
extension of such technique to the coupling of Poisson equations. Secondly,
we review the application of Nitsche’s method to large contrast problems,
discretised on computational meshes that capture the interface of disconti-
nuity between coefficients. Finally, we extend the previous schemes to the
case of unfitted meshes, which occurs when the computational mesh does
not conform with the interface between subproblems.

1 A Review of Nitsche’s Method

1.1 Weak Enforcement of Boundary Conditions for Poisson’s
Problem

The aim of this section is to review some well known techniques to enforce
boundary conditions of Dirichlet type for second order problems. In particular,
we will focus on the techniques that allow to enforce such boundary conditions
within the definition of the bilinear form associated to the variational formulation
of the problem at hand, rather than enforcing the constraints at the boundary
in the search space for the solution. We refer to such schemes as those using
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weak enforcement of Dirichlet boundary conditions, in contrast to the case where
Dirichlet boundary conditions appear in the definition of the trial space, often
addressed as strong enforcement of boundary constraints. Concerning Neumann
or mixed type boundary conditions we observe that they are naturally embedded
in the set up of the problem bilinear form. Some alternatives for the treatment
of natural boundary conditions have been recently addressed in [34].

We start from the simplest model problem, that is Poisson’s problem with
Dirichlet boundary conditions, which can be straightforwardly formulated as
follows. Let ©Q be a convex polygonal domain in R?. Given f € L%*(Q) and
g€ H%(ﬁﬂ), find & € H'(Q2) a weak solution of

{ éu f, inQ, (1)
u=g, on 0f).

The most straightforward way to enforce Dirichlet type constraints at the
boundary is to embed the variational formulation into an Hilbert space whose
functions satisfy the boundary constraints. Given Rg € H' (1), a lifting of g on
the entire €2, we aim to find u € H}(2) such that

a(u,v) = F(v) —a(Rg,v) Vv € HY (), (2)
a(u,v) = (Vu, Vv)q,
F(U) = (fa U)Qv

where (+,-)q, denotes the L? inner product on Q. In the framework of the
finite element method, the enforcement of Dirichlet boundary conditions in the
trial space is also easily translated to the discrete level. Thus, for the approxi-
mation of classical second order problems there is no need to consider alterna-
tives. However, the continuous expansion of computational analysis in several
engineering disciplines often requires to consider non standard problem formula-
tions. Among many other examples we mention problems that feature multiple
domains, accounting for the contact between different materials or fluids, prob-
lems with moving boundaries, such as the ones arising from fluid-structure in-
teraction analysis, problems set on domains with very complex dendritic shapes,
which are often encountered in the application of computational analysis to life
sciences. In these cases, the strong enforcement of Dirichlet boundary or inter-
face conditions may turn out to be cumbersome when applied at the discrete
level, while the weak treatment of Dirichlet constraints, which allows to relax
their satisfaction, may lead to numerical schemes that are more efficient or easily
implemented.

An effective technique for weak enforcement of Dirichlet boundary constraints
is the application of Lagrange multipliers. The original idea, due to Babuska
[3], is based on the fact that the weak formulation of the Poisson’s problem is
equivalent to the minimisation among all functions v € Hg(Q) of the energy



functional

T = min I 3)
J(v) := a(v,v) — 2F(v) Vv € HY(Q). (4)

The problem of finding the minimum u € H}(£2) can be seen as a constrained
minimisation problem, because the solution is sought in a subspace H}(f2) of
the natural space H'(£) where the functional is well defined. This convex con-
strained minimisation problem can be translated into an unconstrained problem
by resorting 1to the Lagrangian functional iauccounting for the constraint « = 0 on
0€). Let H™2(092) be the dual space of Hz(0f2) with the duality pairing (-, -)sq,
then

L(v,p) == J(v) + (u,v), Yoe H(Q), peH 2(09)

is the Lagrangian functional and we look for a couple (u, A), where the ad-
ditional unknown A is called Lagrange multiplier such that,

L(u,A\) = inf sup  L(v, p).
veEH(Q) pwEH=1/2(59)

This is an instance of a saddle point problem, involving minimisation with
respect to one unknown and maximisation with respect to the other. Owing to
fundamental results of convex analysis, this constrained minimisation problem
admits the following equivalent formulation: setting b(\, v) := (\, v)gq and given
f e L%(Q), find u € HY(Q), A € H2(9Q) such that

a(u,v) +b(\,v) = Fv) Yve HY(Q), (5)
_1
b(p,u) = b(p, g) V€ H2(09).

We notice that the new formulation with Lagrange multipliers involves an
additional unknown that at the discrete level increases the computational cost
of the problem. However, this is not only a drawback, because the unknown A
has a relevant physical meaning,

A+ Bpu=0in H2(99).

Anyway, the most relevant remark concerning the weak enforcement of Dirich-
let boundary condition with Lagrange multipliers is the fact that the correspond-
ing variational problem does not conform with the assumptions of Lax-Milgram’s
Lemma, which ensures well posedness of the usual weak formulation of Poisson’s
problem. The crucial point is that the introduction of Lagrange multipliers
breaks the coercivity of the entire weak problem, whose well posedness holds



true under the following set of conditions,

a(+,-) and b(-,-) are bilinear and continuous,

coercivity: 3 a > 0 s.t. a(v,v) > OéHUHiQ

Yo e Z:={ve H(Q):b(\v) =0, YA€ H 2(0Q)},

~—

b(A
“Inf-sup”: 3 8 > 0 s.t. VA € H*%(({?Q), sup (%, v
vert@\fo} [1vll1.0

> .

It is immediately evident that the verification of such conditions is a more
challenging task than the check of Lax-Milgram’s assumptions. In the case of
the variational formulation of problem (1) with weak enforcement of boundary
conditions they are satisfied, see for instance [35].

However, a fundamental problem appears when we look at the discretisation
by means of finite elements. With a conforming finite element discretisation, the
classical Lax-Milgram’s coercivity is automatically inherited at the discrete level,
but this is not the case for the aforementioned “inf-sup”condition. According to
the particular choices for the approximation spaces of H'() and H 3 (092) such
condition may not be verified at the discrete level. The correct formalisation of
this difficulty and the constructive development of suitable couples of discrete
spaces for the approximation of saddle point problems have been an important
milestone of finite element analysis in the last decades, see [9, 39, 40] among
many others.

More precisely, given the finite element spaces Vj, € H'(Q), A, ¢ H -3 (09),
the application of Galerkin method to (5) consists in finding uj, € Vj, and A\, € Ay,
such that

{a(uh,vh) +b(Ap,on) = F(vp) Vop € Vi, ©)

b(pen, un) = b(pn, g) Vpn € Ay

and proceeding similarly to the infinite-dimensional case, it has been proved
that, see [3], the discrete problem is well posed provided that

oy > 0 8.t a(vp,vp) = anllunlli o (7)

Yo € Zy, := {vh eV s.t. b(vh,,uh) =0, vﬂh € Ah},
3 B, > 0 uniformly independent of A s.t. (8)

b(A
VY A\, €Ay,  sup M >
v eVi\{0} [vn 1,0

Note that, since the search space for the solution uj; has been extended, by
removing the strong enforcement of the constraints at the boundary, coercivity
of a(-,-) is lost in Vj, C H'(£2). For this reason, the Lax-Milgram’s theory does
not apply any more. Furthermore, the satisfaction of the discrete “inf-sup”



condition is not straightforward, for instance intuitive choices of discrete spaces
such as linear finite elements in €2 for u;, and linear finite elements on OS2 for
A, lead to an unstable discrete problem. For standard H'-conforming affine
finite elements for the approximation of u, a piecewise constant approximation
for A is stable provided that the multiplier space is defined on a boundary mesh
with size 3h, with h being the characteristic element size. For Crouzeix-Raviart
approximation of u, piecewise constant multipliers on the unrestricted boundary
mesh are stable. Recalling the equation A\ + d,u = 0 one can expect that the
regularity for the Lagrange multiplier space should be lower than the one for the
primal unknown uy. Such rule of thumb is also confirmed by observing that a
generalisation of the previous stable couple of elements is given by k-order H'-
conforming finite elements on Q combined with fully discontinuous (k — 1)-order
finite elements on 0€2. We refer the interested reader to [39, 40, 41] for a detailed
analysis.

The relaxation of the strong enforcement of Dirichlet boundary conditions
by means of Lagrange multipliers leads to an accurate but expensive problem
at the discrete level. For this reason, some alternatives have been developed,
with the aim to perform the weak approximation of boundary conditions using
a numerical method that can still be cast in the framework of Lax-Milgram’s
lemma.

Starting from the minimisation problem (3), the most straightforward strat-
egy consists in the application of a penalty method. The idea is to enrich the
energy functional J(v) with an additional quadratic term that takes its minimum
when the Dirichlet boundary conditions are exactly satisfied. The magnitude of
the additional functional should be modulated by means of a constant factor
that ensures that the minimum of the augmented functional accurately, but not
exactly, satisfies the prescribed boundary conditions. Given € > 0 the penalty
method consists in finding u, € H'(Q2) such that

Je €) — i Je ) 9
(ue) Lo (v) (9)
Je(v) = J(v) + 3¢ v = gllg o0, Vv € H'(Q), (10)

whose Euler equations require to find u. € H*() such that
a(u,v) + € (u—g,v)50 = Fv), Yve HY(Q), (11)

which seem to share all the good properties of (2) with the additional advantage
that the natural search and test spaces are the entire H'(£2). The application
of Galerkin method to (11) consists in finding uj . € V;, C H*(Q) such that

a(up,e,vn) + € (Une — g,vn)gq = Flun), Vop € Vi, (12)

where Vj, could be any H'-conformal finite element space on 2. However, to
analyze the efficiency of the penalty method, we remind that (12) has been



developed to approximate (2). In this respect, the first property to be considered
is the consistency of such an approximation scheme. Starting from (12) and
performing integration by parts on {2 we obtain a residual,

R(tn,e) == (—Aupe — f,00)q + (Ontine, vn)pq + € (Une — 9,0h) 50  Y0n € Vi

Replacing up e with u € H}(Q) such that —Au — f = 0 weakly in Q and u = g
on 0f) we observe that the residual does not vanish, i.e.

R(u) = (Onu, vh)oq 7# 0

This proves that the penalty method is not strongly consistent with the orig-
inal weak Poisson’s problem. Then, the fundamental question is how to choose
the penalty parameter € with respect to the characteristic mesh size h and the fi-
nite element polynomial order £ so that uy . converges to u with possibly optimal
rate as h becomes infinitesimal. We refer to [4, 7] for a thorough discussion and
error analysis of the penalty method, which will be briefly summarized later on.
Anyway, the penalty method has received a considerable attention in literature,
in particular for the approximation of problems where the computational mesh is
not fitted to the boundary, because the penalty term can be easily implemented
also in this setting.

Among several interpretations, Nitsche’s method can be seen as a variant
to override the major drawback of the penalty method, restoring the strong
consistency of the discrete scheme with respect to (2). More precisely, we aim
to find up . € V3 C H'(Q) such that

ac(upe,vp) = Fe(vp) Yo, € Vi, (13)
with

ac(Un,e; Vh) = a(Un,e, Vi) — (OnlUn,e, Vi) oo — S (OnUnhs Un,c) 5 + et (Uhes Vh) g »
Fe(vp) := F(vp) + e’ (9, Uh)aQ — 5 (Onup, 9)39 )

where € plays the role of penalty parameter and s (9nvp, upe — g) an With s €
{—1,0,1} is an additional term that if s = 1 restores the symmetry of ac(un.c,vn),
according to the fact that a(u,v) is supposed to be a symmetric bilinear form.
However, all choices s = +1 and s = 0 are admissible and will be discussed
later on. Another fundamental part of the scheme is the selection of the penalty
parameter that will clearly emerge from the error analysis of the scheme.
Quoting R. Stenberg 1995, [45], “In view of our analysis it seems that the
Nitsche method is the most straightforward method to use. Unfortunately, this
method seems to be quite unknown. We think, however, that it would be worth-
while to explore it in applications such as contact problems, for fictitious domain
methods and for domain decomposition”. Indeed, Nitsche’s method has been
recently applied to all of these cases with success and the scope of the present
work is to review those studies, developing and discussing further extensions.



1.2 Analysis of Nitsche’s method

Let Ty, be a family of shape regular and quasi uniform triangulations of 2. Let K
be a generic element of 7, and let hx be its diameter (the radius of the smallest
ball containing this set) and the characteristic mesh size is h := maxgeT; hi.
Without loss of generality, we refer with our notation and choice of symbols to
the case of two space dimensions. In particular, we apply the subscript E to
denote element edges (or faces in three dimensions). Let B, be the collection of
mesh edges lying on the boundary 9. On each mesh 7}, we set up a Lagrangian
finite element space of order k£ denoted as

Vi, = {’Uh € CO(Q) : 'Uh‘K S ]P)k(K> VK € 771}

We endow the finite element space with the following norms that are adapted
to the analysis of the scheme

[Wlieon = > € lollsp Vo e L?(09),
EeBy,

lllieq = llig+IlWlZoe, Yve HY(Q).

For the forthcoming analysis we remind of the following basic inequalities,
for which we refer to [10]. For simplicity of notation, we write a < b if there
exists a positive constant C' independent of A such that a < Cb. The standard
L? Cauchy-Schwarz inequality can be straightforwardly extended to,

(v, w)pq < Wllzeonllwllzeon, Vo,w e L*(09).

We will also make use of a generalised Poincaré inequality, also known as
Poincaré-Friedrichs inequality, which holds in H'(€2) provided that an additional
term is introduced to enrich the H'-seminorm in order to account for constant
functions,

lWlve S+ vl Yo HY(Q).

Finally, the following discrete inequalities will be fundamental for the analysis
of Nitsche’s method,

1
hillonlloe S lvellox,  helVunllox S llvnlloxs  Von € Vi (14)
The first inequality implies that there exists a positive constant C7 such that

> hpllonl§e < Cr > llvw

EeBy, KeTy,

0K (15)

We notice that problem (13) consists of a standard Galerkin method using
an H'-conformal approximation space. Then, owing to Lax-Milgram’s lemma



its well posedness is ensured by consistency, stability and boundedness of ac(, )
together with linearity and boundedness of the right hand side.

Recalling that Nitsche’s method can be seen as a correction of a simple
penalty method in order to recover consistency, it is easy to verify that, given
u € H*(Q)N HL(Q) the weak solution of —Au = f in Q with u = g on 99, then
problem (13) satisfies ac(u — upe,vn) = 0 for any v, € Vj,, which states that
Nitsche’s method is strongly consistent for any admissible value of € and s.

In the framework of Lax-Milgram’s lemma, stability is equivalent to coerciv-
ity of ac(-,-) that holds true if there exists a > 0, uniformly independent of h,
such that

ac(vn, vn) > allop|? s Von € Vi

To investigate the validity of such property in the particular case s = 1, we
proceed as follows
ac(vn,vn) = |valf o + llvall? o0 — 2 (vh, Onon)

> [vnlf o + [[onl

3,8Q — 2[|vple,00/|Onval| —c.00

3,69 - 5”871%“2—6,69

200 =0 Z elonli p- (16)
EeBy,

> ’Uhﬁ,(z + [|vn] z,aﬂ — 6 |on

< ’Uh’%,ﬂ + [Jvnl z,aﬂ — 6 o

In order to combine the first with the fourth term of previous inequality, it
is convenient to select e such that it is € is directly proportional to hg on Bp.
As a result of that, the norm ||v||+¢ 00 is equivalent to

thHi%7h7aQ = Z hj'Ez‘le”%,Ea Vv € Lz(aﬂ)
EeBy,

2

190 accordingly. Owing to inverse
29

and we denote HUH%,LQ = |v %Q + lvll

inequality (14), we notice that it holds

”vhHQ,l hoQ — hEHUhHQE S.J thH%{ SJ ”vhHg,Qv V vp € Vi
27 b
EEBy, KeTy,

Given a positive constant v we select € = hg/v for notational convenience.
Then, the bilinear form a.(-,-) and the right hand side F,(-) should be modified
as follows,

ap(un,vp) := alun, vp) — (Ontn, V) go — S (OnUns Un)go + ¥ Z Rt (un,vn) g
EEBy,

Fp(vp) = F(vn) +7 Z he' (9,v0) 5 — 5 (Onvn, 9) a0 »
EeBy,

and we aim to find uy, € V}, such that ap,(up, vy) = Fp(vy) for any vy, € V4, which
precisely define the Nitsche’s method, except from the constant v. To conclude



the analysis of coercivity of ay(,-), we mimic the reasoning of (16) for the case
s =1 and exploiting (15) we obtain

an(on,vn) 2 (1= 0CD|olia+ (v = 0" Dllwnlll j, 5

such that the coercivity of ap(-,) holds true for any 01—1 > § > 0 provided that
the penalty parameter v is such that v > 6~ > C7. An estimate of constant C;
for piecewise affine approximation is provided in [31].

Boundedness of Nitsche’s method is equivalent to continuity of ap(-,-). In
view of the forthcoming error analysis, we introduce the augmented norm

ol g = 10+ 1ol g + 100012y, g V0 € (HE(R) +V3).
Then, there exists M > 0 uniformly independent of h such that
an(u,v) < Ml||ul|[ypollvllLh, Yu e (H*(Q)+ Vi), Yo € Vi

The proof of such property follows from a combination of Cauchy-Schwarz in-
equalities,

ap(u,v)
<|uliolvle + ’YHUH%,h,aQHUH%,h,aQ‘FHUH%,h,aQHanuH_%,h,aQ

+ HUH%,h,aQHan”H—%,h,aQ

Slulialvlie +llully paollolls paa + 1011 paollOnull —1 4 oq + lulls 5ol
Sllulllipellvlling, Yo e (H*(Q) + Vi), Yo € V.

1,0

Combining consistency, stability and boundedness, we are able to perform
the error analysis of Nitsche’s method. We remind that the finite element space
Vj, satisfies a well known approximation property in the H' norm, which can
be easily extended to the mesh dependent norm ||| - [||; 4,0 owning to inverse
inequalities, in particular for any v € H*1(Q),

inf ||| —ovalll1no S A [ollkre.
v EVR

Then, Strang’s lemma allows us to conclude that given u € H**1(Q) with
k > 1 the weak solution of —Au = f in Q2 with u = g on 99 and given u;, the
solution of Nitsche’s method with v large enough, the following a-priori error
estimate holds true,

lu—unlline S nf [lu—oullline S B ulkie, (17)
v EVY

and in case of self-adjoint problems and s = 1, exploiting Aubin-Nitsche’s Lemma
one obtains,
lu = unlloo S W [ullki,0- (18)



The optimality of approximation properties in the L?-norm show the ad-
vantage of Nitsche’s method with respect to the penalty technique, because the
latter scheme turns out to be slightly suboptimal in this norm. Indeed, the
analysis of [7] shows that, provided u € H*(Q), for piece-wise linear elements on
polygonsal domains with perfectly fitted boundaries the optimal penalty choice
is € ~ h3 and it leads to

5
lu —unllio S hllullag, [lu—uilloo S h3[ullso.

For quadratic Lagrangian elements with the choice € ~ h?, it is possible to prove
that the penalty method satisfies the following error estimates,

lu = unllie S Hllullse,  lu—unlloe < P ulsq.

which, under the strengthened regularity assumption u € H°(f2), are optimal
for the H'-norm case, but suboptimal when the convergence is measured in the
L?-norm.

Conversely, the Lagrange multipliers method provides optimal convergence
rates with respect to h. More precisely, we assume that the spaces Vj,, Ay, satisfy
the following approximation properties respectively,

|0,8Q =S thHN”lH,aQ,

inf ||v— < pk inf -
U;gvhllv vl S Pk, “;gAhllu Ih

for regular functions v € H**1(Q), p € H*Y(99Q). Then, provided that condi-

tions (7)- (8) hold true for V4, Ay, the following error estimates are satisfied,
see [39, 40, 41],

3
lu = wnllre + IX = Al -1 poa S AEllulliire + A2 |uli o0,

Thanks to the property A + d,u = 0, the Lagrange multipliers method has the
advantage to simultaneously provide an approximation of the solution u and of
its flux at the boundary. For Nitsche’s method, the calculation of fluxes can be
achieved after the solution of the problem determining uy. It is interesting to
observe that an accurate flux reconstruction involves both the normal gradient
of the numerical solution and the penalty term. Indeed, multiplying equation
(1) with homogeneous Dirichlet boundary data g = 0 by a test function vy, € V4,
integrating over () and applying Green’s formula, we straightforwardly obtain

(Vu, VUh)Q — (Onu, Uh)asz = (f,vn), Yoy € V.

Subtracting Nitsche’s scheme from previous equation we obtain,

(Onu, vh) g0 = (Ontn, V) gq + 5 (OnUh, Un)gq

-7 Z hg’l (un,vn) g+ (V(u —up), Vop)q
EeBy,

and by selecting v, = 1 we obtain the following flux reconstruction formula,

8nu—/ Onup — h_l/u.
/89 [9}9) " Z E E "

EeBy,

10



1.3 Nitsche’s Method for Interface Problems

The aim of this section is to briefly illustrate the application of Nitsche’s method
to a prototype of the interface problem. This subject has been and still is an
active field of research, and the topics addressed here represent a summary of
the seminal works by Hansbo et al, [8, 31].

Our simplified multi-domain problem consists of two non overlapping polyg-
onal subdomains, €;, i = 1,2, with interface I' := Q; N Qy. We aim to find
u; € HY(Q;) that weakly satisfy,

_Aul = f) in Qi)
; =0, on 9 N 0L,
Uj i (19)
Ul — U = 0, on F,
(‘9nu1 — Oan = O, on F,
where n denotes a unit normal vector associated to I' and d,u := Vu - n,

where n on I' can be either chosen as n := n; or equivalently n := ny. Such
ambiguity does not affect the application of Nitsche’s method. To proceed, we
define jumps and averages of quantities across the interface I'. In particular,
given a function v : Q; U Qy — R, its jump across the interface is defined as
[v] := v1 — va, according to the sign of the vector n, which is here selected as
n = ny, while the average is {v} := (v1 + v2). Problem (19) can be rewritten
more conveniently as follows,

—Au; = f, in
u; = 0, on 90 N 9K,
[u] =0, onT,
[Onu] =0, onT.

(20)

As an instance of the rich family of mortar methods for interface prob-
lems, the peculiarity of Nitsche’s scheme is to provide an approximation uy =
[un1,uns] of (20) that is non conforming with H'(f2), as alternative to most
popular domain decomposition techniques, such as Dirichlet-Neumann splitting.

For the discretisation of (20) let 75 ; be a family of shape-regular, quasi-
uniform triangulations of €2;. Note that 7j; with ¢ = 1,2 may be non con-
forming at the interface. Let B}, ; and Gy, ; the collections of the faces/edges at
the boundary and at the interface respectively. We look for discrete functions
[un1,un2] € Vi := Vi1 X Vj 9, where V},; are Lagrangian finite element spaces
on Tp ;.

A weak formulation of the multi-domain problem that is prone to discretisa-
tion by Nitsche’s method is obtained by multiplying (20), with a test function

11



v; € H'Q); and applying integration by parts, such that

= Z (/QiVu-VU—/BQi\FVU'HiU)—/F[[vu'nv]]'

i=1,2
Interface conditions prescribing continuity of fluxes, i.e. [O,u] = 0, can be
enforced in the bilinear form with the help of the following algebraic identity
[ab] = [a]{b} + [b]{a}, such that
[Vu-nv] = [Vu-n]J{v} +{Vu-n}[v] = {Vu-n}v] + {Vv-n}u]
where we exploit [u] = 0 owing to the strong consistency. For interface condi-
tions prescribing continuity of the solution at the interface, we exploit penalty,

Z(ZIZVE/E[[U]][[vmz:};/Em)

i=1,2  E€Gh EeBp

where v is the penalty parameter already introduced for the approximation
of Poisson’s problem. Then, the extension of Nitsche’s method to interface
conditions consists in finding up, := [up 1, up 2] € Vi, := Vi1 X Vj, 2 such that

ap(un,vp) = Fp(vp), Yop € Vj (21)
with a;(u,v) := (Vu;, Vo). for any u;,v; € H'(Q;) and

an(up,vp) ==Y (ai(uh,i,vh,i)Jr > ’Yhél([[uh]]vﬂvh]])fs>

i=1,2 E€Gy;

— ({Vup, - n}, [vp])r — ({(Vor - n}, [un])r

+ Y ( D AhE! (wnon) g — (Vun - 15, 0) gor — (Vvh'ni»uh)agi\r»
=12 FEeBp;

Fp(vp) := F(vp) = /vah, since u = 0 on 0f),

where for simplicity we restrict the setting to the case s = 1. This turns out to be
a Galerkin method with an approximation space that is not H'-conformal on €.
Indeed, uy, belongs to the broken Sobolev space H(Q;UQy) := H(Q)x HY(Q2)
and the natural norms for the analysis of the problem read as follows,

12 g, = 30 WEIRs o€ (D),
E€Gh i

o1 oy = 3 (I, + 10l s+ IR g, )s Vor € HY(S),
i=1,2

12



Then, proceeding analogously to the case of a single domain, it is possible
to verify that, if (20) admits a regular solution u € H?(Q1 U Qs) N H(2), then
ap(u,vp) = Fp(vp) for any vy, € Vi, and ap(u — up,vp) = 0 for any v, € Vj,.
Furthermore, aj(-,-) is bounded in the norm || - || »,0,uq, and also stable with a
constant uniformly independent on the mesh characteristic size h. As a result of
that, following the lines of Cea’s lemma, we obtain an a priori estimate equivalent

o (17).

We finally notice that Nitsche’s multi-domain scheme can be easily decom-
posed into local problems, relative to each subdomain, and coupling terms that
transfer information from one subdomain to others. In particular we write,

uhavh E § [ahl Uh,is Uh l) Ch,ij(uh,j7vh,i) )

1=1,2 j#i

where each single term is defined as follows,

ani(Uh,is Vhi) = ai(Uhis Vni) + Chyii(Unis Vng) + bni(Wn i, vhi),

Chii(Uhis Vnyi) = Z Yh! (wniyvng) g — (AVaup,; - 0, Vi) p — (AVopn; -y, Uni)p s
EcGy,;

Chyij(Unj, Unyi) = Z Yhig! (unj,vni) g + (3Vun 10, vni) p — (3Von - i, un)
EcGh ;

bhyi(uh,i,vh,i) = Z [ Z ’yhfgl (uh7vh)E — (Vuy, - nz‘,vh)agi\r — (Vop, - ny, Uh)agi\r}-
i=1,2  E€By;

Such decomposition suggests that, starting from problem (21), it is possible
to devise an iterative splitting strategy that aims to decompose the solution of
a multi-domain problem on {2 into a sequence of local problems on €2;. Indeed,
owing to the introduction of the following relaxation operators, where the relax-
ation effect from one iteration to another is again obtained through a penalty
term similar to the one of (11),

(old) Z —1 (old)
Shz(uhlavhhuhl ) = JhE uh,i _U/h’i 7vh,i E7
E€Gh,i
(o d) . (old)
h(uh7 Vh; Uy, E S h,i uh,ia Vh,is uh,i )
i=1,2

The iterative method obtained by giving u?”. € Vi for i = 1,2 and looking
for a sequence of approximations ufw for any k > 0 such that,

ani(uf 3y 0ni) + 7 o (uh g onis ;) = enag (i ong) = Fri(ong), Yoni € Vg,
(22)

13



turns out to be convergent to [up, 1, up 2] provided that the relaxation parameter
o is large enough. Such technique has already been profitably applied to the
approximation of advection dominated elliptic problems in [17] as well as to
mixed problems in [19]. The convergence analysis of the iterative scheme is
more easily performed if we rewrite it as follows

an(uf, vn) + s7(up, vpsup ") = Fp(vn) — ru(uf — uf ", op), (23)
ru(uf, =y on) = Y0 en(uf ;= w st vn),
1=1,2 j#i
which is obtained from (22) by summing up the equations for ¢ = 1,2 and

introducing the new terms %cy, ;; (ufl’j, vp;). Notice that rh(uh - ufb L) plays

the role of iteration residual and the interplay of sf with rj, is the key point to
prove convergence of iterations. To this purpose, we look at the iteration error,
that is wf := uy, — uf. By subtracting (23) from (21), we obtain an equation for
wﬁ, precisely

k k—1

; P = —rp(wp — wi Tt v).

ah(whv Uh) + sh(w}]fn Vp; Wy,

Then, convergence of ufl relies on the following inequality

k  k k k— k
anh”lhﬁluﬂg +5h(wh>wh» h )< |7"h(wh Wy, ! wh)|v

combined with the following estimates for s7 and rp,

k k—1 k k k—1 k
rh(wy, — wy, , W) = Z {(V(wh,g — Wy, )'niawh,i>r
i=1,2;j#i
k k k—1 k—1 k
—(thﬂ--ni,wh] wy, )F—l— Z vhy (wh] wy, ,whl)F},
Eegh,z

k k—1 k k k k—1
{ (V(whﬂ wy, ) - nivwh,i)r — (Vw,m NG, W — W )F}
i=1,2

k 112 k—1)12 -1 k 2
S D Ukl e, + ks IR ) + 8 ks —wf TR p]
i=1,2;571
> > ahg' (why kst k),
i=1,2;j#i E€G ;

k 1 k k k—1
S0 [k s = w0 Nk g + STk whiwf ),

i=1,2
ko k. k o k
sCwh,whsof™) =237 [lloklld yp = k713 o p + ok = b7, r
i=1,2
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Together with suitable choices of § and ~, the previous estimates can be suitably
applied to obtain the following inequality

k-_
Blwill? poguo, +€ > llwk; - wh,z'l‘@,h,r
i=1,2

k— k
SO (I3 = Ik

i=1,2

2 k—12 k|12

1pr +lwns 1 po = lwnilline, |-
Summing up over the index k we conclude that there exists a constant C' > 0
independent on k, but possibly depending on the initial state, such that

o0
> llwkllno.ue, < C,
k=1

which implies convergence of the sequence u’fL to uy in the natural norm.

1.4 The Unfitted Version of Nitsche’s Method

The increasing complexity of geometrical configurations in applications addressed
by means of computational analysis has motivated the research of finite element
schemes capable to handle the case where the computational mesh is not fitted
to boundaries or interfaces. Instead, a physical domain with a possibly complex
shape is embedded into a computational domain with simple shape that is easily
partitioned into elements. Thanks to their flexibility in the treatment of Dirichlet
boundary conditions, the method of Lagrange multipliers and Nitsche’s scheme
have been profitably applied to such purpose. We report here simple examples
for such schemes, together with a brief discussion of their intrinsic drawbacks.
We refer to Section 3 for a detailed development of suitable stabilisation tech-
niques to obtain efficient and robust schemes for the approximation of problems
on boundaries or interfaces that do not fit with the computational mesh.

For the set up of a finite element method with unfitted boundary, we de-
note by € the physical domain, embedded into a computational domain Q7
corresponding to a computational mesh 7,. The basic restrictive assumption
for the correct definition of unfitted boundary methods is the requirement that
each element K € 7;, must have a non vanishing intersection with {2 and that
the boundary 92 is regular and intersects each element boundary 9K at most
twice and each open edge F at most once. We refer to Figure 5 for an example
of physical and computational domains. The approximation space consists on
linear Lagrangian finite elements on Q,

Vi, = {’Uh S CO(QT) : Uh‘K S Pl(K) VK € 77L}

Because of its simplicity, the penalty method turns out to be very attractive
to build up finite element approximations on meshes not fitting the boundary
of the physical domain. Under the assumption dist(2, Q27) < h2, it is shown
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in [7] that the application of the simple penalty term h~2 (uj, — g, vh)BQT to a
linear finite element approximation without boundary constraints is sufficient to
recover a discrete solution that satisfies the error estimates

3
lu—unllro S hllullag,  [lu—unlloo < h2llullaq,

for Poisson’s problem (or any other second-order self-adjoint variant) with reg-
ular solution u € H*(Q).

To extend the method of Lagrange multipliers to unfitted meshes, a major
difficulty is the construction of a suitable multiplier space for a boundary that
does not coincide with the edges of the mesh. An effective and simple solution is
studied in [26] where piecewise constant multipliers are applied on €. If the mul-
tiplier mesh is suitably coarser than the one relative to the primal unknown, the
application of piecewise linear approximations with piecewise constant multipli-
ers gives rise to a stable scheme. Unless the finite element spaces are chosen so
that the discrete inf-sup condition is satisfied, some stabilisation must be intro-
duced. One of the most popular stabilised methods was introduced by Hughes
and Barbosa [5, 6]. In this case the difference between the discrete Lagrange
multiplier and the discrete normal derivative is penalised. Such a method was
proposed in the fictitious domain framework by Renard et al. [33]. Another
recent stabilised method is based on the idea of interior penalty, where the sta-
bilisation acts on the Lagrange multiplier alone and acts as a coarsening operator
effectively penalising the distance of the discrete Lagrange multiplier to a stable
subspace. We give an example of this later formulation taken from [15] below.

For the construction of such a space we assume that 02 is a curved boundary
without corners (for the extension to the polygonal case we refer to [15]) and we
define the collection of all elements cut by the unfitted boundary as Cj, := {K €
Tn: KN OQ # (0}, then the space of multipliers is

Ay = {Uh S L2(Ch) : Uh’K S PO(K) VK € Ch}

For the approximation of problem (1) on an unfitted mesh we aim to find a
couple (up, Ap) € Vi, x A such that

{a(uh,vh) + b(An, vn) = F(vp) Vup € Vi, (24)

b(pn, un) — J( Ay ptn) = b(pn, g)  Yun € Ap,

where the definitions of a(-, -) and b(+,-) do not change with respect to (6), while
J(An,vp) is a stabilisation term proposed in [15] and defined as follows,

T ) = > (] e g

Eecép

where Ep is the set of edges or faces in Cj intersected by the boundary 0f2,
the jump of the piecewise constant function A across such edges is denoted by
[An] and v is a stabilisation parameter that should be selected large enough
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according to the analysis performed in [15]. Problem (24) features a remarkable
advantage for unfitted boundaries, because the primal and the dual variables uy,
and A, respectively, are defined on the same computational mesh 7j, in contrast
to a more classical choice for Lagrange multipliers that needs an independent
partition of the boundary 0f2.

The application of Nitsche’s method to the case of unfitted boundary only
requires a minor modification with respect to the standard case. We notice that
the concept of edges or faces on the unfitted boundary is not properly defined
yet. Then, instead of defining the penalty term on each edges, we simply consider
Yh™t (up, vp)p. As a result of that, Nitsche’s method for an unfitted boundary
requires to find uy € Vj, such that ap(up,vy) = Fp(vy) for any vy, € Vj, with

an(un,vn) = a(un,vr) = (Ontin, Vi) oo — 5 (Onvh, un)aq + YA~ (Un, vn)yq
Fh(vh) = F(Uh) + ht (ga Uh)aQ - S (8nvh79)89 .

The main drawback of such a scheme is its lack of robustness with respect
to the position of the boundary. Indeed, an unfitted boundary I' may cut the
computational mesh such that some intersections of elements with the physical
domain are very small and/or feature very large aspect ratios. In such cases, as
illustrated in [12], the linear system arising from Nitsche’s discrete problem may
be ill posed. Let x; be the vertexes of the computational mesh 7, and let Py be
the patch of elements relative to the vertex x;. Given a generic function vy, € V3,
let v the vector of its degrees of freedom endowed with the Euclidean norm ||v||,
namely these are the values of vy in the vertexes x;, for linear Lagrangian finite
elements. We denote with v a non-dimensional parameter that quantifies the size
of the minimal intersection of finite element patches with the physical domain.
Precisely, we define
Pe N Q|

Pel

Y = min

where from now on || will denote the d-dimensional volume of @ C R?. Ac-
cording to the analysis developed in [12, 43], there exists a function v} € V}, such
that

fea SRV

[[op]

Denoting with Aj the stiffness matrix related to Nitsche’s method, such an
estimate directly implies that its spectral condition number admits the lower
bound K»(Ay) 2 v~'h=2. For any boundary configuration such that v — 0,
matrix A becomes ill posed and almost singular. In conclusion, the development
of stabilisation techniques to complement the unfitted Nitsche’s scheme and
make it fully robust with respect to any boundary configuration is a vivid field
of research on which we will concentrate in Section 3.
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2 A Modified Nitsche’s Method for Large Contrast
Problems

In the previous section we have studied how to apply Nitsche’s method to en-
force interface conditions to couple second order problems of the same type on
adjacent domains. The purpose of this section is to extend this method to prob-
lems that vary in character form one part of the domain to another. To be more
precise, we restrict to interface problems where the governing equations are sim-
ilar on adjacent subdomains, but they may be characterized by heterogeneous
coefficients. We refer to this large family of problems with the general name of
large contrast problems and we remark that they are encountered in relevant ap-
plications such as computational mechanics, for the study of the deformation of
heterogeneous bodies, or geosciences, for the analysis of flow and mass transport
in soils or aquifers.

Several authors have already successfully applied Nitsche’s method to the
discretization of large contrast problems. For the case of computational me-
chanics we refer for instance to [31], while for the analysis of a generic singularly
perturbed advection diffusion problem we refer to [17]. In this section we focus
on the latter case, in particular we study the coupling of a second order scalar
problem where one of the subproblems features a singularly perturbed behaviour.
Typical model problems are advection / diffusion equations with heterogeneous
diffusion coefficients between subregions, i.e.

—V - (eVu)+ p-Vu=fin Q,

where € denotes the diffusivity of a given medium and § is a given advective field,
which for simplicity we assume to be solenoidal. Provided that ¢ is a positive
and bounded function, the advection / diffusion problem turns out to be well
posed owing to a straightforward application of Lax-Milgram’s lemma. In the
case of variable, possibly discontinuous diffusivity € the interest in rewriting the
problem as a multi-domain problem, subdividing regions with uniform proper-
ties, arises from the observation that internal layers of the solution may appear
in the neighbourhood of the interfaces where coefficients are discontinuous. In
several applications, such as heat or mass transfer problems, the configuration
of such layers determine the fluxes exchanged between different bodies, and thus
a correct approximation of them is necessary.

2.1 Approximation of Large Contrast Problems with Locally
Vanishing Diffusion

We consider for simplicity two non overlapping polygonal subdomains, €2;, ¢ =
1,2, with interface I' :== Q1 U)y as an instance of a more general multi-material
problem depicted in Figure 1. Furthermore, without significant loss of generality,
we restrict to the case of uniform coefficients on each subregion. In particular,
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Figure 1: A general multi-material problem (left) restricted to a two-domain
case (right).

given two constant parameters ¢; > 0, i = 1,2 and 3 € [C1(Q2)]? with V-3 = 0,
|B] ~ 1, we aim to find u; such that

V- (= &Vu;+ Bu;) = fi, inQ,
u; =0, on 092 N LY,
[u] =0, onT,
[-eVu-n+ 5 -nu] =0, onT.

(25)

First of all, we notice that an internal layer may appear in the neighborhood
of I" when €; # €3. This happens for instance if €; < €2 and the interface I' (or
part of it) is an outflow region for the advective field 5. In this case the internal
layer is located upwind to the interface, in other words it is confined into the
domain €2;. Moreover, in the singularly perturbed limit case, i.e. €1 — 0, €2 >0
the internal layer becomes thinner and stiffer, while the global solution u of
(25) approaches a discontinuous function. In conclusion, under these particular
conditions, the solution of the limit problem (25) with €; — 0 fails to be H!-
conformal. Thus, we focus on Nitsche’s technique as a discretization method for
interface problems pursuing the idea that only a H'! non-conformal discretization
technique can robustly approximate the problem under all possible conditions
including the singularly perturbed limit.

For the discretization of problem (25) we could proceed in analogy with Pois-
son problem, already addressed in Section 1.3. Since problem (25) is written in
divergence form, it is easy to extend the treatment of natural interface conditions
of type [Onu] = 0 to the case of the conormal derivative [—eVu-n+ 5 -nu]. We
will see later on that such an approach will only partially fulfill the objective to
set up a robust discretization scheme for local singularly perturbed problems. To
further improve the resulting scheme, we look at interface conditions with a bias
to domain decomposition methods. Observing that in the limit case ¢; — 0 the
sub-problem in £2; tends to an hyperbolic problem coupled to an elliptic prob-
lem on s, we consider the set up of a new Nitsche method arising from a set
of generalized interface conditions, introduced in [24] to couple both elliptic and
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hyperbolic problems, which give rise to the so called heterogeneous domain de-
composition methods, see [42]. Our purpose is to obtain a weak coupling scheme
that inherits the robustness of heterogeneous domain decomposition methods for
the approximation of problems that vary in character form one part of the do-
main to another. As a result of that, such a method will turn out to be effective
for problems whose solution features sharp internal layers.

The starting point of such a procedure is the definition and analysis of the
coupling conditions between an advection / diffusion (elliptic) equation with a
purely advective model (hyperbolic problem). Setting e; = 0, €2 > 0 in (25),
we identify 21 as the hyperbolic and 5 as the elliptic subregion. Let nj, be
the outward unit normal with respect to Qp, and let 0Q;, = {x € 0y, :
B - npy < 0}. According to this definition, the interface can be split in two
parts 'y, := ' N 99y, and the complementary Iy := '\ T';,. We look for
Upy = U1, Ue = U2 such that

(V-(—eVue + Bua) = in 2,
V- (Bupy) = f in Qpy,
—eVue - n+ - nug = B-nup, onl, (26)
Uel = Uhpy on Pm,
Ueg = 0 on 02 N 0Ny,
Upy =0 on 09 N 0Qy,.

Comparing problem (25) with (26), we notice that interface conditions in-
volving mass fluxes are naturally extended to the limit case ¢; = 0, because the
diffusive flux has disappeared from the right hand side of (26).. Conversely,
interface conditions for the solution itself feature a singular behaviour in the
vanishing viscosity case. Indeed, continuity of the solution is only enforced on
the inflow part of the interface, referred to as the hyperbolic boundary, i.e.
' N 99, while on the complementary outflow interface the solutions u.; and
Upy do not conform; that is the global solution of the heterogeneous problem, u,
can be discontinuous across this part of the interface. Nitsche’s method turns
out to be particularly effective to handle such conditions in a general setting.
On the one hand, as for the aforementioned Poisson problem, the continuity of
mass fluxes can be naturally handled by integrating by parts the local governing
equations and exploiting the algebraic inequality [ab] = [a]{b} + [b]{a}. On the
other hand, the singular behaviour of the continuity of the solution u can be ad-
dressed by a suitable manipulation of the interface penalty term. Exploiting the
flexibility of Nitsche’s technique, we aim to set up a discrete interface problem
that is strongly consistent with both problems (25), (26), resorting to a robust
finite element scheme for the local singularly perturbed limit case. To perform
this task we start from a unified formulation of continuity interface conditions
for problems (25) and (26) in a sufficiently general setting that allows the ex-
tension of similar concepts to the case of fluid dynamics, like the case addressed
in [19].
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If €; were positive and quasi-uniform on €2, the standard condition to enforce
the continuity of the solution would be,

(318 nr|+ {e}][u] =0 on T\ 9Q.

where we the factor [%W “np| + {e}] appears to modulate the intensity of the
penalty term that weakly enforces the continuity requirement. In order to correct
this condition in the case where ¢; significantly varies from region to region, we
introduce an heterogeneity factor, which quantifies the variation of € on the
interface, A(z)|r : T' — [—1, 1] such that

Wl it {e(@)} > 0,

0, if {e(z)} = 0.

AMx)|r =

Then, starting from the case of uniform diffusivity considered above, we propose
the following generalized interface conditions for the continuity of the solution,

[%|,8 : np|(1 — sign(f - nr)gop(/\)) + {e}(l - Xp(/\))] [ul=0 onT, (27)

where pr(A\) and xr(\) are scaling functions that must satisfy the following
requirements in order to make sure that in the limit case the continuity of the
solution is enforced on I' N 0€);, solely. Precisely, we assume that they satisfy
IXxe(M)| <1, Jer(A)] <1 and,

xr(A) =0 if Alp =0,
xr(A) =1 if Alp = =£1,
er(A) =0 if Ar =0,
or(\) = F1 if A|p = £1.

According to these properties, we further assume that yp(\) is a symmetric
function while pr(A) is skew-symmetric.

It is straightforward to verify that when €; = ez and thus A(e) = 0, condition
(27) coincides with [$]8 - nr| + {€}][u] = 0. In the vanishing viscosity case let
us fix n = ny, as reference orientation of the interface. Then, we obtain

€hy — €el

€hy T €el

and by consequence pr(A = —1) = 1. As a result of that, it turns out that, for
the elliptic / hyperbolic coupling, condition (27) is equivalent to (1 — sign(p -
n)er(A)) = 2 on Iy, and (1 —sign(B8 - n)er(A)) = 0 on oy, which coincides
with the continuity condition of (26).
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In conclusion, to set up Nitsche’s method that suits problem (25) and (26)
we start from the following general formulation that combines both,

V- ( —€;Vu; + Bui) = f; in €,
(518-mi| = 38 -ni + €)u; =0 on 9 N oY,
[-eVu-n+ 8 -nu]l =0 onT,
318 | (1 —sign(8-n)er(\)) + {e} (1 — xr(A))][u] =0 onT.

(28)

2.1.1 Variational formulation and analysis

To proceed with the variational formulation of problem (28), propaedeutic to the
application of Nitsche’s coupling technique, we integrate the governing equations
on each sub-region and applying Green’s formula (including the advective terms)
we obtain,

Z |:/ (unz -Vou; — 6uz . sz) -+ / ( —¢;Vu; - nu; + B . niuwi)]
oy 0,

i=1,2 ;
— Z [/ (€:Vui - Vo — Bu; - V) +/ (— €&V - + B - nmw@.)}
i=12 O\
+ /[[—GVU ‘nv + [ - nuvl. (29)
r

The term [—eVu-nv + 5 -nuv] allows us to weakly enforce continuity of the
conormal derivatives. However, to maintain strong consistency with problem
(28), it is necessary to generalize the technique already described for Poisson’s
equation, to the case of weighted averages,

{v(@)}w = wi(z)vi(r) + w;j(@)v;(2),

{o(@)}" := wj(2)vi(z) + wiz)v;(2),

with ¢ = 1,2, j # i, where v is a regular function, € I' and the weights
necessarily satisfy wi (z) + ws(x) = 1. We say that these averages are conjugate,
because they fulfill the following identity,

[ab] = {a}w[b] + {b}"[al,

that can be exploited to obtain,
[(—=eVu-n+ g -nu)v] = [-eVu-n+ §-nu]{v}” + {—eVu-n+ 5 - nu},[v]

= [-eVu-n+ - nu]{v}" — {Vu - n}y,[v] + {8 - nu}y,[v].
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First, the previous identity allows to weakly enforce the continuity of fluxes at
the interface, by setting [—eVu-n+3-nu] = 0. Secondly, it shows that the choice
of the averaging weights w; is not completely arbitrary. Indeed, to reproduce the
interface condition —eVue - n+ 8- nueg = B - nuy, at the level of the variational
formulation, that is to maintain strong consistency with problem (26), we have
to make sure that the term {eVu - n},[v] vanishes when ¢; = €, = 0 while
{B - nu},v] = B - nupyv]. Such requirements correspond to the following
constraint:

wy =1, wo =0 when ¢ —0

We conclude that, for a strongly consistent treatment of the interface con-
ditions with Nitsche’s method, not only the intensity of the penalty terms, but
also the averaging weights must suitably depend on the coefficients of the prob-
lem, and in particular on their heterogeneity. We will discuss later on suitable
expressions for these problem dependent parameters.

Defining the following problem dependent penalty factors that modulate the
enforcement of interface and boundary conditions, respectively,

¢r(e, 8) == 3(18-n| = B-ner(Alr)) + {e} (1 = xe(Alr)vhz'),
Eioale, B) == %(\5 ;| — B my) + evhy',

where v > 0 is a penalty parameter to be selected large enough in order to ensure
stability of the resulting scheme, the bilinear form corresponding to Nitsche’s
method for the discretization of problem (28) is assembled adding the following
penalty terms

Z( > fl“(€v/8)/[[uh]][[vh]]+ > fi,aﬂ(e,ﬁ)/EUhvh>,

i=1,2 E€G; B EeBy,;

to the equation arising from (29) after weak enforcement of flux continuity.
Exploiting the same finite element approximation defined for Poisson’s problem,
see Section (1.3), we aim to find discrete functions [up 1, up 2] € Vi, := Vi1 x V), 9,
where V}, ; are Lagrangian finite element spaces on 7y, ; relative to each subregion
Q;, such that

ah(uh,vh) = Fh(’l)h), Yo, € Vp,
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with

an(up, vy) = Z (€:Vun,i — Bung, Von,i)g,
i—1.2

201 2 @) Qul T+ Y &onled) (univni)g |

i=1,2 FE€Gp; E€By,;

= ({eVun - n}u, [onl)r = ({eVon - n}u, [un])r + ({8 - nun o, [oa])r

— (6Vun - 10, 0ni) o p — (6V VR - i, Uni) g + (B it Vni)ggar

Fy(vp) := F(vp) = / fop, if u=0 on 0NQ.
Q

Three remarks are in order. First, we restrict ourselves to homogeneous
Dirichlet boundary conditions, but the corresponding schemes for non-homogeneous
Dirichlet or Neumann conditions can be obtained similarly. Secondly, we have
applied the symmetrization technique already addressed for Poisson problem.
For non symmetric problems such as advection / diffusion equations, also skew
symmetrization turns out to be an interesting option. We will not dwell here on
a detailed comparison of the two possibilities, but for a detailed discussion on the
benefits of the non symmetric option we refer the interested reader to [38, 44].
Finally, we remind that the bilinear form ay(-,-) is not yet completely deter-
mined, because the scaling functions ¢r(A), xr(A) and the averaging weights w;
still require a precise definition. Since there are infinitely many expressions that
satisfy the aforementioned consistency requirements, we propose some criteria
that allow to identify an admissible and effective choice for such parameters.

According to the usual practice for advection / diffusion equations, we split
the bilinear form into its diffusive and advective components, denoted with
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ag,(+,-) and afb(-, -) respectively,

aj,(un, vp) == Z (e:Vun, Von,i)g,
i=1,2

+ 303 [318 -0l +{e} (1 = xeA)vhEY)] (Tunl, [vn]) g

i=1,2 E€G, ;

+ > > GIB-ml+erhy!) (univni)g

i=1,2 E€B), 4

{eVup, - n}ty, [vn])r — ({eVon - nh, [un])r
€V i - 03, Vni) gor — (€ VR Dy Un i) gop s

—(
=

a (up,vp) = Y [— (Bun,i, Von,i)g, + 3 (8- niuh,iavh,i)agi\r]
i=12

+ ({ﬁ . nuh}w — %6 : nSOF(MF)a [[Uh]])l“ ’

The aforementioned assumption that xr(A) is a symmetric function together
with the choice of exploiting the symmetric Nitsche formulation, makes sure that
the diffusion bilinear form aj,(-,-) respects the symmetry of the underlying op-
erator. Correspondingly, we want to make sure that af(-, -) is skew-symmetric,
ie. afb (up,vp) = —afb (vp,up). Since the satisfaction of such property depends on
©r(A), this is our criterion to determine the expression of this function. Exploit-
ing integration by parts, we observe that aﬁ (up,vp) becomes skew-symmetric
provided that the following equality holds true for any test function vy,

{n}" + 3er(N)[val = {vn}tw — Ser(N)[val,
which is equivalent to define
gDF(A) = (wi — wj)

in the particular case when the reference normal vector on the interface I', namely
n, points from ; to ;. Moreover, the following identity holds true,

B-n{vpte — 38 n(w; — w;)[vp] = B-n{vy},

and we notice that the advective bilinear form becomes,

al (up, o) = Z [_(ﬁuh,iavvh,i)gi+% (B- niuh,iavh,i)aﬂi\r]+({5 -nup }, [va])r
i=1,2

which, together with the penalty term proportional to %| B - ny|, corresponds to
the treatment of advective fluxes through the interface by means of a standard
upwind method.

For the identification of a suitable function xp(\) and of the weights w; in
terms of € and 3, we formulate some technical requirements that will facilitate
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the proof of coercivity of af, (-, -) in the forthcoming analysis of the scheme. First,
we select yr(\) such that,

{eH(1=xr() = {c}w.

Noticing that for any regular function v it holds {v}, = {v} — (w; — w;)[v]
and reminding of the definition of the heterogeneity factor A = [e]/(2{e}), we
conclude that the aforementioned requirement for yp(\) corresponds to set,

G P
=1 {6} ( J 2))‘

Finally, the weights w; are conveniently selected in order to satisfy the following
equality for any test function v,

{ev}w = {e}uiv},

that implies that 2{e},, = €;w; = €jw; being equivalent to set

xr(Alr)

€4 €;
w; = ——, wj= and {e}, = .
€ 1 €5 € + €5 € 1 €5

QEZ'EJ'

We observe that the aforementioned requirement w; = 1, wy = 0 when ¢; — 0 is
satisfied and that the term {eVu - n},[v] = {€}w{eVu - n}[v] vanishes together
with the diffusivity parameter.

With these particular choices of scaling functions and weights, the stability
of the discrete scheme, i.e. the consistency of its bilinear form, is readily proved.
Indeed, it is sufficient to consider the diffusive (symmetric) part af,(-,-), because
we have shown that a’g(-, -) is skew symmetric and it does not contribute to the

energy of the system. First of all, we straightforwardly verify that,

1
as,(vn,vn) = Y _ le2Vop§ o
i=1,2

+3° 3 QI8 0l + Herwhs)  [onl 3.6

1=1,2 FeGp ;
—1\3,, (|2
+> > IGIB- nl+evhp)  unlf g
i=1,2 E€By, ;
—2({eVuntw -0, [val)p — 2 (eVup -1, 08) 50,
where the first three terms on the right hand side represent the energy norm

that is applied for the stability and convergence analysis of the scheme. For the
remaining terms of aj(-,-), we exploit that {e}, = 2w;e; < 2¢; to obtain the
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following upper bound,

2({eVurtw - n, [vn])p + 2 (eVuy, - m,v1) 50
= Z 2 (eqwiVop; -, [vp])p + 2 (€Vop - n,vp) 50

=12
1 1 3

<3 [phel) Vons 0l g+ = Hehalonll

i=1,2 F€Gy, ; P
1 1 1

+ Z Z [5hEH€fVUh,i -n| %,E + WH?%H%,E}
i=1,2 BB E

< 1 2 Liraz 2 Lo 12

< Z dllez Vg q, + g||{6}w[[vh]]”%7h7p + g““”h”%,h,aﬂ'
=12

Then, a§ (-, -) turns out to be coercive for a sufficiently small § and large ~.

In [23] the scheme has been extended to Problem (25) with an anisotropic
symmetric positive definite diffusion tensor K :  — R%*? replacing the scalar
diffusivity €, under the practical assumption that K is a constant on each sub-
region denoted with K;. With the aforementioned choice of the scaling function
Xxr(Ar) = (w; — w;)A, the diffusive part of the bilinear form becomes

ap (up,vp) = Z (KiVun,i, Vopi) g,

i=1,2

+ 5% LB ol +stuhip)] (Tunl, [oa])
i=1,2 E€EG), ;

+ Z Z (%W -0 +’Y’<ﬂz’h7@1) (Uhis Vnyi) g
i=1,2 E€By, ;

- ({nTKVuh . n}w, [[Uh]])F - ({HTKVUh . n}w, [[uh]])F

T T
— (0] K;Vup; - 14,vp,) n; KV - 15, up,;)

o\l (

O\D?
where the averaging weights are selected as follows
Kj Ki 2KiK
ki :=n'Kmn, w=—>—, w; = " and {k}y= —L.
Ki + Kj Ki + Kj Ki + Kj

2.1.2 Stabilized Galerkin Methods for Singularly Perturbed Equa-
tions

The aforementioned Nitsche technique allows to robustly enforce interface con-
ditions among second order elliptic problems with discontinuous diffusion coeffi-
cients, but such technique does not cure the intrinsic instability of any standard
Galerkin approximation applied to singularly perturbed equations. For this rea-
son, the previously developed scheme should be complemented with a stabili-
sation technique acting on each subregion €2; where the local Péclét number is
large.
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It is not our aim to review here the wide area of numerical schemes devoted
to stabilisation of Galerkin method for transport dominated problems. We will
simply present two options that suitably fit the present discretisation framework
and are also related to Nitsche’s idea.

Following [17], the first stabilisation strategy that we consider is suited for
locally H'-conforming approximations. More precisely, we use standard La-
grangian finite elements on each subdomain and obtain stability for high Péclét
numbers by adding a penalty term on the gradient jumps over element faces.
Combined with the previously presented Nitsche interface conditions, it will
result in a robust continuous / discontinuous approximation of large contrast
problems, where the discontinuous approximation functions are localized only
along the discontinuities of problem coefficients. Denoting by &, ; the collection
of interior edges belonging to elements of 7}, ;, the stabilisation effect is then ob-
tained by complementing the bilinear form ay(+,-) with the following additional
terms on each €);,

Jiun,vn) = > (YeiphB|IB - nll oo () [Vun - gl [Von - ngl) , .
EEgh,i

proposed and thoroughly analysed in [11, 13, 14], which consist of interior penalty
forms controlling the jumps in the gradient over interior faces of each sub-domain
;. Since the finite element approximation to which this stabilisation is applied
involves continuous functions, the resulting scheme has been called continuous
interior penalty (CIP). The main idea behind the stabilisation based on the jump
in the gradient between adjacent elements is to introduce a least squares control
over the part of the convective derivative that is not in the finite element space.
A key result is the following property of the Oswald quasi-interpolant

7 {v e L*(Q) :v|g € PF(K), VK € Ty} = {v € C°(Q) : v|x € PH(K), VK € Tp}

1
mhv(x;) = -~ Z vg(r), Yve{ve L2(Q) : v| € P*(K)},
K zjeK}

where z; are the nodes of the local finite element meshes 7, ;, and n; is the
number of elements containing x; as a node. Let 3, be the piecewise affine
Lagrange interpolant of 3 and let up € Vj;. Then there exists a constant
Yeip = co > 0, depending only on the local mesh geometry, such that

1h% (Bh - Vun, — 7 (Bh - Vun)) |2, < Ji(un, u).

Assuming that g € [W1(Q)]¢ with V-8 = 0, € € L*°(Q) and that the exact
solution of the multi-domain problem satisfies u € H*(2; U Qo) N H} () with
s > k+ 1> 2 it has been shown in [17] that the following error estimate holds
true,

1 1
e = wnllf1n.00000 S (lell o oy OO, ) + [1Bl1Z e oy (1, )
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where for any v € H*(Q; U Q) N H ()

1 1 1
Mol nan, = 3 (1F0la, + lefuill 5, , + {1 g, , + Jilo,0)),
i=1,2

and

2

N
Hlagu) = | > > W ullfy

=1 K€771,i

The CIP stabilisation is a suitable method when heterogeneities of the dif-
fusion coefficient appear at a scale that is much larger than the element size.
Conversely, if the bulk is so fractured that the diffusivity varies at the scale
of single elements, the following approach, based on a fully discontinuous ap-
proximation space, seems to be more appropriate. The main idea consists in
exploiting the robustness of the proposed Nitsche’s method for the enforcement
of transmission conditions, combined with the observation that fully discontin-
uous finite elements provide stable approximation of transport problems. This
turns out to transform the previous continuous / discontinuous approximation
of multi-domain (25) into a fully discontinuous approximation where each el-
ement plays the role of a domain, giving rise to an instance of the so called
interior penalty discontinuous Galerkin methods, [1]. Different variants of such
a method have been applied to the discretization of elliptic, possibly singularly
perturbed problems, [2]. Because of the application of weighted averages, we will
denote the scheme proposed here as weighted interior penalty method (WIPG)
and we will compare it with similar formulations such as the symmetric interior
penalty (SIPG) and the non symmetric interior penalty (NIPG). We refer the
interested reader to [2] for a broad review of literature and to [22, 23, 47] for
further details about the present approach. Consistently with the fact that this
new approximation scheme is stable also for transport dominated problems, we
notice that the continuous interior penalty term on the gradient jumps vanishes
since there are no interior faces in the element-based subdomains. To set up
such discontinuous Galerkin scheme we reformulate problem (28) at the level of
single elements K € Tp,

—eAu+p-Vu=f in K,

[—eVu+ pu]ox -nox =0 on 9K \ 09,

Yhe(€, B)[ulox =0 on 9K \ 89,
[ Ynoale B)u=0 on 0K N oL,

and proceeding as for Nitsche’s method we look for uy, € Vj, := {v, € L*(Q) :
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Figure 2: A sketch of the element setting for the extension of Nitsche’s method
to a discontinuous Galerkin scheme.

vp|x € PF, VK € Ty} such that

as” D (up,vn) == > (eVun = Bun), Von)
KeTy

+ ) [({Mh}w ‘ng, [vn]) g

Ecen
—({eVuptw ng, [vn]) p — {eVorte - np, [un]) g

+ (318 ngl = 38 np(wy — wh) +{cwhy') (unl, [oal) g

-+ Z [(%6 . nEuh,vh)E — (GVuh . nE,vh)E — (EVUh . nE,uh)E
EeBy,

+ (%]6 “n|+ ewh;;l) (uh,vh)E} = F(vp),

where &, is the collection of interior edges, ng denotes the reference unit normal
vector to each inter-element interface and w, wg represent the weights relative
to the inner element (—) and outer element (+) neighbouring the edge F, with
respect to the reference direction ng, as depicted in Figure 2.

For the numerical validation of the robustness of weighted Nitsche’s trans-
mission conditions in presence of locally singularly perturbed problems, we will
apply the element-wise version.

2.1.3 Numerical Results and Discussion

To conclude this section, we will compare the efficiency of the proposed Nitsche
technique for singularly perturbed problems (WIPG) with the symmetric interior
penalty method (SIPG) and the non symmetric version (NIPG). Such methods
are obtained from WIPG by setting wg = %, not depending on the diffusivity
parameter. The latter NIPG variant has the advantage that it only requires the
condition v > 0 to ensure stability. Consequently, we will set v = 2 1072 for
NIPG while £ = 2 for SIPG and WIPG, to study how this parameter influences

the accuracy when € is vanishing.
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To set up a test problem, featuring discontinuous coefficients, that allows
us to analytically compute the exact solution we consider a domain  C R?
corresponding to the rectangle Q = (0,7/2) x (1 —7/4,1) in polar coordinates
(0,7). We split Q into two subregions, Q; = (0,7/4) x (1 — 7/4,1), Qy =
(r/4,7/2)x (1—m/4,1). Then the domain € is split into ©; and Qo, see Figure 3,
owing to the mapping from polar to Cartesian coordinates. The viscosity €(x,y)
is a discontinuous function across the interface between 1 and (o, namely the
segment x—y = 0 with x € ((1—m/4) cos /4, cosm/4). Precisely, we will consider
a constant €(x,y) in each subregion with several values of €1 in )y and a fixed
€2 = 1.0 in Q9. Moreover, we set 8 = |3, = —y(z* + y*) 7L, B, = x(2? + y*)71],
f = 0 and the boundary conditions u(z,y = 0) = 1, u(z = 0,y) = 0 and
Vu-n = 0 otherwise. Then, the exact solution of the problem on each subregion
Ql,Qg can be expressed in polar coordinates as an exponential function with
respect to € independently from r. The global solution u(6,r) is provided by
choosing the value at the interface § = /4 in order to ensure the following
matching conditions,

lim w(f,r)= lim wu(6,r),

0—%~ 07+
lim —e(f,7)0pu(f,7) = lm —e(0,7)0pu(0,r).
0—%" 07+

In the Cartesian coordinate system (x,y), this is a genuinely 2-dimensional test
case, because the gradient of the solution is not constant along the interface
where € is discontinuous, and it decreases from the inner to the outer side of the
domain ). Furthermore, it is easy to see that when 0 ~ ¢; < €5 = 1 the global
solution, u, features a sharp internal layer upwind to the discontinuity of e.
The results, depicted in Figure 4 and also quantified in Table 1, give evidence
that the WIPG scheme performs better than standard interior penalty methods,
particularly in those cases where the solution is non smooth and at the same
time the computational mesh with h = 0.0654 is not completely adequate to
capture the singularities. From the analysis of Figure 4, it is possible to identify
three regimens where the numerical methods behave differently. The first one
consists of the diffusive region, where all methods provide similar results. For
the intermediate value of € a transition takes place, because the computational
mesh is not adequate anymore to capture the sharp internal layer that originates
upwind to the discontinuity of e. Initially, the error relative to each method
increases when € is reduced, but this trend is inverted for the WIPG method
solely, after the threshold € = 1079, while the error monotonically increases for
SIPG and NIPG. Finally, the smallest value of ¢; corresponds to the hyperbolic
regimen. In the limit case ¢ — 0, the discontinuities of the global solution
u are aligned with those of e. However, we observe that the standard interior
penalty schemes (SIPG or NIPG equivalently) provide solutions that are almost
continuous, as reported in Figure 4. This behaviour promotes the instability of
the approximate solution in the neighborhood of the boundary layer, because the
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Figure 3: The domain ) and the subregions 1, s together with the compu-
tational mesh T}, and the advective field j.

computational mesh is not adequate to smoothly approximate the high gradients
across the interface. Conversely, the WIPG method is more effective, thanks
to the consistency with the elliptic/hyperbolic limit case, because it replaces
the part of the boundary layer with a jump that cannot be captured by the
computational mesh.

3 Stabilized Nitsche’s Method for Unfitted Bound-
aries and Interfaces

Fictitious domain methods turn out to be particularly effective for the approx-
imation of boundary value problems on domains of complex shape and for free
interface problems. The parametric description of the boundary with the sub-
sequent mesh generation and the application of interface tracking techniques
represent difficulties for the application of finite element methods. The idea
of fictitious domain schemes consists in embedding the physical domain into a
larger domain with reasonably simple shape. However, as discussed in [36], to
preserve the accuracy of the selected finite element method, it is necessary to
restrict the integration of the discrete variational formulation to the physical
domain.

To illustrate the limitations of standard finite element approximations of
unfitted interface problems, let us split the interval Q := (0,1) in two parts
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Figure 4: A comparison of Nitsche’s method with (WIPG) and without (SIPG)
the application weighing technique.
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lu — up|| 2 i €6 =27" SIPG NIPG WIPG

diffusive region 0 1 0.00101853 || 0.00123078 || 0.00101853
-1 0.5 0.00123921 || 0.00134626 || 0.00121052

-2 0.25 0.00200825 || 0.00167944 || 0.00182993

-3 0.125 0.00393471 || 0.00333855 || 0.00315595

transition region || -4 0.0625 0.0079422 || 0.00703319 || 0.00532886
-5 0.03125 0.0144257 0.0130603 || 0.00780319

-6 0.015625 0.0224454 0.0207315 || 0.00908097

-7 0.0078125 0.0307374 0.0289709 || 0.00831401

-8 0.00390625 0.0380299 0.0363924 || 0.00655286

hyperbolic region || -9  0.00195312 0.0429129 0.0414616 0.0049148
-10  0.000976562 || 0.0452834 0.0440218 || 0.00329726

-11  0.000488281 || 0.0463316 0.0452286 || 0.00204598

-12°0.000244141 || 0.0468732 0.0458791 || 0.00143603

-13  0.00012207 0.0471628 0.0462332 || 0.00122399

Table 1: The L? norm error for WIPG, SIPG, NIPG for different values of
€1 = 27" and a fixed value of €5 = 1 in the test problem depicted in Figure 3.

0y :=(0,T"), Q9 :=(T',1) and look for u(x) such that,

in Qi,

on I,

—gul =1
Ul = Uy
on I,
on 0f).

61u/1 = 62’11,/2

U1:U2:0

Let us approximate u with piecewise linear finite elements on a uniform partition
of width h. For any positive ¢, # €2 we have u ¢ H?(2). Then optimal
convergence cannot be expected. In particular, as confirmed by numerical results
reported in Table 2, sub-optimal convergence is verified if we select I' such that
it never coincides with a vertex of the partitions underlying the finite element
space.

Since the boundary and the interface do not necessarily conform with the
mesh, an optimally convergent finite element method must be defined on sub-
elements. In the case of interface problems, this additional difficulty can be
taken into account by enriching the approximation space with additional basis
functions that lie on a portion of the mesh elements. Such a technique is often
called the extended finite element method (XFEM) and has been successfully
applied to different applications such as crack propagation problems [21] and
free interface problems in fluid dynamics [43, 27].

The approximation of elliptic problems with unfitted boundary or interface
has already been investigated in recent works, we mention for instance [25, 37, 20,
32, 18]. The discretisation schemes that we consider are closely related to [28, 30],
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h €1 =€ =1 61:1,62:10_2
5.00 x 1072 || 2.28 x 1074 4.60 x 1072
2.50 x 1072 || 5.70 x 10—° 3.49 x 102
1.25 x 1072 || 1.42 x 107 3.23 x 1072
6.25 x 1072 || 3.56 x 106 3.15 x 1072
3.12x 1073 || 8.91 x 1077 2.92 x 1072

p 1.99 0.15

Table 2: Convergence rate of the error ||u — upl/on of linear finite elements for
an unfitted interface problem. The physical domain © = [0, 1] is divided in

two subdomains ©; = [0, %] and Qy = [%, 1]. The exact solution is of the
form u;(z) = —2% + b;x + ¢;. The coefficient b; and ¢; are chosen such that the

functions wu; satisfy the boundary conditions and the continuity conditions at
interface.

where an extended finite element method has been combined with a Nitsche
technique to enforce the matching conditions between contiguous sub-regions.
However, the application of Nitsche’s method for the treatment of boundary
or interface conditions may give rise to numerical instabilities in presence of
small element cuts. More precisely, it has been observed in [12, 15, 16, 43| that
the stability and the condition number of the finite element scheme depend on
how the interface cuts the computational mesh. To cure them, the application
of interior penalty stabilisation techniques has been successfully considered in
a sequel of papers [12, 15, 16]. The idea of such stabilisation methods is to
introduce in the discrete formulation a minimum of artificial diffusion to ensure
the positivity of the discrete bilinear form for any configuration of the boundary
or interface.

For interface problems, the need to introduce additional finite element ba-
sis functions lying on sub-elements to restore optimal convergence represents a
second source of instability. Following the approach proposed in [43], we study
the H! stability of the extended finite element space in the case of piecewise
linear approximation. We analyse the condition number of the corresponding
mass and stiffness matrices in presence of small sub-elements and we conclude
that their spectrum is affected by how elements are cut.

Finally, we will apply Nitsche’s method to enforce transmission conditions in
the extended finite element space for interface problems governed by symmetric
elliptic equations with large contrast between diffusion coefficients. We aim to
develop a scheme that is robust with respect to the configuration of sub-elements
as well as the heterogeneity of the diffusion coefficients.
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3.1 The Unfitted Nitsche Method for Boundary Conditions

We recall and analyse the Nitsche’s method for the approximation of boundary
conditions on a computational mesh that does not fit the physical domain. Let
7',? be a given admissible computational mesh whose elements entirely cover the
physical domain €2. We also assume that all elements of 7;10 have non-empty
intersection with . Let Q7 be the domain covered by 7;? To improve this
possibly coarse approximation, we will also consider a family of shape regular,
quasi-uniform triangulations, 7}, built by recursive refinement of 7,0, omitting
any elements whose intersection with 2 is empty. As previously mentioned in
section 1.4, to keep the analysis of the schemes as simple as possible, we consider
linear Lagrangian finite elements

Vi = {vp, € C¥Q7) : wp|lx € PHK) VK € Ty}

Referring to Poisson problem (1) with homogeneous boundary conditions i.e.
g = 0, Nitsche’s method requires to find uy, € V}, such that ap,(up,vn) = Fp(vp)
for any vy, € V;, with

an(up, vp) = a(up,vy) — (Optn, vh) g — S (OnVh, Un) oo + YR (Un,vh)sq > (30)
Fh(vh) = F(’Uh).

where s = +1 gives rise to the symmetric or non symmetric formulations.
Although formally equivalent to the case of fitted boundary, the treatment of
the unfitted case hides some additional difficulties for the set up of the discrete
problem.
Firstly, for the assembly of mass and stiffness matrices, integrals over cut
elements must be computed, such as

/ Up * Up, Vup - Vup,
KNQ KNQ

where K N is a portion of a triangle or a tetrahedron. In two or three space
dimensions, K N may not be a simplex. For these reasons, the computation
of these integrals requires particular attention, and the fact that |[K N Q| may
vanish affects the condition number of mass and stiffness matrices, as it will be
discussed in the forthcoming sections.

Secondly, the assembly of boundary terms involves integrals over manifolds
that do not coincide with edges or faces. To automatically perform such cal-
culations, some approximation of the boundary configuration is necessary. For
instance, the boundary can be represented by means of the level set of a dis-
crete distance function. This means that there exists a discrete implicit surface
(or hyper-surface when d = 3) ¢, € V} that defines 092 as its zero level set.
Coherently with the notation adopted in the previous sections, we apply here a
two-dimensional notation and we denote quantities related to element edges of
faces with FE.
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BQG

Figure 5: A sketch of the physical domain, €2, and the computational domain
Q7 , with the notation used to set up the fictitious domain method.

We denote with Cp, := {K € T, : |[K NOQga—1 > 0} a crust of elements
with non vanishing intersection with the boundary, measured in R%~! topology.
Assuming that each element K is an open set, with the piecewise linear descrip-
tion of the boundary we observe that for all K € Cp, the set Q2N K consists on
two points (in the two-dimensional case) and the portion of 092 that connects
them is a straight line (or a planar surface in three dimensions). An example
is illustrated in Figure 5. If 0N lies on an entire edge of an element K, then
such element does not belong to C,. We denote with E?? := K N 0N the cut
edges and with B,‘?Q their collection, see Figure 5. For a fixed regular mesh 7y,
the size of any E% ¢ BEQ is upper bounded by the mesh characteristic size, h,
but it can become arbitrarily small. For this reason, the penalty term cannot
be scaled with respect of the size of edges or faces lying on 02, but it has been
taken inversely proportional to the characteristic mesh size.

In order to analyse how the configuration of the boundary with respect to
the mesh affects the stability of the scheme, we introduce the following indicator,
V' := min M

Kec, |K|
that corresponds to the minimum relative intersection of an element with the
physical domain €. Since the unfitted Nitsche’s method requires to evaluate
integrals over cut elements or cut edges, we expect that the parameter v/ may
affect the stability properties of the scheme.

Before addressing the analysis of the present unfitted Nitsche method, it is
useful to recall some norms and related discrete inequalities as the basis for the
forthcoming investigation. Concerning the norms, we notice that the definition
of || -], 15,00 should be adapted to the present scheme as follows,

1
HvHi%,h,BQ = h72|v]j0,00,
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while the definition of the energy and augmented norms is unchanged,
HUH%,h,Q = ’Uﬁ,ﬂ + Hv||2%7h7397
H|U‘|’%,h,9 = HUH%,h,Q + ”anUhHQ_;h,@g

Exploiting inverse inequalities we easily prove that,

[onll 1 no0 = > lonlGee S 7 llonlli S llow
Jo e Kecy,

2
0,27

which is not satisfactory for our purpose, because the right hand side involves the
entire computational domain and not the physical domain €2 solely. Proceeding
similarly, the desired right hand side can be obtained,

K| 2 N1y 12
||Uh||7§,h,8s2 S II(I}G%};{L m Kze; ||Uh||0,KmQ S () ”UhHo,Q- (31)
h

Since, given (2, it is possible to construct a triangulation 7, with an arbitrarily
small v, (31) shows that unfitted Nitsche’s method is not robust with respect
to the configuration of the boundary. Precisely, we say that a scheme is robust
with respect to the parameter v if the spectrum of the discrete problem admits
lower and upper bounds that are independent on the parameter itself.

Our main purpose is to study how small cut elements affect the fundamental
properties of the numerical scheme. We perform such analysis simultaneously
for symmetric (s = 1) and non symmetric (s = —1) schemes. To quantify the
stability of the scheme, we look at the coercivity of the bilinear form and we
exploit (31) to observe that

an(n, vn) =|valf0 +vnlld }, oo = (5 +1) (Onvh, vh)ag
R(1= (014 02(s + 1)) ) [onli + 01l10nvnl2 1 o

+ (7 —(s+ 1)52_1) thHéh’agp

where 91, 09 are positive constants to be suitably chosen.

Three conclusions come out immediately. For the non symmetric case, i.e.
s = —1, coercivity of aj(-,-) holds in the energy norm || - ||; 5,0 with §; = 0 and
for any positive d2 and . As a result of that, the stability estimate of the non
symmetric variant is robust with respect to the configuration of the interface.
This is never true for the symmetric case because s + 1 = 2. If we analyse
coercivity in the norm || - ||1 5,0, we can set d; = 0, but to make sure that the
first term on the right hand side is positive it is necessary to satisfy do < /. Such
a restriction entails that v > (/) 7!, which is unsatisfactory because the penalty
term depends on the interface configuration and it becomes arbitrarily large for
small element cuts. Finally, neither the non symmetric nor the symmetric cases
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feature robust stability properties in the augmented norm [||-|[|1 0. Indeed,
coercivity of ap(+,-) in this norm can be only proved under the condition 6; < v/,

but in this case the control on the additional term d1||0,v5]? . 1o 18 lost for
27 ’

small element cuts.

Concerning the boundedness of the bilinear form for discrete test functions,
the consistency term (0, up,vs)yq must be controlled by means of the energy
or the augmented norms. To this purpose, the choice of the norm makes a
significant difference. Since |||vp||]1 4,0 directly controls H@nvhH_%’hﬁQ, owing to

a Cauchy-Schwarz inequality it is straightforward to conclude that
(8nuhavh)ag < ||8nuh||_%,h,ag ||Uh||+%,h,ag < |||uh|||17h79 |”Uh|||1,h79'

Conversely, if we perform our analysis in the energy norm || - ||1 »,0, resorting to
inverse inequality (31) is necessary to obtain an upper bound of the consistency
term,

(Ontun, vh)gq < Hanuhn_%,h,aﬂ ||Uh\|+%,h,a§z

< )7 HVunllow lonlly 1 poa S () unling lonllne-

In the latter case, however, the fact that the continuity constant is proportional
to (¢/)~1 spoils the robustness of the scheme.

In conclusion, such analysis shows that both the symmetric and non sym-
metric variants of the unfitted Nitsche’s method are unsatisfactory if we aim
to set up a scheme that is fully robust with respect to the configuration of the
computational mesh with respect to the boundary and the possibility to produce
small element cuts. For this reason, in the forthcoming section we will propose
a stabilisation technique to override this limitation of Nitsche’s method.

3.2 The Ghost Penalty Stabilisation Method

In order to design a fully robust fictitious domain method, stability must be
obtained in a norm at least as strong as the norm |||up||[1n,0. This can be
achieved by modifying the bilinear form in the interface zone. The idea is to add a
penalty term that improves the stability in the elements cut by the interface and
distributes the coercivity to the parts of the triangulation outside the physical
domain. This added term must guarantee stability but at the same time be
weakly consistent to the right order. Since the nodes outside the physical domain
are often referred to as ghost nodes, this term is called the ghost penalty term.
Below we will follow the approach proposed in [16] with the higher order
generalisation of [12]. For the proofs of the results we refer to these references.
Recalling the definitions of (30) we propose the formulation: find u, € V}, such

that
ah(uh,vh) + gh(uh,vh) = Fh(’l)h), Yoy, € Vy,. (32)
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where gp,(-,-) is the ghost penalty stabilisation term. Define the set of element
edges in the boundary zone by

Ep = {F = KN K', where either K € C, or K’ € C}.

A possible ghost penalty term for piecewise affine approximations is then given
by a penalty on the jumps of the gradients over the element edges of £p,

gn(un,vn) == > (Yghe[Vus - ngl, [Vo - ng])s.
Eeép

We also introduce the discrete H!(27; )-norm

bor = D luldx

KeTy,

[onllY 07 = VORIl oy + [1onll3 5 o with [lva]

The enhanced stability obtained by adding gx(-,-), is reflected in the coercivity
estimate

HorlllF o S thH%,h,QTh S an(vh, v) + gu(vn, vn),  Von € V. (33)
The first inequality is a consequence of the discrete trace inequality

~

IVon -l 1, a0 S [[Vonlloc,

and the second holds thanks to the following fundamental property of the ghost
penalty term

IVurllb.a, S IVoRllG.a + gnvn, vn). (34)
For piecewise affine Lagrangian finite element approximations, the idea in [16]
to prove such an inequality is to observe that the gradient over any cut element
K € Cp is a piecewise constant function that is bounded from above by the
gradient on another element K’ & C; plus the jumps of gradients across all
elements that should be crossed to connect K with K’. Indeed, the ghost penalty
stabilisation provides control on the additional terms involving jumps.

Under regularity assumptions on 2, for all v € H?(f), we may introduce an
extension operator E : H*(Q) — H?({7) such that Ev|g = v and [|Ev||y2(0,) S
[v]|g2(0)- It is then convenient to introduce an interpolation operator iy :
H?(Q) — Vj, by ipv := I;Ev where I} is the standard nodal Lagrange inter-
polator. It is then straightforward to show that

o = invllly = 1o = invlllne + v/r (B0 — ino, Bo — in0) S hllollegoy. (35)

For the convergence analysis we need the following continuity result, that is a
straightforward application of Cauchy-Schwarz inequalities and local trace in-
equalities. For all v € H?(Q2) and wy, € Vj, there holds

lan(v — ipv,wy) + gn(v — ipv, wp)|

‘ 1/2
Sl —inollly (32 IVenli + lwnl  p0) - (36)
KeTn
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The optimal convergence estimate

|uw —up||l1n0 S h”UHH2(Q)

is an immediate consequence of (33), (35) and (36). Using a duality argument
one may also prove that

lu = urllog < h?|lull i2(a).

In a similar fashion exploiting the uniform upper and lower bounds of the
bilinear form one may show that the condition number of the system matrix is
robust with respect to the interface position. We will give some detail on this
analysis in Section 3.3 in the case of multi-domain problems with large contrast.

In the case of high order approximations a penalty on the normal gradient is
insufficient. Either one has to resort to a multi-penalty method or a stabilisation
of local projection type, [12]. For example if we instead consider a Lagrangian
finite element space where the polynomials are of degree k, the following multi-
penalty operator will allow for a similar analysis in the high order case:

K
gn(unon) == Y > (vhy [Ohunl, [0}0n]) s

Eelp i=1

where 0% u denotes the i-th order normal derivative of u across the edge E. Since
such a quantity is combined with the jump across F, the orientation of the unit
normal vector is irrelevant for the definition of [0¢up].

The role of this multi-penalty operator for the stabilisation of the unfitted
method is better understood if we look at its connection with local projection
operators. For any given element K € Cj, let P be the patch containing the
shortest piecewise linear path connecting all the centres of mass to move from
the centre of mass of K to the centre of K’ ¢ Cp,. Let Ex be the set of edges cut
by such path. It is straightforward to verify that for any element K € C; and
any corresponding patch Py the ratio

Pk
”PKQQ‘

is uniformly bounded with respect to the position of the interface. Furthermore,
for shape-regular and quasi-uniform meshes we expect that the number of indi-
vidual elements contained in Pk is uniformly bounded from above. As a result

of that, we have
Do lonlgpe = Y- llonlld
KeCy, KeCp,

where a ~ b means that there exist two constants ¢, C, uniformly independent
of the mesh characteristic size h, such that ca < b < Ca.
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Let us define by 7, : L?(Py) — P¥(Py) the local L? projection onto P*(Pp).
The following equivalence can be proven, see [12] and references therein,

(vn — ThUR, Uh)’pK = Z Z /E[[(?;vh]]?

We will then use the local projection operator to prove that the following local
counterpart of (34) holds true for any polynomial order k > 1,

_ 2
lonlBps < lonlZppng + 12 / (o — mhen) . (37)

Pk

To prove (37) we look at the restriction on Px of any v, € Vj, and we split it
as vy = mpUp + T Where rp = vy — mRYR. We notice that either mpv, = 0 on
the entire patch, or mpv, # 0 on any subset of P with non zero measure. As a
result of that we obtain,

2 |77K‘ 2
0Pk S m”vwhvh’\opkm- (38)

HVWhUh

When the residual r; # 0, exploiting (38), we notice that

Von|

67 S IVTRORIG 2y + V7R3 2 S IVTRVRIE e + V7RG 2y -
Owing to the inverse inequality we observe that,
IVrellg pne S IVPEllS P S 7217kl Py

and combining the previous estimates we conclude that,

%,'PKQQ - Hvrk 8,77[(09 + 2h_2H7qu%,'P}(

SANVaRon + Vrll§ pena + 207 2 rellg o,

_ 2
S IVURlle prena + 2k 2/7) (vn, — mhp)".
K

IVorllgpre S IIVTRUR]

In conclusion, summing up over all elements K € ), applying the previous esti-
mate for any element cut by the interface K € Cp, and exploiting the equivalence
between multi-penalty and the local projection we conclude that,

k
IVuRlld, < IIVonlld + [7,0n]%,
T E

i=1 Bep

which generalizes (34) to high order Lagrangian finite elements.
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3.3 The Unfitted Nitsche Method for Large Contrast Problems

We now place ourselves in the setting of Section 2, considering two non-overlapping
subdomains, €;, i = 1,2, with interface I := O N Q. This time, however, the
mesh will not be fitted to the interface. For simplicity we assume that I' is a
plane separating the two domains. The problem that we will study is (25), but
this time we let § = 0. We recall the equations here for convenience

% ( - elvul) = fi7 in Qi7

u; =0, on 02 N 0L,

(39)
[u] =0, on I,
[-eVu-n] =0, onI'.

We let Tp; denote a triangulation fitted to 9€2; \ T', but not to I'. Let 75, and
Trho match across the interface so that 7,1 U Tpo is a conforming triangulation of
Q. Let

Vii = {von € C°'(Qr,,) t |k € P1(K), for all K € Tpi;vhla0 = 0},

with P;(K') denoting the set of polynomials of degree less than or equal to 1 on
K. We denote by Ty, := Tp1 U Tpo the triangulation of the physical domain and
by VhQ the corresponding piecewise affine finite element space. Here we have for
simplicity included the boundary conditions in the approximation space.

We may then write the following formulation, similar to that of Section 2.
Find [up 1, un2] € Vi := Vi1 X Vj, 2, such that

ap(up,vp) = Fp(vp), Yo, € Vi (40)
where now

ap(up,vp) = Z (& Vuni, Voni)g, + (€)™ ([un], [val)p
i—12

— ({eVun -0}, [on])r = ({eVor - 0}, [un])r (41)

Fy(vp) := F(vp) = (f,vn)q -

The main advantage of method (40) consists in the fact that it restores the
optimal convergence rate that is lost for the approximation of problem (39)
with standard Lagrangian finite elements when the mesh does not fit with the
interface. Indeed, for the test case already addressed for Table 2, we observe the
convergence rates reported in Table 3, where HvH%hQ =D is1o ||62-1/2VUH%’Q +
e} 2 [o] y@ por Deing 1]l = BF2[lvo,r as for Nitsche’s fictitious domain
method.

However, this method has two major drawbacks that will be discussed thor-
oughly. Firstly, the corresponding matrix may become ill conditioned in case
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[u —uplo0 [u —upl[1,n0

h €1 =€ =1 61:1,62:1072 €1 =€ =1 61:1,62:1072
5.00 x 1072 || 2.24 x 10~* 1.69 x 102 1.48 x 1072 1.08 x 1071
2.50 x 1072 || 5.65 x 10~° 4.20 x 1073 7.30 x 1073 5.41 x 1072
1.25 x 1072 || 1.41 x 107 1.00 x 1073 3.60 x 1073 2.70 x 102
6.25 x 1073 || 3.55 x 107 2.64 x 107* 1.80 x 1073 1.35 x 1072
3.12x 1073 || 8.90 x 1077 6.62 x 107° 9.02 x 10~* 6.70 x 1073

p 1.99 1.99 1.00 1.00

Table 3: Convergence rate of (40) with linear finite elements for the test case
already considered for Table 2.

| K N €| is small for all the triangles in the support of a basis function. Secondly,
the scheme cannot be simultaneously robust with respect to small cut elements
and large contrast problems. A partial remedy exploiting the arbitrary choice of
the averaging weights w; will be proposed below, but a robust stability estimate
can be only achieved with the help of a stabilisation term.

3.3.1 Stability Analysis of the Discrete Space with Cut Elements

The objective of this section is to reformulate the definition of Vj, = V1 x Vj, 2
as an approximation space of functions with support on the physical domain €.
As discussed in [43, 48], this allows us to exhibit and analyse the instabilities
arising from the presence of small cut elements.

We consider the alternative representation of V}, proposed in [43], which
exploits a hierarchical representation in terms of a standard Lagrangian finite
element space, enriched with additional basis functions over cut elements. We
start by defining the following restriction operator :

U‘Qi in in

Mimicking the Nitsche’s fictitious domain method, we denote by C; = {K €
Tn o | K NT|ga—1 > 0} the crust of elements with non vanishing intersection with
the interface. Let Z be the set of indexes numbering the nodes associated to VhQ
and let {xx}rez be the corresponding set of points on Q. We define collections
of nodes neighbouring the interface and we apply them to construct enrichment
spaces,

R;: L*(Q) — L*(Q), Rw ::{

I} ={k €T: xx €Qj, supp(¢y) NCp # 0}, Vi,j=1,2, j#i
Vi =span{Ri¢p : k €I} },

where ¢ denotes the hat basis function associated to the node zp. Owing to
Theorem 2 in [43], the following direct decomposition holds:

Vh - V}? @ VhF,l @ VhF’Q,
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i.e. any function v € V}, can be uniquely decomposed as v = v + v} + v} with
v € VhQ, vlr € Vhri. We notice that the spaces VJ 1> Vhr2 are L?-orthogonal on
), because their basis functions have disjoint supp(;rts. 7

Owing to this decomposition, finite element matrices in V}, feature the fol-
lowing block structure that can be exploited in their analysis. Let us denote
with M € RM»*Nn and I € RN»*Nn the standard mass and stiffness matrices in
the finite element space V,,

vV'IMw = (v,w)oq, V' Lw=(Vv,Vw)ug, Yv,weV,

which can be rearranged as follows

MQ M{)F M2QF LQ L512F LS2)F
M= [(MPYY MP0 L= L™y LT 0
(MY 0 My (LY 0 Ly

To quantify how the presence of small cut elements affects the spectrum
of finite element mass and stiffness matrices, we introduce the following mesh
dependent indicators. Let zjp € IZ»F be any vertex associated to the enrichment
spaces V{ ;» let ¢y be the corresponding basis function and Py, be its patch. The
indicators that affect the conditioning of a finite element method with respect
to small sub-elements can be defined as

= min ————, U; =

V= mzmlgrélzrl% el
Furthermore, we assume that for any index k, the corresponding patch satisfies
Pr N (Q \ Qp) # (), i.e. there exists at least one element in the patch that is not
cut by the interface.
Under the previous assumption on the mesh and owing to Lemma 2 of [43]
the following strengthened Cauchy-Schwarz inequality hold true for any v €
VhQ, ol e Vhljl &) Vhrg. There exist constants 0 < ¢, ¢!, < 1 such that

CcS? ~cs

(0", 0" < cllvlloallv! o,

(VUQ> VUF)UQi < C}:SHVUQ |0,UQi||vvF|

0,U€2; -

Then, exploiting the decomposition v = v + vl + o) together with Pythagoras’
theorem, straightforward computations show that

Q
(1= )5 o + 101 1.0y + 103113 0,)

Q
<l < 201075, + llvi 16,0, + 103 115.0,).
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Q
(1= ce) IV I3 0 + IV01 5.0, + V03 113 Qg)
< IVl ue, < 2(I Vv

+ Vo313 0,)-

The previous inequalities directly imply that the mass and stiffness matrices are
spectrally equivalent to their block diagonals,

v Mv ~ (v MO + (VY MEvE + (vEY MEVE, (42)
Vv ILv ~ (v LY+ (v LIvE 4+ (VDY LE v, (43)

Since the spectral properties of M and L% are well known, we focus on the
analysis of M, L. As shown in [43], Lemma 3, for any v} € Vhrl- there exist

positive constants c; ,Eg, independent on how the interface I' cuts the mesh 7y,
such that

& S (8) I1RonlBa, < I 10, <28 3 (6) WRidela,  (40)

keZl keZl

The extension of this analysis to the H'-norm holds true due to the fact that
gradients of the local basis functions on VhI:Z. are linearly independent functions.

Indeed, for any vlr € Vhri there exist positive constants g?,é?, independent on
how the interface I' cuts the mesh 7y, such that

N 2 N 2
> (B) IRVorlBe, < IVelBo, < Y (8) IRVaEa,  (45)
keZl keIt

Let v denote the vector of degrees of freedom that identify a generic function
v € Vj, and let ||v| be its Euclidean norm. Let vi and v be the vectors relative
to vir € Vhrﬂ- and v € Vhﬂ, respectively. For any v{ € Vhr’i there exist positive
constants gg,Eg, independent on v, h, such that

A h VT < oF |2 g, < ehhim VT2, (46)
and there exists v} € VhI:Z. such that

2/d+1
M2, < ebnt v E 2 (47)

[v

To prove (46) we have to estimate the smallest || R;¢x|[§ o, We split the inte-
grals over the elements that belong to the patch of R;¢p and we apply a suitable
quadrature formula. We notice that the measure of the support where the in-
tegrals are evaluated is proportional to hdgi while the pointwise evaluations of
the function to be integrated can be at most equivalent to (gg/ d)2. The up-
per bound is obtained replacing the smallest HRZd)ngQZ with the largest. By
the same argument, (47) holds true if we select y{ := R;¢y, corresponding to
minc7r || Rigkl[3 -
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By means of the same reasoning applied to (45), a similar result can be shown
for gradients of discrete functions, with a different scaling with respect to v, be-
cause R;V ¢y, are constant functions proportional to h~! and thus HRN%H%, K, ™
hd_QVZ-K . As a result of that, there exist g{,E{ > (0, independent on v, h such
that

ARy |vi 1P < IV 5. < @ hT2wvi |12 (48)

Furthermore, for the same v} € VI of (47) we have
IVell[ o < e h?2uy vt 1% (49)

Inequalities (47) and (49) show that minimal eigenvalues of M} L!' become
arbitrarily small in presence of small element cuts. This clearly influences the
conditioning of the finite element scheme, which will be affected by a factor
v~ However, the present analysis immediately points out a cure for this draw-
back. Indeed, combining (42) and (43) with (47) and (49) we conclude that the
mass and stiffness matrices of the enriched finite element space V}, are spectrally
equivalent to

M 0 0 LY 0 0
M~ | 0 diag(M{) 0 L~ |0 diag(L})
0 0 diag(M1) 0 0 diag(LY)

where, given a real square matrix B, we denote with diag(B) its diagonal. This
shows that solving a finite element scheme in the enriched space V}, is compu-
tationally equivalent to solving it in the standard space Vhﬂ, because the only
genuinely stiff block is L. Another way to formulate this conclusion is based
on the optimal condition number of the problem, see [46]. More precisely, given
A € RV*N the optimal condition number is
Kopi(A) == DGIE}VHXN K9(DAD)

and the previous analysis shows that K, (anM+arL) = Kopt(aMMQ +apL?)
for any positive constants oz, a,.

3.3.2 Stability Issues for the Unfitted Nitsche Method

An important question concerning the stability of the scheme is how to choose
the averages in the interface terms. In [29], Hansbo and Hansbo proposed a
method for which they could prove stability and optimal convergence. In their
analysis they chose mesh dependent weights,

[ KNG

K and &(e) = max{er, ea}.

Wil =

As aresult of that, integrals of the normal derivative on the interface on elements
with a very small fraction intersecting one of the physical domains will get a
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small weight, which will balance the factor of order |K| appearing after taking
the trace inequality. In Section 2 we showed that
€2 €1

wy) = ,  Wg = and €) ={€e}w = .
! €1+ €2 ? €1+ €2 §e) = tehu €1 + €2

leads to robustness with respect to the jump in the diffusivities.

This poses a situation in which the unfitted character of the method requires
a certain set of weights, and the large contrast character requires another set.
For instance, these contradictory requirements clearly appear in the following
estimate,

a1y K| 1
tw(Vopi)? < hilw-(l—i— (ejw])h() | €2V, |2 "
| (Vo < (14 () e Vo e,

which is needed to quantify an upper bound for the spectrum of the discrete
problem. Indeed, the constant

(jwi)l\ K|
1
( + (6{[1),)‘1() ‘KﬂQiV

may become arbitrarily large for some configuration of the interface or highly
heterogeneous weights. A partial remedy consists selecting the weights w; to
minimise the dominating effect. If the worse case comes from the way the inter-
face is cut, then we define

|K N
w; =

satisfying w wy = 1
T |K‘ y g 1 + 2 bl

otherwise, when the heterogeneity of coefficients is dominating, we choose
€ €W,
w; = —2—  such that (1 + M) = 2.
€ + € (€iwq)| K

Nevertheless, this technique does not work in situations where both diffi-
culties arise simultaneously. To handle both effects at the same time, we may
draw from the fictitious domain formulation proposed in the previous section.
The introduction of a ghost penalty term on the interface elements both in 73
and Tp9 gives the same extended coercivity as in the fictitious domain case and
we are then allowed to choose the weights so as to control the large contrast in
diffusivity.

3.3.3 The Stabilized Unfitted Nitsche Method

The stabilised method that we propose takes the form: find [up, 1, up 2] € V}, :=
Vi1 X Vi 2, such that

an(un, vn) + gn(un, vn) = Fy(vy), Yo, € Vi, (51)
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where the weights have been chosen as in (50) and

2
gn(un,vn) =Y Y (ygehe[Vun -ngl, [Von - ngl)e,

=1 EE(fBz.
with
Ep, ={E=KnNK':K € T, K € Tp; where either KNT # () or K'NT # (}.

For the analysis of Nitsche’s method for unfitted interfaces, we introduce the

norms
2 1
on ¥ nor :Z Z €7 Vun,i
i=1 KETh,

1
6+ I{dalonddl? ), ¢

and

2
1
onlllf g =D lle? Vong
i=1

1 1
2o+ Vo m} 2y, o+ S bl e

To obtain a robust stability estimate, we use the extended coercivity ob-
tained thanks to the ghost penalty term combined with the inverse inequality to
conclude that,

Honll po S lorllf oy S an(on,vn) + gn(vn, ve), Yo € Vi (52)

This is obtained in the same fashion as the analogous result for the fictitious do-
main method. The boundedness of the stabilised bilinear form is also guaranteed
by means of standard arguments, see [12],

an(un, vn) + gn(un, vn) S llunlllne valllee
S lug,

Lhar lvllinar  Yun, vn € Vi,

To proceed with the convergence analysis, we introduce extension operators
Ei : H2(Ql) — H2(Q7‘1) such that EZU|Q, = U|Qi and ”EZUHHQ(QTZ) S HUHHQ(QZ)
In a similar fashion as above, we define an interpolation operator iy, : H%(Qy) x
H?(Q) = Vj, by ipv := [[,E1v, I} Eov] where I, is the standard nodal Lagrange
interpolator. It is straightforward to show that

v = invlllg = l[|lv = invlll1h0 + Vor Bv — inv, Ev — inv) < Bllvllrzo,u0.)-

For the convergence analysis we need the following continuity result, that is a
straightforward application of Cauchy-Schwarz inequalities and local trace in-
equalities. For all v € H?(Q2) and wy, € Vj, there holds

lap (v — ipv, wp) + gn(v — ipv, wp)|

< . 2 2 1/2
Sl =inollly (3 30 IVwnalle + leonld0)

i=1,2 KETy, ;

Then, the optimal convergence estimate ||[u — usl|[1,n,0 S hllullg2(q), is an im-
mediate consequence of (52).
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3.3.4 Bounded Condition Number

In this section we will show that the choice of weights (50) together with the use
of ghost penalty term leads to a method with a system matrix whose condition
number, after diagonal scaling with the diffusivity, has the same asymptotic
scaling as the standard Galerkin method for the Poisson problem with fitted
mesh and constant coefficients. This means that the conditioning is independent
both of the interface configuration and the jump of the diffusivities. To fix the
ideas let e1 = 1 and 0 < g9 < £1. Other configurations can be obtained by
scaling.

Let {¢y;} denote the nodal basis of V}, ; with i = 1,2. Consequently we may
write up; € Vp; in the form wy,; = Ziv;l Uk,i®k,i- The formulation (41) may
then be written as the linear system

e1A11 + {e}wAl; {e}wAl, U, Fy

= , o (83)
{eluAd e2A2 + {ehwAl,y | | Uz F;

where for symmetry it holds that AL, = (Agl)T and the vectors are defined by

U, = {Upi}r,, and Fii= {Fi(oni) o,

and the weight function {e},, is given in (50). Examining formulation (40) we
see that the matrices are given by

Asi o= {(eV ki, Vou)g, + cigi(bri dri) oy, 1= 1,2

where g;(¢r.i, ¢1,;) denotes a ghost penalty term on the subdomain 2,
AL = {= (Véri n+h " "Ypi di)phniy i=1,2
which is independent of ¢;, and
1 _ 1 _
AZ = {2 (vd)k,l -n+ h 17¢k,i7 ¢l,j)1’* + 5 (vd)l,j -n+ h 17¢l,j7 ¢k’,i)1’*} )

withk=1,...,N;,l=1,...,Njand ¢,j = 1,2, 1 # j. After diagonal symmetric
scaling, the system matrix takes the form

Ay +Eeal de AT

A NG
scal +— {€}w A_F A + @AF
VErez Tr21 22 ey 1h22°

To study the behaviour of the unfitted Nitsche method in the case of highly
heterogeneous coefficients, we notice that the matrix A,., converges to

Ay 0
limo Ascal =
£ 0 Aoy + A£2
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in the limit e9 — 0.

Under the assumption that I' is a planar interface we know that for each sub-
domain ; it holds 9Q; N9 # (. Furthermore, since the homogeneous Dirichlet
boundary conditions are strongly enforced in the finite element space, we con-
clude that the stiffness matrices A;; are symmetric positive definite. Owing to
an inverse inequality and with the stabilisation parameter v large enough, this
conclusion holds true even though we extend it to A;; + AE This illustrates
that the stabilised Nitsche’s method with symmetric diagonal scaling becomes
robust with respect to the heterogeneity of coefficients provided that the aver-
aging weights are selected as in (50).

To quantify the robustness of the scheme with respect to the configuration
of the interface, we exploit the strengthened coercivity ensured by the ghost
penalty term. Under the aforementioned assumption on the stiffness matrices,
inverse and Poincaré inequalities imply that

2
S llewnlli i S thHih,QTh S an(vns vn) + gn(vn, vn)
i=1 KT,

2
Slonline, Sh2Y° Y llewnildx,  Vou € Vi
i=1 KETh;

The matrix of system (53) is thus spectrally equivalent to a block diagonal matrix
that is uniformly independent of the configuration of the interface. Furthermore,
when diagonal scaling is applied to such matrix, the equivalent system becomes
independent of the heterogeneity for diffusion coefficients.

3.3.5 Asymptotic Convergence to the Fictitious Domain Method

The aim of this section is to show that unfitted Nitsche method for interface
problems coincides with the corresponding unfitted boundary method in the case
that the diffusion coefficient on one of the subdomains becomes arbitrarily large.

This property has two interesting consequences. On the one hand, it shows
that the choice of the balancing weights proposed for large contrast problems
is consistent with the unfitted boundary case. On the other hand, it allows to
exploit the unfitted interface formulation as a fictitious domain method, where
the choice of the computational domain €27 is completely arbitrary with respect
to the physical domain 2, provided that in the complementary domain 7\
a sufficiently large diffusivity is applied.

To fix the ideas, we assume that £; = 1 and study the case g9 — oco. Ac-
cordingly, we denote the fictitious domain bilinear forms (30) defined on Q; by
arq(-,-), gra(-,-) and denote the domain decomposition bilinear forms (41) by
add(+), 9ad(,-). Let up rq denote the solution of (32) and up 44 the solution of
(40) with ghost penalty stabilisation. We assume that the penalty parameters for
both formulations are set to the same values. We are interested in the behaviour
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of the discrete error between the two formulations in the limit as e9 — co. We
therefore define ey, := (un,fq — Un,dd)|0,- Using the coercivity of the formulation
(32) we have

llenl %,hﬂThl < afd(elu en) + gaa(en, en)-

Note that since ey|7,, = 0, gri(en,en) = gad(en.en). By the definition of the
discrete problems we have

HehHih,QThl < Fy(en) — aga(unad, en) — gad(Un,dd, en)
= aqq(Undd; en) — ard(Un.dd, €n)-
It is straightforward to show that

€2
eo+1

add(uh,dda €h) - afd(uh,dda €h) = )3nuh,dd|891,€h!aﬂl>

o0
€2
eg+1

)Onenloq, s Uh,dd!am>
o0

o
€2
eg+1

)Onenlaq, uh,dd\aﬂg)
o0

€2
eo+1

(
(
- ((w)anuh,dd!aﬂz,ehbgl)
(
(

VVoch ™ un adloq, 6h\891>
o

52 —1
- < Yh™  un,ddloq, eh|891>

62+1 o0

By repeated application of the mesh weighted Cauchy-Schwarz inequality and
trace inequalities in the right hand side we arrive at the bound

|adq(Un,dd, en) — aya(Un.dd, en)|

£2 _ 1

(17220 O @ mIFmalio el ae,
2 KGﬁLl

£2

(e2 +1)

_ 1
+ (D U+ IVunaalli)? lenllnor, -

KeTho

Using the formulation (40), (41) with ghost penalty stabilisation, observing
that there exists a positive constant Cr such that Fj(vy) < Crllvp||1,n,0, and
exploiting the stability (52), we obtain the following estimates for uj, 44/0, and

Uh,dd| Qs

1
> IVunaal3 < Cr, > €3 Vunaalk < Cr.
Kenl KE77L2
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We conclude that we have the bound

and that lim ||ep
£2—r00

1

1+hr HC
2+1)( * )Cr

lenllihon < &

LhQrp, = 0. Hence, the unfitted Nitsche interface method

reduces to the fictitious domain method in the limit of infinite diffusivity.
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