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Abstract

We consider the Poisson problem in a domain with small holes, as a template for developing
efficient and accurate numerical approximation schemes for partial differential equations defined on
domains with low-dimensional inclusions, such as embedded fibers. We propose a reduced model
based on the projection of Dirichlet boundary constraints on a finite dimensional approximation
space, obtaining in this way a Poisson problem with defective interface conditions. We analyze
the existence of the solution of the reduced problem and for arbitrarily small holes we prove its
convergence towards the original problem, the rate of which depends on the size of the inclusion and
on the number of modes of the finite dimensional space. The numerical discretization of the reduced
problem is addressed by the finite element method, using a computational mesh that does not fit to
the holes in the framework of a fictitious domain approach. We propose a stable, optimally convergent
and robust formulation with respect to the hole size that exploits an augmented Galerkin formulation
based on the addition of suitable non-polynomial functions to the finite element approximation space.
The properties of the discretization method are supported by numerical experiments.

Keywords : elliptic PDEs, small inclusions, asymptotic analysis, fictitious domain approach, finite
element approximation

1 Introduction

Many engineering problems involve the interaction of slender bodies immersed into three-dimensional
media. The interaction of thin structures with fluids or the modeling of fiber-reinforced materials are
important examples of this wide class of applications. To solve these problems computationally, it is
common to model slender structures as one-dimensional (1D) bodies, taking advantage of the slenderness
to develop reduced order models and correspondingly decrease the computational cost. In particular,
slender structures can be modelled as beams. In the case where one chooses not to reconstruct the
coupling conditions on the 2D interface generated from the central line, the reduction of the model
dimension creates difficulties at the level of the mathematical formulation. First, if the volume occupied
by the three-dimensional (3D) structure is filled by the surrounding continuum, an overlap between the
two regions is generated. This requires resorting to some specific computational modeling techniques,



such as the immersed boundary method or the fictitious domain approach. Second, the dimensional
reduction of the slender body creates a mismatch in the interface conditions between the continuous
medium and the fibers embedded into it. This is an additional difficulty that must be addressed in the
mathematical formulation.

These issues have been only partially explored in the literature, but they affect solid-beam interaction
or fluid-beam interaction, recently addressed in [40] and [20] respectively. Similar difficulties also appear
in widely used simplified models for fluid-fiber interaction such as the slender body theory [34, 35]. Slender
body theory is a one-way approach that accounts for the influence of the fluid on the fibers but not vice
versa. To model the mismatch of kinematic conditions between the 3D fluid and the 1D fiber, a constant
velocity profile is assumed at the interface between the two regions. For this reason, this approach does
not account for the torsional stress on the fibers. In the future perspective, when it will be applied to
more complex scenarios, our approach aims to overcome the previous limitation of fluid-fiber interaction.

Indeed, the main motivations of this work are rooted in the context of fluid-structure interaction
involving slender bodies. In particular, we aim to develop the theoretical foundations for the analysis and
the numerical approximation of a 3D-1D fluid-beam interaction model. Our approach relies on three main
approximation steps: for the model, for the interface conditions and for the numerical approximation.
First, we approximate the 3D slender structure (denoted as QEB in Figure 1) with a beam (namely B; in the
figure), and correspondingly we fill the 3D volume of the original structure with fluid (being Q7 the real
fluid domain), resorting to a fictitious domain approach. Second, we approximate the physical interface
as a generalized cylinder and, exploiting dimensionality reduction, we approximate the coupling interface
conditions by means of projection on a space with finite dimension (on the transversal sections). This
technique resolves the dimensional mismatch between the fluid and the structure. Finally, we propose
a numerical approximation based on the finite element method. Since the classical discretization would
lead to sub-optimal convergence rates, we present an augmented Galerkin approach that restores the
desired approximation properties.

Before addressing all these issues at the level of the 3D-1D formulation, where the mathematical
difficulties would be overwhelming, we take here an intermediate step, performing the rigorous analysis
of the 2D-0D case that arises by studying the problem on a cross section of the 3D-1D one. The transition
form 3D-1D to 2D-0D is illustrated in Figure 1. In the 2D case, instead of a genuine two-ways interaction,
we study the obstacle problem where the interface condition is replaced by a nonhomogeneous Dirichlet
condition on an internal boundary. When this problem is formulated and discretized in the usual way, for
example resorting to a Lagrange multiplier defined on the whole internal boundary, we talk about the 2D-
1D formulation. In our setting, we will maintain the high dimensional gap at the interface, by projecting
the interface constraint on a finite-dimensional space. This dimensional reduction will be introduced
thanks to a projection on the 2N + 1 first Fourier modes of the interface condition, for an arbitrary
N € N*. Due to this 0D representation of the obstacle, we call this problem the 2D-0D formulation.

We also make a drastic simplification of the fluid model, stepping back to the Poisson equation.
However, this first study already contains the main difficulties of more general mathematical models.
The generalization of the 2D-0D approach to the Stokes problem is currently in progress with promising
results. Keeping the general picture of fluid-beam interaction in mind, from now on we will address
the simplified 2D-0D Poisson problem, that is basically a Poisson problem with one small hole of small
diameter £, named we = ew with w = B(0, 1) being the unit ball. The generalization to the case of many
holes is straightforward in light of the results that we will obtain.

After introducing a suitable mathematical formulation for the 2D-0D problem, we consider the conver-
gence of the solution to the one of the full 2D-1D problem in the limit ¢ — 0. For standard boundary con-
ditions, such asymptotic analysis can be found in many works, we refer the reader to [33, 32, 30, 36, 37, 6, 7]
for a non-exhaustive review. The available results will be adapted here to the case of the dimensional
mismatch at the interface. Our approximation results highlight that the reduced model proposed here is
a consistent and reliable approximation of the full obstacle problem and, for this reason, it seems to be a
good starting point to tackle the fluid-beam interaction problem. To be more specific, we will state that
the accuracy of the approximation is of order £V (we refer to Theorem 3.5 for the exact statement), so
that, for a given ¢, the number of Fourier modes can be chosen in order to reach some wanted precision.

At the discrete level, several methods such as penalty methods, Nitsche’s method, Lagrange multiplier
methods have been proposed for imposing boundary conditions, see for example [411] for a review and
[28, 29, 3, 4, 10] for a non exhaustive list of specific examples. In our particular problem, to be consistent
with the principle of a 2D-0D coupling, we have been inspired in particular by the fictitious domain
methods [17], where a Lagrange multiplier is applied to impose the Dirichlet boundary conditions on
the hole, while using a regular unfitted grid for the finite element discretization of the problem. A



Figure 1: Transition from the 3D-1D model to the 2D-0D model.

consequence of this choice is that the mesh will not resolve the internal boundary. In this framework, the
classical finite element method presents decreasing performances when € — 0, unless severe restrictions
on the computational mesh step-size are satisfied. We therefore expect to find similar difficulties for our
simplified 2D-0D problem. Such drawbacks of the computational method are generally called locking
effects, see for example [11]. To avoid this effect on general unfitted computational meshes, it is possible
to use methods that deviate from finite elements like the boundary element method [1]. Another possible
strategy is to take advantage of the asymptotic development of the solution combined with an augmented
Galerkin approach to obtain a convergence of arbitrary order with respect to the mesh size (see [11, 6, 10]).
Here, after showing the limitations of the standard finite element method applied to our case, we propose
an augmented Galerkin strategy that restores optimal convergence. More precisely, our approximation
result (which is given by Theorem 4.6) states that the discretization error is of order h¥ where h is the
mesh size and k is the polynomial order of the finite element space.

The case when the number of Fourier modes is given by N = 0 (which consists in only enforcing
the continuity of the mean value on the interface) with homogeneous Dirichlet boundary conditions on
the hole (namely ¢ = 0 in (2.1)) has been treated in [11] for the Helmholtz equations and obstacles
of arbitrary shape. In addition to the generalization of the method to an arbitrary N € N and to
non-homogeneous boundary condition in the case of circular inclusion, an important step forward of our
approach is that it allows to suitably choose the accuracy in the approximation of the Lagrange multiplier.
Accordingly, besides the error estimates of the solution, we provide error estimates of the Lagrange
multiplier that depend explicitly on the parameters N and h. This study is particularly important in
view of the forthcoming application of this coupling technique to 3D-1D problems modeling solid-beam
or fluid-beam interaction, since the Lagrange multiplier is related to the forces that are exchanged at
the interface. Furthermore, our setting has the advantage to enable any balance between the numerical
approximation error and the model reduction error, giving rise to a computational framework that is
extremely flexible. These features represent a significant improvement with respect to the previously
published works [26, 27, 25] in the context of approximation of 3D-1D or 2D-0D interface conditions.

Overall, this work covers two main original topics, the asymptotic analysis of the reduced 2D-0D
model toward the full 2D-1D one and the numerical approximation of it with a thorough analysis of
the stability and convergence properties of different variants of the method. The body of the work is
organized as follows. In Section 2, we address the asymptotic properties of the problem when the hole
becomes arbitrarily small and we use them to motivate the derivation of the reduced 2D-0D model. In
Section 3, we perform the well posedness and asymptotic analysis of the reduced model showing that
it enjoys optimal properties. The analysis of the fully discrete version of the reduced 2D-0D model is
addressed in Section 4, the results of which are supported by the numerical experiments of Section 5.

2 The Poisson problem in a domain with small holes

2.1 Problem set up

Throughout the paper, for a Lipschitz domain D in R™, we will use the classical notation (-,-)p for the
inner product on L?(D), more generally, for an Hilbert space X defined on D, (-,-)y denotes the inner
product on X. For a vector space V defined on D, we denote by V' its dual space and (-,)y~ is the



pairing between V’ and V. For 1 < p < oo and m € N, the standard notation W»™ (D) is used to denote
the Sobolev space of functions on D with all derivatives up to the order m in LP(D). In the specific case
p = 2, we denote W2™ (D) by H™(D).

In all the paper, the notation a < b is equivalent to a < Cb where C' will denote the constant of
a generic upper bound assumed to be independent of the variables of the inequality and of the mesh
size h, the size of the hole ¢ and N which characterizes the number of scalar constraints considered
to approximate the Dirichlet condition on the hole. When it is necessary, the dependency on some
parameters will be made precise, for example, if the constant depends on a domain D, we will write <p
or C(D).

Let Q be a convex, polygonal domain of R? containing the origin 0. We introduce w. an inclusion
of size € defined for ¢ > 0 by w. = ew where w = B(0,1) is the open ball of center 0 and radius
1. In all the paper, we will assume from now on that ¢ belongs to an admissible set (0, &,4,) Where
Emaz = Sup{e > 0| w. C 2}. We denote the complementary of w. in Q by Q. = Q\w..

In our study, we consider the following Poisson problem

—Au. = f in Q.
ue =0 on 01, (2.1)

Ue = @ on Jw,

where ¢ € H?(8w.) and f € L2() are given. We assume that f is such that 0 ¢ supp(f).

Remark 2.1. In a fluid-solid interaction context, we would have a system of equations and the function
o would be equal to the velocity of the structure, typically we would have ¢ = X + exeg where X and X
are constant on Ow. and eg = (—sin(6),cos(h)) in polar coordinates.

Remark 2.2. We consider in this paper a circular obstacle centered in O but all the results can be
generalized to an obstacle centered in z for all z € Q. This construction is also easily generalized to
multiple obstacles, provided that they do not intersect each other and do not intersect with the support of

1.

Remark 2.3. In our study, we consider Dirichlet homogeneous boundary conditions on the external
boundary 0. However, our work can be extended without difficulty to nonhomogeneous Dirichlet bound-
ary conditions.

Let us now consider ug € H}(Q2) the unique solution of

—Aug = in Q
up=f in Q, (2.2)
ug =0 on Jf).
The function ug satisfies the following standard energy bound
luollr.0 < [ f1lo.c- (2.3)

If o = 0, then problem (2.2) represents the limit case of problem (2.1) when ¢ — 0. The following result
gives the rate of convergence of u. towards ug, namely an estimate of the difference u. — ug with respect
to €. If we assume that w. N suppf = 0, then the solution u. of the problem (2.1) satisfies

e = woll1,0. S (=1n(e) "2 flloe - (2.4)

This estimate is a classical result which can be seen as a consequence of the fact that the H'-capacity of
we tends to 0 as (—In(g)) ™!, see for example [22] for a discussion about capacity. Thus, in the particular
case where ¢ = 0, the solution of the problem (2.1) tends to the solution of the problem (2.2) when
¢ — 0 and, to approximate the problem (2.1), one may consider the limit problem without inclusion. In
other words, one could just ignore the presence of the inclusion. However, inequality (2.4) shows that the
convergence is very slow with respect to the size of the inclusion. To give an idea, (—In(g))~2 ~ 0.201
for e = 10719, For this reason, in what follows, we will introduce and analyse a family of problems whose
solutions can approximate u. better than ug, with an arbitrarily high accuracy when ¢ — 0.



2.2 A reduced model based on defective interface conditions

To derive a family of reduced 2D-0D problems, the first idea consists in identifying the domain €2, with the
whole domain €2 and fill the small inclusion with the external medium. To do so, the solution of problem
(2.1) is extended to Q and the constraint on the boundary dw. is imposed by an infinite dimensional
Lagrange multiplier defined on the boundary dw.. By this way, problem (2.1) becomes: find u. € H}(Q)
and A, € H™2(dw.) such that

{(wg, Vo)a + Qesv) g on. = (fr0)g, Vo € HY(Q), 25)

_1
</’L7 uE)—%,@wg = <Ma (p>—%76w57 VM € H 2 (awa)

where (-,) _1 5, denotes the pairing between H~%(dw,) and Hz (w,).

Let us remark that the Lagrangian multiplier A. corresponds to the jump of the normal derivatives of
the solution through the interface. Indeed, following similar computations as in the proof of the Lemma
3.8 which is given in Subsection 3.2, we have:

Ae = Vil ear 1 — Vg iy -1 in H 2 (dw,) (2.6)

where n is the exterior normal to Owe, Ue ezt 1S the restriction of u. to Q. and wu, ;pn; is the restriction
of us to w.. In the setting of a fluid-structure interaction problem, the quantity of interest is the force
exerted by the fluid on the structure which corresponds to Vu, ¢, - n and therefore, except in the case
when ¢ is a constant function, it does not match with A\.. In particular, to implement iterative methods,
we need a numerical method to compute Vg ¢zt - 1 from A.. This point will be discussed in more detail
in Remark 3.7.

The second main idea of our reduced approach is to introduce an approximation of the constraint on
Ow, thanks to a projection operator on a finite dimensional space that will approximate the trace space
H? (Ow,). Since this approximation will strongly rely on Fourier analysis, before presenting the reduced
problem in subsection 2.2.2, we first introduce some useful notations and results.

2.2.1 Notations and main results on Fourier analysis

In this subsection, we introduce notations that will be important in the following and some classical
properties on Fourier analysis. We refer for example to [12] for more details on this topic. Since this
theory will be used in the rescaled domain w., we also introduce the notations and results related to
this rescaling. The properties presented here are the basis of the approximation properties that will be
satisfied by the reduced model.

First, taking advantage of the circular geometry of the hole boundary, we switch to polar coordinates,
that is for r € RT and 6 € [0, 2|, if u is a function defined in Q and x = (cos(f), sin(f)), we write that
u(rx) = u(r,d). Here and in what follows, to simplify the writing, we have used the same notations for the
function expressed in cartesian or polar coordinates. In particular, for all x € dw, we have u(x) = u(1,6)
where 6 € [0, 27] is such that x = (cos(0), sin(#)).

We then consider the space .# " of trigonometric polynomials of degree less than or equal to N given
by

N
MY = {v e L*(0w) | v(x) = ag + Z (an cos(nd) + by, sin(nh)) , for a. e. x € dw,

n=1

with (an)ognSN S RN+1, (bn)lgngN S RN}.

The space . " is introduced to approximate the space of L?(dw) and by a rescaling in ¢ it will also be
used to obtain an approximation space of L?(dw.). The projection operator that we will consider in our
reduced model approach is the L? projection on .#Z%. Denoting it by IV : L?(0w) — .47, it is given
by: for all u € L?(dw),

(MM u, v) o = (1, 0) o, Vo € AN (2.7)
We have for u € L?(dw) and 6 € [0, 27[, if x = (cos(f), sin(9)),
N

(V) (x) = A°(w) + Y (A" (u) cos(nb) + B (u) sin(n)) ,

n=1



where the operators A" : L?(0w) — R and B" : L?(0w) — R associate to a function of L?(dw) its n'"
Fourier coefficients and are defined by: for all n € N*, for all u € L?(dw)

1 27
O(u) = — u
A0(u) /O (1,0)d6

2m
A" (u) = %/0 7ru(l,9)cos(n€)d97 (2.8)
2m
B"(u) = %/0 u(1,0) sin(nd)do.

Moreover, a function w can be written: for x = (cos(6),sin(6)) with 6 € [0, 2],
= Z (a, cos(nd) + b, sin(9)).

where ag = A°(u) and, for all n > 1, a,, = A"(u), b, = B™(u). This decomposition is called the Fourier
series decomposition of u and (a,, cos(nf), b, sin(nf)) are the n'* Fourier modes of w.
The operator [TV satisfies the following properties: for all u € L?(dw)

|w — TN u)jg,5, — 0 when N — oo

N, |2 2 a a; b, 2 a; b,
i —9 n | On <9 Y  In _
I u||073w 7| ag —l—nE:l < 5 + > ) <27 | aj —|—n§:1 ( 5 + 5 >

So in particular TIV is continuous.

In our case, we want to approximate the space Hz(Ow). Since Hz2 (0w) C L2(dw), the elements of
H? (Ow) also admit a Fourier series decomposition that we exploit to introduce a more suitable auxiliary
norm W%,Bw on H%(&u) depending on the Fourier coefficients and defined by: for all u € H? (Ow)

and

Tl 0 = <a3+z<1+n> (ai+bi)> |

n=1

where ag = A°(u) and, for all n > 1, a,, = A"(u), b, = B"(u). L
This norm | - || ||% 5 1s well defined in Hz(Ow) and both norms || - 1,00 and | - ||%’6w are equivalent
in Hz(dw) (see [[23], Lemma 2.4.5] for example). This implies in particular that the following stability

properties hold for IV
_ 1
ITNully g, < llully o, and TVulls oy S llullson, Yu€ HE(0w).

Now, since our objective is to work in the small hole w,, we need to rescale all the notations previously
introduced. To do so, € > 0 being fixed, we first introduce the rescaling operator ¥, : L?(dw.) — L?(0w)
defined, for all v € L?(dw.), by

W (0)(x) = v(ex). (2.9)
In particular, U, satisfies W, (L%(dw,)) = L2(8w) and U (H?2 (dw,.)) = H2 (dw). Then, we set
N ={veL’(0w.) | V(v) €. N},
and we define the operator 1Y : L?(0w.) — .4~ (resp. A" : L?(0w.) — R and B? : L?(0w.) — R) by
Y =v-tollV oW, (2.10)
(resp. A% = A" o ¥, and B? = B" o U.). Note that .Z" is equal to

N
N ={ve L*(0w.) | U.(v)(x) = aco + Z (@en cos(nb) + b, ,, sin(nd)) , for a. e. x € Jw,

n=1

with (acn)o<n<n € RV (ben)i<n<n € RV},



and for v € L?(0w,), for x = (cos(#),sin()) € Ow with § € [0, 27|, we have

N
TN o W) (v)(x) = aco + Z (aen cos(nb) + be , sin(nd)) ,

n=1

with a. o = A%(v) and, for all n € N*, a.,, = A(v), b, = B2(v).
We then consider the following norm on L?(dw,): for all v € L?(0w.)

[ollo,e = 1% (v)llo0,0w

and the associated scalar product (-,-)_ defined by: for all u and v € L?(dw.)
(u,v), = (Ve(u), Ue(v))y,, -

In a similar way, on the space H 2 (w, ), we consider the rescaled norm ||v| L
set || - ||%76 the norm on Hz (Qw,) defined by m%
we have

N 2 2 oo 2 2
£, E’I’L a’sn bsn
I ol3,. = 27 (a +) < >t )) and ||v]|3. = 27 (ai,o+§ ( SRR )) (2.11)

n=1 n=1

e = 1¥(v)[1 o, Wealso
= H\I’ )l 1,00 Let us note that for all v € Lz((‘?wg)

€

and if v € Hz (Qw,),

1
28 2

N
—2
Moy . = a2+ > (14 n) (a2, +82,), and Joll;, . =a O+Z (1+n) (a2, +82,)  (212)
n=1

Since the norms || - [|1 o, and | - H%,aw are equivalent, the norms || - [|1 . and | - ||%76 are also equivalent.

Moreover, since the constants appearing in the norm equivalence are the same as the ones appearing
for | - 1/1 ., and [ - ||% 5w they are independent of e. Thanks to the last remark, equations (2.11) and

equations (2.12), we can deduce some stability properties on IIY for the L? and H 2 rescaled norm:

M ullo,e < llullos,  Vu € L*(9we)

TN ][4 Yu € H? (Ow.).

1o Slully,. and  IXully . < lully .

To conclude this part, we notice that H~: (Owe) can be equipped with the duality product (-, -)7%75 and
the norm [ - ||, . defined for A € H™3(dw.) and p € H? (dw,) by

_ </\,,U>_1,5
<)‘a:u'>7%,s =€ 1<)‘7:u‘>7%,8w5 and ”)‘”7%,5 = S?p — T
HEH 2 (Owe)

(2.13)

Let us note that the duality product (-,-) 1 _ verifies in particular for A € L?(dw,) and pu € H? (dw.),

<A7 :u>—%,€ = 571 ()‘7 :u’)@wa = ()‘7 /J’)g . (214)

2.2.2 Formulation of the 2D-0D reduced problem

We denote by (ul,A\N) € HL(Q) x H™2(8w,) the solution of the 2D-0D reduced problem. Taking into
account the hypothesis that € is small, our reduced model will be introduced following the idea to replace
the boundary condition u. = ¢ on dw, with the finite-dimensional condition

I o T, (u)) = 1Y (), (2.15)

for any N > 0, where Tp,, is the trace operator on dw.. In other words, instead of imposing that u = ¢
on dwe, we just impose the equality of the first (2N + 1) Fourier coefficients of u and ¢. In particular,
for N = 0, the space .Z2 is the space of constant functions on dw. and this constraint is equivalent to
substituting the trace constraint by a constraint on the average of u on Jwe.



Associated to the finite-dimensional constraint (2.15), we will look for the reduced Lagrange multiplier

AY in the space #X viewed as an approximation space of H -3 (Owe).

Since AN C L*(dw.) and using (2.14), system (2.5) becomes: for all v € HE(Q)
(Vaul', Vo) + (AT 0 Tou, (v)), = (f.0)q

and for all u € 4N
(1, 11X 0 Tow, () . = (1, 9). ,

Moreover, these expressions can be simplified since, for all v € H} () and u € 4N,

()\é\f’Hé\r 07:9%(1)))5 = ()‘évav)g and (N,Hév ° Tow. (uév))a = (ﬂvuév)

e

As a consequence, the 2D-0D fictitious domain formulation reads as follows: find uY € H}(Q2) and
AV € #X such that
(Vu%;,Vv)Q—k()\év,v)az(f,v)ﬂ, VUEH&J(VQ), (2.16)
(1, ul) = (1, 9). Vpe.aN.
Eventually, notice that problem (2.16) can be formally written in the strong form: find v € Hg(Q) and

AV e #X such that
—Aul + 71\ g, = in Q
{ ue tem Acbou, = infl, (2.17)

Y o Tou, (ul¥) = ¢ on Owe.

where the distribution vdg,,_ is such that for all ¢ € C§°(Q2), (vosw,,¥)a = (v, ¢>—%,8w5-

Let us notice that the operator IIY o T, can be interpreted as a restriction operator of co-dimension
2 and it resolves the mismatch about the dimension of variables at the interface, as mentioned in the
introduction. The next two sections will prove that this operator allows us to define a well-posed 2D-0D
problem equivalent to the 2D-1D problem at order N when £ — 0.

3 Analysis of the 2D-0D reduced Poisson problem

3.1 Well-posedness of the 2D-0D reduced problem
In this section, we will study the well-posedness of the problem (2.16) and establish the following theorem.

Theorem 3.1. Problem (2.16) admits a unique solution (ul, \N) in HY(Q) x .4 . Moreover, we have
the following inequality:

lu e + A1 -1 2 S llelly e + 1 fllo0- (3.1)

We remind that e € (0, €mmas) Where 4, i the fixed parameter defined by €4, = sup{e > 0| @, C

This result states that the solution of the reduced problem continuously depends on the data and the
continuity constant does not depend on € and N. Before proving this result, we will introduce several
useful lemmas. The first lemma gives the classical Poincaré inequality.

Lemma 3.2 (Poincaré inequality). Let D be a domain in R%. For all v € HE(D), we have

o]

0,0 5o IVllo,p-

The second lemma gives an estimate of the trace on the boundary of the hole dw, of a H' function
defined in Q..

Lemma 3.3. For allv e H'(Q),

lolly - S ol



Proof. According to [[31], Section 4.1.3], if we consider the norm defined for u € Hz (dw.) by

= inf 3.2
)00 = b ol (32)

then the norm (-)1 5, and the norm |- |1 . are equivalent independently of e. By definition of the norm

()10, given in (3.2), we then have, for all v € H'(Q),

[oll1e S ()1 00, S ll0lla.
O

In the next lemma, we introduce a continuous lifting in the whole domain 2 of functions given in
Hz (0w.).

Lemma 3.4. Let z € H2 (dw,) be given. We define vz € H' () by

—AvZ =0 in Q.

—AvZ =0 inw.,

3.3
=z on Owe, (3:3)
vZ =0 on 0f).
Then,
[oZlle S 1211 .- (3-4)

Proof. According to Lemma A.3,
0210, S llzlly e

Next, for the estimate in w,, we will give an explicit formula of vZ. Since z € H 3 (Owe), z can be written
in the following way: for x = (cos(#),sin(f)) € dw with 6 € [0, 27], we have

z(ex) = az 0 + Z (Ge,n cos(nb) + be p, sin(nd)) .

n=1
Since v, is harmonic in w,, by the method of separation of variables, we obtain that, for 0 < r < € and
x = (cos(8),sin(#)) € Ow with 6 € [0, 2n],
vZ(rx) = aco + Z (C) (Ge,n cos(nb) + be p sin(nd)) .
n=1 €

The derivation of this expression can be found for example in [24]. We then deduce by orthogonality of
the basis functions sin(nf) and cos(nf) that

[eS) e [eS)
1
ij”&ws = 7r52a§70 + Z g2 (a?vn + bzn) / r2tldy = Wszaio + me? Z o 1 2 (ai,n + bgn) )
n=1 0 n=1

and

18v? 2

r 00

S ||ow
or

o e oo n
—2n, 2 ( 2 2 201 2 2
=7 E e ?"n? (a2, +12,) / e =1 E 5 (aZ,+02,).
0,we 0,we n=1 0 n=1

So, we get that

oo
—2
10212 0, = 10213, + V03, S ( +> (1 +n) (a2, + b?,)) = Ol .
n=1

To conclude, we use that, as stated in subsection 2.2.1, the norms ||-||1 _ and || - ||1 . are equivalent

1
5,6 55€

independently of . ]

We are now in position to prove the main result of this subsection.



Proof of Theorem 3.1. First, we notice that problem (2.16) can be written under the form: look for
(N, AN) € H(Q) x N such that

3.5
M) = e( Vi€ A, (35)

where the bilinear forms a : H}(Q) x H}(Q) = R, b: 4N x H} () — R and the linear form ¢ : .#~ — R
are given by

a(”? U) = (vu7 VU)Q ) b(:uv U’) = (/J’? u)g ) C(/-L) = (M) 90)5 . (36)

Let us mention that, to lighten the writing, we have omitted in the notations of b and ¢ their dependence
in N and e.

To prove our result, we will apply to problem (3.5) the version of the BNB theorem for saddle point
problems (we refer to [3] or to [[13], Theorem 2.34]).

We notice that, thanks to the Poincaré inequality recalled in Lemma 3.2 and to Cauchy-Schwarz
inequality, the bilinear form a is continuous and coercive with constants independent of ¢ and N.

Next, we have, for all u € 4N

le(u)| S el =g cllells o
So ¢ : #YN — R is continuous and the continuity constant is bounded by C [l 1 . Moreover, for all

u € HYQ) and p € AN,

[b(p, w)| = [ (pyw) | < [lpll - e[l

According to Lemma 3.3, we have

1 .
7€

[ullz e < llullo-

So we get that b is continuous with a continuity constant independent of N and . Let us now prove the
inf-sup condition which consists in showing that there exists 8 > 0 such that, for all u € .#ZN,

(11,v),
sup > Blull_s .. (3.7)
vEHE(Q) [v]l1,0

According to Lemma 3.4, for all z € Hz (Ow,), there exists vz € Hi () such that v = 2 on dw. and
[0Zll10 < Cllz]l1,e-

We deduce that, for all u € #Y,

||N||,l . — Sup (lu“?z)a S C su (‘LL,'U)E
25 eibown 1Flie T vemi@ IVl

with C independent of N and e. Thus we get (3.7) with 8 independent of € and N.
By applying BNB theorem, we then deduce that (3.5) admits a unique solution (uX,\Y) € H}(Q) x 4N
that satisfies estimate (3.1). O

3.2 Convergence of the reduced problem towards the full problem

In the previous results, the domain of validity for the € parameter only depended on the 2 domain. From

now on, some results will also depend on an additional parameter T defined by T = min (d({0},supp(f)), d({0},99))
where {0} is the center of w. and d(-,-) is the Euclidean distance of two sets. Let us note that we have in
particular Y < €,,4,. In this subsection, we will study the convergence when ¢ tends to 0 of the solution

of the reduced problem (2.16) to the solution of the full problem (2.5) and prove the following theorem

Theorem 3.5. We assume that ¢ belongs to .#N. Let (uz, \.) € HE(Q) x H™2 (w,) be the solution of
(2.5) and let (ul¥,\N) € HY(Q) x X be the solution of (2.16). Then, for e € (0,Y), we have

foe —u¥the 5 (2) (Iellge+ 17l00) (35)
and N
e =30 5 (5) (Iellye+ 17llo) - (3.9)

10



Thanks to this result, we see that the convergence in € of u. — uév behaves like eV 1 where N is the
degree of the trigonometric polynomials of the approximation space .#¥. In particular, this result can
be used to adjust N in order to reach a certain accuracy, ¢ being fixed. Notice that, for N = 0, inequality
(3.9) does not give the convergence of A, — e AN in the H~2 rescaled norm || - |- However, if we

use the definition (2.13) of the H ~2 rescaled norm, we can prove that

Il -3 o, S €2 lnll—y.c

so, if we consider the standard norm || - [|_1 5,,, we obtain
:

€

e = a0 < (E)F (lellye + 1)
T 2

This parameter T plays an important role in the extension of the method to several obstacles. In that
case, T also depends on the distances between inclusions and so we see that, when the inclusions get
closer together, the estimate of u. —u deteriorates. The advantage of our approach is that, in that case,
the loss of precision can be compensated by increasing N the number of moments.

Remark 3.6. To simplify the presentation, in this subsection, we assume that o belongs to AN . This
assumption is satisfied for example for N > 1 if ¢ corresponds to the coordinates of the velocity of a rigid
solid in 2D described in Remark 2.1. However, the convergence properties given by Theorem 3.5 remain
valid if
lo — T plly o S NFH

Remark 3.7. As pointed out in the beginning of Section 2.2, for the numerical implementation of iterative
methods, the quantity of interest which corresponds to the force exerted by the fluid is Vu5 ozt - 11 Which
does not coincide with the Lagrange multiplier AN . Nevertheless we can notice that this quantity can be
computed from AN using the next Lemma 3.8 and the explicit expression of Vugmt -n provided by formula

(3.18). More precisely, we have in H™ 2 (Ow,)

)—‘

N
1
Vué\{em ‘n=- g Z @) cos(nb) + B2 (p) sin(nh)) + Ry (3.10)

m

where Ry is defined by Ry = Z ne™ ! (cos(nh) + B, sin(nb)), with the coefficients A. ., and Be
n>N+1

Y @) (JAenl + Benl’) S

n>N+1

such that

2%75“,5 + Hf||(2)7Q

This inequality implies that
IBRNI—1.e S eV lel s 0, + 1 fllog)-

Thus, to compute Vugewt~n with an accuracy of €N it is enough to compute the first two terms of (3.10).
Moreover, according to (2.6) and the definition of ue jni, we have

1
V’u‘é\,{emt n— Vue,ea:t ‘n = g)\év — )\e =+ RN

Therefore, VuE ept - 1L gives an approzimation of Ve ert -1 with an accuracy of €N in the || - | norm.

1
-1

Before proving Theorem 3.5, we will first state and prove two lemmas which will be useful in the
proof. The first lemma gives an expression of A with respect to the jump of the gradient of u’ at the
interface Ows.

Lemma 3.8. Let (ulY,\N) € H}(Q) x .4X be the solution of problem (2.16). Then, we have

AY =e(Vullpp -n—Vul

Nine 1) in H % (8w,). (3.11)

where n is the exterior normal to we, ul,,, is the restriction of uY to Q. and ul,,, is the restriction
of ul¥ to w..

11



Proof. For all ¢ € H}(Q), we have

/vungdx:/ vu§v¢dx+/ Vul Ve da
Q Qe w

e

= —/ Aul ¢ dx —/ Aulgda + (Vully,, -n—Vul,,, - n,0)_1 o,
Qe We
and since —Aul = f in Q. and —AuY =0 in w, in a strong sense, we obtain the equality

/ Vul'Vdr = (Vul,, n—Vul,, n,¢)_ 10w, / fod.

On the other hand, we have

/ VulVodo = — (AN, ¢)_ +/ fodz.
Q Q
Identifying these two formulations, we get
<vué\fezt ‘n— Vué\,rznt -1, ¢>7%,8w5 = ()\é\f, ¢)E = 571 ()\é\f’ ¢)8w5
for all ¢ € H} (). Thus, since the trace operator from HE () on Hz (w, ) is surjective, we get (3.11). O

The second lemma describes the behaviour of u2 on dwe.

Lemma 3.9. We assume that ¢ belongs to ///EN. There exist (aemn)n>N+1 and (bepn)n>nN+1 such that
fore € (0,7), if x = (cos(h),sin(h)) € dw, with 6 € [0, 27, we have

ul (ex) = p(ex) + Z (%)n (@sn cos(nb) + be , sin(nh)) . (3.12)
n>N+1

Moreover,

Z (1+4n) (|a6,n‘2 + ‘ba,n|2) N ”30”2%,3%
n>N+1

Proof. Let 0 < € < Y be fixed. The solution u® belongs to H'(£2) and is harmonic in w,, so for 0 < r < ¢
and 0 € [0, 27[, if x = (cos(6),sin(f)) € dw, we have

ul (rx) = Ao+ Z encos(nb) + B. , sin(nd)), (3.13)
neN*
with for 1 <n < N,
A570 = Ag(¢)7
Aen = "AL(p), (3.14)

BE,” = Eint(SD)a
where the operators A" and B? are defined by (2.8). Moreover, the solution u is also harmonic in the

annulus wy\@wg, so for e < r < Y and 6 € [0, 2x[, if x = (cos(),sin(h)) € dw, we have

ul (rx) = Ce0+ Deolu(r) + Z (Cg,nr" + Da,nr_") cos(nf) + (Ea,nr" + Fg,nr_") sin(nf). (3.15)
neN*
with for all 1 <n < N,
CE,O + DE,O ln(&‘) = Ag(@)a
Ca,ngn + Depe™ = A?(‘P)7
Ecne™ + F. pe™™ = B2 ().
We refer to [24] for the derivation of formulas (3.13) and (3.15). By applying for all n > N + 1 the
operators A” and BI to equations (3.13) and (3.15), we obtain that, for all n > N + 1

{Ae,ngn I (3.16)

B, pe" = FE. e + F e

12



Moreover, according to Lemma 3.8, AN satisfies (3.11). Thanks to formula (3.13), we have in H~2 (dw,)

Vugmt n = —oeint Cint = Z ne" " (Ae ,, cos(nd) + Be, sin(nd)),
neN*

and, thanks to formula (3.15), we have in H~2 (dw.)

ouN
N e,ext s 0 —n—1
cext D= o + E Cene™ " — Depe ) cos(nh)

neN*

Vu

+n(Bepne™ ' — Fope " 1) sin(n).

Thus, by applying for all n > N +1 the operators A% and B% to equation (3.11), we obtain the following
equations: for all n > N + 1,

{As,ngn = s,ngn*Ds,nsin (317)

Bs,ngn = s,nsn - Fs,nf‘:in

From equations (3.16) and (3.17), we thus deduce that, for all n > N + 1,

Ds,n = Fs,n =0
Ae,n = Ca,n
Bs,n = Es,n-

By applying now the operators A% and B} on equation (3.15), we obtain that, for all n > N + 1,

CE,nTn + D57nT_n = A%(“’?L
E., X"+ F., T = Biul).

From these last two systems, we get that, for all n > N + 1,
D.p, =F.,=0
Acn =Cepn = *A"( 2,
Bew =Een= BT( ).

Using (3.13) and (3.14), if we define a. ,, = A% (u) and b, , = B (ul) for all n > N + 1, we get (3.12).

Using now the equivalence of the norms || - || ||%73wT and |- ||1 oo, as well as Theorem 3.1, we get that
Yo @) (asnl +1benl®) = D0 40 (AR + BRP) S eI .,
n>N+1 n>N+1

Sludlia S el o + 115 o
O

Let us notice that, following the computations made in this proof, we can obtain an expression of
uY in wy with respect to its Fourier coefficients A% (ul) and B%(u) on dwy and the first N + 1
Fourier coefficients of ¢ on dw.. This expression will be useful in the next section for the analysis of
the numerical approximation but we state it at this stage. We have for 0 < r < T and 6 € [0, 2~[, if
x = (cos(0),sin(d)) € dw,

N 0 In(r/e) - MCOS n ()" - ()" sin(n
£ - (“‘” ><r/s> 2 A Ty ) B T )

N
+ZA

n=1

< )+ i <£)n ©) cos(nf) + BZ (¢ )sin(n@))) 1.
+

Z (%) (A% (u2') cos(n8) + B (ul) sin(nd)). (3.18)

n>N+1

+ A%(p

n

Jcos n n <%)
) ( 9)+Bs(s0)<%)n

>—<\m »—%h
o |3 R
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Let us note that expression (3.18) is valid for any ¢ € H= (dw,).
We are now ready to prove Theorem 3.5.

Proof of Theorem 3.5. Let 0 < & < Y be fixed. Let us first note that u) — u. satisfies (3.3) with

z = uY — ¢ and so, according to Lemma 3.4, we have

lud —uellie S lul = ¢llse S ud =l . (3.19)

&~

Then, according to Lemma 3.9, if x = (cos(6), sin(#)) € dw, with 6 € [0, 27|, we have

+oo

ul (ex) = p(ex) + Z (%) (@e,p cos(nb) + be p, sin(nh))
n=N+1
with
+oo
Y ) (lacal® + lbenl) S el .+ /15 -
n=N+1
Moreover, thanks to (2.12), we have
1
- e\N+1 [ T= e 2(n—N-1) 2
"y =l 5 () ( S ) (5) (lacnl® + |b€,n|2)>
n=N+1
1
e\ N+1 +o0o 2 e\ N+1
s (%) ( > (4 (aeal? + |b€,n|2>> () (lelye+1flos)-
n=N+1

Using this inequality in (3.19) allows to get (3.8).

Let us now prove (3.9). Using the weak formulations (2.5) and (2.16) and the formulas (2.13) and
(2.14) for the relationship between (-,-) _1 5, (-,-)_1 . and (,-),, we notice that (uc — uly Ao —e71AY)
verifies

(V(ue — uév),Vv)Q +e(de — 5_1)‘2\[»@7%,5 =0, Vv € H} ().
Next, we have that
(A =AM )

1
—35€

||)‘8 - 5_1/\?/”—%,5 = Sup || H
pEH S (dw.) Kl .e

For all p € H?(dw,), if we take v € H} () defined in Lemma 3.4 such that v = p on dw,, we have

Ae —e AN vy 4

IAe =AYy S sup ==
2T veHI(Q) [v]l1,0
We deduce that
1 V(ue — ul), Vo 1
e—e Ay L s et W)Ly,
2 € veHL(Q) [v]l1,0 2
and conclude, thanks to (3.8), that (3.9) holds. O

3.3 Regularity of the solution

Due to the presence of the Dirac source A dg,,. in problem (2.17), the global H? regularity for uY cannot

be obtained. However, we will prove that the solution v is more regular than H'. To do so, we will

rewrite the strong formulation (2.17) in the following form: uY € HZ(Q) is solution of

—Aul = f—e 1\N§y,.  inQ,
ul¥ =0 on 0f).

Theorem 3.10. Let 0 < n < % be given. Then, if ¢ € H'(dw.), the solution of problem (2.16) satisfies
the additional reqularity uY € H%_”(Q) and the following estimate holds:

lulls—po Se lliow. + [1fllog (3.20)

14



To prove this theorem, we will need an auxiliary lemma presented in [18].

Lemma 3.11. Let D be a bounded, convex domain in R?. Let v C D be a C?-surface such that the
distance between v and 0D is positive. We consider the following problem

{Ay(&Y in D, (3.21)

y=20 on 0D,

where ¢ € L?(vy). Then problem (3.21) admits a unique solution y which belongs to H3="(D) for any
n > 0. Furthermore there exists a constant C such that

19I5 —n,p < ClICO -3 .m0

where C' is independent of ¢ and .

Proof of Theorem 3.10. Since e AN € L?(dw,), we can apply Lemma 3.11 and get that u® € H%*"(Q).
Then the main objective of the proof is to show the estimate (3.20). We start observing that thanks to
Lemma 3.11 we also have,

[ulls —pe S e A dow |-y .00 (3.22)
and that N
N6y = sup W
verg ) 2t

Note that here (-,-)g., is the standard scalar product on L?(dw,). Using Cauchy-Schwarz inequality, we
1
have, for all v € Hg Jm(Q),
(A 0) . < 1A Ml0,00 10110, -

1
Thanks to the classical trace inequality, we have, for all v € H§ B (),

[vllo,0w. e ||’UH%+7]$Q~ (3.23)

Thus, we get that
”)‘Z:V(Saws‘l—%—n,ﬂ Se ||)‘évl|0,8wz~

In addition, thanks to equality (3.11) as well as expression (3.18), we can have an explicit expression of
AY on dw. according to the first N + 1 Fourier moments of uY on dwy and ¢ on dw.. Indeed, after some
manipulations, we can prove that

X No.0we e Ul ll1,005 + Il 00, -

Using successively trace inequality and elliptic regularity on the domain Qy = Q\wy, we get

[ 1 0we S 0 200 S Ifllo.or < If

0,0

Then, if ¢ € H'(Ow,),
N No,0w. Se ellv0w. + [1fllo.0,

where the constant of the inequality depends a-priori on €. Using these last two inequalities and coming
back to (3.22), we deduce that

N

[ulls -0 Se l@ll10w. + [1fllo.0-

O

Note that the dependence with respect to € in the estimate (3.20) is not explicit. This comes directly
from the fact that the dependence with respect to ¢ of the constant in the trace inequality (3.23) is not
known itself.
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4 Numerical approximation

We aim at approximating problem (2.16) using the finite element method. Interestingly, we just need to
discretize the space H}(2) as the space . is already of finite dimension. Let us introduce a family of
shape regular, quasi-uniform triangulations 7, of €2, where h is the characteristic size of the mesh. We
set for k > 1,

XF(Q) = {vn, €C(QNH(Q) | vn|x € P*, VK € T},
where P¥ is the vector space of polynomials of degree less than or equal to k. Then, the discrete version
of problem (2.16) writes, find (u évh,)\évh) € XF(Q) x 4 such that

(Vugh,Vvh)Q + ()\gh,vh)s = (fivn)q, Yo, € XF(Q),

(M’ uéﬂ)g = w9 Ve N, (4.1)

Problem (4.1) is a saddle point problem that will be analyzed in the framework of the available general
theory, see for example [5, 13]. In particular the central property is the inf-sup stability of the form

()\f_:\' > Uh) that will be discussed in the next section.
’ €
For the approximation of problem (4.1) we introduce the Scott-Zhang operator RF : HI(Q) —
XFE(Q), defined in [35]. RF is continuous in Hg(Q), namely, for all v € H}(Q), |Riv|1.a < |lv]|1.0 and
strongly consistent, that is Rfv = v for all v € X} (€2). The Scott-Zhang operator satisfies the following
approximation properties. Let k € N* and s > 1, for K € 7719 and v € H*(Sk), then

b2 |REv — vllo.x + hZ||[V(REv — 0)|lo.x < B2 0)s.5,, [ = min{k, s — 1}, (4.2)

where Sk is a domain made of the elements neighboring K. Moreover, we have for v € H§(Q),
v — RFv|l1.0 < hvlsg, | = min{k,s — 1}. (4.3)

4.1 Inf-Sup Stability

The aim of this section is to discuss the discrete counterpart of the inf-sup condition for problem (4.1).
We show below that it is satisfied under the assumption that & > N which corresponds to the case
where the polynomial degree in the discrete space X ’}f () is larger than or equal to the degree of the
trigonometric polynomials in the reduced space .#ZN

Lemma 4.1. We assume that k > N. There exists a constant > 0 uniformly independent of h, N and
e such that for all A € MY,
A
SU-p ( ’Uh)e il h
v EXF(Q) vn 1,0 1+ g)

N IAI-1

Proof. Let pu € H%(aws) be given. We define a,,, for all n > 0, and b, for all n > 1, by
G = AZ (1) and b, = B2 (1),

Then we consider v € Hg(2) such that in w.yp = (€ + h)w,

v=ap+ Z an <7) cos(nf) + by, ( )n sin(nf)

and outside w4, v is defined as the harmonic lifting in H} (). We notice that v satisfies equation (3.3)
where w. has been replaced by w.; and z is given by z = II¥ (). Thus, according to Lemma 3.4, we
have

lollLe S lvlly,een:

Moreover on Oweyp,

N n n
v=ag+ Z an (1 + Z) cos(nb) + b, (1 + Z) sin(n#).
n=1
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This implies that

1
2

N 2n
h
lolly en < ( +3 (14 n) (1 ; ) (a2 +bg)>
n=1

BN 3 BN
2 2 2
< <1+€> (a0+ E (1+n) (an+bn)> < <1+E> lully e

neN*

Furthermore, if we consider the trigonometric polynomials ¢, (r, ) = (g)n cos(nd) and s, (r,0) = (g)n sin(nd),

for 1 <n < N, we can write them as polynomials of z and y of degree smaller than or equal to n, where
(z,y) satisfies (z,y) = (r cos(#),rsin(f)). Indeed, using Chebyshev polynomials, we have

cn(r,t‘)):gin > (".)(1)jy2jx”2j,

2
0<2j<n \J

and

1 n . .
n 9 — _1] 25+1 1172]71.
su(r0) =5 > (2].“)( Pyt

0<2j+1<n

Since, by assumption, N < k, we deduce that v|,_,, belongs to Pk,

Let us now set v, = Rﬁv. By definition of h, the domain wc} contains all the elements K € 7;? that
intersect dw.. Thus, thanks to the properties of stability and strong consistency satisfied by RZ, we have
v, = v =Yy on dw., and ||vs 1.0 < B7H1 + %)NH/’LH%,E’ where  is a constant independent of h and &

and also uniformly independent of N. From these two properties on vy, it comes that, for any A € Z,

we have N
. o s ([@wAN. B (mA),

Fonlie = (14 8)" Talye (14 2)" Ialy.

Thus, it comes that

A A
sup ('Uh7 )5 ﬁ sup (/’[’7 )g _ ﬂ ||)\||_%7E

~ -
oeexpo) lonlle = (14 B)" uent ow) lellye (14 o)

%

O

The same observation applies, in what follows, to Lemmas 4.2, 4.5.
Thanks to Lemma 4.1, noting that the operators a and b defined in (3.6) are bounded by constants
uniformly independent of €, we obtain the following general a-priori estimates for the error,

h .
lud —ulplie S A+ 2)Y nf ful —wvallie, (4.4)
9 ’UhEX}]i(Q)
h
N _ N L < TUN2N : N
WY =Xl p SO DY it =l (4.5)

Note that we are in a particular case of the general results for saddle-point problems, because here the
discretization space for the Lagrange multipliers coincides with the continuous one. As a result in this
case A\, )\2] n € MY and consequently the approximation error for the Lagrange multipliers vanishes,

. N _
namely MGII}/géV H>\6 - :U’Hfé,e =0.

Estimates (4.4)-(4.5) are not fully satisfactory due to the presence of the factor (1 + 2)N that comes
from the inf-sup condition of Lemma 4.1. It shows that the scheme (4.1) is affected by a loss of stability
when ¢ — 0 for a fixed computational mesh. This is an example of the well known locking phenomenon
(see for example [5, 13]) that appears because the inclusion becomes too small with respect to the mesh
size and by consequence the solution uév ,, becomes over-constrained. To overcome the limitations of the
scheme (4.1) with respect to stability, we propose in the next section a stabilized variant of it.
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4.2 Stabilized finite element method

In order to remove the stability condition £ > NV that appears in Lemma 4.1, we introduce in this section
a stabilized formulation based on a penalty method. We look for uév w € XF(Q) and )\g n € AN such that

(vugh,wh)g ¥ ()\gh,vh)a = (fron)g, Von € XE(Q),

(4.6)
(:U” “gh>€ = (:u’7 @)5 + Sh(,LL, )\s,h) V,UJ S %EN,

where sp, (1, A) : AN x MY — R is a stabilization term defined for all (u,\) € #ZN x 4N by

e (I B (47)

where v is a positive constant independent of h and e. We also introduce the following (augmented)
bilinear form By, : (XF(Q) x #N) x (XF(Q) x #2) defined for all (up, \), (vp, ) € XF(Q) x 4N by

Br((un, A), (vn, 1)) = a(un, vn) + b(A, vn) + b(p, un) — sn(p, A) -

Problem (4.6) is equivalent to find (u?{h, )\Q’h) € XF(Q) x 4 such that

Bh((u?,{h’ )‘é\,]h)v (vhﬂ lu‘)) = (f7 vh)ﬂ + (/1’7 (,0)57 v (vhnu’) € Xflf(Q) X %EN . (48)

For the analysis of problem (4.6) we introduce the following discrete trace lemma (see [21] ). Let T
be an internal smooth boundary dividing 2 into two open sets and K € 77? We set ' :=T'N K. There
exists a constant C' > 0 depending only on the maximum curvature of I such that for all v € H} (),

[Vl5.r < C (WIS & + R0l &) - (4.9)

For the analysis of the augmented bilinear form, we define the following norm:

h\ _
lonmle = (a4 a2+ (2) IR ) ¥ (on) € (@) a2
Using such norm, it is straightforward to show that By(,-) is continuous, precisely

| Bi((uns N)s (vns i) S s Mlle [[vns m)lles ¥ (un, A), (o 1) € X5(Q2) x A2
The stability of the stabilized problem is addressed in the following lemma.

Lemma 4.2. There exists a constant > 0 uniformly independent of h, N and ¢ such that

B
inf sup h((uha)‘>7(vhau)> Z ﬁ
(un NEXE( )XY (v, 1yeXE(Q) x AN ([ (wny )|l (v, )]

Proof. Let (up, \) be given in XF(Q2) x .#XN. First, taking (vs, ) = (un, —A) in the definition of By, we
observe that

hy\ _
B (n, V), (=) = [Vl 47 (2 ) e AR, (4.10)
Next, using definition (2.13) of the norm [|-[|_1 ., since MY is a closed subspace of L?(dw,), there exists
p € ALY such that [ully,e=1and
Ly = O,
Taking now p = pl[Al|_1 o, we have [|p|[1 . = [[Al|_1 . and

N2 = (), -

According to Lemma 3.4, there exists v, € Hg () such that v, = p on dw. and
leelie < lally e = 1ALy .- (4.11)
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We will prove that, for a > 0 small enough, there exists C,,, > 0 such that
By, ((uh7 )‘)’ (uh - O‘Rlliysv _)‘)) > Cm”(uh, /\)”g (4'12)
Property (4.9) implies that for the rescaled function ¥, (v,), we have, for all K € T}, such that K Ndw, # 0,

IR (02) = Wl B s, () IAEPa() = el () IV CREDL) — e

Using the approximation property of R’fL given in (4.2), we obtain that

e

IR (02) = Wl R s, (2 ) IV

A scaling argument then leads to

h
k 2 2
IBf. = 2B oo 5 (2 ) 192 B

Summing over all tiles K intersecting dw., we get, according to (4.11)

. .
IR~ nidoo, $ () ledha s (2) ALy 0

Then using Cauchy-Schwarz inequality and the scaling between the norms || - ||o. and || - ||o,5.. deduced
from (2.14), we get

1
h\2 _1
(R - ), 1€ (2) Aol o

1 h
< Z|IN2, =
< 7124, +C<E)e

Moreover, using the continuity of RF and (4.11), we have

| (Vun, VR ) | S IVunlloelMl-y « < ClIVunlig o + 7 II/\II2

-1

3.6 =
Combining these last two results and taking (vj,, ) = (RFv,,0) in the definition of By, we have

Bh((uh7 )‘)7 (Rzysv 0)) = (vuhv VRI;;‘E)Q + ()\ RZ’U )
= (Vun, VREv o + (N, Riv. —v.)e + (M v.)e,

> ClVulRa+ 5IA1 . () AR,

Gathering finally this inequality and (4.10), we get

h

B ((un, ). (0 + aRfes~0) = [Vl 2™ (2 ) IR,
h\ _
a(=ClTurlR + 51N, — € () e IAR.)
which leads to (4.12) if we take o > 0 small enough with
. 1
C,, = min (1 —aC, Pt aC) .

To end the proof, we notice that, from the triangle inequality, the continuity of R’fL and inequality (4.11),
we have

I(un — aRjve, =Nle < [l(un, Mlle + aClAl -3 o < Carll(un, e, (4.13)

where
Cy=1+aC.
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Thus, dividing (4.12) by (4.13), we get, with vs, = up, — aRFv, and g = —\

By, ((up, \), (vn, 1)) Cin .
Tom il 2 O 1 Vlles

which implies that, for all (up,\) € XF(Q) x 2N,

B, ((un. \), (vn, Cn
. n((un, A, @ns ) =2 (uns Ml
(vn,p)EXF ()X AN ”(,Uh,M)HE "

leading to the desired result. O

To conclude the analysis of the stabilized formulation, we address the consistency of the method.
Since )\é\f — AN € #¥, we can apply Lemma 4.2 to have an estimate of ( Rhu )\évh — M.
Precisely, we have

Bh R u 7)\N _)\N Vh,
J, — REa AN, AN < sup (g = R’y Ay = A), (v, 1)
’ ' (vn ) EXE(Q)x AN [ (vns 1)l

Then, by combining the equations of the continuous problem (3.5) and the discrete problem (4.8), we
obtain that for all (vs,n) € XF(Q) x 4N

Bh((ugh - leiué\rv )‘é\,{h - )\é\f)’ (Uhhu)) - Cl( Y Rhus 7Uh) + b(/.t, Rhu ) + Sh()‘i‘va ,U’) :

Now, using Lemma 3.3, we deduce that

h3
1wl — REul AN, = AN |le < 1wl — Riul,0)]. + ?H/\évllo,s.

In conclusion, according to the triangle inequality, we obtain the following a-priori estimates in terms of
the approximation error,

I(u = ul, AT = ATl < 1(ul = Riul, 0]l + [|(Riu = uly, AY = AL, e,

1

2
S I(ul = Riu 0] + ?H)\évﬂo,s- (4.14)

The a-priori error estimate (4.14) must be compared with the corresponding results (4.4)-(4.5) ob-
tained for the non stabilized scheme. We remark that (4.14) is not affected by any restriction on N and
it does not suffer from locking effects. However, it shows that the stabilized scheme necessarily converges
at a sub-optimal rate hz for any polynomial order k > 0. Then, if low order convergence is acceptable,
one should look at the stabilized scheme with low order finite element approximation (k = 1). Otherwise,
if a sufficiently refined resolution of the inclusions is affordable, namely h ~ ¢ and if the constraint k > N
can be satisfied, the estimate results (4.4)-(4.5) seem more attractive, provided that the finite element
space suitably approximates the solution of the problem. This is another difficulty of this problem (see
for example Remark 4.3) that will be discussed and resolved in the next two sections.

4.3 Approximation properties and convergence

Because of the limited regularity of the solution, the approximation properties of the finite element
method are not optimal. In particular, due to the approximation properties (4.3) satisfied by the Scott-
Zhang interpolation operator, since uYY € Hg(Q2) with s = % —n, we have the following interpolation error
estimate, for any k > 0O:

1_
lu2" = Riul oo + RV (ul = Rpud)lon S 027wl sy q- (4.15)

Thus, for the discrete problem without stabilization studied in Section 4.1, if we combine (4.15) with
the a-priori error estimates (4.4) and (4.5) we obtain that, under the assumption that k > N

h

lu = ul Q§(1+g) e sy 00 (4.16)
h

I =2y S (1+g)2N’l2 A PRy (4.17)
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On the other hand, for the stabilized method studied in Section 4.2, adopting a similar approach, we
have for any k& > 0 the following result

1_ —
I(u = ully, AY = AT)lle < hE7"(Jul |5 0 + 7 A o) - (4.18)

The previous inequalities show that with respect to the approximation properties, the numerical schemes
with or without stabilization are equivalent and both are sub-optimal. We also observe that there is no
advantage in using high-order finite elements. As a consequence, since we are limited to the case k = 1,
the restriction k& > N for the scheme without stabilization entails that we can not exploit the additional
accuracy provided by high-order Fourier modes. In this respect, the stabilized scheme guarantees more
flexibility.

Remark 4.3. In the limit when ¢ — 0, the regularity of the continuous problem further decreases. In
particular, the H*-norm of uY for s > 1, which pop out in (4.16)-(4.17) and (4.18) may tend to infinity
when € — 0. This can be illustrated by the very simple exterior problem

—Ab. =0 inwy\we,
0. =0 on dwv,

Ve =L on Owe,

that features the following analytical solution

R _ o In(Jz[/7)
e (|z]) = Lm.

Thus, we obtain, for s > 1,

when € — 0.

”{)SHS,Q ~ cs—1

These considerations show that for small inclusions it is particularly difficult to achieve a desired accuracy
with a standard approximation method.

Remark 4.4. Under some additional assumptions on the mesh, we can prove convergence results better
than those stated in (4.16)-(4.17) and (4.18). Let T, be a §-resolving mesh with respect to the interface,
that is the edges of 7'hQ have a mazximum distance of § to Ow.. This condition is in particular fulfilled
with § = O(h?) when the nodes of the mesh T, fall on the interface Ow.. With a little abuse of notation,
we call this case the conforming mesh configuration. In this case, following the approach of Theorem 5.2
in [20], under the restriction that k =1 > N, we obtain the following quasi-optimal convergence results
for the numerical scheme without stabilization,

h
el = ulnlie S L+ )V ([ufl2.0. + 4 ll2..)

h

M = A0hl g0 S (4 2R ([l 2,00 + flug'|

1, 20.)

We note that for §-meshes, the stabilized scheme remains sub-optimal because the consistency error, of
1 . . .

order hz, dominates over the approximation error.

Overall, the approximation properties of the proposed (original and stabilized) schemes are not sat-
isfactory, in particular because quadratic convergence rates or higher are prevented. To overcome this
limitation, we discuss an improvement of the approximation method in the next section.

4.4 Augmented finite element method

As pointed out in the previous section, the classical finite element method may suffer from numerical
locking when 7 — 0. The other limitation of the classical finite element method is the sub-optimality of
the convergence in h for continuous finite elements when the mesh does not conform to the dw, interface.
This is a classical limitation of fictitious domain problems and can be attributed to the poor estimation
of the gradient jump by C! functions across the interface. In this section, we will introduce an augmented
finite element method which allows us to obtain an numerical approximation error independent of € and
of arbitrary order in h.
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4.4.1 Definition of the augmented finite element space

In order to overcome the limitations described above, we propose to enrich the finite element space by
adding well-chosen functions that allow to better approximate the singular behaviour of Y when ¢ tends
to 0 and the jump at the interface dw.. The design of these functions directly comes from the expression
of the solution u in wy with respect to its Fourier modes on dwy and dw. given by equation (3.18).

In what follows, we assume that € > 0 is small enough to have 2¢ < T where the parameter Y is

defined at section 3.2 . We first define y a radial cut-off C*° function satisfying

1 ifr<iv
x{r) {0 ifr > 37,

Then, we set, for » > 0 and 6 € [0, 27|,

B In(r/Y)
2(7“,9) = X(T)m

1r2€ + 1r<s

and, for 1 <n < N,

3
3

(b’gb,o(’]"’ 9) = X(T) n COS(ne)lTZE + (g)n COS(n9)1r<gg

3

3

¢ (r,0) == x(r) ) sin(nd)1,5. + (g)n sin(nf)l, ..

|~ |

o|R[3[Re[R[3]8

S [N [
3

||

ST TR R

S [N S [
3

We consider the augmented finite element space X;f’N(Q) equal to
XkN Uspan{¢ ¢2L’j71§n§N7O§j§1}.

In particular, we notice that the number of additional functions is equal to 2N + 1, that is the dimension
of 4N . Indeed, as we will see in the proof of Theorem 4.6, adding a Lagrange multiplier allows to better
solve the condition at the interface but also adds a term in the singular part when ¢ — 0 and in the
gradient jump at the dw, interface.

We can now introduce the discrete formulation: find (a2, /\E Ny e XPN(Q) x 4N such that

(Vﬂgh,VUh)Q + (:\gh,vh)s =(f,vn)q, Yun€ X,If’N(Q)7

. N (4.19)
(:U’,ug’h)e = (,LL, 90)5 ) VIU, S %5 .

4.4.2 Inf-sup stability

In the augmented finite element space, we are able to derive an inf-sup condition uniformly independent
of h, N and e.

Lemma 4.5. There exists R > 8 > 0 uniformly independent of h, N and € such that for all A € 4N,

()\, Uh)s

sup

> BIAIy .

Proof. For all 1 <n < N and j € {0, 1}, we define gb"ﬂ as the solution of the equation (3.3) with
z=-cos(nh) if j =0 or z =sin(nd) if j = 1.

Then, we notice that ¢™7 = x(r)¢™J. Similarly, we define qb as the solution of the equation (3.3) with

z = 1. Then, we notice that ¢? = (r) 2.
For all A € ., we have

A Qe

Mg = 1Ty

CEH2 Owe)
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For a given ¢ € Hz (dw,), we define v and vy, € Hy(Q) by
N
vE = AQ9R. + D AN(QOEL + BE (et and v = x(r)ug.
n=1

We have by linearity that vf satisfies equation (3.3) with z = Y (¢) and according to Lemma 3.4
va”lg < ||H§(C)||%,E < ||C||%,5. Moreover, since x(r) = 1 in w., we have v, = v§ = Y (¢) on dw..
Thus [lvall1e S lvéll1e S lCll1 o, that is [lun]l1e < Coll¢]ly . where Cq is a generic constant independent
of h, N and €. At last, by definition of X;f’N(Q), vy € X,’f’N(Q). Thus, we obtain that, for all ¢ € H2 (dw.)

A Qe AN (). A, Up)e
(e _ AINQ. (o (oo
IKlye Tl e oy Tonllne
By taking the supremum over { € H: (Owe ), this gives the result with 8 = C%) O

4.4.3 Approximation properties and convergence

To conclude this section, we give an estimate of the approximation error for the augmented finite element
method.

Theorem 4.6. Let k € N*. We assume that Q is of class C**' and that f belongs to H*1(Q). Let
(ulN, AN be the solution of problem (2.16) and (ﬁgh,)\gh) be the solution of problem (4.19). Then, we
have

= a2 le + 1A = ANy e B (Il + ely.c) (4.20)

Let us mention that, up to now, we have assumed that the domain is polygonal in order to have
meshes that match the boundary. In the theorem, we assume that the domain is regular and we neglect
the error due to the approximation of this regular domain by a polygonal domain.

If we compare the result given by our theorem to the approximation properties of the original and
stabilized schemes presented in Section 4.3, we see that the augmented finite element method overcomes
the previous limitations of suboptimal convergence. In addition, if we gather the estimate (3.8) of the
error u; — ul coming from the model reduction and the estimate (4.20) of the error uY — @), coming

from the numerical approximation, we get this estimate for the global error:

e = @lhe S ¥+ 15) (I k-re +lllly.c) -

This estimate shows that, h and ¢ being fixed, it is possible to reach a given accuracy by adjusting the
parameters of the method k£ and N.

Proof of Theorem 4.6. Since, for all n > 0 and j = 0,1, ¢™7 belongs to H}(Q2), the enrichment of the
space X ,’f (Q) preserves the coercivity condition. Moreover, according to Lemma 4.5, the inf-sup condition

is satisfied for the spaces X ,]fN(Q) and .ZXN. So, we have

lud = aylle + 1IN =A0l_y . S inf o Jul —wlle: (4.21)
wr€X, ()

As mentioned previously, the enrichment of the classical finite element space X[ () by X SN(Q) will
allow to get a better approximation of uY by providing a better estimate of the singular part of uY. To
highlight this feature, we use (3.18) and write uY¥ as the sum of a regular part uév r and a singular part

ul g defined respectively by: for 0 <7 < T and 6 € [0, 2|, if x = (cos(),sin(0)) € dw,
T

uQ’R(rx) = AL () + Z (¥>n (.A%(uf_.v) cos(nd) + B (ull) sin(n))

neN*
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+A%(p) + Z (Z)n (AZ () cos(nb) + BZ () sin(nd)) | 1,<..

1<n<N

The functions uY g and ulY N belong to H'(Q2) and, according to (3.18), we have ul¥

which leads in partlcular to

— N N
fuejRJruE,S m wr,

Xuév = XU?,IR + Xuf:\fs.
Let us now prove that the truncated singular part belongs to the approximation space, that is that Xué\f g

belongs to XS’N(Q) First, we notice that, by definition of ¢¥, we have, for all r > 0 and 6§ € [0, 2n|,

) (A0 + A2 (BT 4 1, ) = (AR )+ A2() 6200

Moreover, by definition of ¢/, we have, for all 1 <n < N
E) =" e F)

r) | —A%Y Uév = +¢4 T

o (a0 () T T

() (A% ) (£) "+ A2(0) (£)") cos(nd)1, e = (A () (5)" + A2(0) 620

cos(nf)l,>.

v

and

x(r) (—B%(u?) (5)" ((“n =

x(r) (-By ) (%) + B o)

We deduce that for > 0 and 6 € [0, 27|,

M()uls(r,0) = (A3 @) + )00+ S (~Ar ) (5) "+ A()) 00°00)

Sl
S—
3
!
—
— oR)I8
S—
3

1<n<N
+ Y (B (5) +Bw) e (),
1<n<N
and thus we get that Xuf:\{s € XS’N(Q). Therefore, for the right hand side of (4.21), we have in particular
inf uY —wyll10 < inf uY — xullg — vpll1.0.
o b st s ol

Moreover, writing uY = yul' + (1 — x)u, it comes

ul —xuls = xulp + (1 — x)ul,

so that estimate (4.21) becomes
lud = alpllie + IIN = ARl - inf Ixullp + (1= x)ul —vnllre. (4.22)
’ 1)h6Xﬁ(Q)
It is now sufficient to prove that the function xulp 4 (1 — x)ul is well estimated by the elements of
XF(9). To do this, we will prove that this function belongs to H*+1(Q).
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First, since uév r is an harmonic function, thanks to the interior regularizing property of elliptic
operators (we refer to [14]), we have

2R et g ) S Nl R 2y S TAT @)+ D AR ) + B ()]
neN*

N ||Ufzv||L2(wT) S fllo,e + el

1
2:€

thanks to Theorem 3.1. Thus, by definition of y, we get that XU?{R belongs to H**1(Q) and we have

Ixulrlletr.0 S 100 + el

Moreover, since ul satisfies —Aul = f in Q. and vl = 0 on 9 and since Q\ wy 2 is relatively compact
in Q. U0, the regularizing property of elliptic problems (we also refer to [14] for this result) implies that
ul belongs to H*™(Q\ wy/2) and we have

[ |l v @vwr ) S I le=1,0-
This implies that (1 — x)u belongs to H**1(Q2) and we have

11 =) ud k1,0 S 1 flk-1.0-

Gathering these results, we deduce that XUQR + (1 — x)u® belongs to H*T1(Q) and

Ixulp + (1 = x)ul ke S I flk-re + ol

By this way, using interpolation estimates for the finite element space XX () in H*1(Q) [13], (4.22)
becomes R
[ul =yl + I = A4l S CR¥Ixullp + (1 = x)ul||k+10

and thus we get (4.20).
O

Remark 4.7. Let us notice that the use of an enriched element space allows us to derive an error
estimate that is at the same time independent of € and can be of any order in h. This is first made
possible by getting an inf-sup condition independent of € and h, but also by the fact that the singular part
of the solution uY is only in the first Fourier modes, and is therefore fully captured by the enrichment
functions.

FEventually, we see that the estimate of Theorem 3.1 requires only a regularity in H%((?wg) for ¢. This
assumption, which may seem rather weak, is due to the fact that thanks to the enrichment of the finite
element space the convergence analysis of the scheme only relies on the reqularity of the solution away

from the inclusion.

5 Numerical experiments

Following the main results of this work, we subdivide this section in two parts. First, we analyze the
behavior of the error due to the defective boundary conditions, referring to this part as the convergence
in e. We perform numerical tests to illustrate that the properties stated in Theorem 3.5 are actually
observed in practice. Second, we analyze the approximation properties of the reduced problem discretized
by the finite element method, using both the standard formulation and the augmented formulation.
The numerical tests shown in the second section address the error analysis with respect to the space
discretization parameter h and complement the analysis shown in Section 4.

5.1 Convergence in ¢

In this section we analyze first the case of a single inclusion, for which a rigorous analysis has been
presented here. However, as mentioned in the introduction, the proposed approach can be easily extended
to several obstacles of different sizes. The behavior of our method in this case is addressed in the second
paragraph of this section. Finally, in the third part of this section, for the case of multiple inclusions, we
analyze the effect of the distance between inclusions, which is an important factor in many applications.
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5.1.1 Single inclusion

We consider a rectangular domain 2 of width L and height ! with an inclusion located in z (we have
taken L =1 =1 and z = (0.2,0.1)) and we make € vary in the set {0.05,0.04,0.03,0.02,0.01}. On the
external boundary 952, we have considered non homogeneous Dirichlet boundary conditions presented in
Figure 2. Although our mathematical study focused on homogeneous Dirichlet boundary conditions, the
results of the previous sections remain valid in this more general case. As for the inclusion, we set ¢ = 0.
To illustrate Theorem 3.5, we have computed the convergence rate with respect to € of the reduced
problem towards the full problem for increasing values of N in the definition of .#Z~. In the general
case, the continuous solutions are not known a priori. Therefore, we have considered the linear finite
element approximation of the reduced and full problems for a conforming mesh (defined as d-resolving
mesh in Remark 4.4) with h small enough (h =~ le —3) in order to have a negligible discretization error in
comparison with the model reduction error. The convergence curves are given in Figure 3. They represent
the H'—norms of the difference eé\f , between the discrete solutions of the full problem and the reduced
problem for N = 0, 1 and 2 moments. If we compare the slopes of the error curves with the expected
slopes (represented by the black lines), we notice that the match is between theory and observations is
very satisfactory. The numerical solution of the reduced problem and the errors eg) s e;h and eih for
€ = 0.05 are reported in Figure 4.

L

u(z,y) =0.1x 900

u(z,y) u(z,y)

u(z,y) = —0.1z

Figure 2: Boundary conditions for the square domain.

5.1.2 Multiple inclusions

We consider a rectangular domain Q = [—0.5,0.5] x [—0.5, 0.5] with four inclusions positioned respectively
in (0.2,0.1), (—0.3,0.1), (—0.2,0.2), (0.1,—0.2) and of respective initial sizes 0.05, 0.04, 0.06 and 0.03.
As in the previous tests, the boundary conditions on 02 are described by Figure 2 and ¢ = 0 on the
inclusions. The results obtained for N = 0, 1 and 2 are reported in Figure 5. There, the parameter &
corresponds to the size of the first inclusion and all the other inclusions are scaled proportionally. Again,
we can notice that the convergence rates coincide with the expected ones. The numerical solution of the
reduced problem and the errors 627h, eé,h and eg’h are reported in Figure 6.

5.1.3 Behavior of the model error for close obstacles

We consider here a test case to illustrate the behavior of the method when obstacles are close to each
other. The domain is the same as previously and we consider uniform Dirichlet boundary conditions
equal to 1 and two inclusions of radius 0.05 initially centered in (—0.1,0) and (0.1,0). The boundary
values imposed on each inclusion are respectively 0.5 and 1.5 and are enforced with N € {0, 1,2} modes.
The numerical solution of such problem is displayed in Figure 7 panel (a). Then, the distance between
the two inclusions is gradually reduced. The numerical solution with inclusions separated by a distance
of 0.01 is shown in panel (b). The comparison of the two top panels shows that the solution in the circle
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Radius of the obstacle €

Figure 3: The modelling error behavior with respect to the radius for different values of N in the case of
a single inclusion.

Se-7

2.5e-07

(b) 62,h

(a) ue

—le-5

—5e-6

2e-6
le-6
5e-7
2e-7
le-7
5e-8
2.6e-08

(c) eln (d) €2,

Figure 4: Contour plots of the solution u. and of the discrete model errors 2, el , and e? ;, on a log-scale
axis for an inclusion of radius ¢ = 0.05.

deviates from the constant as the two inclusions get closer. More quantitative results are given in Figure
7 panel (c). We see that the model error increases as the distance between the two obstacles decreases,
as expected with the inverse dependence on Y in the estimate stated in Theorem 3.5. We also notice
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Figure 5: The modelling error with respect to the radius of four inclusions for different values of V.
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Figure 6: Contour plots of the solution u. and of the discrete model errors 687 s e;, 5, and eg’ 5, on a log-scale
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axis for multiple obstacles of radius £ = 0.05.
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that this effect becomes more severe as the number of modes increases.
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Figure 7: Effect of the inter-inclusions distance on the model error. By comparing panels (a) and (b)
we see that the approximation of the solution at the interior boundary worsens when the centers of the

inclusions approach. In panel (c) we see the variation of the model error when the distance between the
inclusions progressively changes.
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Figure 8: Comparison of the numerical error for theg)gnite element method without and with enrichment.



5.2 Convergence in h

We now study the behaviour of the discretization error when the mesh size decreases in order to illus-
trate the convergence results given by (4.16) and (4.17) for the classical finite element method without
stabilization and by Theorem 4.6 for the augmented finite element method.

Here, we have considered 2 = [—1.5,1.5] x [1.5,1.5] and a single inclusion of center z = (0,0) and
radius € € {0.1,0.01,0.001}. For the number of modes, we have taken N = 0 or 1. Moreover, we consider
non homogeneous boundary conditions on dw.. More precisely, denoting by u¢ the continuous solution,
we take

(1,ul). = (p,¢). , Y € ALY, with ¢ = 1+ cos(0) + sin(6).

By setting the appropriate Dirichlet boundary conditions, the continuous solution writes for N = 0,

1+ (5) cos(6) + (%) sin(6) ifr<el
ug =9 In(r/p) "\ cos " i .

in(</p) +(5)cos(6) + (D)sin() i r >,
= )

and for N =1,

1+ ( ) cos(6) + (g) sin(6) + (%)2 cos(20) + (=)?sin(26) ifr <e,

(
3 sin(6) + (p>2cos(20) n (;)QSm(ze) if > e,

U=V n(r/p) (/) B o)+ 21210 ,
e/n) /o)~ o[ os(0) + o)t "

c = /P pg—fcos PTPIE  Zygin

% = g e~ D+ (R = Do),

with p = 0.4. To solve this problem, we have implemented the classical finite element method given by
the formulation (4.1) and the augmented finite element method given by the formulation (4.19). In what
follows we analyze the relative error for the solution uév , in the H! and L? norms and for the Lagrange

multiplier )‘f:\,[ 5, in the L? norm, namely

[ul —ul gy el = w2 A = A2 ow.)

lud gy |ul |2 AN 2 (9w,

The numerical results for the h-convergence of the method without and with enrichment functions are
compared in Figure 8. We focus our attention on two items: the convergence rate with respect to h and
the influence of € on the error, as in some cases the error estimates show the dependence on (1 + h/e)™
For the first item, we test the method for linear (FEM-P1) and quadratic (FEM-P2) finite elements
(corresponding to different Markers in each plot). For the second item, we exploit the fact that the exact
solutions are parametrized with respect to ¢ and we calculate the error for ¢ = 10~%,1072,1073. Again,
each test is identified by a different marker in the plots (as shown in the legend). Also, in both cases we
perform the error analysis for N = 0 (on the left column) and N =1 (on the right column).

For the standard finite element formulation, we observe that independently of the choice of finite
elements order, linear or quadratic, the convergence rate in the H'-norm is limited to 0.5 because of
the low regularity of the solution on the whole domain, for any the value of N. We also observe that
the scatter of the error curves with respect to € is more pronounced in the case N = 1, as expected
because of the factor (1 + h/e)™ of (4.16). According to the estimate, we see that the error increases
when decreasing ¢ for a fixed value of h. This behavior, predicted by the estimate (4.17) for the Lagrange
multipliers in the |[-||_1 .-norm is only partially observed in the numerical experiments, as the effect of e
increases moving from N = 0 to N = 1. We justify this discrepancy observing that we are not calculating
the same norm of (4.17). Surprisingly, but not in contrast with the theory, the convergence rate for the
Lagrange multiplier increases when increasing the polynomial order of the finite element method. This
super-convergence behavior may be due to the particular properties of the exact solution.

For the augmented finite element method, the situation changes completely, in fact the theoretical
order of convergence predicted by (4.20) is observed in all the numerical tests. For the H!'-norm of
the solution, the theoretical order of convergence is almost exactly verified in the experiments. For the
Lagrange multipliers, super-convergence is clearly observed for linear finite elements, but the theoretical
rate is respected by the quadratic ones. Reminding again that we are not testing the same norm of
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the error estimate (but we are actually using a stronger norm), this result may be due to the particular
structure of the exact solution. Finally, we observe that for the augmented finite element method the
convergence error of the solution and of the Lagrange multipliers is not negatively affected by the size of
the inclusion, namely €. In fact, we observe a slight influence of € on the error, but it decreases almost
proportionally with . Indeed, this is a desirable feature of this numerical approach.

Conclusions

In this work we have considered a second order PDE defined on a domain with small circular holes
subject to non homogeneous Dirichlet boundary conditions. This problem can be seen as a template for
different families of applications. It may represent solid mechanics problem where the holes play the role
of small supports of a mechanical part, but it may also be used as a prototype problem for fluid-structure
interaction applications where the small inclusions represent particles or fibers immersed into a fluid.
To address these challenging applications using computational models, a thorough mathematical under-
standing of the fundamental mathematical aspects of the problem is extremely useful. As highlighted in
[2], a mathematically-informed approach is a prerequisite for safe and reliable computations.

For these reasons, we focused on the fundamental aspects of the approximation of the problem. On
one hand, we addressed the approximation of the Dirichlet boundary conditions on the inclusion by means
of a simplified modeling approach based on the projection on Fourier modes. On the other hand we have
studied the properties of the finite element method used for the approximation of the simplified model.

A particularly important question to be addressed is the robustness of this approach with respect to
the size of the holes, which may become arbitrarily small with respect to the domain. To this purpose,
we have studied three relevant problems: i) the full problem, corresponding to the standard enforcement
of the non homgeneous Dirichlet boundary condition on the holes by means of Lagrange multipliers;
ii) the simplified problem, characterized by the approximate weak enforcement of Dirichlet boundary
conditions by projection on Fourier modes; iii) the limit problem obtained when the diameter of the holes
vanishes. Understanding the mutual interaction of these problems characterizes what we call the model
error in terms of the size of the holes. By means of suitable a-priori estimates of the model error and
of the finite element approximation error, we provide guidelines to optimally balance the approximation
parameters of the proposed simplified modeling approach. In particular a crucial issue is to provide a good
approximation strategy of the Lagrange multiplier so that these theoretical results could be especially
useful in view of forthcoming applications of this methodology to fluid-structure interaction problems.
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A Appendix

In this appendix, we state several results that have been used in the previous sections. We recall that
€ € (0, Emax) Where €,q, is the fixed parameter defined by €4, = sup{e > 0| @w. C Q}.

Lemma A.l. For ® € H? (09) and f € L*(2) such that w. N suppf = 0, the following problem
—Av. = f in Qq,
ve =0 on 09, (A.1)

ve =0 on OJwe,

admits a unique weak solution in H'(Q.). Moreover,

loclo. < (181300 + 1flos)

Proof. The proof is similar to the proof of [[9], Lemma C.1] for the Stokes equations which is itself based
on the results of [[39], Chapter 3]. In this proof, we will consider two cases, the first where f = 0 and the
second where ® = 0 and conclude by linearity.

Let us first suppose that f = 0. We consider v, the solution of (A.1) for € = €,,44. It satisfies

e 16 = ( /
Q

Now consider 9., .. € H(Q) the extension by 0 of v, to all Q. Notice that since € < €42, EW C Emazw
and ) C €., so, by minimization of energy, we have

2

Ve e I2dw‘> S 19

100" (A2)

Emax

Emax

[Vel1,0. < |Veppun |10, = [Vepan i,

and thanks to equation (A.2),
veh0. S 119

1,00 (A.3)
Let ug be the solution of the problem (2.2). Since 0. —ug € H}(Q2), we can apply the Poincaré inequality
given by Lemma 3.2, we get

[0=ll0.0. = ll9ello.0 < 0= = uollo.e + [luollo.c S (lvelr.a. + [uolr.e) + [luollo.c-
The well-posedness of the problem (2.2) also gives
[uollie S 121,60 (A.4)

Combining equations (A.3) and (A.4) finally gives us

lollo.a. < 1€y o0

Now, let us suppose that ® = 0. Let us note that for all v € H{(€.), denoting by ¥ the extension by
zero of v to 2, we have

[ollo,e. = I9llo.2 S IVEllo,2 = IVvllo,q.-
Using this inequality and Lax-Milgram theorem, we get
[vell.0. < 1f[lo.0-
This concludes the proof of the lemma. O

Lemma A.2. For any L € R, the problem

—Av, =0 in Q,,
ve =0 on 09,

ve = L on Ows,
admits a unique weak solution in H'(Q.). Morevover,

lvell0. S (= n(e)~#|L).
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Proof. As for the previous lemma, the proof is adapted from [[9], Lemma C.3] for the Stokes equations
itself presented in [[39], Chapter 3]. Let us define w, the unique solution of the system

“Aw. =0 inw.,  .\G,
we =0 on we, . /e
we, =L on Ow.

We also consider the function 9. defined on %\E by ¥c(x) = ve(ex) for all x € %\E The function v,
satisfies
—Ab. =0 in 2\w,
e =0 on 199, (A.5)
Ve =L on Ow.

Notice that we have W C w,, .. /e C % Now we consider w,. the extension of w. to %\w by zero in the
outer part of the extended domain. Therefore, by the principle of minimization of energy, we have

[vel1,0. = |ﬁE|1,§\w < ‘w&“l,%\w = |wa|17w5mam/s\w' (A.6)
A computation provides for all x € w,, . /-\W,

ln(gmax/e) — ln(|x|)
In(emaz/€)

we(X) =

and
Weliw. e S (—1n(e)"F|L).
So we get
[veli.a. < (—In(2) "2 [L]. (A7)

Finally, we consider @ the extension of v. to by L. Since this extension is in H{ (), we can use the
Poincaré inequality given by Lemma 3.2,

[vello.. < [[2cllo.e S [Pel10 S [vel10.-
Using equation (A.7), we get the result. O

Lemma A.3. For any ¢ € H%(awg), the problem

—Av. =0 in Q,,
ve =0 on 012,
Ve = ¢ on Owg,

admits a unique weak solution in H(Q.). Moreover,

[vell1,0. S lle(eX)1 00

Proof. Once again, this proof is adapted from a similar proof conducted in [[9], Lemma B.2 and Lemma
4.2] for the Stokes problem which is itself inspired from a proof described in [[39], Chapter 3]. Lax-Milgram
theorem allows to prove that the problem

{—AV =0 inR\m, (A8

V =p(ex) indw,
is well posed and has a unique solution in
Wi (R\®) = {u e D' (R\D) | In(p)~u € L2, (R\®), Vu € L2(R\@)}

where )
p(x) = (1+[x]*)2
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and
L2, (R*\w) = {u € D'(R\@) | p'u € L2(R*\w)},

(see [15] for example). We will try to give an explicit representation of V. By setting —AV = 0 in w, the
problem (A.8) has a unique solution in R? and we have that

—AV =VV -nda,
in D,(R2) where n is the exterior normal on dw. Now let us define
W =E=*(VV -ndg,)

where E is the fundamental solution of the Laplace equation given for x € R?\{0} by

and * is the convolution product. We have
—AW =VV -ndy,

in D' (R%). Then V — W is a harmonic tempered distribution. A classical result of Fourier analysis states
that harmonic tempered distribution are polynomials (see [12] for example). Then V = L+ W with L a
polynomial and for y € R*\w,

W)= [ By —x)dsto).
with t(x) = VV - n. Using a Taylor development for E, we get
E(y —x) = E(y) - VE(y —ax) - x

for some « € (0,1). We then have

W(y) = E(y)/a t(x)ds(x) — /8 t(x)VE(y — ax) - xds(x).

Let us denote
Uly) = /a t(x)VE(y — ax) - xds(x).

By computation, we get that U(y) = o(1/|y|) when |y| — oo so (In(p))~1U € L? | (R*\w). As (In(p))~'V €
L? | (R*\w) and (In(p))~! ¢ L%, (R*\w), we necessarily have that

/&J t(x)ds(x) =0

and that L is a constant. By computation, we have that for ||y|| sufficiently large,

1 1
W(y)| < Hap(ex)H%ﬁMM and |VW (y)| < H«p(EX)HéﬁwW'

Let A > 0 such that the previous inequality is satisfied for ||y|| > A. We have for |y|| > A4,
< 1
LIS V) + \l@(EX)H%,awm-

Integrating for ||y|| > A, we get

Y vr )
. </|y|>A log<||y||>2y||2> : </|y|>,4 10g<||y|>2||y2>

1
+lle(Ex)lly o </|y|>A 10g(ll.‘yll)z’l.‘yll‘*)

N
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The fact that A is independent of ¢ and the well-posedness of the problem (A.8) give
1L S lle(ex)l1 o0

Using similar computations as in [[19], Lemma 7.1], we also have

x
||W(g)||195 Selle(ex)lly o0

We then define z. := v. — W(%), 2. satisfies

—Az. =0 in Q,,
ze =—W(%X) on 09,

ze =1L on Jdwe.

Using Lemma A.1 and Lemma A.2 we get that

x _1
lzllL. S IW(2)I3 00 + (= In(e)) 7= [L],
_1
S elle(ex)lly oo, + (—1In(e)) "2 [o(ex)]1 a0,
So finally, we get

[vellno. S 2. +IW(S)lLa.,

—~ O | M

_1
S ellp(e 1,00 + (=€) "2 lle(ex)]l 1 00 + l(eX) 11,005

[v=ll1.0. S le(EX)]l1 00
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