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WELL-POSEDNESS, REGULARITY, AND CONVERGENCE
ANALYSIS OF THE FINITE ELEMENT APPROXIMATION OF A
GENERALIZED ROBIN BOUNDARY VALUE PROBLEM

TAKAHITO KASHIWABARAT, CLAUDIA MARIA COLCIAGO}, LUCA DEDE}!, AND
ALFIO QUARTERONI!S

Abstract. In this paper, we propose the mathematical and finite element analysis of a second
order Partial Differential Equation endowed with a generalized Robin boundary condition which
involves the Laplace-Beltrami operator, by introducing a function space H'(2;T") of H!(Q)-functions
with H1 (T")-traces, where I' C 9Q2. Based on a variational method, we prove that the solution of the
generalized Robin boundary value problem possesses a better regularity property on the boundary
than in the case of the standard Robin problem. We numerically solve generalized Robin problems
by means of the finite element method with the aim of validating the theoretical rates of convergence
of the error in the norms associated to the space H(€;T).

Key words. generalized Robin boundary conditions; Laplace-Beltrami operator; Poisson equa-
tion; well-posedness; regularity of solution; finite element method; isoparametric analysis; a-priori
error estimation
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1. Introduction. When modelling physical phenomena through Partial Differ-
ential Equations (PDEs), the introduction of non-standard boundary conditions may
be required. This is the case for example of the following Poisson equation, endowed
with a boundary condition involving the Laplace-Beltrami operator:

—Au=f in Q, 11

%+QU—BAFU:h on I'=09Q, (L.1)
where «, 8 are positive constants and f,h are given functions. We refer to problem
(1.1) as a generalized Poisson (GR-P) problem, which is the focus of the paper. We
remark that (1.1)s is the usual Robin boundary condition augmented with an extra
boundary stiffness term of second order (higher-order versions could also be consid-
ered); we refer to such a boundary condition as a generalized Robin one.

The problem described by (1.1) has some backgrounds in physical modeling and
mathematical analysis. For example, in [26] it is proposed, among other possibilities,
an unsteady version problem of (1.1) to model a heat conduction process with a heat
source on the boundary. The resulting boundary condition is known as the Goldstein-
Wentzell condition, which is studied in [45, 47], in the simplified case f = 0 (note that
this assumption also influences the boundary condition). When f is arbitrary, the
unsteady version of (1.1) is analyzed only in the framework of maximal regularity
for parabolic equations with dynamic boundary conditions (see [13, 40]). General-
ized Robin boundary conditions are also used in [24] in the context of Schréedinger
operators. A mathematical analysis of (1.1) is proposed by J. L. Lions in [34] for
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a computational domain representing the half space RN N {zy > 0} (see Example
II1.2.6 of [38]), featuring a flat boundary. However, to the best of our knowledge, a
full theoretical analysis of the finite element approximation of problem (1.1) has never
been considered in literature.

Another motivation for the study of the (GR-P) (1.1) consists in the fact that it
represents a simplified version of reduced fluid-structure interaction problems arising
for example in hemodynamics applications. When modeling the blood flow in arteries
the structure is represented by the vessel wall which delimitates the computational
domain of the fluid. In this framework, under the assumptions of a thin wall struc-
ture, small displacements and linear stress-strain constitutive relation, reduced FSI
models, e.g. the so-called coupled momentum method (see [19]), have been developed
by using membrane models for the structure defined on the boundary of the compu-
tational domain of the fluid. More specifically, by the coupling conditions between
fluid velocity and structural displacement it is possible to write the structural stress
tensor in terms of fluid dynamics quantities. The resulting reduced model is a set of
fluid dynamics equations for which the structural membrane model is incorporated
by means of high-order generalized Laplace-Beltrami boundary conditions, defined by
the constitutive stress-strain relation. The reduced model involves therefore general-
ized Robin boundary conditions of which (1.1)s represents a simplified version. So
far, both full and reduced FSI models have been successfully used to solve problems
in hemodynamics (see [2, 9, 11, 14, 18, 33, 37, 46, 41]). The theoretical analysis of
FSI models with a membrane structure has been addressed in [7, 16, 17, 28, 29] where
the equations of the fluid and structural models are treated in two separate partial
differential equations. At the best of our knowledge, the theoretical analysis of the
fluid dynamics equations with the embedding of the structural model as a generalized
Robin boundary conditions have not been carried out yet. Thus, in this framework,
we believe that the theoretical and numerical study of (GR-P) provides an insight
into the properties of such reduced FSI problems.

Generalized Robin boundary conditions have a relevance also in the context of
domain decomposition methods (see [23, 36, 44]) and, in particular, in the so-called
Schwarz waveform relaxation algorithm (see [21, 30]). Different types of transmission
conditions between subdomains have been studied in order to speed up the conver-
gence of the subdomain iterative algorithm (see e.g. [22]). As a matter of fact, one of
the most effective transmission conditions involve Robin-type boundary terms includ-
ing tangential gradient and Laplace-Beltrami operators evaluated at the interfaces
between subdomains. The mathematical analysis of the subproblem arising from the
Schwartz waveform relaxation algorithm has been proposed in [4] but only for the half
space domain with flat boundary. Moreover, in [4] the convergence of the subdomain
iterative algorithm is studied, however no analysis of the finite element discretization
on the subdomains was carried out.

In this paper, we propose a theoretical analysis of the (GR-P) (1.1) with gener-
alized Robin boundary conditions in terms of existence, uniqueness and regularity of
a weak solution, and convergence of the finite element approximation. The theoret-
ical results are verified by means of numerical tests. In this analysis, we are facing
the difficulty of dealing with the generalized Robin condition which involves higher-
order derivatives on I' resulting from the Laplace-Beltrami operator. Consequently,
the H'/?(T')-regularity assured by the standard trace theorem for the Sobolev space
H'(Q) is insufficient to define a suitable weak formulation associated with (1.1). For
this reason, we introduce non-standard Sobolev spaces where functions admit equal-
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order regularity both in 2 and on I, that is
H™"(T)={ve H"(Q): v[re H*(T)}, m=1,2,.... (1.2)

We show that this class of function spaces is well-suited to prove the well-posedness
and regularity of problem (1.1). Moreover, our choice of the regularity allows us
to properly define a finite element approximation of problem (1.1), for which the
convergence result follows by a standard argument. The function spaces of type (1.2)
are already used in [34] when Q is the half space RY N {zy > 0}, such that, the
boundary T" is the hyperplane {zy = 0}. In this work, we generalize the results of
[34] by taking into account domains with a curved boundary I'. In [45, 47] these spaces
are also considered, but there the assumption f = 0 is essential to prove the results.
For the treatment of the general case we need to introduce results for tangential
derivatives on the boundary together with the function spaces H™(2;T).

Our analysis could extend to the case where the Laplacian in (1.1) is replaced
with a more general second-order elliptic operator, that is,

Lu ::_Z%:1%(aij%)+zi1 bi%—kcu:f in Q,
%—i—au—BApu:h on I,
(£L—“L means ij:l n;j0;; g—;) provided that the associated bilinear form satisfies suit-
able coercivity conditions. In this paper, however, we restrict ourselves to problem
(1.1) in order to simplify notation, statement of results, and proofs of theorems.

The paper is organized as follows. In Sect. 2 we introduce basic notation and
auxiliary lemmas, especially explaining tangential derivatives. Sect. 3 and Sect. 4 are
devoted to the theoretical analysis of problem (1.1) in terms of existence, uniqueness
and regularity of weak solutions, as well as a-priori error estimates for the finite
element approximation. Finally, in Sect. 5 we verify the validity of the theoretical
results by means of numerical examples. Conclusions follow.

2. Preliminaries.

2.1. Basic notation. We use the notational convention for which lightface ital-
ics indicates scalar quantities and boldface italics vectors or second-order tensors.
Let us present a detailed setting to study problem (1.1). We let Q be a bounded
domain in RY with boundary I', whose smoothness properties will be specified later.
The outer unit normal on I' is denoted by m; Ar indicates the Laplace-Beltrami oper-
ator, defined in terms of tangential derivatives (see Sect. 2.2). The parameters o > 0
and 8 > 0 are given real constants. We refer to problem (1.1) with 8 > 0 and =10
as the generalized Robin boundary value problem (GR-P) and the standard Robin
boundary value problem (SR-P), respectively. We also use the notation GRBC and
SRBC, respectively, in order to indicate only the boundary conditions.

Let C' > 0 denote a generic constant depending only on 2, I' and the dimension
N of the space RY, unless otherwise stated. If other dependecies quantities need to
be specified, we will indicate them case by case, e.g. we will write C(f, k), C(«, 8)
etc. The i-th component of a vector u, with respect to the standard basis in RY | is
written as u; = (u);. We assume the boundary is at least Lipschitz continuous, i.e.,
I' ¢ C%'. The additional hypotheses on I' will be specified later depending on our
statements.

We employ the standard Lebesgue and Sobolev spaces: L*(Q) = {v : Q —
R: vllz2) = (fg [v]?d®)/? < oo} and H™(Q) = {v € L*(Q) : |v[|gm@) =
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X jal<m ||8av|\%2(9))1/2 < oo} for m = 0,1,.... We also use L>=(Q) and W™ ()
with their norms. Those spaces are defined on I as well, and moreover we need frac-
tional Sobolev spaces H*(I') for s > 0. It is well known that the trace operator is
surjective from H™(Q) onto H™~Y/2(T') if I' € C™ 11 (m > 1), admitting its right
continuous inverse (see [38, Theorems 2.5.5 and 2.5.8]). The trace of u is denoted by
ulp or simply by u. Hg(Q2) denotes the closure of C§°(2) in H'(Q), which is known
to coincide with the set of the H!(2)-functions with zero-traces. The dual space of
a Banach space X is denoted by X', and the duality pairing between X’ and X is
indicated by (-, ) y.

A localization argument using a partition of unity will be important in the study
of regularity. Let K be a cylinder:

K={&=(&,&")=(¢",....6N) eRY: |¢/| <1, |¢N] < 1},

and let Ky = KN{¢N >0}, Ko= KN{¢N =0}. If Qis a C™ (resp. C™1) domain
(m > 1), then at each « € T there exist a neighborhood U and a map ¢ : U — K such
that ¢ is a C™ (resp. C™!)-diffeomorphism and ¢(QNU) = K4, ¢(I'NU) = K.
The inverse of ¢ is denoted by ©. We refer to £ = ¢(x) and x = ¥ (£) as a local
coordinate and a parametrization respectively.

Because 2 is bounded, I' can be covered by finite number of such neighborhoods
U. (r=1,...,1r9), with ¢,, 1, being the local coordinate and parametrization asso-
ciated with U,.. They, supplemented by some open set Uy such that Uy C Q, form a
covering of . By standard arguments on partition of unity (see [6, Lemma 9.3]), we
see that there exist functions 6, € C*(R,) (r =0,...,79) such that suppé, C U, is
compact and Y% 6, = 1.

Let u : & — R be a (reasonably smooth) function. Its local representation on
each U, is defined by 4(€) = u(2,-(€)). The Jacobi matrix of ¢, is denoted by ®@,,
that is, (®,.);; = 0(¢p,)i/0x;, and we put J, = |det(®, )| > 0. Then we see that

& ou / / i
= ®.)ii— (G=1,...,N), udx = u|J,| dE. 2.1
oz, ;:1( ); a6 ( ) - .. |y (2.1)

2.2. Tangential derivatives. In this subsection, assuming I' € C!, we fix one
local coordinate ¢, : U, — K and omit the subscript ». We let Greek («, 3, ...) and
Latin (i, j, ... ) indices take their values in {1,..., N—1} and {1,..., N} respectively.’
We employ the summation convention.

Let us define the bases of the tangent space T,I' by (cf. [20, p. 109]) g =

%’ eN=o' If T is regarded as an N — 1 dimensional manifold embedded in RY, then
go can be identified with the abstract tangent vector 2.

oge
Covariant and contravariant components of a metric tensor g,gs, g‘w, and con-
travariant vectors g¢ are obtained through the following relationships:

aﬁ)

gop =Ga 98, (9°7)=(9a8)"", 9% =9""gs,

where the dot means the inner product in RV. Then it follows that g* - g°* = ¢,
go - g° = 08 (the Kronecker delta), and go59” = ga.

Next we introduce a projection matrix P =T —n®mn = (;; — ninj)fj:h where
a ® b = (a;b;);; is the dyadic product. For a scalar function u :  — R, we define

I Note that the greek letters o and 8 represent here indices and not the coefficients defining the
generalized Robin boundary condition (1.1)2.
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its tangential gradient by the matrix-vector product Vru = P Vu =: (§; ru)¥ ;. In
particular, one has 0, = (d;; — n;n;)0;. Notice that 0, r0;r # 0;r0;r in general.
The tangential gradient of a vector-valued function u : @ — RY is defined by the
matrix-matrix product Vru = Vu P = (0;rt;); j=1,...N-

The above representations of Vr are expressed in the x-coordinate and hence
they are global. The way they can be represented terms of the local coordinate & is
addressed in the next lemma. The result itself is not new (e.g. page 55 of [12]); nev-
ertheless it is of critical importance in our theory, especially when proving regularity,
so that we give a complete proof.

LEMMA 2.1. The following local representations of P and Vru hold:

(1) P = g @ ga,

(ii) Vru = g"‘gg—i.

Proof. (i) It suffices to prove I = g* ® g, + n ® n. In fact, an application of the
right-hand side matrix to the vectors g and m, which form a basis of R, produces
the same vectors, and thus the desired equality follows.

(ii) By virtue of (i) and a chain rule, we have
9 i Ou o
Vru = (9% ® ga)Vu = g*(ga - Vu) = g* ( e 57) =g 5.0

REMARK 2.2. (i) It also follows that P = g, ® g*,hence P is symmetric.

(i) One can write O;r = (ga)i%, This shows that the tangential derivatives
are determined only by the information on I'. In fact, to apply O;r tou:1' — R one
has to, at first, extend uw in a smooth way to a neighbourhood of T, but the result is
independent of such extensions.

For a vector-valued function A : I' — RY, the tangential divergence operator is
defined as divpA := Tr(VrA) = 0, rA;, where A; = (A);. The Laplace-Beltrami
operator is then defined by Aru = divy(Vru).

By a direct computation, we can verify the following formulas concerning tangen-
tial derivatives for product:

LEMMA 2.3. For smooth functions 0, u,u defined on I', we have

(i) Vr(0u) = (Vrb)u+ 0 Vru.

(ZZZ) leF(H’U,) = VF9 -+ HdivFu,

We conclude this subsection with change of variables formulas for calculus on T’
(cf. (2.1)). In view of Lemma 2.1(ii) and the surface element given by ds = +/]g|d¢’
where |g| = det(gap) > 0, it follows that

ot . S
ai’l"u:gia@ (221,...7]\[)7 A U UdS:/I( U |g|d£/ (22)
nU, 0

2.3. Space H™(;T'). First we introduce another expression for the norm of
H™T) under ' € C™ L1 if m > 2 or I € C! if m = 1. In the existing literature, as
in [35, 38], it is usually defined in the local coordinates after truncation by a partition
of unity, that is,

T0 o 1/2
ll ey = (Zneruipn(m) |
r=1
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This is well-defined as far as mathematics is concerned. However, from a numerical
point of view, it is not suitable for real computation. Instead, we consider

1/2
ol oy = (||u||zm1(p) T ||vru|%w<p>) ,

which can be defined inductively in m. The global representation of V then enables
us to compute it as easily as we calculate the H™(Q2)-norm. The two norms are
equivalent as shown in the next lemma.

LEMMA 2.4. The above two norms are equivalent for uw € H™(T").

Proof. Consider any piece 6,u truncated by the partition of unity 6, (r =
1,...,79), and write u instead of 6,u for simplicity. By induction with respect to
m, it suffices to prove that

2

1 || 90 2 al = | oa
=3 5 S oirullieg <C Y |5 (2.3)
C oo lleue) ~ I oo 198 ez o)
For that purpose, we note that (recall the first relation of (2.2))
o ou

9iru(x) = g; (¢(w))8§7(¢>(w))7 rel'ny,

ot

87501(5/’0) = 90i(§)0i,ru(¢(£',0)), (£',0) € Ko.

Then, because \/@ is bounded from above and below by some C' > 0, we obtain (2.3)
using the second relation of (2.2). O

We are ready to define our fundamental space H™(;T) = {v € H™(Q) ; v €
H™(T)} (the same as in (1.2)), endowed with the norm

1/2
el gy = <Ilulfqm<m n ||u|r|zm(p).) (2.4)

LEMMA 2.5. H™(;T') is a Hilbert space.

Proof. Obviously H™(Q;T') admits an inner product which induces (2.4). It
remains to show the completeness. Let {v,} be a Cauchy sequence in H™(Q;T).
Since H™(Q;T) € H™(), there exists some v € H™ () such that v, — v in H™(Q).
Similarly, there exists some w € H™(T") such that v,|r — w in H™(T"). However, by
the standard trace theorem one knows v,|p — v|p in H™ '/2(I'), so that v|p = w.
Hence v € H™(;T) and v, — v in H™(Q;T).0

REMARK 2.6. (i) As is pointed out in [34], H™(Q;T') is not closed in H™(S2),
its closure being identical to H™(S). As a result, it is not trivial whether C*°(S2) is
dense in H™(;T') with respect to the norm (2.4).

(ii) H™(Q) N H(Q) is a closed subspace of H™(;T). In particular, when m = 1
the closure of C§°(Q2) in HY(Q;T) coincides with H(Q).

We will also need the spaces H™(w;vy) = {v € H™(w) : v|, € H™(v)}, where
w C RY is a domain with only piecewise smooth boundary dw and v C dw is a smooth
portion of dw. They will be used in the proof of Theorems 3.3-3.4.
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3. Analysis of (GR-P).

3.1. Weak solution. We derive a suitable weak formulation and establish its
well-posedness for (1.1). First recall the following integration by parts formula on I':

—/divrAvds:/A~Vrvd3—/n(A~n)vds, (3.1)
r r r

where A is a vector-valued function and x = divpn (see Lemma 16.1 of [25]).

REMARK 3.1. For (3.1) to be valid, we need at least the regularity I € C*,
because otherwise (3.1) does not hold globally. For instance, let Q be a plane polygon.
Then on each side I'; we have (note that k =0 on T';)

—/ divFAvds:/ A~vaals—|—[(A~1/3pj)v]al,7
r, r; ’

J

where Vpr,; denotes the outer unit normal to O1';. Because vor,’s for adjacent two
sides are not equal at the corner point shared by them, the extra “boundary of bound-
ary” terms do not cancel out even if we add up the equalities above.

Let u be a sufficiently smooth solution of (1.1). Multiplying the first equation of
(1.1) by a test function v and integrating in 2, one finds that

/Vu~Vvda:f/%vds:/fvdm.
Q r on Q

Substituting the GRBC of (1.1) into the above equation and applying (3.1) with
A = Vru (note that Vru - n = 0), we arrive at

/Vu~Vvdw+a/uvds+ﬁ/Vpu~vads:/fvda:+/hvds.
Q r r Q r

The above equation motivates us to propose the following variational problem:
given f € HY(Q) and h € HY(T'), find u € H'(;T) such that

a(u,v) := aq(u,v) + ar(u,v) = (F,0) o) ; Yo e HY(Q;T). (3.2)
Here, we have defined bilinear forms aq and ar by
aQ(u,v):/QVu~Vvd:B, u,v € HY(Q),
ap(u,v):oz/ruvds—i—ﬁ/FVpu-vads, u,v € HY(T),
and a linear form F' by

(F.v) gy = (0 i) + (s 0) oy » ve HH (D).

THEOREM 3.2. Let o, 8 > 0, then there exists a unique solution u of (3.2) which

fulfills
lull 71y < Cle, B)(1f I ) + Il )y (3.3)

We call this u a weak solution of (1.1).
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Proof. By the Schwartz inequality a is bounded (and symmetric) on H!(Q;T).
Combining the two coercivities

/Q|Vv|2d:n + /F 02 ds > Cllol21 0, voe HYQ),  (34)
/F|Vrv\2dw + /r lv[*ds = ||vH12LIl(F), Vv e HY(T), (3.5)
one also finds that a is coercive on H(;T), i.e.,
a(v,0) = Cla, B) 03y Vo € HYO:T).
Finally, F' is bounded on H'(;T). In fact, it is immediate to see

| (Fy0) iy | < (@ + IRl o) ol gy, Yo € HH(QT).

The theorem is now only a consequence of the celebrated Lax-Milgram theorem. O

Let us see the way u recovers (1.1) in a weak sense. Restricting test functions to
H{ () in (3.2), we obtain —Au = f in H}(€)". Then 2% € HY/*(T')' is characterized
by

ou
a0 = ’ - ) ’ v € Hl Q).
(507 o = o000 = Uiy Yo € I
Combining this with (3.2) we have
Ju
—,v + ar(u,v) = (h,v , 3.6
(500 e, 800 = hsthinery (36)

at least for all v € C°°(T'). Since C>°(T") is dense in H(I'), (3.6) is valid for all
v e HYT), so that 2% + au — BAru = h in HY(T)'.

n

3.2. Regularity. Let us prove that the weak solution in Theorem 3.2 can in fact
be more regular, depending on the smoothness of the data. The main ingredient is the
method of difference quotient combined with truncation and localization arguments.
In doing so, for « =1,..., N —1 and § € R\ {0}, we introduce a shift operator s§ and
a tangential difference quotient operator D§ by

s30(€) = 0(€, ., €7 +0,...,6Y),  D§o=

It is easy to see that
D§ (uv) = (D§a)0 + (s5u)0, (3.7

and that (if suppa C K, supp® C K and |J] is sufficiently small)

/}{+a(D“5ﬁ)d£: (D§a)o dE, /KOﬁ(D%ﬁ)dg’:/ (Dga)vde’.  (3.8)

K+ Ko

We also have (see [6, Proposition 9.3])

o
o&a

N 0%
, ID§ o] L2 (ko) < H5€

125 e,y < H ’ ,
L2%(K,y)

L2(K4)
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together with their analogies in L*°-spaces.

Now we begin with the case m = 2.

THEOREM 3.3. Let o, > 0. Assume I' € OV f € L2(Q), h € L*(T'), and let
u € HY(Q;T) be a weak solution of (1.1). Then we have u € H*(;T) and

ull 2 iy < CUIfllz2(0) + 1Pl z2(m)),

where C = C(a, B).

Proof. We divide the proof into five steps.

Step 1: Take any piece 6,.u supported in U,., which is obtained from the partition
of unity. We concentrate on the so-called “estimates near the boundary”, that is,
1 <r <'ry, since the interior case r = 0 is easier to study (extend fyu to the whole
space and discuss by the method of difference quotient). In the sense of a weak
solution, we obtain (recall Lemma 2.3)

— A(Oyu) = 0,f —2V0, - Vu — Ab,u =: F, € L*(Q),
d(0,u) 90,
oy T abru— BAr(0u) = 0:h+ =

For notational simplicity, we will omit the the subscript r and write w instead of 6,u
until Step 5.
It follows that u € H*(QNU;T' NU), with suppu C U, and that

— 28V, - Vru — Arb,u =: H, € L*(T).

/ Ju dv dx + a/ uvds + 8 0;ru0; rvds
anu 0z; Ox; rnu rnu

= Fvdx + Huvds, Yo e HY(QNU;T NU), suppv C U,
QnU rnU

where the summation convention is employed.
Step 2: Moving to the local coordinate, we see that @ € H'(Ky;Kg), with
supp @ C K, and that (recall (2.1) and (2.2))

o1 0t g 0v
D —Pp; o, / B ’
[ g g o [ a0 [ o il 55 Vlae
:/ F17|J|d€+/ Hiuv/|gld¢’, Vo € HY (K, ; Ky), suppd C K.
K. Ko

Here, let us redefine the quantities multiplied by ®;;, g%, ||, \/|g|, ., B, which appear
above, as single symbols A, A’, L F H. Then, the above equation can be rewritten

as
ou 0v . ou 0v
/ A]k 087 Og* d£+/ Lav d¢’ —|—/ A“ﬁaga ae? dg’

= Fodé+ | Hode, Vie HY(K,;Kp), suppt C K. (3.10)
K Ko

Here note that A € W12 (K, ), A’ € W1*°(K,), L € WH*(Kj) and that
0v 0 9 0o
o121 e _/ Aoy e d£+/ Lo de’ +/ Aaﬁaga agﬁ U dg' (3.11)

for all € H'(K1; Ko) such that supp® C K, as a result of (3.4)—(3.5).
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Step 3: Fix 1 < v < N —1 and take © = D?;DJ@ in (3.10), with |4] small
enough. We omit the superscript . Then it follows from (3.7)—(3.8) that

8D5u 8D5u / 2 / 8D5ﬂ aD(;’l] ’
d L|D d Al d
o, A e [, s i+ [ S
~ 885U8D5u
= FD_sDstd HD_sDstd DsA d
. sDsud€ + . sDstdg’ — / Ak 5er ~agh 3
U 855u8D5u
DsL Dsude’ — DsA =2 "¢’
g, ot Dande = | Podos e "ger %

This combined with (3.11) and (3.9) leads to

C(IDsallFr k) + 1Dstll 7 &)
< ||F||L2(K+)||D6ﬂ”H1(K+) + |5 2 (reo) | Ds ]| 111 1o
+ [ Allwroe (1l 5 () 1 Ds@ll () + I Ll wtoe (o) 18] 2 (o) 1] 1 (1)

+ Al (1) 18l 11 (160) | Do il 111 (1) -

Since we already know (3.3), the above estimate implies
D5l s,y + 1Dl 1) < CUF T2 + IR (r))-

Letting & — 0, we deduce 8&/657 € HYK,) and 0u/0¢” € H'(K,) for v # N;
especially we have shown |k, € H?(Kj).

Step 4: Restricting test functions to Hj(K ) in (3.6) (and thus neglecting the
integrals on Kj), we get — dgk (Ajkagj) Fin H}(K,)'. Therefore,

% . ) 0a\ OAny O _
~Anvaye=F+t Y. o (Ajk~> N pen © LT,
a(EN) G k£ 23 g oEN ¢

Since Ayy = vazl |® x| > 0, this implies that 9u/9¢Y is also in H'(K,), so that
@ € H?(K,). Moreover, we obtain the estimate

allzrz ey + Nl mr2 o) < CUF L2 + ol 22 r)-

Step 5: We return to the global coordinate and retrieve the notation 6,.u which
was denoted by w up to here. From the conclusions of Steps 3-4 it follows that
6,u € H*(;T). We conclude that u = >,° 6,u € H*(;T) and that [|[u]| g2(.r) <
ClIflle2@) + IhllL2ry). O

Theorem 3.3 does not follow from a classical theory for general elliptic boundary
value problems. For example, in [35, 38] it is assumed that the differential order
of a boundary operator must be strictly less than that of the interior one, which is
not the case in (GR-P); the a priori estimate of Agmon-Douglis-Nirenberg (see [1])
only applies to u € H?(Q) or higher-order spaces. Neither Theorem 3.3 is covered
by the preceding results in [40, 45, 47] for parabolic problems. In fact, the author
of [40] works with the setting such that h € HY/?(T) and u|r € H®/?(T), and thus
the maximal regularity space in [40], for the steady case, is different from the one
in Theorem 3.3. Our choice of regularity, where only integer orders appear, is more
preferable from numerical point of view. The analysis in [45, 47] essentially relies on
the assumption f = 0, which is not available in our setting.
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Next let us establish the general case including m > 3.
THEOREM 3.4. Leta, 3 >0 andm > 2. Assumel € C™ V1 fe H™2(Q), h €
H™2(T"), and let u be a weak solution of (1.1). Then, u € H™(Q;T) and

lullzm@iry < CULFIlam—2(0) + 1Al am-2r)), (3.12)

where C = C(a, B,m).

Proof. As in the proof of Theorem 3.3, we discuss only the estimates near the
boundary. Suppose we have localized our analysis as before and arrived at (3.10). We
observe that 4 is a weak solution of the following boundary value problem:

0 ou - . -
—8—§k (Ajk(?ﬁﬂ) =F in Ky, suppucCK,
8u 9 (., Ou -

To prove the theorem, it suffices to show, by the induction in m, that @ € H™ (K ; Kj)
under the conditions I' € C™~ 11 F e H™2(K,), H € H™ 2(K,). Because the
statement for m = 2 is already proved in Theorem 3.3, we only need to establish the
case for m > 3, assuming the one for m — 1.

For 1 <~ < N —1, by differentiating the above equations with respect to £7, one
finds that 0a/0¢" satisfies the same equations, the right-hand sides being replaced by
some F* € H™=3(Q) and H* € H™3(T). For a rigorous justification of this point, it
suffices to take 9U/9€7 as a test function in (3.10) with smooth ¢, perform integration
by parts, and discuss in a similar way as we did after Theorem 3.2.

According to the inductive assumption, we deduce 9u/0¢7 € H™ (K, ; Ko)
together with the estimate

S CF N mm-sxyy + 1H* (| zzm-s(x0))
Hm=1(K 4 ;Ko)

< C(fllm—2) + bl m—2(r))-

As a consequence, we have 9u/0¢7 € H™ Y(Ky) for v # N and @ € H™(Kj).
In a manner similar to Step 4 of the proof of Theorem 3.3, we obtain 91/9¢N €
H™ Y(K,). Therefore, & € H™(K; Ko) and it also follows that ||@]l gm(x,;xq) <
CUIflzm-2(0) + IRl gm-=2(ry). This proves the induction statement for m, and thus
completes the proof. O

REMARK 3.5. In (SR-P), that is, 5 =0, a well known regularity result (see e.g.
Sect. 6.3 in [15]) combined with a trace theorem yields

5%

||U||Hm(ﬂ) + HUHH""*l/?(F) < C(O‘>(||f|‘HW*2(Q) + ||h||H"L*3/2(F))- (3.13)

Comparing (3.12) and (3.13), we find that GRBC possesses a better smoothing effect
on the boundary than SRBC. In fact, we have proved that the solution u for (GR-P)
is in H™(T) if h € H™~2(T"), whereas the one for (SR-P) is expected to be at best in
H™Y2(T) even if h € H™3/%(T') (see e.g. Sect. 6.1.3 in [43]).

4. Finite element approximation.

4.1. Hypotheses. Whenever we consider the finite element method (FEM), we
assume N = 2,3 and that I' is either class of C''! or a polyhedral domain. Further-
more, I is assumed to consist of two open subsets I'g and I'y # @), which are mutually



12 T. Kashiwabara, C. M. Colciago, L. Dede, and A. Quarteroni

disjoint. We designate the N — 2 dimensional portion 'y = 0o = Iy N Ty as the
“boundary of boundary”. Then, we consider the following Dirichlet-generalized Robin
mixed boundary value problem:

—Au=f in Q,
u=0 on D, (4.1)
g—Z—i—au—/BApu:h on I'.

Because the H' space will be employed not only in Q but also on T, it is natural to
supplement (4.1) with the compatibility condition

u=0 on OI'y, (4.2)

which we call the “boundary of boundary” condition.

On the one hand, if I' € C*!, then Iy = 0 is allowed and one can impose the
GRBC on the whole I'. On the other hand, if I is a polygon or polyhedron, then it is
not appropriate to impose it entirely on I' at least in a naive way. This is because the
integration-by-parts formula (3.1) fails to hold (see Remark 3.1), leaving non-trivial
Neumann conditions at corners or edges. Therefore, in this case, we assume that I'y
is only one side (N = 2) or face (N = 3) of Q and that the remaining part Iy is
subjected to the homogeneous Dirichlet condition.

REMARK 4.1. Our analysis easily extends to the case when Q) is polyhedral and
T’y consists of a finite number of sides or faces, as far as we impose suitable Dirichlet
“boundary of boundary” conditions at corners or on edges contained in I'y.

REMARK 4.2. IfTg # (), the mized-boundary condition would cause regularity loss
(see [27]), which will not be covered by our regularity theorem. Therefore, we cannot
avoid assuming some reqularity of an exact solution in deriving error estimates.

Under these settings, we introduce a Hilbert space:

HP (1) = {v e H™(Q) : v[p, =0, v|r, € H™(I'1) N Hy(T1)},

where m > 1 and H{(I';) denotes the closure of C§°(I';) in H'(I'1). We equip
H{? (€;T') with the norm

1/2
[l @ryy = ( NullFim @) + lules Fme,y )
0

and set V := Hp, ().

Let 7, be a mesh of Q into element domains. Namely, 1) Q = Urer, 15 2)
each T € T, is a closed subset with non-empty interior; 3) if T, 7" € T, are distinct,
int T'Nint 7" = (); 4) each T' € T;, has a piecewise smooth boundary. Here, the family
index h represents the mesh size defined by?

h=hg:=max{hr; T €Tp}, hr=damT={lz—y|; ¢,y T}.
In addition, we set

Sp = {5 CT'; there exists some T € T, such that S =T NT},

2 Note that the symbol h represents here the mesh size and not the right-hand side function of
the generalized Robin boundary condition (4.1)3.
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and assume that Sy, also satisfies the requirements to be a mesh on I'. We call S}, the
boundary mesh inherited from 7,. The boundary mesh size hr is defined in a manner
similar to hg; we see that hp < hgq.

Let us introduce an abstract finite element space equipped with an ability to
approximate V.

DEFINITION 4.3. Let Vi, C V be a finite dimensional subspace. We say that Vj,
approximates V with degree k (k = 1,2,... ) if for allm = 2,3,... andv € H[! (1)
there exists some vy, € V), such that

HU _ UhHV < C(k)hmin{m_l’k}||U||HI’!B(Q;F1)- (4_3)

Examples of V}, approximating V with degree k are given in the next subsection.

4.2. Examples of a finite element space. In the first example, we consider
the case when  is polyhedral. Let 7, be a triangulation of Q by flat triangles or
tetrahedra. We assume {7, }110 is regular, i.e., hp < Cpr for all T € Ty, where pr
denotes the diameter of the inscribed ball of T. The boundary meshes {Sy}n0 are
also assumed to be regular (its definition is similar as above).

For k =1,2,..., we define the standard Py finite element space by

)(]}:LC = {vh S Co(ﬁ) : vh\T c Pk(T) (VT c 771)} C HI(Q),

where Py (T) denotes the space of the polynomials of degree < k on T. We notice
that {va|g, ; vn € XF} € H'(I'y) is identical to the standard Py, finite element space
given on I';. Furthermore, we let V,f =X f’f NV be a conforming approximation to
V', which is well-defined because any v, € X ,’i such that v, = 0 at the nodes in T;
exactly satisfies the Dirichlet conditions incorporated in V.

If we denote by I}’f :0%(Q) — X ,’f the standard Py Lagrange interpolation oper-
ator, we see that ZF(V N C%(Q2)) = V¥, By the Sobolev embedding H?(2) — C°(1Q)
(recall N = 2,3), 7, is well-defined on Hp? (Q;I'1) if m > 2. Then, well-known in-
terpolation error estimates (see e.g.[5, 43, 42]), applied to either Q or T'y, give |ju —
Thul ey < ChG™™ |l o) and u—ZEul| e,y < CRE™ 5 u) oy,
where C' = C(m, k). Since hr < hg = h, this implies that

lu = Zyullv < C(m, k‘)hmin{m_l’k}HU||H;'5(Q;F1)~ (4.4)

Consequently, th approximates V' with degree k.

In the second example, we let I' € C''1. In this case we should ideally use compu-
tational meshes capable of exactly representing the boundary I'. This can be achieved
by using isoparametric finite elements (see e.g. [8]) in the case of polynomial bound-
aries I'; alternatively, if I corresponds to a conics section represented by NURBS, as
typical in several applications, Isogeometric Analysis (see e.g. [3, 10, 32]) can be used
with this aim.

In the latter case, we assume that Q admits a NURBS parametrization F :
(0,1)Y — Q such that F is invertible, with smooth inverse on each element Q € Q,,
being Qj the mesh associated with (0,1)"V. Here, we suppose that F is obtained
from NURBS basis functions built from piecewise polynomials of degree k (globally
CH1), and that {Qp, }s10 is a shape-regular family of a rectangle mesh of (0,1)". The
mesh in the physical space is T = {F(Q) : @ € Q,} and the NURBS function space
defined in € is denoted by Vj,. Then, by Theorem 3.2 of [3], for all v € H™ () there
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exists some NURBS interpolant Z,v € V}, such that

2(1—1
STl =Znvl 3y < CE) S WETV 0l3 g,
TETh TET

where | = min{m, k+1}. Since F depends only on the shape of Q and not its size, we
have ||v — Zyv| g1 () < Ch7H|v]| ). The analysis of [3] can be possibly extended
to boundary norms, leading to a similar estimate on I'. As a conclusion, we remark
that V}, approximates V with degree k if I’y = 0; the same result is obtained when
Iy # 0, assuming that T'g is the union of element edges or faces on 9 in virtue of
Theorem 3.3 of [3].

4.3. Convergence of FEM for (GR-P). Recall that we are going to solve the
problem (4.1)—(4.2). Using the formula

— Aruvds = Vru-Vrvds + / (Vru - vpr, ) vdl, (4.5)
ry r, ary

(var, is the outer unit normal of OT';) we see that a smooth solution of (4.1) fulfills

/Vu~Vvda:+a/ uvds + Vpu-vads:/fvdm—i—/ hv ds,
Q I Q 11

ry

for all v € V = H} (;T1). Note that, when I'g # (), the condition v = 0 on 9I'y
circumvents the extra term on 0I'; in (4.5).

We omit the proof of the next result since it follows immediately from the Lax-
Milgram theorem as in Theorem 3.2.

PROPOSITION 4.4. Given f € L*(Q) and h € L?(T'y), there exists a unique u € V.
such that

CL(U,, U) = CLQ(U, U) +ar, (u7 1}) = (fa U)LQ(Q) + (ha U)LQ(IH)a Vo eV, (46)

where

aq(u,v) = / Vu-Voude, ar,(u,v)= a/ wwds+ S | Vru-Vrovds.
Q ' I

Letting Vj, C V be a finite dimensional subspace, we propose an approximate
problem for (4.6) as follows: find up, € V}, such that

a(un,vn) = (f,vn)r2) + (A Un)L2(ry)s Yo eV, (4.7)

(The reader will pardon the use of h with two different meanings: the subindex refers
to the finite element gridsize, whereas h on the last inner product on the right hand
side denotes the given Robin data in equation (1.1)). The existence of a unique uy, is
again an immediate consequence of the Lax-Milgram theorem. We are ready to give
a convergence result for the finite element approximation of (4.1).

THEOREM 4.5. Let u and up, be solutions of (4.6) and (4.7) respectively. If Vy
approzimates V with degree k, and v € Hp! (;T1) (m > 2), then we have

lu—unlv < Chmin{k,m—l}||U‘IHIU6(Q;F1)’ (4.8)

where C = C(a, B, m, k).
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Proof. According to the coercivity and boundedness of a and to the confor-
mity Vj, C V, we see from Céa’s lemma (see Sect. 4.2 in [42]) that |Ju — up|ly <
Cinf,, cyr [[u— vallv. Then (4.3) concludes the desired result. O

REMARK 4.6. If an auxiliary adjoint problem admits a suitable HIZO (;T1)-
reqularity result, then the Aubin-Nitsche trick can be applied to derive the L?-estimate,
which tells us that

||’lL - uhHL2(Q) + Hu - uh||L2(F1) S O(hmin{k‘«kl,m}).

Let us compare the rate of convergence, especially on the boundary, for (GR-P)
(8 > 0) with that for (SR-P) (8 = 0). Suppose C = C(«, 3,m, k) below. In the
former case, as shown above, we get

lu—unllars ey < CH™Em1 ([l gy + fatlmry))- (4.9)

In the latter case, as far as we work with L2-based Sobolev spaces, we expect to have
only

lu = unllars oy < CREP =012 ]| 1 g (4.10)

in view of the trace theorem combined with an inverse inequality between H!(T)
and H'Y/?(T;) and accordingly to the interpolation error estimates in [48, 49]. On the
other hand, if an L*°(Q)-error estimate as in the Dirichlet problem (see Ch. 8 of [5])
is available, then we have

lw = wnllgrry) < Cllu = unllwery) < Cllu = unllwr @)
< Chmin{k,mfl}”uHWm)OO(Q)'

REMARK 4.7. If an exact solution wu is smooth enough to admit W™ (Q)-
regularity, both the cases (GR-P) and (SR-P) would give an optimal rate of con-
vergence. However, when u € H™(;T1) but u ¢ W™>(Q), we still have an optimal
convergence rate in (GR-P), whereas we expect only sub-optimal one in (SR-P). Such
behavior is indeed observed in our numerical experiment shown in Sect. 5.1.

5. Numerical examples. Let us define the notation that we are going to use in
this section. In our numerical tests, we build a sequence of N7 meshes {77;}{\; 7, each
one characterised with a mesh step h;. The index ¢ represents indeed the refinement
step of the sequence of meshes. The numerical error with respect to the exact solution
is addressed with the notation e} . For each triangulation ’7'hi, we compute the following
error norms: ||e} || 220 €| 2(r), €4 r1 ). and [|e} || g2 (r). We also define the order
of convergence of a generic norm || - || as follows:

=1 —n 1 . Vi=1,.,Nrp. 5.1
Px og <|e;’11||* 08 hi—1 ? g ey VT ( )

To indicate exact or numerical solutions of (GR-P) and (SR-P), we add the super-
scripts GR and SR, respectively.

5.1. Regularity. In Remark 4.7, we have highlighted the difference between the
convergence rate for |[u®f — uf/®|| g1, and that for [|u®F — ui®| g1 r,). In this
subsection we give a numerical example where such a difference is actually attained.
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With this aim, we perform a two-dimensional test using the software Freefem++
(see [31]). We choose as domain € the square (0,1)? and, as boundary I';, the upper
side of Q (see Figure 5.2(a)). We set the data of the problem as follows:

[ 20 ifz>1/2 B

« is set to 1, and, in the case of generalized Robin conditions, ( is set equal to 10. As
exact solutions, we use the numerical solutions computed with P2 finite element on
a fine mesh with the mesh step 1/300. In the following, we suppose that the mixed
boundary conditions do not cause a singularity.

The regularity of h defined above is h € W#P(I'1) such that sp < 1,5 > 0,p > 1;
especially, if p = 2, then h € H'Y?7¢(I';) for arbitrary small ¢ > 0. In view of the
regularity theorem for (GR-P) and (SR-P) (see (3.12) and (3.13)), we expect to have
uCf ¢ H2(Q;T1) and v € H2~¢(Q). Note that ©“F can never be in W2>(Q). As
a result, (4.8)—(4.10) tell us that

1€ = ey = O2™), JuS" = uf ¥ geqr,) = O(R),

[ = Ry = O(R*=), S = R geqr,y = O(h¥257),

with s = 0,1. When s = 0, we assume that the regularity results for the Aubin-Nitsche
technique in L?-norms in 2 and on I'y is applicable and we have used ||v|| 2ry) <

C||UH1L/22(Q)||7)||}J/12(Q) to estimate [|u™" — u || p2(r,).

The predictions made above are consistent with the numerical results reported
in Figure 5.1. In fact, Figure 5.1 shows that the expected orders of convergence are
attained, which confirms v € H?(Q;T';) and v € H?~¢(Q2). In other words, our
theoretical result that the GRBC provides more regularity on the boundary than the

SRBC does, if given data are the same, is numerically confirmed.

2.

2
—u—LZ(Q)—SR 1.4 —
-=-L%(N)-SR s
BT . - -o-LAQ)-GR 1) ~=-H'(Q)-GR
> —e—LZ(l')—GR '°'H‘(1")—GR
1.8/
1.6
....... e
1.4m=en=="" L= L] . -
e o
S i ge---- -
0.4
1 2 : ) ° 1 2 3 4 5

(a) pr2(q) and pp2(r,y, P1 basis functions. (b) py1(q) and pyi(p,y, P1 basis func-
tions.

FIGURE 5.1. Rate of convergence on the refinement step.

5.2. Convergence. In this section we aim at providing numerical evidence for
the rates of convergence of the errors associated to the finite element approximation
of the (GR-P) (4.1), as reported in Theorem 4.5. Firstly, we consider a problem
for which the computational domain and its boundary are exactly represented by the
computational mesh of the finite element (the mesh). Then, we repeat our analysis for
a curved domain (a conic section) for which the triangulation introduces a geometrical
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error associated to the polygonal representation of the domain and the boundary; we
remark that this situation often occurs in fluid-structure-interaction problems of prac-
tical interest, as in hemodynamics. Specifically, we aim at highlighting the influence
of the geometrical approximation on the rates of convergence of the errors for for the
finite element approximation of (GR-P).

We also compare the rates of convergence of the errors predicted by Theorem
4.5 for the finite element method with those obtained when considering Isogeometric
Analysis (see [10, 32]), a numerical approximation method for PDEs which preserves
the exactness of the geometrical representation of a computational domain through
the whole h-refinement procedure when the latter is described by B-splines or NURBS
(see [39]), as it is the case for conic shapes. We observe that in such cases Isogeometric
Analysis also allows the exact evaluation of the Laplace-Beltrami term appearing in
the GRBC. Finally, we remark that the interpolation error estimates for functions in
a NURBS space possess the same convergence orders of their polynomial counterpart
of degree k (see [3]); therefore, the result of Theorem 4.5 holds also when NURBS-
based Isogeometric Analysis is considered as approximation method for the PDEs.
We observe that the rates of convergence of the errors predicted by Theorem 4.5
eventually hold also when considering an isoparametric finite element method (see
[8]), being the error associated to the geometrical approximation convergent at least
at the same order of the interpolation error.

The expected rates of convergence of the errors for the finite element method and
Isogeometric Analysis are summarized in Table 5.1.

Meth. Degree Iy prsr,) || Meth. Degree Iy PH*(QT1)
FE k Flat k+1-s IGA k Flat k+1-s
FE k Curved 2-s IGA k Curved k+1-s

TABLE 5.1

Expected rates of convergence of the errors in norm L2(Q;T) (s =0) and HY(;T) (s = 1) for
problem (4.1) for the finite element method (FE) and NURBS-based Isogeometric Analysis (IGA)
of polynomial degree k; comparison for domains with boundary I'1 “flat” or “curved”.

We solve problem (4.1) and we set the data so that the exact solution is ue, =
ycos(my) sin(rx) and we set the data f(x,y) and h(x,y) so that wu., is the exact
solution of problem (4.1). In (GR-P) we use § = 1. We perform two tests: for the
first case, a domain with a flat boundary I'; is selected and, in particular, 2 and I'y
are the same as in Figure 5.2(a); for the second case, we perform the test, with the
same exact solution, using a geometry with a curved boundary and we select I'y as it
is shown is Figure 5.2(b).

1

o.g|
0.8-
0.6} 0.6
0.4} 0.4~

0.21
0.2

uO 02 0.4 06 08 1 -1 -05 0 05 1

(a) Square domain. (b) Disk domain.

FIGURE 5.2. Computational domains Q2. The subset I'y C T' is indicated in red.
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The results obtained with the finite element method are reported in Figures 5.3
and 5.4, while those obtained with Isogeometric Analysis are reported in Figures 5.5
and 5.6. We use the notation -F and -C to address the Flat boundary case (square)

and, respectively, the Curved one (disk). The results obtained with a SRBC are
addressed with the notation (SR), otherwise, when it is not specified, a GRBC is

involved.

10 3 0
LA(Q)-F 10
::: Lzzr))_F v LAQ)-F
-w= L1)-F
0 ——H'(Q)-F
10 1072 -m-H'(0-F
—e-L%0Q)-C
-e-L3n)-c
_2 4 ——H'Q-C|
10 10 -¢-H'D-C
107" 10°°
6 -8
10 10
10 10 107 10° 10° 10 107 10°

(a) |len|l«, P1 basis functions.

FIGURE 5.3. Error norms vs the mesh size, computed for the 2D test cases with the finite

(b) llen|l«, P2 basis functions.

element method. The notations —F and —C stand for, respectively, Flat and Curved I'y.

2.2 —~ L2(Q)F] 1.2 —H'(Q-F
-4~ L30)-F 115 -4-H'(n-F
—e—L%(Q)-C| —e—H'(Q)-C|
-e-L\n-c 1.1 -e-H'n-C
1.05
L SRR S I \'3//
0.954 X
0.9t
085"
1'71 2 3 4 5 0'81 2 3 4 5

(a) pr2(q) and pr2(r,), P1 basis functions.

(b) pr1(q) and pyi(r,y, P1 basis functions.

35 —L%(Q)-F 25 —H'@Q-F
-4-L°(N-F -4-H'(D-F
—e—1%Q)-C —o-H'(Q)-C
-e-L4)-Cc -e-H'(n-Cc
Pt ¢ ——L%Q)-C (SR = ¢ ——H'(Q)-C (SR
-9-L%)-C (SR) </{Q\’\‘ - ¢-H'(N-C (SR
15
d -~
Tes .
p-=" T -
0. .: o
Rl LS L e
1 ERI SERY
1 2 3 4 5

(¢) pr2(qy and pr2(r,y, P2 basis functions. (d) pgi(q) and py1(r,), P2 basis functions.

FIGURE 5.4. Rate of convergence vs the refinement step, computed for the 2D test cases with the
finite element method. The notations —F and — C stand for Flat and Curved surface I'1, respectively.

Regarding the finite element approximation, in Figure 5.3 we display the com-
puted errors for the linear case (Fig. 5.3(a)) and for the quadratic one (Fig. 5.3(b)).
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FIGURE 5.5. Error norms vs the mesh step computed for the 2D test cases with the Isogemetric
Analysis discretization. The notations —F and —C' stand for Flat and Curved I'1, respectively.
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FIGURE 5.6. Rate of convergence on the refinement step computed for the 2D test cases with the
Isogemetric Analysis discretization. The notations —F and —C stand for Flat and Curved surface
'y, respectively.

In Figure 5.4 the rate of convergence p. are shown for the norms of L?(2), L*(Ty),
H'(Q) and H*(T';). From Figures 5.4(a) and 5.4(b) we observe that the rate of con-
vergence is always optimal when using P1 basis functions, no matter if the boundary
I'y is flat or curved. On the contrary, when we use P2-FE basis functions the order
of convergence are optimal only in the flat case as it is clear in Figures 5.4(c) and
5.4(d). In the curved boundary case, the polygonal approximation of I'; affects the
convergence rate for both the errors inside the domain and on the surface. Moreover,
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we observe that when using a SRBC, instead of a GRBC, the order of convergence is
faster. In our opinion, this is due to the fact that, in the case of SRBC, the approxi-
mation of the boundary and, thus, of its normal, affects only the part of the domain
and surface where the integrals are computed. On the other hand, in (GR-P), the
approximation of the normal affects directly the projection operator and thus the left
hand side term of the finite element problem. When € is a polygonal (or polyhedral)
domain, the sequence {Thl}fV:TO is composed of nested meshes. On the contrary, in the
case where a part of 9 is curved and a polygonal approximation of the geometry is
used, the computational domain changes at each refinement step and the triangula-
tion are not nested. In our opinion, the fact that the mesh are not nested can explain
the oscillating behaviour of the rate of convergence in case of a curved boundary (see
Figs. 5.4(a) and 5.4(b)).

The results obtained by considering NURBS-based Isogeometric Analysis are re-
ported in Figures 5.5 and 5.6. In Figure 5.5(a) and 5.5(b) we display the behavior
of the errors vs. the mesh size h obtained with NURBS bases of quadratic (k = 2)
and cubic (k = 3) polynomial degrees, respectively; in Figure 5.6 we report the con-
vergence rates of the errors in L2(2), L?(T'y), H'(Q) and H*(I';) norms. We observe
that the rates of convergence always coincide with the polynomial degree k in the
cases of H' norms, while with k + 1 in the cases of L? norms.

We conclude that if we are interested in a high order finite element approximation
of the exact solution of (4.1), it is preferable to use a consistent approximation of the
geometrical domain that yields a convergence rate of the geometrical error at least
equivalent to the one expected by the choice of the finite dimensional function space.

6. Conclusions. In this work we considered the analysis of a steady Pois-
son problem endowed with a generalized Robin boundary condition that involves a
Laplace-Beltrami operator on the boundary. We proposed a mathematical analysis of
the problem and, in particular, we proved the well-posedness of the weak formulation,
regularity of the solution and convergence of the finite element error. In particular,
we proved that, in case of generalized Robin conditions, the regularity of the solu-
tion on the boundary is higher with respect to the standard Robin case. We showed
that the convergence analysis of the finite element discretization hold for domain with
both planar and curved boundaries, under the condition that the numerical domain
coincides with the exact one.

We provided numerical evidence to the proposed theoretical results through two-
dimensional finite element simulations. In particular, we compared numerical results
obtained for discretizations with and without the introduction of geometrical approx-
imation errors. In the case of domain with curved boundaries we used Isogeometric
Analysis, a generalization of the finite element method, in order to exactly represent
the domain. We noticed that, when a geometrical error is introduced, the rates of
convergence are sub-optimal, on the contrary, when the domain geometry is exactly
reproduced, the observed numerical rates coincide with those predicted by the theory.

Possible extensions of the current work include the analysis of vectorial unsteady
and saddle-point problems endowed with generalized Robin boundary conditions.
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