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Abstract

We introduce a novel Fictitious Domain (FD) unfitted method for interface problems that achieves
optimal convergence without the need for adaptive mesh refinements nor enrichments of the Finite
Element spaces. The key aspect of the proposed method is that it extends the solution into the fictitious
domain in a way that ensures high global regularity. Continuity of the solution across the interface is
enforced through a boundary Lagrange multiplier. The subdomains coupling, however, is not achieved by
means of the duality pairing with the Lagrange multiplier, but through an L? product with the H' Riesz
representative of the latter, thus avoiding gradient jumps across the interface. Thanks to the enhanced
regularity, the proposed method attains an increase, with respect to standard FD methods, of up to
one order of convergence in energy norm. The Finite Element formulation of the method is presented,
followed by its analysis. Numerical tests demonstrate its effectiveness.

Keywords: Interface problems, Fictitious Domain method, Unfitted methods, Generalized saddle-point
problems, Optimal convergence rate.

1 Introduction

Interface problems, which occur in various application fields, involve the interaction between two subdomains
that share a common interface. These subdomains are characterized by differential problems featuring dis-
tinct operators and/or coeflicients, coupled through suitable conditions at the interface, which typically
express conservation principles (e.g., conservation of mass and momentum). Illustrative instances of inter-
face problems include heat transfer problems with discontinuous coeflicients and fluid-structure interaction
problems.

The numerical approximation of such problems is often based on meshes that are fitted to the interface
[4, 16, 25, 50]. In many cases, however, the fitted approach is not suitable or appropriate, and unfitted
approaches in which the interface is allowed to cross mesh elements are preferable, e.g. when the domains
have a complicated shape or when the interface is moving. As a motivating example we consider fluid-
structure interaction problems, in which the motion of the solid domain would necessitate, if fitted methods
were used, continuous (and time-consuming) remeshing, or the deformation of a preconstructed mesh, as
in Arbitrary Eulerian-Lagrangian (ALE) methods [7, 17, 34], which however places severe limitations on
the range of displacements that can be treated. Because of the low regularity of the solution across the
interface, however, the Finite Element method (FEM) applied to meshes that are not fitted at the interface
leads to suboptimal convergence rates [4], unless ad hoc expedients are introduced into the method [37],
such as modifying or enriching the basis functions with special elements that satisfy the interface conditions
[38—40, 51] or discontinuous elements possibly in combination with Nitsche’s method [1, 23, 33], in the spirit
of CwtFEM (cut Finite Element Method) [18, 19] or XFEM (extended Finite Element Method) [42].

An attractive approach to interface problems, which falls into the family of unfitted methods, is the
Fictitious Domain (FD) method, which consists of extending the solution defined on one subdomain to
the other subdomain, the latter being often enclosed into the former, and on defining a new differential
problem whose solution, if restricted to the external subdomain, coincides with the one of the original
problem. FD domain methods (also known as domain embedding methods) were introduced to deal with



differential problems defined in complex geometries, by embedding the computational domain in geometries
of simpler shape [30, 35, 45]. Moving from the Immersed Boundary Method for fluid-structure interaction
problems [44], the FD method has been applied to the treatment of interface problems [11, 14]. Typically,
the solution defined in the external subdomain is extended so that it coincides with the solution defined in
the internal subdomain, a constraint that is imposed by distributed Lagrange multiplier (DLM), leading to
the so—called DLM/FD method [3, 12, 13, 31, 48, 49]. Such method is particularly suitable in the context
of fluid-structure problems, whereby the fluid can be solved on a fixed Eulerian mesh, without the need of
following the movement of the structure, which is solved on an independent Lagrangian mesh. However, the
DLM/FD method gives no guarantee that the solution of the extended problem is smooth; indeed, because
of the way such an extension is constructed, the solution typically features discontinuities in the normal
derivatives across the interface, thus limiting the order of convergence [3, 4]. To overcome this issue, in
the context of domain embedding, in [9] an adaptive solution method is proposed that relies on a nested
inexact preconditioned Uzawa iteration. A current trend to alleviate accuracy problems of the DLM/FD
method relies on cutFEM or XFEM, namely on enriching or duplicating degrees of freedom at the interface
[27, 46, 47]. Compared with standard FD methods, however, these methods come at the price of some
computational challenges, related e.g., to the need of tracking the interface position and its intersections
with mesh elements [1, 26, 41], as well as a certain implementation effort or intrusive changes in existing
software packages [1]. An alternative to the DLM/FD method is to extend the solution by imposing only the
continuity at the interface, through a boundary Lagrange multiplier (BLM) [2, 5, 15]. However, the Lagrange
multiplier induces a jump in the conormal derivative of the solution across the interface, thus making the
BLM/FD method suffer from similar convergence issues to the DLM/FD method [2].

The aim of this work is to propose an unfitted FD method for interface problem, that is able to achieve,
in case of regular data, optimal convergence order, without resorting, as for existing approaches, to adaptive
mesh refinements or modifications and/or enrichments of the FEM space, with their consequent compu-
tational and implementation challenges. The idea behind the proposed method is to extend the solution
into the fictitious domain in a way that yields high global regularity. Unlike the DLM/FD method, the
extension of the external domain solution is not forced to coincide with the internal domain solution, but
only continuity at the interface is imposed through a BLM. However, unlike the BLM/FD method, we do
not impose consistency with respect to the original problem directly through the duality pairing with the
Lagrange multiplier, but rather through the L? product with an additional distributed field. Such field
is in fact the H' Riesz representative of the Lagrange multiplier composed with the trace operator, and
is obtained by introducing an additional equation in the internal domain, namely a Poisson problem with
reaction. Remarkably, the proposed method can be easily implemented in standard FEM software packages.

The outline of this paper is as follows. In Section 2, we introduce the class of interface problems that
are addressed in this work. In Section 3, we present existing FD formulations to approximate the problems
introduced above. Then, in Section 4, we introduce our proposed FD formulation. In Section 5, we introduce
its Finite Element formulation and we carry out its analysis. Finally, in Section 6, we present some numerical
tests.

Concerning the notation, in this work we denote by | - ||s,o the usual norm in the Sobolev space H*(£).
In particular, || - [jo.o denotes the L?(2) norm. Similarly, we denote by (-,-)s.o the inner product in the
Sobolev space H*(2). We denote the lines of grouped equations by subscript roman cardinal numbers. For
example, the lines of equation (1) are referred to as (1)1, (1)1, and so on.

2 Interface problems

Let Q € R? (for d = 2,3) be a bounded domain, partitioned into two non-overlapping subdomains ; and
Dy (ie. Q=0,UQ; and Q. NQy = (). In this paper we will assume for simplicity that one of the two
subdomains (namely €2) does not touch the boundary of 2 (see Fig. 1), although the results are easily
generalized without this assumption. Then, we will refer to €; and to 9 as the external and internal
subdomains respectively, and we will denote by I' = 025 the interface between the two subdomains. We
assume that both 9Q and T" are sufficiently regular (for simplicity, let us consider C*° regularity). We denote
by n;, for ¢ = 1,2, the unit vector, normal to the boundary and pointing outward from €2;. Finally, let us
consider a partition of the external boundary 9f into the non-overlapping (possibly empty) subsets I'p and



Figure 1: Computational domain €2 partitioned into the subdomains §2; and 25. The red curve represents
the interface I'. The boundary of 2 is split into I'p and I'y.

I‘N.V\/e consider the following general form of interface problem:
Liay = fi in g,
Loty = fa in Oy,
U] = Us onI,
O iy + 0521 = 0 onT, S
u; =0 on I'p,
3,‘1:11&1 =0 on I'y,

where £; are second order differential operators (for i = 1,2), and 9%¢ are their conormal derivatives in
direction n, while f; € L?(€;) denote forcing terms. We consider homogeneous Dirichlet and Neumann
boundary conditions on the subsets I'p and I'y, respectively.
A paradigmatic example is when both L; are associated with the Laplace operator, albeit with different
coefficients (u1 # p2) in the two subdomains:
Liu = —p;Au,
i i 2)

05w = p;Vu - n.

In this case, the operator L; is associated with the following bilinear form, defined on the set V' C Q:
\% _
a; (u,w) 7/ wiVu - Vw.
v

Generally speaking, we denote by a)’, for i = 1,2 the bilinear forms associated with the operators £;, such
that o = a$"* + a$* and for which the Green formula holds (with E € {Q,Q;,Qs}):

/E (Liu)v = aF (u,v) — (6§iu7v>aE.

With the symbol (-,-)or we denote the duality pairing between H'/?(9E) and its dual H~/2(9E), where
the trace operator applied to the second argument is left implicit. Then, it is well-known that the weak
formulation of (1) reads as follows.

Problem 1. Find @ € H&FD(Q) ={v € H'(Q), | L= 0} such that

r

at (@,9) + ay?(@,0) = [ fro+ [ fob VO € Hip, (). (3)
01 Qo

Then, set u; = ﬂ‘ﬂ_, fori=1,2.



3 Fictitious Domain formulations

The FD formulation of the interface problem (1) envisages two unknowns, namely wu;, an extension of
to the whole Q, and wug, which coincides with @z. We introduce thus the spaces V! = H&FD(Q) and
V2 = H'(Qy), for the unknowns u; and us, respectively. Moreover, we conveniently extend the forcing term
f1 to the whole Q (with a little abuse of notation, we keep the name f1). Notice that also the trivial zero
extension is possible.

3.1 DLM/FD formulation

We consider the following DLM/FD formulation, in which the extension is obtained by imposing, through
the distributed Lagrange multiplier p, the constraint u; = ug on Qy [3, 13, 48]. With (H*(2))* we denote
the dual space of H!(Q3), and by (-, -)q, the duality pairing between the two spaces.

Problem 2. Find uy € V1, uy € V2, p € (H(Q2))* such that

a’?(uhvl) + <p7'U1>S22 :/ flvl Vo, € Vl,
Q
ﬁ%WJm—a%w%wwwnwmzzf(ﬁ—fma Yoy € V2, (4)
Q2
(g, u1 —u2)a, =0 Vqe (HY (D))"

The well-posedness of Problem 2, as well as the equivalence to Problem 1, are studied e.g. in [3, 13]. The
equivalence shall be intended through the identification @ = uy o and Ug = us.

To state the Finite Element approximation of Problem 2, we introduce a family 7,' of regular meshes
in Q and a family 7,2 of regular meshes in {23, and the Finite Element spaces V;! C V!, V2 C V? and

Ay, C (HY(Q2))*.
Problem 3. Find up € Vhl, Upo € Vh2, pn € Ay, such that

ﬁwmmm+mwmm:/ﬁwl Vo € V),
Q
5
a%? (ung, wha) — a$? (up1, wha) — (Ph, Wha)a, = / (f2 = fi)wn2 Ywpe € V32, (5)
Q2
(qn,un1 — un2), =0 Vaqn € Ap.

Optimal convergence estimates for Problem 3 have been proved (see [3] for Laplace equation and [13] for
FSI problems), in the following form, where C' > 0 is a suitable constant:

lur —unill1,0 + [Jlue — unz2|l1,0,

. . . (6)
<C vhllnfv,} |ur — vnill1.0 + vhlgnfv,f luz — vh2ll1,0, + thfellf\h 2 — anll(zr(@2))- | -

The best-approximation errors at the right-hand side are typically constrained by the regularity of the
solution. In particular, for piecewise polynomials of order r we have, for s > 1:

inf [luy — vpr [ < APRCSTD ).
Vh1 GVhl
However, because of the way the extension of 7, is constructed, the solution u; of Problem 2 coincides with
the solution @ of Problem 1, which features low regularity. For example, in the case of the Laplace equation
(see (2)) with p1 # po, we have uy € H*(€y) for some s € (1,3/2) [4, 21, 36]. Hence, we can achieve at most
convergence of order 1/2 in (6), regardless the polynomial order.

Remark 1. We notice that, thanks to the constraint (4)y1, the term agz (ug,v2) in (4)11 can be replaced by
a$? (u1,v2) (see e.g. [49]). These two formulations are clearly equivalent at the continuous level, but not at
the discrete one, and they can yield different results, as we show in Section 6.



3.2 BLM/FD formulation

Having established that extending u; so that it coincides with s in o places limitations on the global
regularity of w1, and thus on the order of convergence of the Finite Element approximation, it is natural
to consider alternative extensions of #;. One possibility is to employ a BLM rather than a DLM [2, 5, 6,
15]. Hence, we introduce the space Q@ = H~'/2(T"), namely the dual of H'/?(T"). We consider the following
BLM/FD formulation.

Problem 4. Find u1 € V', us € V2, X € Q such that

a?<u1,v1>+<x,v1>p:/ fion Yon e VY,
Q
0, s _ _ _ 2 (7)
ay? (uz,v2) — ay?(ur,v2) — (A, v2)r = (fo— f1)ve Yoy € V=,
Q2
(H,u1 —ug)r =0 ViueQ.

The equivalence to Problem 1 can be proved similarly as for the DLM/FD formulation [2]. However, also
the solution u; of Problem 4 has low global regularity. Indeed, by applying the Green formula, we get:

ay (u1,v1) = af (u1,v1) + af?(u,v1)

(8)

= 1U1) V1 1U1) V1 n, U1 ,V1)T n, U1|q.»V1)T n, U1,V1)00y -
| (Cam)ut [ (L) + (Ot |g s o) + (Ot un | vn)r + (O ur,v1)
1 2

Hence, by (7)1, it follows that the Lagrange multiplier plays the role of jump of conormal derivative across
I:

Ly Ly _
3n1 u1|Q1 +8H2U1|92 = )\

Therefore, similarly as for the DLM/FD formulation, u; is not regular unless A = 0, which is of course a
very special, and mostly uninteresting, case.

4 Augmented formulation (A-BLM/FD)

To improve the convergence rate of the FD Finite Element formulation, we design a smooth extension of
inside g, in particular by requiring that u; € H?(Q). Clearly, this goal makes sense only if the original
problem (1) has a regular solution inside the subdomains §2;, otherwise the order of convergence would be
low even for fitted methods that approximate Problem 1. This is the rationale for our assumption that 02
and I' are regular, and for the same reason we shall always assume that the forcing terms f; are also regular.

4.1 A-BLM/FD formulation for the model problem

Let us first consider for simplicity the case L;u = —p;Au and T'p = 0€2. We consider a trivial extension
for f1, namely f; = 0 on Q). In order to achieve global H? regularity, the following matching conditions
should be satisfied on the interface I':

[ui] = “1’91 - “1’92 =0,

[[Vm]] = VU1|Ql -1 +VU1|92 Ny = 0.

9)

These conditions not only are necessary to have u; € H?({), but are also sufficient, knowing that u; €
Hjpy, (1) N H?(Q1) N H?(Qy). Indeed, let us take a test function ¢ € D(Q). By definition of distributional



derivative and by the Green formula, from (9) it follows
D) (AU, §)p(@) :/Qm A¢ = | A¢+/ u A
1

=— Vu, -V — Vu1 V¢+/V¢ n fu;]
Q

N Au1¢>—<[[Vu1]],¢>r+/v¢-n1[[u1]]
0 Qo r

= Au1 ¢ + Au1 ¢)
Ql QQ

Since Auﬂﬂi € L*(Q;) for i = 1,2, we have Auy € L*(Q). Moreover, as the application u — ||Aullpq is a
norm in H?(Q) N Hj p (Q), it follows that u; € H?(Q) [24].

A differential problem defining the extension of @; must therefore be at least of the fourth order, as
we need to impose the two independent conditions (9) on the interface I'. Thus, we consider the following
bi-harmonic problem that defines the extension i; € H?(23) of @; to the domain Qs:

1A%y — p Aty =0 in Q,,
’(11 = 1~141|Q1 on F,
V'LAlll ‘N = Vﬁ1|91 i 1 5] onI'.

As it is better suited to a Finite Element formulation, we rewrite the bi-harmonic problem in mixed formu-
lation, by introducing an additional variable z:

{ — Al +2=0 in Qo, (10)

—Az+2=0 in Q.

This leads to the following problem, namely a BLM/FD formulation augmented by the distributed field z,
henceforth called augmented BLM/FD formulation (A-BLM/FD):

Problem 5. Find u; € V', ug € V2, z € V2, A € Q such that

/ w1Vuy - Vo —|—/ ZU] = / f11}1 You € Vl,
Q Qg 1951
/ (MQVUQ — mVul) - Vg — / Z Vg = / f21}2 VUQ S V2,
Qo Qo Qo (11)
Vz~Vs—|—/ zs = (A, $)r Vse V3
Qz QQ
(t,uy —ug)r =0 Vi€ Q.

4.2 Well-posedness, equivalence and regularity

We now study the well-posedness of Problem 5, its equivalence to Problem 1, and the regularity of its
solution.

Theorem 1. Assume f; € H*TY(Q;) for i = 1,2 and for some k > 0. Then, Problem 5 admits a solution
(u1,u2,2,A), unique in terms of ul‘ﬂh and ug (that is to say, any other solution (u},ub,z’,\') satisfies
w, = u; on Q, fori =1,2). Moreover, uy € H2(Q), uy € H*3(Qy), z € H**1(Qy) and X\ € H*3(I).
Furthermore, Problem 1 and Problem 5 are equivalent, with the identification ﬁ’Ql = u1|91 and ﬂ|Q2 = Uy.

Proof. Let u; € V!, uy € V2 be a solution of Problem 5. Thanks to (11)v, the traces of u; and ug on T
coincide. Therefore, the function @ = u3 g, + uzlg, belongs to H'(Q). By taking test functions such that
vy = v1|Q2 and summing together (11)1—(11)1, we get (3).



Conversely, let % € H*(£2) be the solution of Problem 1. By standard regularity results, ﬁ’Q € HF3(Qy),
for i = 1,2 [4, 21, 36]. It follows that the I'-traces g; = @ and g = VQ|Q1 -ny satisfy g; € H*3(T") and
g2 € H*3(I"). Let now @, be the solution of the differential problem

1A%y — p Aty =0 in Q,
Uy = g1 onT, (12)
Vi -ng = go on I,

which reads, in weak form: find @; € {v € H?(£), such that v = g; and Vi, - ny = go on I'} such that:
/ p Aty A +/ pViay -V =0 Yo € HE(Q). (13)
QQ Q2
The solution 4 exists, is unique, and by regularity results, it belongs H*+3(25) [29]. We define:

~ i, onfy

_ — Q1 ’
U = U Q. Uy = R

2 Uy on s.

It follows that ug € H*+3(), and that, thanks to (12);1-(12)i1, u; € H?(Q) . Moreover, we define
2= —L10) = 1Aty € H*1(Q) and A = Vz - ny € Hk'_%(l"). Our aim is now to prove that (uq,us, 2z, \)
is a solution of (11).

It is easy to check that the last two equations of (11) are satisfied. To prove the remaining two equations,
we notice that, by definition of z, we have z + Lyu; = 0 in Q5. Hence, by applying the Green formula, with
v € VI

—/ 21 :/ (Liup) vy = a$2 (uy,v1) — <8£;u1‘927v1>r. (14)
Qs Qs

Moreover, by applying the Green formula to (3), we have for any v; € V'1:

/ (Lyrur)vr + <(9§fu1‘917v1>r +/ (Lous) v1 + (052uz, v1)r = / Jivi+ [ favr.
Q1 Qo 921

Qo

By taking test functions with compact support in 2y, it follows Liu; = f1 in 1 the sense of distributions.
Hence, by taking v; € V'

fivr = / (Liup) vy = a$* (ug,v1) — <6§11u1’91,111)p. (15)
Q1 Q1
By summing (14) and (15), we get
a?(ulvvl) +/ U1 — <a§21u1|92,1)1>1“ - <81[1:11u1|9131}1>1—‘ = / Jivr. (16)
QQ Q1

Thanks to (12)111, the two boundary terms cancel, thus yielding (11);. Finally, by subtracting (11); from (3),
we get (11)11. Therefore, (u1,us, 2, A) is a solution of (11). By the uniqueness of the solution of Problem 1,

the solution of (11) is unique in terms of w4 |Ql and us.
O

4.3 A-BLM/FD formulation in the general case

So far we have introduced the A-BLM/FD formulation for the Laplace equation. Let us now consider a
general interface problem in the form (1). Then, the extension problem (10) generalizes to:

Lity+2z=fi ?ﬂ Qo, (17)
—Az4+2=0 in Qo,

where f1 has been conveniently extended into Q5. The A-BLM/FD formulation reads as follows.



Problem 6. Find u; € V!, us € V2, 2 € V2, X € Q such that

a?(“h”ﬂ*‘/ zZv :/ fivr Vo, e V1
Qs Q
Q2 Qo _ 2
ay? (ug,v2) — ay (U1,U2)*/ Z’Uz—/ (f2 — f1)v2 Yoy € V2,
Q2 Q2 (18)
VZ~V5+/ zs = (\, 8)r Vse V2,
Q2 Qs
(tt;u1 — ug)r =0 VueaQ.

We now show that, by formally proceeding, we recover the interface problem (1) from (18). By using (8),
from (18)r it follows

/ (Lyug)v1 +/ (Liur) vy + <a§fU1’91,Ul>F + <3£21U1‘92>U1>r
o 2

(19)
+ (05 ur, v1) a0 +/ zui= | fin+ [ fivr
Qs Q Q0

By taking test functions with compact support in ; and €5, we get respectively
Liuy = fi in Qy, (20)
Liui+2z=f1 in Q. (21)

Now, combining (19)-(20)-(21), we get

Bﬁfullﬂl + 3521111‘92 =0 on T, (22)

O'uy =0 on 9Q.
Then, we apply Green formula to (18)yr:

/Q2 (Lauz) vy + (D2 us, va)r */ (Liur) va = (Ogtun g, va)r — /Q2 Zvy = /522(f2 = fi)ve.  (23)

Qo

By exploiting (21) and by taking test functions with compact support in s, we get

LQUQ = fg in 027 (24)
and then
8§;uz - szlul ‘Qz =0 on I, (25)
which, combined with (22) gives
8§§u2 + aﬁ;ul\ﬂl =0 onT.

5 Finite Element approximation

We consider a family 7,' of regular meshes in 2 and a family 7,2 of regular meshes in Q5. We also introduce
a family 7;1“ of regular meshes for the interface I'. One possibility, albeit not the only one, is to define ’7? as
the set of boundary faces of 7'h2 Let us denote by hq, hs and hr the mesh element size of the three meshes.
For simplicity, we consider a single parameter h > 0, and we assume that there exist positive constants c; 1,
C2.1, C1,2, C2.2, C1,T", C2.T", such that

c1,1h <hy <eo1h, ci12h < hy < caph, cirh <hr <carh.

We consider the Finite Element spaces Vh1 C V1, associated with 77}, Vh2 C V2, associated with 7712, and
Qn C Q, associated with 7;?. Then, the Finite Element counterpart of Problem 6 reads:



Problem 7. Find up, € Vhl, Upo € Vh2, zp € th, An € Qp such that

a?(uhhwhl) +/ Zhp Wh1 = firwpa Ywp1 € Vhl,
Qs Q
a2 (upa, wha) — a5 (up1, wha) — / Zp Wh = / (f2 — fr1)wn2 Vwpe € V2,
Q2 Q2 (26)
Vz, - Vs, +/ ZhSp = <)\h,5h>1“ Vs, € th7
Qs Qs
(s un1 — up2)r =0 Y un € Q.

5.1 Theory of generalized saddle-point problems

To analyze Problem 7, we leverage the theory of generalized saddle-point problems [8, 43]. We report here
the main results in this regard, and we refer to [8, 43] for further details.

In this section, V and ) denote two Hilbert spaces. Let a: VXV - Rand b;: Vx Q — R, fori=1,2,
be continuous bilinear forms, and f € V*. The generalized saddle-point problem reads as follows.

Problem 8. Find u € V, A € Q such that

{a(uaw)bl(wvA)V*<faw>V VUJEV,

ba(u, 1) =0 Ve Q. @)

Let us now consider a family of discrete spaces Vy, C V and @}, C @, and the continuous bilinear forms
ap: Vy, xV, - R and b};: Vi X Qn — R (for i = 1,2). Then, we consider the following discrete counterpart
of Problem 8:

Problem 9. Find u, € Vi, A\, € Qp such that

an(un, wp) = by, (Wh,y An) = v (f, wp)v Ywy € Vi,
by (un, pn) =0 Vun € Qp-

We define, for i = 1,2, the kernels of the bilinear forms b; and bi:

K; =Kern(b;)) ={veV:b(v,u) =0 YueQ}
K}ZL = Kern(b};) = {Uh e Vy: b;lL(’Uh,/J,;J =0 V/Lh S Qh}

Notice that, in general, we do not have K} C K;. The analysis of Problem 9 is based on some hypothesis.
First, we assume that, for any h > 0, there exists a constant a1 > 0 such that

Qp\Up, W
Yy, € K} sup n{Un, W) > ap1llun|lv, (29)
wrek}  lwallv
Yy, € K} \ {0} sup ap(up,wy) > 0. (30)
uhEKfL

Moreover, we assume that, for ¢ = 1,2 and h > 0, there exists a constant /35, ; > 0 such that

b, (vn, pin
VineQu  sup BRI S g g (31),
vp €Vp ”vh”V
Finally, we denote by ~; the norm of ay:
an(up, up)
Th = sup

un€VnoneVy, lunllvllvnllv’

We have the following fundamental result.



Theorem 2. [8, Corollary 2.2] Assume that (29), (30), (31); (¢ = 1,2) hold true. Then, Problem 9 has a
unique solution (up, \p). Moreover, uy, satisfies the following stability estimate:

lunllv < a il fllve-
Moreover, we have the following convergence result.

Theorem 3. [8, Theorem 2.2] Assume that that the hypothesis (29) holds. Then, the solution (u,\) of
Problem 8 and the solution (un, Ap) of Problem 9 satisfy the following estimate, for some constant C > 0:

Ju = il < €+ a4 2m) it = wnll
v

h

a — ap)(vp, w
+ inf <(1+’7h)“u_vh”V+ sup (h)(hh)) (32)
v €V wpEVy, HwhHV
b1 — b)) (wp,
©inf <||/\Mh||Q+ sup (b1 — b)) (wn Mh))].
MhEQh wpEVy HwhHV

The first term on the right-hand side of (32) can be estimated as follows.
Theorem 4. [8, Proposition 2.1] Suppose that the hypothesis (31); holds. then, for any v € K; we have
. _ . bz - bl Uh,,
inf v —wp|v < C’(l—l—ﬁhll.) inf [||v—vh||v+ sup (h)(h'uh)] .
wr €K}, " €V BREQR ”/U'hHQ

Clearly the optimality of the estimate (32) depends on the behavior of a1, Br,; and v, when b — 0. In
particular, optimality could be hindered when these constants tend to zero with h.

5.2 Analysis of the A-BLM/FD Finite Element formulation

We now go back to the analysis of Problem 7. As a matter of fact, its continuous counterpart (namely
Problem 6) can be recast into the framework of generalized saddle-point problems. For this purpose, let us
introduce the product space V.= V! x V2 and we write u = (u,us) € V. The space V is endowed with the
norm [Jully = ([[ul|F o + [Juz Higz)l/2~ Rewriting Problem 6 as a generalized saddle-point problem is possible

by elimination of the unknown z. Let us introduce the map ¥: Q — V2, such that we have z = W()\), with
A € @Q, if and only if
(2,8)1.0, = (A S)r Vse V2 (33)

In other terms, z is the Riesz representative in H'(Qs) of the functional A o tr: V2 — R, namely the
composition of A with the trace operator tr: V2 — H'/2(T).
Then, Problem 6 can be rewritten in the form of Problem 8, having defined the bilinear form a: VXV — R

a(u,v) = a$t(ug,v1) + agb (ug,v2) — a2 (uy, va)
= a8 (u1,v1) + a2 (ug, v2) + S (u1, v1 — v2),
the right-hand side f € V*
vifeoby= [ fos [ (= o,
Q Qo

and the two bilinear forms b;: Vx Q@ — R, fori = 1,2
by (u, A) = / WOV (ur — us),
Qo
bg(u, )\) = <)\,U1 — ’U,2>F.

Let us now move to the discrete formulation. We introduce the product space V;, = Vh1 X Vh27 and we use
the notation up = (up1,up2) € Vi,. Moreover, we introduce the discrete counterpart of the map ¥, that is
Uy Qn — V2, defined so that we have z;, = ¥, (\y), if and only if

(2hs8n)1 ., = (Ans Sh)T Vs, € V2

10



Then, we introduce the discrete counterpart of by, defined as

by, (uns M) = /Q U (An) (un1 — un2)-

Hence, it is possible to rewrite Problem 7 as follows.

Problem 10. Find u, € Vy, A\, € Qp such that

a(up, wp) — by, (wh, An) = v+ (f, wn)v Vwp € Vp,
ba(un, pin) =0 Y pin € Q.

Problem 10 is of course a particular case of Problem 9, where a;, = a and b% = by. When it is useful
to clarify the domain of definition, we will still use b7 instead of be. We are then within the framework of
Theorem 2 and Theorem 3. Therefore, in what follows we shall find conditions that ensure the hypotheses
of these results.

We first consider the inf-sup condition associated with bs. To prove this result, we assume that the pair
Vl=@Qy, is inf-sup stable, in the sense of the Ladyzhenskaya-Babuska-Brezzi (LBB) condition [10], that is
there exists C' > 0, independent of A, such that

<,uhawh1>1"
Y un € Qr \ {0} sup
wievy [wntllvellenll—1 p

>C. (34)
Examples of pairs V!~ Q), satisfying the inf-sup condition (34) have been widely studied in the literature [6,
22, 28, 32]. Typically, (34) holds true under a condition of the type hy < K hr (for some constant K > 0).
Then, we have the following result.

Lemma 5. Suppose that the pair V! -Qy, is inf-sup stable (i.e. (34) holds true). There exists B2 > 0 such
that

ba (wp,,
Vin e Qu\ {0} sup —2mi) g (35)
wneVy, [Wnllvllunll -1 ¢
Proof. The thesis follows by restricting the sup on the subset wy, = (wp1,0). O

We then consider the inf-sup condition associated with b;. As will become apparent later, for the purpose
of proving convergence of the solution wuy, in (31); we need not have g ; independent of h. This translates
into weaker assumptions. Specifically, we assume that the pair V,2- Q) satisfies the kernel condition

Yun € Qn\ {0} Jwp € V2 (ten, wp2)r > 0. (36)

This condition on the pair V>~ Qy, is weaker than the inf-sup stability that we have assumed for the pair
Vil=Qp, (see (34)). Indeed, examples of pairs V>~ Q) satisfying the kernel condition (36) are easily obtained
by taking @, to be the space of traces of V;? or a subset of the latter.

Moreover, on the space th, we assume the inverse inequality

Ywp € Vh2 ||th1| 0,22 < OIhl_lnwhl

0,022 (37)

for some constant C; > 0.
Lemma 6. Suppose that the pair V,foh satisfies the kernel condition (36), and that the inverse inequality
(37) holds on the space Vi2. Then, for any h > 0, there exists Bn1 > 0 such that

Vun € Qn\ {0} sup bh(wh’ fin)

IR > By (38)
wneVy, [[wallvlpnll— 1 r

11



Proof. The application Si: Q) — (V;2)* defined as

(V,f)*<5huh,wh2>v,f = (Kh; Wh2)T

is injective by (36). Hence, the inverse of S}, is well-defined on its image and, since @y, is finite dimensional,
it is bounded. It follows that there exists a constant C}, > 0, possibly dependent of h, such that

Hh, Wh2)T
lnll_g.x < CullShismllvpye = G sup A tomale,
/ wiaevz lwhzll1

By definition of ¥y, for any wpa € V}2, we have

(tn, wn2)r = [ VU(pn) - Vwna +/ U (pn) wa2 = (Yr(pn), wn2); g, -
Qz QQ

Clearly, the supremum
(Un(pn), wh2); g,
sup

wineve  [wnzllio;

is attained for wpa = Up(up). It follows
1% (r )15 0,
(W (n) 1,0,

where we have used the inverse inequality (37). Finally, we bound the right-hand side as follows

el =10 < Cull@n(pn)ll0, < Cn(l + Cihy?)

Ja, Yn(pn)wne

wiaeve  |[Wnzll10;

Ur(pn) (Upt — un2
< Ch(l—i-C?h;?) sup fQ"’ (pun) ( )
wi€V), [whz(l1,0,

laall -y r < Ch(1+ CPh5?)

bl
:Ch(l—i—C%h;?) sup 7h(wh"uh).
wp €V ”wh”V

O

Concerning the discrete inf-sup condition for a, we assume that the constant oy ;1 does not depend of h,
that is to say there exists a constant a; > 0 such that

Vuy € K} sup Luh’wh)

> alfupv. (39)
wrek}  lwallv

This condition clearly depends on the particular interface problem considered, as it involves the bilinear
forms a; and a,. Hence, at this stage, we keep (39) as an assumption. We will address this topic again in
Section 5.3.

Finally, we assume that there exists a constant v > 0 such that

Vup € Vi, v, € Vy a(uh,uh) < ’}/HuhuvthHV (40)

This is an immediate consequence of the continuity of the original bilinear forms a, and a,. We are now
ready to state and prove the main result.

Theorem 7. Suppose that the pair V;2—Qy, satisfies the kernel condition (36), the pair V,'—Q), satisfies the
inf-sup condition (34), and that the inverse inequality (37) holds on the space V2. Moreover, assume that
(39) and (40) hold true. Then, Problem 7 admits a unique solution (up1,un2,z, A\n). Moreover, there exists
a constant C > 0, independent of h, such that, if (u1,us, 2, \) is a solution of Problem 6, we have

lur —upilli,0 + llue —un2lli0, < C| inf  |lug —opill,o + inf  flue —vpill,0,
U;L1€Vh% U}LQGVh?

(41)

+ inf ||\ — _1p+ inf ||lz—s
A=l inf 2

h

|1,92
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Proof. By Lemma 6 and Lemma 5, the kernels of the transpose of b}, and b? are trivial, that is Kern((b})7) =
{0} for i = 1,2. Hence, we have dim K} = dim K7 [10, Cor. 3.1.2], that is equivalent, in finite dimension, to
(30) [8, Eq. (2.21)]. Therefore, thanks also to Lemma 6 and to Lemma 5, all the hypotheses of Theorem 3
are satisfied. By combining Theorem 4 with Theorem 3, we have:

= wily < OO+ aih)| @+ @+ 657 inf =l

b1 — b)) (wp,
4+ inf (HAM”_IF+ ap (1= BA hm)}
LhEQHR 3 won eV HwhHV

We now estimate the term involving b; — b,llz

(by — B2 (wn o) = / (W (jun) — U (20)) (wns — wrz)

<N (pn) = Yrlpn)llo.e.llwn — wazlloo,-

We notice that

1/2
lwat — whallo.q, < lwatllie + lwazllie, < Rlwalli o + 2llwaelliq,) 2 = V2 wnlly.

Moreover, by the Céa Lemma

I (in) = Crlpn)llo, < inf W (un) = snll1e.

sneVy

< inf ([ (un) = U(A) + () = splle,

shEV)

W (pn) = W(A)

IN

l10, + inf [[®(N) = sull1,0,-
S;LEVh2

By standard arguments, from (33) it follows that

W (pn) = W(A)

|1,92 < Ctr”:uh - /\”7%,1“1
where we have used the trace inequality
Yoy € V2 lvalli 2,0 < Crellvall1, .-

Hence

) (b1 — by) (wh, pn)
inf A—pp|l_rp+ sup
HhEQR (H || Q)F wp €V, HwhHV

< inf (A= pall_ip+ V2 ( Collun = Ay p+ inf [[T(X) s
< int (1A= e+ V2 (Collin = ALy + it 19) = sl )
<(1+v2Cy) inf [A=ppl_yr+V2 inf [T(A) = snll0,-
HhEQR 2’ sneEV?
Therefore, recalling that U(\) = z, we have
[l = unllv < C(1+0¢f1)[(1+7)(2+52—1) inf |lu—onllv
Vh h
+(1+V2Cy) inf A= pall_1p+ V2 inf |z— .
(14 V2Cu) ot I\~ oy r + V2 il = sullu
Finally, the thesis follows by noticing that

inf flu—ovpflv< inf fur —wvpiflie + inf | flus = vnll1e,.
evy?

vp €V vp1EV) vh2€V)
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Remark 2. Apparently, the convergence estimate (41) is not significantly different than the estimate (6) and,
in a sense, they are both optimal. The big difference is played by the behavior for h — 0 of the term

inf . |1 — vaq]

1,Q-
Umth

Indeed, if w; is not regular (as for the DLM/FD and BLM/FD formulations), the convergence rate is
typically low. The A-BLM/FD method, instead, thanks to the higher global regularity of u; achieves faster
convergence rates.

5.3 A numerical test for the condition (39)

Among the assumptions of Theorem 7, the only one we have not yet analyzed thus far is condition (39).
First, we notice that this condition can be equivalently rewritten in the inf-sup form

inf  sup a(un, wn)

—_— > .
unek? wpek) [wnllvilunllv

Here and in the rest of the paper, we implicitly assume that the inf is taken by excluding up = 0, which
would make the argument undefined. We notice that, for standard point-saddle problems (i.e., when b; = by
and b}l = bi)7 such inf-sup condition is a consequence of the uniform coercivity of a on the kernel K} = K }QL,
or, a fortiori, on the whole space V},. For generalized point-saddle problems, however, the uniform coercivity
of a does not imply the inf-sup condition (39), since the two arguments u;, and wj, must be taken in different
spaces, be and K ,i respectively (unless K,% CK }L, but this condition is not met in our case).

Unlike for the conditions (35) and (38), the validity of the condition (39) depends on the interface problem
at hand (and thus on the form of a; and a,), as well as on the choice of spaces V!, V;? and Q. In this
section, we illustrate a test that allows one to perform, for a specific interface problem and for a choice of
spaces V;!, V;2 and Qp,, a numerical verification of the validity of the condition (39).

Let us denote by n; = dimV}’ the dimension of the Finite Element subspaces of V*, for i = 1,2. We
then introduce n, = dimV}; = n; 4+ ny and ny = dim Q5. In what follows, we use bold symbols to denote
the algebraic counterparts of Finite Element functions. Specifically, we denote by u; € R™ the vector
collecting the degrees of freedom associated with wup;, for ¢ = 1,2, and by u = (u;,us) € R™ the algebraic
counterpart of up, = (up1,up2) € V. Similarly, we denote by p € R™e the vector collecting the degrees of
freedom associated with py. We introduce then the matrices A, € R™=*"« and BZ € R™*"a_the algebraic
counterparts of the bilinear forms a and b;, for ¢ = 1, 2, respectively, defined through the relationships

a/(u}u wh) = WTAhua bfly,(u}M /J/h) = I_,LTB}LII, b2(uh7 /J’h) = “TB%Lua

for any up,wp, € Vi, and pp, € Qp. Moreover, we define the matrix N;, € R7%«*"u

" (M,g K}

2

Mg+Kg) !

where Mﬁl € R™*™ and K}‘1 € R™*™ are the mass and stiffness matrices, respectively, associated with V,f
for ¢ = 1,2. The matrix N allows us to relate the V-norm of w, with its algebraic counterpart u:

lunllv = [INpulf2,

where || - || denotes the euclidean norm.

To derive an algebraic counterpart of condition (39) that is easy to verify in practice, we perform two
steps. First, we represent the solution in a new coordinate system, namely by u = Njpu € R™, so that
llall2 = ||un|lv. In this coordinate system, the operators a and b;, for i = 1,2, are associated with the
matrices Ay, = N, TALN; ! and Bi = Bi N, !, respectively.

Second, we restrict the action of aj to K,% X K}L C Vj,, x V. For this purpose, for ¢ = 1,2, let \II}L €
R« *(nu=nq) he a matrix whose columns are an orthonormal basis of Kern é}L In practice, the matrix lIlz
can be obtained by extracting the last n, — n, columns from V, where UZVT = E}L is the singular value
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decomposition of §2 With the help of \IIZ, we perform a second change of coordinates, and we write, for
i = 1,2, elements of Kern EZ as u = \PZﬁ, where u € R"*~", We remark that, being the columns of lI’ﬁl
orthonormal, this transformation preserves the norm, that is ||u|2 = ||all2 = ||unlv-

In summary, u, € K; = Kernb! if and only if u € Kern B!, that is equivalent to the condition u =
N, ' ¥} 4 for some G € R" ", If follows that

T
N-1wiw)” A, (N1 o240
inf sup a’(uhawh) — inf sup ( h h22 hg/\h h )
unek} wnek} IWnlvlunllv  germu-ra germu—na [, allz ]| W, Wl (42)
. wTALG
= inf sup

aermu—ma wermu—na |[U2]| W2’
where we have defined the matrix Ah € R(Mu—na)x(nu=nq) a9
An = ()TN, TALN, 7.

We have thus rephrased condition (39), that involves the interaction between the bilinear form a and the
kernels of b}l and b,zl, into an algebraic conditions involving a single algebraic object, that is the matrix Ay,.
Remarkably, the right-hand side of (42) coincides with the lowest singular value of A, that we denote by

O'min(;‘\h)- In conclusion, condition (39) can be equivalently rewritten as: there exists a constant a; > 0,
such that, for any h > 0 N
Jmin(Ah) Z aq.

In practice, to test whether condition (39) holds true for a particular interface problem and for a particular
triplet of Finite Element spaces V;!, V;? and Qj, we shall consider meshes of increasing refinements, and look
at the trend of amin(;‘:h). In the case of amin(,&h) — 0 when A — 0, then condition (39) will not be verified;
if, on the other hand, amin(ﬂh) shows to be bounded from below by a constant, then condition (39) will be
deemed valid (at least for the range of h used, which in practice is most often what is needed).

This test, albeit not being a demonstration, makes it possible to test quickly and easily whether or not
the Finite Element spaces chosen may constitute a good choice, in the spirit of other similar tests used in
the literature [20].

6 Numerical results

In this section we present some numerical tests in a two-dimensional domain, aimed at verifying the theo-
retical results of this paper and at comparing the proposed method with existing ones.

6.1 Problem setting

We consider 2 C R? to be the open unit square centered in the origin, and we define ()5 as a circular domain
with radius 0.3 centered in the origin as well (see Fig. 2). We consider the following differential problem:

— p1Aty + 1 = f in Oy,

— oAty + Uy = f in Qo,

iy = i onT, (43)
w1V -ny 4+ ueVig -ne =0 on I,

Vi -n; =0 on 0N},

with the forcing term f(x,y) = sin(rz) 4 tanh(y). In the following sections, we consider different values for
the pair (u1, pe). Specifically, we consider four cases, namely (10,1), (2,1), (1,2), and (1,10). We identify
each case through the ratio po/py € {0.1,0.5,2,10}.

For the numerical approximation of (43), we consider and compare the following methods (see Table 1
for a summary).
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Method Weak formulation Unknowns Mesh

FEM-fit Problem 1 aeVi=HlL. (Q) T
FEM-unfit Problem 1 eVl = H&FD(Q) T
DLM/FD-diag Problem 2 weV'=Hyp () T}
DLM/FD-tria up € V2 =H'(Q2) T

pEH' () T
BLM/FD Problem 4 w eV =Hjp () T}

UQ€V2:H1(QQ) 7;12
XeQ=H'Y2T) TF

A-BLM/FD Problem 6 w e VE=H} () T}

h
UQ€V2:H1(QQ) 7-,;2
NeQ=H'Y2T) TF
zeV?= Hl(QQ) 7-};2

Table 1: Numerical methods considered in this work. For each method we report the corresponding weak
formulation, the unknowns of the weak formulation and the computational mesh used for their discretization.

e The standard Finite Element formulation based on Problem 1. In this case, we will consider either a
computational mesh that is fitted to ' (called 7,%) or an unfitted mesh (namely 7;}). We will refer to
the two methods as FEM-fit and FEM-unfit, respectively.

e The Finite Element formulation of Problem 2. As anticipated in Section 3.1, the first term of (4)r; can
be set equal either to a§22 (ug,v2) or to aglz (u1,v2). The corresponding matrix Ay, is, respectively, block
diagonal and block lower-triangular. For this reason, we will refer to the two methods as DLM /FD-
diag and DLM /FD-tria, respectively.

e The Finite Element formulation of Problem 4, called BLM/FD method.
e Our proposed A-BLM/FD method (see Problem 7).

Among the six methods compared, the FEM-fit method benefits from an advantage, as it is built on
a mesh fitted to the interface I'. Therefore, we consider it as a benchmark, since it allows us to give an
indication of the error that would be possible to obtain, for a given differential problem and mesh resolution,
with a fitted method. We then assess how the five unfitted methods perform, in comparison with FEM-fit.

We consider regular triangular meshes ﬁlﬁt, T,} and 7,2 with different resolutions. For the four FD methods
considered (namely DLM /FD-diag, DLM/FD-tria, BLM/FD, A-BLM/FD), we investigate the impact of the
ratio ha/hy (we consider three cases: ho/hy € {0.5,1,2}). We define the interface mesh 7,1 as the union of
the boundary segments of 7,2. Example of computational meshes are reported in Fig. 2.

To define the spaces V;!, V2, Aj,, we focus in this work on P1 and P2 continuous Finite Elements defined
on the corresponding meshes. For the space @, we consider globally continuous piecewise polynomials
defined on 7, with order either 1 (P1 elements) or 2 (P2 elements). For simplicity, we only consider the case
of equal order spaces, namely either P1/P1/P1 elements or P2/P2/P2, with reference to the three spaces
used (that is V! /V;2/Ay, for the DLM/FD-diag and DLM/FD-tria methods; V;! /V;2/Qy, for the BLM/FD
and A-BLM/FD methods).

6.2 Numerical verification of condition (39)

In this section, we apply the test described in Section 5.3 to the example problem (43), to numerically
check condition (39). Specifically, we consider meshes with increasing resolution. For each combination of

p2/ 1 € {0.1,0.5,2,10} and of hy/hy € {0.5,1,2}, we assemble the matrix A, and we compute its minimum
singular value o,y (Ar). Finally, we plot the trend of opmin(Ar) with respect to h.
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Figure 2: Computational domain and some examples of computational meshes. First line: computational
domain; mesh 7, (used in the FEM-unfit method); mesh 7,1 (used in the FEM-fit method). In the second
line, we show the three meshes 7,1, 7,2 and 7;!' for three different values of ha/hy (reported below).

The results are reported in Fig. 3, both for P1/P1/P1 elements and P2/P2/P2 elements. In the case
po/p1 < 1 with P1/P1/P1 elements, the test is clearly passed, since amin(,&h) is virtually constant with
respect to h, for every choice of ps/p; and for every choice of ho/hi. In the other cases the value of
amin(;‘\\h) is more variable; still, in almost all the cases, despite the small fluctuations, amin(,&h) do not show
a decreasing trend. The only exceptions occur in the case uo/p1 > 1 with P1/P1/P1 elements, where, for
some values of ha/hq, a decreasing trend is noticeable, albeit with a rather low rate (approximately between
h'/* and B!/ 2). Nevertheless, the results suggest that, provided a sufficiently large ho/h; ratio is chosen, it
is possible to obtain a lower bounded amin(;‘:h) also in the case po/pu1 > 1.

6.3 Comparison of numerical solutions

In Fig. 4 we report the numerical solutions obtained, for P1 elements and with a very fine mesh (210 elements
per side of the square, and a ratio ho/h; = 1), using the different numerical methods. As the figure clearly
shows, the different FD methods considered in this paper are based on a different type of solution extension
to the subdomain Q. In particular, the two DLM/FD (DLM/FD-tria and DLM/FD-diag) methods extend
1 to the whole 2 in a way that is coincident to @s. In this way, the solution u; inherits the gradient jumps
of the solution @, which clearly emerge from the figure near the interface I', where we observe the contour
lines breaking. We notice that, the higher the ratio us/p1, the more pronounced are the discontinuities.
Also the solution w; obtained by the BLM/FD method is irregular near the interface I', and has even
more pronounced gradient discontinuities than for the DLM/FD methods. In contrast, as expected, the A-
BLM/FD formulation yields a smooth w1, as seen from the contour lines that cross the I' interface without
being bent. We notice that the largest differences between the u; obtained by the three methods occur (for
this test case) in the case ps/p; > 1, that is in the case for which the gradients of the @ solution have larger
jumps. This will have consequences when we evaluate the errors of the numerical solutions.
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Figure 3: Minimum singular value of the matrix Kh as a function of h. Each column corresponds to a
different ratio us/p1, each row to a different polynomial order (see titles).
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Mg/ﬂ1:0.5 ug/ulzo.l

uy (BLM/FD)  uy (DLM/FD-tria) i (FEM-fit)

u; (A-BLM/FD)

2 (FD methods)

Figure 4: Numerical solutions to (43) obtained, using different numerical methods, with P1 elements on a
very fine mesh (210 elements per side of the square, and a ratio hy/hy = 1). White lines are contour lines.
Each column corresponds to a different ratio o/, reported on top. In the first line, we show the solution @
obtained with the FEM-fit method. We do not report the solution obtained with the FEM-unfit method, as
it is very similar to that of the FEM-fit method (at least for very fine meshes). The second line reports the
solution u; obtained with the DLM /FD-tria method. The solution obtained with the DLM/FD-diag method
is conceptually similar to the latter, even if in some cases it exhibits spurious oscillations, as shown later.
In the third and fourth line we show the solution u; obtained with the BLM/FD and A-BLM/FD methods,
respectively. Finally, in the last line we show the solution ug obtained with the A-BLM/FD method. We do
not report the solution us obtained with the other FD methods, as it is virtually coincident with the latter.
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6.4 Convergence tests

To numerically test the accuracy and convergence of the different methods, we consider the errors, in L? and
H' norm, with respect to a reference solution obtained through the FEM-fit method on a much finer mesh.
All errors reported in this work are normalized with respect to the solution norm.

Let us first consider the case of elements of order 1 (P1 for the FEM-fit and FEM-unfit methods,
P1/P1/P1 for the four FD methods). The trend of the errors in norm H' and L? is shown in Fig. 5 and
Fig. 6, respectively. First, we observe that, as expected, the FEM-fit method shows an optimal convergence
rate (namely linear in H! norm and quadratic in L? norm). The FEM-unfit method, instead, because of the
low global regularity of the solution (@ € H*(2) with s € (1,3/2) [4]), features a limited convergence rate
(we observe order 1/2 in H' norm and order 1 in L? norm). Because of the low-regularity of the extension
of @y, the DLM/FD-tria, DLM/FD-diag and BLM/FD methods exhibit the same convergence order as the
FEM-unfit method. Finally, concerning the A-BLM/FD method, the numerical tests confirm the theoretical
results of this work: thanks to the underlying smooth extension, we recover optimal convergence rates.

Special attention should be given to the case of ps/p; = 0.1. First, we notice that, in this case, the
DLM/FD-diag method exhibits oscillations in the error trend and, for ho/hy > 1, no convergence of the
error is observed. As a matter of fact, as shown in Fig. 7, spurious oscillations are present in the numerical
solution. This is not surprising, as — to the best of our knowledge — the ellipticity on the discrete kernel
for the DLM/FD-diag method has been proven only in the case ua/p; > 1 [3]. Second, we observe that, in
the case po/p1 = 0.1, the numerical errors obtained with the FEM-unfit and DLM/FD-tria are surprisingly
small (even smaller than those of the A-BLM/FD method). This is due to the fact that, as it is apparent
from Fig. 4, the solution of the full problem @ is “less irregular” than in the other cases (gradient jumps are
less pronounced). This leads to low-magnitude errors and a faster convergence rate in the pre-asymptotic
regime; nonetheless, for h — 0, the error curve bends and approaches the suboptimal order h'/? in H' norm
and h in L? norm. The errors obtained with the BLM/FD method are much larger in magnitude, because
of the low regularity of the solution (see again Fig. 4), and the observed convergence rates are suboptimal.
The A-BLM/FD method, instead, achieves the optimal convergence rates.

In Fig. 8 and Fig. 9, we show the errors, in H' and L? norm respectively, obtained by using second order
Finite Elements. We recall that the solution u; has regularity H*(2) with s € (1,3/2) for the DLM/FD-tria,
DLM/FD-diag, BLM/FD methods; with s € (2,5/2) for the A-BLM/FD method. Therefore, in the energy
norm H' we can expect at most order 3/2 for the A-BLM/FD method, and 1/2 for the other FD methods.
Numerical results confirm these expectations, in the case ps/p; > 1. The case ps/p; < 1 requires, as for
P1 Finite Elements, a more careful analysis. First, we again observe the non-convergence of the DLM/FD-
diag method, if ps/uy is sufficiently small and/or hy/hy are sufficiently large. This time, the DLM/FD-tria
method also exhibits similar issues, albeit in a less pronounced way. Finally, the A-BLM/FD method shows a
slight reduction in the order of convergence, approaching order 1 (still higher than the order 1/2 observed for
the other unfitted methods). Regarding the error in norm L?, we observe, notwithstanding some fluctuation,
that the A-BLM/FD method achieves convergence of order 2 like the benchmark FEM-fit method, while all
other unfitted methods exhibit convergence of order 1.

We complement our analysis by considering different boundary conditions on the outer frontier 052, to
test the generality of the observations made. In particular, we consider the case of Dirichlet boundary
conditions % = sin(wz) + tanh(y) on 0. In Fig. 10 and Fig. 11, we show the errors obtained by using
Finite Elements of order 1, in H' and L? norm, respectively. Looking at the figures, we can draw the same
conclusions as in the case of Neumann boundary conditions. In particular, the A-BLM/FD method exhibits
optimal convergence rate in both norms and in all cases considered, while all other unfitted methods feature
a suboptimal convergence rate. The advantage of the A-BLM/FD method over the other unfitted methods
in terms of error magnitude is even more pronounced tha with Neumann boundary conditions, also in the
case pe/p1 = 10.

Thus far we have compared the methods by considering the errors as a function of mesh size h. However,
given the same mesh size h, the different methods have different numbers of unknowns (see Table 1). In
particular, the proposed A-BLM/FD method is the one with the largest number of unknowns. Compared
to the DLM/FD methods, which have one unknown defined on 7;! and two defined on 7,2, the A-BLM/FD
method has one more unknown defined on ’7?. Nonetheless, the latter mesh, being associated with a domain
of codimension 1, typically possesses a much smaller number of elements than 7;' and ’Th2, which are of
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Figure 7: Numerical solution obtained through the DLM /FD-diag method for ps/py = 0.1, ho/hy = 2, P1
elements on a grid with 240 element per edge of 2.

codimension 0. To perform a quantitative analysis, we consider the error versus the total number of degrees
of freedom (Nyof), instead of versus the mesh size h. For the sake of brevity, we report only the H! errors
for Finite Elements of order 1, for us/pu1 € {0.5,2} and ho/hy € {0.5,1,2} (see Fig. 12). As can be seen
from the figure, despite the slightly higher number of degrees of freedom than for the other FD methods, the
A-BLM/FD method, thanks to the higher order of convergence, achieves higher accuracy in the considered
tests not only for a given A, but also for a given Ngof.

7 Conclusions

We have proposed a new FD method for interface problems that allows to achieve higher convergence rates
than standard FD methods. The proposed method extends the solution into the fictitious domain in a
smoother way than existing FD methods do, thus improving accuracy of the Finite Element approximation,
even with meshes that are not fitted to the interface. This is achieved thanks to a novel weak formulation
in which the subdomain coupling is enforced neither through an H~1({) duality (as for the DLM/FD
method) nor through a H~/2(I") duality (as for the BLM/FD method), but through an L?(Q;) product
with an additional regular distributed field. In this manner, no gradient discontinuity is introduced in the
analytical solution. Specifically, the additional distributed field is the H' Riesz representative of the BLM
that enforces the solution continuity across the interface.

We have analyzed, by leveraging the theory of generalized saddle-point problems [8, 43], the well-
posedness of the proposed FD formulation, thus proving an optimal error estimate. The result is based
on a discrete inf-sup condition that depends on the interface problem at hand. To test the validity of the
latter condition in a purely computational manner, we have proposed a test that consists in computing the
lowest singular value of a suitable matrix, for increasing mesh refinements.

Numerical test, performed on a model problem with a simple geometry, confirm the theoretical results,
thus showing that the proposed method allows to improve the convergence rate of standard FD approaches
when the solution of the original problem is regular enough.
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