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Abstract

This short paper investigates sufficient conditions for the well-posedness for the dis-
crete version of a regularized fictitious domain method using conforming finite ele-
ment methods. We show that if both the regularization parameter and the bulk mesh
size are proportional to the mesh size of the physical dmain, the discrete inf-sup condi-
tion holds, where the constant appearing the estimate is independent of all discretiza-
tion parameters.
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1 Introduction

Non-matching approaches, such as immersed boundary methods [14], cut finite el-
ement methods [5, 6], penalty methods [1], and fictitious domain methods [2], are
efficient numerical strategies for addressing engineering problems involving complex



geometries. These methods utilize a simple computational mesh and allow the bound-
ary of the embedded physical domain to intersect with the mesh, making them partic-
ularly useful in shape optimization or free-boundary problems.

In this paper, we focus on the finite element approximation based on the fictitious
domain method with a Lagrange multiplier. The corresponding weak formulation (see
Section 2 for a formal definition) is formulated as a symmetric saddle-point problem
that involves a coupling term between functions defined on the background domain ¢
and the physical domain w:

[ 0@ as..

where I' represents the boundary of the physical domain, and § and v are functions
defined on I' and (2, respectively. In a finite element setting, evaluating this integrand
at quadrature points requires careful consideration when 6 and v are finite element
basis functions associated with I" and €2

One approach involves constructing a fixed quadrature scheme independent of the
background mesh. While straightforward to implement, this method introduces errors
for nonsmooth functions due to the restriction of v onto I'. An alternative is to evaluate
@ and v at nonzero intersections between cells in the meshes of I" and 2. However, this
approach is computationally expensive, as it requires (i) computing the intersection
between cells in the meshes of I' and €2, (ii) constructing a quadrature scheme on
these intersections, and (ii1) computing the inverse mapping from reference cells to
the intersection regions.

To address these challenges, we propose an alternative approach that introduces the
Dirac delta function ¢ and rewrites the coupling integral in terms of the background
domain. Then we replace ¢ with its approximation §° with € denoting the approxima-
tion parameter. Thus we shall instead compute the following double integral

/g /r 0(2)0°(x — y)v(y) dy ds

and the computation will performed when the integration cells are at a distance smaller
than . We also note that no special implementation is needed since # and v are
evaluated on this own subdivisions.

Using the finite element method, establishing the inf-sup condition is essential to
ensure the well-posedness of the discrete formulation. Letting H and h denote the
mesh sizes of I' and the background domain (2, respectively, it is critical to demon-
strate that the constant in the inf-sup condition remains independent of H and h. Pre-
vious work by Bramble [3] showed that the discrete inf-sup condition holds under the
constraint h < C'H, where C'is a sufficiently small constant. In two dimensions, Gi-
rault and Glowinski [11] demonstrated that C' = 1/3 is valid for uniform background
meshes. Dahmen and Kunoth [7] provided an abstract framework linking the constant
in the inf-sup condition to the constants in the Trace theorem, norm equivalences for
H'Y?(T') and H~1/2(T"), space approximation estimates in (2, and inverse inequalities
for I'.



In this paper, we investigate the well-posedness of the finite element approximation
of the fictitious domain method when the coupling terms are approximated using the
Dirac delta function. We demonstrate that under an additional condition, ¢ < C'H for
some positive constant C, the discrete inf-sup condition holds.

The remainder of the paper is organized as follows: Section 2 introduces the vari-
ational formulation of the fictitious domain method and its finite element approxima-
tion. Essential analysis tools are also presented in this section. In Section 3, we review
the discrete inf-sup condition and provide a stability analysis. Finally, Section 4 intro-
duces a regularized version of the coupling term and establishes its discrete stability.

Notations

In what follows, we denote H"(2) with r € [0, 2] the standard Sobolev spaces. H; ()
denotes the set of functions in H*(£2) with vanishing boundary. H"((Q) is the dual
of H"(Q) N HJ(2), while H~"(T') denotes the dual of H"(T') for r € [0,1]. All the
duel spaces are equipped with the standard induced norms. We also set H Ti(Q) =
H"*¢(Q) for any small positive ¢.

2 Preliminaries

Let €2 be a bounded background domain with Lipschitz boundary and w is the physical
domain inside 2. We set [' = Ow. We also assume that I" is Lipschitz and it is away
from the boundary of €2, namely, there exists a positive constant ¢ satisfying

dist(T", 9€2) > co. (D

Fictitious domain method

Let f € L*(w), and g € H/2(T'), we consider the Poisson equation

—Au=f, in w,
U= —gq, onl'.

Let f € L2(9) be an bounded extension of f € L%(w). Then, we shall consider the
following variational formulation: given f € L?(Q2) and g € H'/?(I"), we want to find
(u,\) € H}()) x H~Y2(T) satisfying

(Vu, Vo) + (A trv) = (f,v), forallv € Hy(Q),

2
(0, tru) = (0,g), forallg € H V*T). @

Here (-, -) denotes the L?(2) inner product; (-, -) denotes the duality pairing between
H~Y%(T) and H'?(I'); and tr is the trace operator onto I'. It is well known that



inf{[|v||g1(q) : trv = w} is an equivalent norm on ||w|| ;1/2(1) and hence there holds
the inf-sup condition

inf sup (6, tr v)

>b.
oeH=1/2(T) ye () 10/l 172y 10]| 1 0)

The above inf-sup condition together with the coercivity of the Dirichlet form implies
that problem (2) is well-posed (cf. [4]).

The trace operator

We shall use the following Trace Theorem for our analysis: given v € H*®(w) with

s € (3,2), we have

|| tI"U| Hs=1/2(T) < CTHUHHS(OJ) < CTHUHHS(Q). 3)

See e.g. [10] for a complete proof. It is also known that there exists an right inverse of
the trace operator £ such that tr £0 = 6 for all § € H>~/?(I") and

10|

mew) < Crrl|0]

Hs—l/Z(F). (4)

We can continue to extend F6 to €2 using the Whitney extension Eyy satisfying Eyv|, =
vforall v € H*(w) and ||[Ewv|lo < Cw||v||ms(). Setting the extension operator
£ = Ew E, we obtain that for all § € H*~V/2(T),

1€0]

ms) < Crow |0l =2y, 5)

where C[TW = C[TCW.

Elliptic Regularity

Our estimates rely on standard regularity results for elliptic problems: given g €
H7Y(Q),let T : H1(Q) — H}(Q) be the solution operator satisfying

(VTg,Vv) = (9,0) g-1(),m @) for all v € Hy(€). (6)

We first note that if g € L*(92), we identify (g, ) -1 (@),HL () With (g, ). The follow-
ing assumption provides the regularity of 7'g up to the boundary.

Assumption 1 (elliptic regularity). There exists 1 € (%,1] and a positive constant

27
Clreg satisfying
ITg]| 1+ () < Cregllglla-14r)-

As an example, consider the case where () is a polytope. Based the regularity
results provided by [8], 7 in Assumption 1 is between % and 1 and can be determined
by the shape of €.



A discrete system

Now we assume that both € and I" are polygonal. Let 7,(2) and T4 (I") be quasi-
uniform subdivisions of €2 and I', where h and H denotes the corresponding mesh
sizes. Let V; be the continuous piecewise linear finite element space subordinate
to 7,(€2) and let Wy be the piecewise constant finite element space subordinate to
Tu(T'). The discrete system reads: find (up, Ay) € Vj, x Wy such that

(Vup, Vop) + Mg, troy) = (f,v,), forallv, € Vy,

7
<9H,uh> = <9H,g>, forall 0y € Wg. )

Some estimates in discrete spaces
Define the elliptic projection Ry, : H}(Q2) — V;, with
(VRyv, Vuwy) = (Vo,Vwy), forall wy, € V.

The following approximation property will be used in our stability analysis: given
v, € V), C H?? (Q), there holds that

(I = Ra)vnll @) < Capph™® 0nl o2 (- (8)
We shall also use the following inverse inequality for Wy: given 8y € Wy, we have

1052y < CmvH_l/zHeHHHfm(r)- )

3 Discrete inf-sup condition for (7)

In order to prove the well-posedness of the discrete problem (7), we need to show the
following inf-sup condition: there exists a positive constant /3 independent of h and H

so that
(Og,tr o) > 8. (10)

inf  sup
0u€Wn v,ev, |0l g-172m)llonll @)

In the following lemma, we provide a complete proof of (10) in the spirit of [3] (see
also [7] a more general proof) and our proof for the regularized version will follow
this argument. We also show how the above constant S depends on the constants
mentioned in Section 2.

Lemma 2 (discrete inf-sup condition). Let H, the mesh size of Ty ('), be fixed. As-
sume that h, the mesh size of Tn(Q2), small enough so that

CoappCregCrrw CrCipph? H™V2 = 1.

Then the inf-sup condition (10) holds with B = >

2CTw*



Proof. For a fixed 0y € Wy, we set Ty € H}(Q) to be the solution of the Laplace
problem, i.e.

(VTO0g,Vv) = <F9H,U>H_1(Q)7HO1(Q) = (0, trv), forallve Hy(Q),

We note that Fy,, € H~/27(Q) in view of (3):

6H7 U
v 2

182l 2l £ vl

r)
[l oo
Hl 2 (Q)

Hence by elliptic regularity, 70y € H*? (Q). Let v = R,T0y to get
(O, tr Ry TOy) = (VTOy, VR, TOy)
= (VRyTOu, VRyTOx) = | R T 0k |70 -
On the other hand, thanks to (5), there holds that
00l oy = sup ot
weH/2(T) ||w||H1/2(F)

(VT0n, VEW) _ - 1 T0u | @l Ewl @) (12)

= sup
weH/2(T) ||w||H1/2(r) weH/2(Q) ||w||H1/2(r)

< Crrw ||TOx| 51 (0)-

Next we want to bound 7'0y. The approximation property of the elliptic projection
(8) together with Assumption 1 and (11) implies that

1T0x a1 < |(I — Bo)TO0x @) + ([ BT 08| 1)

< Capph | TOu || y3/2- ) + 1RATOn |l 1110

< Cappcv"eghl/2_ HF9H||H*1/2_(Q) + ||RhT9HHH1(Q)

< CappCregCrh'* 1104l 22ry + | RaT0x || 111 ()

< CappcregCTCim)hl/27 H71/2 HQHHH*UQ(F) + HRhTeHHHl(Q)7
where for the last inequality we used the inverse equality (9) for Wy. Combing the
above estimate and (12) to obtain that

HQHHH—U?(F) < CappCregCITWCTCmvhl/2_ H71/2H9HHH—1/2(I‘)
+ CITW||RhT0H||H1(Q)
Now we let i small enough so that Cy,CregCrrw CrCinoh/?” H™Y/2 = 1. This
implies that
10w r-120y < 2C1rw || BuT O || m1.(0)-

Combing all the results, we conclude that for all 5 € W,

1
Oy, t TOg) >
< o, tr IRy, H> = 2w

The proof is complete. ]

IR T O || e ) 1O || =172 (-



4 A variational formulation with regularization

In this section, we consider a new variational formulation by regularizing the function
defined on I" using a class of approximations of the Dirac distributions.

Regularization

Let t/14 be a function in C'(R) such that ¢4 is compactly supported in (—1,1). Let
Y(z) = c1p(|x]) for some constant ¢ so that [, 1) dz = 1. Then we set

1
5(@) = 5 <§) (13)

For a function v € L'(2), we define its regularization by
v (x) = / 0 (z — y)v(y) dy, for x € Q). (14)
Q

For a functional F' € H* '(w) N H1(Q) with s € [0, 1]. We define its regularization
F* satisfying

<F€,U>H—1(Q),H1(Q) = <F, ’UE>H—1(Q)’H1(Q), for all v € Hl(Q) (15)

In particular, given 0 € Wy, we can define the functional Fj,, by

B = / 011 (y)5 (x — y) dy = 05,
I

noting that here we used the fact that 0 is radially symmetric.

Remark 3. We note that one can also generate the Dirac delta approximation by the
tensor product of 114 and choose 14 suitably with certain moment condition and
smoothness condition. For more choices we refer to [12, 13].

A regularized discrete formulation

The regularized discrete formulation reads: find (U, Ay) € V,, x Wy satisfying

(VUR, Vo) + (Mg, vn) = (f,on), forallv, € Vy,

16
(05, Up) = (Ou,g), forallfy € Wg. (16)

Stability

Following the argument of Lemma 2, we are ready to show the inf-sup condition for
the above discrete system. Next we show that the above discrete system is well-posed.



Theorem 4. (discrete inf-sup condition for (16)) Let H be fixed. There exist two
positive constants C and Cy such that when ¢ < C1H and h < CyH, there holds

3 o~
inf  sup (051, vn) > 8, (17)
0u€Wn v,ev, |0l g-172)llonll @)

where 3 is a positive constant independent of €, h and H.

Proof. We first try to bound 6 in H'/2" (T') norm by 7'05,. According to Theorem 3
of [12] there holds

1Fos = Fgllm-r@ < Cog' || Fop Nl g1/ -

Following (11), we can also show that || Fy,, || ;12 () < C7[|0u||z2(r). Thus,

|TOx ) < NT05 — TOy 1) + | T0% || 21
< |[Fo, — Fy, [la-1(0) + 1T, 11 ()
< C.Ore"?|10u| 2y + 1705 | 1 ()
< CoCrCineePH ™ |05 | 1720y + 1 T05 | 111 (02)-

Combing the above estimate with (12) in Lemma 2 and set
OTOITWOTCinU€1/2H_1/2 = %
to obtain that

10wl 1720y < 2C1rw || T 0% 11 (0)- (18)

On the other hand, according to the definition of the regulation of the a linear func-
tional acting on H~'/2((2) and the trace inequality, there holds that

13 6 c
105172y = sup G w) = sup O w)
werz @) Wt @) wermet @) [Wllge g

108 L2 0y [|w® || L2 ()

<
weH/2t (Q) ||w”H1/2+(Q)
108 )| 20y 1= | 24 o,
<Cr o sw T < iy
weHL/2T (Q) ”w||H1/2+(Q)

Here for the last inequality above, we again used Theorem 3 of [12]:
Jw — w5HH1/2+(w) < CTHwHH1/2+(Q)

so that
[ | a2t (o) < Crsllwl] e+ (g

with C,, = 1+ C,.



Utilizing the above estimate together with (18), we continue to bound 703, by

1T0x | @) < I = R0yl (o) + 1R T0h ] (o)
< Capph'? | TO | o2 () + 1 BaT 05| 1)
< CappCregh'*” 105 -1/ () + 1B T 0% |12 ()
< CoappCregCOrCrsh |05l 200y + | BT || 111
< CoppCregCrCrsCiny DM H_1/2”0H||H—1/2(1") + | Ry T 0% || (0)-
Now we set
2CappCregCTCrsCITWCinvhl/Q_ H/? = %

to get
10|l 17200y < ACTTW | RRT O || 11 () -

We end this proof by setting v, = R, 107 in (17) so that

(05, vn) B ||RhT0}ELI”%{1(Q) S 1
10wl 12y lonllar)y  N0m g2 | BaT0G || @) — 4Cr
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