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Abstract. We propose an adaptive finite element algorithm to approximate solutions of elliptic
problems whose forcing data is locally defined and is approximated by regularization (or mollifica-
tion). We show that the energy error decay is quasi-optimal in two-dimensional space and suboptimal
in three-dimensional space. Numerical simulations are provided to confirm our findings.
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1. Introduction. Let us consider the numerical approximation of the following
elliptic problem with rough data: given a bounded domain Q C R? with d =2 or 3,
we seek a distribution u satisfying

—V-(A(z)Vu)+c(z)u=F in Q,

1.1
(1.1) u=0 on 0N.

Here A(z) is a d x d symmetric positive definite matrix with all entries in C*(Q2). We
further assume that there exist positive constants ag and a; satisfying

(1.2) aolv]? <v A(z)r <ai|v]?  for all v € RY and z € Q.

The lower order coefficient c(z) is set to be nonnegative and Lipschitz in Q. We
consider rough forcing data F' that can be written as

F(x) ::/B(S(x—y)f(y)dy with B C 9,

where ¢ denotes the d-dimensional Dirac distribution and B C R? is an immersed
domain. If the co-dimension of B is zero, F'(z) = xg(z)f(x) with xp denoting the
indicator function of B. If the co-dimension of B is one, F' can be written as a
distribution. That is,

(1.3) (F,¢) = /B f)bly)dy  for all € C2(CY).
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In the rest of the paper, our discussion on the numerical approximation of (1.1) will
be restricted to the co-dimension one case.

The above elliptic problem is a prototype of governing differential equations for
interface problems, phase transitions, and fluid-structure interactions problems using
the immersed boundary method [39, 11, 40, 44]. Many works exist that concentrate
on the study of (adaptive) finite element methods with point Dirac sources [7, 29, 1].
The relevant literature for more complex distributions of singularities is more limited
[33, 32]. The motivation for such methods lies in the possibly complex geometry of
the immersed domain, such as thin vascular structures in tissues [22, 23, 15] or fibers
in isotropic materials [2], for which it is difficult to obtain a bulk mesh of {2 matching
the embedded domain.

On the the other hand, when considering a nonmatching bulk mesh to approxi-
mate problem (1.1), it is necessary to evaluate F' on the quadrature points of £ or to
compute (1.3) when ¢ is a test function in a finite dimensional space. The implementa-
tion of the former strategy was introduced by Peskin in the early seventies (see [39] for
a review) in the context of finite differences and later adopted to finite volume and fi-
nite element approaches [35]. The latter approximation strategy, usually referred to as
the “variational formulation,” was introduced in [10] and later works, for example, [24].

When computing | p J¢ in the variational formulation, one has a choice to make:
(i) either evaluate f and ¢ on the quadrature points derived from a fixed subdivision
of B which is independent on the subdivision of €2 (using a single quadrature scheme
on B), or (ii) evaluate f and ¢ on the nonzero intersections of cells K C B and T C Q
(using a custom quadrature formula for the generally polygonal intersection).

The first approach is cheaper to compute, but it introduces some errors due to
integration of nonsmooth functions using quadrature rules. It is a two-step process
that requires first the exact identification of the cells that contain quadrature points
of B, and then the computation of the inverse of the mapping from the reference cell
T to the cell T in the subdivision of ) that contains the quadrature points. Such
inverse mapping is nonlinear in unstructured quad- or hex-meshes, or when using
higher order mappings.

The second approach requires a much more expensive computation, and its effi-
cient implementation is the subject of active research (see, e.g., [30, 9]). If one wants
to perform such integration exactly, it would require first the computation of the in-
tersection between cells K C B and T C €2, then the definition of a quadrature scheme
on the (possibly polygonal or curved) intersection, in addition to the computation of
the inverse of the mapping from the reference cells to the intersection part.

To avoid the complexity related to the evaluation of inverse mappings and possibly
the computation of nonmatching grid intersections, here we consider an alternative
approach by approximating F with its regularization (or mollification) [28, 45]. That
is, we replace § with a family of Dirac delta approximations §”, where r denotes
the regularization parameter so that the regularized data, denoted by F", satisfies a
certain smoothness property.

In the proposed finite element algorithm, we compute a regularized right-hand-
side [, f¢" dx for a fixed parameter 7. This computation requires the evaluation of
the double integral

/Q/Bf (2)8" (2 — y)(y) da dy.

When applying quadrature schemes both on the support of ¢ and on B, we only eval-
uate f and ¢ on (independent sets of) quadrature points of B and of 2, respectively,
weighted by the regularized Dirac distribution. This computation need be performed
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only when the integration cells are at a distance smaller than r, and it does not require
any special implementation.

The error between the exact solution u and its regularized counterpart u” is
analyzed in [25] in both the H' and the L? sense. The finite element approximation
of (1.1) using quasi-uniform subdivisions is also discussed in [25], where we also show
(see [25, Figure 7]) that the computational cost and the accuracy of the regularization
approach are comparable to the corresponding nonregularized approach, at least in
the first case described above. The regularization in this case has the advantage of
being trivial to implement, a fact that contributed significantly to the success of the
immersed boundary method in the literature, which remains one of the most used
methods in the finite difference and finite volume community for the computation of
nonmatching couplings.

In this paper, we consider the finite element approximation of (1.1) with the
regularized data F" under adaptive subdivisions. We show that the regularization
approach not only is trivial to implement but also lends itself quite well to adaptive
finite element methods (AFEMSs) and to a posteriori errror analysis. AFEMs have
been widely used for decades; see [38] for a survey of AFEMs for elliptic problems.
In terms of the singular data F' € H (), we refer to [42, 41] for piecewise constant
approximation of F' and [17] using surrogate data indicators. We also refer to [37, 31]
on AFEM for more complex singularities.

The approximation error based on regularized data consists of two parts: the
regularization error for u and the finite element approximation error for u”. The
analysis of adaptive algorithms applied to the regularized problem is complicated by
the facts that optimal choices of the regularization parameter r depend on the local
mesh size h (see [25]) and that the error estimates depend both on the local mesh size
and on the regularization parameter r.

We present our algorithm in section 3. We control each error in a separate routine:
the routine INTERFACE controls the first error using the perturbation theory built in
[25] (see also Proposition 2.6) and returns the optimal regularization parameter r to
use in the routine SOLVE, which controls the error of the regularized problem using
classic AFEM results based on [17].

Given a target tolerance, the INTERFACE routine refines a priori the cells around
the immersed domain so that the regularization error can be properly controlled. This
procedure ensures that the regularization parameter r is suitable for the local mesh
size around the immersed domain. Given the regularization parameter r, the SOLVE
routine will then approximate the regularized problem using AFEM based on [17] so
that the finite element error can also be reduced below the desired tolerance. Our
complete algorithm is based on the iteration of the two routines above with a decaying
target tolerance.

The performance of our adaptive algorithm is studied adapting the theories from
[17, 12] to our regularized problem. The major point to take into account is that all
the estimates one obtains are generally dependent on the regularization parameter r,
which in turn is generally chosen according to the local mesh size h. More precisely
speaking, the following two issues must be analyzed carefully:

e For any r > 0, the regularized solutions u” are in some approximation class .4°
for some s € (0, 4] (see section 4.2 for the definition) and the corresponding
quasi-seminorms are uniformly bounded.

e Since regularized data F" is in L?({2), we can guarantee that there exists
an adaptive method to approximate F" with a quasi-optimal rate (cf. [17,
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Assumption Z(s)]) That is, starting from a subdivision 7 and applying the
bulk chasing strategy to obtain a refinement 7* of 7, the data indicator
(defined in section 3.2) is less than the tolerance 7 and

#(T*) —#(T) <O

see [17, Theorem 7.3]. However, the constant C' above depends on the reg-

ularization parameter r, i.e., on the local mesh size h, and may lead to a

deterioration of the convergence rates.
To resolve the first issue, we follow the arguments from [12]. Thanks to the a priori
refinements from the INTERFACE part of the algorithm, Lemma 3.2 of [12] allows us to
measure the complexity of the SOLVE stage independently of r. To remedy the second
issue, in Lemma 4.7, we revisit [17, Theorem 7.3] and provide a finer estimate for the
constant C' above which can be shown to be C' ~ r1=%2 by exploiting the fact that
F" is supported in the neighborhood of the immersed domain. It turns out that we
can still obtain optimal convergence rates in the two-dimensional case, while we get
suboptimal rates in the three-dimensional case. We show this in Theorem 4.18 and
Remark 4.19.

The rest of this article is organized as follows. In section 2 we provide some essen-
tial notation to define our model problem in the variational sense, and we introduce
the data regularization (or data mollification) as well as a regularized version of the
model problem. In section 3 we review the AFEM for elliptic problems with L?(Q)
forcing data. Following this approach, we then propose our adaptive algorithm for
the model problem. The analysis of the adaptive algorithm is presented in section 4.
In section 5 we provide some numerical experiments to illustrate the performance of
our proposed algorithm. We conclude with some remarks in section 6.

Notation and Sobolev spaces. Let Q C R? be a bounded Lipschitz domain.
We write A < B if A< ¢B for some constant ¢ independent of A, B as well as other
discretization parameters. We say A~ B if A< B and B < A.

Given a Hilbert space X, we denote with (-,-)x its inner product and with X’ its
dual space with the induced norm

[1Fllx» = sup (F,v)

/
x' . x
llvllx=1

where (-, ) X' x denotes the duality pairing.

We indicate with L?(Q), H'(Q), and H?(Q2) the usual Sobolev spaces and use
(-,-)q to indicate the L?(Q)-inner product. For s € (0,1), we denote the fractional
Sobolev spaces H*(2) using the Sobolev—Slobodeckij norm

2 1/2
sy = [ |v]|?2 —|—/ / ded ) .
ooy = (ol + [ [ = anay

For s € (1,2),

1/2
ol = (Iole@) + IVolls i) -
For s € (3,1], we set H§(Q) to be the collection of functions in H'(£2) vanishing

on €. It is well known that Hg(Q) is the closure of C2°(Q) (the space of infinitely
differentiable functions with compact support in ) with respect to the norm of H*(Q)
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(cf. [21]). Also, H(2) is an interpolation space between L?(2) and HE () using the
real method. Finally for s € (3,1], we set H*(Q2) = H§(Q)'.
2. Model problem and its regularization. In this section, we will introduce

the variational formulation of our model problem as well as a formulation when the
forcing data F' is approximated by regularization.

2.1. The forcing data. Let w C € be a bounded domain and let v := 0w be its
boundary, which we take to be Lipschitz. In what follows, we only consider the case
when « is away from 0f2, i.e., there exists a positive constant ¢, such that

(2.1) dist(y,09) > ¢,.

We assume that the data function f € L*°(«y). For a technicality (cf. Lemma 4.12),
we further assume that there exists a finite collection of nonoverlapping nonempty
M, M, o
open sets {v; C v};Z such that > ;7 |v;| = |7] and f does not change its sign on
each «;. We define I to be the set where f changes sign, i.e.,

M’Y
(2.2) 1= om.
=1

The above limitation on the sign change is used only in Lemma 4.12 and allows us
to simplify its proof, without sacrificing too much on the generality of the admissible
data. In particular, a sufficient condition for the above statement to be true is that the
co-dimension two measure of I is bounded, i.e., I consists of a finite number of points
for one-dimensional curves embedded in two dimensions, or a collection of curves with
finite length for two-dimensional surfaces embedded in three dimensions.

We then consider a forcing data that can be formally written as

(2.3) F=Mf = [ 3= 9)f)do,.

The variational definition of F' (see, i.e., [25]) implies that F € H—*(Q) ¢ H~}(Q)
with any fixed s € (%, 1]. In fact, for any v € HJ (£2), there holds

(F,0) g-1(0),H1(0) = / fodo
i

<Nl llvllzz ey
(2.4) Sz vl as @y S N2 0] s (),

where for the first inequality above we applied the Schwarz inequality and for the
second inequality we used the trace inequality.

2.2. Weak formulation. The variational formulation of (1.1) reads, Given a
function f € L?(vy), we seek u € Hg(£2) such that

(25) A(U, 'U) = <F7U>H71(Q),Hé(ﬂ) for all v GHé(Q),
where

A(v,w) :/ Vo' A(z)Vw + c(z)vwdz  for all v,w e HE ().
Q
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Assumption (1.2) and the nonnegativity of c(z) guarantee that the bilinear form
A(-,-) is bounded and coercive, i.e., there exist positive constants m, M so that for
v,w € Hy(),

(2.6) A(v,w) < Mol o llwll i @) and A(v,v) = mlvll3 o),

and (2.5) admits a unique solution by the Lax—Milgram lemma. Bound (2.6) also
implies that the energy norm [[v|| := \/A(v,v) ~ [|v]|g1(q). In what follows, we use
the energy norm ||.[| instead of ||.|| z1(q) in our adaptive algorithm as well as in the
performance analysis.

2.3. Regularization. The regularization of F' is based on the approximation
of the Dirac delta distribution. To this end, we first define a class of functions
satisfying the following assumptions.

Assumption 2.1. Given k € N, let 1(z) in L°°(R9) such that the following hold:
1. Nonnegativity: ¢ (x) > 0.
2. Compact support: ¥(x) is compactly supported, with support supp(¢) con-
tained in B,,(0) (the ball centered in zero with radius rg) for some rq > 0.
3. Moments condition: Given k € N, we say 1 satisfies the kth order moment
condition if

(2.7) / yi(x —y)dy =z, i=1...d, 0<a<k, forallzeR%
Rd

4. Monotonicity: ¥(x/re) <w(xz/r1) if ro <ry.

We refer to [25] for some examples of 1) and [28, section 3] for a general discussion.
Here we only consider even, nonnegative functions 114 that are supported in [—1,1],
are nonincreasing in [0,1], and satisfy fR 114 = 1. Then we generate v in R? by the
radially symmetric extension ¥14(|z|) or the tensor product extension Hle P1a(T;)-
A function v defined in this way satisfies Assumption 2.1 with k£ =1. Using the above
¥, for r > 0, we define the Dirac approximation 6" by

(2.8) " (z) == Tidw (%) .
Thus,

lim 6" () = lim ) (2) =s(a),

70 r—=0 7 r
where the limit should be understood in the space of Schwarz distributions.

Remark 2.2 (nonnegativity of ¢). We will use the nonnegativity of ¢ to analyze
the performance of our adaptive algorithm. However, this is not required in the error
analysis for finite element discretization of (1.1) using quasi-uniform subdivisions of
Q; see [25] for more details.

DEFINITION 2.3 (regularization). For a function v € L' () we define its reqular-
ization v"(x) in the domain Q@ through the mollifier ¢ by

(2.9) v(x):= | §"(x—y)v(y)dy for all z € Q,
Q

where 6" is given by (2.8) and where ¢ satisfies Assumption 2.1 for some k> 0.
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For functionals F in negative Sobolev spaces, say, F € H*(Q), with s € (%, 1],
we define their regularization F" by the action of F on v" with v € H$(Q), i.e.,

(2.10) <FT7U>H*3(Q),H§(Q) = (F, UT>H*S(Q),H§(Q)~

We note that the definition of F" is well defined with F' given by (2.3). In fact,
by [25, Corollary 1], there holds

v =" s () S 0l 25 ()

Therefore, according to the argument in (2.4), we have
F" vy a-s),mz@) SN llzz 10" | @) SN2 vl s )

Remark 2.4. For F defined by (2.3), applying Fubini’s theorem to the right-hand
side of (2.10) yields

F'(z) = / ()" (y — ) dy € L*().

If v is chosen to be symmetric, the definition of F'" can be interpreted by replacing ¢
in (2.3) with the Dirac approximation §”.

Remark 2.5 (error estimate of the regularization). Lemma 10 of [25] implies that
under Assumption 2.1, together with (2.1), the following regularization error estimate
holds when r < 1:

(2.11) 1F = F7 | 1) < Cregr 2 fll 224

where the constant Creg depends on ¢ in Assumption 2.1 and on w.

2.4. Regularized problem. A regularized version of problem (2.5) reads, Find
u” € H} () satisfying

(212) A(UT,U) = <FT,’U>H—1(Q)7H&(Q) for all v e H& (Q)

Notice that u” exists and is unique. Moreover, (2.6) and Remark 2.5 imply that
u” converges to u in the energy norm with the rate O(r1/2). That is, we have the
following proposition:

PROPOSITION 2.6 (see also Theorem 14 of [25]). When Assumption 2.1 holds, let
u and u” be the solution to (2.5) and (2.12), respectively. Then there holds

(2.13) Il =} <m0~ 2Cregr |l 22

3. Numerical algorithm. We approximate the solution to the weak formula-
tion (2.5) by solving the regularized problem (2.12) using AFEMs along with a choice
of the regularization parameter r. As the number of degrees of freedom increases, r
will tend to zero with a rate linked to the target tolerance. Recalling from Remark 2.4,
the regularized data F" is an L?(Q) function so that we can use classical residual error
estimators for adaptivity. In this section, we first review AFEMSs for elliptic prob-
lems with L?(Q) forcing data based on [17, 42, 38]. Then we introduce our adaptive
algorithm for (2.5).
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3.1. Finite element approximation. We additionally assume that € is a poly-
tope. Given a data function g € L?(f2), we consider a finite element approximation of
w, € Hg(Q) which uniquely solves

(3.1) A(wg,v) = (g,v) for all ve HJ(Q).

Set T to be a subdivision of 2 made by simplices. We assume that 7 is conforming
(no hanging nodes) and shape-regular in a sense of [20, 16], i.e., there exists a positive
constant cgr so that for each cell T € T,

diam(T') < corpr

with diam(7) and pr denoting the size of T and the diameter of the largest ball
inscribed in 7, respectively. We also set hp = |T|'/¢, with |T'| denoting the volume
of T. So hy ~diam(T'), with the hiding constants depending on c¢s,. Denote V(7)) C
H}(Q) the space of continuous piecewise linear functions subordinate to 7. So the
finite element discretization for (3.1) reads as follows.

Algorithm 3.1 W, =GAL(7,g)
Solve A(Wy,V)=(g,V) forall VeV(T);
return Wy;

3.2. A posteriori error estimates with L2?(2) data. AFEMs rely on the
so-called computable error estimators to evaluate the quality of the finite element
approximation on each cell T' in the underlying subdivision 7. Here we consider the
following local jump residual and data indicators: given a conforming subdivision 7,
a finite element function V € V(T), and a data function g € L?(€2), we denote Fr the
collection of all faces of T'€ T and define

1/2
32 JWVT.T) ¢=< > hFl[A'VV]||2L2(F)> and d(g,T,T) :=hrllgllr2(r),
FeFr

where hp is the size of F' and [.] denotes the normal jump across the face F'. Their
global counterparts are given by

1/2 12
TW.T) = ( 5 j(V,T,T>2) nd Do, 7)i= (3 o T.T1?)

TeT TeT
Letting W, = GAL(T, g), we define the local error indicator,

e(Wy, T, T) = (j(Wy, T, T)? +d(g, T, T)?)"/?

as well as the global indicator,

1/2
S(ngT) = ( Z G(WQ,T, T)2> .

TeT

The computation of such indicators is usually performed in the stage ESTIMATE of
AFEM algorithms, as summarized in Algorithm 3.2.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/15/23 to 109.171.145.23 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

AFEM FOR REGULARIZED ELLIPTIC PROBLEMS 439

Algorithm 3.2 {j(T),d(T),e(T)}rer =ESTIMATE(T, Wy, g)

Given the approximate solution W, on T;
for T €T do
Compute j(T)=35(W,T,T);
Compute d(T) =d(g,T,T);
Compute e(T) =e(W,,T,T);
end for

return {j(T),d(T),e(T)}reT;

3.3. Marking of cells based on error indicators. The estimated error per
cell obtained in the ESTIMATE algorithm are used to perform refinement based on the
bulk chasing strategy [18] (or the Dorfler marking strategy), summarized in Algorithm
3.3. Here we set ind(T") to be a local indicator and the corresponding global indicator
is denoted by IND.

Algorithm 3.3 M =MARK({ind(T)}re7,7,0)
Given a cell indicator {ind(T") }re7 and a bulk parameter 6 € (0,1);
Find a smallest subset M of T satisfying

1/2
(3.3) < > ind(T)Z) > ¢ IND.

TeM

return M;

3.4. Refinements of subdivisions. Conforming refinement strategies, such as
newest vertex bisection [8, 34, 43], can be used to construct a sequence of conforming
simplicial subdivisions {7;}72, by adaptively bisecting a set of cells Ry C 7. How-
ever, our results hold also for more general nonconforming mesh refinement strategies
satisfying conditions 3 (successive subdivisions), 4 (complexity of refinement), and 7
(admissible subdivision) in [13]. For instance, in our numerical illustration in sec-
tion 5, we use refinements on quad- and hex-meshes where conformity is enforced via
hanging node constraints. Irrespective of the strategy used to refine the grid (either
conforming or nonconforming with hanging node constraints), we obtain a sequence
of uniformly shape-regular subdivisions {7 }x>0 satisfying

(34) #(Tr) = #(To) < Ceon ) #(R;),

for some universal constant Ceon > 1. We write the above refinement process from 7y
t0 Tk+1 as Tgt1 = REFINE(Tg, Rk), summarized in Algorithm 3.4.

3.4.1. Overlay of two subdivisions. Provided that both 77 and 7> are refine-
ments of Ty, we say that T is the overlay of 71 and 75 when T consists of the union

of all cells of 77 that do not contain smaller cells of 75 and vice versa. Clearly, there
holds

(3.5) #(T) < #(Th) + #(T2) — #(To)-
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Algorithm 3.4 Ty; =REFINE(7;,Ry)
(i) (for triangular or tetrahedral meshes) Bisect the marked cells Ry C Ty once;
Add all extra bisections to produce a conforming subdivision Tj41;
(ii) (for quadrilateral or hexahedral meshes) Split the marked cells into four
children in two dimensions or eight children in three dimensions;
Refine all extra cells to produce a nonconforming subdivision 741 with at most
one hanging node per face, and enforce conformity via hanging node constraints;
return Tii1;

3.5. AFEM with control on L? data. It is well known (see, e.g., [5, 19, 17])
that one can obtain a global upper and lower bound of the approximation error by
the error indicator, i.e., there exist positive constants Cre1 and Cess so that

(3.6) llwy — Wyl < Cear €Wy, T) and E(W,, T) < Cags E(w,, T)
with
(3.7) E(wy, T) = (Jlwy — W,lI* + D(g, 7)) .

Remark 3.1 (local lower bound with oscillation). The data indicator D(g,7) in
the lower bound can be replaced by the data oscillation provided that the refinement
strategy satisfies the interior node property [12, 17, 38, 36]:

1/2
osc(g, T (Zhllg—aT MZe(r ) ;

TeT

where ar(.) denotes the average on T. Note that osc(g,T) <D(g,T), and the decay
of the data oscillation could be faster if g is more regular. However, in our case, we
set g = F" to be as in Definition 2.3, and the smoothness of g depends on the choice
of 1 in Assumption 2.1 as well as the regularization parameter r. In order to simplify
our analysis, we will treat F" as an L?(9) function and the decay rate of oscillation
is then the same as the data indicator D(g,T).

The DATA routine guarantees that the global data indicator D is below a user
defined tolerance. This allows us to control the total error indicator £.

Algorithm 3.5 7* =DATA(T,g,T, 5)
T =T;
while D(g,7*) > 7 do
M =MARK({d(g, T, T*)}reT, T*,0);
T* =REFINE(T*, M);
end while
return 7*;

3.6. AFEM algorithm for L? data. To summarize the above steps in a com-
plete AFEM algorithm, we follow [17] to solve problem (3.1) by iteratively generating
refined subdivisions and the corresponding finite element approximations. For conve-
nience, we denote Wy, € Vi, := V(7}) the finite element approximation of w, on Tg.
Similarly, we denote the local indicators ji(T) := j(Wi, T, Tx), di(T) := d(g,T, Tx),
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Algorithm 3.6 {W*, 7*} =SO0LVE(Ty,g,,0,0,\)

Wo = GAL(7o, 9);
{Jo(T),do(T"),e0(T) }rer, = ESTIMATE(To, Wo, 9);
k=0;
while &, > 7 do
if Dy > o := \0E;, then
Ti+1 =DATA(Tx, g, 5, 0);
else
My = MARK({ek (T)}TETk T 9)7
Tr+1=REFINE(Ts, My);
end if
k=k+1;
Wi, = GAL(Tg, 9);
[x(T), di(9,T), ex(T) }re, = ESTINATE(TR,, Wi, 9);
end while
return {Wy, Tx};

ex(T) := e(Wy,T,Ty) and global indicators J; := T (W, Tx), D := D(g, Ti), &k :=
EWi, Tk).

_ Starting from a conforming subdivision 7y and given a tolerance 7 > 0, we choose
0,0, € (0,1) and construct the approximation Uy by the routine SOLVE, defined in

Algorithm 3.6.
According to [17], the routine SOLVE guarantees the decay of the error indicator

&, with some decay factor o € (0,1) (see also Theorem 4.4) and hence, when this
routine terminates, we obtain that

(3.8) llwg = Wylll < CregT-

Here we applied the upper bound in (3.6).

Remark 3.2 (an alternative AFEM algorithm). In section 4, we will adapt the
approximation theory developed in [17] to investigate the performance of SOLVE for the
regularized problem (2.12). On the other hand, we could instead apply the classical
AFEM cycle:

GAL — ESTIMATE — MARK — REFINE.

We note that the same performance in terms of tolerances can be obtained by following
the arguments from [38, 12, 14] together with approximation properties developed in
section 4 (cf. Corollaries 4.3 and 4.11). However, the classical AFEM cycle would
suffer from a higher computational cost related to the higher number of GAL steps
that are computed in classical AFEM, and therefore we proceed as in Algorithm 3.6,
following the steps of [17].

3.7. AFEM algorithm for regularized H~! data. Let us first provide an
assumption on the initial subdivision 7Ty related to the interface v. We denote with

G:=G(,T):={TeT:TNvy#0} and diam(G) :r%?éth,

and we assume that the initial subdivision is sufficiently refined to capture the char-
acteristics of ~, that is, G(v, 7o) is quasi-uniform and for any uniform refinement 7;
of level 7 of Ty, we have that
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(3.9) S TI~g T T~ g,

TeG(v,Ti) TeG(v, 7o)

where ¢ > 1 is the volume ratio between a cell and its children. In two-dimensional
space, for instance, ¢ = 2 for the newest vertex bisection and ¢ = 4 for the quad-
refinement. The above assumption shows that there exists a positive constant ¢ de-
pending on cg; such that the tubular neighborhood of v with width cg~*/¢ covers
G(v. 7o)

Remark 3.3. Condition 3.9 is a way to ask that the initial subdivision Ty prop-
erly resolves «y. This is possible for Lipschitz curves and surfaces and requires that
the initial subdivision 7 is sufficiently refined around ~, with a local grid size that
generally depends on the Lipschitz constant of ~.

Given a target tolerance 7 > 0, we shall determine the regularization parameter
r and approximate problem (3.1) with g = F" via SOLVE so that the output approxi-
mation U satisfies

e = Ul < flle = u"[ + [l = Ul < Cregr-

To control ||u —u”|||, in view of Proposition 2.6, we can set

— Cre T
m Y2 g 2| fll L2 () < 21 )

Hence we choose the regularization parameter

2
C(relT
3.10 R EYe o 1 N A
( ) ( ) <2Creg||f”L2(’Y)>

Remark 3.4 (values of the constants in (3.10)). Since it is nontrivial to compute
the constants that appear in (3.10), in the simulations presented in section 5 we select

r=r2.

From the computational point of view, if r < hp for T € G(v,7T) and if V € V(T)
is nonzero in T, it is possible that ¢"(¢1 — g2) = 0 when ¢; is a quadrature point on
~v and g9 is a quadrature point in 7. In such a case, we would approximate fT F'V
by zero using the quadrature scheme, resulting in a “transparent” -y, implying a total
loss of accuracy. In order to avoid such a situation, we also refine the subdivision
before controlling the error ||u” — U||| from SOLVE. Our goal is to find a refinement 7*
of T so that

2 diam(G(y, 7)) <r.

To this end, we introduce the routine INTERFACE in Algorithm 3.7.

Algorithm 3.7 7* = INTERFACE(7,r)
T =T;
while diam(G) > ¢ do
Find the set M :={T'€G(v,T) s.t. hy > 5 };
T* = REFINE(T*, M);
end while
return 77,
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Algorithm 3.8 {U, T} =REGSOLVE(g, 70, jmax: T0; 3, 0, 0, \, i)

for j=0: jnax do
1y =1(75);
T; = INTERFACE(T;,7;);
{Uj+1,7}'+1}:SOLVE('];‘7FTj,/7Tj,9,9,)\);

Ti+1 = BTj;
J=i+1L
end for

return {U; ., 7.}

Given an initial conforming subdivision 7y satisfying assumption (3.9), an initial
tolerance 7y, and 3,6,0, A\, p € (0,1), the solver routine REGSOLVE for (2.5) reads as in

Algorithm 3.8.
Here 1 is a constant whose choice will be explained later in Lemma 4.16. Note

that the subroutine SOLVE in REGSOLVE guarantees that the energy error between U
and u” is bounded by fi7;. Therefore we have the following proposition:

PROPOSITION 3.5. Letu and U; be defined as in (2.5) and REGSOLVE, respectively.
Then for each nonnegative integer j,

llee = U lll < fllw = ™l + [l = U
Sllu =l + E(u", Tin) S 750

Remark 3.6 (another algorithm). Since INTERFACE is an a priori process, we can
also solve (2.5) with only one iteration in REGSOLVE. That is,

{U, T} =REGSOLVE(g, 79, 1,7,-,6,6,\, )

with 7 = 7o 7mex,

4. Measuring the performance. In this section we measure the performance
of REGSOLVE, i.e., we analyze the subroutines INTERFACE and SOLVE, respectively. We
use the notation :: to connect a routine and its subroutine. For instance, the routine
SOLVE in REGSOLVE is denoted by REGSOLVE::SOLVE.

4.1. Performance of INTERFACE. The following proposition provides the per-
formance of INTERFACE.

PROPOSITION 4.1 (performance of INTERFACE). Under assumption (3.9) for the
initial subdivision To, given a refinement T of To, let T = INTERFACE(T,r) with
r < 2 diam(G(vy,7o)). Then there exists a positive constant Iy := Io(csp,Y; Ceom) SO
that

(4.1) H#(T) — #(T) < Iyr* <.

The proof is based on counting the number of bisections of T' € G(«, Ty). Here we skip
the proof and refer to the appendix of [26] for more details.

Remark 4.2. The above estimate holds provided that the initial refinement 7
is capable of capturing the shape of v, i.e., that the assumption provided in (3.9) is
valid.
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A direct application of Proposition 4.1 is to bound the cardinality of refined cells
from INTERFACE in REGSOLVE.

COROLLARY 4.3 (performance of REGSOLVE:: INTERFACE). Let {7~;} be the se-
quence of subdivisions generated by INTERFACE in REGSOLVE. Then at the jth iterate,
there exists a positive constant Iy := Iy(csp,, [, Ceom,Cret, M) satisfying

(42) #(T)) — #(Tj) < Tor; 7.
Proof. The target estimate directly follows from (4.1) as well as 7 ~ 72 according
to (3.10). O

4.2. Performance of SOLVE. Let us review some estimates for the complexity
of SOLVE following the analysis from [17].

Contraction property. One instrumental tool to evaluate the performance of
SOLVE is the following contraction property (cf. [17, Theorem 4.3]).

THEOREM 4.4 (contraction of SOLVE). There exist two constants « € (0,1) and
a > 0 depending on csr, m, M and on the bulk parameter 0 in SOLVE such that for
all k>0,
iy~ Wil + GEWiesr, i) < 0 (g — Well? + GE(Wi, Te)?).

Approximation classes. We denote .7, the set of all conforming subdivisions
generated from 7y satisfying #(7) <n. Define the best error obtained in .7,,

7uW)apin = it [~ U7,
with Uy € V(T) denoting the Galerkin projection of u, i.e.,
AUT, V) =(FV)g-1qmi forall VeV(T),
and it also satisfies that

—Url||=_inf -V
llu=Urll = inf _flu=V|

Define the approximation class .A* with s € (0, 5] to be the set of all v € H} () such
that the quasi-seminorm

As 1= Sup (’ﬂSUn(rU)H[}(Q))
n>1

v

is finite. Due to the nonzero jump of the normal derivative of v on v and according
to the discussion from section 10 of [6], the best possible convergence rate is given by

_ 1
$=3@-1-
Performance of DATA. The approximation class A° provides the rate of conver-
gence for the energy error ||u — Ur||. Recalling that given g € L?(£2), the total error
E(wg,T) defined in (3.7) consists of both the energy error and the data indicator.

So we are also concerned with the rate of convergence for the data indicator D(g, T).
Here we assume as follows.
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Assumption 4.5. For 7 > 0 and a fixed bulk parameter 0 (0,1), set T* =

DATA(T,g,7,0). Then for s € (0, 1], there exists a positive constant G (depending on
g and 0) satisfying

#(T") = #(T) <G 1/°
Cardinality of refined cells in SOLVE. In the routine SOLVE, we need to esti-

mate the cardinalities of M, as well as the cells refined from DATA. The latter comes
from Assumption 4.5. The estimate of the former requires the following bulk property
(cf. [17, Lemma 5.2]).

LEMMA 4.6. Assume that the bulk parameter 6 € (0,6,.) with
v
Cers/1+CF
Let T* be a refinement of T and denote Ry_,7+ the set all refined cells from T to
T If E(wg, T*) <&{E(wg, T) with

(4.3) 0, =

02
(4.4) E=4/1— 52
there holds E(Wy, Ry_s7+) > 0E(W,, T).

Using Assumption 4.5 and the above lemma, Lemma 5.3 of [17] implies that for
each iterate k in SOLVE, we have

(4.5) #(My) S (Jwglas + Go) Y E(wg, Te) ™.

4.3. Performance of REGSOLVE. In this section, we shall adapt the results in
the previous subsection to REGSOLVE.

4.3.1. Performance of DATA using F". To show that Assumption 4.5 holds
for g € L?(Q) with s = é, starting from a conforming initial subdivision 7y and using
a greedy algorithm (see Algorithm 4.1), we can find a refinement 7 of Ty so that the

data indicator D(g,T) is smaller than a target tolerance 7.

Algorithm 4.1 7 = GREEDY(7,g,7)
T="To
while D(g,7) > do
T = argmax{d(g,T,T)};
T =REFINE(T,{T});
end while
return 7;

According to [17, Theorem 7.3], there exists a positive constant K depending only
on the shape regularity constant cg, such that

#(T) = #(To) <K |gl3 207"

The above result can be extended by replacing 7y with its refinement T, i.e., T* =
GREEDY(T,g,7), and there holds

(4.6) #(T*) = #(T) < Kllgl 22y
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This is because the marked cells in GREEDY(7,g,7) are contained in those generated
by GREEDY(7p,g,7); see [12, Proposition 2] for a detailed discussion. Hence, any
L?(Q) function g satisfies Assumption 4.5 with s = % and 191172(q) ~ G174 When
g = F" as defined in Remark 2.4, the constant G4 may still depend on 7 in an
arbitrary refinement of 75. However, the refinement process in DATA is based on the
subdivisions generated by INTERFACE. So cells marked in GREEDY should be located
in a neighborhood of a tubular extension of v, whose width can be controlled by the
regularization parameter r. In order to see the dependence of (4.6) on r, we modify
the argument of Lemma 7.3 of [17].

LEMMA 4.7 (approximation class for F"). Assume that f € L*®(y) and F" is
defined as in Remark 2.4 for any r > 0. Letting the initial subdivision Ty satisfy (3.9),
we define T = INTERFACE(7y, ) with r < ¢y. For any 7> 0, the cardinality of refined
cells in T* = GREEDY(T , F",7) can be bounded by

#(T") = #(T) < Kor' ™| fl|{ e oy 7%

where the constant Ko is independent of v and 7. This implies that Assumption 4.5
holds for F" with s =% and G/ ~ rl_d/QHfHdoo(W) when T="T.

Proof. Here we sketch the proof and refer to the appendix of [26] for a complete
version. Suppose that there are totally IV iterations executed in the while loop when
GREEDY(T, F",7) terminates. We denote with {7} the marked cells in the sequence

and set 7' =REFINE(T '~} {T*"!}) fori=1,...,N and T°="T. Let
§:=d(F", TN 7N Y = argmax{d(F", T, TV ) : T e TN 1}.

Clearly, by the above setting there hold for 0<i< N —1

(4.7) A(F", T, T >6 and 7<D(F", TN <§\/#(TN-1).

Since F" is supported in U,., T® C U,, for some constant ¢ > 1 depending on cg;. Let
Bj C {T"} be the set satisfying

(4.8) 2~ Ut | < T <279 |Ue|, j>0.

Since {T"} are distinct from each other, the left inequality above implies that #(B;) <
27F1 while the right inequality as well as (4.7) imply that

6 < d(ET, T8, T) = [TV ™ oy < 279U |V 7 o,
By summing up for all T* € B;, there holds
8 #(B;) <27 U P FT (720
whence

(4.9) N=Y #B) <Y 2T+ U T,y D272,

720 J<jo Jj=2Jo

where jo is the smallest integer such that 2/0+! > 272j0/d572\Ucr\Q/dHFTHQLz(U”).
Using the definition of jy together with |Ue,| ~r and ||[F"||r2..) S Y2 fllpeey), if
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jo > 0, we can estimate 27° (with respect to d, 7, and F") to bound the right-hand
side of (4.9) with

(4.10) N<6™ 2d/(2+d),.(2— d)/(2+d)||f||2d/ 2+d)_

A similar estimate can be obtained when jo = 0. Now we invoke (4.7), (3.4), and
(4.10) to conclude that

# TO +CcomN _ _
<V ( ) 1/d UQHf”L‘”(’y)SN 1/d’l"1/d 1/2

TS T NCrd)/(2d)

L1l (v)5

and the proof is complete. O

Remark 4.8. Following the proof of [12, Proposition 2], we can extend the results
in Lemma 4.7 by replacing 7_with any of its refinements. More precisely speaking,
let 7T be any refinement of 7, and 7* =GREEDY(F", 7+, 7). Then,

#(T) = #T) S PN N ey

Remark 4.9. An estimate similar to the one in Lemma 4.7 could also be obtained
when the local data indicator in GREEDY is replaced by the surrogate LP(2) data
indicator defined by (7.1) of [17]. Here p= d+2 so that LP(2) is on the same nonlinear
Sobolev scale of H~1(Q). Note that ||[F|| o) S |f]| e (/P = || £l noo (yrt/ 412
Applying [17, Lemma 7.3] directly we get

#(T) = #(T) SIF oy S ey 7

Remark 4.10. We note that by treating F” as an L?(f2) data, Lemma 4.7 also
reveals the dependency of r for for the decay of the oscillation osc(F",T).

Now we are in a position to verify Assumption 4.5 when g = F". The proof
follows [17, Theorem 7.5] using a contraction property of D(F",T), a bulk property,
and Lemma 4.7. Here we again omit the proof.

COROLLARY 4.11 (performance of DATA). Under the settings in_Lemma 4.7, As-

sumption 4.5 holds with s = é and g = F7" starting from T = INTERFACE

(To,r). Precisely speaking, given a refinement T of T, let T* be the output of
DATA(T, F",7,0) with a fived 6 € (0,1). Then, there exists a constant Ko > 0 not
depending on r or T (but depending on 0) satisfying

#(T) = #(T) < Kor' 2774

4.3.2. Quasi-monotoniciy of the data indicator. The following lemma pro-
vides a quasi-monotonicity of D(F",T) with respect to . We note that this property
relies on some additional hypothesis on the forcing data f and on the nonnegativity
of §".

LEMMA 4.12. Given ro <11, let T be a refinement of INTERFACE(7o,r2). Then
there holds that

D(F"2,T) < B*D(F™, T) + s,

where §:%<1,
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Proof. We investigate the local data indicator for F™ when (i) T is away from the
tubular neighborhood of v with radius ry, (ii) 7T intersects the tubular neighborhood
and f changes sign in T, and (iii) T intersects with the tubular neighborhood and f
is nonnegative/nonpositive. Clearly, d(F™2,T,T) = 0 when dist(T,~y) > ro. We shall
focus on the other cases.

We recall from the configuration of f in section 2 that the set I defined in (2.2)
separates the sign of f in . Define

B:={TeT:TnNB,,(xg) #0 for some o€ I}.

Since hr Sro for T € BB, there holds

(4.11) PRARSEES

TeB
Here the hidden constant above depends on the measure of I in co-dimension 2. Now
we bound d(F"2,T,T). If T ¢ B, since §" is nonnegative, and thanks to Assumption
2.1, item 4, we have 6" < 346" . Hence,

d(F™,T,T) < B%d(F™,T,T).
If T € B, there holds

- h2 h3 2(a-1
AF TP S ok [ (B naPde s LRI S,
T3 T T3
By summing up all contributions above and invoking (4.11), we arrive at

DF™, T2 =Y _d(F™ T, T)*+ Y dF™ T,T)>

TeB T¢B
SO ITI+ Y BUAF™ T T) S5+ B2D(E™,T),
TeB T¢B
which concludes the proof. 0

Remark 4.13. If f is nonnegative or nonpositive along -, according to the proof
of Lemma 4.12, we immediately get D(F"2,T) < D(F™,T).

4.3.3. Performace of each subroutine in REGSOLVE. In terms of the approx-
imation class for u”, Lemma 3.2 of [12] enlightens us to exploit the fact that u” is an
approximation of u and then to characterize approximation properties of u” with the
approximation class of u, i.e., using the quasi-seminorm |u|4s for some s € (0, 5)

LEMMA 4.14 (Lemma 3.2 of [12]). If ||u —u"|| < & for some € >0, then u” is a
2e-approximation to u of order s: for all § > 2¢, there exists a positive integer n such
that

on(W)mi) <6 and ng |u|}4/f§_1/s.

LEMMA 4.15 (a priori asymptotic decay of the total error; see Lemma 5.1 of
[17]). Under the settings in Lemma 4.7, we set r = r(7) according to (3.10) so that
llu—u"|| € Crert/2 for some T > 0. Then for any 1 > & > \2CpaT, there is a
refinement T of T = INTERFACE(7y,7) such that

EW,T)<dé and #(T)- #(7‘) < (Korl—d/2 + |U\i(f)671/5,

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/15/23 to 109.171.145.23 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

AFEM FOR REGULARIZED ELLIPTIC PROBLEMS 449

Proof. A desired refinement 7 of T is the overlay of T/ = DATA(T, F",5/+/2) and
Tar from Lemma 4.14 by replacing 0 with %. a0

The next lemma provides the estimate of marked cells in SOLVE. The proof follows
from [17, Lemma 5.3], together with Lemma 4.15, as well as the minimal assumption
of MARK.

LEMMA 4.16 (cardinality of REGSOLVE::SOLVE::MARK). Under the setlings given
by Lemma 4.7, let the bulk parameter 0 defined in SOLVE satisfy the condition 0 <
0., with 0. provided by (4.3). For a fivzed T > 0, set v = r(7) in (3.10) and T =
INTERFACE(Ty,7). We also let {Ti} be defined in SOLVE(T, F", i) with fi > v/2Crer/
(€Cers) and {My} be the set of marked cells generated from SOLVE::MARK at Ti. Then
there holds

#(Mk) 5 (Korl_d/z + US)E<ura77€>_1/s’

1/5

where Ug :=
LEMMA 4.17 (performance of REGSOLVE::SOLVE; cf. Theorem 4.1 of [12]). Denote
{(75,U; )}Jm"“‘ to be the sequence of subdivisions and approrimations of u generated
by REGSOLVE, respectively. Set T; = INTERFACE(T;,r;) with r; = r(7;). Under the
assumptions provided by Lemmas 4.7 and 4.16, there holds that for j > 1,
#(Tin) = #(T)) £ Kor' =2 + U "

Proof. For each j > 1, we let kyax be the number of iterations executed in SOLVE.
Let us first show that kmax is uniform bound with respect to j. Let 7; be the error
indicator for U = GAL(’T F7i) with r; = r(7;) in REGSOLVE. In view of (3.6) and
Lemma 4.12, we have

% S BT S ||w =G|+ o T) S il = w3l + DE Ty v

S llw = w2 [+ lllw = Uslll + E™71,T;) + 75

Now we invoke Propositions 3.5 and 2.6 to deduce

(4.12) <P ST T ST

In the above estimates we also used the relations r; < 77 i1 and 7; = B7;_1. The

contraction property (4.4) together with (4.12) yields the uniform boundedness of

kmax .

At each iteration k=0,1,..., kyax in SOLVE, Lemma 4.16 controls the number of
marked cells in REFINE. For the cardinality of the marked cells in DATA, we set ’7? to
be the corresponding output and apply Corollary 4.11 to get

#(TH) = #(Th) S Kor'=2(00&,)~Y* < Kor' =2 B(u", Ty) V5.

Combining the above estimate together with Lemma 4.16, we obtain that

Emax
#(Tiv1) = #(T) S D (#HM) +#(T) = #(Tr)
k=0
Kmax
< (Kor'™ 2 L UNE", T, )" Y albmex—h)/s
k=0

(4.13) < (Kor' =42 4 U)7=1/,
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where for the last two inequalities above we applied Theorem 4.4, 7 < E(u”, Tg,....)s
and Z:r:g‘ alkmax=k)/s < 52 qk/s < 1. The proof is complete. d

4.3.4. Performace of REGSOLVE. We are now in a position to show our main
result.

THEOREM 4.18 (performance of REGSOLVE). Denote {(7},%-)}?’;‘3‘ to be the se-
quence of subdivisions and approximations of u generated by REGSOLVE, respectively.
Under the assumptions provided by Lemmas 4.7 and 4.16, there holds that

—d—1/s
H (i) = #(T0) S (Ko + Lo + U7 1%

Jmax

Proof. Denote M the collections of cells marked for refinement in the jth itera-
tion of solve. Invoking Corollary 4.3 and Lemma 4.17, we have

#(M;) = F(T;) — #(T7) + FE(Ti41) — #(T5))
S Lo+ Kor? ™+ U V* S (I + Ko + Ug)ry 471,

where we used the setting r ~ sz according to (3.10). Summing up the above estimate
for 5=0,...,jmax — 1 together with the relation 7;_, = B==J7; implies the target

estimate. O

Remark 4.19 (convergence rates). As mentioned in section 4.2, the best possible
rate is s = 2((17171). So Theorem 4.18 implies that

llu= U3l S 75 S ((T5) = #(T5)) 7/ 049

Hence, in two-dimensional space, we guarantee that the adaptive method is quasi-
optimal. However, in three-dimensional space, we have

llu = Usll S #(T5) = #(To)) %,
which turns out to be suboptimal compared with the optimal rate i.

5. Numerical illustration. In this section, we test our numerical algorithm
proposed in section 3 for the following interface problem: letting v be defined as in
(2.1), we want to find u satisfying

—Au=0 in Q\y,
[u] =0 on~,
[Vu-vy]=f on~,
(5.1) u=g on 0f,

where [.] denotes the jump of the function across the interface v and v, is the outward
normal direction along . So u satisfies the weak formulation (2.5) with the forcing
data F defined by (2.3) and a nonhomogeneous boundary condition.

As we mentioned in section 3.4, our numerical implementation relies on the
deal.II finite element library [3, 4] and we use quadrilateral subdivisions in two
dimensions and hexahedral subdivisions in three dimensions. For the computation
of the right-hand side of the discrete system, we refer to Remark 22 of [25] for more
details. In the following numerical simulations, we use a radially symmetric C' ap-
proximation of the Dirac delta approximation, i.e., 1(x) = cq(14+cos(|7z|))x(x), where
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x(x) is the characteristic function on the unit ball and ¢, is a normalization constant
so that [, =1.

In REGSOLVE, we fix /i = 3. The parameters 7y (initial subdivision), 7o (initial
tolerance), 3 (tolerance reduction), jmax (number of iterations), the bulk parameters
6 and 6, and \ (ratio between & and 6D) will be provided for each numerical test.
For the regularization parameter, we simply set r(7;) = Tj2 in REGSOLVE::INTERFACE
to avoid the estimate of the constants Creg, Crer and || f||z2¢,y in (3.10). Furthermore,

after the last iteration of REGSOLVE, we perform the following extra steps:
T2 = T (T 1);
Tjmant1 = INTERFACE(T;,. +1,7j41);
GAL(Tj 1, F79H1).

5.1. Convergence tests on an L-shaped domain. Following test cases sim-
ilar to those presented in [27], we set Q = (—1,1)2\[0,1]?, v = 9Bg(c) with R =0.2

and ¢=(0.5,—0.5)7, f =%, and g =1In(|z — ¢|). The analytic solution is given by
. —In(jJz —¢|) if |lg—c|>R
_ 2/3 (2 oz .
ute) =rloSsin(30) - 5+ { "D ez R

with (r,6) denoting the polar coordinates. We start with an initial uniform grid 7o
with the mesh size v/2/4. Note that we also approximate the interface v with a
uniform subdivision whose vertices lie on . The corresponding mesh size is fixed
as 2rR/2'* so that the geometric error will not dominate the total error. For the
parameters showing the numerical algorithm, we set jmax = 6, 79 = 0.6, 8 = 0.8,
A= %, and # = 6 = 0.7 in SOLVE and DATA, respectively. The left plot in Figure 1
reports the H*(2)-error versus the number of degrees of freedom (#DoFs) when GAL
is executed. We note that the error goes down almost vertically when we update the
regularization radius after INTERFACE. In order to verify Theorem 4.18 (or Remark
4.19), we extract the sampling points only for U; (i.e., the last Galerkin approximation
in each iteration of REGSOLVE) in red. Based on the observation we confirm the
first order rate of convergence. We also present our approximated solution Us and
its underlying subdivision in Figure 2 using the tensor product extension of the C!
function.

We test the algorithm in Remark 3.6 (i.e., we make one single iteration, and set the
initial target tolerance to 7937m=x), and report the energy error for the final approxi-
mation against #DoF's in the right plot of Figure 1. Here we use the same parameters

—e—u — GAL(u) 100 - i
- u-Uj

1071 | s

H'(Q)-error
H()-error

i i i i | | |
108 10t 10° 10 107 102 10% 10! 10° 10 107
#DoFs #DoFs

FiG. 1. Test on an L-shaped domain: (left) H' (Q)-error decay between the solution u and every
Galerkin approzimation (GAL(u)) in REGSOLVE and between u and U; defined in REGSOLVE; (Tight)
HY(Q)-error decay between u and U, defined from Remark 3.6. We set jmax =6, and 0 = .6.

max
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F1G. 2. Test on an L-shaped domain: (left) the subdivisions of Us in REGSOLVE and (Tight) the
corresponding Galerkin approzimation using tensor product C1.

1[)047“” —TTTTTTT — T TTTTT T T T

1002 |

Lol ~\\ |

1004 |- |—e— Radially symmetric C (—0.274)
—=— Tensor product C* (~0.198)
—e— Tensor product L (—0.236)

=
2
T

HY(Q)-error

| T 1 [T Tl
10* 10° 106
#DoFs

FIG. 3. Tests in the unit cube: H'(Q)-error decay between the solution u and Uj forj=1,...,7
and for different choices of 6" (x). In terms of each plot, the slope of the linear regression of the last
five sampling points is reported in the legend.

except that jnax = 14, in order to reach a similar true error. Comparing with the left
plot of Figure 1, we note that although both algorithms guarantee the quasi-optimal
convergence rate, the energy error ||U;,... — u|| using the algorithm in Remark 3.6 is
much larger than that computed from REGSOLVE with multiple iterations.

5.2. Convergence tests in the unit cube. We test our numerical algorithm
in three dimensions by setting Q = (—1,1)% and v = dBg(c) with R = 0.2 and
¢ =(0.3,0.3,0.3). We also set the data function f = gz on vy and g = 1/|z — ¢| so
that the analytic solution is given by

(z) = 1/|z— ¢ if |z —¢c| >R,
e = 1/R if |z — | <R.

We start with an initial uniform grid 7y with the mesh size \/5/ 16. To approximate
the interface ~y, we start with initial quasi-uniform coarse mesh and refine it globally
7 times so that the geometric error is small enough. For the other approximation
parameters, we set jpmax =5, 70 =1.5, 5=0.8, A=1, § =0.5 in SOLVE and 6§ = 0.8 in
DATA. In Figure 3, we report the H!(§)-error against #DoFs for the following three
different types of 0": the radially symmetric C' type, the tensor product C* type
generated by 114(x) = exp(1—1/(1—x?))x(—1,1)(x), and the tensor product L™ type
generated by 114(z) = %X(,Ll)(aﬁ). For each error plot, we also report the slope of
the linear regression of the last five sampling points. For the choice of tensor product
C*°, the performance is suboptimal and close to the predicted rate % When using
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FI1G. 4. Tests in the unit cube: the crinkle clip (x1 < 0.3) of the approzimation U7 (3741904
DoFs) (left) as well as the subdivisions for Us (mid) and Uy (right) using radially symmetric CL.
The interface v is marked in red.

radially symmetric C1, the observed convergence rate is better than the best possible
rate i. As for tensor product L°°, the performance is between i and % We also
report the coarse grid and the grids for Us, U7 as well as the approximation U7 using

radially symmetric C' in Figure 4.

5.3. Performance tests in the unit square. Consider Q = (0,1)2, v = 9Bg(c)
with R=0.2 and ¢ = (0.3,0.3)", f = +, and g =In(|z — ¢[). Similar to the previous
section, we can obtain the following exact solution:

(@) —In(jJz — ¢|) if |z —¢| > R,
U= —In(R) if |z — ¢| < R.

We shall compare the performance of our numerical algorithms both in Algorithm
3.8 and Remark 3.6 with the algorithm without regularization; see the numerical
algorithm from section 7.2 of [17]. To be more precise, the algorithm without using
the regularization is based on SOLVE by replacing the data indicator D with the
following surrogate data indicator:

D(f,T,T) = hil || £l 2 rrm)-

Using the exact solution u, after the jth iterate of REGSOLVE in Algorithm 3.8 using
tensor product L*°, we compute the H!(Q)-error between u and Uj, denoted by e;.
For the parameters we set 79 = 0.3, 8 =0.7, A = %, 0 =60 = 0.55. Then we run the
nonregularized program with the same parameters and terminate it when the energy
error is smaller than ej;, denoting ¢; the energy error for the corresponding output
approximation, for j =8,9,...,12. We also compute e; using the algorithm provided
by Remark 3.6 with j = 11,...,15. Now we report those errors and the CPU times
for each program against #DoFs in Figure 6. We observe that all algorithms are
quasi-optimal but the algorithm from Remark 3.6 requires more DoF's.

In terms of the computation time, it turns out that Algorithm 3.8 needs more time
when the discrete system is small (less than 107) and becomes more efficient when
the size of the system is increasing. Since the computational cost associated to the
regularized version is comparable to the one required by the nonregularized version
when computed on the same grid (see [25, Figure 7)), a fair comparison between the
different AFEM algorithms should take into account the computational cost in terms
of the attained accuracy.

The regularized case reaches lower errors, for the same number of degrees of
freedom, but it is more expensive (due to a larger number of refined elements around
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FI1G. 5. Tests on a square: (left) the unstructured coarse mesh To, (center) the subdivision for
Us, and (right) the corresponding subdivision using the nonregularized algorithm.

10-14F T — T
N —e—without using regularization " —e— without using regularization
\ —=— REGSOLVE in Algorithm 3.9 10° || —m— REGSOLVE in Algorithm 3.9 ]
10-16 | —e— REGSOLVE in Remark 3.5 | —e— REGSOLVE in Remark 3.5
lﬂfl 8 L
5 =
] g
= 107 1% -
2 2 —
= 3]
10 2.2 [
1
1072 4
102 |- 8
1020 b i =] | |
107 10% 107 108
#DoFs #DoFs

F1c. 6. Tests on a square: (left) ||U; — ul g1 (q) using REGSOLVE with tensor product L

for 5 = 8,... and the corresponding H(Q)-error decay without using the regularization; (right)
computational time against #nDoFs for two adaptive algorithms. We note that the sampling points
for the nonregularized algorithm at j =10 and 11 are so close that they overlap with each other.

the interface v required by our algorithms). The computational cost is compensated
for by the higher accuracy in the largest scale computations, where the computational
cost per degree of freedom is comparable, making the regularized approach roughly
comparable to the nonregularized one also in the AFEM context. In Figure 5, we
finally report the grid for Us using Algorithm 3.8 and corresponding grid for the
nonregularized algorithm.

6. Conclusion and outlook. We have proposed an adaptive finite element
algorithm to approximate the solutions of elliptic problems with rough data approx-
imated by regularization. Such problems are relevant in many applications ranging
from fluid-structure interaction to the modeling of biomedical applications with com-
plex embedded domains or networks.

Our approach builds on classical results for adaptive finite element theory for
H~' data, and for L? data. In particular, we analyze the regularization of line Dirac
delta distributions via convolutions with compactly supported approximated Dirac
delta functions, with radius r. What characterizes the regularization process is that
even if the resulting forcing term is as regular as desired—at fixed r—its regularity
does not hold uniformly with respect to r.

This observation suggests that one could exploit the knowledge of the asymptotic
behavior of the data regularity with respect to r to construct an algorithm that a
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priori refines around the rough part of the forcing term, in a way that guarantees
quasi optimal convergence, at least in the two-dimensional case.

The resulting approximation error is split into a regularization error for u and
the finite element approximation error for the regularized u”. In this work we show
how to control the dependencies between these two errors and provide an algorithm
in which the error decay in the energy norm is quasi-optimal in two-dimensional space
and suboptimal in three-dimensional space.

Our findings are specific for the co-dimension one case but could be easily extended
to the co-dimension zero case, where the dependency of the regularity on r disappears
naturally, due to the intrinsic L? nature of the resulting forcing term.

Acknowledgment. The author would like to thank the anonymous reviewers
who provided valuable comments and remarks on the earlier version of the manuscript.
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