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Abstract In this work, we consider the finite element solution of several scalar
elliptic problems with singularities in two dimensions. We outline recent theoretical
developments in energy corrected approaches and demonstrate numerically that
by local and easy to implement modifications of the discrete operators, optimal
convergence orders in weighted Sobolev norms can be recovered.

1 Introduction

We consider boundary value problems in an open and bounded domain 2 C R?,
involving the second order linear elliptic operator

L = —div(KVu),

where 0 < Ky < K € L°(£2) is a known coefficient, e.g., a diffusivity or the
permeability of a porous medium. If not mentioned otherwise, we will set K = 1 for
simplicity. However, we will also consider the case of a heterogeneous coefficient
having jumps. It is known that numerical methods applied to such problems often
suffer from suboptimal convergence due to singularities in the solution which dictate
the regularity. In this paper, we consider modified finite element methods that allow
to deal with singular solution components in an efficient and effective way.
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As a first example for such singularities, we consider the case of a non-convex
Lipschitz domain §2 having a re-entrant corner with interior angle 7 < 6 < 2x. In
general, the solution to the problem

Lu= f in§2, u=0 ondsf2 ()

will then be composed of smooth components as well as singular components of
type s = /% sin(k/0¢), k € N, where ¢ denotes the angle in polar coordinates,
and r stands for the distance to the re-entrant corner of §2. This can be observed even
when the data are smooth [18,23,27]. While the convergence order in the H'-norm
is the same as the order of the best approximation, this does not hold for the L?-
norm, where a gap of 1 — /6 can be observed due to the non-smoothness of the
singular component s; ¢ H*(£2), « > 1 + w/6. This effect is commonly referred
to as pollution [9, 10, 32]. A similar, but even worse situation occurs in interface
problems, see, e.g., [21, 22], when the interfaces between subdomains §2; C 2
with different coefficient K intersect in one point. Here we typically see singular
components of type 7€, 0 < € < 1.

In the literature, many different approaches have been proposed to deal with
singular solution components, such as graded meshes [2], the enrichment of the
finite element space with singular functions [6,9, 13, 14, 16, 26, 32], or first order
system least squares approaches, which add discrete versions of the singular
basis functions to standard finite element spaces in a least-squares framework
[7,8,11,17,24].

Most of the aforementioned approaches have in common the aim to improve the
finite element approximation nearby the singularity. However, in some applications,
the quantity of interest can be computed by excluding or relaxing the influence of
the neighborhood of the singularities, e.g., stress intensity factors, eigenvalues or
the flux at some given interface not including the singular points. Here, an accurate
representation of the solution is not required near the singularity. This motivates the
use of energy correction schemes that do not enrich the finite element spaces [20,30,
31,33]. The basic idea was originally introduced in the context of finite difference
methods in [31, 33] and applied to finite elements in [29]. It was then analyzed
in [20] for more general meshes, and it was proved that a careful modification of
the energy in the original method can drastically improve the convergence. In the
following, we briefly sketch the main ideas.

2 Re-entrant Corners

We consider a weak form of the boundary value problem (1). The corresponding
bilinear form is given by a(v,w) := fQ Vv-Vwdx, v,w € H'(£2). To define the
energy correction, we introduce a; 5 (v, w) = fwih Vv.Vwdx, where w; ;, denotes
the union of the ith layer of elements in 7 around the re-entrant corner Xc, 1.€.,
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Fig. 1 left: Triangulation of the circular L-shape domain with 6 = 37”; right: circular slit domain
with & = 2. The elements marked in dark gray belong to w; j, and the elements in light gray are
inwy

orn = Uregv.cor T and o = UTE%,Z,TQEI__LHE@T fori > 1; cf. Fig. 1 for
some illustration. Here .7}, stands for a family of quasi-uniform simplicial meshes
with mesh-size h. For given y € R”, n € N fixed, we then define the bilinear form

n
Aec(v, W) == a(v,w) — Zi:l Yiain(v, w). 2
The energy-corrected finite element form of (1) then reads: Find u;(y) € Vhp s.t.

aec(up(y),v) = (f,v), ve Vhp, 3)

where (-,-) denotes the standard L?-scalar product, and V,” C H{}(£2) is the
conforming piecewise polynomial finite element space of degree p > 0 associated
with Z,. For y = 0 the standard finite element solution is recovered. As we will see
in Sect. 3, our approach is not restricted to Dirichlet boundary conditions but also
applies for Neumann boundary conditions. Note that the Laplace operator can be
used to model a membrane, i.e., the effect of the modification with the parameters
y can be regarded as a softening (y; € (0, 1)) or stiffening (y; < 0) of the material
in the vicinity of the re-entrant corner.

The modification (2) does not change the structure of the stiffness matrix. Hence,
it is cheap and easy to implement into existing codes, provided that y; and w; , are
known. Theoretical results for linear finite elements [20] require that we apply the
correction in a union of elements w, C By, where By, is a ball with radius koh
and k sufficiently large, with center at the re-entrant corner. Numerical results show
that fixing n = 1 and setting w, = w; j, is sufficient for the case p = 1, see also [30].
Our choice of w; j, is motivated by this observation indicating that for one parameter
y € [0,1), it is sufficient to impose the correction only in those elements directly
attached to the singularity.
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We emphasize that, different from other techniques, the number of nodes affected
by the correction will not depend on % as long as n does not depend on /4. For
simplicity, we assume that the layers w; ; are mirror-symmetric with respect to the
singular point if § > %n. Otherwise, we would possibly have to consider more
correction parameters, since then some terms in the analysis will not cancel by
symmetry arguments.

2.1 A Nested Newton Algorithm

Let us first consider the case of linear finite elements and set n = 1: Assuming that
the union of elements defined by w, ; is large enough, the quality of u;(y) € Vhl is
only determined by the choice of y. In [20] it has been shown that for each 4 > 0
a proper subinterval of [0, 1) exists such that no pollution occurs, and second order
convergence in a suitably-weighted Sobolev norm can be recovered. The length of
the subinterval tends to zero as the mesh-size does. Thus asymptotically exactly one
correction parameter exists such that optimality can be observed. Here, we define
the correction parameter as the unique root of the non-linear scalar-valued energy
defect function

gn(y) :=a(s1,81) — aec(51.0(¥), S1.0(¥)), fory € R. “4)

where we recall that s; denotes the first singular function and sy ;(y) its mod-
ified finite element approximation. In [30] we developed and analyzed Newton
algorithms for the calculation of an accurate enough correction parameter y in a
multi-level context. Such methods will be used frequently in the numerical results
in this article to determine suitable correction parameters.

Next, we consider the extension to quadratic finite elements (or, analogously,
linear elements on non-symmetric meshes) and » = 2. It turns out that a good
choice of y € R? is the root of the vector-valued energy defect function

[ a(si,s1) = aec(51.0(¥), S1.1(Y)) )
)= (a(sz,sz) —aec(sz,h(y),sz,h(y)>)’ fory ®

By similar considerations as in the case of one parameter, we can derive a nested
one-step Newton algorithm on a family of uniformly refined meshes .7;. The mesh
T +1 s obtained by decomposing each element of .7; into four sub-elements. Given
the initial guess yo = (0,0) € (—1, 1) on the coarse mesh %, we set for [ =
0,1,...

_ 1 (a(sin(yr), sin(y1)) —a(si, s1)
Yo = [Var ()] (a Gnl-) ~ 4l ) , ®)
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with

_ { @arn(s1a(¥)ss1n(y))  azn(s1a(y),s1.4(y))
Veny) = (al,h(sz,h()/)asz,h()/)) a (Sz,h(V),Sz,h(V))) ' @

Note that the index / denotes the refinement level, and on each level typically only
one Newton step is carried out. The start value for the Newton on level / + 1 is the
value computed on level /. For the nested one-step Newton method we see that

—2jr

[gnli = O (h%ﬂ) and [Vgh]i;l =0 (hT),

hence y;4+1 € 0(1),1i.e., the values of y stay bounded independent of the mesh-level.
However, a detailed analysis of this algorithm is beyond the scope of this paper.

In the following section, we demonstrate the efficiency of the nested Newton
method in numerical experiments.

2.2 Numerical Examples with Second Order Elements

In the following examples, we consider the Poisson problem in a circular domain
3

with re-entrant corners of angle 6 = sm and 6 = 27 and assume that ) is
mirror-symmetric on the coarsest mesh. We set a homogeneous right hand side
and Dirichlet boundary conditions are chosen such that the exact solution is given
by u = s; 4+ s2 + s3. Note that the third singular component does not reduce
the convergence rates of the uncorrected approach due to sufficient regularity. We
conduct our numerical experiments on a series of uniformly refined meshes (cf.
Fig. 1 for the initial triangulations and correction domains) and compare the errors

of corrected vs. uncorrected finite elements in weighted L? norms

lu—unlloo = 7" —un)ll12(0) (3

where r = |x — x.| denotes the distance to the re-entrant corner x., and « is the
weighting parameter. Note that for @ = 0 we recover the standard L? norm. In each
case, the roots of the energy correction function (5) are determined by the nested
Newton-method discussed above where the initial guess on level 0 is always set to
zero. The contour lines of the energy correction function for the initial meshes are
plotted in Fig.2. The bullet in the pictures denotes the unique root of the energy
correction function.

The correction parameters for the L-shape and slit domain are listed in Table 1.
As it can be seen easily both parameters converge with respect to the level and for
both domains y1 ,, is positive while y; ,, is negative.

In our convergence study, we consider p = 2 and different choices of the
correction parameter for illustration, namely, the energy correction with the level-
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Fig. 2 Contour lines and root (bullet) of the energy functional (5) in the L-shape (leff) and slit
domain (right); gray lines are associated with the first and black ones with the second component
of the energy functional

Table 1 Approximate roots of g, (y) obtained by a nested Newton method applied to subsequent
refinements of the respective initial meshes of Fig. 1

Level Y1.opt V2.0pt Level Y1.opt V2.0pt

1 0.0320706 —0.0055412 1 0.1493019 —0.0497673
2 0.0315346 —0.0055392 2 0.1395878 —0.0510151
3 0.0315229 —0.0055351 3 0.1395358 —0.0510148
4 0.0315208 —0.0055342 4 0.1395348 —0.0510143
L-shape Slit

dependent parameters of Table 1, and the choice (y;,0.0) with y; determined by
the one-step Newton method of [30]. Moreover, we compare the standard quadratic
finite element method resulting from the choice (y1, y2) = (0.0, 0.0) as well as two
manually chosen values, where one is closer to the actual optimal parameter than
the other. The latter experiments are given to demonstrate that the energy correction
can yield solutions of much better quality by manual fine-tuning of parameters, even
when the actual asymptotically correct values are unknown.

In Tables 2 and 3, we list the results of our convergence study for the L-shape and
slit domains, respectively. The errors are measured in the weighted L? norm with
weighting o ~ 1.38 for the L-shape and o ~ 1.55 for the slit.

In both cases, we observe that the asymptotically optimal convergence order of
O'(h?) is only recovered for the correction approach with both parameters chosen
according to the root of the energy defect function. Restricting the correction to
only one parameter, however, still improves the rate to & (h?), since the effects of the
stronger singularity s; can still be compensated by this simpler correction. From the
results for the manually tuned parameters it can be concluded that our approach can
significantly improve the quality of the solution, even when the exact parameters are
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Table 2 L-shape: Errors 10* X |lu — u;,(y1, ¥2) ll0.w~1.38 for different parameters

017 | QGropes V2ap) | (72.0) (0,0) (0.031,—0.005) | (0.02,—0.006)
Level Error Rate | Error Rate | Error Rate | Error Rate Error Rate

1 1.8697 |- 1.9402 |- 49912 |- 1.7893 |- 2.8886 | —

2 0.2031 |3.20 |0.2843 |2.77 |1.9475 |1.36 |0.2017 |3.10 1.0433 | 1.47

3 0.0240 |3.08 |0.0425 |2.74 |0.7716 |1.34 |0.0257 |2.94 0.4100 |1.35

4 0.0030 |3.00 |0.0064 |2.72 |0.3061 |1.33 |0.0047 |2.46 0.1625 |1.34

Table 3 Slit domain: Errors 103 X || — u; (y1, ¥2)l0.a~1.55 for different parameters

(1, 72) | ropes Yaop) | (r2,0) (0,0 (0.139,-0.051) | (0.15,—0.06)

Level Error Rate | Error Rate | Error Rate | Error Rate Error Rate
1 1.1790 |- 1.3055 |- 24165 |- 1.0874 | - 1.2833 |-

2 0.1372 |3.10 [0.2994 |2.12 |1.1968 |1.01 |0.1372 |2.99 0.1749 |2.88
3 0.0168 |3.03 |0.0738 |2.02 |0.5966 |1.00 |0.1720 |3.00 0.0312 |2.49
4 0.0021 |3.02 |0.0184 |2.01 /0.2978 |1.00 |0.0275 |2.65 0.0112 | 1.48

unknown. However, to observe optimal asymptotic convergence rates, we require a
high accuracy of the parameter on the finer meshes. Let us remark here that for
multiple re-entrant corners, the correction parameters can be determined by solving
local problems for each corner in a preprocessing step. The optimal correction
parameters depends on the interior angle, as already seen from the numerical results,
but also on w; ;. More precisely, the number and the local shape of elements in w; 5
influence the optimal correction parameters.

3 Eigenvalue Problems

Next, we consider the eigenvalue problem with homogeneous Neumann boundary
conditions

Lu,, = Ay in £2.

As before, we choose an L-shaped domain £2 := (—1,1)?\([0, 1] x [-1,0]) and a
slit-domain £ := (—1, 1)2\ ([0, 1] x {0}) for our numerical results. For comparison
with reference values given in the literature [12, 19], we use different meshes in this
example. Moreover, we also present results for a domain with multiple re-entrant
corners, in which case we compute a reference solution on a finer mesh. The meshes
are always constructed such that we obtain perfectly symmetric isosceles triangles
around the singular points; cf. Fig. 3.

It is well-known from the literature [3-5, 12, 25], that the above mentioned
pollution effect can be observe, but that it occurs only for all eigenfunctions and
eigenvalues, for which a non-smooth singular component is present. For sufficiently
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Fig. 3 L-shape, slit, and domain with multiple re-entrant corners

smooth eigenfunctions, a quadratic convergence rate for the eigenvalues can be
observed in case of linear finite elements, i.e., p = 1.

Our modified finite element formulation reads: find the discrete eigenvalues
Am.n € R and the eigenfunctions uj, ,, (y) € Vh1 such that

Aec(Unm(¥)sV) = A Unm(y),v), veV), ©)

where 0 < A1 < Apo < .... For simplicity of notation, we use the same symbol as
before for the finite element space although no homogeneous boundary conditions
are imposed on the space. Let us next briefly outline the convergence analysis for
this modified scheme.

3.1 Convergence Analysis

In this subsection, we focus on the convergence analysis of the discrete eigenvalues
An.m and follow the lines of [28] in the conforming setting. To do so, we introduce
the eigenvalue problem: find A € R and w € H'(§2) such that a(w, z) = A(w, z) for
all z € H'(£2). The non-negative eigenvalues are ordered such that 0 < A; < A, <
.., and the associated eigenfunctions are denoted by w; with the normalization
(wi,w;) = & j. Now define the m-dimensional space V,, by V,, := span{w;,i <
m}. Further for each v € V,, let the modified Galerkin projection R; onto Vh1 be
defined by a..(Rpv,vy) = a(v,v,) forall v, € Vhl. We recall that R;, depends on
the specific choice of y. In terms of Rj, we define E,,, := R;V,, and note that
dimE,, , = m for h < hy small enough.
For the sake of presentation, let us first state the main result and subsequently
develop the ingredients needed for its proof.

Theorem 1 Let 1 — % < a < L. If the above mentioned modification is used with

n = 1 and y,p, the following upper and lower bound for A, hold,

A (1= CHPALFY) < Xj < An(1 4 CH2ASHY,
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Our proof is based on the following two technical results which are provided
without a detailed proof.

Lemmal Let1 -7 <a <a < 1thenit holds

—a 1— 1
lr=*vllo = Clivlig™IIVIIY. v e H (£2).

The upper bound in Lemma 1 can be obtained by using the Holder inequality
in combination with interpolation arguments and standard Sobolev embedding
results. Combining Lemma 1 with [28, Lemma 6.4-2], [20, Theorem 2.4] and some
straightforward computations yield the following bounds.

Lemma 2 Letv € V,, with (v,v) = 1. Thenv = Y ', Biw; with Y i B? =1,
and it satisfies a(v,z) = (fy,2) for all z € HY(Q) with f, := Y 1, Bidiw;.
Moreover, we have r ™ f, € L*(R2) for 1 — * <« < 1, and the following bounds
hold with constants independent of the mesh-size

la(v,v) — acec(Ryv, Rpv)| < Chzk,z,f“,
(Rwv, Rpv) > 1 — CR2 AT,

Now we are prepared to provide the proof of the main result.

Proof (Theorem 1) The proof is based on the characterization of the eigenvalues by
the Rayleigh quotient. We start with the upper bound. Using E},, as defined above
together with Lemma 2, we get the following upper bound:

aeC(Va V) aec(RhVa th)
Mg < max LI gy Qe SV Y
’ v€E,;,  (V,V) veVm  (Rpv, Rpv)
a(v,v) + aec(Rpv, Rpv) —a(v,v)
= max
vE€Vin (Rpv, Rpv)
a(v,v) v, v) Aec(Rpv, Rpv) —a(v,v)
= max a
VEVy, (Vy V) V€V (tha th) vEVin (Rh v, th)

1 + Ch2 A%

< Ap————m < A (1 4+ CI2PAYTYY + CR2AZMe (1 4+ ch2aeth.
— 1— C]’lzkf‘n_i—l ( m ) m ( m )

~

As next step it remains to show the lower bound. In contrast to the uncorrected
scheme, we do not have the trivial bound 4, < A,, ;. The proof of the lower bound
follows basically the lines of the upper bound but requires the use of a different m-
dimensional space. Firstly we define a new space given by E,, := span{w;,i < m}
where Ww; € H'(£2) is defined by a(w;,z) = (w; ;. z) for all z € H'(£2). Secondly,
we note that R, E,, = E,,; and thus for & small enough we have dim E,, = m.
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Now, similar arguments as before yields

a(v,v) — max dec(Rpv, Rpv) + a(v,v) — aec(Rpv, Rpv)

Am < ma =
"= VGE,): (V, V) vEE, (V’ V)
aec(Rpv, Ryv) (Rpv. Ryv) a(v,v) = dec(Rnv, Ryv)
= max + max
veEn (Rpv, Rpv) veEn v,v) vEEy, (v,v)
< (14 CR22H).

Combining the upper bounds for A,, and Aj , yields the lower bound for A, ,,,. O

The steps outlined in this section show the flexibility and potential of the ideas of
[20, 30] to eigenvalue problems. A more detailed analysis provides also optimal
bounds for the eigenfunction convergence. Let us next support our theoretical ideas
by numerical results.

3.2 Numerical Computation of Eigenvalues

We conduct convergence studies for the eigenvalue problem defined on the geome-
tries depicted in Fig. 3. We first compare the numerical results obtained without
correction to those obtained with a suitable modification parameter.

In this example, we make use of the Neumann fit tabulated in [30, Table 5.3],
which provides a simple heuristic approach to determine modification parameters in
case of meshes consisting of isosceles triangles around the singularity. This purely
geometric assumption is satisfied for our meshes by construction (see Fig. 3).

The correction parameter y for the L-shape (6 = %71) and the multiple re-entrant
corners domain is given by y ~ 0.1478. We note that in each case four isosceles
triangles are attached to the singularity, and thus the correction parameter is the
same for all re-entrant corners. For the slit domain (§ = 27), we count six adjacent
elements at the singular vertex, and hence we determine our correction parameter to
y ~ 0.2716 (more precise values are given in the respective tables).

In Tables 4-6 we list the results for our convergence study for the L-shape, the
slit domain and the domain with multiple re-entrant corners, respectively. Without
correction, we observe suboptimal rates for some eigenvalues in each of the three
cases. However, using the modified method, the asymptotically optimal convergence
of ¢'(h?) for all given eigenvalues is obtained in the three cases. Note that we
excluded the results for some eigenvalues for the slit domain in Table 5. This
is because the corresponding eigenfunctions do not include singular components
strong enough to affect the optimal rate for linear elements. Hence, for these
eigenvalues, a convergence rate of ¢'(h?) can be reached already by using the non-
corrected method.
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Table 4 Convergence rates for eigenvalues in the L-shaped domain with and without energy
correction

No correction y = 0:

1.LEV

2.EV

3.EV

4EV

5.EV

Exact: 1.47562

Exact: 3.53403

Exact: 9.86960

Exact: 9.86960

Exact: 11.38948

Level

Value Rate

Value Rate

Value Rate

Value Rate

Value Rate

1.55008 | —

3.63939

10.79641

10.90447

12.67323 | -

1.50014 | 1.60

3.56116 | 1.96

10.10623 | 1.97

10.12814 |2.00

11.71975 | 1.96

1.48402 | 1.55

3.54091 | 1.98

9.92994 | 1.97

9.93496 |1.98

11.47442 | 1.96

1.47861 | 1.49

3.53576 | 1.99

9.88483 | 1.99

9.88604 | 1.99

11.41101 | 1.98

1
2
3
4
5

1.47672 | 1.44

3.53447 | 2.00

9.87342 | 2.00

9.87372 |2.00

11.39489 | 1.99

Correction y = 0.147850426060652:

1.LEV

2.EV

3.EV

4EV

5.EV

Exact: 1.47562

Exact: 3.53403

Exact: 9.86960

Exact: 9.86960

Exact: 11.38948

Level

Value Rate

Value Rate

Value Rate

Value Rate

Value Rate

1.51075 |-

3.62603

10.78432

10.89390

12.64990 | —

1.48457 | 1.97

3.55913 | 1.87

10.10560 | 1.95

10.12758 | 1.99

11.71674 | 1.95

1.47785 | 2.00

3.54060 | 1.93

9.92990 | 1.97

9.93493 | 1.98

11.47396 |1.95

1.47617 | 2.03

3.53571 | 1.96

9.88482 | 1.99

9.88604 | 1.99

11.41094 | 1.98

DA~ Wi

1.47575 | 2.06

3.53446 | 1.98

9.87342 | 2.00

9.87372 |2.00

11.39488 | 1.99

Table 5 Convergence rates for eigenvalues in the slit domain with and without energy correction

No correction y = 0:

1.LEV

2.EV

5.EV

7.EV

8.EV

Exact: 1.03407

Exact: 2.46740

Exact: 9.86960

Exact: 12.26490

Exact: 12.33701

Level | Value Rate | Value Rate | Value Rate | Value Rate | Value Rate
1 1.14032 | — 2.52918 |- 10.78301 |- 13.97705 |- 14.17015 |-
2 1.07951 | 1.23 |2.48307 | 1.98 |10.10730 | 1.94 | 12.75729 |1.80 | 12.81216 |1.95
3 1.05478 | 1.13 |2.47135 | 1.99 | 9.93045 | 1.97 | 12.43849 |1.50 | 12.44434 |2.15
4 1.04392 | 1.07 |2.46839 |2.00 | 9.88497 | 1.99 |12.32633 |1.50 | 12.36411 |1.99
5 1.03887 | 1.04 | 2.46765 |2.00 | 9.87346 | 1.99 | 12.28924 |1.34 | 12.34381 |1.99
Correction y = 0.271607294328175:

1.LEV 2.EV 5.EV 7.EV 8.EV

Exact: 1.03407 | Exact: 2.46740 | Exact: 9.86960 | Exact: 12.26490 | Exact: 12.33701
Level | Value Rate | Value Rate | Value Rate | Value Rate | Value Rate
1 1.06167 | — 2.49235 |- 10.76626 |- 13.85168 |- 13.88581 |-
2 1.04116 | 1.96 |2.47377 | 1.97 |10.10651 | 1.92 | 12.66340 |1.99 | 12.73749 | 1.95
3 1.03583 | 2.01 |2.46902 | 1.97 | 9.93041 | 1.96 | 12.36581 |1.98 | 12.43961 |1.96
4 1.03449 12.06 |2.46781 | 1.99 | 9.88497 | 1.98 | 12.29021 [1.99 | 12.36294 |1.98
5 1.03417 | 2.14 |2.46750 | 1.99 | 9.87346 | 1.99 | 12.27120 |2.01 | 12.34352 |1.99
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Table 6 Convergence rates for eigenvalues in the domain with multiple re-entrant corners with
and without correction
No correction y = 0:

1.LEV 2.EV 3.EV 4.EV 5.EV

Exact: 0.11422 | Exact: 0.11422 | Exact: 0.23460 | Exact: 0.31626 | Exact: 0.31626
Level | Value Rate | Value Rate | Value Rate | Value Rate | Value Rate

1 0.11609 |- 0.11609 | — 0.23841 | — 0.32303 |- 0.32323 |-

2 0.11489 |1.48 |0.11489 |1.48 |0.23595 |1.51 |0.31861 |1.53 |0.31867 |1.53
3 0.11446 |1.46 |0.11446 |1.46 |0.23509 |1.47 |0.31709 |1.49 |0.31711 |1.50
4 0.11431 | 1.42 |0.11431 | 1.42 |0.23478 |1.44 |0.31656 |1.45 |0.31657 |1.45
5 0.11425 | 1.39 |0.11425 | 1.39 |0.23467 |1.40 |0.31637 |1.41 |0.31637 |1.42

Correction y = 0.147850426060652:

1.LEV 2.EV 3.EV 4.EV 5.EV

Exact: 0.11422 | Exact: 0.11422 | Exact: 0.23460 | Exact: 0.31626 |Exact: 0.31626
Level | Value Rate | Value Rate | Value Rate | Value Rate | Value Rate
1 0.11472 | - 0.11473 | - 0.23574 | - 0.31869 |- 0.31887 | —
0.11435 | 1.85 |0.11436 |1.85 [0.23492 | 1.85 [0.31690 |1.92 |0.31695 |1.92
0.11425 | 1.97 |0.11425 |1.96 [0.23469 | 1.96 |0.31642 |1.99 |0.31643 |1.99
0.11422 |2.04 |0.11422 |2.03 |0.23462 |2.02 |0.31630 |2.04 | 0.31630 |2.03
0.11422 | 2.11 |0.11422 |2.10 [0.23461 |2.09 |0.31627 |2.09 |0.31627 |2.08

DA~ Wi

4 Jumping Coefficients

Next, let us study the influence of heterogeneous coefficients with jumps. We
consider again the scalar elliptic problem (1) but in contrast to the previous sections,
we now assume that K is piecewise constant on disjoint subsets £2; C £ :=
(-1, 1)2, i.e., we define £2; := (0, 12, 2, = (—=1,0) x (0,1), £25 := (—1,0)2
and 24 := (0,1) x (—1,0), and set K = 1in 2, 24 and K = a in £, §2;
for finite ¢ > 0. Whenever a # 1 one obtains a discontinuity at the origin, which
causes solutions in H'*€(2) for 0 < € < 1 and possibly € < 1; cf. [15,21].
As before, this severely limited regularity bound results in poor L2-accuracy of the
uncorrected discrete solutions. The solution of (1) again admits a singular function
representation, with singular components of the form

sk(r ) = r* (@), Ax < Argr.k e N (10)

Here the exponent A; can be determined with help of an auxiliary Sturm-Liouville
eigenvalue problem [15]. We note that (7, ¢) are the polar coordinates with respect
to the origin (0, 0). Typically, the exponent A; is very small, i.e., A; < 1, which
renders s; as the dominating singular component in the problem. Since by [21,
Lemma 3.3] there holds A; + A, = 2 for the case outlined above, the energy
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correction with only one correction parameter per singular vertex is feasible. Hence,
we introduce a modification of the weak form at the singularity by

Aec(v, W) :=/ KVyv-Vwdx —y KVy-Vwdx. (11)
Q

Wh

where y € [0, 1), and w, is a union of elements in .7;,. As before, we choose wy, as
the union of those elements adjacent to the vertex at which the singularity is located.
The modified finite element method for (1) is then again given in the form of (3),
and the corrections are again determined as the root of the energy functional (4).
We remark that a similar correction has been proposed to recover optimal multigrid
convergence rates for elliptic problems with intersecting interfaces in [1].

4.1 Numerical Results

As a first benchmark, we consider non-homogeneous Dirichlet boundary conditions
such the exact solution is given by u = s;. We conduct a convergence study on a
series of uniformly refined meshes and, as before, we compare the energy corrected
approach to the standard finite element method. The first two mesh levels and
correction domains are depicted in Fig. 4 for illustration.

We consider two values of @, i.e.,a = 10 and a = 1,000, and in a preprocessing
step we solve the Sturm-Liouville problem to obtain the first eigenvalue as A, ~
0.38996 and A; &~ 0.04025, respectively. The other singular components are of
higher regularity (i.e., s; € H?(£2),i > 1) and are therefore not considered in
the following. For both cases we then approximate the roots of the energy defect
function (4) by a classical Newton method until the relative error between two
consecutive iterates is at most 1.48 - 1078, The results are listed in Fig. 5 alongside
with nonlinear fits against the function y, + ch*=) Fora = 1,000, we observe

Fig. 4 Mesh levels 1 and 2 of the unit square with correction domains wy, in gray
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Fig. 5 Approximate roots of the energy defect function (4) obtained on subsequent refinements of
the initial meshes of Fig. 4 for jumping material coefficients. Dashed lines indicate the nonlinear
fits against the function yeo + ch?0=*V

Table 7 Errors 10% X [lu — u;(¥)[l0.0~0.66004 for jumping coefficients with a = 10

y Yopt 0 0.406 0.3 0.5

Level | Error Rate | Error Rate | Error Rate | Error Rate | Error Rate
1 2.72860 | — 3.06090 | — 2.71390 | - 2.80460 | — 2.63900 |-

2 0.71951 |1.92 |1.38890 |1.14 |0.71293 | 1.93 |0.84889 | 1.72 |0.68297 |1.95
3 0.18359 | 1.97 |0.69770 |0.99 |0.18253 | 1.97 [0.29198 |1.54 |0.23705 |1.53
4 0.04636 | 1.99 |0.37922 |0.88 |0.04627 | 1.98 |0.13016 |1.17 |0.11776 |1.01
5 0.01170 | 1.99 |0.21420 |0.82 |0.01175 | 1.98 |0.06939 |0.91 |0.06718 |0.81
6 0.00295 | 1.99 |0.12297 |0.80 |0.00301 | 1.96 |0.03938 |0.82 |0.03924 |0.78

that the convergence of y,,, with respect to the refinement level is much faster than
for a = 10. This is in accordance with the theoretical results for re-entrant corners
of [30], which state that the convergence is faster in case of stronger singularities
(Table 7).

Again, for both cases, we conduct a convergence study in which we compare the
modified and standard finite element solutions, as well as three heuristic choices.
For a = 10, we measure the error in the weighted L?-norm with o« ~ 0.66004.
For the modified approach with correction parameters as listed in Fig. 5, an optimal
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convergence rate of ¢(h?) is obtained, while the convergence of the standard finite
element method is clearly limited due to the singular components. For the manually
tuned choices we again observe that the solution quality is much better than without
correction. Although on coarse meshes nearly optimal rates can only be seen for
the choice y = 0.406, which is close enough to the optimal values of Fig.5,
asymptotically the convergence rate will deteriorate. This effect can be seen more
dominantly for the choices y = 0.3 and y = 0.5. A not optimal choice of y will
yield asymptotically the same poor convergence rate as the uncorrected method has.

For comparison, we list the results for the case @ = 1,000 in Table 8, where the
error is measured in the weighted L2-norm with o &~ 0.96475. Also here we see that
using the previously determined parameters an optimal asymptotic convergence rate
is recovered despite the strongly singular component.

Finally, let us consider a more complex numerical example in £2 = [-2,2] x
[-2,2]. We definei = |x] and j = |y, and set

1,000 if (=1)'*/ >0,
K = i L
1 if (=1)'*/ <0,
thus, we identify 9 singularities which are corrected as depicted in Fig. 6. The

boundary conditions are chosen as # = 1 on the bottom boundary, u = 0 on the
top and Vu - n = 0 elsewhere.

Table 8 Errors 102 X |lu — u;,(y) [|o.¢~0.96475 for jumping coefficients with @ = 1,000

y Yopt 0 0.936 0.9 0.95

Level | Error Rate | Error Rate | Error Rate | Error Rate | Error Rate
1 0.41774 | — 0.51892 | — 0.43095 | - 0.43531 |- 0.42932 | —

2 0.11332 | 1.88 [0.32494 |0.68 |0.11944 |1.85 |0.12422 |1.81 |0.11825 | 1.86
3 0.02917 | 1.96 |0.24001 |0.44 |0.03142 | 1.93 |0.03725 |1.74 |0.03178 | 1.90
4 0.00738 | 1.98 |0.19177 |0.32 |0.00813 | 1.95 |0.01876 |0.99 |0.01073 |1.57
5 0.00186 | 1.99 |0.15902 |0.27 |0.00209 | 1.96 |0.01587 |0.24 |0.00704 |0.61
6 0.00047 | 1.99 |0.13485 |0.24 |0.00054 | 1.96 |0.01475 |0.11 |0.00637 |0.14

Fig. 6 Left: coefficient K = 1 (dark), K = 1,000 (light); center: correction on level 1 in light
gray; right: reference solution (with energy correction on level 8)
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Table 9 Errors 0

10 X [l — w4y, (¥) [l0.00~0.96475 z Yope
a0, £
Convergence analysis of the Level | Error Rate | Error Rate

energy correction method and 1 0.50254 | - 1.15720 | -

standard finite element 0.09690 | 2.07 | 0.92582 | 0.32
method for the example with 0.02472 | 1.97 | 0.77083 | 0.26
9 singularities 0.00636 | 1.96 | 0.65581 | 0.23

E- RSN S

Due to the construction of the jumping coefficient K each of the 9 singularities
has the same first eigenvalue A; = 0.04025, thus, also the correction parameter in
the neighborhood of each singularity has the same value, namely, y ~ 0.93611.
Since we have no exact solution at hand for this example, we compute a reference
solution with the energy corrected method on a high resolution mesh for compar-
ison. In Table 9, we study the convergence to the reference solution, starting with
the mesh of Fig. 6. The error is measure in a weighted L? norm with a weight of
a =~ 0.96475 around each singularity. Again, we observe optimal convergence
rates for the energy corrected method. Hence, the correction parameters for each
singularity arising in a practical application can be determined independently in a
preprocessing step.

Conclusion

In this work, we discussed the extension of energy corrected finite element
methods from the special case of linear finite elements on domains with re-
entrant corners to second order finite elements, eigenvalue problems, and
singularities resulting from jumping material parameters in two space dimen-
sions. We demonstrated that given the correction parameters, the modified
methods can dramatically improve the numerical solutions in presence of
strong singular solution component. Quasi-optimal convergence rates are
recovered. Hence, they provide an appealing alternative to graded or adaptive
meshes and function space enrichment for applications in which a high
accuracy in vicinity of the singular regions is not required.

Acknowledgements Financial support by the “Deutsche Forschungsgemeinschaft” through grant
WO-671/13-1 is gratefully acknowledged.
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