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SYMMETRIC INTERIOR PENALTY DISCONTINUOUS
GALERKIN METHODS FOR ELLIPTIC PROBLEMS IN
POLYGONS

FABIAN MULLER, DOMINIK SCHOTZAU, AND CHRISTOPH SCHWAB

ABSTRACT. We analyze symmetric interior penalty discontinuous Galerkin fi-
nite element methods for linear, second-order elliptic boundary-value problems
in polygonal domains 2 where solutions exhibit singular behavior near corners.
To resolve corner singularities, we admit both, graded meshes and bisection
refinement meshes. We prove that judiciously chosen refinement parameters in
these mesh families imply optimal asymptotic rates of convergence with respect
to the total number of degrees of freedom N, both for the DG energy norm
error and the L2-norm error. The sharpness of our asymptotic convergence
rate estimates is confirmed in a series of numerical experiments.

1. INTRODUCTION

The error analysis of discontinuous Galerkin finite element methods (DGFEMs)
for elliptic problems is by now well developed. For various h-version DG formu-
lations, optimal energy norm and L2-norm error estimates with respect to the
mesh-width h are provided in, e.g., [2, [I7, 18], and the references therein. We
remark that L2-optimality typically requires adjoint-consistent DG discretizations,
as introduced in [2].

Most of the DG error analyses available in the literature are based on sufficient
smoothness of weak solutions and on quasi-uniformity assumptions for the mesh
sequences. In addition, to derive L?-norm error bounds, an H2-regularity hypoth-
esis for the solution of a suitable dual problem is usually imposed. While these
smoothness properties hold true in smooth or convex domains, they are known to
be false in general polygonal domains, due to the appearance of singular solution
components near corners [I0]. One way to characterize the singular behavior of so-
lutions is by means of suitably weighted Sobolev spaces and corresponding elliptic
regularity shifts of second, and higher order in these spaces. Here, we shall focus on
the weighted spaces Hg’l(Q) and shifts as introduced and analyzed in [} 3] in the
context of conforming hp-version FEMs. For related, finite order elliptic regularity
results in polygonal and polyhedral domains, we further refer to [10] 14} [§].

To resolve corner singularities in fixed order, conforming h-version discretiza-
tions, in recent years several types of local mesh refinement strategies have been
proposed and investigated. In [5], conforming piecewise linear FEMs on so-called
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graded regular simplicial meshes were shown to capture singularities at the opti-
mal H'-norm convergence rate N /2 with respect to N, the number of degrees of
freedom. More recent variants of approximation rate bounds on families of graded
meshes, also for FE spaces of polynomial degree p > 1 on graded, regular simplicial
meshes in  can be found in [7, [I]. A public domain mesh generator for graded
meshes in polygonal domains €2 is available in the LNG_FEM software package [13].
An alternative approach to build locally refined meshes is based on local refinement
refinement via newest vertex bisection; see, e.g., [I5] [16]. Indeed, in [9], a bisection
refinement algorithm was proposed and it was proved that it creates mesh sequences
which resolve singular solution components at optimal H'-norm rates N —?/2 with
respect to N.

The work in [21I] was the first to study (symmetric and non-symmetric) interior
penalty (IP) discontinuous Galerkin methods for elliptic problems with solutions in
the weighted spaces of [4] B]. By introducing new technical tools to handle singular
solution components, it established the boundedness and consistency of the interior
penalty forms. It further showed and verified numerically that on graded meshes as
in [5], algebraic convergence rates of the optimal order N~P/2 are obtained for the
DG norm errors. In [22], these consistency and stability properties were employed
to show exponential convergence rates for hp-version interior penalty methods for
problems with piecewise analytic solutions. For other work on the analysis of DG
methods for elliptic problems with low-regularity solutions, we also refer to [17]
Section 4.2.5], [23] and the refences therein.

In this paper, we build on, refine and extend the results of [2I]. More specifically,
we focus here on symmetric IP methods which are adjoint-consistent. Based on the
weighted spaces of [4] [3], we consider TP approximations on graded and bisection
refinement meshes which are locally refined towards corners of the domain. Using
the techniques of [21], we establish continuity bounds for the IP forms with respect
to suitable norms, show Galerkin orthogonality and derive optimal energy error
estimates in terms of N. In addition, we derive an optimal L?-norm error bound.
While our approach proceeds roughly along the lines of standard arguments as
in [2] and is based on duality, we now employ elliptic regularity with respect to
the weighted spaces Hé’k(Q). Hence, unlike in previous works, we do not need to
impose any extra (and unrealistic) regularity assumptions. Our continuity proper-
ties ensure the well-definedness of the various integral terms which appear in the
derivation of the L2-norm convergence rate bound.

To complete our error analysis, we present proofs that graded and bisection
refinement meshes yield optimal approximation bounds, both for the primal and
the dual solutions. To this end, we reexamine the error bound obtained in [21]
Proposition 2.5.5] for graded meshes; we extend it to an estimate of the error in
a slightly stronger norm and for a wider range of regularity orders. Moreover, for
bisection refinement meshes, we establish a completely new variant of the approx-
imation results in [0 Theorems 5.2 and 5.3] for weighted spaces and with respect
to our consistency norm. Finally, we verify our theoretical statements in a series
of numerical tests for bisection refinement meshes. Detailed numerical experiments
for graded meshes are available in [21].

The paper is structured as follows: In Section 2] we introduce our elliptic model
problem in polygonal domains and review regularity shifts in weighted spaces. In
Section [3] we recall the symmetric IP method. Our main results are stated and
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discussed in Section @] (Theorem A3)). Section [l contains the detailed proofs of our
error estimates. In Section [G] numerical experiments are presented, verifying the
sharpness of our theoretical estimates. Finally, in Section[7], conclusions are offered
and potential extensions are outlined.

Throughout, we use standard notation. In particular, for a domain G C R?,
d = 1,2 and ¢ € [1,00], the Lebesgue space of g-integrable functions is denoted
by LY(G). For k € N, the classical Sobolev spaces of functions in LY(G) with ¢-
integrable derivatives of order up to k will be denoted by W*4(G), and by H*(G)
if ¢ =2.

2. MODEL PROBLEM

We introduce polygonal domains, define our model problem and review regularity
shifts in weighted Sobolev spaces.

2.1. Polygonal domain. An open and bounded domain Q C R? is called polygonal
if its boundary 02 can be written as a finite union of M € N open and straight line
segments e; of positive surface measure:

M
00=|Je and /dS>O, 1<i<M. (2.1)

=1 €i

The vertices of the polygon €2 are given by ¢; := € N€41, 1 < i < M, with the
understanding that em4; = e;. We assume the vertices to be numbered clockwise.
We introduce the set of all vertices as S := {¢; : 1 < i < M}. The interior
opening angle of the domain at c; is measured in positive orientation and denoted
by w; € (0,27]. The case w; = 27 arises in models of fracture mechanics. Although
in this case the domain 2 is not Lipschitz, it can be written as finite union of
Lipschitz domains, so that all statements on variational formulations remain valid
in this case. To discuss the solution regularity in the vicinity of corners, we associate
with each corner local conical domains defined by

2, ={xeQ: |x—c| <R}, 1<i<M, (2.2)

where 0 < R; < %min#j |c; — ¢;|. This implies that the cones €; are mutually
disjoint and 09; N 02 C €; Ue€;11. Hence, €Q; is contained in a infinite cone with

opening angle w; and vertex c;.

2.2. Elliptic boundary-value problem. Let now £ be a polygonal domain. We
denote by D and A the index sets of all boundary segments e;, on which Dirichlet
and Neumann boundary conditions will be applied, respectively. This leads to the
partition 0Q = T'p UT v, where I'p = Ujepe; and T'y = U;en€;. We further denote

by v the outward unit normal vector on the boundary 92. Let c € C*°(Q) be a
smooth real-valued diffusion coefficient such that

e <c(x) < ¢, x € Q, (2.3)

for constants 0 < ¢, < ¢* < co. Assume given in 2 a forcing term f, on I'p a
Dirichlet datum gp and on I'y a Neumann boundary datum gn. The smoothness
assumptions on the data will be made precise subsequently in Proposition 2.3 and



4 FABIAN MULLER, DOMINIK SCHOTZAU, AND CHRISTOPH SCHWAB

Remark 2.4 We consider the diffusion problem:

-V (cVu)=f inQ, (2.4)
u=gp onlp, (2.5)
v-(cVu)=gny only. (2.6)

The standard weak form of problem ([24)-(Z6) reads: Find u € H'(Q) such
that u|r, = gp on I'p and

a(u,v) :z/Q cVu - Vodx = vadx—i—/F gnvdS (2.7)

for all v € HE (Q) := {v € H(Q) : v|r, = 0}. If D # (), problem (Z7)
has a unique solution provided that gp can be stably lifted in H'(Q) and that the
linear functionals on the right-hand side of ([Z.7) belong to Hf (Q2)*, the dual space
of Hf_(2). In the pure Neumann case (i.e., D = ), the trial and test functions u
and v are taken in the factor space H!(Q2)/R, i.e., weak solutions are equivalence
classes which differ by constants. For existence, the data f and gy must satisfy the
compatibility condition [, fdx+ [, gy dS = 0, which will always be assumed to
hold in this case.

2.3. Weighted Sobolev spaces. With each vertex c; of {2, we assign a weight
exponent §; € R and introduce the weight exponent vector § = {§;}M,. For a
scalar £ € R, we define d + & by {6 + £}; := 6; + £ Similarly, inequalities of the
form & < ¢ are understood componentwise. For § € RM, we define the weighted
distance function ®s by

M
Ds5(x) := Hri(x)‘si , (2.8)
i=1
where 7;(x) = |x — ¢;].
Remark 2.1. To localize the weight function ®s in (28), we decompose Q into
Q= ﬁo U ( Uz-\/lzl ﬁi), (29)

where Qo = Q\ UM, Q; and where Q; is the cone in @2). If § € [0, )M, then we
have

Cot <ri(x)% < Cue, x €0, 1<i<M, (2.10)
Cl05(x) < 1r0i(x) < Cue s5(x), x€Q, 1<i<M, (2.11)
for a constant Cy. > 0 depending on the radii R; in (2.2)).

Given integers k > [ > 0, we next define the weighted Sobolev spaces Hg’l(Q) as

the completion of C°°() with respect to the norm HU||H§,1(Q) given by

|,U|2 k,0 ) l = 0,
olZ gy =4 (2.12)
Q) 2 + u? 7 1>
° ”UHHI 1(Q) |U|H§,Z(Q) >
The semi-norm |’U|H§,L(Q) is given by
k
2 e m 2
|U|H§’l(ﬂ) '_ Z [@5m—1 D™ 0[[[12(q) - (2.13)

m=l
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Here, we adopt the notation [D™v[* := 37,,,_,, [D¥v[?, with D*v denoting the
partial derivative of v with respect to the multi-index o € N3. We shall also make
use of the weighted spaces H(?,’l(ﬂ), their associated norms ||’U||Hk,l(ﬂ) and semi-
i 5
norms |v| YL () which are defined completely analogously, but with respect to the
LF

weight r;(x)%. Furthermore, over subdomains ' C € the weighted spaces and
norms are defined by replacing the domains of integration by €.

Trace spaces of the weighted spaces Hg’l(Q) are defined as follows. Let v C 02 be

the union of some line segments e;. For k > 1, k > 1 > 0, we define H§_1/2’l_1/2(~y)

as the space of all functions ¢ : v — R such that there is a function ® € Hg’l(Q)
with ®|, = ¢. The associated norm is defined by

y T inf{ ||(I)||H§’Z(Q) 1@l =9} (2.14)
see also [, Section 1.4]. The following properties hold.
Lemma 2.2. Let § € [0,1)M. There holds:

(i) We have the continuous embeddings

H?(Q) = HP(Q) = C°(Q),  k>2. (2.15)

||¢HH§71/2,171/2(7

(ii) Fork>1>1, letv € Hgl(Q) and let o € N3 be such that || < 1. Then
we have D*v € Hg_‘al’l_‘al(ﬂ) and

||DO¢UHH§7\Q\,17\O‘\(Q) < ||UHH§,I(Q) . (2.16)

(i) Let f € Hg’O(Q). Then [, fvdx is a linear continuous functional on H'(2)
and

\/Q fodx| < Clf o lvlme,  ve HAQ), (2.17)

with C > 0 depending on &.
(iv) Let gy € HY?Y2(T'y). Then Jo gnvdS is a linear continuous functional
on HY(Q) and

‘/FN gN’UdS’ S CHgNHH;/z,l/z(FN)H’U”Hl(Q), NS Hl(Q)7 (218)

with C > 0 depending on &.

Proof. The proof of the second embedding in (ZI8) can be found in [5, page 449].
The first inclusion in (28] is trivial. Property (2I6) is straightforward. Finally,
the bounds ([ZI7) and (ZI8) are proved in [4, Lemma 2.10 and Lemma 2.11]. O

2.4. Regularity in weighted spaces. We base our analysis on the following ellip-
tic regularity shift in weighted Sobolev spaces, which is a consequence of Remark 3
and Lemma 3.2 in [4]. In the lowest-order case, we also refer to [5l Theorem 3.2].
Equivalent results (with differently defined weighted spaces) are established in [8]
Sections 4 and 7.1].

Proposition 2.3. There exist parameters §7 > 0 (depending on the domain 2, the
sets D, N and the coefficient c) such that for weight exponents & € [0, 1)M with

1-0<bi<1, 1<i<M, (2.19)
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the following elliptic regularity shifts hold: for k > 1, f € Hgil’o(Q), gp €
prht1/2.:3/2 k—1/2,1/2 , 1

5 (I'p) and gy € Hg (Q), the weak solution w € H'(Q) of (1)
exists (see ZI0) and (2I8)) and belongs to H§+1’2(Q). Moreover, we have the
stability bound

||u||H§+l’2(Q) < Ostab,k(HfHHt’;*L“(Q) + ”gDHH;“/Q’S/Q(FD) + ”gN”H";*l/?wl/?(FN))a

with a stability constant Csap, ;> 0 that is independent of the data (but depends on
the order k, the domain Q, the sets D, N, and the coefficient c).

Remark 2.4. Notice that 157 in (219) can be negative. In this case, the condition
d; > 1—07 is considered void as it imposes no restriction on the range of §; € [0,1).
Moreover, in view of Proposition[2.3, we will always assume the minimum reqularity

FeH®Q),  gpeHY*Tp),  gneHY**Ty). (2.20)
This ensures that the solution of (21) belongs to H§’2(Q).

Remark 2.5. In the case of the Laplacian (where ¢ = 1), the parameter 6} at
corner ¢; = €; N€;11 is well-known and given by

{1 if{i,i+1} €D or {i,i+1} €N,

Wi
s
Qwi

5 =

K2

(2.21)

otherwise;

see, e.g., [4, Remark 3] or [8, Example 7.2].

3. DISCONTINUOUS GALERKIN DISCRETIZATION

We introduce the symmetric interior penalty finite element method for the nu-
merical approximation of problem (Z4)—(2.6), and review the discrete coercivity
and continuity of the IP bilinear form.

3.1. Meshes, edges and trace operators. Let T be a partition of 2 into straight-
sided triangles K. For ease of presentation, we consider regular triangulations and
comment on extensions to irregular meshes in Section [[l The triangulations are
supposed to be sufficiently fine so that each element K contains at most one ver-
tex ¢;. For K € T, we denote by PP(K) the polynomials on K of total degree at
most p, and by vk the unit outward normal vector on 0K.

Furthermore, we write hx and pg for the diameter and inradius of K € T,
respectively. The mesh-width of T is given by h = h(T) := maxge7 hrx. We
assume the triangulations to be shape-regular: There exists a constant « > 0 such
that there holds, for all K € T, and uniformly in the mesh sequence,

IihK S PK S Ii_lhK . (31)

Edges are defined as follows. If K and K’ are adjacent elements of the triangu-
lation 7 with fé)Kﬁé)K’ dS > 0, we call the intersection e = K N JK’ an interior
edge. Elemental edges of K are supposed to lie at most on one boundary seg-
ment e;, and if faKﬁei dS > 0, we call the intersection e = 0K N e; a boundary
edge; it belongs to either I'p or I'y. Accordingly, we distinguish between Dirich-
let and Neumann edges. The set of interior edges of a triangulation 7 is denoted
by £;(T), the set of Dirichlet boundary edges by £p(7T), and the set of Neumann
boundary edges by Ex(T). Moreover, we define Erp(T) = E(T) U Ep(T) and
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E(T) == E(TYUER(T)UEN(T). For e € E(T), we denote by PP(e) the poly-
nomials of degree at most p on e, and by h. = |e| the length of e. With the
shape-regularity assumption (&I, it can be readily verified that

khg < he < hK7 (32)

for all e C OK with e € E(T).

Following [2], we introduce the standard trace operators. Let KT, K~ € T be
two adjacent elements which share the interior edge e = 0Kt NOK~ € £(T). For
a sufficiently smooth scalar function v or vector field q, we denote the traces of v
and q on e taken from within K+ by v* and qF, respectively. We then define the
jumps and the averages of v and q along e by

[v] = vt vgs +v v, {v) = %(v"r +v7), (3.3)
[ =a* vice ta v (a) = glatta). (3.0

If e € Ep(T) is a Dirichlet boundary edge, we similarly set [v] := v|.v, [q] = qle v,
as well as (v)) := vle, {(Q) := dle.

3.2. Discretization. For an approximation order p > 1 and a given triangula-
tion T of Q, we introduce the discontinuous finite element space

Vo(T) :={v e L*(Q) : v|g € PP(K), K€ T} . (3.5)

Then, the symmetric interior penalty discretization of ([Z7) reads as follows: Find
un € Vp(T) such that
apc(un,vn) = Ipa(vn) (3.6)

for all vy € V,,(T). Here, apg(-,-) is the symmetric interior penalty form given by

apc (v, w) Z/va Vwdx — rpg(v, w)

gl
e (3.7)
—rpag(w,v) Z /]e[[v [w] d
e€&rp(T)
with the off-diagonal form
rpa(v,w) = Y / (cVo) - [w] dS . (3.8)
e€&rp(T) €
The linear form Ipg(-) on the right-hand side in ([B.6]) is defined as
Ipa(w / fwdx — Z /gD (cVw) -vdS
KeT ecEp(T)
© cen (3.9)
+ Z /]engdS-i- Z / gnwdS .
e€€Ep(T) e€EN(T)
In B1), B9), we define the interior penalty function j edgewise as
je i=docloh e€&mp(T), (3.10)

where jo > 0 is a sufficiently large as specified below and where we recall that h.
denotes the length of e.
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Remark 3.1. In Section 52, we show the boundedness of all the terms in B.1)—
BX) whenever v or w are weighted functions in H§’2(Q). In particular, for el-
ements K abutting at corners and edges e running into corners, the integrals
in B0)-B3) are understood as bounded bilinear forms over L'(K) x L*>®°(K) and
L(e) x L>(e), respectively.

Remark 3.2. The number of degrees of freedom of the discretization [B.0) is defined
as

N=N(p,T) :=dim(V,(T)). (3.11)
We are interested in achieving convergence N — oo by reducing the mesh-width
h — 0 at a fized (typically low) polynomial degree p > 1, which is known as the h-
version of the finite element method. In the following, we derive optimal algebraic
convergence rates with respect to N for the DG method [BE) on locally refined
meshes.

3.3. DG norm and discrete stability. For a partition T of 2, we introduce the
broken H'-space

HYT):={veLl*9Q) :v|g € H(K), KT}, (3.12)

which we endow with the DG energy norm

lolbe = Y I 2Voliey + @), J@) = > il - (3.13)
KeT e€€rp(T)

Notice that for D # (), the mapping v — |[v]|pe is a norm on H!(T). In the pure
Neumann case, however, the expression ||v| p¢ is zero if and only if v is a constant,
and hence it is a norm modulo constants.

The following discrete stability properties over the broken FE space V,(T) are
well-known; we refer for example to [2] or [I7].

Lemma 3.3. There exists j. > 0 and constants Ceper > 0, Ceone > 0, which are
independent of the mesh-widths, but depend on k in B.1), the bounds in 23) and
the polynomial degree p, such that for jo > j. there holds

apG(vn,vN) > Ceoer|lvn "l%Ga un € Vp(T), (3.14)

lapc(vn, wN)| < Ceontllvnlpcllwnllpe, v, wn € Vp(T) - (3.15)
4. MAIN RESULTS

We introduce two types of mesh families with local refinement towards corners.
Then, we state and discuss our main results: optimal energy norm and L?-norm con-
vergence rate estimates for IP discretizations of arbitrary order (see Theorem F3)),
on either type of mesh family with sufficiently strong refinement in the vicinity of
corners.

4.1. Graded mesh families. We first recall the definition of graded mesh families
as introduced in [5].

Definition 4.1. A shape-regular family of regular triangulations Tg is called graded
towards the wvertices in S with grading vector 8 = (B1,...,5m), if there exists a
uniform constant Cg > 0 such that for all elements K € Tg in each triangulation,
one of the following conditions hold:

(i) If K € T\ K(73), then Cc™'h®g(x) < hx < Cah®g(x) for allx € K.
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(i) If K € K(Tg), then Cg' supyex ®(x) < hie < Cohsupyex Pa(x).

In [21, Proposition 2.5.5], it has been shown that IP methods for elliptic problems
on graded mesh families converge optimally in the DG energy norm (but not in the
L2-norm). We will establish a refinement of this result for our convergence analysis.
Other examples of graded mesh families and their constructions are well-known by
now. We refer to [7, [I] and the software package LNG_.FEM in [I3]. The finite
element spaces constructed on these mesh families, however, are not nested, i.e., an
increase of accuracy in the numerical approximation requires construction of the
entire finer mesh.

4.2. Bisection refinement meshes. An alternative are regular, simplicial mesh
families which are produced by recursive bisection refinement; see, e.g., [15, [16] and
the references therein. Our analysis will be based on the work [9], where a bisection
refinement algorithm has been proposed and analyzed in the context of conforming
finite element methods. Given an initial mesh 7y, the algorithm there takes input
parameters h, p, L and a weight exponent v > 0. In a first loop, it ensures that
all elemental mesh-widths hg are smaller than h. In a second loop, the algorithm
refines 2L 4 1 times into the corners using newest vertex bisection, where L is to
be selected in dependence of h, p and ~. This results in a regular mesh denoted
by Th,2(z+1)- We emphasize that the bisection refinement meshes constructed from
the regular, simplicial initial mesh 7y gives rise to a shape-regular mesh family,
where the condition (B) is satisfied with a constant x depending on 7y. For
conforming finite element methods, it has been shown in [J] that the bisection
refinement algorithm based on choosing suitable parameters captures solutions of
elliptic problems with solutions which allow for decompositions into regular parts
and corner singularities at optimal convergence orders in N. We will generalize this
result to the discontinuous Galerkin framework and to functions in H § TL2(Q); see
Proposition 5.I8 Next, we introduce the notion of a locally adapted mesh.

Definition 4.2. Let p > 1 and & € [0,1)M be a weight exponent vector. We call a
a family of triangulations T locally adapted to S with respect to & and p if it is
either
(i) a graded mesh family of meshes Tg with grading parameters B; € (5;,1)
where 1
pr=1-—=, (4.1)
(ii) or a family of bisection refinement meshes Ty, o(r+1y as in [9], obtained by
newest vertex bisection with parameters h, v € (0,7*] and L with

A m’\éX(Si >0 and he [2—(L+1)v/(p+1), 2—Lv/(p+1)), (4.2)

4.3. Optimal error estimates. Our main result establishes optimal energy norm
and L2-norm error bounds on locally adapted meshes with respect to the number N
of total degrees of freedom.

Theorem 4.3. Let § € [0,1)M be as in @I9). Forp > 1 and 1 < k < p, let
fe HZ;_LO(Q), gp € H§+1/2’3/2(1"D) and gy € H§71/2’1/2(1—‘N). Consider the
solution u € HY(Q) of @4)-28) which is in H§+1’2(Q) by Proposition 223 Let
T be a mesh which is locally adapted to S with respect to § and p either via mesh
grading or via recursive bisection refinement as in Definition[[.3 Let un € V,(T)
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be the symmetric IP approximation obtained in ([B.G) with jo > j«. Then, we have
the error bound

lu — unllpe + N2 |u— un||r2) < CN_k/2||U||H§+L2(Q) . (4.3)

The constant C' > 0 is independent of N, but depends on k in [B.I), on the param-
eter jo in BI0), the bounds in (Z3)), the regularity parameter k, the polynomial
degree p, the parameter Cg4. in 2I0), @II) the stability constant Csiap,2 in Propo-
sition [Z.3, the vector 8, and on the parameters for graded and bisection refinement
meshes in Definition[{.2

Remark 4.4. For k = p (i.e., u € HY'V?(Q)), the estimate @3) gives opti-
mal convergence rates of order N=P/% and of order N~P*tD/2 for the L?-norm
error, respectively. We remark further that Theorem [[.3 is based on the regular-
ity bound [BI). Hence, no additional regularity assumptions on the domains are
necessary for the L?-norm estimate.

We further note that in the proof of the L*-norm bound, we implicitly use the
adjoint-consistency of the symmetric IP method in the sense of [2]. This property
does not hold for non-symmetric IP discretizations of ZA)—(28). As a conse-
quence, L?-norm optimality as in Theorem[[.3 and the arguments for its proof can-
not in general be expected to apply for non-symmetric IP methods or for other DG
formulations that do not afford adjoint-consistency. We refer to [18, Section 2.8.2]
for a detailed discussion on L?-norm error estimation for non-symmetric and so-
called incomplete interior penalty methods.

Remark 4.5. The results in Theorem [{.3 remain valid in the pure Neumann case
due to the fact that the nodal interpolants used in our analysis reproduce constants.

5. PROOFS

In this section, we detail the proof of Theorem [£31 We shall frequently use the
short-hand notation a < b for inequalities of the form a < Cb, where C' > 0 solely
may depend on k in ([BI), the bounds in (Z3]), the parameter jo in BI0), the
polynomial degree p, and the particular exponent vector é under consideration.

5.1. Preliminaries. In this section, we introduce discrete neighborhoods and es-
tablish some essential embedding properties and trace results for the weighted space
HS’Z(Q). We further introduce the broken consistency norm which is appropriate
for our analysis; it is a generalization to weighted spaces of the norm used in [2
Section 4.1].

5.1.1. Auziliary results. We first recall a number of technical estimates which are
relevant in our analysis. The first result is the trace inequality:

”’UH%q(aK) 5 hl_{l(”’UH%LI(K)+hg{”vv”%q([())7 v € Wl’q(K)v 1 S q < 00 9 (51)

where the implied constant is independent of h, but also depends on & in (B.1]) and
on ¢. This bound follows readily by the trace inequality on a reference triangle K
combined with scaling arguments employing affine equivalence. We will use the
polynomial trace inequality

lallzom) S b Pllalley,  a € PPE), (5.2)
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as well as the inverse inequality

lgllzo(e) < he2llallzze),  a € PP(e) (5.3)
see, e.g., [I7, Lemmas 1.46 and 1.50].

5.1.2. Discrete neighborhoods. For a partition 7 of €, we introduce the discrete
neighborhoods

N(T)={KeT : KN #0}, 1<i<M,
No(T) =T\ (UL Ni(T)).
We always assume the meshes to be sufficiently refined, so that N;(7) NN (T)
for i # j.

Remark 5.1. For 1 < i < M, an element K € M(T) can be written as K =
(KNQ) UK NQ;) with KNQ; £ 0. Then, due to 2I0), @II), we find that

(5.4)

0

2 _ 2 2
P2 = Pl e 10 ey (5.5)

S |v|§1§+1’2(KﬁQO) + |’U|§I§+l’2(KﬂQi) S |v|§1§“*2(K)’

for any regularity index k > 1.

The following properties are generalizations of the results in [21I, Lemmas 1.3.2
and 1.3.4].

Lemma 5.2. For & € [0,1)M, there holds:
(i) Letwv € Hg’O(K) for K € T. Then we have v|k € LY(K) and

hKH’U” 0,0 R K ENQ(T),
vl S { B0 H|‘|S (K) KeN(T), 1<i<M (5.6)
K v H?‘O(KV i N S1Ts .
(ii) Letwv € H;l(K) for K € T. Then we have v|sx € L*(0K) and
[oll2(r) + hrclvl 1 ) K € No(T),
vl < { Ot )
||U||L2(K) + hy |’U|H§’1(K)7 eNi(T), 1<i<M.
(iii) Let v € H;l(Q) Then for any edge e € E1(T), we have
[v]le =0 in L'(e). (5.8)

Remark 5.3. The properties in Lemma [1.2 are valid for elements abutting at
corners, for which they have been proved in [21]. We further remark that the first
case inequalities in (B6) and BX) hold true for all elements K € T away from
corners, but without uniform control in weighted norms.

Proof. We prove each item separately. o
Proof of (&8): Let K € N;(T) be such that K = (K NQ;) U (K NQp), where
either one or both of the intersections are non-empty. Clearly,

lvllzrxy = vllLr(xnoo) + IVl L1 (kna,)-
For the first term, we use the Cauchy-Schwarz inequality and property (2I0) to
obtain

[vll£r(xng,) S area(K N Q0)1/2||U||H§~°(Km§zo) S hK||U||Hg~°(K) ‘
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To estimate the second term, we introduce polar coordinates (r;,J;) centered at the
vertex ¢; and apply the Cauchy-Schwarz in combination with (Z.I1]). This yields

ol ey :(/' e
KNQ,

To bound ||Ti_5i||L2(K)v we set 1 = dist(K,¢;) = infycx [y — ¢;| > 0. With the
shape-regularity assumption (BI)) and by integrating out over the angular vari-
able ¥;, we conclude that

ri=Tk+hk —ri+h
—8: (12 —25 +1 996, |T1TTHTRE 2-26;
Iy 22y S / dri Srj S hi ™
T

~
Ti=TK

—3;
i L?(K)||U||H§~O(K)-

i =T K
where the last inequality follows since |z —y®| < |z —y|® for any z,y € [0,00) and
a € [0,1). These bounds imply (5.6]) in all cases.

Proof of (B1): The inequality (B.7) is a consequence of the standard trace
inequality (&.I) with ¢ = 1 and the embedding (5.6) applied to Vv € Hg’O(K )2,
taking into account that ||v]| (k) S hil|v]|z2(x) for v € Hy'' (K).

Proof of (58): The identity (IBEI) is clear for edges e € &(T) away from corners.
For an edge e € £/(T) with enc; # 0, let x : [0,1] — e, t — x(¢) be an affine
parametrization of e with x(0) = ¢;. It can be readily seen that fsl [[v]]e| dt = 0 for
all ¢ > 0. By Lebesgue’s dominated convergence theorem (using (5.7))), it follows
that [ [[v]|dS = |e] fol [[v]] dt = 0, which is (B8] for this case. O

5.1.3. Corner elements and consistency norm. In the sequel, a particular role will
be played by the subset K;(7) of elements of N;(T) abutting at c;, defined by

Ki(T) ={KeN(T): Knc; #0}, 1<i<M. (5.9)

We also have K;(T)NK;(T) = 0 for i # j. We further may assume that K € K;(T)
is located in the cone €2; (i.e., K C €;). We then set

M
)= UKilm). (5.10)

For elements away from corners, we next introduce the weighted elemental norm
Mo = hi|[vll o) + VOl Z2000) + 1IP0I 21y, K € TAK(T). (5.11)
For a corner element K € IC;(7) and §; € [0, 1), we define
Nico [0 = B 0] 2o a0y HIV 0l 1) 3 (), KEK(T). (5.12)

Lemma 5.4. Let § € [0, 1)™, and v = vo + vy with vg € Hy*(Q) and vx € V,(T).
Then:

(1) We have v € C°(K) for K € T and

Mg[v]?, K eT\K(T),
2 _ <
||U||CO(K) ~ { [’U]Q, K e ’Cl(T), 1<i<M. (513)
(ii) We have Vv € L'(0K)? for K € T and
Mg [v]? KeT\K(T),

v 2 < ’ 514
IVollzaor) S { Nics,[v]2, K eKy(T), 1<i<M. (514
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Proof. The bound (5.13) follows from the continuous embeddings H 2(K) < C° (E)

and H§2(I/€ ) — CO(IA( ), respectively, formulated for a reference triangle K and
combined with an affine scaling argument. To show (5.14), we note that for K €
T\ K(T), the trace inequality (5.1)) in L'(0K) combined with h72||Vv||%1(K)

190220000 D200 sy S B3 ID%0]2 ) readily yields [ Vol o) S Miclol?.
For K € K;(T), the inequality (5I4) follows from (G7). O

For § € [0,1)M and a subset 7' C T of elements, we now introduce the broken
consistency norm

M
lol7 5 = > Mgl]P+Y > Nesl)®. (5.15)

Ke(T'nK(T)\K(T) i=1 KeT'NK:(T)

We further show the following bound, which implies that DG energy norm (3.13)
is bounded by the norm (5I5) for sufficiently smooth functions v.
Lemma 5.5. There holds

ol < D (il el + 11Vl 220) - (5.16)
KeT
for allv e HY(T).
Proof. With ([23)), it suffices to bound the jump terms appearing in the energy
norm |[v||pg. To this end, let e = OK NOK’ € &(T) be an interior edge. By
applying the trace inequality (51]) (with ¢ = 2), the property (3:2)) and the bounds
in (23), we obtain
lile [l 720 S P02y + V0l 220y + B M0N0 2 aery + V0l T2y -

A similar argument holds for Dirichlet edges, which yields (5.16). O

5.2. Boundedness. We next establish several continuity results for the IP bilinear
form apg(-,-) and for the right-hand side Ipg ().

5.2.1. Continuity bounds for apg(-,-). To establish continuity properties of ap¢
in (B1), we first note that, by the Cauchy-Schwarz inequality and by (2.3)),

Z/ [cVv - V| dx < ||lv] pellwlpe, (5.17)
KeT

> /Je [v] - [w]dS < [vlbelwlbe, (5.18)
ec&rp(T)

for all v,w € HY(T).

The boundedness of the off-diagonal form rpg(v,w) in (B8] is more involved
and will be discussed next. The first bound (EI9) below is a standard result,
see [2]. A proof is included to render the error analysis self-contained. On the
other hand, the second estimate (5.20) is a generalization to weighted spaces of
standard consistency bounds as, e.g., in [2, Section 4.1] or [I7, Section 4.2]. To
prove it, we use the approach in [2I, Proposition 2.4.1], which is based on using
Hélder’s inequality in L' (e) x L (e); see also Lemmal5.2l The third property (G.21])
is new and will be crucial to derive L?-norm error estimates.

Proposition 5.6. For rpg(-,-) defined in B.8)), there holds:
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(i) For vy € V,(T), we have
rpc(vn, w)| < CrpaJ(W)lovllpe,  we HY(T). (5.19)

(ii) Let & € [0,1)M. For every v = vy + vn with vo € Hy*(Q) and vx € V,(T),
there holds for every wn € V,(T)

IrpG (v, wn)| < Crpg2d (wN)||v] 76 (5.20)

(iii) Let 6,8 € [0, D)M. For every v = vy +vn and w = wy + wy with vy €
H*(Q), wo € H3*(Q) and vy, wy € V,(T), we have

Irpe (v, w)| < Crpe slwllr s llvllrs - (5.21)

In BEI9-E21), the constants Crpe1sCrpe,2: Crpe,s > 0 depend on k in (B0,
the bounds in [Z3), on the parameter jo in BI0) and on the polynomial degree p.
The constants Crpg 2, Crpe 3 further depend on the exponents &,8'.

Proof. We proceed in two steps:

Proof of EI9): For vy € V,(T) and for w € H'(T), the Cauchy-Schwarz
inequality, the bounds in (2.3]), the definition of j in ([BI0), the equivalence (3.2)
and the polynomial trace inequality (B.2]) yield

T O | S S bl | O [ PP S (T P
ec&Erp(T)
1/2 1/2
ST (D hllVonleon)) S T@) (X IVonlEew)
KeT KeT

which, together with (23)), implies (G.19).
Proof of (620) and ([B21): Let

w=wy+wy with wye Hy*(Q) and wy € V,(T). (5.22)

We invoke Holder’s inequality as in [2I], Proposition 2.4.1], the bound (23)) and the
discrete Cauchy-Schwarz inequality to obtain

roc(v,w)l S Y [[w]l|{VV)|dS

BGSID(T) €
S Y ellco@ I Vol e
ecErp(T) s U (523)
SO 2 Melliee) ™ 32 I(VeDIZio)
eEEID(T) GESID(T)
1/2 1/2
SO Mlliew) ™ (X 1Vuliox)
ec&rp(T) KeT
In the last term in ([523]) above, we apply the bounds in (514 and find that
1/2
(D IVolliory) " S lvllrs. (5.24)
KeT

Let us now establish (5.20) and take wg = 0 in (522), (523). Then, for each
edge e € &rp(T), the jump [w]le = [wn]|e € PP(e) is a univariate polynomial.
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Therefore, the inverse estimate (B.3]), the bounds in ([23) and the definition of j

in (3.I0) yield

(X Menlliee) ™20 X hlenllFee) " < Tww) . (5.25)
ec&rp(T) e€€rp(T)
The combination of (&.23), (524) and (5.25]) implies (5.20).
Finally, to prove (B2I]), we now take in (522)), (523)) a generic w = wy + wy,
where 0 # wy € Hg,’z(Q). Then, the embeddings (5.I3) and the definition (5.15)
show that

1/2 1/2
(> Melliee) ™ S (X Iwlieomn) ™ S lwlrs - (5.26)
ec&rp(T) KeT
The equations (5:23)), (5.24) and (5.20) yield the bound (52T]). O

Proposition and the bounds in (5I7)), (EI8) imply the following result.

Proposition 5.7. Let 6,8 € [0,1)M. Then:
(i) Forv =g +vn with vy € Hy*(Q) and vy € V,(T), we have
lapc (v, wn)| < CapgalvlTslwnlpe,  wy € Vp(T). (5.27)
(ii) Forv = v+ vy and w = wo + wx with vo € Hy*(Q), wo € H§;2(Q) and
un,wy € Vp(T), we have
lapg (v, w)| < Capg 2llvllT slwlir.s (5.28)
The constants Cope 1, Cape,2 > 0 depend on k in BI), the bounds in ([23)), the
parameter jo in [3.10), the polynomial degree p and the exponents 8,6’ .

Proof. To show (527)), we employ the continuity bounds (B.19) and (E20), respec-
tively. We find that
Irpa(wn, v)| < Crpe 1 (V)lwnllpe < Crpgallvlipellwnlipe
Irpa (v, wn)| < Crpe 2 (Wn)vl 75 < Crpe 2llvllTsllwnllpe -
These bounds in conjunction with (EI7), (BI8) and (5I6) imply (G27).
For the proof of (5.28), we apply (5.2I) twice and obtain
Irpa (v, w)| < Crpe sllvllrsllwlrs
Irpa(w,v)| < Crpe sllwllr s llvlT.s -

The estimate (528) follows from (E17), (5I8) and (G.16). O

5.2.2. Continuity bounds for Ipc(-). With the same arguments used to prove Propo-
sition [5.6] we further derive bounds for the right-hand side Ipg(-) in (39).

For the functionals associated with the source term f and the Neumann da-
tum gy, we establish bounds, which are expressed in terms of weighted norms of
the data.

Proposition 5.8. Let §,8' € [0,1)M, f € Hy?(Q) and gy € H;/2’1/2(FN). Let
v =1 +vn with vy € Hy>(Q) and vy € V,(T). Then:

(i) We have
> [ vl <l goalelra - (5.20)

KeT
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(ii) For Ty . ={K T : 0KNnee€&n(T) forec&(T)}, we have

/ lgnvldS < Coyllgnll grr2arz o 0l 60 - (5.30)
ecEN(T)

The constants Cy > 0 and Cy, > 0 depend on x in BI)), the polynomial degree p
and the exponents 8,6’ .

Proof. We prove each item separately.
Proof of (629): For K € T, property (5.0) and Holder’s inequality yield

|foldx S ||f||L1(K)||U||CO(?) S ||f||H°’0(K)||U||CO(?)-
K s

The summation of these bounds over all elements K € 7T, the discrete Cauchy-
Schwarz inequality and the bounds in (5I3) now imply ([@.29)).

Proof of (5:30): Let G € Hy'' (Q) be such that Gn|ry = gn. For a Neumann
edge 0K Ne € En(T), we apply (B1) and obtain

[ lowelds 5 16x a2 om0 vllongry S 1Gx g o lolengr

Hence, by summing this bound over all K € Ty, using the discrete Cauchy-Schwarz
inequality, applying (B.I3]) and taking the infimimum over all possible G as above,
the bound (E.30) follows. O

Remark 5.9. We note that in the proof of ([5.29) some powers of h (i.e., h?~2%
for vertex c;) were dropped after application of (B6). The resulting bound (529)
will be sufficient for our purposes.

For the Dirichlet datum gp, we introduce the natural boundary jump term
Ip@)?:= Y i%0lia - (5.31)
e€Ep(T)
As in (BI8), we then have

S / ielgpvl dS < Jp(gp)Ip () (5.32)

e€Ep (T

for any v € HY(T). The remaining functional associated with gp in ([3J) can be
bounded completely analogously to rpa (-, ) in Proposition

Proposition 5.10. Let 6,8 € [0,1)™ and define Tp := {K € T : 0K Ne €
Ep(T) foree &(T)}. Then:
(i) We have for all vn € V,(T)
3 / l9pl[cVon|dS < Cypidplgn)( S 12 Vox3aie) 2 (5.33)
e€€Ep(T) KeTp
(ii) Let gp € PP(e) for e € Ep(T). For any v = vo + vy with vy € H§;2(Q)
and vy € V,(T), we have

> [ laplleveldS < Cop aTn(an)lolrs o- (5:34)
e€€Ep(T)
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(iii) Let Gp € HSQ(Q) be such that Gplr, = gp € H3/2 3/2( Ip). Letv =
vo + vN with vy € H2 () and vy € V,(T). Then we have

/ l9p|[cVoldS < Cgy, sIG D75 5110l 75,57 (5.35)
e€€Ep(T)

The constants Cgp,.1,Cgp.2,Cqp.3 > 0 depend on k in BI), the bounds in ([Z3)),
the parameter jo in (B.10), the polynomial degree p and the exponents &,8'.

Proof. We prove each item separately.

Proof of ([&33): This bound is obtained completely analogously to (519). That
is, with the help of (Z3)), the definition of j in (BI0), the discrete Cauchy-Schwarz
inequality, the equivalence (3.2]) and the polynomial trace inequality (5.2]), we obtain
for v € V,(T)

/wwmw<ZﬁWmmmwmm
ecEp(T) ecEp(T)

1/2
S In(gn) (S hall Vo),
KeTp

which yields (.33).

Proof of (5.:34)): Following (5.20), we use Holder’s inequality in L*°(e) x L*(e), the
discrete Cauchy-Schwarz inequality, the bounds in (2.3]), the inverse inequality (5.3))
(since gp is piecewise polynomial) and the definition of jo in [B.I0). This yields

1/2 1/2
/mwmw<zm%mw(2wmwg-
ecEp (T e€Ep(T) KeT

Invoking (.14) shows (5.34).
Proof of (535): This bound is similar to (521)). By employing Holder’s inequal-
ity and the discrete Cauchy-Schwarz inequality, we conclude that

1/2 1/2
ﬁmmm<§m%mm (S 190l o) 2
e€Ep(T) KeTp KeTp

The inequalities (B.I3) and (&I4) imply (E35). O

Remark 5.11. Let v = vo + vy, with vg € Hy*(Q) and vy € V,(T). Under
assumption (2220) and from the bound ([&.32), Proposition[5.8 and Proposition[5.10,
we find the boundedness of Ipg () in the sense that

|ipc ()] < Cung (Ifll g0 (@) + 9wl 121720y + Ip(9D) + G Dl T.8) 0l 757,
(5.36)
for a constant Cj,, > 0 depending on k in (BI), the bounds in (2Z3)), the parame-
ter jo in [B.I0), the polynomial degree p and the exponents §,8'.

5.3. Consistency. We verify the Galerkin orthogonality property of the DG dis-
cretization (3.6]).
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5.3.1. Integration by parts. We will use the following variant of Green’s formula
in [21, Lemma A.2.1]: For ¢ € Hy'(Q)?, we have

/q-Vvdx:—/ (V-q)vdx—i—/ q-vivds, (5.37)
K K oK

for all K € T and for v € C°(K) with Vv € L%(K)2. In particular, if K € K(T)
is a corner element, all integrals in (5.37)) are well-defined in L'(K) x L*®(K) re-
spectively L'(0K) x L*®(0K), due to Lemma and Holder’s inequality. The
identity (5.37) is readily proved using the density of C*(Q)? in Hy'(Q)?; cf. [21
Lemma A.2.1]. A consequence of (.37 is the following integration-by-parts for-
mula.

Lemma 5.12. Let 8,8 € [0,1)M. For v € Hy*(Q), we have cVv € Hy'(Q)?,
V- (cVv) € HY'(Q) and

Z/ Vo Vwdx = — Z/ (cVo)wdx+ Y / (Vo) - [w] dS (5.38)

KeT KeT ecE(T

for any w = wo + wy with wy € Hy*(Q) and wy € V,(T). Here, all the terms are
well-defined, which follows from Lemmal5.2, Lemmal[5.4, and Proposition[5.8. In
particular, as in Remark 31, for corner elements K € K(T), the volume integrals
on the right-hand sides are understood in the sense of L'(K) x L>®(K), and the
integrals over edges e € E(T ) running into corners are well-defined as bilinear forms

over L'(e) x L>(e).
Proof. Since v € Hy*(Q) and c is smooth, we clearly have ¢ = cVv € Hy' (Q)?, and
V.-q e Hy'(Q), see Lemma[Z2l Moreover, the test function w in (5.38) belongs to

L>(£2) and satisfies for all K € T: w|x € C°(K), cf. @I5), and Vw|x € L*(K)>.
Hence, by applying (5.37) and summing over all elements, we obtain

Z/ cVu-Vwdx = — Z/ (cVv) wdx—|—Z/ (cVv) - vgwdS.

KeT KeT KeT

All the terms above are well-defined thanks to Lemma [5.2] Lemma [5.4] and Propo-
sition 0.8l In the last term, we express integrals over elemental boundaries by
integrals over edges using the identity in [2] Equation (3.3)]. We conclude that

Z / (cVv) -vgwdS = Z / (cVv) - [w] dS + Z / [cVu]{w

KeT ec&(T) ec&1(T)
where again all terms are well-defined over L*(e) x L (e). The equality (5.38) now
follows from (B.8)). O
5.3.2. Galerkin orthogonality. The following properties hold.

Lemma 5.13. For § € [0,1)M, let u € Hy*(Q) be the solution of (24)-(2.0).
There holds:

(i) Let &' € [0,1)M and v = vy + v with vo € Hy*(Q) and vy € V,(T). Then
we have

apa(u,v) = Z/ cVu - Vodx —rpa(u,v) =Ilpa(v) , (5.39)
KeT
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where rpa(u,v) and Ipg(v) are bounded as in (BZI) and (B36) respec-
tively.
(ii) Let un € V,(T) be the IP approxzimation in B.6). Then the error u — un
satisfies
apc(u—un,vy) =0, on € Vu(T). (5.40)
Proof. The identity (5:39) is an immediate consequence of the formula (B.38) and
the PDE (24)), by taking into account the boundary conditions in (23] and (Z.6]),
respectively, and by noting that [u]lc = 0 for e € &(T) and [u]|. = gp - v for
e€ép (T)
The Galerkin orthogonality (.40) follows immediately from (B.39) and the def-
inition of the TP method (&.4]). O

Remark 5.14. We emphasize that identity (539) in conjunction with the sym-
metry of the IP form apqa(-,-) yields adjoint-consistency of the symmetric interior
penalty method [B8) in the sense of [2].

5.4. Error estimates. We now derive generic and quasi-optimal error bounds.

5.4.1. Energy norm error. We begin by proving the following energy norm bound.

Lemma 5.15. For § € [0, 1)™, let u € Hy*(Q) be the solution of (Z4)~(Z6). Let
un € V,(T) be the IP approzimation in (3.0). Then we have the energy norm error
bound

- <C inf - , 5.41
lu —unllpe < vNégp(T)lllu on 7.5 (5.41)

with a constant C' > 0 depending on x in BI), the bounds in 23), the parameter
jo in BIQ), the polynomial degree p, and the exponent d.

Proof. We proceed in a standard manner. For vy € V,(T), the triangle inequality
gives
lu —unlpe < llu —vnlpe + llow —unlpe -

Hence, from the coercivity in Lemma B.3land the Galerkin orthogonality (5.40]), we
find that

Cooer Jon — unllbe < apc(vy — un,vn —un) = —apg(u — vy, vN — un) -
By the continuity of the form apg(-,-) in (B21), we have
lapc(u —vn,on —un)| < Copgallu —vn|7sllon —unllpe-

The bound (&.41)) follows. O

5.4.2. L?-norm error. To prove an L?-norm error estimate for u — uy, we use
regularity in weighted spaces for the dual problem:

-V (cVz2)=u—uy in Q, (5.42)
z=0 onTp, (5.43)
(cVz)-v=0 onI'y . (5.44)

For & € [0,1)M as in ([2I9), the stability bound in Proposition 23] and the contin-
uous embedding L?(Q) — Hy°(Q) ensure that z € Hy*(Q) and that

121l 22 () < Cstav2llu = unll goo gy < CacCistan,2llu — unlL2(0) - (5.45)
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Lemma 5.16. Ford € [0, )M as in @I9), letu € Hy>(Q) be the solution of (Z4)-
@ZB). Let z € Hy*() be the dual solution of (5.42)-(5.44). Assume the approwi-

mation property

zNeir\}f(T) Iz = z2nll7.6 < Capprosd(p, T, 5)||2||H§,2(Q), (5.46)

Let further un € V,(T) be the IP approzimation in [B.6). Then we have the L2-
norm error bound

— < Cd(p,T,0 inf — , 5.47
Ju =l < Cdp. T.6) | inf _u=vxllrs (5.47)

with a constant C > 0 depending on k in (31)), the bounds in 23), the constants
Cstap,2 and Copprog i (BAD) and (5.40), respectively, the polynomial degree p, and
the weight exponent vector §.

Proof. We invoke identity (539) for v = w — uy with respect to the dual prob-
lem (5.42)-(E44)) and employ the symmetry of the IP form. This results in
lu = un |2 = apa(u—un, z) .
From here on, we proceed in a usual manner and apply the Galerkin orthogonal-
ity (240) to conclude that
lu = unllf2(q) = apc(u —un, 2 — 2n)
for all zy € V(7). Hence, by employing (5.28), assumption (5.46) and the stability
bound (54H]), we conclude that
lapa(u—un,z = 2n)| < Cape 2llu —unllT sz — 2nll7.6

< Cape,2Capproad(p, T, 5)”2”1{;’2(9) lu —unllr.s

< OaDG,2Oapp7"ozcdccstab,2d(pa T? 6)”’& - UNHL?(Q) |||u - UN|||T,5'
These bounds imply (547). O
5.5. Nodal interpolation. In view of the error bounds (B41) and (&A1), it re-
mains to establish optimal interpolation estimates on graded and bisection refine-
ment meshes with respect to the norm || - ||7.s.

For an element K € T, let 7 : C°(K) — PP(K) denote the elemental nodal

interpolant into polynomials of degree at most p. By standard interpolation in
elements away from S and for 1 < k < p, there holds

Mic[v—Tiol* S hEID ol fak), K € T\K(T). (5.48)
In corner elements, the interpolation bounds in [I9, Lemma 4.16] for the linear

interpolant in the weighted spaces Hi_’Q(K ) for §, € [0,1) give

NK,J['U —Ill<’l)]2 5 h?{*25i ’Uli{gjz(K), K e K:l(T) (5.49)

Here, we note that Zkv is well-defined for v € H§2(K) due to (ZIH). Due
to (5.48), (5.49), we then define the global interpolant Z,, : C°(Q) — V,,(T) by

1 .
Lol = {IK(U|K) if K € K(T),

5.50
IV (v|k) otherwise . (5.50)

We note again that Z,v is well-defined for v € H3?(Q) € C°(Q). Next, we derive
interpolation estimates for Z,v on locally adapted meshes.
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5.6. Interpolation estimates on graded mesh families. We first consider
graded mesh families and prove approximation bounds which are slightly gener-
alized versions of those in [2I] Proposition 2.5.5]. Analogous results (on different
mesh families and for conforming FEMs) are obtained in [7].

Proposition 5.17. Let p > 1, § € [0,)M and v € H§+1’2(Q) for 1 < k < p.
Let Tg be a graded mesh with grading vector B = (f1,...,0Bm) chosen as in (@),
i.e., with 8; € (BF,1) where

7

1-94;
Bri=1- . (5.51)
Let Z,v be the interpolant defined in (LB0). Then we have the approzimation bound
"l’U — IpU”'Tﬁ,é S Cgradek/Ql’UlH‘);JrLz(Q) . (552)

The constant Cyreq > 0 is independent of N, but depends on x in B.I), on the
constant Cy. in (ZI0), ZII), on the vector 8, the parameters Cg, B and B* in
Definition[{.3, the regularity parameter k, and the polynomial degree p.

Proof. For an interior element K € Ny(7g), due to (5:48) and (2I0), there holds

Mg[v = Z]* S h%c”DkHUH%?(K) < h2k|”|§1§+1,2(K) : (5.53)

Next, for 1 < i < M, let K € N;(7g), the discrete corner neighborhood defined
in (54). Let first K € N;(T3) \ Ki(78). Then, the bounds (5.48), the first property
in Definition 1] and the fact that 5; € (8,1) imply
Miclv = Zo]* S BEIDM ol Fagsey S R2* (1) IDFF 101 F 2
K k—(1-6;)%
< W D ] [y S B2 D13 c)-
Since k — (1 — 51-)% >k — (1 —9;) and due to (B3H]), we obtain

Mgl — Z]* < B2 ) DR o132

2%, |2 2k, 12 (5.54)
5 h |U|H§i+l’2(K) 5 h |’U|H§+1’2(K)'

Second, let K € K;(7g). Since r;(x) < hg for all x € K, the second assumption in

Definition 4.1] yields

hg < hsup ri(x)ﬂ: < hh?g,
xeK

1
and then hy < h'~%" | as well as

sup r3(x)% < hTOT = pis L (5.55)
xeK
The estimate (.49), the second property in Definition Bl the bound (E53) and
property (ZI1)) now yield
2 2—26; 2
NK#;[’U - Ipv] 5 hK |’U H?f(K)
< ¥ sup ry(x)P (27200 U|§{k+l,2(K)
8
xeK (5.56)

< h27257; su r(x ﬁ:(27251) v 2
~ sup ri(x) TSRS

< h2p|v|§1§+1,2

< h2k|v|§{§+1,2

(K) (K)’
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Summing the bounds in (553), (54) and (50) over all elements yields

lv - Ipv|||27ﬁ,5 S h2k|“|§{§+1,2 (5.57)

()"

Finally, an elementary counting argument (see, e.g., [21, Lemma 2.5.6]) reveals that
N = dim(V,(T)) < p?h~2, which implies (5.52). O

5.7. Interpolation estimates on bisection refinement meshes. We shall es-
tablish the following variant of [9] Theorem 5.3], which is based solely on the prop-
erties of the algorithm in [9]. We also recall from Section that bisection refine-
ment mesh family thus constructed is shape-regular with £ in (8] depending on
the initial mesh 7.

Proposition 5.18. Letp > 1,5 € [0,1)M and v € H§+1’2(Q) for 1 <k <p. For
parameters h, v € (0,7*] and L as in [@2), i.e., with

yi=1- m'\_gf( 6 >0 and he 27 LAV HD 9=Ly/(pHD)y (5.58)

consider the triangulations Ty 2141y constructed by the bisection refinement algo-
rithm of [9] starting from an initial triangulation To with #7To < h™2. Let T,v be
the interpolant in (E50). Then we have the approzimation bound

flv— IPU"|7—2(L+1)75 < ObisN_k/2|’U|H§+1,2(Q). (5.59)

The constant Cyis > 0 is independent of N, but depends on the shape reqularity
parameter  in 1), the constant Cy. in (ZI0), @II), the vector 8, the initial
mesh To, the parameter v, the sufficiently large refinement parameter L, the requ-
larity parameter k, and on the polynomial degree p.

Proof. Following [9, Theorems 5.2 and 5.3], we proceed in several steps.

Interior elements: We first bound the errors over elements in the interior neigh-
borhood No(Th,2(+1))- To this end, we recall from [9, Lemma 4.4] that the first loop
of the bisection refinement algorithm ensures |K| ~ h% < h% Hence, with (5.48)
and (ZI0), we find that

> Mo — Tyo]? S > hZE(ID* 0|72 e
KeNo(Th,2(L+1)) KeNo(Th,2(L+1))

< h? Z |U|2§+1,2(K) (5.60)
KeNo(Th,2(L+1))
< h2k|v|§{§+1,2(ﬂ)~
Corner neighborhoods: Let 1 < ¢ < M be a fixed corner index. For K €
Ni(Th2041)), We set
ri = dist(K, ¢c;) = 12& ri(y)- (5.61)

y
As in [9, page 933], we then consider the following concentric neighborhoods at c;:

£+4+1

D= U{K € Ni(Thamin) : 275 <re <275}, £=0,...,2L+1,
and
Dopyo = U{K € Ni(T} g(p41)) ¢ i <27 FFDY
Here and as in [J], we assume without loss of generality that Nj(7j2(L41)) €
Uzt 2Dy
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Elements in Dsp+o: We first bound the consistency errors in the elements in
the innermost neighborhood Dsy12. To do so, we need to estimate the terms T3
and T, given by

Ty

> Mgy - TP, (5.62)
KeDsr 42
rr >0

> Ngslv—Zuv?. (5.63)
KeDsr 42
’I"KZO

Let K € Doy 4o and first consider the case rx > 0. By [9, Lemma 4.6], there holds
hix S ri. Moreover, rg < r;(x) for all x € K. With (5.48), we thus obtain

Mg[v = Zpv]* S W IDM o)l i)

15

2—26; —2k ||r§i+k—l | Dk—i—l
K3

SR ol

U|||%2(K) 57’5(_ H(’;_Jrlvz(K)'

Using the definition of Day 42 and v, as well as the condition on h from (E58]), we
find that

MK[’U — Ip’U]2 S 2_(2_25i)(L+1)|’U|§I(1;+1,2

(K)
(5.64)
< 2_27(L+1)|U|§{§f1v2(f<) < h2p+2|’l)|§1§_+1,2(K).

Second, let 7 = 0. We now use (5.49) and proceed as before. This results in

Nicslv = Tpo)* < hig ™ vl )
: (5.65)
—2~(L+1 2 2p+21,.12
<272 )|U|H§;2(K) < h?P |U|H§j1’2(K)'

Summing the estimates in (5.64) and (&.63) over all relevant elements and taking
into account (5.5) yield
2p+2 2 2p+2), 12
T+ T ShH2 Y [0y Sh "ol
KeDsp 42 ’
Notice that the bound (B.66]) corresponds to [9, Equation (5.5)].

Elements in Dy: Next, consider an element K € Dy, for 0 < ¢ < 2L + 1. Since
rg <277, the result in [9, Lemma 4.7] and the definition of v € (0,v*] imply

(5.66)

Fr)

pt+1— p+1—o* P+,

K| < h% < R22705FT < p2o~ e < p2o e

Then, inserting the appropriate power of r;, employing the bound above and notic-
ing that rx > 2J+Tl, we conclude that

Mic[v — Tyo]* < BREIDM 0|72 g
S hﬁcrfzérzk||7’fi+k71Dk+1U||i2(K)

< p2ko—tk bl o(£+1) (k—145;) v]?
~ H

k+1,
6i+1 Z(K)

P+
5 h2k27£k ey 2é(k—1+6i) |’U|fq

k+1, .
5:»1 2(K)

Since

s , (=R (1=5,)+(1-5;)
24(1@ 0 (k—1461)) _ gt R e
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for 1 <k <pandd; € [0,1), it follows that

MK[’U —Ip’U]2 S h2k|v|§lé€i+1,2(K), K e D,. (567)
From (B.67) and (EH), we obtain
2L+1
Ty = Z Z Mo —Tv)? < h2k|v|é§+1,2(m- (5.68)
=0 KeD,
Conclusion: The bounds (5:66) and (5-68]) yield
|||U - Ipvmﬁ,,z(l_ﬂ)ﬁ S hk|v|H§+1’2(Q)- (5-69)
Moreover, in [0, Lemma 4.9], it has been proved that
#Tho+1) — #To S h72, (5.70)
with an implied constant also depending on 7y. With ([.63)), it follows that
|||U - IPU|||Th,2(L+1),5 5 (#E,Q(LnLl) - #%)_k/2|U|H§+1’2(Q) : (571)

Noting that N =~ #T7j, o(1+1) and that there is a constant C' > 0 depending on #7o
and p such that

N < C(#Tha4+1) — #7T0),
for #7T}, 2(L+1) sufficiently large, the bound (E.59) follows. O

5.8. Proof of Theorem [4.3l The energy norm estimates contained in ([3]) follow
immediately from the error bound (B4I]) in Lemma (G.I5) and the consistency
statements in (.52)) and [@59) for 1 <k < p.

To establish the L?-norm bound in (3], we start from Lemma Let 0 €
[0, 1)M be as in (ZI9). Then, due to Proposition 233 the primal solution v of (Z4))-
8) and the dual solution z of (542)—(E44) belong to weighted spaces with the
same exponent 4, i.e., u € HZ;H’Q(Q) and z € H§’2(Q). From (552) and (559)
for k = 1, we have d(p, T,8) < N~/? and (5.47) implies the L?-norm estimate
in (£3).

6. NUMERICAL EXPERIMENTS

In this section, we present a series of numerical experiments to confirm the
results in Theorem [4.3] empirically. We first note that for graded mesh families, an
exhaustive series of numerical experiments can be found in |21} Section 2.5.3], for the
lowest-order case (i.e., p = 1). The tests there numerically confirm the sharpness of
the convergence rates in Theorem (3] both for the DG energy norm errors and for
the L?-norm errors (although corresponding L?-norm error bounds were not proved
in [2I]). We therefore restrict our experiments to bisection refinement meshes.

6.1. Setting. Throughout, we consider the case ¢ = 1 in problem (Z4)—(24)), i.e.,

we numerically solve the Poisson equation. Our goal is to verify the theoretically

predicted convergence rates in Theorem for a range of corner angles. To this

end, given an angle w* € (0,27), we choose the polygonal domain Q to be the

square (—1,1)% minus a cone centered at c¢* = (0,0) with interior opening angle

of 2 — w*. This results in a polygon 2 with the given interior opening angle w*
3r I=w

at the corner ¢*. For w* € [5F, 7], the domain  is illustrated in Figure G.T}
3

the only non-convex corner is given by ¢* = (0,0). For w* = =F, we obtain a
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standard L-shaped domain. If w* > %’r, the domain € is constructed analogously
upon introducing two additional convex corners.

Q

FIGURE 1. Ilustration of the domain ) for opening angles w* in

[3X,17] and reentrant corner ¢* = (0,0). The highlighted points
are convex corners of €); they contain the corner points (—1,+1)

and (1,1) of the square (—1,1)%.

On a polygon 2 as constructed above, we numerically solve the Dirichlet problem
—Au=1 inQ, ulon =0, (6.1)

by employing the piecewise linear and quadratic (p € {1,2}) symmetric interior
penalty DG method ([B.6]). For the penalty parameter jo in (B.I0), we consider the
standard choice jo = 10p?. This will be done on five regular triangulations of §
generated by local bisection tree refinement towards the re-entrant corner c*, using
the same initial triangulation 7y in the mesh generation.

For each mesh, we proceed to compute the error to a reference solution in the
DG energy norm || - [|pg as well as in the L?(£2)-norm. The reference solution is
computed on a mesh which is obtained by refining the finest mesh in the family two
more times. We will visualize the obtained relative errors on a bi-logarithmic scale
with the dimension of the FE space on the abscissa and the quantity of the error
on the ordinate axis. We term the slope of a line fitted through the data points in
the least-squares sense the empirical convergence rate.

6.2. Specifications of the code. The code used for our experiments is written in
Python 2.7 and depends on the libraries NumPy 1.10.1 and SciPy 0.16.1, see [12].
The resulting linear systems of equations are solved using the direct solver spsolve
included in the SciPy submodule scipy.sparse.linalg.

We first generate a regular and quasi-uniform triangulation 7y of € with mesh-
width A = 0.1, by using the Delaunay-based mesh generator contained in the
Python library triangle, see [20]. This serves as the initial triangulation in the
local bisection refinement algorithm described in Section 2 and introduced in [9].
Elements are bisected according to the rule of newest vertex bisection (NVB). Note
that the elementary bisection of elements needs to include a recursive call in order
to ensure the output of regular triangulations without hanging nodes. We refer
to [16] for a detailed overview on NVB.

The bisection refinement algorithm takes as input parameters the uniform mesh-
width bound h, the parameter L specifying the number of dyadic refinements to-
wards corner ¢*, and the problem-dependent exponent v in (£2)). In order to fulfill
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the second condition in (@2, we choose L in dependence of h, p and v as

[ tos® (6.2)
Y(p+1)
Note that, by construction, a smaller value of h results in a triangulation which is
a refinement of the previous triangulation where a larger value for i has been used.
Therefore, the reference solution is straightforwardly projected on coarser grids for
error computation.

6.3. Results. We compute empirical convergence rates on the two domains corre-
sponding to the non-convex angles w* € {1.5,1.9}7 at the re-entrant corner c*.

6.3.1. Quasi-uniform refinement. We first discuss and show results in the absence
of local bisection refinement towards c*. In this case, we expect the empirical con-
vergence rates to coincide with the convergence rates on quasi-uniform mesh families
as discussed, e.g., in [I8, Theorems 2.13 and 2.14]. According to these results, the
symmetric IP method with jo > j. converges asymptotically as N~ (min(p+1,5)—1)/2
in the DG norm and as N~ ™(®+1,5)/2 in the L?(Q)-norm, where s > 0 is such that
u € H*(Q). As our domain € has the non-convex corner ¢* with interior opening
angle w* > m, the solution of the Dirichlet problem for the Poisson equation (G
in general only belongs to the Sobolev space H*(2) with s < 1+ 1%, see e.g. [10,
Chapter 4]. For w* = 1.57, this bound reads s < 1—|—§, thus min(p+1,s) = s < 1—|—§
for both p € {1,2}. Therefore, the expected asymptotic error bounds are N~1/3
in the DG norm, and N~5/6, where % ~ 0.83, in the L?(Q)-norm. Similarly, for
w* =197, min(p+ 1,s) =s < 1+ % ~ 1.526, and we expect the error to behave
asymptotically as N =926 in the DG norm, and as N~%7¢ in the L?(Q2) norm. The
experimental results are depicted in Figure 2l and confirm these expected (subopti-
mal) convergence rates for our example.

6.3.2. Bisection refinement. Next, we show results for the full bisection refinement
algorithm, with local refinement towards c*, with dyadic refinement level L chosen
in dependence of h,v,p as in ([6.2). Due to the imposition of Dirichlet boundary
conditions in (6], with Remark the coefficient 0}. associated with corner c*
as in Proposition 23] is given by 05 = 2= € {2/3,10/19} ~ {0.67,0.53}. Hence,
by taking as weight exponent d.- associated with c¢* the lower bound 1 — ;. €
{1/3,9/19} in 2I9), the definition of v in [f2) leads to the grading parameter
~v* € {2/3,10/19} in the bisection refinement algorithm.

We present convergence plots for bisection refinement meshes with the grading
parameters v € {1/2,2/3,4/5} for w* = 1.57, and the values v € {2/5,10/19,2/3}
for w* = 1.97. The results obtained for p = 1 are depicted in Figure B as bi-
logarithmic plots of the errors in the DG norm and the L?-norm versus N. In
agreement with our error analysis, for v*, we observe the optimal convergence rate
N—12 for the DG norm and N~! for the L?norm. Notice that Theorem @3]
ensures optimal convergence rates for 0 < v < ~*. This is corroborated in Figure Bl
for v = 0.5 when v* = 2/3, and v = 0.4 when v* = 10/19, respectively, although the
resulting constants are slightly worse. Finally, we see that using the value v > ~*
(i.e., v € {4/5,2/3}) leads to suboptimal empirical convergence rates with respect
to N, while still larger than the empirical convergence rates observed on quasi-
uniform meshes. This is indicative of the sharpness of our convergence analysis.
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FIGURE 2. Empirical relative errors on a quasi-uniform mesh fam-
ily in DG norm and L?(£2) norm, for piecewise linear (p = 1) and
piecewise quadratic (p = 2) approximations, and on a domain with
w* = 1.57 (top) and w* = 1.97 (bottom). We choose jo = 10 for
p =1 and jo = 40 for p = 2. The dashed lines have fixed slope —r
and serve as reference for the asymptotic behavior N~".

Analogous results are obtained for p = 2 as depicted in Figure[dl Here, the quasi-
optimal convergence rate is N ! for the DG norm and N~ for the L?-norm. We
observe that the experimental values lie on a line parallel to the reference line with
the quasi-optimal convergence rate as slope. We find again that the value v < v*
yields optimal rates (with worse constants) and that the meshes constructed using
the value v > +v* do not yield quasi-optimal empirical convergence rate.
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FIGURE 3. Results for piecewise linear approximations (p=1) and
jo = 10. Empirical relative errors are shown in the DG energy norm
and the L?norm for w* = 1.57 (top) and w* = 1.97 (bottom).
The dashed lines have fixed slope —r and serve as reference for the
asymptotic behavior N~".

7. CONCLUSIONS AND EXTENSIONS

We developed an a-priori error analysis for symmetric interior penalty DGFEM
discretizations of the linear and second-order elliptic boundary-value problem (2.4))
with mixed boundary conditions (Z3]), (Z8]) in a plane polygon. We showed that IP
methods based on either graded families or bisection refinement families of regular,
simplicial triangulations with local refinement near the corners of the domain 2
result in optimal asymptotic convergence rates, for any order p > 1 of the approx-
imations. We also showed that the same families of locally adapted meshes imply
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FIGURE 4. Results for piecewise quadratic approximations (p=2)
and jo = 40. Empirical relative errors are shown in the DG energy
norm and the L?-norm for w* = 1.5 (top) and w* = 1.97 (bot-
tom). The dashed lines have fixed slope —r and serve as reference
for the asymptotic behavior N~".

optimal convergence rates in L?(f2), by generalizing an Aubin-Nitsche duality esti-
mate and by using the adjoint-consistency of the symmetric interior penalty formu-
lation (cf. Remark 4] in combination with adjoint-regularity shifts in weighted
Sobolev spaces. This result is crucial in the convergence rate bounds for linear
parabolic and second order hyperbolic evolution problems in polygonal domains.
We provided a set of numerical experiments with dG elements of polynomial
degree p = 1 and p = 2, for a family of model elliptic boundary value problems in
polygonal domains. The numerical tests confirmed the theoretical results. They
indicated strongly that the sufficient conditions on mesh grading to ensure optimal
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asymptotic convergence rate bounds that were established in the present paper are
also necessary.

We considered only the second-order, elliptic PDE (24]), but emphasize that
the present consistency and duality error analysis can be extended to symmetric
interior penalty dG discretizations of problem (Z4]) with first order and absolute
terms. Following the non-symmetric approach [I1], symmetric IP methods can be
readily designed for such problems.

Also, for linear, second order elliptic systems in polygonal domains 2 which af-
ford elliptic regularity shifts in the presently considered scales of weighted Sobolev
spaces, the present consistency and duality error analysis of corresponding symmet-
ric IP methods (as can be readily devised along the lines of [24] for, e.g., plane linear
elasticity) on graded and bisection refined regular simplicial meshes generalizes with
analogous results.

The assumption ¢ € C°°(£2) used in this paper as well as the assumptions in [11]
on the smoothness of the coefficients can be substantially relaxed; for the regularity,
we refer to [6]; however, details on corresponding DG formulations and convergence
rate estimates are beyond the scope of the present paper and will be provided
elsewhere.

Although we focussed on the symmetric interior penalty DG method in this
work, our techniques are equally well and mutatis mutandis applicable to a wider
range of DG methods, for example, by employing the unifying framework in [2].
We emphasize again that in this setting, the methods are required to be adjoint-
consistent in order to achieve L2-norm error optimality on locally adapted meshes.

For simplicity, our analysis was carried out for regular meshes. However, with
only minor modifications, it can be extended to simplicial mesh families with k-
irregular nodes, which are a particular case of the shape-regular and contact-regular
mesh families introduced in [I7, Section 1.4].
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