INTERNATIONAL JOURNAL OF (© 2006 Institute for Scientific
NUMERICAL ANALYSIS AND MODELING Computing and Information
Volume 3, Number 1, Pages 52-79

hp—VERSION INTERIOR PENALTY
DISCONTINUOUS GALERKIN FINITE ELEMENT METHODS
ON ANISOTROPIC MESHES

EMMANUIL H. GEORGOULIS

Abstract. We consider the hp-version interior penalty discontinuous Galerkin
finite element method (hp-DGFEM) for linear second-order elliptic reaction-
diffusion-advection equations with mixed Dirichlet and Neumann boundary
conditions. Our main concern is the extension of the error analysis of the hp-
DGFEM to the case when anisotropic (shape-irregular) elements and anisotropic
polynomial degrees are used. For this purpose, extensions of well known ap-
proximation theory results are derived. In particular, new error bounds for the
approximation error of the L2- and H!-projection operators are presented, as
well as generalizations of existing inverse inequalities to the anisotropic setting.
Equipped with these theoretical developments, we derive general error bounds
for the hp-DGFEM on anisotropic meshes, and anisotropic polynomial degrees.
Moreover, an improved choice for the (user-defined) discontinuity-penalisation
parameter of the method is proposed, which takes into account the anisotropy
of the mesh. These results collapse to previously known ones when applied to
problems on shape-regular elements. The theoretical findings are justified by
numerical experiments, indicating that the use of anisotropic elements, together
with our newly suggested choice of the discontinuity-penalisation parameter,

improves the stability, the accuracy and the efficiency of the method.

Key Words. discontinuous Galerkin, finite element methods, anisotropic

meshes, equations with non-negative characteristic form.

1. Introduction

In recent years, there has been an increasing interest in a class of non-con-
forming finite element approximations of elliptic boundary-value problems, usually
referred to as discontinuous Galerkin finite element methods. Justifications for the
renewed interest in these methods, which date back to the 1970s and the early
1980s [23, 29, 2], can be found in the attractive properties they exhibit, such as
increased flexibility in mesh design (irregular grids are admissible), the freedom of
choosing the elemental polynomial degrees without the need to enforce any con-
formity requirements, good local conservation properties of the state variable, and
good stability properties near boundary/interior layers or even discontinuities [6].
The first two reasons mentioned above make discontinuous Galerkin methods very
suitable contenders for hp-adaptivity, whereas the last two render these methods
attractive when convection is the dominant feature of the problem. New error
analyses for various DGFEMSs have been presented in the literature during the last
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decade: see [7] for the developments until 1999 and [3] for the contemporary unified
approach; see also [5].

In this work we analyze the use of anisotropic finite elements for the numeri-
cal approximation of second-order equations with non-negative characteristic form
[24]. On isotropic meshes, discontinuous Galerkin finite element methods for such
equations were considered in [18]. In many practical examples of boundary value
problems for partial differential equations with non-negative characteristic form,
diffusion can be small, degenerate, or even identically equal to zero in subregions
of the computational domain. Hence, computationally demanding features may
appear in their analytical solutions; these include boundary/interior layers or dis-
continuities in subregions where the problem becomes of first-order hyperbolic type.
When structures such as layers or discontinuities are present in the solution, the
use of anisotropic elements aims to provide the necessary resolution in the direc-
tions along these structures in order to reduce the number of degrees of freedom
required to accurately capture them. Therefore, the combination of discontinuous
Galerkin finite element methods, that produce stable approximations in the unre-
solved regimes, and of the use of anisotropic elements and elemental bases with
anisotropic polynomial degree, that aim to provide the desired resolution only in
the space directions required, is an appealing technique for the numerical solu-
tion of these problems. This work extends the arguments presented in [18] to the
anisotropic setting; much of our discussion is inspired by that paper.

Anisotropic bounds for various types of FEMs have been presented in the litera-
ture, addressing mainly the question of designing structured meshes for the robust
approximation of solutions to singularly perturbed boundary-value problems that
admit boundary or interior layers (see, e.g., [1, 21, 26] and the references therein).
Analogous results for certain DGFEMs can be found in [30, 20]. Our approach
focuses on the development of general approximation-theory-tools for anisotropic
elements and their subsequent application to the error analysis of the DGFEM.
Potentially, the anisotropic approximation theory developed here can also be used
in other applications.

The paper is structured as follows. We begin by introducing the model prob-
lem (Section 2) and the functional analytic framework used in this work (Section
3). Along with standard Sobolev spaces, we shall make use of augmented Sobolev
spaces (see [12, 13] for details), as they appear to be suitable for proving hp-optimal
error bounds for interior penalty versions of discontinuous Galerkin finite element
methods. After introducing the appropriate weak formulation (from which the
method will emerge) in Section 4 and the admissible finite element spaces in Sec-
tion 5, the hp-version interior penalty discontinuous Galerkin finite element method
is introduced in Section 6. Next, we present new anisotropic approximation theory
results, including bounds on the projection errors of the L?- and H'!-projection
operators in various norms (Section 7). The latter will be used in the derivation
of anisotropic a-priori error bounds for the hp-DGFEM in the energy norm (Sec-
tion 8). We shall conclude with some numerical experiments indicating that the
use of anisotropic elements improves the efficiency of the method, and that the
analysis presented herein, yielding an new choice of the discontinuity-penalisation
parameter, improves the stability, the accuracy and the efficiency of the method.

2. Model Problem

Let 2 be a bounded open (curvilinear) polygonal domain in R?, and let T'y signify
the union of its one-dimensional open edges, which are assumed to be sufficiently
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smooth (in a sense defined rigorously later). We consider the convection-diffusion-
reaction equation

(1) Lu=-V-(aVu)+b-Vu+cu=f inQ,

where f € L%(Q), ¢ € L>®(), b = (by,by)T is a vector function whose entries
b;,i = 1,2, are Lipschitz continuous real-valued functions on €2, and a = {aij}f’jzl
is a symmetric matrix whose entries a;; are bounded, piecewise continuous real-
valued functions defined on 2, with

(2) Ta(z)¢ >0 VCeR? ae zel.

Under this hypothesis, (1) is termed a partial differential equation with nonnegative
characteristic form. By u(z) = (u1, po)” we denote the unit outward normal vector
to Iy at € T'y. On introducing the so called Fichera function b- u (cf. [8]), we
define

To={zely:p" (2)a(z)u(z) >0},
IF_={xeTo\l'g:b(z) px) <0}, Ty={xecTy\l'o:b(z)- px)>0}.
The sets I'_ and T'y are referred to as inflow and outflow boundary, respectively.
We can also see that 'y = Ty UT'_ UT;. If 'y has positive one-dimensional

Hausdorff measure, we also decompose I'y into two parts I'p, 'y and we impose
Dirichlet and Neumann boundary conditions, respectively, via

u = gponIpul_,
(3) (aVu)-pp = gyonI'y,

where we adopt the (physically reasonable) hypothesis that b-p > 0 on I'y, whenever
the latter is nonempty.

Existence and uniqueness of solutions (in the weak sense) for the corresponding
homogeneous problem were considered by Fichera [8, 9], Oleinik & Radkevié [24]
and Houston & Siili [19], under the assumption that there exists a positive constant
~o such that

(4) c(x) — %V -b(x) > 7o for almost every x € Q.

3. Function Spaces

We shall denote by H*(2) the standard Hilbertian Sobolev space of index s > 0
of real-valued functions defined on €.

Let T be a subdivision of the polygonal domain €2 into disjoint open (curvilin-
ear) quadrilateral elements k constructed via mappings Q. o F,, where Fy : & :=
(—1,1)? — & is an affine mapping of the form

(5) Fi() := ApZ + by,
with A, = % diag(hf, h%), where hf and hf are the lengths of the edges of & parallel

—

to the x1- and Ts-axes, respectively, b, is a two-component real-valued vector, and
Q. : k — k is a Cl-diffeomorphism (cf. Figure 1).

Heuristically, we can say that the affine mapping F), defines the size of the
element x and the diffeomorphism (@, defines the “shape”. For this reason, we
shall be working with diffeomorphisms that are close to the identity in the following
sense: the Jacobian Jg, of Q) satisfies

Crt <detdg, <C1, 1(Jo)ijllpe(s) < Cay 4,j=1,2 forall k€T,

uniformly throughout the mesh for some positive constants C;, Co.
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FiGure 1. Construction of elements via composition of affine
maps and diffeomorphisms.

The above maps are assumed to be constructed so as to ensure that the union
of the closures of the disjoint open elements k € 7 forms a covering of the closure
of Q, ie., Q =U,erk.

We shall also make use of augmented Sobolev spaces, introduced in [13].

Definition 3.1. Let s be a nonnegative integer and k an open (curvilinear) quadri-
lateral domain constructed as the image of an aziparallel rectangle k through a
Cst-diffeomorphism Q., as indicated above. We define the augmented Sobolev
space of order s on k by

(6)  H*(r):={(uoQy) € H(R) : for (a, 8) € L, 0705 (uoQx) € L*(R)},
where
Iy :={(a,p) € Ng ca+ 0 =s+1, excluding (s +1,0) and (0,s+ 1)},

with associated norm || - ||HS(H) and seminorms | - |gs(,i) P

=

2
llloy = (nquﬁ,n%{sW 3 |3?3§(UOQK)I§)7
(e,B)ETA

1
2

(naﬂquH)n%+hi||afaj<uoczn>||§+hi||af—1a?<uoczﬁ>||%> ,

[l e ),

fori,j =1,2, with i # j, and h, := diam(k).

Augmented Sobolev spaces were introduced in [13] to provide sufficient regularity
assumptions for the first fully hp-optimal error analysis of the hp-DGFEM for the
boundary-value problem (1), (3) in the special case when a is strictly positive
definite and b = 0.

Since the hp-DGFEM is a non-conforming method, it is necessary to introduce
the notion of a broken Sobolev space.

Definition 3.2. We define the broken Sobolev space of composite order s on an
open set 2, subject to a subdivision T of 2, as

H3(Q,7T) ={uec L*Q) : ul, € H**(k) V& € T},

with H*~ (k) € {H*(k), H*~(k)}, s, being the local Sobolev index on the element
K, and 8 := (s, : k € T); when s, = s for all k € T, we shall write H*(Q,T).
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4. Weak Formulation

Let us first introduce some notation. Let 7 be a subdivision of ) into elements
K, as described in the previous section. By £ we denote the set of all open one-
dimensional element faces associated with the subdivision 7, and we define I :=
Uecce. We also assume that £ is decomposed into two subsets, namely &,y and &£y,
which contain the set of all elements of £ that are not subsets of 02 and the set
of all elements of £ that are subsets of 0€), respectively. £ is further decomposed
into &p and &y, such that I'p := Ueegpe, I'n 1= Ueegye and Ling := Ueeg,, €, all
with the obvious meanings. Thus, introducing an element numbering, and given
an interface e € &, there exist indices ¢ and j such that ¢ > j and the elements
k := k; and Kk’ := k; share the edge e. Then we define the jump of a function
u € HY(Q,7T) across e and the mean value of u on e by

1
[u]e = u|8nﬂe - u|6n’ﬁe and <u>e = §(U|6nﬁe + u‘Bn/ﬁe%

respectively, where Jx denotes the union of all open edges of the element k. With
each edge we associate the unit normal vector v pointing from element x; to &;
when i > j; we choose v to be the unit outward normal u when e € £y.

Also, we divide the union of all open edges Ok of every element x into two subsets

0_k:={x €dr:b(x) pux) <0}, Otk:={x€dr:b(x)- u(z) >0},

where p(-) denotes the unit outward normal vector function associated with the
element x; we call these the inflow and outflow parts of Ok respectively. Then, for
every element k € 7, we denote by ;" the trace of u on dx taken from within the
element r (interior trace). We also define the exterior trace u; of u € HY(Q,7)
for almost all # € _x\T to be the interior trace u), of u on the element(s) x’ that
share the edges contained in d_k\I" of the boundary of element k. Then, the jump
of u across O_r\I is defined by

|, = uf — .

We note that this definition of jump is not the same as the one define above;
here the sign of the jump depends on the direction of the flow, whereas [-] depends
only on the element-numbering. We note that the subscripts in these definitions
will be suppressed when no confusion is likely to occur.

The broken weak formulation of the problem (1), (3), from which the interior
penalty DGFEM will emerge, reads

(7) find u € A such that B(u,v) =1(v) Yve H*(Q,T),
where

A:={uec H*Q,T):u, (aVu)-v are continuous across all e € Epe },

B(u,v) = Z/aVu~Vvdx+Z (b-Vu+ cu)vde

kET Y F KET Y

- Z/a o )(b cwutotds — Z/a (b-p)|ujvtds

wkeT reT ®\l's

+ [ {6((aVv) - p)u— ((aVu) - p)v}ds + /F ouvds

I'p
+ / {0((aVv) - v)[u] — {(@Vu) - p)[e]}ds + / o] ds,

int int
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and
Z/fvdx— Z (b-pu)gpvtds
k€T keT Y 0-rN('-UI'p)
(8) + 9((aW)-u)ngs+/ ngds+/ ogpvds,
I'p 'y I'p

for 6 € {—1,1}, with the function o to be defined in the error analysis below.
5. Finite Element Spaces

We shall restrict ourselves to meshes that are unions of diffeomorphic images of
rectangles and to tensor-product polynomial spaces. In the case of shape-regular
triangular and rectangular elements, the error analysis has already been carried out
n [18]. For considerations on anisotropic triangles for the h-version FEM we refer
to [1, 10] and the references therein.

Let I = (—1,1) and 2 = I x I = (—1,1)2. On the interval I we denote the space
of polynomials of degree p or less by Pp(f). Then, for p':= (p1,p2), the anisotropic
tensor-product polynomial space Q is defined by Qu(&) := Pp, (I) ® Py, (I), where
® denotes the standard functional tensor product.

Let 7 be a subdivision of the computational domain € into elements x € 7 and
let F={F,:k €T} Q={Qx: k €T}, where F,;,Q, are the maps defined in
Section 3.

Definition 5.1. Let p := (P, : & € T) be the 2 x |T|-matriz containing the
polynomial degree vectors p,, of the elements in a given subdivision T. We define
the finite element space with respect to Q, T, F and p by

Sﬁ(QvTrF’ Q) :={ue LQ(Q) tulyoQro Py € Qﬁn(’%)}
6. Discontinuous Galerkin Finite Element Method

Using the weak formulation stated in Section 4 and the finite element spaces
from Section 5, the discontinuous Galerkin finite element method for the problem
(1), (3) is defined as follows:

(9) find upg € SP(Q, 7, F, Q) such that B(upg,v) = l(v) VYve SP(Q,T,F,Q),
with the function o contained in B(-,-) and in I(-) to be defined in the error analysis.
We shall refer to the DGFEM with 6§ = —1 as the symmetric interior penalty
discontinuous Galerkin finite element method, whereas for § = 1 the DGFEM will
be referred to as the non-symmetric interior penalty discontinuous Galerkin finite
element method. This terminology stems from the fact that when b = 6, the bilinear
form B(-,-) is symmetric if, and only if, § = —1.

We make some assumptions on the regularity of the solution and on the functions
in the finite element space SP(Q, 7, F, Q). We assume that pf > 1, i =1,2, k € T,
whenever diffusion is present, in order to ensure that the matrix of the system of
linear algebraic equations that arises from (9) is nonsingular. When the analytical
solution u € A, the following Galerkin orthogonality property holds: B(u—upg,v) =
0 for every v € SP(Q,7,F,Q). If the continuity assumptions involved in the
definition of A are violated, as is the case, for example, in an elliptic transmission
problem, the DGFEM has to be modified accordingly.

7. Projection Operators and Inverse Inequalities

7.1. L2?-Orthogonal Projection Operator. Let 4 € LZ(f), with [ = (=1,1).
We define the L2-orthogonal projection 7, on I in a standard fashion by means of
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truncated Legendre series (see, e.g., [27]). Also, we denote by ®1(p, s) and Pa(p, s)
the quantities

1
F(p—s+1))2 P1(p, )
10 Dq(p,s) := < and Py(p,s) = ————,
10 ) = ey 2(prs) = AL
respectively, with p, s real numbers such that 0 < s < p and T'(+) being the Gamma
function; we also adopt the standard convention I'(1) = 0! = 1. We remark on

the asymptotic behaviour of ®1(p, s): making use of Stirling’s formula we obtain
®1(p,s) < C(s)p~*, for p > 1, with 0 < s < p and C(s) denoting a generic constant
depending on s. We recall the following approximation result (Theorem 3.11 in
[27]).
Lemma 7.1. Let 4 € Hk+1(f), k > 0; then, for every integer s such that 0 < s <
min{p + 1,k + 1}, the following estimate holds:
(11) | — 7pal; < @1(p+1,5) ][0 ;.

Next, we recall a result concerning the estimation of the approximation error of
the L2-projection on the boundary (Lemma 3.5 in [18]).

Lemma 7.2. Let @ € H*Y(I) for some integer k > 0; then, for 0 <t < min{p, k},
p >0, we have

(12) (0 - &) D] < AEL ]

Also, we shall make use of the following “commutation error” bound. For a
proof we refer to [12]. A result of this form in several space dimensions (but with
unspecified constants) can be found in [4] (Lemma 2.3).

Lemma 7.3. Let 4 € H*'(I), k > 0, and let 7y € Py(I) be its L*-projection
with p > 0; then
A A A A 2 ~(s
(13) lfpd = (7p) ;< Cp @a(pos)la V|,
for any 0 < s < min{p, k}, with oL = 1, and oL = 2p + 2 %, for p > 1.
0 p
Moreover,
~ A A 2 ~(s
(14) 12— (®a) ;< (L+Cp )@, s)|la ]y,
for any 0 < s < min{p, k}.

We extend the notion of the L2-orthogonal projection operator to two dimen-
sions. Let & = (—1,1)2. Then the L?-orthogonal projection with composite poly-
nomial degree vector p'= (p1, p2), is defined by

1y = ) 72 o= (7p @ 1) o (I @77 ),

Py P2

yZ
where the superscripts 1,2 indicate the directions in which the one-dimensional
projections are applied.

We derive error estimates for functions defined on unions of diffeomorphic images
of axiparallel rectangular domains. The domains of our interest will be elements
of a given subdivision 7 of the computational domain €2, admitting the properties
stated in Section 3. We shall not require any shape-regularity hypotheses of the
form

(15) C™' < Ri/rz <C,

for %, where Rz, rz denote the radii of the circumcircle and inscribed circle of &,
respectively. Indeed, instead of working with the diameter, h, := diam(k), of the
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element k as a measure of the meshsize, we derive bounds on the approximation
error in terms of the elemental directional magnitudes h{ and h5.

Definition 7.4. Letu: k — R andu : k — R and assume that there exist mappings
F.:k — &, Qu:Fk — Kk as above. We define the L?-projection operator Il; on K,
with = (p1,p2) being the composite polynomial degree vector, by the relation

Myi = (Il(ao F)) o F7Y,  for @€ L*(R),
where, as before, ﬁﬁ denotes the L%-orthogonal projection onto the reference ele-
ment k. Moreover, we define the L?-orthogonal projection operator Il; on Kk, with
= (p1,p2), by

Mpu = (Mx(wo Q) 0 Qy,  for ue L*(r).

We introduce some notation which we shall use in the approximation estimates

below. Let Jg, = ((JQN)ij)i,j:LQ denote the Jacobian of Q,. We then define, for
i,j=1,2:

1 02 iy
Cr = || det o, || ry » O i= (et o) E sy CF = (o )isll=coy:

i 3 L i i
(16) JG. = ((Jo,)i + (Jo.)i;) ® for i # j, Chy := 15, L= (05:)-

Lemma 7.5. Let u € H**'(k), for k > 1, and let Q, be a C**1-diffeomorphism;
then, for i :=uo Q., = (p1,p2) and p1,p2 > 1, we have
2

_ B\ msidtl~
) @l < 2= Y s () 107l

=1
and
(18) 10;(u — )|« < CL MY, + CE M),
with

1 h; i s: ~ h; " 387 8 ~
19) k= apran i) () 107 il + @alr09) () 167 Bl
where 1,5 = 1,2, 4 # j, 0 < s; < min{p;, k}, fori=1,2, d; is the partial derivative
in T;-direction in the T1Zo-plane, and
Cl - 17 Zf QK = 1d7 02 - O’ Zf QR = 1d7
' V2CIIC! ) otherwise T V2CIC!,  otherwise
Proof. For (17), we have

iy o}

o Thyull. < C i — Tyt < cn( ) i — Tigas.

- 2 2
where o := u o F;. Making use of the bound

(20) @

2
}: V(pi + 1,8)]105 4|,

with 0 < ¢; < min{p; + 1,k + 1}, Whose proof can be found, e.g., in [18], noting
that ®1(p; + 1,t;) < Dy (pz, s;) for t; = s; + 1, and scaling the right-hand side back
to K, we obtain the result.

For (18), a change of variables yields

10;(u —Tpu) |l < Cp |06 — T ||z + C2 1105 (i — Tz00) ||

hi\o 5 h,
v (N (h 2 (M A
Cyi (hz) 0i (4 — TTza)|[s + CF 4 (h ) 19; (i — Tz) | &,

IN



60 EMMANUIL H. GEORGOULIS

withi,7 = 1,2, i # j, where d; has the obvious meaning. Without loss of generality,
let ¢ = 1; then
101 (@ = TTpa) [« < [|Ovit — TL(01d)|s + | TT5(Drd) — OaTlpil|s.-

Using (20), the first term on the right-hand side can be bounded as follows:
1013 — TT5(0a) [« < B1(pr+ 1,80)|07 T atlls + Br(p2 + 1, 42)(|05 Dy

with 0 < g2 < min{ps + 1,k}, 0 < ¢; < min{p;, k}. Also,

A~ A A A A~ ~ N ~ A A A A N 2 A ~
[T5(01a) — dllpa|s = |77 (7, (D1d) — Oty @)[x < Cp ®1(pr, 1) ]|0F Hil|5;
in the equality, we used the commutativity of Dy with frf)Q, and in the inequality we
used the boundedness of 7%1272, as well as (13) and ®;1(p; + 1,¢1) < 1 (p1,t1). Thus,

A . ~ 2 Ay N AQj A -
(21) [|9i(a = Tga)[|5 < (1+ Cpr )@1(ps, t) |07 allx + @1(ps + 1, 5) 110 Dyl
and the result follows, by scaling back to k. O

Remark 7.6. Here and in the subsequent discussion, we prefer to keep in the
anisotropic bounds norms of derivatives of 4 on K rather than norms of derivatives
of u on K, as we then obtain sharper bounds which indicate the different features of
u in the actual directions of anisotropy.

Lemma 7.7. Let u € H*"'(k), with k > 0, and let Q,, be a C**1-diffeomorphism;
then, on defining 0k1 = (—1,1) x {£1}, Okg := {£1} x (=1,1), O&; := F,(0k;)
and Ok; = Qx(0R;), for i =1,2, we have

> Wﬂm

hi )"

Has |

&wwmnm%swm:<mw%m@(

2
() (

2
% h] S
+V2(p; * 4+ p; )01 (pi,s I |a By,

withi,j =1,2, 1 # j, 0 < s; <min{p;, k}, p; > 1, fori=1,2, i =uoQ, and C},
as in (16).

Proof. For a complete proof we refer to [12] (Lemma 3.8, p. 49, and Lemma 3.17,
p. 56). The proof there follows the ideas of the proof of Lemma 3.6 in [18] which is
the corresponding result when p = (p,p). Here we only comment that the crucial
ingredient of the proof is the use of the trace inequality

1Lo. 1
(22) lulloz, < llulls +2/|ullZ10;ullZ,
which refines the trace inequality used therein; we then apply (22) with v = @ —
4. |

The above estimates hold also for p € {(0,0), (0,1),(1,0)}, but these cases were
not included in the bounds for simplicity of the exposition.

Next, we derive bounds on the H'-norm of the approximation error on the
boundary. We shall make use of the following inverse inequality [12].

Lemma 7.8. Let v € Qz(k) with p= (p1,p2) and let w; € C(R) be such that w; is
constant in the direction of x;, fori,j =1,2, ¢ # j; then,

(23) wivllos, < (pj + 1)[wivl|a.
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Lemma 7.9. Let u € H* ' (k), with k > 1, and let Q. be a C**'-diffeomorphism;
then the following error estimates hold:

(24) 10:(u = Tpw)low, < Cop ;Mppi+ Cort ;M s,
(25) 10 (u = Hgu)llow, < Ol ;Mpy i+ Co ;M s,
'U]Zth h g 1 h 1
A% T2 \2
M}, = 4\/§pz"1’1(17z‘751)<21> <<hz> |05 a5
J
-1 N[ hy : sy A ~
+(pE 0 7)) (72 ) N0yl
15p;\ 4 hNTTE s
(26) +(S58) eilpis)(Z) 155Gl

fori,j=1,2, i#j,0<s; <min{p;, k}, p; > 1,i=1,2, and

2 3 h; S asi+1 ~
Mpwi = (pj +1){ 5] @1(pjs 85)| 5 107 |

B\ (RN A s
(27) +@1(pi,si)| — | |5 107051l |,
) \2

for 1 <s; <min{p;, k}, and forl =1,2,

L L fQu=1d, 21 _ 0, if Q. = id,
Ori T V204, CF(CL)?, otherwise’ 9%t | V2Ch CIH(CL)?, otherwise

Proof. Let i = 1; for i = 2 the proof is analogous. For the proof of (24), we first
use the chain rule and then we apply a change of variables (cf. the proof of Lemma
7.5) to obtain

10 (w = TLpu) o, < Chn ;1103 — Tz0) |0, + Cart ;1105 (i — Tzit) |z,
1

K,
) ,
— o () 1aua - tigi 25 o2t 1o, figi
(28) = bt (5 ) 10— Trgi)lon, + ( =2 ) 32401850 — L),

To bound |9 (@ — [154)| a4, We proceed as follows. Without loss of generality we
assume that ¢ = 1. We have, respectively,

1016 — TTgi)lor, = [Ors— 72 (Oviy @)l|os,
< dva — 72, (0110)]|os, + [ (Ovt — 517?,1,1@”6,%1
< O — A7 (1) l|o, + |0vi — 017 dllok,
(29) +|(Ovi — 517?11,1@) — 7y (vt — 517?11)111)”6&1-

The first and the third terms on the right-hand side of (29) can be bounded using
(12) for t = t3 and t = 0 respectively. For the second term on the right-hand side of
(29), we use the trace inequality (22) and, observing that 827?11)1 = 7%117182, and using
Cauchy’s inequality in the form 28y < $%/c + ¢y?, with ¢ = ((p; + 1)% - 1)L we
deduce that

|0ris — i) llor, < (7 + 1)1 — Oyl @

s+ CHél((r:)Q’LAL) — élﬁ—llh (ég’&)”g
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Hence, we deduce that

A (n T o P1(p2:t2) | Atat14 - 1 3.(H
o (i — 11 5 —— 2 29k 44 01 (0 ) 9a)
10 = Tlp@)lon, < —5o== 105" Oritlls + e 101.(02) — 17, (020)]|5

+(C_1 + I)Hélﬁ — 5173'11)1’&”,% + c||é1(52u) 817'(' (82’[1,)”,{,
an application of (14) to the last three terms on the right-hand side of the last
inequality yields

AL D (pj,t; 1A 1 2 ot~
10,06 — 117 5, < P O+ 1)5 0+ O 50 il

T /2p;+1
(30) (@ + 1)} = D)7 4 @p + 0)7H) (14 O )@ (s 1) 1014 By 5,

for i =1 and j = 2, where 0 < ¢;,¢; < min{p;,k — 1} and 0 < s; < min{p;, k} and
0 <r; <min{p; + 1, k}; the proof for i = 2 and j = 1 follows analogously.
To bound || (@ — [z ||az, , we have:

1020 = Tpa)log, = |02t — 7, (Dofry @)%,
< |02t — 72, (D20) | ok, + |72 32“*7%1, (ﬁﬁﬂ)ﬂam

< |02t — 72, (02)|or, + (p2 + V)||7p Ot — 7). (77 02|
(31) +(p2 + V7, (72, D2t — Dy i) |x,

with the last inequality emerging from applying (23), after noting that the quantities
inside the norms of the last two terms on the right-hand side are polynomials in the
Zo-direction. The first term on the right-hand side of (31) can be bounded directly
using (12). For the second term we have

75, 020 — 7, (7 Do) |5 < ®1(ps + L,mi) |5, 01 Dot} < D1 (pi + 1,7) |07 Dal] |-

The last term on the right-hand side of (31), is bounded by first using the bound-
edness of the L?-orthogonal projection and subsequently by applying (13), yielding

A ra s Q1(pj,q 42
103 = g, < TRl + (o -+ 1)1 -+ 1,100 D
]
sj+1 o
) g+ DO (510 i,

for i =1 and j = 2, where 0 < t;,¢; < min{p;,k — 1} and 0 < s; < min{p;, k} and
0 < r; < min{p; + 1, k}; the proof for i = 2 and j = 1 follows analogously. Now,
choosing t; = s; — 1, for i = 1,2, in (30), using the relation

1 (pj,s5 — 1) < (15pj
W/ij +1 - 28

for 1 < s; < pj;, and scaling back to & we obtain (24). Also, setting ¢; = s; — 1,
r; = s; in (32), and scaling back to &, (25) follows. O

)2‘1’1(%8]‘),

Remark 7.10. Setting p1 = p2 and using Stirling’s formula, as above, one can
easily see that the bounds (18) and (24), (25) are optimal in the meshsize h but
suboptimal in the polynomial degree p by half an order of p, and by a whole order
of p, respectively. Similar bounds were derived in [4], for shape-regular domains.
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7.2. H'-Projection Operator. The p-suboptimality of the approximation bounds
for the error of the L?-projection noted in Remark 7.10 means that this projection
operator is not particularly suitable for use in our error analysis of the hp-DGFEM
when diffusion is present in the problem.

Motivated by [13], we shall also consider the H!-projection operator which will
be required in the error analysis of the hp-DGFEM for reaction-diffusion problems.

Definition 7.11. In one dimension, we define the H'-projection operator
Aot HY(I) = Py(I), p>1,
by setting, for a € H*(I),

x

(i) () = / fpr (@) mdn +a(—1),  wel=(-11),

-1

with 7t,—1 the L?-projection operator onto Pp_l(f). In analogy with Definition
7.4 we define the operators Ay and Az, both with the obvious meanings (see also
Definition 6.10 in [13]).

As the corresponding bounds on the approximation error of the H!-projection
operator on the reference element and on the reference element boundary, along with
their proofs, are included in [13] (Section 6.1), here we shall only present the bounds
on general (possibly anisotropic) elements, thus extending the error estimates from
Section 6.2 of [13] to the anisotropic setting. For the sake of brevity, for those of the
results below which are straightforward extensions of the corresponding anisotropic
result from [13] only a sketch of the proof is included.

Lemma 7.12. Let k be as above, let uw € H*(k), for k > 0, and let Q, be a
CF+2_diffeomorphism; then, the following error estimates hold:

2 si+1
— N hz ‘ S ~
) Mu— Al < N ::Z%(pi,si)( ) 12+
=1

2
hi (AN < 1=

(33) + i {@alp, 0005 () 107+ 8l
and ~ R
(34) 10 (u — Apu) |l < Ci,iNi,i + Cg,iN;,jv
with .

1 hi\" 5841 ~ h; it As;H1A ~
(35)  Nii:=@ulpi,si)| 5 ) 107 allz + @2(pjos)| 5 | 1957 il
where i,j = 1,2, 1 # j, 0 < s; <min{p;, k}, p; > 1, fori=1,2, and C,, C;yi,Cg,i

are as defined in Lemma 7.5.
Ifu e H* ' (k), f0r2k > 1, then the b_qﬁtlnds (33) and (34) hold, with

hi Y 3Si ~
M= S aas(3) 10l
i=1

. hi (hiN7 zs5 5 -
(36) - iy {0,015 % (%) 107 B

<

and
AN hiN7 | zsi = -
B0 Vo= mins) (g ) 10 il @) () 107 il

replacing ]\72 and Néz respectively, where 1 < s; < min{p;,k} and p; > 1, for
1=1,2.
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Proof. The proof follows in a straightforward fashion combining the bounds in
Lemma 6.7 of [13], together with the scaling argument presented in the proof of
Lemma 7.5 above. O

Next, we present bounds on the approximation error on the boundary of .

Lemma 7.13. Letu € H*t'(k), with k > 0, and let Q. be a C*+2-diffeomorphism;

then ~

(39) Ju = Apullon, < NG

with RN haho)t

) =2 () () 10+ P10 gl )
J

where i,j=1,2, 27&]; 0<s; < min{piak}; forpi >1,i=1,2.
Now, let uw € H**(k), with k > 1; then (38) holds, with

_1 hi SH_% hl % s ~ h; % 55: & ~
(40) N3, :=V2p; 2<I>1(pi,s¢)(2) ((h> 0 als + (hj) 81'18””%)’
j i

replacing Ngw" for 1 <s; <min{p;,k}, pi > 1 fori=1,2.

Proof. The proof follows in a straightforward fashion combining the bounds in
Lemma 6.8 of [13], together with the anisotropic scaling argument described above.
O

Remark 7.14. Making use of Stirling’s formula, we can see that, working on
augmented Sobolev spaces, we have enhanced convergence in the polynomial degree
p by half an order of p. This is in line with our results in [13] for the case of
shape-regular meshes.

Finally, we present bounds for the H'-approximation on the element boundary.

Lemma 7.15. Let u € H*"'(k), k > 1, and let Q,. be a C*+1-diffeomorphism;
then

(41) 10 (w = Agu)llon, < Cor i Nai+ Cot ;No i
1,4 20
(42) 10j(u — Apu)llox, < Can,jNagm,i""Can,ch%n,i,
with B s 1 L 1 (h L );
- 1,12 i2~s- B 2"3,- ~
Npes = 2<1>1(pi,sz-)<2> ((h) 105 a5 + 122 |a;+1aju||k),
J

2
|

2 -5 h; it hi ’ Ssi+13 ~ h; : 35i 527
e = V2p, 20i(pis;) ) 5 ) 107 dulls + (7= ) 1167 054l
J 1

1
1 o\ _ h; sl R -
o)) (107" 2l + G ealen 0113 Bl ).

where i,j = 1,2, i # j, 1 <s; <min{p;,k}, pi >1,i=1,2, and C’é;j)i and C’;;i’i,
l=1,2, are as in Lemma 7.9 above.

Now, let w € H* Y (k), with k > 2; then (41) and (42) hold with Ném- replaced
by N}, ; with

(43)  Njoi = (20:)2 P1(pi,si) | = = oFt allz + (2 ) 105055 ),
2 hj h;

with i,7 =1,2, i #j, 1 <s; <min{p;,k}, i =1,2, and Ngm replaced by Ngm’
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2 3 h; % h; J 8815 ~ h; : 5si—152~
Nan,i = 2p? ®y(pissi) |+ — | 197 05allz +| =) 107 8;‘“”/%
2 h; h;

1

1 h; T2 ;8 ~ hz 38; 8 ~

) et (F) (1l 2 0l 018 Bl ),
J

withi,7 =1,2, i £ j, 2 < s; <min{p;, k}, p; > 2 fori=1,2.

Proof. The proof follows in a straightforward fashion combining the bounds in
Lemma 6.9 of [13], together with the scaling argument presented in the proof of
Lemma 7.9 above. (]

Remark 7.16. The approximation estimates for the H'-projection operator are
optimal both in h and in p in each of the norms considered here.

7.3. Exponential Convergence Estimates. With the aid of the following lemma,
we shall be able to prove p-exponential bounds for the L?- and H'-projection op-
erators.

Lemma 7.17. Let u: k — R have an analytic extension to an open neighbourhood
of k. Let, also, p,s be positive numbers such that 0 < n < s :=ap+n < p, with
0 < a < 1; then the following bound holds:

1(p, )05 07 |5 < Cup? ™37 43} 0" (meas, (7)) 2,
45 o 8;”'18;’“ C min{3,n+32} rp ~

where r,C,, > 0 are constants that depend on n,u, 0 < m <n, withi,j € {1,2} for
i # j, and meas, (X) denotes the n-dimensional Lebesque measure of the domain
X.

Nl

For a proof, see [12], or Remark 3.9 in [17] for a similar argument.

7.4. Inverse Inequalities. In the error analysis in Section 8, we shall be inter-
ested in applying inverse inequalities to functions of the form |/aVv|, where a
denotes the diffusion tensor from (1) and v € Qp(k) with p'= (p1,p2). We shall say
that the tensor a has the inverse property if an inverse inequality of the form

(46) [VaVollas, < Civpih; 2 IVaVvl|,

holds, for all v € Qp(k), with 4,57 = 1,2, % # j, p = (p;,p2), p1,p2 > 1, where Cip,
is a positive constant independent of v, p; and h;. We consider some examples. If
(VaoQy) € [Qz(k)]?*? for every k € T, for some (uniformly bounded, as we refine
the mesh) composite polynomial degree q := (¢': x € 7) then (46) holds. If, on
axiparallel elements, a is of the form

a(z1, 72) = (al(xz)vl(:rl) 0 ) |

0 CLQ(!L‘l)Ug(l‘Q)

where a1, as are arbitrary element-wise bounded functions and vy, v are element-
wise polynomial functions, then (46) holds. This family includes the Grusin-type
operators considered below, whose diffusion tensor is of the form a(zy,z2) =
diag(1,A\?(x1)), with A a bounded and Lipschitz-continuous function [14] (cf. also
[24]). Finally, if a is positive definite and

0 <! < [Valpl = @m Il 1(va) T FllLe (o) < ca,

uniformly on every k € 7, where by |- | we denote the Frobenius norm of a matrix,
then (46) holds with Ci,, = v/8c¢q.
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8. Error Analysis
We define the energy norm |||-||| by

1 1
ol == ) <||\/5le|§ + [leowl]Z + §Hbow+||§,m(rDur,) + 5“b0w+||%+nﬂl"a
reT

Jr%Hbo(er - w)||%_,£\p6) +/F 0w2ds+/F olw)?ds,
D int
where by := \/W, with 4 on Ok denoting the outward normal to dk, co(z) =
(c(z) — 2V - b(2))Y/? (whose radicand is, in a standard fashion, assumed to be
nonnegative), and o is a positive function on I'p U Tjy.

We introduce some more notation. We decompose £p into two parts £f and
& containing those element edges that are images of the reference element edges
parallel to the &1- and &s-axes respectively. Also, we shall denote the entries of a
by a11 = a1, ass = az and a12 = as; = ag, for brevity. For w C Q, we define

(47) a7 = laillfw(,), 1€{1,2,3}, cv=llell}x(,), and af o, = [vVan|| Lo (e,

where n denotes the normal vector to the edge e € & U &/ |

Note that af . = af for axiparallel elements. Also, we define

i,nor

fori,j =1,2,i%#j.

0= 00 ey 8= 10y =12
We assume that
(48) b-Vzu, € SP(Q,T,F,Q) Vu, € S?(Q,7T,F,Q).
The necessity of the condition (48) will be commented on below.

Lemma 8.1. Let Q be a (curvilinear) polygonal domain, T a subdivision of Q into
(possibly anisotropic) elements, constructed as in Section 3, and assume that the
diffusion tensor a admits the inverse property. We assign to every edge e € & the
positive real number o, such that

0, if0=1;
> at )?
Te = CU<%>6) Zfe = _17

for C, sufficiently large constant, depending on the constants Cinvlx and Ciny|w of
the elements k and ' with e C KN K/, respectively (cf. (46)). Then, assuming that
w e HYQ,T), we have

[wlll < CoB(w,w),

for Cyp :=min{1,1 — 0}, with § = {—1,1}.

Proof. The proof is an extension of the corresponding proof for shape-regular el-
ements [25, 18]. The main difference lies in the use of the anisotropic inverse
inequality (46) (see [12] for details). O

The crucial importance in this choice of o when § = —1 (symmetric version of
the DGFEM) will be highlighted also in the numerical experiments.

We first present the general error bound for reaction-diffusion problems, i.e.,
when b = 0. We decompose the error u — upg, where u denotes the analytical
solution, as u —upg = n+& where 1 := u — Agu7 £ = Agu —upg, with the broken
H'-projection operator Ag defined element-wise by (Agu”n = Ay, (u]x), with p
as in Definition 5.1 and Az, denoting the H'-projection operator on the element k.
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Theorem 8.2. Let Q be a (curvilinear) polygonal domain, T a subdivision of {2
into (possibly anisotropic) elements, constructed as in Section 3, and assume that
the diffusion tensor a admits the inverse property. We assign to every edge e € €
the positive real number o, defined as in Lemma 8.1. Then, assuming that u €
Aﬂf[k"’l(QT), k = (k,i T K E T) with k., > 1, k € T, the solution upg €
SP(Q,T,F,Q) obeys the error, bound

lu —upcl] < CQZZ{(%/@ (CL,NL, +C2,N}! )+CHCKN2)

k€T i=1

a 1 .~
(49) + {z( - 53)> +2ag>ch/Ngm
J

eCOkK;

IVoAURTE ((a5)eCod s + (a50eC50 ) N

Ue

HUOE)CBL + 165).CE )W) }
Ngm wN(%m' and Ngm are as in Section 7.2, with i,j = 1,2, i # j,
and z. is a “switch” taking the value 0 when the projection Agu s continuous
across the interface e, and 1 otherwise. We have also adopted the convention that
the outer trace of a quantity on a boundary edge is equal to its inner trace.
Moreover, if u € AN H*'Y(Q,T) with k, > 2, k € T, the solution upg €
SP(Q,T,F,Q) obeys the error bound (49), with N0 N, Ngm,Ném and N3, ;
N(]

OK,1?

where N0 N1t

KZ’

79

replacing N0 N} Ném and Ngn,w respectively.

K/Z’

Proof. We have

(50) Il = upalll < llnlll + [l€]-

We now bound |||¢]|] by a collection of norms of 7. First, we observe that £ €
SP(Q,T,F,Q); the Galerkin orthogonality property

B(u—upg,§) =0
then implies that

(51) I€N* < CoB(€,€) = B((u—upa) —n.€) = —B(n,).
We shall now bound the terms appearing in (51), starting with

Z/aVn vede| < (HGT/|fvn|2dx> <KET/|fvg|2dx>l

KET
< i€l (Z ||\/5LV77||3>
r€T
(52) < Il (ZZ |3772> :
i=1 keT

making use of the discrete and continuous versions of the Cauchy—Schwarz inequal-

ities. Similarly, L
3 / engdz| < ||l (Z / en’d ) < [léll (ZcﬁnH?)
k€T k€T

reT

(53)
Also,
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- 1
¢ ap) - (vVa —— ds
e;g/e\/%(nfu) (fvf)\/%

2 (/ ”QWWde ( [ vaver~ ds);

D

<
ec&y
(a'enOl‘pK)2 ?
(54) < cMH&H(ZWHnli ,
e€s} J
eCk

with 4,7 = 1,2, i # j, where, in the last inequality we have applied to the second
integral the inverse inequality (46), and chosen ~; := (p} 2/ %, for e C K, with Ciny
an appropriate constant. Next, we have

/ (V) - weds
I'p

< / 519 (an)Volel s

e€€p
< (Z UEI(GM)-VnHi) (Z ||\/EE||§>
ecép e€ép
(55) < il (Z Uelll(au)'VﬁHﬁ) ;
ecép

with o, := 0. > 0 to be defined below.
Similarly, we shall bound the terms involving integrals over the interior element
edges. We have

/fnt[]<(aV§).u>ds < zg; A fr (/ave)lelds
+5 §/| nl(vav) IK/IFF (Vave)|wlds
< (Z \/?Nfif > (Con 522 Jp” WG 5
et e€el,,
(56) < el Z<cmv(ﬂp” )elln]lI2

ee“:iim:

where by k, k' we denote the two (generic) elements sharing the side e, Ci,y an
— 2 i "\2 !
= (p})*/hy and 1., = (pf )*/R],

appropriate constant, and we have chosen 7
1,7 =1,2, 4 # j. Next, we have

,€
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((av) - Vn)ds

/ €){(@V) - v)ds
Tint

3 /\/5[51%

e€Eint ¢
< a[a?ds> 2 o ((av) - Vi)ds
<€§h]cl eez‘c"%n‘/e
(57) < gl ( > U§1||<(aV)-V77>II§) :

e€Eint

Now, bounding the two remaining terms, we have

s [ olos| < '”“{(Z oulhl?) +( 3 Uell[n]lli)é}.

int e€fp e€&int

vl

Collecting the bounds established above, and applying the identity (Zn a2) <

n
> an for a, >0, we obtain

2
lell - < CaZ{Z(\/iaﬁamllmcgllnn)

=1 reT

1
(ae’n rp'?)2 : -1 1
(58) + ) ( (Cinvj’;;ﬁ] [nlle +oe 2 ll(av) - Vnlle + o [Inlle
J

e€Eh
eCk

a )2 1 1 1
# 3 (OB o7 i) O+ o2 1) }

ec&l

for i,5 = 1,2, i # j, where every o, := 0|, > 0 is associated with the (inter)face
ecf.
Finally, combining (58) with (50), and using the bound

[{(av) - Ve < [K([Vav|[vVaVal)lle < (a5 porell[VaVnlle)e,
the result follows. O

Remark 8.3. The bound (58) is an extension to the anisotropic setting of the
bound appearing in Lemma 4.3 of [18], and the argument here is analogous; special
care had to be taken, however, to respect the direction-wise features of both the
boundary-value problem itself (explicit representation of each term appearing in the
diffusion tensor a, which is relevant for problems with anisotropic or degenerate
diffusion), and the (possibly) anisotropic choice of the discretisation parameters.
The explicit representation of these direction-wise features will be our main concern
in the subsequent discussion.

The error bound (49) does not add much to our understanding since it involves
terms that may in general tend to infinity as hf,h§ — 0 and/or pf,p5§ — oo.
Furthermore, the terms involving [] in (58) may introduce a coupling between the
quantities hi, ho, p1 and po for neighbouring elements. Therefore, in order to obtain
more helpful bounds, we shall make various assumptions on the quantities involved.

The utility of the “switch” z. for e € £ will become more clear when we consider
special cases of the above result. In particular, when the image of a function under
the broken H'-projection operator Ag is continuous across an element interface
e, we have that [n]. = 0 and, therefore, terms involving [n]. are not required to
be further bounded; so we “switch them off”. The image of a function under the
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H'-projection operator is continuous across an element interface e, if, for example,
polynomials of the same degree, say p, are used (in the direction normal to the
direction of e) in the finite element space and e does not contain any hanging
nodes, and/or if e is a boundary face where Dirichlet boundary conditions are
applied, with boundary datum that is an edge-wise polynomial of degree p or less
(cf. Lemma 6.7 in [13]).

In the subsequent results, we have chosen to derive bounds for axiparallel ani-
sotropic meshes, i.e., when the diffeomorphisms @, = id, for k € 7T, since the
advantages of the use of anisotropic elements become quite apparent in this case,
without obscuring the key ideas by a complicated notation. For general meshes,
the bound in Theorem 8.2 cannot be further simplified, unless additional assump-
tions are made on the variation of the discretisation parameters involved. We stress
however that, given such assumptions, general bounds are by all means possible to
obtain.

We begin by setting up the admissible finite element spaces for our next result.
First, we assume that the polynomial degrees are anisotropic, with a directionally
bounded local variation condition, i.e., there exist p; such that pi_1 <pf/ pf/ < pi,
1t = 1,2, for all pairs of neighbouring elements x,x’ € 7. A similar condition
is required for the meshsizes. In particular, we assume that there exist positive
constants d; such that (52-_1 < hf’/hf, < §;, i = 1,2, for all pairs of neighbouring
elements k,x’ € 7.

Corollary 8.4. Let ) be an aziparallel polygonal domain, T a subdivision of  into
aziparallel elements, satisfying the bounded local variation properties stated above.
We assign to each edge e € £ the positive real number o, defined by

(a$)*(pf)™ (a$)*(p;)™
hf h;
where m € {1,2}, Co =1 if0 =1, and m = 2, Cy = Co(Ciny, p;,9;) if 6 = —1
(see [12] for a detailed description of the dependence of C, on the parameters,
or [16] for the corresponding argument on shape-regular meshes), for i,5 = 1,2,

1 # j. Then, assuming that u € AN Hk+1(Q,T) with ke > 1, kK € T, the solution
upg € SP(Q,T,F, Q) obeys the error bound

0e:=Cp, forec &L, e C R, and o, := Co.if Ve foree &L,

2 s
K oK hi ’ i
59 = unall £ 3 Cutat 0 () Nisgultlgenes s
k€T i=1
where

7 K K Ky—1 K K\m\— % pl; hf hf
Nivgw = af + a5 ()7 + o (0)™) 7 + zeﬁhf?) T
with 1 < s < min{p¥, k.}, of being the average of af on all the elements neigh-
bouring K, including k itself, ¢, as in (47), Cw; = Cw i(Cinv, pj,9;) a generic con-
stant, and z. as above.
Moreover, if u € ANH¥YY(Q,T) with k. > 2, kK € T, upg obeys the error bound

2 st
K oK hf ’ 7 *
©0) - upall £ 33 Cstalot s () Meluliecss

reT i=1
with 1 < sf < min{pf, k. },
m) ht
+7ZC ’
2p¥ "

1 . s
: : " Pi\ oy i K Ky 3 p? > hi Py N ey
]\/vstaw$ = <1+(p;> (pj) 3 )J’_O‘j (Ze(pj)Q <pf> E"’ ]T; (pj) =
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and

hﬁz r\" hm
* L s, 112 i s—1 5—292 112
o = (1002 mae, {1 (52 ) (25 ) Jooroiz (5 NE aun)

Proof. The proof is a direct consequence of the combination of the bound (49) with
the approximation estimates presented in Section 7.2. ]

Remark 8.5. Making use of Stirling’s formula, we can see that the bound (59) is
hp-optimal due to the additional regularity offered by the use of augmented Sobolev
spaces. This phenomenon was first described in [13], in the case of shape-reqular
quadrilateral elements. Half an order of p, however, is lost when the solution belongs
element-wise to a standard Sobolev space, as (60) reveals.

Another interesting special case, on axiparallel meshes, is when the finite element
space involves a directionally uniform polynomial degree, i.e., we assume pf = p1
and p§ = pa constant for all kK € T note that, unlike the previous theorem, we do
not assume any bounded local variation in the meshsize.

Corollary 8.6. Let Q) be an aziparallel polygonal domain, T a subdivision of ) into
aziparallel elements (possibly shape-irreqular) with directionally uniform polynomial
degree, not containing any hanging nodes. We assign to each edge e € £ the positive
real number

ae'2p,m ) e{2p‘m
O¢ = g,i%,e €&y, e CRando,. = CU,IW, € &L, e CRNF,
30"

where m € {1,2}, Co; =14f0 =1, and m = 2, Cyp; = C(Cinv, p;,6;5) if 0 = —
(see [12] for detailed description of the dependence of C, on the parameters, or [16]
for the corresponding argument on shape-reqular meshes), for i,j = 1,2, 1 # j.
Then, assuming that w € A and that it is analytic on an open neighbourhood of
every element k € T, the solution upg € SP1P2)(Q, T, F) obeys the error bound

(61) \||u—uDG|||<Z S cne i (MY measa)

i=1 rkeT
eCOk;NI'p
MéOKP' O‘f+2];l< (1+28hj)+cl€>’

where p; > 1, of and ¢, as in Corollary 8.4, Ci,rf, for K € T, are constants
depending on u and z. as above (note z. = 0 if e C I'ing). If, additionally, there
exist df > 1, 1= 1,2, such that

(62) 107" 05 ul| oo () < C(d7)™(d5)", m,n=0,1,2,...,

then the error bound can be improved to

(63) = upel? < €33 (””"” ) i o(measa(m)

k€T i=1
with
hndn hndm P hEdE hedr
% = /;d/:c 1 d . J'% 1 J
Moome Q; z( /2>+a (2}71 +Zplh;‘d§( + 5 >>
hEdE hidf
(64) e —— <1+”>.
2p; 2p;



72 EMMANUIL H. GEORGOULIS

Proof. For (61), we insert the bounds presented in Section 7.2 (exploiting the ad-
ditional regularity) into (49) and we apply Lemma 7.17.
For (63), we apply Stirling’s formula to ®1(p;,p;), to obtain

Q1 (pi,pi) = (F(2p1+1)) < (2m)” i(gpz) pi—% opi

g Pj

= (m) R 2p) e (o BE) < (am)E (2p) e

On substituting the last relation into (49) and using (62), the result follows. O

Remark 8.7. The above result can be applied when the solution to the boundary-
value problem exhibits boundary and/or interior layers. Indeed, asymptotic analysis
indicates (and proves in certain cases, see [21, 26] and the references therein, for
details) that solutions to such problems satisfy assumption (62).

Now, we present the corresponding results for equations (1) with non-negative
characteristic form, admitting b # 0 in general.

Theorem 8.8. Consider the setting of Theorem 8.2; then,

llu —upal]| < C’QZZ{ <2fa (CL. M}, +CE M)+ 7020 M°>

k€T i=1
+ Y {< (e mv%> +208) + <1+\[)be>C’3nMam
eCOr; J
(65) v () €1+ ()5 M

e CEL+ 08 } )

with M2, M}

KZ7

Mgm,Mém, M3, ; as in Section 7.1, and c5 = (1 + |[(c =V

b)/(co)? HLOO(N))H(CO) ||LDQ(K) when ¢yl > 0 and c§ := ¢, when col,, = 0.

The complete proof can be found in [12]. For the diffusion part, the proof
is entirely analogous to the proof of Theorem 8.2. For the advection part, the
argument is an extension of the one presented in [18] to the anisotropic setting. As
in [18], we have made use of the L2-projection operator as interpolant in this case,
as it yields hp-optimal bounds for the convection part of the discretisation. Note,
however, that the bound for the component of the error due to the discretisation
of diffusion is suboptimal in p by half an order of p (cf. the corresponding results
on shape-regular elements in [18]).

Corollary 8.9. Let Q2 be an axiparallel polygonal domain, T a subdivision of 2
into axiparallel elements, satisfying the bounded local variation properties discussed
above. We assign to each edge e € £ the positive real number o, defined as in
Corollary 8.4, with m = 2. Then, assuming that u € AN H*YY(Q, T) with k, > 1,
k€T, upg € SP(Q,T,F,Q) obeys the error bound

2 s’
K oK h? ¥ % *
66 llu=uwall < 33 Custalot o) (5 ) Vs alulieris o

k€T i=1
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(a) The 9-element mesh. (b) hp-convergence for A = 0.9.

FicUrE 2. Example 1. The mesh and hp-convergence history. In
figure (a) I = min{1/2, \pe}.

with 1 < sf <min{pf, k.}, Cx: as before, and

1 kY% pf K lhf K\ —
L2k = a?((pi)z—’—zj,;)—i_a?((pi)z+(pi)

K
J hj

(hﬁ);( oy %
(Y (v ()) s s
2pf tT\ R 2pf

If the assumption (48) is violated, then we can still obtain error bounds, at the
cost of losing another half an order of p in the convergence rates (see [12] for details).

(NI

)

Remark 8.10. We present an application of the above result to the (standard)
advection-diffusion problem

—eAu+b-Vu=f,

with (possibly mized) boundary conditions of the form (8). For simplicity of the
presentation, assume that sf =k, for i = 1,2 and that pf = p5 = p.. Making use
of Stirling’s formula and simplifying the constant terms, we obtain the error bound

2 /pENEE hE
lo=unall < ¢33 (B) (ak (14 55)
K J

k€T 1=1

1 1
() 0 ()i

indicating that, for an efficient and accurate approximation, appropriate balance of
the data of the equation and of the hp-mesh parameters should be sought.

9. Numerical Experiments

9.1. Example 1. Let Q := (—1,1)? and consider the equation
(68) —eAu+u=f inQ,

subject to a homogeneous Dirichlet boundary condition; f is chosen so that

B cosh(z1/+/€) cosh(zz/V/e€)
(69) u(z1,2) = (1 - W) (1 a cosh(lz/\/é)) '
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p p
(a) Sensitivity w.r.t. X for e = 1073, (b) Sensitivity w.r.t. A for e = 1075.

FiGUure 3. Example 3. Sensitivity with respect to the choice of A
for e = 1073 and € = 1075.

The solution exhibits a boundary-layer of thickness O(+/€) near 9. In order to
resolve this behaviour we shall use a 9-element mesh, as shown in Figure 9.1(a),
where the small element edges have length [ := min{1/2, Ape}, A is a user-defined
parameter and p is the polynomial degree used in the elemental basis (cf. [28, 21]).

We observe robust exponential convergence, when applying the hp-DGFEM
(with & = 1) on the 9-element mesh, as the polynomial degree is increased; in
Figure 9.1(b) we can see the error measured in the DG-norm plotted against the
polynomial degree p for e = 1073 and € = 107° with A = 0.9.

In order to test the sensitivity of the method with respect to the choice of the
parameter )\, we solved the problem for e = 1072 and ¢ = 10~° and various values
of A. The results, shown in Figure 3, indicate that the method is fairly insensitive
to the choice of A\ as long as ) is chosen to be near 1. We achieve the best results
when A is around 0.9, as opposed to the results presented in [28] for the conforming
hp-finite element method, where A = 0.71 was the best choice.

Let us now see how this example fits into the analysis presented in the previous
section. The analytical solution u satisfies (62) on every element of the considered 9-
element-mesh. A simple calculation reveals that M . < C, with C' independent
of €, for all 9 elements k. Therefore, using the 9-element-mesh the bound (63)
is independent of €, which explains the robustness of the exponential convergence
observed.

9.2. Example 2. We consider the Dirichlet boundary-value problem
—Ugpyp, — 1628Us,0, = f inQ=(-1,1)%

(70) u = 0 on 09,

with f is chosen so that the analytical solution is

(71) (e, wz) = (1—a})(1 - a3) (|1 [* +23)"/*.

This Grusin-type model problem is due to Franchi & Tesi [11], where for p = 1 fixed
a slow sub-linear algebraic convergence rate was reported as h — 0. The purpose
of this example is to show that the pessimistic scenario of [11] can be considerably
improved upon. Note that the analytical solution does not belong (globally) to
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(a) uniform (b) grading with 6 = 0.5 (c) grading with § = 0.171...

FIGURE 4. Example 2. The three meshes used in the numerical experiment.
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FIGURE 5. Example 2. Convergence under hp-refinement using
the three meshes.

H(Q) due to a singularity of the gradient at the origin; nevertheless, it is analytic
in Q\{(0,0)}.

We shall employ a mesh sequence, inspired by one-dimensional problems with
solutions that are analytic everywhere except at one point. We use a geometrically
graded mesh, grading towards the singularity and we increase appropriately the
polynomial degree on every element; this is described in [15].

Therefore, a geometrically graded mesh accumulating towards the line o = 0 on
both sides is employed in the zo-direction. The grading factor § is chosen to be the
optimal one for the one-dimensional problem and has the value § = (v/2 — 1)? =
0.171.... For the grading in the x;-direction three different choices are considered:

(1) uniform refinement;

(2) geometrically graded refinement towards z; = 0 from both sides with grad-
ing factor 6 = 0.5;

(3) geometrically graded refinement towards zy; = 0 from both sides with grad-
ing factor § = (v2 — 1) = 0.171....

The resulting meshes for these three choices are shown in Figure 4.
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The hp-refinement path is the following: We start with 2 elements in each di-
rection and polynomial degree p = 1. The next step is to add 2 elements in each
direction and increase the polynomial degree to p = 2 uniformly; we then add 2
more elements in each coordinate direction and raise the polynomial degree to p = 3
uniformly, and so on. In Figure 5 we can see the convergence history (for 6 = 1)
of this refinement strategy. The convergence appears to be exponential, at least
for the cases of uniform refinement in the x;-direction and a geometrically graded
mesh with grading factor 6 = 0.5 in the x;-direction, as they appear to be straight
lines in a linear-log coordinate system. If the mesh in the z;-direction is refined
geometrically with grading factor § = 0.171..., convergence is slower as, in this
case, the main contributions to the error come from the large elements situated
in the corners, which are larger than the corresponding elements in the other two
refinement strategies.

Comparing our results with the numerical experiments described in [11] we can
see that it is indeed possible to attain substantially faster convergence rates than
the ones proved and observed numerically by using continuous piecewise linear
finite elements therein. Motivated by our experimental observations, we conjecture
that the convergence using any of the refinement strategies described above will be
exponential.

9.3. Example 3. For b = (1,1)7 and 0 < ¢ < 1, we consider the singularly
perturbed convection-diffusion equation

—eAu+b-Vu=f for (x1,23)€ (0,1)2

subject to a Dirichlet boundary condition, which, along with the forcing function
f, is chosen so that the analytical solution is

_1 _(Q-zy)(d—=mg)
€ ¢ —¢e €

w(zy, x2) = 21 + x2(1 —x1) +

1—e"c
This problem was considered in [18] (Example 3) and it is inspired by a one-
dimensional problem taken from [22]. Note that the theory developed above in-
cludes this case, as here ¢y = 0 on Q.

In this numerical experiment, the stability, the accuracy, and the robustness
with respect to € of the hp-DGFEM are tested. The solution exhibits boundary
layer behaviour along x; = 1 and x2 = 1, and the layers become steeper as ¢ — 0.
Motivated by this behaviour, the meshes are constructed by geometrical refinement
towards the boundary layers, with grading factor § = 0.5, and are parametrized by
ne denoting the number of (mesh-)points in the z1- and xo-directions (cf. Figure 6.8
in [18]). Following [18] we perform numerical experiments for ¢ = 1071,1073,107?,
with n. = 9,15, 21, respectively.

The numerical results in [18], are performed with a choice of the discontinuity-
penalisation parameter ¢ that came from the error analysis for shape-regular ele-
ments presented in that paper. In particular, o was chosen in [18] as

- L <aep;n>e
a(m) = o
foree & i,m=1,2.

Here, we reproduce the numerical results of [18] and we perform further experi-
ments with o chosen as in our analysis, namely

o(m) = <“,fj -
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€ pllo(2),0=-1] It. ||6(2),0=—-1| TIt. 0(2),0=1|1t. || 6(2),0=1| It.

1 0.10144 110 0.46401 2460 0.10151 40 0.10418 40

2 || 0.1643E-01 | 97 failed > 10% || 0.1581E-01 | 57 || 0.2050E-01 | 56

3| 0.2551E-02 | 122 failed > 10* || 0.2514E-02 | 64 || 0.2598E-02 | 60

1075 4 || 0.4178E-03 | 119 failed > 10% || 0.4124E-03 | 71 || 0.5013E-03 | 70
5| 0.6765E-04 | 133 failed > 10* || 0.6673E-04 | 71 || 0.6920E-04 | 77

6 || 0.1130E-04 | 135 failed > 10% || 0.1122E-04 | 76 || 0.1299E-04 | 87

7 || 0.1875E-05 | 137 failed > 10* || 0.1855E-05 | 70 || 0.1939E-05 | 93

8 || 0.3107E-06 | 142 failed > 10% || 0.3088E-06 | 74 || 0.3463E-06 | 98

1 0.10088 68 failed > 10% 0.10088 27 0.10299 29

2 || 0.1646E-01 | 80 failed > 10% || 0.1581E-01 | 37 || 0.2035E-01 | 39

3| 0.2551E-02 | 97 failed > 10% || 0.2514E-02 | 42 || 0.2587E-02 | 47

103 || 4 || 0.4207E-03 | 96 failed > 10% || 0.4143E-03 | 49 || 0.4990E-03 | 55
5| 0.6772E-04 | 110 failed > 10% || 0.6684E-04 | 52 || 0.6914E-04 | 61

6 || 0.1118E-04 | 106 failed > 10% || 0.1108E-04 | 56 || 0.1272E-04 | 69

7 || 0.1847E-05 | 116 failed > 10% || 0.1827E-05 | 58 || 0.1889E-05 | 74

8 || 0.3133E-06 | 112 failed > 10% || 0.3112E-06 | 60 || 0.3449E-06 | 81

1 [| 0.9909E-01 | 50 0.10484 113 0.9976E-01 | 18 || 0.9962E-01 | 21

2 || 0.1544E-01 | 65 0.1534E-01 831 0.1517E-01 | 29 || 0.1645E-01 | 31

3 (| 0.2380E-02 | 77 || 0.2383E-02 238 0.2337E-02 | 35 || 0.2352E-02 | 38

10~ || 4 || 0.3627E-03 | 83 0.3626E-03 119 0.3637E-03 | 38 || 0.3735E-03 | 44
5 | 0.5642E-04 | 92 0.5628E-04 118 0.5615E-04 | 42 || 0.5642E-04 | 47

6 || 0.8458E-05 | 92 0.8433E-05 117 0.8517E-05 | 44 || 0.8608E-05 | 51

7| 0.1215E-05 | 98 0.1210E-05 131 0.1219E-05 | 49 || 0.1224E-05 | 52

8 || 0.1605E-06 | 96 0.1598E-06 210 0.1616E-06 | 51 || 0.1624E-06 | 55

TABLE 1. Example 3. Convergence rates in the || - ||«-norm un-
der p-enrichment for various values of ¢ and different choices of
penalisation o.

for e € £, i,7,m = 1,2, i # j. The results from these experiments for m = 2 are

listed in Table 1: the error is measured in the following (o-independent) norm
1

2
ol = [ 3 IVavoll? + fleovl2 |
reT
0(2) and &(2) stand for the choice of discontinuity-penalisation parameter, § =
—1 and @ = 1 denote the symmetric and the non-symmetric versions DGFEM,
respectively, and “It.” stands for the number of GMRES(20) iterations needed in
the solution of the linear system, using a block-Jacobi preconditioner.

For the symmetric version DGFEM (6 = —1), the choice of the discontinuity-
penalisation parameter as o(2) is crucial for the stability of the method. Indeed,
when the discontinuity-penalisation parameter is chosen as &(2), the stiffness matrix
appears to be very ill conditioned or even singular. Hence, the importance of the
new recipe for the discontinuity-penalisation parameter is not only theoretical (as
it enables us to prove coercivity), but is also manifested numerically.

On the other hand, the choice of discontinuity-penalisation parameter is irrele-
vant for the stability of the non-symmetric version DGFEM (6 = 1), as the method
is coercive for any o > 0. Nevertheless, we observe that the results produced using
o(2) are slightly better compared to the ones using 6. This is still true when the
error in measured in the energy norm or when m = 1 is used; for brevity, these
results are omitted (see [12] for details). When € = 107! and € = 10~ the number
of GMRES iterations and the approximation error are consistently smaller with
o(2) than with 5(2). The same is true for ¢ = 107> for p > 5; for 1 < p < 4 the
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number of GMRES iterations with ¢(2) is either the same or marginally larger than
with &(2), but then the resulting approximation error is always smaller.

Hence, choosing the discontinuity-penalisation parameter as advocated in this
work, we observe a crucial improvement on the stability of the symmetric version
DGFEM on anisotropic hp-meshes and a slight reduction in the computational
cost at no loss in accuracy for the non-symmetric version DGFEM. Indeed, in
most cases we looked at, we observed improved accuracy as well as reduction in
the computational cost with the choice of the discontinuity-penalisation parameter
proposed herein, when compared to the choice that was made in [18] where shape-
regular meshes were assumed.

The results of the calculations indicate exponential convergence (cf. also Fig-
ure 6.9 in [18]). Furthermore, with this mesh sequence, the rate of exponential
convergence is independent of e.
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