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Abstract

We develop the error analysis for the hp-version of a discontinuous finite
element approximation to second-order partial differential equations with non-
negative characteristic form. This class of equations includes classical exam-
ples of second-order elliptic and parabolic equations, first-order hyperbolic
equations, as well as equations of mixed type. We establish an a priori error
bound for the method which is of optimal order in the mesh size h and 1
order less than optimal in the polynomial degree p. In the particular case of
a first-order hyperbolic equation the error bound is optimal in h and 1/2 an
order less than optimal in p.
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1 Introduction

Discontinuous Galerkin Finite Element Methods (DGFEM) were introduced
over quarter of a century ago for the numerical solution of first-order hyper-
bolic problems [14,11] and as nonstandard techniques for the approximation
of second-order elliptic equations [12] (see also [13] for a historical survey).
Although subsequently much of the research in the field of numerical anal-
ysis of partial differential equations has concentrated on the development
and the analysis of conforming finite element methods for self-adjoint el-
liptic problems, stabilised continuous finite element methods for convection-
diffusion equations, and finite difference and finite volume methods for hyper-
bolic problems, recent years have witnessed renewed interest in discontinuous
schemes. This paradigm shift was stimulated by several factors: the desire to
handle, within the finite element framework, nonlinear hyperbolic problems
(see [6] and [7]) which are known to exhibit discontinuous solutions even when
the data are perfectly smooth; the need to treat convection-dominated diffu-
sion problems without excessive numerical stabilisation; the computational
convenience of discontinuous finite element methods due to a large degree
of locality; and the necessity to accommodate high-order hp-adaptive finite
element discretisations in a flexible manner (see [5]).

The aim of this paper is to extend the error analysis of the hp-DGFEM,
developed in our earlier work [8] for first-order hyperbolic equations, to gen-
eral second-order partial differential equations with nonnegative character-
istic form. In [8] an error bound, optimal both in terms of the local mesh
size h and the local polynomial degree p, was derived for the hp-DGFEM
supplemented by a streamline-diffusion type stabilisation involving a stabil-
isation parameter § of size h/p. Here, we focus on the more subtle situation
when § = 0, corresponding to no stabilisation. By exploiting theoretical tools
similar to those in [8], we derive an error bound for the resulting scheme that
is of optimal order in terms of the mesh size h and 1 order less than optimal
in the polynomial degree p. For convection-dominated diffusion equations,
suboptimality in p is compensated by the fact that the leading term in the
error bound is multiplied by a small number, proportional to the square root
of the norm of the diffusion matrix. Indeed, in the case of a first-order hy-
perbolic equation, our error bound collapses to one that is h-optimal, with a
loss of only 1/2 an order in p. The approximation technique adopted in the
present paper involves a discontinuity-penalisation device based on the ideas
of Nitsche [12], Wheeler [18] and Arnold [1], albeit with a slight (but im-
portant) modification which permits us to pass to the hyperbolic limit with
inactive discontinuity-penalisation. The error analysis of the Ap-DGFEM dis-
cretisation considered here can also be viewed as an extension of the work of
Baumann [3], Oden, Babuska and Baumann [13], and Riviere and Wheeler
[15] for a self-adjoint elliptic problem.



2 Model Problem and Discretisation

Given that {2 is a bounded Lipschitz domain in RY, d > 2, we consider the
linear second-order partial differential equation

d

Lu=— Z 95 (a;j(x) Ou) + sz(ﬂﬁ) Oiu+ c(z)u = f(x) (1)

i,j=1 i=1

where f is a real-valued function belonging to L2(f2), and the real-valued
coefficients a, b, ¢ have the following properties:

a(z) = {ai; ()} ;21 € L=

sym

(2)
b(z) = {bi(x) oy € Whe ()7, c(x) € L2(2) .

We shall suppose throughout that the characteristic form associated with the
principal part of the differential operator £ is nonnegative; namely,

€ a(z)€>0 VEcRand ae. z € 2 . (3)

For simplicity, we shall assume that the entries of the matrix a are piecewise
continuous on {2; this hypothesis is sufficiently general to cover most situa-
tions of practical relevance. Let p(x) = {u;(z)}¢_; denote the unit outward
normal vector to I' = 02 at € I' and define the following subsets of I

ILo={zxecl: pla(x)u >0},
I ={xel\Ilp: b-p<0} and I'y ={zxel\Ip: b-pu>0}.

The sets I+ will be referred to as the inflow and outflow boundary, respec-
tively. With these definitions we have that I" = I, U I_ U I'y. We shall
further decompose I into two connected parts, I'p and Iy, and supplement
the partial differential equation (1) with the following boundary conditions:

u=gp onIpUI_ and pTaVu=gyon Iy . (4)

We note that (1), (4) includes a range of physically relevant problems, such
as the mixed boundary value problem for an elliptic equation corresponding
to the case when (3) holds with strict inequality, as well as the case of a linear
transport problem associated with the choice of @ = 0 on 2. Our aim here is
to develop, in a unified manner, the a priori error analysis of the hAp-version
of a discontinuous finite element approximation to (1), (4).

2.1 Finite element spaces

Let 7 be a subdivision of £ into open element domains k£ such that 2 =
UkxeTk. We shall assume that the family of subdivisions T is shape regular



and that each x € T is a smooth bijective image of a fixed master element
R, that is, kK = F; (k) for all kK € T where & is either the open unit simplex or
the open unit hypercube in IRY. For an integer > 1, we denote by P,.(%) the
set of polynomials of total degree < r on &; when & is the unit hypercube, we
also consider Q,.(%), the set of all tensor-product polynomials of degree < r
in each coordinate direction. Thus, to kK € T we assign an integer p, > 1,
collect the p,, and F; in the vectorsp ={p, : Kk € T} and F = {F, : k € T},
respectively, and consider the finite element space

SP(2,T,F)={uecL*2): ulyoF, €R, (k) YeeT},

where R is either P or Q. Given the subdivision 7 and s > 0, the associated
broken Sobolev space H*(£2,T) is defined by

H(2,T)= [[ H*(s) ={u € L*(2) : ulx € H*(5) VKET} .
KET

In the next section, we formulate the hp-DGFEM approximation of (1), (4).

2.2 The numerical method

Discretisation of the Low-Order Terms. Let us begin by considering the first-
order partial differential operator L, defined by

Lyw=b-Vw+cw .

Given that x is an element in the partition 7, we denote by dx the union of
open faces of k. This is non-standard notation in that dx is a subset of the
boundary of . Let 2 € 9k and suppose that p(z) denotes the unit outward
normal vector to Ok at x. With these conventions, we define the inflow and
outflow parts of Ok, respectively, by

0_k={x € 0rk: b(z) p(r) <0}, O+k ={x €Ir: b(z)- plx) >0} .

For each v € H(£2,7) and any k € T, we denote by v™ the interior trace of
v on Ok (the trace taken from within ). Now consider an element x such that
the set O_k\I_ is nonempty; then for each z € O_xk\I'_ (with the exception
of a set of (d — 1)-dimensional measure zero) there exists a unique element
k', depending on the choice of z, such that « € d;«’. If 0_x\I'- is nonempty
for some x € T, then we can also define the outer trace v~ of v on O_k\I_
relative to x as the inner trace v relative to those elements ' for which
04+’ has intersection with d_x\I'_ of positive (d — 1)-dimensional measure.
Further, we introduce the oriented jump of v across d_r\I'_:



Supposing that v,w € H(§2,T), we define, as in [10], for example,

(w,v) }:/ @wvdz (5)

KET
—Z/ (b-u)Lvaers—Z/ (b-pwt vt ds
O_r\I_ weT Y O-rNI-

KET

and we put

Z/ﬂmfZ/ (b-p)gvt ds

keT keT wOI-

Discretisation of the Leading Term. Let us suppose that the elements in
the partition have been numbered in a certain way, regardless of the flow
direction. We denote by £ the set of element interfaces (edges for d = 2 or
faces for d = 3) associated with the subdivision 7. Since hanging nodes are
permitted in the DGFEM, £ will be understood to consist of the smallest
interfaces in Ox. With this notation, let I},; denote the union of all interfaces
e € £. Given that e € &, there exist indices ¢ and j such that i > j and &;
and x; share the interface e; we define the (numbering-dependent) jump of
v € HY(£2,T) across e and the mean value of v on e, respectively, by

[U] = 'U|6mr‘|e - 'Ulanjﬂe and <U> = ('U|6mﬂe + 'U|6f€jﬁe)

N =

We note that, in general, [v] is distinct from |v] in that the latter depends
on the sign of the normal flux on an element boundary, while the former is
only dependent on the element numbering. With each face e € £ we associate
the normal vector v which points from «; to k;; on boundary faces, we put
v = p. Finally, we introduce, as in [13], the bilinear form

(w,v) Z/ z)Vw - Vode + {w((aVu) v) — ((aVw) - v)v}ds

KET

+/£ {[wl((aVv) -v) = ((aVw) - v)[v]} ds (6)

associated with the principal part of the partial differential operator £, and
the linear functional

ly(v) = /FD gp((aVv) - v)ds +/FN gnvds .

Discontinuity-Penalisation Term. Let a = ||al|2, with || - [|2 denoting the
matrix norm subordinate to the {2 vector norm on ]Rd, and let a,, = al,. To
each e in £ which is a common face of elements x; and k; in 7 we assign
the nonnegative function (ap?)e = (p3,@x, |e + P Gx;le) /2 Letting Ep denote




the set of all faces contained in Ip, to each e € I'p we assign the element
k € T with that face and define (ap?). = p2a,|.. Consider the function o
defined on I, U I'p by o(z) = K{ap?®)./|e| for € e and e € £ U Ep, where
le] = measy—1(e) and K is a positive constant (whose value is irrelevant for
the present analytical study, so we put K = 1), and introduce the bilinear
form and the linear functional, respectively, by

Bs(w,v) = / owvds + / olwlvlds , £s(v) = / ogpvds . (7)
I'o Ting I'n
We highlight the fact that since the weight-function ¢ involves the norm of
the matrix a, in the hyperbolic limit of @ = 0 the bilinear form B,(-,-) and
the linear functional £5 both vanish. This is a desirable property, since lin-
ear hyperbolic equations may possess solutions that are discontinuous across
characteristic hypersurfaces, and penalising discontinuities across faces which
belong to these would seem unnatural.

It is also worth noting here that, conceptually, the bilinear form B,(-,-) +
Bg(+,-) should be regarded as a single entity, rather than a sum of two separate
bilinear forms; the same comment applies to £,(-) + ¢5(-). Although more
convenient from the point of view of the presentation, separation into By, ¢,
on the one hand and By, ¢ on the other is somewhat artificial and can only
be justified on historical grounds (see [12,18,1]).

Definition of the Method. Finally, we define the bilinear form Bpg(-,-) and
the linear functional ¢pg(-), respectively, by

Bpa(w,v) = Be(w,v) + Bp(w,v) + Bs(w,v)
Ipa(v) = La(v) + Lp(v) + s (v) .

The hp-DGFEM approximation of (1), (4) is: find upg € SP(£2,T,F) such
that
Bpg(upg,v) = lpa(v) Vv € SP(2,T,F) . (8)

In the next section we state the key properties of this method. Before
we do so, however, we note that in the definitions of the bilinear forms and
linear functionals above and in the arguments which follow it has been tacitly
assumed that a € C(k) for each x € T, that the fluxes (aVu)-v and (b- p)u
are continuous across element interfaces, and that u is continuous in an (open)
neighbourhood of the subset of {2 where a is not identically equal to zero.
If the problem under consideration violates these properties, the scheme and
the analysis have to be modified accordingly.

3 Analytical Results

Our first result concerns the positivity of the bilinear form Bpg(-,-) and the
existence and uniqueness of a solution to (8).



Theorem 1. Suppose that, in addition to the conditions (2) and (3), the
function vy = c— %V - b is nonnegative on §2. Then,

1
llwllibe = Boalw,w) = D+ 3 B+ 5 S Fe 9)
KET KET

D= [ outdss [ olwPds, EBu=VaVulia + Vel -
Ip I;

int

Fo= [ ewldass [ et [ ealluPds
O_rkNI_ Oy kNI’ O_r\T-

with v/a denoting the (nonnegative) square-root of the matriz a, and o as
in the definition of the discontinuity-penalisation. Furthermore, given that
either a is positive definite or v > 0 on each element k in the partition T,
the hp-DGFEM (8) has a unique solution upc in SP(£2,T,F).

Proof. We begin by proving (9). First, we note that, trivially,

Bs(w,w) :/ aw2ds+/ olw]*ds .
o n

int

Further, as (b- Vw)w = 1b- V(w?), after integration by parts we have that

By(w,w) = % Z F.+ Z WA (x)w(z))* de .

KET KET VH

Finally, we observe that

B, (w,w) = Z |V a(z)Vw(z)|* dz .

RET VH

Upon adding these three identities, we arrive at (9).

To complete the proof of the lemma, we note that if either a is positive
definite or v > 0 on each element x in the partition 7, then Bpg(w,w) > 0 for
all w in SP(£2, T,F)\ {0}, and hence we deduce the uniqueness of the solution
upg. Further, since the linear space SP(2,T,F) is finite-dimensional, the
existence of the solution to (8) follows from the fact that its homogeneous
counterpart has the unique solution upg = 0. a

Our second result provides a bound on the discretisation error. For sim-
plicity, we shall assume that the entries of the matrix a are constant on each
element k € 7 (with possible discontinuities across faces e € £) and b is a
constant vector. We require the following approximation result [16].



Lemma 2. Suppose that u € H**(k), k, > 0, k € T, and let IIpyu de-
note the orthogonal projection of u in L*(§2) onto the finite element space
SP(2,T,F). Then, there exists a constant C dependent on k. and the angle
condition of k, but independent of u, h, = diam(k) and px, such that

Tk

h
e = Hagullzage) < O ull ey - (10)

where 7, = min(py, ks), K € T.
Next, we state our main result, regarding the accuracy of the method (8).

Theorem 3. Assume that there exists a positive constant vy such thaty > o
on each element k in the partition T. Then, assuming that u € H"<(k),
ke > 2, for k € T, the solution upc € SP(2,T,F) of (8) obeys the error
bound

hQ(T, 1) h2(7,671/2)

llu = unalllbe < €Y (an gy + 5~ Ml » (11)
KET Pr P

where T, = min(px, k) and b is the 1? vector norm of b.

Proof. Let us decompose e = u — upg as e = 7+ £ where n = u — Ilppu,
¢ = IIppu — upg, and Iy, is as in Lemma 2. Then, by virtue of Theorem 1,

1lélllb = Boa(§,6) = Boa(e —n,§) = —Bpa(n,€) |

where we have used the Galerkin orthogonality property: Bpg(u—upg, &) =0
which follows from (8) with v = ¢ and the definition of the boundary value
problem (1), (4), given the assumed smoothness of u. Thus, we deduce that

1I&ll1Ba < [Ba(n, )1 + By (n, )] + |Bs(n,6)| -

Now, from (7) we have that

1/2
|Bs<n,§>|s|||s|||DG(/F olnl? ds + /F a[nPds) )

As V-b=0 on each k € T, after integration by parts, we obtain

By(n,€) = Z/cngdx—Z/ Ve dz+ Y (b p)ntetds

KET weT Y OrrNy
+Z/ (b- )y +£+ds+2/ n &t ds . (13)
reT Y O+ r\It RET m\ F*

Denoting by Sy + S5 the sum of the last two (of the five) terms in (13), we
find, after shifting the ‘indices’ in the summation in Sy, that

1/2
|S4+S5ISZ</6 . |b~u||77|2d5> (/a . Ib-u|L5J2d8>

KET

1/2



Also, since b is a constant vector, [ 7(b-V¢)dz = 0. Thus, (13) yields

1By (1, &) < Clll¢llIpe (Inle o)+ Z/ b plln* [ ds

ke Y ORIy

1/2
A |b-u||77_|2d8> , (14)
AV A

KET

where C' is a positive constant, as in the statement of the theorem.
Next,
|Ba(n, )| < T +I1+111

where
1=|Y [avn veas| 1= [ (@99 v) - (@Vn) - v)g)as|
KET U F o
II1 = ((aVe) - vy — {((aVn) - v)[E]} ds| .
Now,
P <|lElbe Y IVaVnlfagy
KET
2 2 a’lipn a
escllipe X (SR + 255 ||Vn|Lz(am>>
K OkNID#D H p
) ) anp?
1= < Clliélllhe Z h ||[]||L2(aﬁ)ﬁL HVUHLQ(BH)
K:OrNT=0 r

Collecting the bounds on the terms I, IT and I1I gives

1Ba(n,6)| < CllElllpe (Z IVaVnlZa )

RET

a p a
+ X (S + 2 Vil
K:OrNID#D K p

1/2
— 2 —
AP anhn
+ Z <h ||[77]||%2(8n)+p—2|vn”%2(6n)>> . (15)

K:OkNI=0 K

The required result now follows by noting that

[llu = uncllloe < lnllloe + [[iElllpa



using the estimates (12), (14) and (15) to bound |||u — upc|||pg in terms
of [||n]||pe and other norms of 7, and applying Lemma 2, together with the
Trace Inequality

o3y < € (Iollzao I90llzage) + b lolay )+ v€ HY (), e C 0n

to estimate norms of n and Vn over 0k N Ip and Ok in terms of norms of
over K, Kk € T. The argument is fairly standard, so we omit the details. O

We note that in the purely hyperbolic case of a = 0 the error bound
in Theorem 3 collapses to O(h™=/2/p*~1); in the DG-norm, this is optimal
with respect to h, while in p it is 1/2 an order below the hp-optimal bound
established in [8]. In fact, for a = 0, the error bound of Theorem 3 is identi-
cal to the p-suboptimal hp error estimate of Bey and Oden [4], except that
there a streamline-diffusion type stabilisation was included with stabilisation
parameter § = h/p?; Theorem 3 corresponds to § = 0.

In the case of non-constant b, (11) should be supplemented with the
term |b|%v1,oo(n)(h27~/p2(k~_2))||u||§1km(K) under the summation sign on the
right. When a, > ¢o > 0 this additional term can be absorbed into the first
term on the right; otherwise it degrades the error bound with respect to p.
More generally, when streamline-diffusion stabilisation is added to (8), with
stabilisation parameter § = (h/p) min (1,bh/ap®), the bound (11) can be,
simultaneously, extended to the case of non-constant b and sharpened to one
that is still optimal in A, but now with only 1/2 a power of p below the
optimal rate in the diffusive part and of optimal order in p in the advective
part. Specifically, when b = 0, we recover the bound O(h™~!/pF=3/2) of
Riviere and Wheeler [15]; on the other hand, if a = 0, we arrive at the hp-
optimal error bound O(h7~1/2/pk=1/2) of [8] in the DG-norm, proved with
0 = h/p, which represents the direct generalisation of the optimal h-version
bound for the DGFEM (see [9] and [10]) to the hp-version. The proof of this
is beyond the scope of the present paper and will be delivered in [17]. For
further developments regarding these theoretical questions for hyperbolic and
nearly-hyperbolic problems and numerical experiments, see [8,17].
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