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DISCONTINUOUS GALERKIN METHODS FOR ANISOTROPIC
SEMI-DEFINITE DIFFUSION WITH ADVECTION

DANIELE A. DI PIETRO*, ALEXANDRE ERN*, AND JEAN-LUC GUERMOND

Abstract. In this work we construct and analyze a Discontinuous Galerkin method to solve
advection-diffusion-reaction PDEs with anisotropic and semi-definite diffusion. The method is de-
signed so as to automatically detect the so-called elliptic-hyperbolic interface without requiring any
further intervention. The key idea of the method is the use of weighted average and jump operators
to ensure consistency. The error analysis provides optimal estimates in the broken graph norm and is
consistent with well-known results when the problem is either hyperbolic or uniformly elliptic. The
theoretical results are supported by numerical evidence.
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1. Introduction. Discontinuous Galerkin (DG) methods were originally intro-
duced to solve transport equations in [21, 22, 25] and later extended to problems in-
volving second-order elliptic operators in [3, 26, 1]. For many years, the development
and analysis of DG methods have followed two somewhat parallel routes according to
the hyperbolic or elliptic nature of the problem at hand. A unifying viewpoint has
recently been proposed in a series of papers [11, 9, 10], where the authors rely on the
Friedrichs framework originally proposed in [15] to perform an abstract analysis valid
for a variety of (linear) PDE systems.

The goal of this work is to further enlarge the picture by considering advection-
diffusion-reaction problems with discontinuous, anisotropic, and semi-definite diffu-
sivity. One major difficulty related to such problems is to clarify the notion of elliptic
and hyperbolic subdomains and to devise suitable coupling conditions. This issue has
been investigated by Gastaldi and Quarteroni in [16], where a set of interface con-
ditions is derived through asymptotic analysis for a one-dimensional model problem.
In [20], Houston and co-workers propose and analyze a DG method for PDEs with
non-negative characteristic form in higher space dimensions. The problem of a possi-
bly discontinuous solution across an elliptic-hyperbolic interface is solved by manually
removing some penalty terms. This approach thus relies on the a priori knowledge
of the interface location. In [12], Ern and Proft develop and analyze a method which
also requires the a priori knowledge of the elliptic-hyperbolic interface.

In this work we address the multidimensional case, and we consider anisotropic
tensor-valued diffusivity fields. We derive a multidimensional generalization of the
one-dimensional interface condition introduced in [16]. This condition depend on the
value of the diffusion in the normal direction together with the sign of the normal
component of the advection field. After discussing the well-posedness of the con-
tinuous problem, we propose a DG approximation inspired by the weak formulation
of the continuous problem with boundary and interface conditions weakly enforced.
The bilinear form for the discrete problem is designed so that the correct set of
interface conditions is automatically recovered without identifying a priori the ellip-
tic/hyperbolic interfaces. The bilinear form is strongly consistent, continuous, and
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(in the spirit of Friedrichs) satisfies a positivity requirement (L?-coercivity). All the
stability and error estimates are robust with respect to the possible anisotropy and
discontinuity of the diffusion coefficient. The convergence results are optimal in the
broken graph norm and compatible with those presented in [10, 9] when the problem
is either hyperbolic or uniformly elliptic.

The material is organized as follows. In §2 we analyze the continuous problem.
After presenting the setting under scrutiny, we state the interface conditions and pro-
pose a continuous bilinear which enforces interface and boundary conditions weakly.
A well-posedness result is proved under mild density assumptions. In §3 we focus our
attention on the discrete problem. We introduce the discrete setting, discuss the de-
sign of the discrete bilinear form, and show how our design constraints shape the form
of the consistency and penalty terms. The convergence of the method is proved in §4
and the main results are stated in Theorems 4.5 and 4.7. Implementation issues are
addressed in §5 and variants of the method are also introduced. §6 is devoted to nu-
merical experiments illustrating the performance of the proposed method. Concluding
remarks are reported in §7.

2. The continuous problem. In this section we introduce the model problem
and rewrite it as a first-order PDE system endowed with a Friedrichs-like structure.
The corresponding weak formulation with boundary and interface conditions weakly
enforced will serve as a base for the design of the DG method constructed in §3.

2.1. The PDE setting. Let Q C R? be a bounded, open, and connected Lips-

chitz domain with boundary 9€) and outward normal n, and let Pq dof {0}, be a
partition of 2 into Lipschitz connected subdomains. The problem investigated in this
work consists of the following scalar-valued PDE:

V- (—vVu+ fu) + pu = f, (2.1)

with data f € L?(£2). Suitable boundary conditions are prescribed on 952, as specified
later in this section. The following assumptions are made on the coefficients:

(i) v € [L=(Q)]4? is a positive semi-definite tensor field, meaning that it is
symmetric and, for all 7 € R? and a.e. x € Q, r*v(z)r > 0. Furthermore, we assume
that v is piecewise constant on the partition Py and that the problem is normalized
in order to have ||v[|[f (e < 1

(i) B €[ (@)%

(ili) p € L>(Q) is such that p+ $V-3 > po with pg > 0.

Throughout the rest of this work, the symbols < and 2 will be used for inequali-
ties that hold up to a real positive multiplicative constant that is independent of v
(and discretization parameters like the meshsize) but may depend on  and p (and
regularity parameters of the mesh family considered later on).

We introduce the symbol I' to denote the union of the inner boundaries of the
subdomains 2;, i.e.,

T {zeQ Jigipe{l,....N}, iy #ia, v € 0, N} (2.2)

The unit outward normals to €2;, and €;, are denoted by n; and na. We shall also
denote with n the two-valued field on I' such that, for x € 9$;, N 0Q;,, 'I’L|Qij = ny,
j € {i1,i2}. The following convention will be used throughout the rest of this work:
For all x € I', the two indices i1, i3 such that x € 9;, N 0%, are chosen such that
(n‘vn)(2)la,, = (n‘vn)(z)lq,, -



DG METHODS FOR ANISOTROPIC SEMI-DEFINITE DIFFUSION 3

In the same spirit, for any two-valued function ¢ on I', we denote by ¢; the value
of ¢ which is defined on the side of €2;; and by @2 the value of ¢ which is defined on
the side of €2;,. Mean values and jumps across I' are defined as follows:

{0} L Lo +02), ol € o1 — o (2.3)

Since we are not requiring that v be uniformly positive definite, the mathematical
nature of the PDE can change over the domain. To account for this, we define

ror¥ {x €T; (n'vn)(z)

o, >0 and (n'vn)(x)

0., = 0}. (2.4)

The following simple Lemma will be frequently invoked in the paper:
LEMMA 2.1. Let v be a dxd positive semi-definite matrix, then

vreRY  (vr=0)< (rlvr =0).

For any z in I, we refer to );, as the elliptic side of I at x and we refer to ;, as
the hyperbolic side of I at x. Observe that the terms elliptic and hyperbolic are used
in a broad sense. Indeed, the diffusivity may not be positive definite in the elliptic
side, but still have a non-zero component in the normal direction and viceversa for a
hyperbolic side.

Let # < /2. From the assumptions on v it follows that also k is bounded
and positive semi-definite. We now rewrite (2.1) in mixed form by introducing the
auxiliary unknown o so that

o+ kVu =0, %n Qf, (2.5)
V(ko+ pu)+pu=f, inQ,
and we require the following continuity property to hold
[u] =0 onIT. (INT1)

The new symbols appearing in the above equations are defined as follows:

O oNr, " wer fni >0, I C{zel Bn <0}  (26)
The reader is referred to Figures 6.1(a)-6.1(b) for some examples. Observe that o
is only defined in QF. Indeed, u may be discontinuous across I, in which case xKVu
can not be defined in a distributional sense. According to (INT1), the continuity of
u across I is only demanded on the portion of I where the advection field flows from
the elliptic side to the hyperbolic side. Also, since the second equation in (2.5) holds
in the whole domain 2,

{(ko + pu)m} =0 onT. (INT2)
Similarly, the first equation in (2.5) implies that, formally, [u] = 0 across I' \ I. By

combining (INT1)—(INT2) on I and using Lemma 2.1 together with the continuity of
3, we observe that (INT1) amounts to enforcing n{x1Vu; =0 on I.
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2.2. Asymptotic justification. In one space dimension, (INT1)—(INT2) yield
the interface conditions derived by Gastaldi and Quarteroni in [16] and used in [7,
12]. These conditions are deduced by considering the following regularized problem
supplemented with suitable boundary conditions:

(—vul + Bue) + pue — eu = f.

Under the hypothesis that § is a non-zero constant, it is proved that, as € — 0, u,
converges in L%(Q) to the so-called viscosity solution of (2.5) which satisfies (INT1)—

(INT2).
def def

As an example, consider © = (0,1) partitioned into €3 = (0,3), Q2 = (3, 3),

Q; (2,1). Take f = 0, p = 0, 3 = 1, and set v|g,un, = 1 and v|g, = €

The viscosity solution of (2.5) corresponding to the Dirichlet boundary conditions
u(0) =1, u(l) =0is

u|Ql = 1a U|Qz = 1a u|93 =1- e(w—l)' (27)

It can be verified that this solution satisfies (INT1)-(INT2), so that u is continuous at
T = % and discontinuous at z = %

Let us mention at this point that there is a theoretical difficulty in the above
regularization process if the advection field is zero and p = 0. In this case, the limit

solution can be shown to be
ulo, =1, ulg, =1, ulg, =3(1—2). (2.8)

Comparing (2.8) with (2.7), we conclude that the limit process lim. .9 g—0 is not
uniform.

In higher space dimensions, we assume that (INT1)-(INT2) can be obtained by
means of a regularization process and there is no ambiguity on the limit provided
i+ %Vﬂ > po > 0. The goal of the present paper is not to justify (INT1)-(INT2) but
to show that these conditions yield a well-posed problem which we propose to solve
approximately using a DG method.

2.3. The functional setting. We now cast the above problem in an appropriate
functional setting. To this end, we set

def

def
L, =

L2(Q), L, r2@h), LY L, x L.

For every element z € L, we denote by z? € L, and z* € L, the two components of
z induced by the decomposition L = L, x L,. We additionally require the following
density assumption to hold:

e Lf {1 € Ly; k7 € [D(Q1)]%} is dense in L,. (2.9)

Many relevant problems satisfy this hypothesis. Let

W < {2 € L; kV2" € Ly, V-(k2° + B2") € Ly},

where all the derivatives are understood in the weak sense, and consider the following
operators:

K:L>z— (27,uz") €L,
AW 3z (KVZY,V-B(2)) € L,
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where, for all y € W, ®(y) def ky? + By*. When equipped with the following norm:

def
Iyl = lyliz + Ay,

W is clearly a Hilbert space, K € £(L;L) and A € L(W;L). We refer to W as the
graph space of A and the norm of W is called the graph norm. Note that functions
in W satisfy (INT2) but not necessarily (INT1). We shall also make use of the formal
adjoint of A, say A € L(W;L):

AW 3z (—6V2Y, (V-3)2% — V-®(2)) € L.

2.4. Boundary operators. Following [9, 11], we consider the operator D :
W — W' defined by

(Dz,yywrw L (Az,9)1 — (2, Ay) 1.

Clearly, D € L(W;W’) and D is a boundary operator in the following sense:
LEMMA 2.2. For all (z,y) € W x W smooth enough for the integrals to make
sense,

PR—

o0

[@(2)ny" + (y)-nz" — (Bn)z"y"] — /l(ﬁ-m)[[zu]] [v*] (2.10)
Proof. Integrating by parts over QF yields

(Dz,y)W/_W:/IQ{z“ntﬁyg—ky“ntnz”—l—(ﬂ-n)z“y“}

—i—/(m [2"n'ky” +y n' k27 +(Fn)2"y"] .

We conclude using the fact that on I, niki2¢ = —f-n1[z%] and niks = 0, so
that 2 {zntky +y ntkz7+Lnzty*} = —(B-n1)[24]yd — (B-n1) [ ]y + (B-n1)y¥2d+
(B-n2)yszy = —(Bna)[2"][y"]. O

In other words, if z and y are smooth enough, D admits the following integral
representation:

— t )2 u def 0 ,,,,,,
<D27y>W',W _/é)QZ Dy—/](ﬂ 1)[[ ]][[y ]]7 D= [(Kﬂ)tﬁn‘| )

When the traces of z and y are not in L?(9Q U I), the above integrals have to be
understood in some duality sense that we do not try to identify here.

Still following [9, 11], we assume that there is a second boundary operator M
defined as follows for all (z,y) € W x W smooth enough for the integrals to make
sense:

Mz, g)wr /8 0@y —a(y) s+l + / Bl (2.11)

with a € {—1,+1}. The choice & = +1 (resp., @« = —1) is used to enforce Dirichlet
(resp., Neumann) boundary conditions. The operator M is also used to enforce (INT1);
see Lemma 2.3 below. Furthermore, (2.11) can be rewritten as
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The adjoint of M is defined by

(M*y, 2Ywrw = (Mz, ) ww, V(y,2) €W x W. (2.12)

2.5. Boundary conditions strongly enforced. We are now in a suitable po-
sition to introduce the following two subspaces of W, which we equip with the graph
norm ||-||w:

V ¥ Ker(M — D), V* ¥ Ker(M* + D).

We henceforth assume that V and V* are such that
DWWVt =v*,  DVHt=V,

where for all E C W', E* is the polar set of E composed of all the elements of W that
are in the kernel of all the linear forms in E. This hypothesis essentially asserts the
existence of surjective trace operators on I and 0f2 and allows to prove the following
LEMMA 2.3. The following characterizations of V. and V* hold:
(i) If a=+1,
V= {w eW; [[/wu]HIJr =0, wu|{x€89; kn#0 or B-n<0} — 0}7
V* = {w ew; [[wu]”I* =0, wu|{x€89; kn#0 or B-n>0} — 0}7

(i) If a = —1,

V= {weW; [l =0, dw)n = S(Gn+ |Gnlyu},
V*={weW; [w']|;- =0, ®(w)n =12

Consider the bilinear forms ag € L(W x L;R), ay € L(W x L;R) such that

[N
Fh

€

ao(z,y) = (Kz,y)r + (A2,y)L, V(z,y) € W x L, (2.13)

€

ai(z,y) = (Kz,y)L + (Az,9)1, Y(z,y) € W x L. (2.14)

Q.
,_h

LEMMA 2.4 (L-coercivity). ag and af are L-coercive in the following sense:

vy eV, ao(y.y) 2 ly7IIL, + polly“lIZ, + 311y TIZ2( 5o ru00) - (2.15)
vy eV, ai(yy) > Iy lIL, + molly I, + sy IZ: pnpirooe)- (2.16)

Proof. Using the definition of D and V', we infer, for all y € V,

(K + Ay, y)r = (K + 5(A+ Ay, ) + (5(A = A)y,y)r
= yli, + (e +3V-8)y",y" ). + 3 {(My, y)wrw-
The desired result then follows from the construction of M. Proceed similarly to

prove (2.16). O
Consider the following problem: For f € L,,

{Find Z € V such that, for all y € L, (2.17)

CL()(Z, y) = (fv yu)Lu-
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THEOREM 2.5. The problem (2.17) is well-posed.
Proof. According to the so-called Banach-Nec¢as-Babuska (BNB) theorem stated
in [8, §2.1.3], the statement amounts to proving that the following conditions hold:

Vz eV, sup a(2,y) 2 zllv, (BNB1)
vern{oy 9l
VzeV, (VyeL, ao(zy)=0) = (y=0). (BNB2)

(i) Let us prove (BNB1). Let z € V and set S ef SUPyc )\ {0} % Using the
definition of the L2-norm, we deduce

S > sup (AZ7 y)L

2 — 2l 2 Azl = [|2]|z-
yeL\{0} lyllz
Then Lemma 2.4 gives

ap(z, 2)
[E4F?

Izlle < SS=|lzllc + 1Azl S

ie., ||z|lv £ 'S, which proves (BNB1).

(ii) Let us prove (BNB2). Assume that y € L is such that ag(z,y) = 0 for all
z€V. (1) Take z = (29,0) with 27 € & and observe that z is a member of V. Then
using z to test (2.13) we obtain

ao((27,0),y) = (¥ — KVY", 2%)p(aiye =0, V27 €6,

meaning that y” —xVy* = 0 in Q owing to the density hypothesis (2.9). This equality
implies that kVy" € L,. (2) Use z = (0,2%) with z* € D(Q) as a test function in
(2.13) and observe that again z is a member of V. A distributional argument gives

(w+V-B)y" = V-(ky” + By"), 2")o(a) = 0.
Owing to the regularity assumptions on p and [ listed in §2.1 we conclude that
V-(ky® + By*) € L*(Q2), i.e., y is a member of W and
(K + Ay =0.
(3) We then deduce that, for all z € V/,
(Dz,y)wrw = (K + A)z,y)r — (K + A)y, ) =0,
i.e., y is a member of D(V)+ = V*. In conclusion af(y,w) = 0 for all w € L and
y € V*. Finally, the L-coercivity of af (see Lemma 2.4) implies that y = 0. O

2.6. Boundary and interface conditions weakly enforced. Having in mind
that in DG methods boundary conditions are weakly enforced, we introduce the fol-
lowing bilinear form:

a(27y) d:Cf a0(27y)+%<(M_D)Z7y>W’,W7 V(Z7y) EW xW. (218)
Clearly, all the terms above are well-defined and a € L(W x W;R). In what follows
we shall consider the following problem: For f € L,,

(2.19)

Find z € W such that, for all y € W,
CL(Z7 y) = (f7 yu)Lu .
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THEOREM 2.6 (Well-posedness). Problem (2.19) is well-posed and the solutions
to (2.17) and (2.19) coincide.

Proof. Tt is clear that the unique solution to (2.17) solves (2.19). Moreover, for
ally e W,

a(y,y) = (K + Ay, y)r + (M — D)y, y)w.w
((K + %(A + A))y7y)L + %((A - A)y7y)L + %<(M - D)y7y>W/7W

> 127117, + wollz“lI7, + sII="MNZ2(i5n) 1u00)

that is to say, a is L-coercive. This immediately implies that the solution to (2.19) is
unique. 0

3. The discrete problem. In this section we develop the DG approximation
of our model problem following a constructive approach.

3.1. The discrete setting. Let {7}5~0 be a family of affine meshes of 2
compatible with the partition Pqy, which, for simplicity of exposition, is supposed to
be made up of polyhedra. Elements are not necessarily simplices and the matching of
interfaces is not required. We denote by F;. the set of element interfaces, i.e., F € F},
if Fis a (d — 1)-manifold and there are T7, Ty € 75, such that F' = 9T1 NdTs. The set
of the faces that separate the mesh from the exterior of €2 is denoted with F] ,? , i.e.,
F e F2if F is a (d — 1)-manifold and there is T € 7}, such that F' = 9T N 9Q. The

set of all the faces is denoted with Fy, i.e., Fy def .7-',3 Uf,‘?. Moreover, for a given face

F € F},, we introduce the set 7, (F') f {T € T},; F C 9T}. The diameters of T € Ty,
F € Fy, and Tp,(F') are denoted by hr, hr, and hy, (r), respectively. Without loss of
generality, we assume that h < 1.

For a non-negative integer p, we define the space of scalar-valued polynomial
functions possibly discontinuous across element faces, that is

Py < {v, € LA(Q); VT € T, vnlr € Po(T)}, (3.1)

where P, (T') denotes the set of d-variate polynomials of total degree at most p on 7.
Let p, and p, two non-negative integers such that p, — 1 < p, < p, and define the
following spaces:

Eh = [Ph)p(r]d, Uh = Ph,puv Wh = Eh X Uh.

According to the assumptions listed in §2.1 and since {7} } ;>0 is compatible with
Pq, we have that

v € [Pho]®? and & € [Py )% (3.2)

As in the continuous case, the behavior of the solution across an interface is determined
by the diffusion in the normal direction. For F; > F = 9011 N 01 we then define the
two-valued field

A nton T, 1€{1,2}, (3.3)

where we denote with n the two-valued field on F such that n|r;, = nj, j € {1,2}.
Without loss of generality, we shall always assume that the index i € {i1,142} is chosen

so that Ay > Ag. Similarly, for a boundary face F' € .7:,?, we let A % vnfun,
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The mesh family {73 }r>0 is assumed regular in the sense that

hr, 7y S hr, (3.4)
||Vvh||[L2(T)]d 5 h;1||vh||L2(T), VT € 77“ Yoy, € P}L:D (3.5)
”'UhHLQ(F) S h;«“l/2”vhHL2(Th(F))u VF € fh, Vvh (S Ph)p. (3.6)

The inverse and trace inequalities (3.5) and (3.6) can be applied component-wise to
the functions in Xj,.

3.2. Design of the DG bilinear form. The goal of this section is to construct a
discrete DG counterpart of the bilinear form a defined in (2.18) matching the following
constraints: (i) it should satisfy a discrete version of Lemma 2.4 (L-coercivity) and
be strongly consistent. Moreover, (ii) it should not require the elliptic-hyperbolic
interface I to be identified a priori. Indeed, since computers work in finite precision
arithmetic, it may happen in practice that n‘vn takes a small value instead of being
exactly zero, so that I is possibly difficult to identify; (iii) it should include suitable

stabilizing terms to weakly enforce boundary and interface conditions.
Let H*(Tp,) f {ve L*(Q); ve H(T), YT € T} equipped with the usual broken

Sobolev norm denoted by || - || g+ (7,) and define

W(h) WA [HY(T,)) + W,

Let Ty, def Ure Fi F. We introduce a two-valued weight function w such that

[L2(Th)]? 2w = (wi,w2), w1 +ws=1"forae z€Ty. (3.7)

For all y € W(h), y* admits a (possibly two-valued) trace on every F' € F}. Then,
for all 7} > F = 0Ty N 0T% and for a.e. x € F we define the weighted average and
weighted jump as follows:

m def u u u def u U
{v"}e = wiyl’ +waysy,  [y']e = 2(w2yi’ — wiys), (3.8)
where, for a.e. x € F, y¥(z) = limy_., y*(y)|r,, i € {1,2}. When w = (3, 1), the usual
average and jump operators are recovered and subscripts are omitted. The normal
trace of ®(y) is also well-defined on all F' € F}, and similar definitions for {®(y)n},

and [®(y)-n]., can be introduced. Furthermore, the following algebraic formula holds:

{ab} = {a} {b}o, + glalu[b]. (3.9)

Let Zj, denote the discrete counterpart of the manifold I, i.e.,

I, € {FeFi; A >0and Ay = 0}.

To facilitate the discussion, we suppose that the sign of §-n is constant on every
interface F' belonging to F;. In such a case, we can identify two subsets of Zj, say
I}T and Z, , which represent discrete versions of I and I~. The sets Zj, Iff and the
above assumption will eventually turn out to be unnecessary. They are introduced to
help the reader follow the design of the DG bilinear form.

Let us now introduce the discrete bilinear form associated with the boundary
contributions of M. For all F' € .7-',‘3 , define a self-adjoint operator Mp such that, for
all (z,y) € W(h) x W(h),

def u o o u UU (LU u
(Mp(2),y)L.r = —o(2" ky" n)L, F + (k27 0,y") L, F + (Mp*(2"), y*)L,.F-
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Moreover, M is assumed to satisfy the following consistency conditions:
Ker(M — D) C Ker(Mp — D), Ker(M + D) C Ker(Mp + D). (3.10)

The correct form for Mz will be discussed later. For the moment being, we only
require that M " be non-negative so that it makes sense to define

B S (M) e 0B S Teero B
The |-|ps seminorm will be used to measure the error due to the weak enforcement of
boundary conditions.

As a starting point, let us consider the bilinear form that should be used if the
diffusivity were strictly positive definite and if H!-conforming elements were used (see
[8]): For all (z,y) € W(h) x W(h), set

ay V) Y ((Kay)er+ (Azy)ial +5 3 (Mp=D)zy)er. (311)
TET, FeFp

Obviously, this bilinear form is not suitable, since the diffusivity is semi-definite and
non-conforming elements are used. Instead we should consider the discrete counter-

part of the bilinear form a defined in (2.18). Accordingly, we define aglo) such that,

for all (z,y) € W(h) x W(h),

o (z9) € al )+ S (B0 I DL, pe (3.12)
FeT;

This bilinear form is not suitable either. In particular, it is not L-coercive. To regain
L-coercivity we have to account for jumps across element interfaces.

Let us assume for the time being that we dispose of a weight function w satisfying
(3.7), and, for all F' € F},, define the bilinear x s, such that, for all F € F,

Xrw(z:9) € (@)}, ("o rur + (2], L[@(y) 0o — 222 {y* Dy r. (3.13)

Then the following discrete analogous of the integration by parts formula proved in
Lemma 2.2 holds:

> 1Az r—(2,Ay) )= (Pz,y)0r+Y 2 [Xrw(z y)+XFu(,2)]. (3.14)

TeTn FeFp FeF]

Indeed, let LHS the left-hand side of (3.14) and observe that

LHS = 37 (D)e+2 3 [ ({0 my") + {80t} (3n)s"s" ).
Ferp reFi’
Apply (3.9) to the averages involving ®(z) and ®(y), and observe that, owing to the
definition of the unweighted jump and average operators, we have {(8-n)z%y"} =
B[] ) + B2 (24
To get a hint at what should be done to regain L-coercivity, let y € W (h) and

proceed as in the proof of Lemma 2.4 to obtain the following expression for ago) (y,y):

o (yy)= > (K+5A+ Ay, er+3 > (Mpy.y)rr
TeT, Fe]-‘;'j

+ 3 Bl L [ Dewr + D xre(, v)+xro . 9)).

Fez;f FeF;,
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This expression suggests that, in order to ensure L-coercivity in a consistent way, the
following bilinear form should be considered:

def
a (2,9) = al)(2,9) =2 > xrulzy). (3.15)
FeF}

Indeed, in the expression of xp.(z,y), the unknown z appears in terms that are
consistent on all F' € F} \Zj, according to (INT1)-(INT2). As we shall see, an additional
condition on the weighting function w will ensure consistency on all F' € Z;. With
such a choice, it is clear that, for all y € W (h) and for all w satisfying (3.7),

1
ail (99) = 9713, + molly* I3, + 3y s + H15 112 gy

We now turn our attention to the strong consistency requirement. We want to
make sure that whenever the first argument of the discrete form is a member of

V N W (h), all the terms that are not related to aglo) disappear. From this point on,
we shall suppose that the weight function is designed so that

VF € Ip, Ve € F, w(x)=(1,0). (3.16)
This implies that, for all F' in Z;, and all y* € Uy, {y“}. = v, i.e.,
Hle()nle — 23 {y"} = 552y — I (") = - Iyl
Then the following simplification occurs: For all (z,y) € W(h) x Wy,

XFw(z,y) = {@(2)n}, v 7 (r)) L — (Z2 12T, [v"] L., F-

As a result, whenever z is a member of V N W (h), we obtain that for all y;, € W),

ay (z,yn) = ao(zyn) + > (B[] [y"Di..p-

FeT;,

Since z may possibly jump across Z, , the last term in the right-hand side is clearly
inconsistent. To remedy this, consider

2,9) def agl)(z, y) — Z (%quﬂv [v“Der..F- (3.17)

a? (2,
Fez1,;

Since fn1 < 0 on Z, , the extra term reinforces the L coercivity of ag). As a
consequence, ag) inherits the L-coercivity property of ah . Moreover, it is strongly
consistent in the sense that, for all (z,yn) € (VNW(h))xWp, af) (z,yn) = ao(z,yn)-
Note that af) requires Zp, be a priori identified, which is contrary to our second
design requirement. To remedy this, observe that agf) can be rewritten as
() = a7 V() =2 Y xrelzy) + D (G Iy De..r,

FeF FET,

where we recognize upwind penalty terms on Z;. This remark suggests to consider
the following bilinear form instead:

oD () a2 Y xrezy) + Y (B v Dear, (318)

FeF} FeF}
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where the sole difference with respect to (3.17) is that upwind stabilization terms
are now present on all the interfaces. The terms we have added are non-negative

and consistent, so that af’) is L-coercive and strongly consistent in the sense precised

above. Moreover, Z;, does not appear in the definition of af), thus fulfilling the second
design requirement.
To complete the design, it remains only to add stabilizing terms to weakly enforce

boundary and interface conditions. For this purpouse we finally modify af’) as follows:

an(z.9) € a V() 2 Y xpwlzy) + Y (Sp([2D). [y D..r,

FeF} FeF}

where the upwind stabilization terms appearing in (3.18) are replaced by an interface
operator Sg such that
_ |Bn| _
Sr = 5 for all F' € F;, such that Ay = 0. (3.19)
We henceforth assume that Mg and Sg are defined as follows: For all F' € _7-',? and
for all F € F}, respectively,

of |Bn|  a+1A of |Bm A2
A d:f@ ‘; = S d:f|ﬁ_2| o (3.20)
where @ € {—1,+1}. Observe that Ay is by definition the minimum of A\; and As.
following the reasoning in [9, §2.5]. The choice (3.20) is clearly compatible with
the design constraint (3.19). Moreover, the definition of My is consistent with its
continuous counterpart, i.e., (3.10) holds.
To summarize, the expression of the final discrete bilinear form is

an(z.9) E Y (Kzy)pr + (Azy)rl+3 Y (Mp(2) - Dzy)rr

TeTy FeF?
=2 37 [d@E)n} Ay o) ewr + [ 310 7] — 252 5" Devr| (3.1
FeF}
+ 3 S D: [y Do,
FeF}

with Mp and Sp defined by (3.20). To satisfy condition (3.16), the weighting function
w is chosen as follows:

(3537 2037), i A >0,

2
3.22
%, %), otherwise. ( )

Although other expressions for w are possible, this one has the advantage of being
simple and ensuring robustness of the estimates. A similar choice is made in [5, 13].
The discrete problem is now formulated as follows:

{Seek zp € Wy, such that (3.23)

an(znyn) = (F, ).,  Yyn € Wh.

Observe that the o-component of the unknown can be eliminated locally since the
jumps of this quantity across element interfaces are not penalized; see, e.g., [10, §4.4].
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Remark 3.1. The use of non-symmetric weights in DG methods has been high-
lighted in several articles (see e.g., [14, 18, 17, 19]). Although some of the above cited
works point out that the use of weights may lead to higher performance in terms
of accuracy, they do not consider any connection between the weights and the coef-
ficients of the problem. This dependency has recently been investigated in [5, 13],
where the authors show that the use of a particular weighted average improves the
stability of the numerical scheme in the semi-definite diffusivity limit. In the present
case, resorting to weighted average and jump operators is required by our asking the
method to select the proper interface conditions automatically .

4. Convergence analysis. In this section we carry out the convergence analysis
of the discrete problem (3.23). The main results are Theorem 4.5 and Theorem 4.7.

4.1. Basic convergence estimates. For all y € W(h), we introduce the fol-
lowing seminorm:

def def
"5 < Se(ly"D v Dewrs 5= D 195 (4.1)
FeF}
The space W (h) is equipped with the following discrete norm:
def
Iyllh. = ol + 19" 5 + w15+ D 16Vy*17, - (4.2)

TeT),

The following two lemmata follow from the design procedure outlined in §3.2.
LEMMA 4.1 (Consistency). Let z solve (2.5) and zp, solve (3.23). Assume, more-
over, that z € [H*(73,)]%*. Then,

Vyn € Wh, an(z — zn,yn) = 0.

LEMMA 4.2 (L-coercivity). For all h and for all y in W (h),

an(y,y) 2 ylI7 + 1y"15 + [y [3r

In order to estimate the L2-norm of the diffusive derivative kKVz* we need the fol-
lowing
LEMMA 4.3 (Stability). The following bound holds:

Ven € Wh, |lonlnn < sup  ZalZm¥n)
snewa\{0}  Ynlln.e

\Yh)

an(zn
lynlln,e

Proof. Let z, € Wy, and set S < SUPy, ew;, \ {0}
(1) Owing to Lemma 4.2,

lznll7 + 2513 + 12015 < an(zn, 20) < Sliznline. (4.3)

(2) Control of B et Sorer, V27, - Let 77 € ¥, be the field such that, for

all T € Ty, 7y |7 def kVz}|r. From the definition of ay it follows that

B=an(zn, (75,0)) = (27, 70)L,+ Y T2 (snat, 77)r, r+5 > ([ [n 575 ]w) L. p-
FeF? FeF}
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Let R;, i € {1,2,3} denote the last three terms in the right-hand side. The first term
is bounded from above as follows

|Ral < ll27 e, 77 Iz, < 127117, + B,

where 7 can be chosen as small as needed.
The second term vanishes if « = —1. If & = +1, use trace inequality (3.6) together
with (3.20) to get

Ra|l S D hF |(n' ’/mhazh)Lu,F|2 5L my S D 12lan e lI7f L, 7y
FeFp Fery
Consequently, |Ra| < |21|3, + +B. According to (3.22), for all 7} 3> F = 9Ty N T>,

Y A DD
(AN v [ (CETRV A PR sl LA TR

Using the above relation together with (3.20) yields

5 1
Rl S 5 o (RN r ) el e S 1541+ 75
FeF}

The above bounds with v = % together with Lemma 4.2 give

3D 6V, e S anzhs (75, 0)) + an(zh, 20) < Slizalln,e (4.4)
TeT,

where we used the fact that, by definition, ||(7,0)||ln,« = |77z, < ||2&lln,x. Observe
that, owing to the choice of the weight function w, the above estimate is robust with
respect to the possible discontinuity and anisotropy of v.

(3) Equations (4.3)-(4.4) yield [|zp[7, . < i.e., the desired result.

O

Let us now introduce
Wit € {y € W(h); Ywy, € W, (y,wn) =0} (4.5)
Moreover, we define the following norm on W (h):

def br
I ol + 3 [h 19+ bl o+ S Pl B | s (46)

TeT, LT FedT

where, for all T € 7, and for all F' € F},, we have defined

, 2 : i
def {max()\l,hp), it F e Fp, (@)

def —=
= oo s ;h b I
br maX(HVH[L (T)]d-4 ), b max(A\2, hp), ifFE]i?-

The last property needed to prove convergence is stated in the following
LEMMA 4.4 (Continuity). The following holds:

V(z,9n) € Wi x Wiy an(z,9n) < D2l lynln.s-
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Proof. Let (z,yn) € W,f- x Wy, Using the integration by parts formula (3.14), we
obtain

ah(27yh) = Z (Za (K—’_A)yh)L,T +2 Z XF,w(y7Z)
TET, FeFi
1 Z MF )+ Dz, yn) LF+ Z SF [[Z ]]) [[ ]])Lu;F' (4.8)
FeF?

FeF}

We now derive bounds for the four terms in the right-hand side, say R,
the first one we have

y R4. For
|Gz, (K + Ayn)rr| <

(27 yf = &V L, + (2% pyi = Ve(kyfl) = B-Vyi — (8= B)Vyi)L.r
where, for all T' € Tn, B|r is the mean value of the field 3 over T. Observe that, since
kVyt € Xy, B-Vyt € Uy and z € Wik, (27, kVyH)r, = 0 and (2%, 3-Vy!)

L, = 0. As
a result,

Rl S llelclynlle + > (12w bz 5l o + (% (8 = B)-Vy)L, 7]
TeT,

1/2
Slzlzlynlle + > l o 12 ez lyilies o+ 18l @ lyh .ol T],
TeT,

and, therefore, |R1| < ||z]||lynllz- The second term Rs can be simplified as follows

FeF;

(Bal=2 37 [({="Yor {n' Ry D)+ 5 ([0 w2 Do [ o+ (252 (2 [0 |

Let Ro;,%=1,...,3 be the addends of R,. Using the definition of the weight function
(3.22), together with the inverse trace inequality (3.6) and definition (4.7), we infer

1 1
[Roal £ 37 03hE? (24w + 128 20.r) 07 L2, 730,
FeF}
_1
LSS {A} 201 + 15 10, ) Aab D
FeF}
1
< 2 02 (I ey + 115l ) 3L
FeF}

1
[Ra| < (124 Lor + 128 Lr) Y3t 5p S DR D

1
2 (=1l L. + 125 L0, F) lyRLop-
The third term is expanded as follows:

Rsl= > [52(=" nthyf) L, + 5 (k2 yp) 1, o+ 5 ((

F 3 (ME+ Bn)z" gL, F) -
FeF?
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Let R3;, i =1,...,3 be the addends of Rs. If @« = —1, R3 2 = 0 and using (4.7) and
(3.6) we infer that

1 11
Bsal S D2 M 12 lewrlvillee ey S Y 0Rhe? 12 |nw r 197z, 2ie)
FeFp FeFp

whereas, if @ = +1, R3 1 = 0 and (3.20) implies that

1 1 1
[Rsol S Y 0212 p A2 illner S D W21 ey, Flyklar.
FeF? FeFy

Finally, (3.20) yields |R3 3| < [2%|am|yp|as-

For the fourth term we immediately have |R4| < |2*|s|y}*| 7. The desired result is
obtained collecting the above bounds. O

Let 7, be the L2-projection onto Wj. Upon collecting the above results (consis-
tency, stability, and continuity) and observing that z — 7,z € W;t, the Second Strang
Lemma immediately yields the following convergence result:

THEOREM 4.5 (Convergence). Let z solve (2.19) and zj, solve (3.23). Assume
that z € [H'(T3,)]9*t. Then,

Iz = znlln, S 2 — T2l

Owing to the regularity of the mesh family {7 },~0, the following interpolation
property holds: For all z € [H" (73,)]¢ x H™(7y,),

2
lz —mnz] S ( D W2 e (e + ORT N2 e (T))
TeT) (49)

2
i ( 3 hFh?“2|2“|I%Su(Th,(F))> ’

FeF,

where s, def min(r,,ps+1) and s, def min(r,, p,+1). Since p, —1 < p, and provided
(ro,mu) > (po + 1,pu + 1), the above interpolation error is of order h?x, i.e.,
Iz = mnz[ S WP |2l mve+1 (3 ax How b1 (T;,) - (4.10)

Remark 4.1. The above estimate is optimal for the |||, x-norm but yields sub-
optimal convergence in the L?-norm. Note, however, that if p, = p, — 1, the error
estimate is optimal in the L?-norm for 2§, but is still suboptimal for the L?-norm of

Remark 4.2. (Positive definite diffusivity) If the diffusivity is such that v > vpZy
with vy = O(1), the estimate (4.10) can be improved using a duality argument.
Consider the mapping L, > y* —— ¢ € V* defined by

(K + Ay = (0,9"),
and assume the following bound holds:

1N a2y + 19l (e S y° e (4.11)
Adapting the reasoning in [10, §5.3], if 7, > p, + 1 and p,, > 1, it can be proved that

2 = znllL. < BT 20 (oo +1.(73 ) a x Hou 1 (73 -
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4.2. Improved convergence estimates. Owing to the definition of the |||, .-
norm, the convergence result of Theorem 4.5 does not contain an estimate involving
the advective derivative. Such an estimate can be obtained assuming that

K is isotropic. (4.12)

Observe that no further assumption is made on the definiteness of x, i.e., we still
admit that x may vanish over a portion of the domain. Define the following new
discrete norm on W (h):

def def

gl s = Myl + ly“ 5 with y“lis < > hrllB-Vy“li, o (413)

TeT),
LEMMA 4.6. Assume that k satisfies (4.12). Then the following bound holds:

w5 S suwp an(zn, yn)

Vzp € Wh, ,
yn €W, \{0} Hyh”h,n,ﬁ

Proof. Let z, € W}, and set S SUPyhewh\{o} m

(1) Proceeding as in Lemma 4.3 and observing that ||(77,0)|n,x.3 = (77, 0) |5,
we conclude that

Izll7, S Sllznllhe,p- (4.14)

(2) We define the field W}, > m 2 (O mp) in such a way that, for all T € 7y,
Tl = h B- Vz}, where B is the mean of 3 over T. Using (3.5) together with the
regularity of # and the fact that hy < 1, for all T' € 7}, we have

1 1

1
hy 2 Tl pw.r < BENB = B)-VaiilL..r + hi HﬂVZhHL T (4.15)

< h2 1Bller e llzillo.. + % 18-V, -
(1) We first show that ||ma|ln.k8 S l|20llh,x,3. According to the above bound, it is

clear that |71, < ||2nlln.x,s. Commuting the operators KV and 3-V and applying
the inverse inequality (3.5), we infer that

Yo RVERlL, = Y WV V)L, S D I8V, 1
TeT), TeTh TeT,
Moreover, the regularity of 8 and again (3.5) yield

Imhlfe < D b [II%(B-VZE)IILH,T + 10580l cryahz |23 L
TeTy

S DR A PREE i PRCA
TeT,

The term |7}| s is treated as follows:

—

35 def
EARES Z 18- n|2[[7Th]]||Lu,F+ Z b2 [7il1Z, r = Ri+ Ra.
FEF} FEF}
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Using (3.6) together with (4.15) we immediately conclude that
1Rl S Y bl ge) S lznllfov s
FeF}

The second term is zero if Ao = 0. On the other hand, by definition, if A5 > 0, then
A1 > 0, i.e., k is nonzero of both sides of the considered element interface. We proceed
using the trace inequality (3.6) together with assumption (4.12) to get

A2 —
|Ra| S Z h—QhFHﬁ'VZﬁ”%u,Th(F)g Z AgHVZ;f”%g,Th(F) < Z ||'<~'V2f1f||%c,,7h(p)a
FeF} E FeF} FeF}

whence |7}|; < ||2nllh,k,8- In a similar way we can prove that |7} |ar S ||21lh,x,8-
(ii) Estimate for ||z}||n,5. Integrating by parts only the diffusive terms and setting

Iy et u~+ V-6, we obtain

125115 5= an(zn, ™)
+ 3 [he (B2, (B=B) Vi) + (25, AT L o= iz, w) L 7]
TeT),
+2 3 [Hn et Los D + (G, (D ]
FeF}
— 3 [A+a)(nteeg, mf) L, pH(ME—Bn)z m) L, F)

FeFp

+ > (Sr(lD): [ Dz

FeF}

Let R;, :=1,...,9 be the nine terms in the right-hand side and observe that
|R1| < Slimnllne,p S Sllznllnx.s-

Furthermore,

|Rel S Y hrll 8-V, zllB = Bllipeecrpehz 2 ur S W2kl s + lzall .-
TeTn

Moreover,
1 3
|Rs| + |Ra| + [Rs| + [Ro| < llznllnsllwllne,s S S2lznllf .

| Ro| + | Re| + [Rs| < vllznllnrlmlings S Vlzilh s + Izl .

Hence,
2 1 5 2
25 llh.6 < Sllznllne.s +S2l2nll . 5+ l2nllh

whence it follows, using (4.14), that ||z}![7 5 < S*.
a
By using Lemma 4.6 and proceeding as in the proof of Theorem 4.5, we infer
THEOREM 4.7 (Convergence). Let z solve (2.19) and z;, solve (3.23). Assume
that z € [H'(T3,)]9*" and that s satisfies (4.12). Then,

2 = 2ullhw,s S 12 — mhz].
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Remark 4.3. (Purely hyperbolic case) A special situation is obtained when the dif-
fusivity is identically zero over the entire domain, since, for all T' € 7, and for all
F e Fn, br = hr and hr = hp. In such a case it is readily seen that

1
12 = zilloe + 12 = 2illnp < BP T2 |2 musr 7 (4.16)

which is exactly the estimate for the problem investigated in [9, §3.1].

5. Implementation issues. In this section we discuss important implementa-
tion aspects of the method. We show how it can be interpreted in terms of so-called
numerical fluxes so as to compare it with other known approximations techniques
that are defined in these terms in the literature. We also present two variants of the
method that yield substantial computational savings.

5.1. Flux formulation. The notion of (numerical) fluxes is widely used by
engineers. This concept originally introduced in the context of finite volume methods,
naturally extends to discontinuous Galerkin methods. The link between DG methods
and the concept of flux has been explored in [2] for the Laplace equation and in [10]
for more general cases. A number of methods have originally been presented in terms
of fluxes, and it is therefore interesting to recast our formulation in this framework so
as to facilitate comparisons. To this purpose, let us define

| 1ta t,. o . u UU LU 3 0
¢3T(ZU,ZU)|Fd§ t2 n ,:z + (Bn)z +uMF ZY, ) %f Fe _7-',1.17 (5.1)
npi{kz?tz + (Bnr) {z*} + (nrnr)Se([2"]), if F € F,
l—« tu : 0
o s u def | 5% (k) 2", if F e Fy,
= ! 5.2
Por (")l {(Kon)ﬂ:r{zu}w, if FeF}, 2

where @ %' (1,1) —w and nr is the outward normal to the element 7. Tt is possible to
prove (see [10, §4.3] for the details) that the discrete problem (3.23) can be equivalently
reformulated in terms of the following local problems:

Seek zj, € W, such that, for all T' € 7, and for all g € [P, (T)]¢ x P, (T),
(zn, (K + A)@) L1 + (Por(2n), dT) .00 = (f, 4" )L, T

The above form is known as the flux formulation of (3.23). Observe that the above
flux definitions lead to the use of harmonic averages of the normal component of the
diffusion tensor at mesh interfaces.

5.2. IP variant. In this section we discuss a variant of the method designed
in §3.2 which reduces the size of the local problems to be solved to eliminate the
o-component of the unknown. The advantages of such a variant are that it is easier
to implement and that the associated matrix pattern is sparser. To this purpose we
introduce the lifting operator defined as follows: For all F' € F}, and for all ¢ € L?(F),
rrx(p) € ¥y, is defined by

dof | 2L N, KTh) L, F, ifFEfa,
V7h € Zh,  (rew(@),Th)L, = { > (9 ) h

k 5.3
(eni Axmn}w)L, . r, if F € Fj. (53)

Moreover, we let R, (y) def > rer, TFx(p). Observe that, unlike in [2], the lifting

operator depends on the diffusivity. Moreover, for a given face F' € Fy, it is clear that
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FIGURE 5.1. Elimination of the o-component on element T'. Stencil for the IP variant of the
method (solid lines) and for the LDG variant (solid and dashed lines).

supp(rr.x(¢)) = Tp(F). In what follows we shall extend the definition of the jump
operator to boundary faces by setting

[v'] <y, VF e F2, vy e W(h).

The following result holds:
LEMMA 5.1. For all F € Fy and for all vy, € Uy,

1
Mg ol e, i F € R,
1

Xohip? [[vn]lle, e, if F € Fp.

I s(lonDllz, S

Proof. Let F' € F}. Then, using (5.3), (3.22) and (3.6) we have that

e ([oaDI1Z, = ([lalna, {arpw(lvn])}z) Lo.r < II[[vh]]IILu,F%h?ITF,K([[vh]])IILg,

from which the assertion follows readily. The proof is carried out similarly for F' € F, ,? .
d
Proceeding in a similar way as in [2, §3.2] and using the fact that, owing to

assumption (3.2), k7, is in X, for all 7, € 3, it is possible to prove that, for all
(o,u) € W(h) and for all (0,v) € W (h),

an((0,u), (0,v)) = Y [(vVu = Re([u]), KV = Re([v])) 0.0 + (11, 0)1,.7)
TeT),

= (W BV L+ Y (ME(u) + (Bn)u,v)L, F

TeT, FeF?

+ > (Bm) {u}, D)o, r+ Y (Se(lul), [0])L.,.F-

FeF} FeF}

(5.4)

Notice that ¢ does not appear in the expression in the right-hand side, i.e., we have
found a de-coupled problem for the sole primal unknown. The expression (5.4) will
henceforth be referred to as LDG variant of the discrete bilinear form because of the
similarity with the method for convection-diffusion systems proposed in [6].

One can verify that, when the basis functions are defined so that their support
is restricted to one element of the triangulation, the stencil resulting from (5.4) is
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composed of all the elements shown in Figure 5.1 (solid and dash lines). But by
having a closer look at (5.4), one realizes that the only term involving the dashed
elements in Figure 5.1 is the following:

S Ru([ul), Re([])) 2, 7 & —pn(u,v).

TeTy

Hence, in order to reduce the stencil, it seems reasonable to consider the following
perturbation of ap:

alf (2,9) = an(z,y) + pa(2",y"). (5.5)
Let us define the following semi-norm:
def @+ 1

_1 _1
W' Ene = —5— Do IRy e+ Y Ik 1L, e Yy € W(R). (5.6)
FeFp FeF}

The following lemma is crucial to accommodate the proofs of Lemmata 4.2-4.4 to the

new bilinear form a}IP

LEMMA 5.2. The following properties, uniform in h, hold:
(i) For all (z,yn) € (VNW(h)) x W), we have

Yyn € Wh,  pn(z",y5) =0.
(i) For ally in W(h),
pr(y",y") < CNrly“|Lpa,

Np being the mazimum number of faces of one mesh element and C' a positive
parameter depending only on the mesh geometry and on the polynomial order of
approzximation.

(iii) For all (z,ypn) € Wit x Wy,

pr(2z,yn) S 12" |LpclyyLpa- (5.7)

Proof.

(i) We know that [2"] = 0, and, consequently, rr . ([2%]) =0, on all ' € F;,\Z, .
On the other hand, let Z,” 5 F = 9Ty N 9T and 7, € ¥;. Then, since n'k|p, = 0
entails Ao =0,

A
n ke = 2{/\} =l k7|, + 5 {i\} nY k7|1, =0,

ie., rp([z%]) = 0, which gives the desired result.
(if) The second point can be proved as follows. Observe that

IRy DIZ, < D > lrew(ly Dlle, lIre (Dl z,-

FeF, F'eF,

Let F} > F = 0T, N 9T5. Since supp(rp.([y“])) = T1 UT>, only a few products in
the right-hand side are non-zero. In particular, the non-zero products are those for
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which I’ € Ap, where Ap def {F' € Fp; F' C 9Ty or F’ C 0T,}. Therefore, the only

terms involving F' are

Y el Dllzlre w(ly Diic. <5 > (resly DIL, +llre ([ DIE,) -

F'eAr F'eAr

We realize that ||rg,.([y"])]|7, is added at most Np times. The desired result follows
by repeating this argument for the other faces and using Lemma 5.1.

(iii) Deriving (5.7) is a simple application of Lemma 5.1.
O

Modifying Lemmata 4.2-4.4 so as to hold for a)f instead of aj is now simple
in view of the above result. However, observe that, according to the second point of
Lemma 5.2, in order to preserve the L-coercivity, (3.20) should be modified as follows:

1 \2 e )\2
|ﬁ "] + Npn ati A SE ot P |5-n| + Npn (5.8)

def
Muu
2 2 hrp’ 2 hp

where the multiplicative factor n must be strictly greater than the constant C ap-
pearing in (5.7). The term pj that has been added to simplify the elimination of the
o-component is thus counterbalanced by adding “more stabilization”. The resulting
method is termed the IP variant because of the similarity with the IP method pro-
posed in [3]. The method recently proposed in [13] also belongs to this class, although
some modifications are introduced in the definition of the penalty parameter.

5.3. BRMPS variant. The parameter C in (5.7), and, consequently, 1 in (5.8),
is possibly difficult to estimate in practical applications. To solve this problem, we
consider the following alternative expression for the boundary and interface operators:

uu def |6 n|
My (o) €

def n
vt Nenrrao), Se0) S 20 Npnfrr e (59)
A closer look at the proof of the second point of Lemma 5.2 shows that it is sufficient
to take n > 1 to preserve L-coercivity. Owing to the similarities with the approach
first presented in [4], the resulting numerical method is termed BRMPS variant.

6. Numerical results. In this section we evaluate the performance of the pro-
posed method. The simulations were run using the cheaper variant discussed in §5.3.

6.1. Convergence. In order to assess the theoretical convergence estimates, we
consider the problem described in Figure 6.1(a). Here (r,6) denote the standard
cylindrical coordinates with the angle § measured in anti-clockwise sense starting
from the positive z-axis. The domain is taken to be (—1,1)?\ [-0.5,0.5]%, while the
coeflicients are set to

oo |m if0<f<m, =L =103,
O7 lf7T<0<27ra r

where ey is the unit azimuthal vector. The exact solution for a suitable right-hand

side f is

O —-n)?  f0<O<m,
370 —7), ifT<6<2m.
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(a) Description of the test case of §6.1.  (b) Description of the test case of §6.2

(c) Exact solution of the test case of §6.1.

FIGURE 6.1. Problem setting for the numerical test cases. It and I~ are plotted in dashed and
dotted line respectively.

Observe that, although piecewise polynomial in 8, the above solution does not belong
to the discrete space Uy, since we are solving the problem in cartesian coordinates.
Moreover, according to the interface condition (INT1), the solution is continuous across
I'", while only (INT2) is verified on I~. We introduce the following norm:

def
lullf praps = [lullZ, +lul3 + luld, + Y 16Vl 7.
TeTy

Let (op,up) solve the discrete problem associated with the BRMPS variant. Then,
observing that op = kVup + R([un]), it can be proved that ||u — up|nBrRMPS iS
equivalent to ||(c,u) — (o, up)||n,x- Coherently with the desire to avoid the additional
cost coming from the computation of oy, ||u — up|/n,BRMPS Was reported in Table 6.1.
The convergence results confirm the sharpness of the estimates derived in §4.1 and
in §4.2. The L?-norm is also reported for completeness, showing that convergence at
order p, + 1 can be expected.



24 D. A. DI PIETRO ET AL.

TABLE 6.1
Convergence results.

Py P2 Pp3 P4

err ord err ord err ord err ord
luw — unlln BRVMPS
1/2 3.15e+0 7.27e—1 1.74e—1 3.99¢ — 2

1/4 1.63e+0 0.95 | 2.05e—1 1.83 | 2.69¢e—2 2.70 | 3.51le—3 3.51
1/8 819¢e—1 0.99 | 5.32e—2 1.94 | 3.59e—3 291 | 2.5le—4 3.81
1/16 | 4.08e—1 1.00 | 1.34e—2 1.99 | 4.54e—4 298 | 1.63e—5 3.95
1/32 | 2.04e—1 1.00 | 3.36e—3 2.00
lu— unllnp
1/2 1.97e—0 4.50e—1 1.13e—1 2.65e¢ — 2

1/4 7.46e—1 1.40 | 9.87e—2 2.18 | 1.40e—2 3.01 | 1.92¢e—3 3.79
1/8 2.73¢—1 145 | 1.90e—2 238 | 1.44e—3 3.29 | 1.06e—4 4.18
1/16 | 9.82e—2 1.48 | 3.44e—3 246 | 1.34e—4 343 | 5.03e—6 4.40
1/32 | 3.50e—2 1.49 | 6.08e—4 2.50
v —uallL,
1/2 2.92e—1 3.30e — 2 5.79¢ — 3 1.17e—3

1/4 7.49e—2 1.96 | 4.75¢—3 2.80 | 4.62¢—4 3.65 | 5.50e—5 4.41
1/8 1.91e—2 197 | 6.09e—4 2.96 | 3.26e—5 3.83 | 2.0le—6 4.77
1/16 | 4.86e—3 1.97 | 7.76e—5 2.97 | 2.10e—6 3.96 | 6.32¢—8 4.99
1/32 | 1.23e—3 1.98 | 9.82e—6 2.98

6.2. Strongly anisotropic diffusivity. To demonstrate the behaviour of the
method in the presence of strongly anisotropic diffusivity we consider the test of
Figure 6.1(b). The domain = (0,1)? is partitioned into two subdomains where the
diffusivity takes different values; it is definite positive in one region and semi-definite
positive in the other region. The advection field is 8 = (—5,0)! and the reaction
coefficient is 4 = 1. The solution is discontinuous across the interface I~ = {z =
0.75; 0.375 < y < 0.625}. The solutions obtained for different polynomial degrees are
displayed in Figure 6.2, showing that the predicted behaviour is captured accurately.

7. Conclusion. In this work we developed and analyzed a DG method for
advection-diffusion-reaction equations with discontinuous, anisotropic, and semi-definite]j
diffusivity. The proposed method is capable of treating the semi-definite diffusivity
case owing to our design of the boundary and penalty terms. This is achieved by
resorting to weighted average and jump operators. The convergence analysis yields
estimates that are uniform with respect to the diffusivity. The theoretical results are
supported by numerical evidence.
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