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Abstract

We develop and analyze a Discontinuous Galerkin (DG) method based
on weighted interior penalties (WIP) applied to second order PDEs and in
particular to advection-diffusion-reaction equations featuring non-smooth
and possibly vanishing diffusivity. First of all, looking at the derivation of
a DG scheme with a bias to domain decomposition methods, we carefully
discuss the set up of the discretization scheme in a general framework
putting into evidence the helpful role of the weights and the connection
with the well known Local Discontinuous Galerkin schemes (LDG). Then,
we address the a-priori and the a-posteriori error analysis of the method,
recovering optimal error estimates in suitable norms. By virtue of the
introduction of the weighted penalties, these results turn out to be robust
with respect to the diffusion parameter. Furthermore, we discuss the
derivation of an a-posteriori local error indicator suitable for advection-
diffusion-reaction problems with higly variable, locally small diffusivity.
Finally, all the theoretical results are illustrated and discussed by means
of numerical experiments.

1 Introduction

Although the DG methods are usually defined by means of the so called nu-
merical fluxes between neighboring mesh cells, see [2], for most of the interior
penalty methods for second order problems it is possible to correlate the expres-
sion of the numerical fluxes with a corresponding set of local interface conditions
that are weakly enforced on each inter-element boundary. Such conditions are
suitable to couple elliptic PDEs with smooth coefficients and it seems that a



little attention is paid to the case of problems with discontinuous data or to
the limit case where the diffusivity vanishes in some parts of the computational
domain.

To address these topics, we look at the derivation of a DG scheme with
a bias to domain decomposition methods. Indeed, we discuss the set up of an
interior penalty DG method arising from a set of generalized interface conditions,
introduced in [10] to couple both elliptic and hyperbolic problems, which give
rise to the so called heterogeneous domain decomposition methods, see [14].
Our purpose is to obtain a DG scheme that joins the efficacy of heterogeneous
domain decomposition methods for the approximation of problems that vary
in character form one part of the domain to another with the the flexibility of
the discontinuous approximation spaces, which allow to approximate a possibly
discontinuous function without knowing a priori the location of the discontinuity.
As a result of that, our method will turn out to be very effective for problems
whose solution solution features very sharp internal layers.

In order to obtain such method, it is necessary to modify the numerical
fluxes of a standard interior penalty scheme, replacing the arithmetic mean
with suitably weighted averages where the weights depend on the coefficients
of the problem. We will show that this technique provides several advantages
with respect to standard IP schemes. First of all, it improves the capability of
the method to regulate the degree of smoothness of the approximate solution
by tuning local variation of the penalty weighting function with respect to the
local variation of the coefficients of the problem. As pointed out in the seminal
work by D.N. Arnold, [1], this is a fundamental feature for IP methods and we
will see that it remarkably improves the stability of the scheme. Furthermore,
we will show that the numerical fluxes corresponding to the methods based
on the weighted interior penalties (WIP) are correlated with the ones defining
the family of the local discontinuous Galerkin methods (LDG), see [8, 6, 7].
Interestingly, this provides a new recipe to choose the parameters needed to set
up LDG methods applied to advection-diffusion-reaction problems. Secondly,
we observe that the introduction of WIP can be seen as a way to incorporate
into the definition of the scheme some partial knowledge of the solution. We will
analyze how this feature turns out to be useful in the a-posteriori error analysis
of the scheme and in particular in the definition of a local error indicator.

We point out that the idea of WIP is not completely new. In the framework
of mortar finite-element methods, different authors have already highlighted
the possibility of using an average with weights that differ from one half, see
[17, 12]. These works present several mortaring techniques to match conforming
finite elements on possibly non conforming computational meshes. However,
these works do not consider any connection between the averaging weights and
the coefficients of the problem. More recently, see [5], Burman and Zunino
have introduced this dependence for an advection-diffusion-reaction problem
with discontinuous diffusivity, and they have shown that the stability of the
numerical solution obtained with H'-conformal finite elements can be improved
by means of a mortar scheme inspired to interior penalty methods where the
penalty parameter is proportional to the harmonic mean of the diffusivity on



the interface of discontinuity. Later on, see [9], the WIP technique has been
extended from mortars to the case of DG methods for the approximation of
problems with anisotropic diffusion.

In this work, we upgrade to a more general framework the ideas proposed in
[5] and [9]. The derivation of the method is carefully discussed together with its
correlation to other families of DG schemes, in the framework of the unifying
formulations proposed in [2] and [4]. Then, the benefits of the WIP scheme
are highlighted in the a-priori and a-posteriori error analysis and confirmed by
means of numerical experiments.

2 Problem set up and numerical approximation

Following [1], we observe that the IP methods are particularly interesting for the
approximation of time dependent advection-diffusion-reaction equations with
non-smooth and possibly vanishing (nonnegative) diffusivity. More precisely,
we focus on problems governed by the following equation,

Ou+ V- (—e(t,u)Vu+ Bu) + pu = f

complemented by suitable boundary and initial conditions. However, we observe
that the numerical treatment of the time dependence and of the nonlinearity
resorts to consider a sequence of linear and stationary problems. Consequently,
for the set up of a discretization scheme, we focus for simplicity on this type of
equations.

First of all, let be z € R? with d = 2,3 and let © C R? be a bounded open
set with a Lipschitz continuous boundary, for simplicity we assume that 2 is a
polygon/polyhedron. When € € L*°(Q) is a nonnegative function that vanishes
on a given part of the domain, an appropriate setting to approach advection-
diffusion-reaction equations is the so called heterogeneous domain decomposi-
tion method developped in [10, 14]. Let p € L°°(Q) be a positive function
representing the reaction coefficient, let 8 € [W1°°(Q)]¢ be the advection field
such that u + %V B3> o >0and f € L?(Q). In order to set up the hetero-
geneous method, we assume that € has some additional regularity, in particular
there exist two open and measurable but not necessarily connected sets with
Lipshitz continuous boundary, §); and §24,, such that

Qu={zeQ:e(x) >0}, Qny= Q\ Qa.

Then, let I" be the interface between the elliptic and hyperbolic regions, precisely
I' := 0Q¢NOSyy. Furthermore, let ny, be the outward unit normal with repsect
to Qpny and be 0Q;;, = {z € Iy : B npy < 0}. The heterogeneous method



consists in finding a couple of functions wue;, uny such that,

Ve (=eVue + Buer) + pue = [ in Qg
v(ﬂuhu) + HUphy = f in tha
—€eVie -n+ B - nueg =B -nupy  onl,

Uel = Uhy on I' N 0Qyy,
Uel :0 on 6908961,
Upy =0 on 92 N 0Qyn,

where n is the unit normal vector associated to I'. The weak formulation of
this problem has been analyzed in [10] and it will be addressed later on. If
the location of the interface I' is known a-priori (typically all the cases where
this line or surface is stationary and is described by a simple geometry) the
numerical approximation of problem (1) is achieved in the framework of the
domain decomposition methods. Furthermore, the numerical approximation
of (1) has been recently reformulated in [5] to treat the case where I' is any
interface of discontinuity of €, and not only the one between the elliptic and
the hyperbolic subregions. This leads to a mortar method that automatically
adapts to the heterogeneous problem when e vanishes on some subregions of €.
In this work, we aim to apply the flexibility of DG methods in order to extend
the ideas proposed in [5] to the case where the position of I' is a-priori unknown.

To start with, we consider T}, a shape regular triangulation of the domain §2,
and we denote with K an element in T} and with ngg its outward unit normal.
Let e be an edge (or face) of the element K € T}, which is an open simplex in
2. We say that e is an interior edge of the mesh if there are K~ (e) and K (e)
in T), such that e = K~ (e) N OK " (e). We set K(e) = {K (e), K™ (e)} and
let ne be the unit normal vector to e pointing from K~ (e) towards K *(e). The
analysis hereafter does not depend on the arbitrariness of this choice. Similarly,
we say that e is a boundary face of the mesh if e = 0K (e) N 02. We denote
with F,, Fi and FP® the collections of all edges, of all the internal edges and of
all the edges on 0f) respectively. Finally, let h. be the size of an edge and hg
be the one of an element.

Let H*(Ty) be the broken Sobolev space of degree s > 0 on T}. For any
v € H?(T}),) we introduce the following definitions,

v(z)|F := lim v(z F dn.) for a.e. x € ¢,

6—0

v(@)| 3 = 61ir(r)1+ v(z F dnox) for a.e. x € OK \ 9Q.

When not otherwise indicated, the values v|y,, v|; are implied. Moreover, the
subscripts e and 0K will be omitted if not necessary to the context. In this
case, we will use the abridged notation vF(z). The jump over edges is defined
as [v(z)]e :== v(x)|; —v(z)|f, while [v(z)]ox = v(2)|5x —v(z)|5x is the jump
with resepct to element’s outward normal vectors and we denote the arithmetic
mean with {v(z)} := v~ (z) + 20T ().



To develop an approximation scheme for advection-diffusion-reaction equa-
tions with non-smooth and possibly vanishing diffusivity, we replace € with ¢y,
a discrete approximation of € onto a totally discontinuous approximation space
defined on T}. We notice that €; must be either uniformly strictly positive
either null on any K € T}, more precisely e, (z) > 0 or ep(z) =0 for all z € K,
for all K € T}. This assumption is essential for the development of a numerical
scheme, because we need that any elliptic/hyperbolic interface coincides with
the edges of Tj,. In other words, the case of an element K € T}, where ¢, > 0 and
€p, = 0 simultaneously, is not admissible. We also observe that the introduction
of a discrete vector field 85 may be useful from the practical point of view, but
it is not strictly necessary.

In order to develop a suitable method to approximate a problem that may
change in character from element to element, we start from a local problem
formulation, already proposed in [4] for the Laplace equation. The idea consists
in splitting problem (1) in subproblems localized to each element K € T}, com-
plementing them with suitable matching conditions on inter-element interfaces
and with boundary conditions on 02. The key point is to set up suitable in-
terface conditions that automatically adapt to the variations of €. As shown
in problem (1), we need two types of interface conditions, one enforcing the
continuity of the fluxes and one enforcing the continuity of the solution, when
necessary. Let us focus on the latter. If ¢;, where positive and quasi-uniform on
), the standard condition to enforce the continuity of the solution would be,

(118 - nax| + {en}] [ulox =0 on 9K \ 99

In order to correct this condition in the case where €;, changes from element to
element, we introduce an heterogeneity factor, which quantifies the variation of
€p, on each inter-element interface, Ay (z)|ax : 0K \ 9Q — [—1,1] such that
tlaltllac i {en(x)} > 0,
An(@)]ok =
0, if {en(x)} = 0.

Then, starting from the case of uniform diffusivity considered above, we propose
the following generalized interface conditions for the continuity of the solution,

418 nax | (1—sign(Bnok ) eox (An))+{en} (1—Xxox ()] [ulox =0 on OK\OL,

where pgx (An) and xax (An) are chosen to make each local problem to be well
posed. To this purpose, we assume that they satisfy |xox (An)| < 1, |vax (An)| <
1 and,

XBK(/\h) ZO if /\h|8K ZO,
XBK(/\h) =1 if /\h|8K ==+1 (2)
(paK(/\h)ZO if /\h|8K ZO,

SOSK(/\h) = ZFl if )\h|8K = +1.

According to these properties, we further assume that xsx (A\n) is a symmetric
function while wai (Ar) is skewsymmetric. Then, setting o(v) = —e, Vv + S,



we reformulate problem (1) as follows: we look for a function u such that for all
K e Ty,

V-(o(u) + pu = f in K,

[o(u)]ok -nox =0 on 0K \ 09,
[3(8-nl=B-n)+e]u=0 on K N 09, (3)
(318 nox|(1 —sign(B - nox )par (An))

+en} (1 = xox ()] [u]lox =0 on 9K \ Q.

We notice that problem (3) is equivalent to problem (1) when I' C Fy{. This
makes problem (3) the right starting point to approximate second order PDEs
with nonnegative characteristic form and non-smooth coefficients, whithout ex-
ploiting any a-priori knowledge of the interface between the elliptic and hyper-
bolic subregions. For instance, this is particularly interesting in those cases
where the interface evolves in time, because it overrides the application of com-
putationally expensive interface tracking and re-meshing procedures.

We are now ready to introduce the weak formulation of problem (3). Let
Qe be the subset of Q where €, > 0 and let be Qp, = Q\ Q.. We denote
with 0Q¢; and 0§y, their boundary with ne and nyp, their outward normal
vectors and with I'y, := 08¢ N 08,y their interface. Here, the subscript h
reminds that I'y, lies on the edges of T} because €, is either positive or null on
its elements. We also define I'" := {z € ', | B+ np, < 0}, T9** := T, \ T and
GQ}ZJ = {x € 00, NON | B-npy < 0}, 89%‘5 = {x € 00, NON | B-npy > 0}.
In this setting, we introduce the following functional spaces,

Vez = Hl(Qel), Vhy = {’U S Lg(th), ﬂ -Vo € Lg(th)},
Vod = Hémaﬂd (Qer), V;fé ={ve Vhya g n”|an§;; = 0}.

We also define V := V¢ x V" and V5 := V& x Vﬁh) Y. Following the analysis
pursued in [10], for any u := (er, Uny), U := (Ve Vny) € V3,0 we introduce the
bilinear form relative to problem (3),

a(u,v) :z/Q ((thuel—ﬂuel)-Vvel—Fuuewel)—|—/Q (—ﬂuhy-Vvhy—i—,uuhyvhy)
el hy

+ ﬁ *Nele] II'U]]e +/ 6 : neuhy[[v]]e +/ 6 * NUpyVhy,
rout 1%}

FZ" szt
and the corresponding right hand side F(v) := erl fre + thy fvny. Then, the
weak formulation of problem (3) reads as follows: find u € Vg such that,

a(u,v) = F(v), Yo e Vay. (4)

For the analysis of problem (4) we refer to [10, 14]. Conversely, we aim to
briefly discuss here some regularity properties that arise from the multi-domain
formulation (3). Let us consider the case of €5, > 0 for any K € T}, and assume



that the coefficients 8 and p are regular enough to ensure that the operator
V - o(u) + pu is an isomorphism between H?T¢(K)N H}(K) and H*(K), see
[11]. Let us denote with Hx (A) the lifting on K of the Dirichlet data Mgk,
obtained by means of the operator V - o(u) + pu. By virtue of the regularity
of V- o(u) + pu and owing to the trace theorem, we assert that the operator
o(Hk(N)) - ne maps H2*%5(e) into H2T5(e) for any e € K. Recalling now
the fundamentals of domain-decomposition methods, see for instance [15], we
observe that problem (3) is equivalent to determine a function A € H2 (U Fi e,
such that 3. pi [o(Hx(\)] - ne = G, where G € H35(F}) is a given right
hand side depending on f. Thanks to the regularity of G and of the Dirichlet to
Neumann map A — o (Hg (X)) - ne, we assert that A € H%(UF}i e) HH%JFS(F}Z;).
Finally, we reconstruct the solution u of problem (3) by means of the lifting
operator Hy (M) on each element K € T}, and by virtue of its regularity we
conclude that u € H?*T5(T,,) N H(2). These observations justify the property
u € HPTY(T),) with p > 0 that will be assumed later on for the analysis of our
numerical scheme.

2.1 Derivation of the numerical method

To set up our discretization scheme we could exploit the general framework pro-
posed in [4] where a discrete solution is obtained by weakly enforcing that the
residuals corresponding to equations (3)1, (3)2, (3)3 and (3)4 are equal to zero.
However, to put into evidence the role of weighted averages to ensure the con-
sistency of the method, we prefer to derive the scheme following a more classical
approach, while the interpretation on the framework of [4] will be discussed in
the following section.
To start with, for any v € H?(T},) we introduce the weighted averages,
{0(2)}o := w, ()™ (z) +w) (x)vT (z), Vo € e,Ve € F},
{v(x)} = wl (z)v™ (z) + w, (x)vT(z), Vo € e,Ve € F},

where the weights necessarily satisfy w; (z) + wF(xz) = 1. We say that these
averages are conjugate, because they fulfill the following identity,

[uv] = {u}w]v] + {v}*[u], Yu,v € H*(T}). (5)

The role of {-},, and {-}* can also be interchanged, but for symmetry this choice
does not affect the final setting of the method. Let u € V3o be the solution of
problem (4), let T¢' be the collection of elements K € T}, such that K C Qg
and let T} := T, \ T', we assume that u € H2(T¢Y) N Vjo. Let us denote for
simplicity o := o(u). Then, starting from (3), for any v € H'(T},) we obtain,

/va:/ﬂ(v.av—k/mw):K;h/K(V.au—Hmv)

- Z [/K(—U-Vv—kuuv)—i—/aKU'naKU}, Yo e H (Ty). (6)

KeTy,



Then, considering the identity,

Z/ o- naKU—Z/[[UU “Ne + Z /0’11

KeTy, EEFfl EF{')Q

and replacing it into (6), owing to (5) we obtain,

> [ (b nedide 4ol nefeh) + X [om

ecFi "¢ cEFP2

+ 3 [ (movorpw) = [ o voem@m). @

KeTy,

Now, we need to enforce conditions (3)2, (3)3, (3)4 on each inter-element inter-
face and on the boundary of the domain. To this aim, we introduce Ap|e =
len]e/2{€n}te. Then, we remind that the function xsx(-) is assumed to be
symmetric, consequently for any e € F} with e = KT N 9K~ we define
Xe(Anle) = xox (Anlox+) = xXorx (Anlax-), although the sign of A|. is arbitrar-
ily determined. Analogously, since psx have to be skewsymmetric we set,

B nepe(Anle) == B nox+var (Anlox+) = B nox-var (Anlorx-)-

Then, on any edge e € F} we introduce,

’\/h,e(ehaﬁ) = %(|ﬁ : ne| - ﬂ : ne@e(Ah|e)) + {eh}(]- - Xe()\h|e)§h;1)' (8)

Accordingly, for the boundary we set, y4,00(en, 3) := 5 (|8-n| —B-n) +en&h .
We notice that we have adjusted the scaling between the advective and diffusive
terms with the introduction of a factor ¢ht. This will lead to convenient error
estimates in the energy norm. Furthermore, from now on the heterogeneity
factor on each edge, Ap|e will be simply denoted with \j,. Expression (8) allows
us to rewrite (3)2, (3)3 and (3)4 in order to be applied on F},

[o]e - ne =0, OHGEFé,
Yh.e(€n, B)[ule =0, one ¢ Ff,
Yn,00(€n, B)u =0, on e € FP%. 9)

The first of (9) is enforced weakly by replacing it into (7), while the second and
the third of (9) are enforced at the discrete level by means of a penalty method.

For any integer p > 0, we define the classical totally discontinuous approxi-
mation spaces,

V}f = {Uh S LZ(Q); VK € Th,vh|K S ]Pp}.



Starting from (7) and (9), we aim to find uj, € V) such that,

Z /K(_Uh'vvh+uuhvh)+ Z /(crh-nvh—thvh-nuh)

KeTy, EGF;:)Q

+ % [ (towu nelnl. - {nonko - nful.)
ecFj ¢

1 -1

+ Z / [i(w “Ne| — G- ne(ﬁe(/\h)) =+ {6h}(1 - Xe(/\h))fhe }[[uh]]E[[Uh]]e
ecFj ¢

+ Z / [%(W ‘n|—0- n) + ehﬁhe_l}uhvh = / fon, Yo, € VP, (10)
eEF;?Q ¢ 2

where oy, = —e,Vuy + Pup for simplicity. We notice that we have added

the new terms {e, Vot - nefun]e on F} and €, Vo, - nup on FP to preserve
symmetry. The left hand side of equation (10) can be split in two parts. The
former corresponds to the symmetric terms and it reads as follows,

ay, (up,vp) = Z /K [thuh - Vo, + (u + %V . ﬁ)uhvh

KeTy,

+> / [_ {enVuntw - nefvn]e — {enVortw - nefun]e

ecF; ¢
+ (318 mol + fenb(1 = xe () )i [und [onle]

+ Z / { — epVuy, - nup — e, Vop, - nup, + (%|ﬁ . TL| + Ehfhgl)uhvh} .
eCF,?Q ¢
The remaining part of the bilinear form is,

ap (up,vp) == — Z /K [(ﬂuh) Vo, + (V- g)uhvh}

KeTy,

+ 3 /[{ﬁuh}w nefon]e — %ﬁ'negOe()\h)[[uh]]e[[Uh]]e}

ecF} ¢

+ Z 183 - nupvp.

o Ve
ecFy

Then, setting an(up,vp) = af (up,vp) + af, (un, vr) and F(uvy) = fQ fun, our
prototype of method reads as follows: find uj, € V;’ such that,

ah(uh, ’Uh) = F(Uh), Yoy, € V}f (11)

We point out that (11) corresponds to a family of methods that may differ for
the definition of the weights and for the expression of x. and ¢, into (8). We
will consider their choice in the following section.



2.2 Definition of the weights and of the scaling functions

In this section, we discuss how to identify specific choices of the weights w , wS
and of the scaling functions y. and ¢, that basically influence the behavior of
the method that we have proposed.

First of all, we aim to point out suitable recipes to define the weights on each
edge. Our strategy is to introduce a suitable weighing function ¢ that will be
applied to construct the tilted weights depending on the heterogeneity factor,
An. Precisely, we set wE := ¢(£\y,). Observing that A\, (z) € [—1,1] we require
that ¢ satisfies the following general properties,

¢() € C°([-1,1]), ¢([-1,1]) = [0,1], o(~t) + é(t) = 1, ¥t € [-1,1],

with the following particular assumption, that is necessary to enable the method
to satisfy (2),

¢(—=1) =0, and ¢(1) =1, or vice versa ¢(—1) = 1, and ¢(1) = 0. (12)

By virtue of the partition of unity theorem, there are infinitely many functions
satisfying these requirements. For instance, we propose the following family of
weighing functions,

o(t) == & (1 £ sign(t)[t|*), (13)
where a € R plays the role of tilting factor. We notice that at this level the
choice of the sign into ¢(t) is arbitrary, it will be fixed later exploiting (2).
Moreover, we observe that the smaller is a;, the more the weights w differ from
the standard value w¥ = %. For instance, when ¢(t) = 1(1 + sign(t)[t|*), we
have the following limit cases,

0, if t € [~1,0) 0, if t =1,
lim ¢(t) = 71ft—0 lim ¢(t) = ,1ft€( 1,1),
o0 1,if te(0,1], 1,ift=1.

We will see later that another case of particular interest is o = 1.

Secondly, we focus our attention on a”(+, ), the advective part of the bilinear
form. We aim to find a suitable expression for ¢, that makes a”(-,-) to be
skewsymmetric. By means of integration by parts, equation (5) and exploiting
the regularity of 3 € [W1 (€2)]%, we have that

ap (up,vp) = Z/ (Bun) - Vuy, + & 5(V- ﬂvhuh Z / 3 - nupuy,

KeTy e€Fo%
= [ (B neto sl + 8- nege ol unl.] . (19
eEFﬁ ¢

For any e € F,fb we remind that {vp}" = {vp}tw — (w; — wj)[[vh]]e, Then, by
means of the specific definition,

pe(An) = (w; —w) (15)

10



we obtain the following identity,

{on}" + 30e(n)lvnle = {vn}w — 3%e(n) [vae. (16)

Replacing (16) into (14) we conclude that a} (un,vn) = —a}, (vn,ur). Further-
more, owing to (15) we obtain the identity,

B ne{vntw — 38 ne(w, —wl)[vp]e = 8- ne{vn},

which shows that the advective flux on each inter-element interface coincides
with the standard upwind fluz.

Finally, we study how to choose x.. We propose a particular choice of x.
that allows us to rewrite our scheme in the framework introduced in [4] for
the set up and the analysis of DG methods. In particular, we require that x.
satisfies the following property,

{en} (1= xen)) = {entw, e xe(Mn) = (wf —w ) (17)
Let us now consider (15) and (17) and replace ¢(-) with (13). We obtain the
following expressions,
pe(An) = Fsign(An)[Anl, xe(An) = £[An|**,

and we observe that only the choice ¢(Ap) = 3 (1 + sign(A)|An|*) allows to
satisfy (2) for both ¢, and x.. By consequence the ambiguity in definition (13)
is resolved by choosing the positive sign.

Then, to rewrite (10) in the framework proposed in [4], we set wF = wkei
and we exploit the identity

1
{env}w = {entwfv} + 5[[‘”]]6[[“]]& Vo € H?(Ty),
leading to the following equivalence,

[[w]]e
4{w}

{enVurte - nefunle = {eh}w[[uh]]e<{Vvh} ne + [Von]e - n) (18)

Applying integration by parts into (10) over the term | x —0h - Vup, and exploit-

11



ing (17) and (18), we obtain the following equation,

Z/ V- op + pup — f vh-l—Z/Jh]]e nef{vn}®

KeTy eckFy

+ X tendulude (b e~ (Vo) e = FA vl ne)

+ Z /% |ﬁ ' ne| - ﬂ : ne‘?e()\h)) [[uh]]e[[vh]]e

eEF’

+ Z /ehuh “luy — Vo, - n)

e(:'FaQ

+ Z / |ﬂ n| — )uhvh =0, Yo, € V}f (19)

eEF6Q

According to [4], we observe that equation (19) can be regarded as the weak
counterpart of (3) obtained by enforcing that a linear combination of the resid-
uals associated to equations (3)1-(3)4 is equal to zero. In other words, equation
(19) can be rewritten as,

3 / Roun) Wow )+ 3[Ry (un) Wi (0n) R (o W ()R (s )W (o)
KeTy eEF‘

Z [34(Uh)W4(Uh)+R5(Uh)W5(Uh) =0, Yo, eVl (20)

eEF,?Q

being R;(up) the residuals associated to (3)1-(3)4 in the discrete case, while
Wi (vp,) are suitable test functions. Precisely, they read as follows,

Ro(up) =V - o, + pup, — f, Wo(vn) = vn,
Ry(up) = [on]e - ne, Wi (vp) = {vh}w
Ry (un) = {en}wlun]e, Wa(vp) = hy ' [on]e

- ({wh} + Ee[Von]e) - ne,
Ry(un) = 5 (18- nel = B newe(An)) [une,  Wa(va) = [[vh]]e,
Ry(up) = epup, Wy(vy) = “Lop — Vup - n,
Rs(un) = 3(|8-n| — B n)up, Ws(vn) = (21)

In conclusion, we notice that the specific choice of x. proposed in (17) is par-
ticularly interesting because it allows us to rewrite the method (11) in the
general framework (20). An interesting feature is to obtain a formulation where
the test functions W; (v ) are independent from the coefficients of the problem.
This property is not satisfied in our case, since both Wi (vp,) and Wa(vp) de-
pend on the weights wf and thus on ¢;,. However, we notice that the exception
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of Wy (vp,) is of minor importnce with respect to our purpose, because it can
be easily verified that the term involving Wi (vp,) cancels out going back from
(20) to (10). Moreover, in the particular case [w]. = 0, we obtain that the
test function Wa(vy,) becomes Wa(vy) = hot[vp]e — {Von} - ne and thus it is
independent on €. In this case the weights have to satisfy wje,f = w, €, and
by consequence they are defined as follows,

+ —

_ € € P
we:7_h +,w::7_h +,1f€h+62_>0,
€n T € €n T €
w, =wl =3, ife, =¢f =0, (22)

which correspond to choose w¥ = (1 + \,) or equivalently ¢(t) = (1 + ¢)
that means a = 1 into (13). Equation (22) implies that the scaling factor of the
penalty term, namely {ep, }.,, is equivalent to the harmonic average of the values
ef. Consequently, the mortar between elements is proportional to the stiffness of
two sequential springs of modulus e,jf respectively. This interpretation suggests
that (22), and thus a = 1, seems to be a very natural choice for problems with

discontinuous coefficients.

2.3 Reinterpretation by means of numerical fluxes

Several DG methods are set up by means of numerical fluxes, denoted here with
ap, and &, - ne, which represent suitable approximations of v and o(u)-n. on the
edges of T},. In order to highlight the relationship between the method proposed
here and other DG approximation schemes, we aim to identify the numerical
fluxes corresponding to our scheme. Following the paradigm presented in [2],
we start from the discretization of the governing equations V - o + pu = f and
o = —epVu + Pu, and exploiting the fluxes @y and &y, - ne we obtain,

Z/Kf”h: Z/K(—Uh-Vvh—i—/whvh)

KeT), KeT,

+ Z ({5h}w ‘nefvn]e + [on]e - ne{vh}w) + Z Op - Nk, (23)

eeF,ﬁ eEF;‘?fZ

-3 [ vu== % [ (amdu+ @) Tu)

KeTy, KeTy

+ <{6hvvh}w -nelun]e + [enVon]e '”e{f‘h}w)
ecF}

+ Z epupVup - n. (24)
eeF,?Q
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Moreover, by means of integration by parts we obtain,

—_ Avy, = .
Z Aéhuh Up, Z /Kthuh Vvh

KeTy, KeTy
— Z ({thvh}w -ne[[uh]]e + [[thvh]]e . ne{uh}w) — Z epupVop - n,
ecF} ec FP¢

which can be replaced into (24) in order to give,

- Z /KUh-vth Z /K(thuh—ﬁuh)-Vvh—k Z eh(ﬂh—uh)Vz}h-n

KeTy, KeTy, c€FP?

+ 3 (fenVontu melin — wnle + [enVonle - nefin —wi}® ). (25)
ecF}

Combining equations (23) and (25) and reminding that op = —e,Vuy + Buy,
we conclude that the bilinear form corresponding to the fluxes 4 and &y, - n. is,

an(up,vp) = Z /K (— on, - Vo, + uuhvh)

KeTy,

+ Z ({&h}w ‘nefvn]e + [on]e - ne{vh}w)

ecF}

+ Z ({ﬁhvvh}w ‘nefan — uple + [enVur]e - ne{tn — uh}w)
ecF}

+ Z (5'h - nup + eh(ﬂh — uh)Vvh TL)

eeF,?Q

Now we compare ay,(up,vn) with a(up,v,) and we observe that these two
forms are equivalent provided that,

Gh - Me = {0n}w e + Yhe(€n, B)[unle,  an = {un}". (26)
Indeed, owing to (26) we obtain,

{Gh}tw ne =0p-ne and [op]e - ne =0,

{an —un}® = {an}” —{up}” =0 and [an —un]e = [tn]e — [un]e = —[un]e,

which directly imply ap, (un,vy) = a(up,vp). In conclusion, the numerical fluxes
associated to our weighted interior penalty scheme are given by (26). According
to the terminology introduced by [2] such fluxes are conservative. Finally, a
simple manipulation of (26) puts into evidence a close connection between our
scheme and the LDG methods. Indeed, reminding (15), for any v, € V} we
obtain,

{ontw = {on} + 3@elvnle, {vn}" = {vn} — S@elvnle,

14



and consequently (26) can be rewritten as,

Gnne ={on}t - ne + s@clonle - ne + n,e[unle,
tn = {un} — 3@c[un]e.

On the edges where A;, # 0 and thus .(Ap) # 0, these fluxes turn out to be
equivalent to the fluxes of the LDG method, proposed in [6], if we set C11 = Ype,
Cip = %(pe and Cyy = 0, according to the terminology defined there. A specific
choice for the parameter Ci5 together with the expression 4, = w;ru; +w; uy,
with w}, w; # % has already been applied in [7], in order to prove a supercon-
vergence property for the approximation of the Poisson problem. However, the
ideas underlying [7] are very different from ours. Indeed, definition (26) can be
seen as a new recipe to properly scale the characteristic parameters C; and C1o
of the LDG method with respect to the coefficients of an advection-diffusion-
reaction problem. In other words, the WIP scheme is capable to automatically
adapt its numerical fluxes to the degree of smoothness of the diffusion coeffi-
cient. In particular, WIP coincides with the symmetric interior penalty scheme
on the edges where ¢, is continuous, while it switches to the LDG formulation
where €, is discontinuous and thus Aj, # 0.

3 A-priori error analysis

The goal of this section is to establish an error estimate being robust with
respect to locally vanishing diffusion. The analysis is performed in the spirit of
Strang’s Second Lemma by addressing the consistency, coercivity and continuity
properties of the bilinear form. To obtain such result, we follow the analysis
proposed in [9], with the necessary modifications to adapt it to the method at
hand.

For any v € V we consider the energy norm associated to problem (11),

1 1 ~1\3
lollf2 =lle; Vollg 5, + g vli§ 2, + (318 nl + enhe®) *oll§ oo
1
+ || (%W “Ne| + {eh}whgl) 2 [[v]]e”(?),pi
and for any v € V N H%(T') we introduce the following augmented norm,
1 1
Ioll13 =[l[oll2 + 18 - nel20llg g + l(enhe) > Vo - 2§ pon

1
+ || (enhe)* Vo - neHaF}g,

where || - [0,k || - [|o,e are the L?-norms on K, e respectively, and,
Wz, = D ol s 0I5 s = D ollE e N0I3 pon i= D NI0llg.c.
KeTy, ecF} ecFP%
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In the analysis, we will make use of the following inverse inequalities, see [1],
that hold true for all K € T}, and for all v, € V¥, provided that T}, is shape
regular,

1
Ré lvnllo.e S llvnllo, s (27)
hi|[Vonllo.x < llvnllo, - (28)

Here and in the sequel, the symbol < denotes an inequality involving a positive
constant C' independent of the size of the mesh family and of the diffusion pa-
rameter. Moreover, we will make use of the following approximation properties
of VP. Let mp, : HP™Y(T},) — VP be the L%-projection operator onto V. Then,
it satisfies,

v — mhvllo,x + hil| V(v — )]0,k S B 0lpi1 i (29)

+l
o = mhvllo.e + hel|V(v = 7h0) - nelloe S Bl 2 [0lpt1,k (30)
where |v|s, x is the seminorm in H*(K).

Lemma 1. For any v € HP(T},) with p > 0 we have,

+3 +1
o = mnollls S Y (Wicllenlloe ) + b 2 1Blwa o) + PR 10) [0l
KeTy

where |||-|||« represents both |||-||la and |||-|]|L-

Proof. The result follows immediately from the application of (29) and (30) into
v = mnollla and [[[o = maol|] L. O

Lemma 2. Let u € Vgo N H2(TZ) be the solution of problem (4). Then,
ap(u,v) = F(v), Yo € (VNHXT)) @ VP and ap(u — up, vp) = 0 Vo, € V.

Proof. Let us consider aj(u,v). First of all, we observe that u € H?2(Tf!)
implies that [u]. = 0 in the sense of traces for any edge such that K(e) € T¢.
Analogously, {e,Vv},y, - ne = 0 for any edge such that K(e) € T,}Zy. Finally, by
virtue of the definition of the weights, see (12), we obtain that {e, Vv}y, -ne =0
for all e € I'y,. Then, the term {€,Vv},, - ne[u]e is equal to zero on any e € F},
because either [u]e = 0 and {e,Vv}, # 0 or Ju]e # 0 and {e,Vv}, = 0.
Proceeding similarly, we obtain that €, Vv - nu = 0. For the same reasons, we
assert that v ¢(en, B)[ule[v]e = 0 for any internal edge of T¢! while for the
edges inside T,? Y we may have we may have [u]. # 0 but 3 - n.Ju]. = 0, since
u €V and 3 € WL(Q). Moreover, since [u]e = 0 on I'i", and v, (€p, 3) = 0 on
9wt we conclude that vy c(en, 8)[u]e = 0, for any e € Fi. Finally, we observe
that u € V. N H2(T{') ensures that [o]e - n. = 0 in the sense of traces for any
e € F}. By consequence, a(u,v) is equivalent to the second row of (6). Then,
integrating by parts and applying the equivalence V - o + pu = f in L2(Q2), we
obtain a(u,v) = F(v) for all v € (VNH*(T")) @ V. Finally, setting v = vy, the
Galerkin orthogonality ap(u — up,vp) = 0 Vo, € VP follows immediately. O
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Lemma 3. Choosing ¢. as in equation (15), namely pe(Ap) == (w; — w]),
the bilinear form aj (-,-) skew-symmetric, more precisely a} (u,v) = —a"(v,u)
for allu,v € (VN H*(TF)) @ V)P,

Proof. The proof follows immediately form the combination of equations (14)
and (16). O

Lemma 4. Choosing & large enough in the definition of vy, ¢(en, 8) and v 00(€n, B),
see equation (8), the bilinear form aj(-,-) is coercive in the energy mnorm, pre-
cisely |||vnl|la S af (vn,vn) for all v, € VP.

Proof. First of all, it is straightforward to verify that,

Z/ en(Vop)? (H-F%V'ﬂ)viﬂ

KeTy,
+€§,/ 118 ne| + {en}wéhy )[[vh E;Q/ 316 n| + enkh, )

1 1 1
> et Voul3a, + lagonldr, + (218 el + {en}uths)? [onlelly r

1
+ (318l + en€h?) *vnll2 poo- (31)

For the remaining terms of aj (-, -), reminding that w* = wief and wr +w; =
{€n }w, we obtain the following bounds,

2 Z /{thvh}w Nelvn]e + 2 Z /thvh nuy,

eEF‘ GFOQ

=2 Z/w Vo, +wiVol)  nefop]e + 2 Z /thUh noy,

ecFy. eeF@Q

S\l 1 1 1
< 3 [one (1) E Vg nellfe + IV nelid ) + ——I{en}EIonl. .o

ecFj

+ 3 [ahlfvon nlg, + ——llefonl.]

eeFf’Q

By means of inequality (27), we get,

ZZ /{thvh}w Nefvn]e + 2 Z /thvh nuy,

ecFj e€ FP9
1 1 11
S allef Vould g, + ~Hen}ihe : [onlellg s + = ||€h vhllo ppos (32)
The coercivity of aj, (-, ) in the norm [||-|||, directly follows from the combination
of (31) and (32) provided a and ¢ are such that o <1 and £ <& O

17



Corollary 1. Under the assumptions of Lemma 3 and Lemma 4 the bilinear
form ay(-,-) is coercive in the energy norm |||-|||o for all v, € V.

Corollary 2. Corollary 1 ensures that problem (11) is well posed.

Now, to suitably define the continuity of the bilinear form ay(-,-), we intro-
duce the space,

Vi ={ve VNHT); [ vvn =0, Yo, € VP}
Lemma 5. The bilinear form ay(-,-) is continuous, precisely it satisfies
an(u,vn) S |l[ulllLll|vallla Yu € Vi, Yon € V).

Proof. We proceed by bounding each term of ap(u,vp,) with respect to |||ul|| L
and |||vp]||q- First, we consider a} (u,vp,) and we observe that,

Z /{thu}w “nefon]e + Z enVu - nup,

ecFi "¢ ecFpR ¢
1 —1\ 4
< Wenhe)® V- nello (G {entwhe )2 [onlello,ry

1 1\ 1
+ ll(enke) Vu - nllg poal (enh ) unllo poos

and from (32) we get,

Z {enVup}tw - nefule + Z enVup, - nu

ecFi V¢ ecFpR 7
1 Tt 11
S llei Ponllo, (Il (enbwhz ) ulello rg + Nl b * ullo ppe)-

Exploiting the previous inequalities, the bilinear form aj (u,vp) can be easily
estimated as follows,

ai(u,vh)—/g(%vﬁ)uvhi wlll Lllvnllla-

where the term %V - Buvy, cancels out with the opposite one in a} (u,vp).
Second, we consider aj, (u,vs). To bound the term Y-y, [ (Bu) - Vuy, let

B, := 119 3 be the piecewise constant vector-valued field equal to the mean value
of B on each K € Tj. Then,

/K(ﬂu)'vvhZ/Kuﬁh-vvh-F/Ku(ﬂ—ﬁh)-Vvh:/Ku(ﬁ—ﬁh)-Vvh, (33)

since B, - Vv, € VP and u € V. Moreover, 8 € [W1H>°(Q)]¢ thus we have
18 = Bulliwo, (xye S hi for all K € T}, so that the inverse inequality (28) yields

> /KI(ﬁU)-WhI S llullo,zllvnllon, < Hlullla [l[v]]la-

KeTy,
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For the remaining terms of a}, (u, vy) we get,
1
> /[{6U}w-ne[[vh]]e — %B-newe(eh)[[u]]e[[vh]]e] t5 D [ B
S e€FP2 "¢
L L
S B - nel2ullo,r; 118 - nel? [on]e|

1 1
+ 118l ullg ggalllB - nl3valo poo-

1 1
0.5 + 18- nel¥ Tullllo 118 - me # [onde o,

From the two previous inequalities we obtain that,
a%(uvvh)Jr/Q(%V-ﬁ)uvh S el lon]lla- (34)

Finally, the result directly follows from the combination of (33) and (34). O

We are now ready to prove an a-priori error estiamte in the energy norm for
method (11).

Lemma 6. Let u € Vg N H2(TF) be the solution of (3), let mpu be the L2-
projection of u onto V' and let uy, be the solution of (11). Under assumptions
of lemmas 2, 4, 3 and 5 we obtain,

v = unllla < |l = mnull] L (35)

Moreover, under the assumptions of lemma 1 we get,

v = unllla

+1
S Y [dlenlizeqo + hi HIBlwa o) + B3 o) ol ] (36)
KeTy,

Proof. Lemmas 2, 4, 3 and 5 imply that

ap(up — TRu, up — TRu) _ ap(u — THU, Up — THU)
[un — mhullla Nun — mhullla
S w = mrull| L, (37)

lun = mnullla S

~

owing to the fact that u—mpu € V). We complete the proof of (35) by applying
the triangle inequality and using the fact that |||-|||a < |||-]||L, precisely,

v = unllla S Mlun = mnullla + [[lu = mrullla S [l = mnul]] L

Moreover, (36) directly follows from the combination of (35) and lemma 1. O

4 Duality based a-posteriori error analysis

In this section we aim to put into evidence some peculiar advantages of the
weighted interior penalty method in the derivation of a local error estimator.
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First of all, we observe that there are different strategies to obtain a local error
estimator, which can be mainly classified into residual based or duality based
error estimates. In our context, the derivation of a residual based error ertimate
is particularly challenging, because we aim to obtain a result that is robust with
respect to the diffusion parameter, see [18] for a recent discussion of these topics.
Conversely, a duality based error estimate can be derived following the frame-
work proposed in [3] and references therein, and can be also easily adapted to
the case of nonconforming elements, see for instance [13]. In particular, we no-
tice that the duality based approach straightforwardly preserves the robustness
of the weighted interior penalty method with respect to locally vanishing dif-
fusivities. By consequence, for this preliminary study, we focus on the duality
based a-posteriori error analysis.

4.1 Duality based error representation

To start with, we introduce a linear functional J(-) : V' — R that is the output
functional for which we aim to control the error. The definition of J(-) will
be made precise later on. Let 6 be the dual advection field, namely 6 = —0.
We denote with the same superscript all the quantities, depending on the new
advection field, that are involved in the definition of problem (4). Furthermore,
we introduce the dual space V 0= OEl X Vh“ and for any u,v € V we define

the dual bilinear form,
a(u,v) ::/ ((thuel - Buel) Ve + (10— V- ﬁ)uelvel)
Qel
+/ ( - Buhy Vpy + (0 =V B)“hyvhy)
th

s NURpy Y,
Outﬁ hyVhy,

ooy

+ [ Bonualv] + [ B-nuhy[[v]]Jr/

in out
Fh Fh

where T, T9% and 8(2,“/ refer to § = —3. It is easily verified that a(u,v) =
a(v,u) V u,v € Vg, or vice versa a(u,v) = a(v,u) V u,v € Vgo. In this
framework, we mtroduce the dual problem with respect to (4): find z € Vio
such that,

a(z,0) = J(p), Ve €Vy,. (38)
The analysis of the dual problem is analogous to the primal one, namely problem
(4). To proceed, we set up a discretization method for the dual problem. Mim-
icking the derivation of the WIP method, we obtain the bilinear form ajy (up, vp,),
which differs from ay, (un, vy ), because the avection field 3 is replaced by B =—pf.
We observe that ap,(un, vr,) satisfies the following properties,

an(up, vp) = ay,(un, v) + a (un, vp),
ay, (un,vn) = aj,(un, vn),

T T
(U h

(un,vn) :==a (ﬂ;uh,vh)a

Q>
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where in the last row we have highlighted the dependence of aj (up,vp) from S3.
Owing to the symmetry of af (up,v) and to the skew-symmetry of aj (up, vp)
we immediately obtain that,

ap(un,vn) = ap(un, vp) — ap (B un, vp)
= aj (v, up) + ay (B;vn, un) = ap (v, up). (39)
Then, we consider the discrete dual problem that consists in finding z, € V!
such that,

an(zn,on) = J(on), Y on €V, (40)

where the discrete dual space V! is generally richer than V}’, i.e. ¢ > p.
We notice that mimicking Lemma 3 and 4 as well as Corollary 1 and 2
we immediately conclude that problem (40) is coercive and thus well-posed.

Finally, in analogy with Lemma 2, we obtain the following result that states the
consistency of problem (40) with respect to (38).

Lemma 7. Let z € V5, N H2(TZY) be the solution of problem (38). Then,
an(z, ) = J(¢), Vo € (VNH*(TE)) & VP and an(z — zn, on) = 0 Vo, € V.
The proof is omitted since it is analogous to one of lemma 2.
Now, let e := u — uy be the error relative to our numerical method, where
u € Vo N H2(TF) is the solution of (4) and uy, € V)P satisfies (11). We easily
conclude that e € (V N H*(T¢")) & VP. Lemma 7 allows to rewrite the error
on the output functional J(e) = J(u) — J(up) in terms of the residuals of the
numerical method, more precisely we obtain the following error representation
formula.
Lemma 8. Let z € V NH(TE) be the solution of problem (38) and uj, € Vi
the one of (11). Then, for any ¢ := (z —vp) € VN H2(TZ) & V)F,

) == 3 [ Row)Wol©

KeTy,

=3 [ (Ralwn)WQ) + Ralun)Walc) + Ra(un) Wa(©))

ecF} ¢

-2 /(R4(Uh)W4(C)+R5(Uh)W5(C)), (41)

ecFP2 "¢
where R;(+) and W;(-) are defined in (21).

Proof. Since e € (V. N H*(T(")) & V¥, we apply Lemma 7 with ¢ = e. Owing
to (39) and the Galerkin orthogonality of the primal problem, we get,

J(e) = an(z,e) = ap(e, 2) = anle, ().

Now, starting from the expression of ay(e,(), mimicking the steps that lead
from (10) to (19), and taking into account that u weakly satisfies problem (3),
we exactly obtain (41). O
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4.2 Definition of the local error indicator

We are interested on the error representation identity (41) because it is the
starting point to develop an adaptive finite element method. To this purpose,
the first step is to define a local error indicator, that is a discrete function that
quantifies at which extent the local approximation on each element K € T},
contributes to the global error J(e). Looking at equation (41), it is clear that
the quantities R;(up)W;(¢), ¢ =0,...,5 are the natural bricks to build up the
local error indicator. In this perspective, we observe that it is necessary to set
up a suitable strategy for the repartition on each element K € T}, of the error
indicators R;(up)W;(¢) with i = 1,2, 3, lying on the mesh skeleton, namely F}.
Moreover, this is particularly significant in the case of DG methods, since they
are suited to the use of non-conformingly refined meshes, where a non smooth
distribution of the error indicator directly reflects into the pattern of the refined
mesh.

We also observe that, in the specific case of problems with highly variable
diffusivity, the residual Ri(up) = [or]e - ne is likely to be one of the leading
contributions to determine the error. In this framework, we will see that dif-
ferent strategies to split Ry (up)W1(¢) over the neighboring elements lead to
remarkably different local error indicators.

In general, the most common and natural strategy to break up the weighted
residuals on each edge, precisely [ R;(un)W;(¢), i =1,2,3, e € F}, is to equally
divide them into the elements K= € K(e). This seems to be the only possibil-
ity to treat Ro(up)Wa(¢) and R3(un)W3(C), since no information on the dual
solution z is a-priori available. This is not the case for [ Ri(us)W1(¢). Indeed,
W1(¢) is the only weighting function that depends on the heterogeneity factor,
more precisely W1(¢) = {¢}¥ = w; (T + w} (. By consequence, exploiting
the infromation of w¥, we can conceive different options to separate W1 (¢) into
K*. Let us denote with [~ Ry(up)W1(¢) := [, Ri(un)Wy () the contribution
of the error indicator that falls on K ~. We consider the following alternative
splitting strategies,

sWi(Q) (a)
Wi (Q) = quwa ¢t (b) (42)
wi¢ (o)
Then, we notice that equation (41) can be rewritten as follows, where now =+
refer to the normal vector ngg,

J(e) = K;Th [ /K Ro(un)Wo <)

[ (Ra@)WEQ) + HRa(un)Wal) + Ra(un)Walc))
OF\OR

N /8 - (RaCun)Wal0) + Rs(un)W5(0)) | (43)

There are several ways to derive from (43) a local error indicator 0} (un, ¢) such
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that
< 3 wiclun.Q)
KETy,
In our case, we privilege the efficacy of the indicator to set up a mesh refinement
strategy rather than its sharpness to represent the global error. Then, disre-
garding the criteria aiming to minimize the effectivity index, see [3], we propose
the following local estimator,

Mic (1, €) = /8 ron (BT Q1+ 3R ) W2 (O] + I Rs(un) W3 )]

+/ (|R4(uh)W4(<)|+|R5(uh)W5(<)|)+/ |Ro(un)Wo(Q)].  (44)
OKNON K

The difference between the three options proposed in (42) and the most appro-
priate choice will be pointed out later on by means of numerical experiments.
Finally, for the sake of completeness, starting from the error representation
formula (41), we prove an a-posteriori error estimate in the L? norm. We
consider €, > 0 for any K € T}, and by consequence, provided that the data of
the primal problem are regular enough, we assume that u € Hg ()N HPTL(T},),
which directly implies e € HPT1(T},). To proceed, we define J(¢) as follows,

J(p) ::/ngo with j:=

that immediately gives J(e) = |le|lo,o. Moreover, since the functional J(p)
admits an L? representation that is locally regular, we conclude that the solution
of the dual problem satisfies z € H}(Q) N HP*1(T},) too. In this framework, we
obtain the following result.

€ HP (Ty,) C L*(Q),

llello.e

Lemma 9. Under the regularity assumption z € HPYY(T),) the following a-
posteriori error estimate holds,

lelloe S > W i (un)lzlpr ¢,
KeTy,

where Ty (ur) is defined as follows,

Ticun) = [ RoCun)lloe + > (3hic” IRa(un)llo.e + i’ 1 Rs(un)llo. )

e€OKNON
1, L, -2 1, -1
> (hi e IRy o + S R (un)llo.e + i | Ra(un)lo.e )
e€OK\ON
where w* = w® = 1, w* =w’ =w; or w* =w° = w} according to (42).

Proof. The desired result directly follows from (41) by choosing ( = z — 7,z and
replacing the following inequalities into the definition of W;(({), ¢ =0,...,5,

1
I¢llo,x < b |Z|p+1,K,

B o + 1€ - nello.e S R ¥zl k.
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5 Numerical results

In the previous sections we have built up a family of weighted interior penalty
(WIP) methods that depend on the value of a scalar parameter, the tilting
factor . The aim of this section is to highlight the benefits they provide to
the approximation of advection - diffusion - reaction equations with non-smooth
and possibly locally vanishing diffusivity.

We will first compare the WIP scheme with several variants of the interior
penalty DG methods, trying to point out how the tilting factor influences the
accuracy and the robustness of the method. Secondly, we will focus on the
a-posteriori error estimate and we will compare the three local error indicators
arising from (42), with the perspective to set up an adaptive mesh refinement
strategy.

5.1 A test case with non-smooth coefficients

In order to pursue a quantitative comparison between our scheme and the stan-
dard interior penalty method, we aim to set up a test problem, featuring discon-
tinuous coefficients, that allows us to analytically compute the exact solution.
To this aim, we consider the following test case, already proposed in [5, 9]. For
the sake of clarity, we remind it here.

Let be © C R? and let z,y be the space coordinates. We split the domain
Q into two subregions, 1 = (2o, %1) X (yo,91), Q2 = (v1,21) X (yo,y1) and
%, x1 = 1 while yo = 0, y1 = 1. The
viscosity €(x,y) is a discontinuous function across the interface z = x 1 for any

we choose for simplicity g = 0, x 1=

y € (yo,y1)- Precisely, we will consider a constant €(z, y) in each subregion with
several values of €; in Q7 and a fixed eo = 1.0 in 5. Moreover, we set § =
Bz =1,8, =0], u =0, f =0 and the boundary conditions u;(zo,y) = ug = 1,
u2(z1,y) = w1 = 0, dyu(z,yo) = dyu(x,y1) = 0. Then, the exact solution of the
problem on each subregion 21,2 can be expressed as an exponential function
with respect to x independently from y. The global solution u(z,y) is provided
by choosing the value at the interface x = x 1 in order to ensure the following
matching conditions,

2 2

lim —e(x,y)0zu(z,y) + feu(r,y) = lim —e(z,y)du(w,y) + Bru(z,y).
More precisely, introducing the Péclét numbers pe; := | ﬁz|(x% —x0)/€1, pes =
|Bz|(z1 — x 1)/€2, by consequence of the matching conditions we obtain that
uy = u(x%,y) reads as follows,

_ [ ug exp(per) U1 exp(pe1) 1

-1
Y7 T exp(pen) 1—exp<pe2>H1—exp<pe1> 1—exp<pe2>} '

1
2
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As a result of that, the exact solution in each subdomain can be expressed as,

uy — exp(pey)ug + [ug — U%] exp(B(x — zo)/e1)

uy(z,y) = 1 — exp(pey)
_un —exp(pez)uy + [ug —w]exp(B(z —xy)/e)
uz(z,y) = 1 — exp(pes) .

It is easy to see that when 0 ~ €; < €2 = 1 the global solution, u, features a
very sharp internal layer upwind to the discontinuity of €, located at z = x 1

5.2 Comparison of different interior penalty methods

In the numerical simulations that will follow, our reference standard interior
penalty method (IP) is obtained by setting A\, = 0 and choosing wZ, e(\)
and x.(Ap) according to (13), (15) and (17) respectively. We consider both
the symmetric interior penalty method (SIP) and the skew-symmetric version
(SSIP), also known as NIPG, [16]. The latter variant has the advantage that
it only requires the condition £ > 0 to prove lemma 4. Consequently, we will
set & =2 1072 for SSIP while £ = 2 for SIP and WIP, and we will study how
this parameter influences the accuracy when € is vanishing. For all test cases
we consider a uniform triangulation 7 with h = 0.05 and we apply piecewise
linear elements. In this setting, we perform a quantitative comparison based on
several indicators. In particular, we consider the energy norm, the L? norm and
the norm of the advective derivative that is defined as [|v]|3 5 := > eq, hxllB-
V|| x and it has been analyzed in [9] for a case similar to the present one.
Finally we introduce the following indicator,

A := max(| mgx(uh) - mgx(uﬂ, | n%zin(uh) — m{%n(u)D,

which quantifies to which extent the numerical solution exceeds the extrema of
the exact one.

The results, reported in figure 1, put into evidence that the WIP scheme
performs better than the standard IP methods, particularly in those cases where
the solution is non smooth and at the same time the computational mesh is not
completely adequate to capture the singularities. From the analysis of figure 1,
it is possible to identify three regimens where the numerical methods behave
differently. The first one consists on the diffusive region, namely 274 < ¢; < 1,
where all the methods provide similar results. For ¢; < 24 a transition takes
place and all the error indicators increase, because the computational mesh is
not adequate any more to capture the very sharp internal layer that originates
upwind to the discontinuity of €. In this case, we notice that the error is quite
sensitive to the choice of the tilting factor . More precisely, it seems that the
tilting factor influences the tradeoff between the accuracy of the method and its
robustness. The smaller is o the more the method is robust with respect to a
discontinuity of the diffusivity, as it is suggested by the behavior of the L? norm
and of the indicator A. However, for the smallest values of o we notice that
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Several schemes are compared with respect to these indicators.
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the accuracy of the scheme slightly decreases in the energy and in the advective
norms. Finally, the smallest values of €1, namely ¢; < 27'2, correspond to
the hyperbolic regimen. In this case, the global solution u can be seen as a
discontinuous function in correspondence of the jump of €. However, we observe
that the standard interior penalty schemes compute a solution that is almost
continuous, as reported in figure 2. This behavior promotes the instability of
the approximate solution in the neighborhood of the boundary layer, because
the computational mesh is not adequate in order to smoothly approximate the
very high gradients across the interface. The quantity A shows that the the
spurious oscillations generated in this case reach the 100% of the maximum of
the exact solution. This is true both for the symmetric and the skew-symmetric
variants, thus we conclude that the magnitude of the penalty parameter £ is less
significant than the application of the weighted averages. Conversely, the WIP
methods are very effective for any value of «, because the scheme is consistent
with the elliptic-hyperbolic limit case.

5.3 Approximation and comparison of the local error in-
dicators

In order to apply the local error indicators n}; (un, ¢) to the test case of section
5.1, first of all we have to provide a precise definition for the output functional
J(u). For simplicity, we consider J(u) := [, u.

To proceed, we approximate the exact solution, z, of the dual problem (38)
by means of its discretization through the WIP method. Because of the ar-
bitrariness of v, in the definition of (, it is clear that we have to compute zj
choosing ¢ > p into (41). The simplest case is to choose p = 1 and ¢ = 2. We
denote with z,(f) the solution of (40) into V;? and with ufll) the solution of (11)
into Vhl. Then, our approximate local error indicator is given by n}(ug), z,(f))
on each element K € Ty,

For the comparison of the indicators n?{b” we rescale each of them with re-
spect to the estimated global error. This results in a piecewise constant function
that quantifies to which percentage the error on each element contributes to the
global one. More precisely, we introduce the relative local error estimators,

Table 1: Quantitative comparison between the relative error indicators.

indicator || pr(le]) — pk  px(lel) — Pk pr(le]) — pk
maxper, | 0.0428320  0.0358303  0.0498264
minger, | -0.0107334  -0.00820335  -0.017727

indicator || px(eD/p%  px(eD/p%  px(eD/p%k
maxg e, 2.27904 1.88532 2.88062
minger, | 0.0476816  0.0476819  0.0476812
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Figure 3: Comparison between the relative local error estimators p
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defined by

1
Pic :=n?<( > 77%) ,

KeTy,
and we compare them with the quantity

1

prcllel) = ([ clel) (falel) ™ = T(leDx ((lel) ™"

The relative local error indicators p}, and px(Je|) are reported in figure 3,
where they are plotted in a region neighboring the interface, x = %, where €
jumps from €, = 5 1073 to eo = 1. For their comparison, we take the exact
indicator pk(|e]) as a reference. From the plot of px(|e]) in figure 3, we imme-
diately notice that the elements that mostly contribute to the error are the ones
on the left of the interface where € is discontinuous, because the exact solution
of the problem at hand features a very sharp internal layer in this region. We
observe that the indicators p?éb’c are significantly different on those elements
where the heterogeneity factor differs from zero and thus the averaging weights
wZ differ from 1. Moreover, we notice that pl is the one that mostly resem-
bles to px (|e]). More precisely, pb favorably clusters the error on the elements
that lay on the left with respect to the interface, while p% and in particular p%
promote the dispersion of the local error on both sides.

A more quantitative comparison is pursued in table 1, where we consider the
indicators px (le]) — p%”¢ and px ([e])/p%"¢, which can be seen as two alternative
ways to define a local and relative effectivity index. For both cases, we conclude
that pl is the best relative indicator with respect to px(|e|) and it is definitely
more effective than p%°. This is achieved by means of the averaging weights
w¥ that have been suitably exploited to better gather the local residuals of the
numerical solution into the local error indicator.

To sum up, figure 3 suggests that the strategies (a), (b) and (c¢) proposed in
(42) to build up a local error indicator may lead to considerably different adap-
tively fitted computational meshes, especially when non conforming refinements
are allowed, thanks to the flexibility of the DG method. Indeed, by means of the
simple fixed error reduction strategy applied iteratively, or through one single
step of a mesh optimization strategy, see [3], the piecewise constant (and thus
discontinuous) relative error indicators p%”° can be translated into a function
that prescribes how to refine the mesh in order to satisfy a suitable tolerance on
the global error. Furthermore, this is not only applicable in the context of mesh
refinement, but it also fits to the case of error reduction by means of hierarchical

basis functions.

6 Conclusions

We have proposed a family of DG methods that extends the standard IP schemes
by means of weighted averages. This generalization does not increase the com-

putational cost of the scheme but remarkably improves its robustness for the
approximation of advection-diffusion-reaction problems that vary in character
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from one part of the domain to another, because the diffusivity coefficient may
be discontinuous and locally vanishing. These benefits emerge from the a-priori
error analysis of the method and are also confirmed by numerical experiments.
Finally, we have considered the a-posteriori error analysis of the scheme, putting
into evidence that the introduction of weighted interior penalites also helps to
improve the effectivity of a local error estimator.
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