Chapter 4

PDEs with Diffusion

The aim of this chapter is to investigate the approximation of scalar PDEs with
diffusion. As a first step, we consider the Poisson problem with homogeneous
Dirichlet boundary condition

—Au=f inQ, (4.1a)
u=0 on 0Q, (4.1b)

and source term f € L?(Q). The scalar-valued function u is termed the potential
and the vector-valued function —Vwu the diffusive flux.

In Sect. 4.1, we briefly describe the continuous setting for the model prob-
lem (4.1). Then, in the following sections, we discuss three possible approaches
to design a dG approximation for this problem. In Sect. 4.2, we present a heuris-
tic derivation of a suitable discrete bilinear form loosely following the same path
of ideas as in Chap. 2 hinging on consistency and discrete coercivity. There are,
however, substantial differences: a specific term needs to be added to recover
consistency, interface jumps as well as boundary values are penalized, and the
penalty term scales as the reciprocal of the local meshsize so that discrete coerciv-
ity is expressed using a mesh-dependent norm. A further important difference
is that we require to work at least with piecewise affine polynomials, thereby
excluding, for the time being, methods of finite volume-type. This derivation
yields the so-called Symmetric Interior Penalty (SIP) method of Arnold [14].
The error analysis follows fairly standard arguments and leads to optimal error
estimates for smooth exact solutions. We also present a more recent analysis
by the authors [132] in the case of low-regularity exact solutions. Then, using
liftings of the interface jumps and boundary values, we introduce in Sect. 4.3 the
important concept of discrete gradient. Applications include (1) a reformulation
of the SIP bilinear form that plays a central role in Sect. 5.2 to analyze the conver-
gence to minimal regularity solutions (as shown recently by the authors in [131]),
and (2) an elementwise formulation of the discrete problem leading to a local
conservation property in terms of numerical fluxes. Finally, the third approach
is pursued in Sect. 4.4 where we consider mixed dG methods that approximate
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both the potential and the diffusive flux. In such methods, local problems for
the discrete potential and diffusive flux are formulated using numerical fluxes
for both quantities, following the pioneering works of Bassi, Rebay, and cowork-
ers [34,35] and Cockburn and Shu [112]. This viewpoint has been adopted by
Arnold, Brezzi, Cockburn, and Marini in [16] for a unified presentation of dG
methods for the Poisson problem. For simplicity, we focus here on the SIP
method and so-called Local Discontinuous Galerkin (LDG) methods [112]. In
both methods, the discrete diffusive flux can be eliminated locally. We postpone
the study of two-field dG methods to Sect. 7.3 in the more general context of
Friedrichs’ systems. Finally, we discuss hybrid mixed dG methods where addi-
tional degrees of freedom are introduced at interfaces, thereby allowing one to
eliminate locally both the discrete potential and the discrete diffusive flux. This
leads, in particular, to the so-called Hybridized Discontinuous Galerkin (HDG)
methods introduced by Cockburn, Gopalakrishnan, and Lazarov [97]; see also
Causin and Sacco [83] for a different approach based on a discontinuous Petrov—
Galerkin formulation and Droniou and Eymard [135] for similar ideas in the
context of hybrid mixed finite volume schemes.

The rest of this chapter is devoted to the study of diffusive PDEs that com-
prise additional terms with respect to the model problem (4.1). In Sect. 4.5, we
extend the SIP method analyzed in Sect. 4.2 to heterogeneous (anisotropic) diffu-
sion problems. The main ingredients are diffusion-dependent weighted averages
to formulate the consistency and symmetry terms in the discrete bilinear form
together with diffusion-dependent penalty parameters using the harmonic mean
of the diffusion coefficient at each interface. In Sect. 4.6, we analyze heteroge-
neous diffusion-advection-reaction problems. We combine the ideas of Sect. 4.5
to handle the diffusion term with those developed in Sect. 2.3 for the upwind dG
method to handle the advection-reaction term. The goal is a convergence analy-
sis that covers both diffusion-dominated and advection-dominated regimes. The
present analysis includes the case where the diffusion vanishes locally in some
parts of the domain. Finally, in Sect. 4.7, we consider the heat equation as a pro-
totype for time-dependent scalar PDEs with diffusion (that is, parabolic PDEs).
The approximation is based on the SIP method for space discretization and an
A-stable finite difference scheme in time; for simplicity, we focus on backward
(or implicit) Euler and BDF2 schemes.

4.1 Pure Diffusion: The Continuous Setting

In this section, we present some basic facts concerning the model problem (4.1).

4.1.1 Weak Formulation and Well-Posedness

The weak formulation of (4.1) is classical:

Find v € V s.t. a(u,v) = / fvforalwveV, (4.2)
Q
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with energy space V = Hg(Q) := {v € H'(Q) | v|spo = 0} and bilinear form

a(u,v) ::/QVU-VU. (4.3)

Recalling the Poincaré inequality (see, e.g., Evans [153, p. 265] or Brézis [55,
p. 174]) stating that there is Cq such that, for all v € H}(Q),

lvllz2) < CallVollipe e (4.4)

we infer that the bilinear form a is coercive on V. Therefore, owing to the
Lax-Milgram Lemma, the weak problem (4.2) is well-posed.

4.1.2 Potential and Diffusive Flux

The PDE (4.1a) can be rewritten in mized form as a system of first-order PDEs:

c+Vu=0 in{, (4.5a)
Vo=f inQ. (4.5D)

Definition 4.1 (Potential and diffusive flux). In the context of the mixed for-
mulation (4.5), the scalar-valued function w is termed the potential and the
vector-valued function ¢ := —Vu is termed the diffusive fluz.

The derivation of dG methods to approximate the model problems (4.1) on a
given mesh 7;, hinges on the fact that the jumps of the potential and of the nor-
mal component of the diffusive flux vanish across interfaces. To allow for a more
compact notation, we define boundary averages and jumps (cf. Definition 1.17
for interface averages and jumps).

Definition 4.2 (Boundary averages and jumps). For a smooth function v, for
all F' e .7-"5, and for a.e. x € F, we define the average and jump of v as

folr(e) = v]r(z) = v(2).
The subscript as well as the dependence on z are omitted unless necessary.

Since the potential u is in the energy space V', we infer that, for all T' € 7j,
and all F € Fr, letting ur := ulr, the trace ur|r is in L2(F). Furthermore, the
diffusive flux o is in the space H (div; <) defined by (1.23). Traces on mesh faces
of the normal component of functions in H(div; Q) are discussed in Sect. 1.2.6.
In particular, under the regularity assumption u € W2!(Q), there holds o €
(WHL(Q)]4, so that, for all T € 7;, and all F € Fr, letting o7 = o|r and
oo = opng on IT, the trace oor|p is in L'(F). This trace is in L?(F) under
the stronger regularity assumption u € H?(Q) (the assumption v € H”>t¢(Q),
e > 0, is actually sufficient).

We can now examine the jumps of the potential and of the normal component
of the diffusive flux.
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Lemma 4.3 (Jumps of potential and diffusive flux). Assume u € VNW21(Q).
Then, there holds

[ul =0 VE € Fp, (4.6a)

[olnp =0  VFecF. (4.6b)

Proof. Assertion (4.6a) results from Lemma 1.23 for interfaces and from Defini-
tion 4.2 for boundary faces. Assertion (4.6b) results from Lemma 1.24. g

4.2 Symmetric Interior Penalty

Our goal is to approximate the solution of the model problem (4.2) using dG
methods in the broken polynomial space PX(7;,) defined by (1.15). We set

WL = Ps(,]—h)’

with polynomial degree k& > 1 and 7}, belonging to an admissible mesh sequence.
The focus of this section is on a specific dG method, the Symmetric Interior
Penalty (SIP) method introduced by Arnold [14].

For simplicity, we enforce a somewhat strong regularity assumption on the
exact solution. A weaker regularity assumption is made in Sect. 4.2.5.

Assumption 4.4 (Regularity of exact solution and space V.). We assume that
the exact solution u is such that

u €V, :=VnH*Q).
In the spirit of Sect. 1.3, we set Vi, ==V, + Vj.

Without further knowledge on the exact solution w apart from the domain
Q and the datum f € L2?(Q), Assumption 4.4 can be asserted for instance if
the domain © is convex; see Grisvard [177]. Assumption 4.4 differs from the
concept of elliptic regularity (cf. Definition 4.24 below) since Assumption 4.4
only concerns the exact solution wu.

4.2.1 Heuristic Derivation

To derive a suitable discrete bilinear form, we loosely follow the same path of
ideas as in Chap.2 aiming at a discrete bilinear form that satisfies the consis-
tency requirement (1.32) and enjoys discrete coercivity. Moreover, we add a
(consistent) term to recover, at the discrete level, the symmetry of the continu-
ous problem.

4.2.1.1 Consistency

We begin localizing gradients to mesh elements in the exact bilinear form a, that
is, we set, for all (v,wp) € Vip X V,

aglo)(%wh) 1=/QWU-Vhwh= Z /TVU-th.

TeTh
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To examine the consistency requirement (1.32), we integrate by parts on each
mesh element. This leads to

)(v wp) Z/(Av wh+2/ (Vonr)w
TETH TeTh

The second term on the right-hand side can be reformulated as a sum over mesh
faces in the form

Z (Vonr)wy, = Z/ (Vipv)wp] ng + Z /(anpwh,

Ter, /o7 FeF} FeFt
since for all F' € .7-71 with F' = 0T1 N 0Ts, np = np, = —np,. Moreover,
[(Vrv)wn] = {Vio}wn] + [Vav]§wn},
since letting a; = (Vv) ., 1 € {1,2}, yields
[(Viv)wp] = a1br — agbs

= (a1 + a2)(by — b2) + (a1 — a2)1 (b1 + b)
= {Vro}[wn] + [Vro]{wnr }

As a result, and accounting for boundary faces using Definition 4.2, yields

Z (Vonr)wy, = /{{th}} npfws] + Z / [Viv]npf{ws}.

TeT;, V0T FeF, FeFi

N bi:wh

Hence,

ay (v,wp) = — Y / (Avywy, + / {Vhv}npws]

TeT), FeFy
+ ) / [Vro]nef{ws}. (4.7)
Fe]—"

To check consistency, we set v = w in (4.7). A consequence of (4.6b) is that, for

all wy, € Vy,
uwh /fwh—i- Z / (Vung)Jws].

FeFy
In order to match the consistency requirement (1.32), we are prompted to modify

aEO) as follows: For all (v, wp) € Vip X Vp,

)(v wp) —/th Vywp — Z /ﬂvhv}} npfws].

FeFn

(1) is consistent in the sense of (1.32), i.e., for all wy, € V,

(u, wp) / fwp.

It is clear that a,
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4.2.1.2 Symmetry

A desirable property of the discrete bilinear form is to preserve the original
symmetry of the exact bilinear form. Indeed, symmetry can simplify the solution
of the resulting linear system and furthermore, it is a natural ingredient to
derive optimal L2-norm error estimates (cf. Sect.4.2.4); nonsymmetric variants
are discussed in Sect. 5.3. In view of this remark, we set, for all (v, wp) € Vip X Vp,

h 1) wh / Viav-Vywy — Z / ({{th} Ilp[[wh]] + [[U]]{{Vhwh} Ilp
FeFn
(4.8)
so that aj’ is symmetric on Vj, x V}, The bilinear form a§’® remains consistent
owing to (4.6a). The superscript in a§® indicates the consistency and symmetry
achieved so far. For future use, we record the following equivalent expression of
a$® resulting from (4.7),

) == 3 [ Gow+ ¥ [ [Florfu

TET, FeF}

-y / [WI{Vhws}np. (4.9)

FeFy

4.2.1.3 Penalties on Interface Jumps and Boundary Values

The last requirement to match is discrete coercivity on the broken polynomial
space Vh with respect to a suitable norm. The difficulty with the discrete bilinear
form a$® defined by (4.8) is that, for all v, € V},

h (Uh,?)h = thvhH[L2(Q)]d -2 Z /{{thh}} HF[[Uh]]

FeFn

and the second term on the right-hand side has no a priori sign so that, without
adding a further term, there is no hope for discrete coercivity (in some situations,
discrete inf-sup stability can be achieved without penalty; cf. Remark 4.14).
To achieve discrete coercivity, we add to aj’® a term penalizing interface and
boundary jumps, namely we set, for all (v,wp) € Vip X Vi,

a’zlp(v7wh) = azs(v7wh) + Sh(’U,’U_)h), (410)
with the stabilization bilinear form
sp(v,wp) Z / [v][we], (4.11)
FeFy

where 1 > 0 is a user-dependent parameter and A a local length scale associated
with the mesh face F € Fj,. We observe that, owing to (4.6a), adding the bilinear
form sp to aj® does not alter the consistency and symmetry achieved so far.
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Moreover, Lemma 4.12 below shows that, provided the penalty parameter 7 is
large enough, the discrete bilinear form a}" enjoys discrete coercivity on Vj,.
We now present a simple choice for the local length scale hp.

Definition 4.5 (Local length scale hr). For all F' € F},, in dimension d > 2, we
set hr to be equal to the diameter of the face F', while, in dimension 1, we set
hp :=min(hy,, hr,) if F € F} with F = 9Ty N 0T, and hp := hy if F € F? with
F =0T NoA. In all cases, for a mesh element T' € 7y, hr denotes its diameter
(cf. Definition 1.13).

Remark 4.6 (Local length scale hr). Other choices are possible for the local
length scale hp weighting the face penalties in the stabilization bilinear form
Sh, €.g., the choice hp = {h} := L(hp, + hp,) for all F € Fi, or the choice
hrp = %{i (that is, the mean value of the d-dimensional Hausdorff measures

of the neighboring elements divided by the (d—1)-dimensional Hausdorff measure
of the face, recalling that for d = 1, |F|o = 1). Incidentally, we observe that
modifying the choice for the local length scale impacts the value of the minimal
threshold on the penalty parameter i for which discrete coercivity is achieved.

Combining (4.10) with (4.11) yields, for all (v,wyp,) € Vi x Vi,

aS® (v, wy) = / Vo Vawy, — / {Vro}np[ws] + [V]{Vhw, }np)

FeFy

+ Z / [v][ws], (4.12)

FeFy

or, equivalently using (4.9),

ah (v, wp) Z/AU wyp, + Z / [Viv] npf{ws}

TET, FeFi
— [v]{Vrwn}np + [v][wr]- (4.13)
T st & e

The idea of weakly enforcing boundary and jump conditions on the discrete
solution using penalties can be traced back to the seventies, in particular the
work of Nitsche [248,249]|, Babuska [20], Babuska and Zlamal [24], Douglas and
Dupont [134], Baker [25], and Wheeler [306]. The discrete bilinear form a}®
defined by (4.12) corresponds to the Symmetric Interior Penalty (SIP) method
introduced by Arnold [14]; henceforth, a;™ is called the SIP bilinear form. In the
present context, interior penalty means interior as well as boundary penalties.

Definition 4.7 (Consistency, symmetry, and penalty terms). The second, third,
and fourth terms on the right-hand side of (4.12) are respectively called consis-
tency, symmetry, and penalty terms.
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4.2.1.4 The Discrete Problem

The discrete problem is
Find up € Vj, s.t. a‘zip(uh,fuh) = / fop, for all vy, € V. (4.14)
Q

Lemma 4.12 below states that provided the penalty parameter 7 is large enough,
the SIP bilinear form is coercive on Vj. Thus, owing to the Lax—Milgram Lemma,
the discrete problem (4.14) is well-posed. Moreover, a straightforward conse-
quence of the above derivation is consistency.

Lemma 4.8 (Counsistency). Assume u € Vi.. Then, for all v, € Vj,,

azip(u7vh) :/fvh-
Q

Remark 4.9 (Rough right-hand side). At the continuous level, the Poisson prob-
lem can be posed for a right-hand side f € V' = H~1(€2), the dual space of the
energy space V = Hi(Q), leading to the weak formulation

a(u,v) = (f,v)y v  YveW

Since the discrete space V}, is nonconforming in V, it is not possible, at the
discrete level, to take (f,vp )y v as right-hand side in (4.14). One possibility is
to use a smoothing operator Z, : Vi, — Vi N H(} (©2) and to consider the discrete
problem

Find up € Vj, s.t. azip(uh,vh) = <f7IhUh>V/,V for all v, € V},. (4.15)

One example of smoothing operator is the averaging operator considered in
Sect.5.5.2. An important observation is that (4.15) is no longer consistent.

Remark 4.10 (Stencil). With an eye toward implementation, we identify the
elementary stencil (cf. Definition 2.26) associated with the SIP bilinear form.
For all T' € 7y, the stencil of the volume contribution is just the element T,
while the stencil associated with the consistency, symmetry, and penalty terms
consists of T and its neighbors in the sense of faces. Figure 4.1 illustrates the
stencil for a matching triangular mesh; cf. Sect. A.1.3 for further insight.

4.2.2 Other Boundary Conditions

The discrete problem (4.14), which was derived in the context of homogeneous
Dirichlet boundary conditions, needs to be slightly modified when dealing with
other boundary conditions. The modifications are designed so as to maintain
consistency when the exact solution satisfies other boundary conditions. For
instance, when (weakly) enforcing the nonhomogeneous Dirichlet boundary con-
dition u = g on 99 with g € H*(9Q), the discrete problem becomes

Find uy, € Vj, s.t. azip(uh,vh) =1P(g;vp,) for all vy, € Vi,
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Fig. 4.1: Example of stencil of an element T' € 7, when 7} is a matching
triangular mesh; the mesh element T is highlighted in dark grey, and its three
neighbors, which all belong to the stencil, are highlighted in light grey; the other
triangles do not belong to the stencil

with @ still defined by (4.12) and the new right-hand side

1P (g;vn) 1=/fUh—/ gVpopn+ l/ gUh.
! Q a0 Z hr JF

Fer}

As a result, for the exact solution u € Vi, a3®(u,vn) = P (g;vn), for all
v, € Vp,. Furthermore, when (weakly) enforcing the Robin boundary condition
yu+ Vun = g on 0 with g € L2(0Q) and v € L>(99) such that +y is nonneg-
ative a.e. on 0f2, the discrete problem becomes

Find up, € Vi, s.t. ai(up,vn) = 0¥ (g; vp,) for all vy, € Vi,

where, for all (v,wp) € Vip X Vi,

al(v,wp) = /ﬂvhv-vhwh— Z /ﬂ({vhv}}-np[[wh]]—i- [v]{Vrwn}nr)

FeF}

+ Y [l + Y [ v, (416)

FeF} FeF}

and

L (giwn) 1=/fwh+/ gWp,.
Q 20

As a result, for the exact solution u € Vi, al(u,vp,) = (X(g;vp), for all vy, € Vj,.
Moreover, we observe that, unlike in the Dirichlet case, the summations in the
consistency and symmetry terms are restricted to interfaces. Finally, the case
~ = 0 corresponds to the Neumann problem. For this problem, the data must
comply with the compatibility condition [, f = — [, g, and the solution is
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determined up to an additive constant. One possibility is to additionally enforce
fQ up, = 0. In practice, the discrete problem can still be formulated using V}, as
trial and test space, and the additional constraint can be enforced by postpro-
cessing. Observing that the rank of the problem matrix is one unit less than its
size, the discrete solution can be obtained (1) using a direct solver with full piv-
oting, so that the zero pivot is encountered when processing the last line of the
matrix and a solution can be obtained by fixing an arbitrary value for the degree
of freedom left or (2) using an iterative solver which only requires matrix-vector
products. The most common linear algebra libraries (e.g., the PETSc library
[26]) offer specific functionalities to handle this case efficiently.

4.2.3 Basic Energy-Error Estimate

Let u solve the weak problem (4.2) and let uy, solve the discrete problem (4.14).
The aim of this section is to estimate the approximation error (u — wup). The
convergence analysis is performed in the spirit of Theorem 1.35. We recall that
the space V is specified in Assumption 4.4 and that V;, = V, + V},.

4.2.3.1 Discrete Coercivity

We aim at asserting this property using the following norm: For all v € V.,

1/2
Wollsip = (IVavlE2qpa + 0F) (4.17)

with the jump seminorm

1/2
o]y == (0 sn(v,0))/* = (Z %[[v]]%z(p)) : (4.18)

FeFy

We observe that ||-||sip is indeed a norm on Vi, and even on the broken Sobolev
space H'(7;). The only nontrivial property to check is whether, for all v €
HY(Ty), |lv]lsip = 0 implies v = 0. Clearly, [[v]|sip, = 0 implies [|[V5v|[[12(q)2 =0
and |v|; = 0. The first property yields Vv = 0 so that v is piecewise constant.
The second property implies that the interface and boundary jumps of v vanish.
Hence, v = 0.

Our first step toward establishing discrete coercivity for the SIP bilinear form
is a bound on the consistency term using the jump seminorm |-|;.

Lemma 4.11 (Bound on consistency term). For all (v, wp) € Vip X Vp,

1/2
> /{{VWB’DF [wi]| < (Z > hpl|Volr- nFL2(F)> lwnly. (4.19)

FeF, TeT), FeFr
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Proof. For all F € F} with F = 9Ty N 9Tz, and a; = (Vv)|r, np, i € {1,2}, the
Cauchy—Schwarz inequality yields

JATneton] = [ 5@+ a)fun)

IN

1/2
1 _i/a
(3heClarlacr, + laalary) i Il
Moreover, for all F € FP with F = 9T N oS,

ATy nron] < BV elrnr acey x bl sy

Summing over mesh faces, using the Cauchy—Schwarz inequality, and regrouping
the face contributions for each mesh element yields the assertion. O

We can now turn to the discrete coercivity of the SIP bilinear form. We
recall that N, defined by (1.12), denotes the maximum number of mesh faces
composing the boundary of a generic mesh element and that this quantity is
bounded uniformly in h; cf. Lemma 1.41.

Lemma 4.12 (Discrete coercivity). For all n > n = C2 Ny where Cy, results
from the discrete trace inequality (1.37) and the parameter Ny is defined
by (1.12), the SIP bilinear form defined by (4.12) is coercive on Vi, with respect
to the ||-||sip-norm, i.e.,

Yon € Vi, a3"(n,on) 2 Cyllonllzy,s
with Cy, == (n — CZNp)(1 +n)~ .

Proof. Let v, € V},. Since, for all T € 7j, and all F € Fr, hp < hr (cf. Defini-
tion 4.5), we obtain using the discrete trace inequality (1.40),

> Y hellVunlrngllizgy < Y bellVonlrnre]7zon
TeT, FEFT TeT),

< CoNal| Vionlfz2 e

whence we infer from (4.19) that

> [ Akl

FeFy

< CtrN(;/zthvhH[L2(Q)]d|Uh‘J-

As a result,
ay® (0n,vn) > [ Vavnlfe e — 204Ny 21V hvnll 22 eype [vnl s + nlvn)2.

We now use the following inequality: Let 3 be a positive real number, let > 32;
then, for all x,y € R,

z® = 2Bxy + ny* > 77_—52(962 +47)
~1+7p ’
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Applying this inequality with g = CtrN(;/Q, r = |[Vavnll2(q)e, and y = [vp|;
yields the assertion. O

Remark 4.13 (Modifying the local length scale). Recalling Remark 4.6, other
choices for the local length scale hr can be made when defining the stabi-
lization bilinear form sj. The jump seminorm [-|; is still defined by |v|; =
(1™ sn(v,v)) /2, and the proof of Lemma 4.12 can be deployed as above as long
as the chosen length scale is a lower bound for the diameter of both neighboring
elements; otherwise, an additional factor appears in the definition of the minimal
threshold 7.

Remark 4.14 (Discrete stability without penalty). In one space dimension, the
discrete bilinear form a§® enjoys discrete inf-sup stability without adding the
stabilization bilinear form s; for polynomial degrees k > 2; see Burman, Ern,
Mozolevski, and Stamm [67]. Furthermore, in two and three space dimensions
and using piecewise affine discrete functions supplemented by suitable element
bubble functions, discrete inf-sup stability can be proven for the discrete bilinear
form aj® again without adding the stabilization bilinear form s;,; see Burman and
Stamm [70]. Finally, it is also possible to devise penalty strategies acting only
on the low-degree part of the jumps; see, e.g., Hansbo and Larson [184] and
Burman and Stamm [71].

Remark 4.15 (Poincaré inequality using the ||-||sip-norm). It can be proven (cf.
Corollary 5.4) that there exists o9, independent of h, such that

Yo, € Vi, thHL2(Q) < 0'2|H1)h msip- (4.20)

More generally, on the broken Sobolev space H'(7j,), it is proven by Brenner [51]
(see also Arnold [14]) that, for d € {2,3}, there is o4, independent of h, such
that

Voe AT, lollzawy < obloll. (121)
4.2.3.2 Boundedness

We define on V,j, the norm

1/2
lvllsip,« == <||U||§ip+ > hT||VU|T'nT||%2(8T)) : (4.22)
TeTh

Lemma 4.16 (Boundedness). There is Cpna, independent of h, such that

V(v,wr) € Vin X Vi, @ (v, wp) < Conallv] sip.«

|wh ||sip- (4.23)
Proof. Let (v,wp,) € Vip, X Vj,. We observe that

o) = [ ViV 3 [ (Viobnetol- 3 [ 11T

FeFn FeFy

+ > L / [v][wh] := %1 + T2 + T3 + Za. (4.24)
FeFy hF F
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Using the Cauchy—Schwarz inequality yields |T1] < [[Vavlliz2 e[| Vawnl| 22 )4
and |T4| < n|v|s|wp]y. Moreover, owing to the bound (4.19) and since hp < hp,

wply < Jollsip,« lwnllsip,

1/2
%2 < (Z hTVUT'HTiz(aT)> [wnls < Ivllsip,«
TeT,

by definition of the ||||sip «-norm. Finally, still owing to the bound (4.19) and
proceeding as in the proof of Lemma 4.12 leads to

1Ts] < CoNy 0] Vawnllz2aye < CorNg *[0llsipllwn lsip-

Collecting the above bounds yields (4.23) with Cyna =2+ 1+ Ci: N, (;/ 2, O

4.2.3.3 |‘|lsip-Norm Error Estimate and Convergence

A straightforward consequence of the above results together with Theorem 1.35
is the following error estimate.

Theorem 4.17 (||-||sip-norm error estimate). Let u € Vi solve (4.2). Let up

solve (4.14) with a}* defined by (4.12) and penalty parameter as in Lemma 4.12.

1

Then, there is C', independent of h, such that

lu = unllsip < C inf Jlu — vplsip,« (4.25)
v EVY

To infer a convergence result from (4.25), we assume that the exact solution
is smooth enough and use Lemmata 1.58 and 1.59. The resulting estimate is
optimal both for the broken gradient and the jump seminorm.

Corollary 4.18 (Convergence rate in ||-||sip-norm). Besides the hypotheses of
Theorem 4.17, assume u € H*1(Q). Then, there holds

‘”’U, — Up ”|sip S Cuhka (426)
with Cy, = C|lul| gr+1(q) and C independent of h.

Remark 4.19 (Bound on the jumps). The contribution of the jump seminorm to
the error ||u—up||sip can be controlled by the contribution of the broken gradient
under some assumptions. For instance, Lemma 5.30 shows that, on matching
simplicial meshes and for a large enough penalty parameter, there holds, up to
a positive factor independent of h,

lu —unly = unls S IVi(u —un)llz2@)e + Rosc,0s

where the data oscillation term Rosc o, defined by (5.34), converges to zero at
order h**1 if f € H*(Q) and at order h**2 if f € HFF1(Q). We also refer
the reader to Bonito and Nochetto [46] for a similar bound on the jumps on
general meshes, and to Ainsworth and Rankin [7,9] for a sharper condition on
the penalty parameter on triangular meshes with hanging nodes.
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4.2.3.4 Analysis Using Only the ||sip «~-Norm

The convergence analysis of elliptic problems is often performed using a single
norm. Such an approach is possible here by working only with the ||-||sip-norm
which turns out to be uniformly equivalent to the ||-||sip,«-norm on V.

Lemma 4.20 (Uniform equivalence of ||-[|sip- and |-||sip,«-norms on V4,). The
I-llsip- and ||-|lsip,«-norms are uniformly equivalent on Vy,. Specifically,

Csipllvnllsip,« < lvnllsip < lvnllsips  Yon € Vi,
with Csip tndependent of h.

Proof. The upper bound is immediate, while the lower bound results from the
discrete trace inequality (1.40) and the uniform bound on Nj. |

A consequence of Lemma 4.20 is discrete coercivity on V}, in the form

Yon € Vie a3 (vn,vn) > C)llonllZ, ..

with C’T’] independent of h. Moreover, an inspection at the proof of Lemma 4.16
leads to boundedness on Vi x V}, in the form

V(v,wn) € Vin X Vi, a3 (v,wn) < Chpallllsip,s|

|wh ”|sip,* P

with Cf_, independent of h. Using the above results leads to the following
convergence results in the ||||sip «-norm.

Theorem 4.21 (||-||sip,«-norm error estimate). Under the hypotheses of Theo-
rem 4.17, there is C, independent of h, such that

b — tunllsps < C it Ju— onlipee (4.27)
VR E€Vh

Corollary 4.22 (Convergence rate in ||-||sip «-norm). Besides the hypotheses of
Theorem 4.17, assume u € H*1(Q). Then, there holds

llu = unllsip,« < Cuh®, (4.28)
with Cy, = C|lul| gr+1(q) and C independent of h.

Remark 4.23 (Comparison with [|-||sip-norm estimates). The discrete coercivity
of a}® is naturally expressed using the ||-||sip-norm, whereas using the [|-|lsip. .-
norm leads to the inclusion in the error estimate of the additional factor Cgi,
related to norm equivalence (cf. Lemma 4.20). Therefore, estimates (4.25) and
(4.26) deliver a sharper bound on the broken gradient and the jump seminorm.
However, estimates (4.27) and (4.28) convey additional information regarding

the convergence of the normal gradient at mesh element boundaries.
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4.2.4 [*-Norm Error Estimate

Using the broken Poincaré inequality (4.21), the ||-[|sip-norm estimate (4.26)
yields the L2-norm estimate

Hu — UhHLZ(Q) S O'IQCuhk.

This estimate is suboptimal by one power in h. To remedy this drawback and
recover optimality, it is possible to resort to a duality argument (the so-called
Aubin—Nitsche argument [17]) under the following assumption.

Definition 4.24 (Elliptic regularity). We say that elliptic regularity holds true
for the model problem (4.2) if there is Cey, only depending on 2, such that, for
all 1 € L?(9), the solution to the problem:

Find ¢ € H3(Q) s.t. a(¢,v) = / Yo for all v € HY (),
Q
is in Vi and satisfies

<1172 ) < Cenll®]l L2 (0

Elliptic regularity can be asserted if, for instance, the polygonal domain €2 is

convex; see Grisvard [177]. To derive an L2-norm error estimate, we extend the

SIP bilinear form to Vip X Vip, so that both arguments of aijp can belong to V.

Theorem 4.25 (L2—n0rm error estimate). Let u € V. solve (4.2). Let up
solve (4.14) with a;® defined by (4.12). Assume elliptic regularity. Then, there
is C', independent of h, such that

[w—unllz2) < Chllu — uplsip,s- (4.29)

Proof. We consider the auxiliary problem
Find ¢ € H3(Q) s.t. a(¢,v) = / (u —up)v for all v € HY (),
Q

and use elliptic regularity to infer ||C[|g2q) < Cenllu — unl|12(q)- Since ¢ € V4,
[V¢'nr =0o0nall F € F and [(] =0 on all F € Fj,. Hence, (4.13) implies

G u — up) = /Q (—A0)(u — un).

Exploiting the symmetry of @} and since —A{ = u — uy,, we obtain

ap? (u = up,¢) = [u — uplF2 (0
Furthermore, since consistency implies Galerkin orthogonality (cf. Remark 1.32)
and letting 7} be the L2-orthogonal projection onto P}(7,) C Vj, (since k > 1),
we infer ‘
ay®(u — up, mh¢) = 0.
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Hence, using the boundedness of asﬁip on V., x Vi which results from the fact
that a}” (v, w) < |Jv]lsip,« [|wlsip,« for all v,w € Vi, the approximation properties
of 7} in the || ||sip,«-norm, and the regularity of ¢, we obtain, up to multiplicative
factors independent of h,

[lu — Uh”%z(ﬂ) = a?f"(u —up, ¢ —730)
I< — W}LC‘”sipy*

S llw — msip,*hHCHHZ(Th)
S v = unllsip Pollw — wal

S llv = unllsip,«

L2 (Q)
Simplifying by [Ju — up||L2(q) yields (4.29). |

A straightforward consequence of (4.28) and (4.29) is the following conver-
gence result for smooth solutions.

Corollary 4.26 (Convergence rate in L2-norm). Besides the hypotheses of The-
orem 4.17, assume elliptic regularity and v € H**Y(Q). Then, there holds

lu — up | L2) < Cuh™, (4.30)
with Cy = C||ul| gr+1(q) and C independent of h.
Estimate (4.30) is optimal. We emphasize that the symmetry of azip has

been used in the proof of Theorem 4.25.

Remark 4.27 (Adjoint-consistency). Following Arnold, Brezzi, Cockburn, and
Marini [16], the property ay”(u—up,¢) = [o(—=A)(u— up), which results from
symmetry and consistency, can be termed adjoint consistency.

Remark 4.28 (Error estimates in other norms). We refer the reader, e.g., to
Chen and Chen [89] and to Guzman [181] for pointwise error estimates on the
discrete solution and its broken gradient using weighted broken Sobolev norms.

4.2.5 Analysis for Low-Regularity Solutions

This section is devoted to the analysis of the SIP method under a regularity
assumption on the exact solution that is weaker than Assumption 4.4.

Assumption 4.29 (Regularity of exact solution and space V,). We assume that

d > 2 and that there is p € (d2—_;_12, 2] such that, for the exact solution u,

u eV, :=VNW>(Q).
In the spirit of Sect. 1.3, we set Vi, ==V, + Vj.

Assumption 4.29 requires p > 1 for d = 2 and p > g for d = 3. In particular,
we observe that, in two space dimensions, u € W2P(Q) with p > 1 holds true in
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polygonal domains; see, e.g., Dauge [119]. Moreover, using Sobolev embeddings
(see Evans [153, Sect.5.6] or Brézis [55, Sect.IX.3]), Assumption 4.29 implies
u € H' o (Q), ap = dr2 _d > 0. (4.31)
2 P

We still consider the discrete problem (4.14) with the discrete bilinear form
azip defined by (4.12). The convergence analysis under the regularity assump-
tion 4.29 has been performed recently by Wihler and Riviére [308] in two space
dimensions and, using slightly different techniques, by the authors [132] in the
context of heterogeneous diffusion in any space dimension; cf. Sect. 4.5. We follow
here the approach of [132], building up on the analysis presented in Sect. 4.2.3 for
smooth solutions. In the present context of an exact solution with low-regularity,
we assume for simplicity £ = 1. We also assume p < 2 since in the case p = 2,
Assumption 4.29 amounts to Assumption 4.4.

We already know that discrete coercivity holds true provided the penalty
parameter is chosen as in Lemma 4.12. Moreover, owing to Lemma 4.3, the
discrete bilinear form azlp can be extended to Vi, X V}, and consistency can
be asserted as in Lemma 4.8. Thus, it only remains to prove boundedness. To
this purpose, we need to redefine the ||-||sip,«-norm since functions in V; are such
that, for all T € Ty, Vv|pnyp is in LP(T), but not necessarily in L?(97T). Thus,
we now define on V4, the norm

l/p
14+
Follip. = (nvn;p Y ||w|T-nTip(aT)) L (432)
TeTh
where := 1d(p — 2). We observe that, for p = 2, we recover the previous
Yp Za\p ) p p

definition (4.22) of the |||lsip,«-norm. The value for v, is motivated by the
following boundedness result.

Lemma 4.30 (Boundedness). There is Cyna, independent of h, such that

Y(v,wp) € Vin X Vi, a2 (0,w1) < Conal|v]lsip.«

| wnlsip- (4.33)

Proof. Let (v,wp) € Vip X Vi, We need to bound the four terms %i,...,%,4
in (4.24). Proceeding as in the proof of Lemma 4.16, we obtain

%1 + T3 + Tl < Cllollsipllwn llsip,

with C' independent of h, so that it only remains to bound the consistency
term To. To this purpose, we proceed similarly to the proof of (4.19), but use
Holder’s inequality instead of the Cauchy—Schwarz inequality. For all F € F}
with = 90Ty N 9Ts, and a; = (Vv)|r, np, i € {1,2}, Holder’s inequality yields

[ ATnrton] = [ 5+ )]

IN

L) 14y, s
(505 Qaallgry + laalagey)) A7 Tl
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with 3, = “;7? and g = Z. Moreover, for all F € F} with F = 0T N 09,

1/p
1+ i3 _Bp
/F{{th}}-nF[[wh]] < (hp ! IIWIT-HFHZ(F)) hie " llwnll o r)-

Owing to the inverse inequality (1.43) and since 8, — 3 = (d — 1)(% — 1), we
infer 5 y
—Bp —1
he " lwnlllzsry < Cinvg2hy lllwa]llzz ),
where Cliny,g,2 is independent of h and can be bounded uniformly in g (cf.
Remark 1.51). Combining the above bounds, summing over mesh faces, and
using Holder’s inequality yields

1/p
1+,
< (Z hy' |VUT'HT||ZL)p(aT))

TeT,

l/q
% Chaw ( 2 (hﬁnuwhmmm)q) -

FeFy,

3 /F {Vnohnpluwn]

FeFy,

Since ¢ > 2, we obtain

/q ) 1/2
(Z (h;”znﬂwhﬂllmm)q) s(Z (h;l/ﬂwwhmuzw))) = wils.

FeFy, FeFy,
Hence,
1
> /{th}-nF[wh]] < (Z thﬂprUT'nTlip(aT)) Cinv,q.2|wnls,
Fer, ' F TET,
whence we infer (4.33). O

To state a convergence result, we need optimal polynomial approximation
for functions in V, = W?2P(Q). For simplicity, we restricted the presentation
of Sect. 1.4.4 to the Hilbertian setting. In the present non-Hilbertian setting, we
make the following assumption.

Assumption 4.31 (Optimal polynomial approximation in W2P(T')). The mesh
sequence (T )new is such that, for allh € H, all T € T, and all v € W2P(T),
there holds

[v — mhvlwmo 1y < Capphia ™ [0lwes (1) m € {0,1,2}, (4.34a)

v — 10| gy < Cappliy " olwewy  m e {0,1}, (4.34D)

with Capp independent of both T and h, while oy, is defined by (4.31).
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Assumption 4.31 can be asserted for mesh sequences with star-shaped
property or finitely-shaped property; cf. Lemmata 1.61 and 1.62. We can
now turn to our main convergence result.

Theorem 4.32 (||-||sip-norm error estimate and convergence rate). Let u € V,
solve (4.2). Let uy, solve (4.14) with a}® defined by (4.12) and penalty parameter
as in Lemma 4.12. Then, there is C, independent of h, such that

lu = unllsip < € inf flu = vallsip,«, (4.35)
VR E€Vh

where the |||sip,«-norm is defined by (4.32). Moreover, under Assumption 4.31,
there holds
lw = unllsip < Cuh®, (4.36)

with Cy = Clu|w2.r(q) and C independent of h.

Proof. Estimate (4.35) is a direct consequence of Theorem 1.35 since we estab-
lished discrete coercivity, consistency, and boundedness. We now take v, = mpu
in (4.35). We first observe that, for all T' € 7},, using (4.34a) together with the
continuous trace inequality (1.18) yields

IV(u — mpu)|rnr|| Leory S h%rfl/p\u\wlv(T),

where a < b means the inequality a < Cb with generic positive C' independent
of h and T. Since H% +1— 1 =y, we infer

1/p
147, N
( Z hp ! IV (u— 7"'hu)|T’nTHZ[),p(aT)) Sh p‘u‘WZ,p(Q).
TeTh

Moreover, using (4.34b) together with the continuous trace inequality (1.19)
yields
lw = mhullsip < 2O fulw2rq)-

Combining the two above bounds leads to (4.36). |

The convergence rate in the error estimate (4.36) is optimal both for the
broken gradient and the jump seminorm.

4.3 Liftings and Discrete Gradients

Liftings are operators that map scalar-valued functions defined on mesh faces
to vector-valued functions defined on mesh elements. In the context of dG
methods, liftings act on interface and boundary jumps. They were introduced
by Bassi, Rebay, and coworkers [34,35] in the context of compressible flows
and analyzed by Brezzi, Manzini, Marini, Pietra, and Russo [58, 59| in the
context of the Poisson problem (see also Perugia and Schétzau [257] for the
hp-analysis). Liftings have many useful applications. They can be combined
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with the broken gradient to define discrete gradients. Discrete gradients play
an important role in the design and analysis of dG methods. Indeed, they can
be used to formulate the discrete problem locally on each mesh element using
numerical fluxes. Moreover, as detailed in Sect. 5.1, they are instrumental in the
derivation of discrete functional analysis results, that, in turn, play a central role
in the convergence analysis to minimal regularity solutions (cf. Sect.5.2). Lift-
ings can also be employed to define the stabilization bilinear form [35], yielding
a more convenient lower bound for the penalty parameter n; cf. Sect. 5.3.2.

4.3.1 Liftings: Definition and Stability

As before, we assume that the mesh 75 belongs to an admissible mesh sequence.
For any mesh face F' € Fj, and for any integer | > 0, we define the (local) lifting
operator

rp  L(F) — [Py(T)]"
as follows: For all ¢ € L2(F),

/ v () = / {mYnre V€ [PL(TH)L (4.37)
Q F

We observe that the support of r’.(¢) consists of the one or two mesh elements
of which F is part of the boundary; using the set 7z defined by (1.13) yields

supp(rh) = U T. (4.38)
TeTr

Moreover, whenever the mesh face F is a portion of a hyperplane (this hap-
pens, for instance, when working with simplicial meshes or with general meshes
consisting of convex elements), 14 (¢) is colinear to the normal vector np.

Lemma 4.33 (Bound on local lifting). Let F € Fp, and let | > 0. For all
¢ € L3(F), there holds
[ I"F(SD)H 2@ < Cuhp H<P||L2(F) (4.39)

Proof. Let ¢ € L?(F). Equation (4.37), the fact that hp < hy for all T € Tp,
and the discrete trace inequality (1.37) yield

I Mo = [ ol i) = [ ke hnre

< (th Lier) s (e [ stone)”

1/2
||90HL2(F) x Cyr (card (Tr)~ Z / |1"F ‘P)|2> )

TeTr

whence (4.39) follows since card(7r)~' < 1 and since Srer. fT|rlF(<P)|2 _
[ rlF‘(@)H%LZ(Q)]d owing to (4.38). 0O
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For any integer [ > 0 and for any function v € H(7}), we define the (global)
lifting of its interface and boundary jumps as

Ri,([]) = > ri([v]) € [Pu(Tn)]*, (4.40)

FeFy,

being implicitly understood that r4 acts on the function [v]# (which is in L?(F)
since v € HY(Ty,)).

Lemma 4.34 (Bound on global lifting). Let I > 0. For all v € H(T},), there
holds

/2
IRE (WD) 22 e < Ny? ( > ||rlF(HU]])|[2L2(Q)]d) ; (4.41)

FeFy
so that
IR ([oD) 220y < CurlNy [0l (4.42)
Proof. Let v € HY(T;,). Owing to (4.38), we infer (RiL([v]]))\T = ZFEFT
(r%([v]))|r, so that using the Cauchy—Schwarz inequality, we obtain
2

IRLED e = 3 [ | X dlloD
7eT, ’ T |FeFrr
< Z card(Fr) Z /|YF [on])?
TeT, FeFr
< maxcard (Fr) Z Z /‘rF(H:U’L]])|2
TET, FEFr

= max card(Fr) Z e (D 1F2 0y
FeFy

and the bound (4.41) follows using the definition (1.12) of Ny. Finally, (4.42)
results from (4.41) and the fact that

1/2
(Z |rlF([[v]])|[2L2(Q)]d> < Culvly,

FeFn

owing to Lemma 4.33. O

To illustrate in the case [ = 0 (piecewise constant liftings), we obtain, for all
v € HYT;) and all T € Ty,

RNl = 3 W=t oryng e, (4.43)

FeFr |T|d

where np g is the outward normal to T on F, vy := v|p, and vp 1= %(UT +v|7)
whenever F = 9T NOT', T # T', while vp := 0 if F € F?. The (opposite of
the) above expression has been used as a gradient reconstruction in the context
of finite volume methods replacing vp by a consistent trace reconstruction (see
Eymard, Gallouét, and Herbin [158]); cf. also formula (5.28).
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4.3.2 Discrete Gradients: Definition and Stability

For any integer I > 0, we define the discrete gradient operator
G), : H'(Tn) — [L*(Q))7,
as follows: For all v € HY(7p,),
G, (v) := Vv — Ry ([v]). (4.44)

Proposition 4.35 (Bound on discrete gradient). Let! > 0. For allv € H'(73,),
there holds

G @)z < (1 + CENo) ~llollsip,
where the ||-||sip-norm is defined by (4.17).

Proof. Let v € H' (7). Using the triangle inequality together with (4.42) yields

G, )l z2@ye < IVRVl 2@ + I RE (WD) |22 )
< thU”[LZ(Q)]d + CtrN(;/2|U|J,

whence the assertion. Od

4.3.3 Reformulation of the SIP Bilinear Form

Let | € {k — 1,k} and set, as in Sect.4.2, V}, = [P";(Th) with & > 1 and 73,
belonging to an admissible mesh sequence. Following Brezzi, Manzini, Marini,
Pietra, and Russo [58], it is interesting to observe that the bilinear form a$®
defined by (4.8) can be equivalently written as follows: For all vy, wp, € Vi,

GZS(’U}“wh):/;2thh.v}lwhi/g‘zthh.Ril([[wh]])i‘/ﬂVhwh.Ril([[vh]]). (445)

This results from definitions (4.37) and (4.40) and the fact that Vjvp, and Vywp,
are in [PY(73)]¢ since | > k — 1, so that, for all F € Fy,

/F{thh}-npﬂwh]] :/QV,Lvh-rlF([wh]]).

Starting from (4.45) and using the definition (4.44) of the discrete gradient, we
infer, for all vy, wy, € Vp,

a5 (on, wn) = / Gl (un)- G, (wn) — / R ([on])- R ([uwn]).

As a result, recalling that the SIP bilinear form considered in Sect. 4.2 is such
that a;” = af® + s;, with s;, defined by (4.11), we obtain, for all v, w;, € V4,

azip(vhvwh) = / Glh (/Uh).GiL(wh) + ‘§?Lip(vh’ wh)? (4'46)
Q
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with

()= 30 7 [ ollod = [ R@D Ry QD @47

FeFy

The most natural choice for [ appears to be [ = k—1 since the broken gradient is
in [PX~1(7;,)]%. The choice | = k can facilitate the implementation of the method
in that it allows one to use the same polynomial basis for computing the liftings
and assembling the matrix.

The interest in using discrete gradients to formulate dG methods has been
recognized recently in various contexts, e.g., by Lew, Neff, Sulsky, and Ortiz
[232] and Ten Eyck and Lew [293] for linear and nonlinear elasticity, Buffa and
Ortner [61] and Burman and Ern [65] for nonlinear variational problems, and
the authors [131] for the Navier—Stokes equations; see also Agélas, Di Pietro,
Eymard, and Masson [6]. The expression (4.46) of the SIP bilinear form plays
a central role in Sect. 5.2 when analyzing the convergence to minimal regularity
solutions. This expression is also useful in Sect. 4.4 in the context of a mixed dG
approximation.

It is interesting to notice the following straightforward consequence of the
bound (4.42).

Proposition 4.36 (Discrete coercivity). For all vy, € Vj,

ay® (vn,on) 2 |G (0n) P2 e + (1 — CoNo)lon 3.

In view of this result, the expression (4.46) for azip consists of two terms, both
yielding a nonnegative contribution whenever wy, = v and, as in Lemma 4.12,
n > CZNy. The first term can be seen as the discrete counterpart of the exact
bilinear form a (such that a(v,w) = [, Vv-Vw) and provides a control on the
discrete gradient in [L2(Q2)]?. The role of the second term is to strengthen the
discrete stability of the method.

Remark 4.37 (Extension to broken Sobolev spaces). We emphasize that the def-
inition (4.46) of asﬁip is equivalent to (4.12) only at the discrete level. Differences
occur when extending the definitions (4.12) and (4.46) to larger spaces, e.g.,
broken Sobolev spaces. As discussed in Sect. 4.2.1, the SIP bilinear form defined
by (4.12) cannot be extended to the minimum regularity space H*(£2) because
traces of gradients on mesh faces are used. Instead, the bilinear form defined
by (4.46) can be extended to the broken Sobolev space H'(7;). We denote
this extension by EL‘Zip . Incidentally, dzip is no longer consistent. For convergence
analysis to smooth solutions, Strang’s First Lemma (see [285] or, e.g., Braess [49,
p. 106]) dedicated to nonconsistent finite element methods can be used, whereby
the consistency error is estimated for v € Hk"'l(Q) as follows: For all vy, € V},,

dzip(u — Up,vp) = Z /F{Vu — 1 (Vu)ynp[vn] < CuhFlons,
FeFy

where 7, denotes the L2-orthogonal projection onto V3. As a result, the consis-
tency error tends optimally to zero as the meshsize goes to zero.
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4.3.4 Numerical Fluxes

DG methods can be viewed as high-order finite volume methods. The aim of
this section is to identify the local conservation properties associated with dG
methods. Such properties are important when the diffusive flux is to be used as
an advective velocity in a transport problem, as discussed, e.g., by Dawson, Sun,
and Wheeler [121] in the context of coupled porous media flow and contaminant
transport. While most discretization methods possess local conservation prop-
erties, the specificity of dG methods, together with finite volume and mixed
finite element methods, is to achieve local conservation at the element level as
opposed to vertex-centered or face-centered macro-elements; see, e.g., Eymard,
Hilhorst, and Vohralik [161].

Let T € Ty, and let £ € PX(T). Integration by parts shows that, for the exact
solution u,

/T fe=— /T (D) = /T vuve~ [ (Vuare

Therefore, defining on each mesh face F' € F}, the exact flux as
Pp(u) := —Vunpg, (4.48)

and recalling the notation er r = nynp introduced in Sect. 2.2.3, we infer

[ vuves ¥ e [ wpte= | s

FeFr

This is a local conservation property satisfied by the exact solution. Our goal is
to identify a similar relation satisfied by the discrete solution wuy, solving (4.14).
Using vy, = Exr as test function in (4.14) (where xr denotes the characteristic
function of T'), observing that V({xr) = (V&)xr, and recalling the defini-
tion (4.12) of a}®, we obtain

/Tf€=afjp(u;quT)= /TVU;L'Vf— Z /FHV;LWL}HF[KXT]]

FeFr

-3 [amouturul+ ¥ i [ i

FeFr FeFr

Let [ € {k —1,k}. The first and third terms on the right-hand side sum up to
Jr G~ (up)-VE since VE € [PE71(T)]? and I > k — 1, while in the second and
fourth terms, we observe that [Exr] = er rp€. As a result, for all T € 7;, and all

[ chunves 3 enr [ ontue= [ s (4.49)

FeFr

with the numerical flux ¢p(up) defined as

or(ur) = —{Vaun}nr + 5= [un]- (4.50)
F
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We notice that the two contributions to ¢ (up) in (4.50) respectively stem from
the consistency term and the penalty term (cf. Definition 4.7). Equation (4.49)
is the local conservation property satisfied by the dG approximation. Interest-
ingly, the expression (4.50) is consistent with (4.48) since, for the exact solution
u, pp(u) = ®p(u). We also observe that the local conservation property (4.49)
is richer than that encountered in finite volume methods, which can be recovered
by just taking ¢ =1, i.e.,

> eT,F/ngF(uh):/Tf. (4.51)

FeFr

4.4 Mixed dG Methods

In this section, we discuss mixed dG methods, that is, dG approximations to
the mixed formulation (4.5) with the homogeneous Dirichlet boundary condi-
tion (4.1b). Other boundary conditions can be considered. Such methods pro-
duce an approximation wuy for the potential v and an approximation oj for the
diffusive flux o.

Definition 4.38 (Discrete potential and discrete diffusive flux). Consistently
with Definition 4.1, the scalar-valued function uy, is termed the discrete potential
and the vector-valued function oy, the discrete diffusive flux.

First, we reformulate the SIP method of Sect. 4.2 as a mixed dG method and
show how the discrete diffusive flux can be eliminated locally. Then, we formulate
more general mixed dG methods in terms of local problems using numerical fluxes
for the discrete potential and the discrete diffusive flux following Bassi, Rebay,
and coworkers [34,35]. This leads, in particular, to the LDG methods introduced
by Cockburn and Shu [112]. In these methods, the discrete diffusive flux can
also be eliminated locally. Finally, we discuss hybrid mixed dG methods where
additional degrees of freedom are introduced at interfaces, thereby allowing one
to eliminate locally both the discrete potential and the discrete diffusive flux.

4.4.1 The SIP Method As a Mixed dG Method

One possible weak formulation of the mixed formulation (4.5) with the homo-
geneous Dirichlet boundary condition (4.1b) consists in finding (o,u) € X =
[L2(Q)]? x H3(Q) such that

m(o,7) +b(t,u) =0 V7€ [L}(Q)]?,

—b(o,v) = /va Vv € H(9),

(4.52)

where, for all o, 7 € [L?(Q)]¢ and all v € Hg(f2), we have introduced the bilinear

forms
m(o,T) ::/U-T, b(r,v) ::/T-Vv.
Q Q



144 Chapter 4. PDEs with Diffusion

It is easily seen that (o,u) € X solves (4.52) if and only if 0 = —Vu and u solves
the weak problem (4.2).

At the discrete level, a mixed dG approximation can be designed as follows.
We consider a polynomial degree k > 1 for the approximation of the potential
and choose the polynomial degree [ for the approximation of the diffusive flux
such that [ € {k — 1,k}. The relevant discrete spaces are

Eh = [[Pfl(’]'h)]d, Uh = PZ('T;L), Xh = Zh X Uh.
The discrete problem consists in finding (o4, up) € Xp such that

m(on, Th) + ba(Th,un) =0 Y7 € X,

~si 4.53
—bn(oh, vn) + 8,7 (un, vn) = / fon Yo € Uy, (4.53)
Q

with discrete bilinear form
bi(Th,vn) = / 7h-GY (vn),
Q

where the discrete gradient operator G, is defined by (4.44) and the stabilization
bilinear form 8, by (4.47).

Proposition 4.39 (Elimination of discrete diffusive flux). The pair (op,up) €
X}, solves (4.53) if and only if

Op = 7G§1(’U,h), (454)

and up, € Uy, is such that
/Q G}, (un)-Gl, (vn) + 85 (up, vp) = /ﬂ fon Yo, € Up. (4.55)
Proof. The first equation in (4.53) yields
/Q(ah +Gh(un)) =0 VY1, € 5

Recalling that G} (up) = Viun — RL([un]) and since I > k — 1, we infer that
Gl (up) € Xp; therefore, (4.54) is satisfied. Substituting this relation into the
second equation of (4.53) yields (4.55). The converse is straightforward. O

Proposition 4.39 shows that the mixed dG method (4.53) is in fact equivalent
to a problem in the sole unknown uy. In particular, the above choice for by, and
§,® yields the SIP method of Sect. 4.2; cf. (4.46).

Remark 4.40 (H(div;Q)-conformity of discrete diffusive flux). One drawback
of mixed dG approximations, and in particular (4.53), is that the discrete dif-
fusive flux o5, = —G! (up) is not in H(div;{2) because its normal component
is, in general, discontinuous across interfaces. This point is further examined
in Sect.5.5 where we discuss a cost-effective, locally conservative diffusive flux
reconstruction obtained by postprocessing the discrete potential.
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4.4.2 Numerical Fluxes

In what follows, we focus for simplicity on equal-order approximations for the
potential and the diffusive flux, that is, we set | = k so that X, := [P¥(7},)]%,
while, as before, U := [P(’}(’]}l) Similarly to Sect.4.3.4, we can derive a local
formulation by localizing test functions to a single mesh element. Let T € 7y,
let ¢ € [PE(T)]4, and let & € PX(T). Integrating by parts in 7', splitting the
boundary integral on 0T as a sum over the mesh faces F' € Fp, and setting
er.r = np-np, we infer for the exact solution that

/Ta{f/TuVCJr Z €T,F/};UF(C’HF):07

FeFr
*/ o-VE+ Z 6T,F/(UF'DF)§:/ f&
T Ferr F T
since 0 = —Vu and V-0 = f. The traces urp and op-ng are single-valued on

each interface; cf. Lemma 4.3.

At the discrete level, the general form of the mixed dG approximation is
derived by introducing numerical fluxes for the discrete potential and for the
discrete diffusive flux. These two numerical fluxes, which are denoted by 4 and
or for all F € Fp,, are single-valued on each F' € Fj. The numerical flux up
is scalar-valued and the numerical flux 6 is vector-valued. We obtain, for all
T €Ty, all ¢ € [PE(T)]4, and all € € PE(T),

/TUh'C*/TUhV'CJr Z €T7F/F1lp((j-np):0, (4.56a)

FeFr

. /T Ve Y erp /F (Grnp)E = /T se. (4.56)

FeFr

Lemma 4.41 (Numerical fluxes for SIP). For the SIP method, the numerical
fluzes are given by

R {uh} VF € .7:i,

= 4.57¢
o {o VF € FP, (4:578)
op = —{Vaun} + nhp' [unlnp  VF € Fi. (4.57b)

Proof. The assertion is obtained by testing the first equation in (4.53) with
Th = (X1, where xr denotes the characteristic function of 7', and testing the
second equation with vy, = Exr. O

A first possible variant of the SIP method consists in keeping the defini-
tion (4.57a) for the numerical flux @r and defining the numerical flux 6 as

o ={on}+ nh}l [urnp.
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The resulting dG method belongs to the class of LDG methods. The discrete
diffusive flux o}, can still be eliminated locally (since the numerical flux 4 only
depends on wuy), and the discrete potential up, € Uy, is such that

1d
ap &(up,vp) = / fon Yy € Uy,
Q
with the discrete bilinear form

azjg(uh,vh)z /S;thh-vhvh— Z /F({thh}-npﬂvh]]—I—{{thh}-npﬂuh]])

FeFy,

+ [ RiQu D REGoD + 3 7% [ [wlion]

FeFy,

= [ et Giw+ 3 7= [ il

FeFy

A nice feature of the discrete bilinear form al,?g is that discrete coercivity
holds on Uj, with respect to the ||-|sip-norm for any n > 0 (a simple choice is
n=1). The drawback is that the elementary stencil associated with the term
Jo RY ([un])- RE ([vn]) consists of a given mesh element, its neighbors, and the
neighbors of its neighbors in the sense of faces; cf. Fig.4.2. Such a stencil is
considerably larger than that associated with the SIP method; cf. Fig.4.1.

More general forms of the LDG method can be designed with the numerical
fluxes

Fig. 4.2: Example of LDG stencil of an element T € 7;, when 7}, is a matching
triangular mesh; the mesh element is highlighted in dark grey, and all the nine
other elements, highlighted in light grey, also belong to the stencil (compare with
Fig.4.1)
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Q= {{Uh}}JrTﬂp[[uh]] VFE.F;L,
"o VF € Y,

5 = J ok = Ylon]nr + nhptlup]np  VF € F,
r on +nhptupn VF € F?,

where T is vector-valued and n > 0 is scalar-valued (in LDG methods, nh;l is
often denoted by C1; and T by Ci2). Since the numerical flux 4 only depends
on uyp, the discrete diffusive flux o can be eliminated locally. The above form
of the diffusive fluxes ensures symmetry and discrete stability for the resulting
dG method. A simple choice for the penalty parameter is again n = 1, while
the auxiliary vector-parameter Y can be freely chosen. LDG methods for the
Poisson problem have been extensively analyzed by Castillo, Cockburn, Perugia,
and Schotzau [80] (see also Castillo, Cockburn, Schétzau, and Schwab [81] for the
hp-analysis of LDG methods applied to diffusion-advection problems). In [80],
various choices of the penalty parameter Ci; are discussed; the above choice
Ci = nh;l leads to the same energy-norm error estimates as for the SIP method.
A particular choice for the vector-parameter T leading to superconvergence on
Cartesian grids has been studied by Cockburn, Kanschat, Perugia, and Schétzau
[100]. Variants of the LDG method aiming at reducing the stencil have been
discussed by Sherwin, Kirby, Peir6, Taylor, and Zienkiewicz [277], Peraire and
Persson [256], and Castillo [79].

A further variant of the SIP and LDG methods consists in considering the
numerical fluxes

0 VF € F},
or = {on} +nulunlnr VF € F.

; _{{{Uh}}+no[[ah]]~np VF € Fi,
Up =

Here, the penalty parameters 7,, and 7, are positive user-dependent real num-
bers, and a simple choice is to set 5, = 17, = 1. This method is analyzed
in Sect.7.3 in the more general context of Friedrichs’ systems. Because the
numerical flux 4 depends on oy, (4.56a) can no longer be used to express locally
the discrete diffusive flux o, in terms of the discrete potential uj,. This precludes
the local elimination of o}, and, therefore, enhances the computational cost of the
approximation method. The approach presents, however, some advantages since
it can be used with polynomial degree k = 0 and there is no minimal threshold
on the penalty parameters (apart from being positive). Moreover, the approxi-
mation on the diffusive flux is more accurate yielding convergence rates in the
L?-norm of order h**'/2 for smooth solutions, as opposed to the convergence
rates of order h* delivered by the SIP method (cf. (4.26)).

Finally, we mention that an even more general presentation can allow for two-
valued numerical fluxes at interfaces; see Arnold, Brezzi, Cockburn, and Marini
[16] for a unified analysis of dG methods. Two-valued numerical fluxes are
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obtained, for instance, when rewriting the nonsymmetric dG methods discussed
in Sect.5.3.1 as mixed dG methods.

4.4.3 Hybrid Mixed dG Methods

The key idea in hybrid mixed dG methods is to introduce additional degrees of
freedom at interfaces, thereby allowing one to eliminate locally both the discrete
potential and the discrete diffusive flux. Herein, we focus on the HDG methods
introduced by Cockburn, Gopalakrishnan, and Lazarov [97]; see also Causin and
Sacco [83] for a different approach based on a discontinuous Petrov—Galerkin
formulation, Droniou and Eymard [135] for similar ideas in the context of hybrid
mixed finite volume schemes, and Ewing, Wang, and Yang for hybrid primal dG
methods [154].

In the HDG method, the additional degrees of freedom are used to enforce
the continuity of the normal component of the discrete diffusive flux. These
additional degrees of freedom act as Lagrange multipliers in the discrete prob-
lem and can be interpreted as single-valued traces of the discrete potential on
interfaces. We introduce the discrete space

= D Pia(F)

FeFj

A function pj, € Ay, is such that, for all F € F}, up|r € PE_,(F). The discrete
unknowns (op, up, Ap) € Xp X Up X Ap, satisfy the following local problems: For
all T € Tp,, all ¢ € [PX(T)]?, and all £ € P5(T),

/UhC /uhVC+ Z GTF/UF(CDF =0, (4.58a)

FeFr

/Uh VE+ Z GTF/ or,pup)§ = /f& (4.58b)

FeFr

while normal diffusive flux continuity is enforced by setting, for all F' € Fpr N
and all p € PX_ (F),

/ [[@'T7F]]~npu =0. (4.59)
F
Here, the numerical fluxes are such that
A VF e Fi,
A 4.60a
o {0 VF € 7P, (4.602)
&T,F = Uh|T + TT(’u,h‘T — ﬁp)nT VF € fh, (460]1))

with penalty parameter 7 defined elementwise. We observe that (4.59) indeed
enforces [67 p]np = 0 for all F € F} since [67,r]np € PX | (F). As a result,
the quantity (67 p-np) in (4.58b) is actually single-valued.
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Lemma 4.42 (HDG as mixed dG method). Let (op,up, A\n) € Xp X Up X Ap,
solve (4.58) and (4.59). Then, the pair (on,up) € Xp X Uy solves the local
problems of the mized dG formulation (4.56) with numerical fluxes such that,
for all F € .7-';; with F = 0T N 0Ty,

Up = {{uh}} -+ C’12~[[uh]]np —+ CQQ[[O'h]]~nF, (4.61&)
6}7‘ = {Uh} + C’n[[uh]]np — Clgﬂdh]]-np7 (461]1))
with the parameters
T172 T — T2 1
O = : S Sk T e
11 T 12 2(7_1 n 7_2) F 22 4+

where 7; == 71, i € {1,2}. Moreover, for all F € F} with F = 9T N0Q, iip =0
and G = op + TrU.

Proof. Since [67,r]-np =0, we infer from (4.60b) that
[on])nr +2{run}} — 2{r}ar = 0.
Observing that {run} = {7} {un} + [7][un], we obtain

[7]

{{uh}+4{ }[[ h]]+2{ }[[Jh]]nF7

which yields (4.61a). Moreover, since the normal component of p  is single-
valued, we infer

&T7F'nF = {{O’h}}'np + %[[Tuh]] — %HT]]QF-
Observing that [rus] = [7]{ur} + {7} un], we obtain
orpnr = ok e + SIRunY — i) + £ {rhunl

Using (4.61a) to evaluate Gy in this expression and rearranging terms leads to

r.pup = {op}np + 17— = [un] — 2(m +; )[[Uh]].np.

Fig. 4.3: Stencil S(F) for HDG methods
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An inspection of (4.61b) shows that 67 p-np = 6p-np, and this concludes the
proof. O

We observe that the numerical flux @z in (4.61a) depends on o, since Cag # 0.
As a result, the discrete diffusive flux cannot be eliminated locally to derive a dis-
crete problem for the sole discrete potential. Instead, a computationally efficient
implementation of HDG methods consists in using (4.58) to eliminate locally
both the discrete potential and the discrete diffusive flux by static condensation
(similarly to mixed finite element methods; see, e.g., Arnold and Brezzi [15]), so
as to obtain, using (4.59), a discrete problem where the sole unknown is Ay, € Ap,.
For a given interface F € fﬁ with F' = 0T, N 9T, the stencil associated with
this interface is (cf. Fig.4.3)

S(F)={F € F} | F' € Fr, UFnp,}.

For matching simplicial meshes, the set S(F') contains five interfaces for d = 2
and seven interfaces for d = 3.

HDG methods for elliptic problems have been analyzed by Cockburn, Dong,
and Guzman [95] and Cockburn, Guzman, and Wang [98] where error estimates
in various norms are derived for various choices of the penalty parameter 7.
In particular, L?-norm error estimates of order A**! can be derived both for
the potential and the diffusive flux for smooth solutions and polynomial order
k > 0. Moreover, for k£ > 1, a postprocessed potential converging at order
h¥+2 can be derived, similarly to classical mixed finite element methods. The
extension of HDG methods to diffusion-advection methods is investigated by
Cockburn, Dong, Guzman, Restelli, and Sacco [96] and Nguyen, Peraire, and
Cockburn [245].

4.5 Heterogeneous Diffusion

In this section, we consider a model problem with heterogeneous diffusion. To
approximate this problem using dG methods, we revisit the design and analysis
of the SIP method considered in Sect. 4.2 for the Poisson problem. Following
Dryja [136], we use diffusion-dependent weights to formulate the consistency
and symmetry terms in the discrete bilinear form and we penalize interface and
boundary jumps using a diffusion-dependent parameter scaling as the harmonic
mean of the diffusion coefficient. Such a penalty strategy is particularly impor-
tant in heterogeneous diffusion-advection-reaction equations (cf. Sect. 4.6) where
the diffusion coefficient takes locally small values leading to so-called advection-
dominated regimes. In this context, the exact solution exhibits sharp inner layers
which, in practice, are not resolved by the underlying meshes, so that excessive
penalty at such layers triggers spurious oscillations. Using the harmonic mean
of the diffusion coefficient to penalize jumps turns out to tune automatically
the amount of penalty and thereby avoid such oscillations. Incidentally, we also
observe that, in finite volume and mixed finite element schemes, the harmonic
mean of the diffusion coefficient is often considered at interfaces.
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4.5.1 The Continuous Setting

Let k € L*(Q) be the diffusion coefficient and assume that s is uniformly
bounded from below in by a positive real number. The anisotropic case,
where k is actually R%*%-valued, is examined in Sect.4.5.6. We are interested in
the problem

—V:(kVu) = f inQ,
u=0 on 09,

with source term f € L?(f2). The weak form of this problem is
Find v € V s.t. a(u,v) = / fvforalwveV, (4.62)
Q
with energy space V = HZ(£2) and bilinear form

a(u,v) ::/anVv.
Q

Owing to the above assumptions on the diffusion coefficient x, the Lax—Milgram
Lemma implies that (4.62) is well-posed. The case where x is constant in
yields, up to rescaling, the Poisson problem; the latter can thus be viewed as a
prototype for homogeneous diffusion problems.
Adopting the terminology used for the Poisson problem (cf. Definition 4.1),
the R?-valued function
o :=—kVu

is termed the diffusive fluz. By construction, o € H(div; Q).
In practice, the diffusion coefficient has more regularity than just belonging
to L>®(£2). Henceforth, we make the following assumption.

Assumption 4.43 (Partition of Q). There is a partition Pq = {Q; h1<i<ng of
Q such that

(i) Each Q;, 1 <i < Nq, is a polyhedron;
(ii) The restriction of k to each Q;, 1 <1i < Ngq, is constant.

Remark 4.44 (Motivation for assumption 4.43). In groundwater flow applica-
tions, the partition Pq results for instance from the partitioning of the porous
medium into various geological layers.

From a physical viewpoint, the normal component of the diffusive flux o is
continuous across any interface 0€; NO§Y; with positive (d—1)-dimensional Haus-
dorff measure. Assuming k|, # [q,, this implies that the normal component of
Vu cannot be continuous across this interface. This fact modifies the regularity
that can be expected for the exact solution in heterogeneous diffusion problems
with respect to the Poisson problem.
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Fig. 4.4: Exact solution with diffusion heterogeneity parameter @ = 0.5 (left)
and « = 0.01 (right); the two panels use different vertical scales

4.5.1.1 One-Dimensional Example

Let Q = (—1,1) be partitioned into two subdomains €y = (—1,0) and Q5 = (0, 1)
such that k|o, = a and kg, = 1 with positive parameter a.. The exact solution
of (4.62) with f =1 is

() = ar(l1+2z)2+b(1+z) ifzey,
CNas(z —1)2 +by(x—1) if z € Qo

where a1 = —i, as = —%, by = 2;83_";), —Q(Uij_i).
the exact solutions obtained with @ = 0.5 (mild diffusion heterogeneity) and
a = 0.01 (strong diffusion heterogeneity). As expected, the exact solution is
only continuous at x = 0, but not differentiable, and the jump in the derivative
of the exact solution is more pronounced in the case of strong diffusion hetero-
geneity. Interestingly, the maximum value attained by the exact solution in

is substantially affected by the diffusion heterogeneity.

and by = Figure 4.4 presents

4.5.1.2 Two-Dimensional Example

In dimension d > 2, discontinuities in the diffusion coefficient can cause severe
singularities in the exact solution. Exact solutions of two-dimensional heteroge-
neous diffusion problems with zero right-hand side are explicitly constructed by
Kellogg [210]. A typical situation is the case where Q = (—1,1)? is divided into
four quadrants, and the diffusion coefficient takes the value kq in the first and
third quadrants and the value k5 in the second and fourth quadrants. Then,
it is possible to construct an exact solution with zero source term and suitable
nonhomogeneous Dirichlet boundary conditions such that, in polar coordinates,
u(r,0) = r7v(0) with a smooth function v. The exponent v > 0 can be made as
small as desired by taking large values of the ratio #1/x,. Figure 4.5 illustrates
the exact solution for #1/k, = 5 (left) and #1/ks = 100 (right). In dimension 2,
regularity results take the form u € H'*¢(Q) with ¢ > 0 but arbitrary small. In
dimension 3, regularity results have been obtained by Nicaise and Séndig [247]
in some particular situations.
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Fig. 4.5: Exact solution for heterogeneous diffusion problem; Q = (—1,1)? is
divided into four quadrants, and the diffusion coefficient takes the value k; in
the first and third quadrants and the value x2 in the second and fourth quadrants;
left: ®1/k; = 5; right: %1/k, = 100 (courtesy M. Vohralik)

4.5.2 Discretization

We aim at approximating the exact solution u of (4.62) by a dG method using
the discrete space

Vi, = PE(Th),

where P¥(7},) is defined by (1.15) with polynomial degree k > 1 and 7}, belonging
to an admissible mesh sequence. We consider the discrete problem:

Find uy, € V}, s.t. afLWip(uh,vh) = / fop, for all vy, € Vj, (4.63)
Q

swip

with the discrete bilinear form a,  yet to be designed.

4.5.2.1 Mesh Compatibility

An important assumption on the mesh sequence T3y := (7p,)pep iS its compati-
bility with the partition Pgq.

Assumption 4.45 (Mesh compatibility). We suppose that the admissible mesh
sequence Ty is such that, for each h € H, each T € T}, is a subset of only one set
Q; of the partition Pq. In this situation, the meshes are said to be compatible
with the partition Pq.

An example of compatible mesh is presented in Fig.4.6. The motivation for
the above assumption is to prevent jumps of the diffusion coefficient x to occur
inside mesh elements. Indeed, owing to Assumption 4.43, the diffusion coefficient
is piecewise constant on each mesh 7. This fact is often used in what follows.
The present setting can be enlarged, at the price of additional technicalities,
by assuming that the diffusion coeflicient is piecewise smooth (e.g., piecewise
Lipschitz continuous). However, it is not reasonable to envisage a high-order dG
method to approximate an heterogeneous diffusion problem if the mesh is not
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R\

Fig. 4.6: Partition Pq (left) and compatible mesh (right)

compatible with the singularities of the diffusion coefficient. Indeed, the exact
solution is not expected to be sufficiently smooth across these singularities to
exploit the local degrees of freedom in the polynomial space.

4.5.2.2 Weighted Averages

While we keep Definitions 1.17 and 4.2 for interface and boundary jumps respec-
tively, it is convenient to introduce weighted averages.

Definition 4.46 (Weighted averages). To any interface F' € F} with F =
0Ty N 0T, we assign two nonnegative real numbers wr, r and wr, r such that

wry,F +wr,r =1

Then, for any scalar-valued function v defined on ) that is smooth enough to

admit a possibly two-valued trace on all F' € F}, we define its weighted average
on F such that, for a.e. z € F,

{v}o (@) == wr, po|7, (2) + wr,y FU|T, (7).

On boundary faces F € FP with F = 9T N 99, we set {o}o r(z) = v|r(2).
When v is vector-valued, the weighted average operator acts componentwise
on the function v. Whenever no confusion can arise, the subscript F' and the
variable x are omitted and we simply write {v}.,.

Clearly, the usual (arithmetic) average of Definition 1.17 at interfaces corre-
sponds to the particular choice wp, p = wp, p = 1/2. Henceforth, we consider
a specific diffusion-dependent choice for the weights, namely, for all F € F},
F =0T, N0Ts,

K2 R1

Wy, F = ————— Wy, p = ————
1 Hl+l€27 2 Hl+l€2’

where k; = k|1, i € {1,2}. In particular, the case of homogeneous diffusion
yields the usual (arithmetic) averages.
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4.5.2.3 The SWIP Bilinear Form

In the context of heterogeneous diffusion problems, we modify the SIP bilinear
form defined by (4.12) as follows: For all (vn,yn) € Vi X Vi,

ay"™® (v, yn) = /Q'ivhvh'vhthr > U’Y;L{—’F/F[[Uh]][[yh]] (4.64)
FeFy

n Z /F({{’ivhvh}}w'nFﬂyh]]Jr[[Uh]]{{"évhyh}w'nF)~

FeFy

The quantity n > 0 denotes a user-dependent penalty parameter which is inde-
pendent of the diffusion coefficient, while the diffusion-dependent penalty param-
eter v, r is such that for all F' € F}, F = 01y N 0715,

2%1&2
Ve, F = .

)
Hl%*ﬂg

where, as above, r; = |1, i € {1,2}, while, for all F € Fp, F = 9T N0,

Ve, F = Ii\:ﬂ

We notice that the above choice for the penalty parameter 7, r on interfaces
corresponds to the harmonic mean of the values of the diffusion coefficient on
either side of the interface. Furthermore, we observe that, for all F' € F},

Ve, < 2min(K1, K2). (4.65)

This property is used in the convergence analysis of Sect. 4.6.3 in the context of
diffusion-advection-reaction problems; cf., in particular, Remark 4.65.

The bilinear form aj;" ' defined by (4.64) is termed the Symmetric Weighted
Interior Penalty (SWIP) bilinear form. It has been introduced by Dryja [136] for
heterogeneous diffusion problems and analyzed (in the more general context of
diffusion-advection-reaction problems) by Di Pietro, Ern, and Guermond [133]
and Ern, Stephansen, and Zunino [150]. The two differences with respect to
the more usual SIP bilinear form are the use of (diffusion-dependent) weighted
averages to formulate the consistency and symmetry terms and the presence
of the diffusion-dependent penalty parameter. Whenever k is constant in €,
the usual (arithmetic) averages are recovered in the consistency and symmetry
terms. The possibility of using non-arithmetic averages in dG methods has been
pointed out and used in various contexts, e.g., by Stenberg [282], by Heinrich and
co-workers [188-190], and by Hansbo and Hansbo [182] in the context of unfitted
finite element methods based on Nitsche’s method. The idea of connecting the
actual value of the weights to the diffusion coefficient was also considered by
Burman and Zunino [73] in the context of mortaring techniques for a singularly
perturbed diffusion-advection equation.



156 Chapter 4. PDEs with Diffusion

Lemma 4.47 (Reformulation of SWIP bilinear form). There holds, for all
(n,Yn) € Vi X Vi,

a3 (v, yn ) Z / (KVor)yn + Z n%F / Tor]lyn] (4.66)

TeT), FeFy

+ ) / [V hon] np{ynts —

FeF;} FeFy

/ [on]l{£Vryn}onr,

where {yp }z is the skew-weighted average value of yy, defined as

{vn Yo = wn, rynlm, + wr Fynln,-

Proof. Integrating by parts the first term in (4.64) yields

Z/ (kVup)yn + Z/ k(Vopnr)yn.  (4.67)

/ kVrvn-Vyyy =
Q TET, TET,

Rearranging the second term on the right-hand side as a sum over mesh faces
leads to

S [ s = 3 [ vimnine s 3 [ s@nm,

TET, FeF] FeF?
We now observe that, for all F € F},

[(:Vron)yn] = {£VronBolyn] + [Vion]{yn bo

y Wi = WT; F, 1€ {1,2},

bi = yn

To prove this identity, we set a; = (kVvp)|1;
so that

[(Vrvn)yn] = a1by — azbs
= (w1a1 +waa2)(by — b2) + (a1 — az)(w2by + wibs)
= {xVivr o lyn] + [EVivr]{yn Yo,

since wy + ws = 1. As a result and accounting for boundary faces,

Z / (Vopnr)y, = /{{thvh}w ngyn]+ Z / [£Vion] nr{yn o

TET, FeFy, FeFi

Combining this expression with (4.64) and (4.67) yields the assertion. O

4.5.3 Error Estimates for Smooth Solutions

In this section, we present the convergence analysis for the discrete prob-
lem (4.63) in the case where the exact solution is smooth enough to match the
following assumption.
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Assumption 4.48 (Regularity of exact solution and space V,). We assume that
the exact solution u is such that

uw €V, :=VNH?*Py).
In the spirit of Sect. 1.3, we set Vi, ==V, + Vj.

Assumption 4.48 implies that, for all T € Tp, letting o := —(kVu)|r and
cor = ornr on IT, the trace oar|r is in L2(F) for all F € Fr. Using
Lemma 1.23 for the jumps of the potential and proceeding as in the proof of
Lemma 1.24 for the jumps of the diffusive flux, we infer that the exact solution
satisfies

[u] =0  VF € Fp, (4.68a)
[«Vulnp =0  VF e F. (4.68b)

The convergence analysis is performed in the spirit of Theorem 1.35 by estab-
lishing discrete coercivity, consistency, and boundedness for a;"'*. The discrete

bilinear form a;" " is extended to Vip X Vj,.

Lemma 4.49 (Consistency). Assume u € Vi. Then, for all v, € V3,

aZWip(U>Uh):/fUh~
Q

Proof. The result is a direct consequence of (4.66) and (4.68). |

To formulate discrete stability in the context of heterogeneous diffusion, we
modify the || ||sip-norm considered for the Poisson problem (cf. (4.17)) as follows:
For all v € Vp,,

15
lvllswip := H"Jl/2vhUH2L2 Q)¢ T "UG,I{ ) (4.69)
[L2(2)]

with the diffusion-dependent jump seminorm

1/3
Ve, F
b= ( > 2 |uv]]|%2<p>> . (4.10)

FeFy

lv

Before addressing the discrete coercivity of the SWIP bilinear form, we derive a
bound on the consistency term.

Lemma 4.50 (Bound on consistency term). For all (v,yp) € Vip X Vi,

1/2
< (Z > hF||’i1/2VUT'nF||%2(F)> Yn .-

TeT, FEFr
(4.71)

> [ sTurkoneln]

FeFy
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Proof. For all F € F} with F = 9Ty N 0Ty, w; = wr, r, ki = kl1;, and a; =
K/ (V)

1,.np, i € {1,2}, the Cauchy—Schwarz inequality yields

/{{thv}w'nF[[yh]] = /(wll‘ﬁhal + wory *az) [yn]
F F

IN

1 /2
(3helar e + ozl
1 7
(2o + ) Mndlein))
F
and since 2(wiky + w3kae) = Vs, we infer
1 "
[ eviobonetnl < (ghelalts + laltse) )

Yo\
k,F
S C 3 7

Moreover, for all F € FP with F = 9T NS,

1/2
1 ’YK,,F
/{thv}}w'nFﬂyhﬂ < W22 V0)|[rnp 2 % < he ) Ilyn]ll2(r)-
F
Summing over mesh faces, using the Cauchy—Schwarz inequality, and regrouping
the face contributions for each mesh element yields the assertion. O

We now establish the discrete coercivity of the SWIP bilinear form under the
usual assumption that the penalty parameter 7 is large enough. An important
point is that the minimal threshold on the penalty parameter is independent of
the diffusion coefficient (it is actually the same as for the Poisson problem).

Lemma 4.51 (Discrete coercivity). For alln > n with 1 defined in Lemma 4.12,
the SWIP bilinear form defined by (4.64) is coercive on Vi, with respect to the
I-llswip-norm, i.e.,

V’Uh € Vh7 aZWip(Uh7 Uh) > Cﬂ mvh H|§wip7

with C,, defined in Lemma 4.12.

Proof. Let v, € V. Owing to the discrete trace inequality (1.40), the fact that
hp < hp for all T € 7}, and for all F' € Fr, and since « is piecewise constant on
71, we infer from the bound (4.71) that

< CtrN(;/zHthvh’U;LH[Lz(Q)]d |Uh‘(]’,£.

> | {sVavnlumelval
FeFy F

We conclude as in the proof of Lemma 4.12. O
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A straightforward consequence of the Lax—Milgram Lemma is that the dis-
crete problem (4.63) is well-posed.

Our last step in the convergence analysis is to prove the boundedness of the
SWIP bilinear form. To formulate this result, we define on V,j the norm

1/2
lvllswip,« = (IIUllfwip + > hT||Hl/2va'nT|%2(8T)> :
TeTh
Lemma 4.52 (Boundedness). There is Cypna, independent of h and &, such that
V(Uayh) S V*h X Vh, azWip(U7yh) < Cbndmvmswip,*myh mswip-

Proof. Let (v,yp) € Vin X V3, and observe that

) = [ VoS 3 0% [l

FeFy
-3 [eTbonrlnl = Y [ s o
Fer, ' T FeF, I F
=%+ %o+ T3+ %y (4.72)

Using the Cauchy—Schwarz inequality yields

T1 4+ Tof < (L +n)l|vllswip lynllswip-

Moreover, owing to the bound (4.71),

[Ta] < Nollswip,«

Ynlaw < m”mswip,*nyh mswip

by definition of the |- |lswip,«-norm. Finally, still owing to the bound (4.71) and
proceeding as in the proof of Lemma 4.51 leads to

1Ta] < CoNg 2 0]5.xl6 72V gnll 22 g < Coe N5 0 llswip 1y lowin-

Collecting the above bounds yields the assertion with Cynq = 2+n+Cy N, (;/ o

A straightforward consequence of Theorem 1.35, together with Lemmata 1.58
and 1.59, is the following convergence result.

Theorem 4.53 (||-||swip-norm error estimate and convergence rate). Let u €
Vi solve (4.62). Let uy, solve (4.63) with a}""" defined by (4.64) and penalty
parameter as in Lemma 4.12. Then, there is C, independent of h and k, such
that

o= iy € inf = vl
Moreover, if u € H*1(Pg),
1
lu = unllswip < Cullill /2 o) h",

with Cy = C||ul| gr+1(p,) and C independent of h and k.
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Since the quantity C' in the error estimates is independent of the diffusion
coefficient k, the approximation method is robust with respect to diffusion het-
erogeneities (observing that the ||-||swip-norm depends on x). The convergence
rate in the ||-||swip-norm is optimal, both for the broken gradient and the jump
seminorm.

4.5.4 Error Estimates for Low-Regularity Solutions

In this section, following [132], we present the convergence analysis for the dis-
crete problem (4.63) for an exact solution with low-regularity.

Assumption 4.54 (Regularity of exact solution and space V,). We assume that
d > 2 and that there is p € (d2—_;_12, 2] such that, for the exact solution u,

u €V, =V NW?P(Py).
In the spirit of Sect. 1.3, we set Vi, ==V, + Vj.

Assumption 4.48 implies that, for all T € Tp, letting o := —(kVu)|r and
oor = or-nr on JT, the trace ogr|p is in LP(F) for all F € Fr. We adapt
the analysis of Sect.4.2.5 for the Poisson problem to the present setting with
heterogeneous diffusion.

We already know that discrete coercivity holds true provided the penalty
parameter is chosen as in Lemma 4.12. Moreover, since the jump condi-
tions (4.68) still hold true, consistency can be asserted. Thus, it only remains
to prove boundedness, which we do by redefining on V., the |- |lswip,«-norm as

1/11
. 1+7p
Hollswip.s = (||v||swip+ S on ||n1/2wT-nT§p(6T)) . @m)
TeTh
where v, = %d(p — 2). We observe that, for p = 2, we recover the previous

definition of the ||-||swip,«-norm. The value for v, is motivated by the following
boundedness result.

Lemma 4.55 (Boundedness). There is Cond, independent of h and &, such that

Y(v,wp) € Vin X Vi, a3 (v,w01,) < Conal|v]lswip.«

|lwh lswip-

Proof. Let (v,wp) € Vip X Vi, We need to bound the four terms %4,...,%,
in (4.72). Proceeding as in the proof of Lemma 4.52, we obtain

IT1+ T3+ Tl < Cmvmswip mwhmswip?

with C' independent of h and &, so that it only remains to bound the consistency
term T5. For all F € F} with F = 9T1N0T%, and a; = (k"°V)|r,np, i € {1,2},
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Hoélder’s inequality yields

/};{{thv}}wﬂp [wn]

/ (wlnihal + wgn;hag)[[wh]]
F

1/11
114,
< (7 o ey + sl
l/q
q q —qp.
2 (o i )
with 8, = Hp% and g = I—){’—l. Since ¢ > 2, we obtain
/2 a/2
a/ oz (K1k2)" o of (k1K2) os o—ajs )
(Wir)* +wiry ) = [CETS0E fryt) < m("él +hg)"? =27

Hence, since 2"/77"/2 < 2,

l/p
114y,
[ eViobonetond < (GHE7 Uorll ey + laalogr) )

1 ~Mp
x 29 b2 | [wn]ll o -

Moreover, for all F € FP with F = 9T NS,

l/p
1+p 1 1 75;}
/F eV nobonplonl < (hE7 12V olr e, ) 2L h e ITwonllzory:

We can now conclude as in the proof of Lemma 4.30. O

A straightforward consequence of Theorem 1.35 is the following convergence
result. The achieved convergence rates are optimal, both for the broken gradient
and the jump seminorm.

Theorem 4.56 (||-||swip-norm error estimate and convergence rate). Let u €
V. solve (4.62). Let up solve (4.63) with a;" " defined by (4.64) and penalty
parameter as in Lemma 4.12. Then, there is C, independent of h and k, such
that

e = unllswip < © 10t flu = vnllswip.s,

where the || |lswip,«-norm is defined by (4.73). Moreover, under Assumption 4.31,
there holds
llw = unllswip < Cub®,

with Cy = Clulw2.r(py), C independent of h and x, and oy = <5= — g > 0.
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4.5.5 Numerical Fluxes

As for the Poisson problem in Sect.4.3.4, it is possible to derive a local formula-
tion of the discrete problem (4.63) by localizing test functions to mesh elements.
To this purpose, we first modify the definition of the lifting operators and discrete
gradients (cf. Sects. 4.3.1 and 4.3.2) to account for diffusion heterogeneities. For
any face F' € Fp, and for any integer | > 0, we define the (local) lifting operator
rh .+ L*(F) — [P4(73)]* as follows: For all ¢ € L*(F),

/ kv (0)Th = / famn}onre YV € [PY(TH)]% (4.74)
Q F

Clearly, if x does not jump across F (so that s is constant in the support
of r%’ﬁ(go)), definitions (4.37) and (4.74) produce the same result, but this is
no longer the case in the presence of diffusion heterogeneities. Then, for any
function v € H'(7,), we define the (global) lifting of its interface and boundary
jumps as

Ri, o ([0]) == > 1% ([v]) € [P4(Tn)]", (4.75)

FeFy

being implicitly understood that r,, acts on the function [v]p (which is in
L3(F) since v € HY(73,)). If k is constant in (2, definitions (4.40) and (4.75)
produce the same result. Finally, the definition (4.44) of the discrete gradient is
extended to the heterogeneous diffusion case by setting, for all v € H'(7p,),

Gh K,( ) = th - RiL,K,([[/U]]) € [LZ(Q)]d

Let T € 7T;, and let £ € PX(T). Then, using v, = &xr as test function in (4.63)
where yr is the characteristic function of T, proceeding as in Sect.4.3.4, and

using the above definitions, we infer
6TF/¢F up)§ = /f&

with [ € {k — 1,k}, e, p = np-np, and the numerical flux ¢p(up) defined as

/ KG} . (up)-VE +
T

FeFr

or(up) == —f{kVrup}onp +77h—[[ up].

Remark 4.57 (Harmonic means). For all F € F} with F = 9T} N 07> and
+, 4 € {1,2}, we observe that

K2 K1
7{{thuh}w~np = 7/{ T PR Hl(vuh)h“l-np — P T PR ng(Vuh)|T2~np
251/’12
= \Y
T ——{Vaur}-np.

Thus, recalling that the jump seminorm of uj, tends to zero as h — 0, the leading-
order term in the numerical flux ¢ (uy) uses the harmonic mean of the diffusion
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coefficient. A motivation for using harmonic means can be given in the context
of heat transfer where k represents the thermal conductivity, v the temperature,
and —xVu the heat flux. Consider an interface between a poorly conductive
medium (where « is relatively small) and a highly conductive medium (where &
is much larger), so that, at this interface, the harmonic mean of « is close to the
value in the poorly conductive medium. Then, the heat transfer through this
interface is essentially governed by the poorly conductive medium.

4.5.6 Anisotropy

The above developments can be extended to the anisotropic case, that is, when
for a.e. z € Q, K(x) is a symmetric tensor in R%?. Assuming that the lowest
eigenvalue of x is uniformly bounded from below in 2 by a positive real number,
the model problem (4.62) is well-posed.

The SWIP bilinear form defined by (4.64) can be used to approximate hetero-
geneous anisotropic diffusion problems. Specifically, the weights {wr, r,wr, r}
and the penalty parameter v, r are evaluated on any interface F' € F; by using
the normal component of the diffusion tensor on both sides of that interface,
that is, for all F € F}, F = 0Ty N 0Ts, we now let k; := n’ (k|7 )np, i € {1,2},
and we set as before

%) K1 2%1&2
U WThF =~ _—
9 N 3
K1+ K2 ? K1+ K2 K1+ K2

wry F = Ve, F =
Moreover, for all F € F?, F = 0T N 0, we set v, p := n'(k|r)n. With these
modifications, the convergence analysis proceeds as in the isotropic case. Since
K takes symmetric positive definite values, it is in particular possible to define
k'/? as the symmetric positive definite matrix such that x'/2k"> = k. We refer
the reader to [133,150] for a detailed presentation of the convergence analysis.

4.6 Diffusion-Advection-Reaction

In this section, we consider a model diffusion-advection-reaction problem. The
design and analysis of the dG approximation combine the ideas of Sect.4.5 to
handle the diffusion part and those of Sect. 2.3 to handle the advection-reaction
part. One issue of particular interest is the robustness of the approximation in
the singularly perturbed regime where advection-reaction effects dominate over
diffusion effects. In particular, we address at the end of this section the situation
where the diffusion coefficient can actually vanish locally, so that a first-order
PDE in some part of the domain is coupled to an elliptic PDE in the remaining
part.

4.6.1 The Continuous Setting

Let k € L*(Q) and assume that « is uniformly bounded from below in Q by a
positive real number; the singular limit where x can actually vanish locally in
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some parts of €2 is addressed in Sect. 4.6.4. Moreover, we keep Assumption 4.43
so as to localize possible jumps in the diffusion coefficient. Let 3 € [Lip(9)]?
be the advective velocity and let i € L*°(€) be the reaction coefficient. We are
interested in the problem:

V- (=kVu+pu)+ pu=f inQ,
u=0 on 09,

with source term f € L?(2). The weak form of this problem reads
Find v € V s.t. a(u,v) = / fvoforalwveV, (4.76)
Q

with energy space V = H{(£2) and bilinear form

a(u,v) IZ/I{VU-V'U—/Uﬂ-V'U-i-/[LU’U.
Q Q Q

We observe that the advective term is written in conservative form. The R?-
valued function

®(u) = —kVu+ fu

is termed the diffusive-advective flux. By construction, ®(u) is in H(div; ).
The diffusion-advection-reaction can be rewritten as

~V-B(u) + fiu = f,

and the bilinear form a as
a(u,v) = / —®(u)-Vo + / fiuv. (4.77)
Q Q

Since u € H*(Q) and 3 is smooth, it is equivalent to consider the advective
term in its non-conservative form, i.e.,

—V-(kVu) + 3-Vu + pu = f,

with p = i1+ V-6. However, if k vanishes locally, the exact solution can feature
discontinuities, and the two forms are no longer equivalent. The conservative
form is more natural from a physical viewpoint since it expresses a basic conser-
vation principle. Indeed, integrating the diffusion-advection-reaction equation
over a control volume V' C €2, we obtain formally

AFMW+Lm:Aﬂ

where ny denotes the outward normal to V. This equation expresses the fact
that the variation of w in the control volume V' due to the diffusive and advective
exchanges through 9V plus the quantity of u generated /depleted by reaction over
V' is equal to the integral of the source term f over V.
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As in Sect. 2.1, we assume that there is a real number pg > 0 such that
o1 1 .
A=p+ §V~ﬁ =u— §V~ﬁ > o a.e. in Q.
Hence, using integration by parts, the bilinear form a is coercive on V,
Vo eV,  a(v,v) = |7Vl g + [IN0]|72 )

Owing to the Lax—Milgram Lemma, (4.76) is therefore well-posed.

4.6.2 Discretization

We aim at approximating the exact solution u of (4.76) by a dG method using
the discrete space
Vi 1= Pa(Th),

where P¥(7},) is defined by (1.15) with polynomial degree k > 1 and 7}, belonging
to an admissible mesh sequence. We keep Assumption 4.45 on the compatibil-
ity of the meshes with the partition P associated with the diffusion coeffi-
cient k. Moreover, concerning the regularity of the exact solution, we assume
that (cf. Assumption 4.48)

weV, =VnH*Py),

and we set, as before, Vi, = V. + V4. It is also possible to analyze the
dG approximation in the case of low-regularity exact solutions matching only
Assumption 4.54.

The dG method considered herein combines the SWIP bilinear form of
Sect. 4.5 to handle the diffusion term and the upwind dG method of Sect. 2.3 to
handle the advection-reaction terms. Thus, we let, for all (v,wp) € Vip X Vi,

asder (v, wy,) = aZWip(v,wh) + ap™" (v, wp), (4.78)

where (cf. (4.64))

GZWip(Uywh) = /thv'vhthr Z U’y}':l’f/[[v]][[wh]]
Q P

FeFy

- Z /F({{/ivhv}}wnp[[wh]] + [{cVrwr}onr),

FeFy

and (cf. (2.34))
ap™ (v, wp) = /ﬂ [fvwy, + Vi (Bv)wp] + /m(ﬁ-n)evwh

- ¥ [Gnoblud+ 3 [ o rlilwl

FerF) FerF)
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or equivalently, after integrating by parts the advective derivative (cf. (2.35)),
ap™ (v, wp) = / [fvwy, — v(B-Vwp)] +/ (8-n)®Pvwy,
Q o0
+ 2 [ @t + 5 [ vorlollo.

FeF} FeF}

In what follows, we set
1
8.F += 5|00F|.

It is also possible to multiply vg r by a positive user-dependent parameter as
in Sect.2.3 (cf., e.g., (2.33)), but the present choice is needed for consistency
reasons in Sect.4.6.4 in the singular limit of locally vanishing diffusion; cf.
Remark 4.69. We also observe that the penalty terms can be grouped to obtain

> (w4 S [ peltond

FeF]

In the diffusion-dominated regime where hp|G-np| < 75, F, the amount of penalty
introduced by the SWIP bilinear form suffices for discrete stability, and it is
possible to drop upwinding for the advective terms (that is, to approximate
the advective term using centered fluxes). The ratio hp|G-np|/7vx,F is termed a
local Péclet number. In practice, local Péclet numbers are often large, generally
because the diffusion coefficient is (locally) small, so that upwinding is necessary.
In this situation, the exact solution features inner and outflow layers where it
varies quite sharply, and practical meshes may not be fine enough to resolve
these layers; we refer the reader, e.g., to Roos, Stynes, and Tobiska [274] for a
general overview on singularly perturbed diffusion-advection-reaction problems
and stabilized finite element approximations.

4.6.3 Error Estimates

To approximate the model problem (4.76), we consider the discrete problem:

Find uy, € Vy s.t. af® (up,vp) = / fop, for all v, € Vj, (4.79)
Q

where a{®" is the discrete bilinear form defined by (4.78). The convergence anal-

ysis is performed by establishing discrete stability, consistency, and boundedness

for ader. We begin with consistency.

Lemma 4.58 (Consistency). Assume u € V.. Then, for all w, € Vj,

a%ar(u,wh):/fwh.
Q
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Proof. The proof of Lemma 4.49 yields, for all w, € V4,
a™P (u,wp,) = Z / —kVu)w
TeTh
Moreover, adapting the proof of Lemma 2.27, we infer
ap™ (u,wy) = Z / V-(Bu)wy, + /[mwh.
TET, Q

Summing up and observing that V-(—skVu + fu) + fiu = f in all T € T;, yields
the assertion. O

4.6.3.1 Analysis Based on Discrete Coercivity

The convergence analysis is performed in the spirit of Theorem 2.31 by com-
bining consistency (cf. Lemma 4.58) with discrete coercivity and boundedness
on orthogonal subscales for the discrete bilinear form a;ll"". We recall that in
the context of the advection-reaction equation, we introduced in Sect.2.1 the
reference time 7. and the reference velocity . such that

7o i= {max(||pll =) L)} ' Be = 1Bl s
where Lg is the Lipschitz module of 8 (cf. (2.5)). We define on V,;, the norm

1/2
lellaas = (Woll2usp + 1013+ 7 ol3eqy) s (4.80)

where the ||-|lswip-norm is defined by (4.69) and (4.70) while the |-|g-seminorm
is defined as

1/2

o= | [ gai+ X [ Foacipp

FeF;

The two rightmost terms in (4.80) form the stability norm (cf. (2.37)) considered
in Sect. 2.3.2 for the advection-reaction equation.

Lemma 4.59 (Discrete coercivity). For alln > n with 1 defined in Lemma 4.12,
the discrete bilinear form a®™ defined by (4.78) is coercive on Vj,, i.e.,

V’Uh S WU a(’iLar(v’th) Z min(la Tc O, C’r])mvh ”|3ab7
with C,, defined in Lemma 4.12.
Proof. Let vy, € V},. Lemma 4.51 yields
aZWIP(Uh7 Uh) > C mvh H|sw1p

Moreover, owing to Lemma 2.27,

apy™ (vp,vp,) > min(1, Tepo) (|vh\% +7'c_1””h||%2(ﬂ)) .

Combining these lower bounds yields the assertion. O
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A straightforward consequence of the Lax—Milgram Lemma is that the dis-
crete problem (4.79) is well-posed.

The last ingredient is boundedness on orthogonal subscales for the discrete
bilinear form a‘;}m. To this purpose, we define on V,j, the norm

1/2
lollaas, = <|U|3ab+ > BellollZaory + D hT”Hl/zvv'nTQL?(aT)) :

TeTn TeTn

Lemma 4.60 (Boundedness on orthogonal subscales). There is Cpnq, indepen-
dent of h and the data k, B, and [, such that

V(v,wp) € Vi X Vg, af® (v — w0, wh) < Conallv — Thollaap . 1wn [l aass

where 7y, denotes the L?-orthogonal projection onto Vj,.

Proof. Combine Lemma 4.52 with Lemma 2.30. (The fact that the first argument

in a‘;ar is L?-orthogonal to V}, is only needed to apply Lemma 2.30.) O
Proceeding as in the proof of Theorem 2.31 leads to the following error esti-
mate.

Theorem 4.61 (Error estimate). Let u € V. solve (4.76). Let uy, solve (4.79)
with af® defined by (4.78) and penalty parameter as in Lemma 4.12. Then, there
is C, independent of h and the data k, B, and fi, such that

”|u — Un mdab < Cmax(lnglualv 0771)‘|‘u - 7Th“\”dab7*- (4'81)

A convergence rate can be inferred from (4.81) using Lemmata 1.58 and 1.59
if the exact solution is smooth enough. Namely, if u € H*+1(Q), (4.81) yields

v = unllass < Clmax(1, 75 gt Cy Y EY + BLR + 77 0)h*, - (4.82)

with % := ||kl (@), Co = C'||ul| gr+1(q), and C” independent of i and the data
K, B, and fi. The estimate can be simplified by dropping the last term under
the reasonable assumption that h < fS.7¢; cf. (2.41). Moreover, observing that
hpB. /% represents a Péclet number and recalling the definition (4.80) of the ||-||qas-
norm, we conclude that in the advection-dominated regime, the convergence rate
of [u—uplg+ 7o P u - up||p2(0) is of order K*+"/2 (as for the pure advection-
reaction problem; cf. Sect.2.3.2), while in the diffusion-dominated regime, the
convergence rate of ||u—up ||swip is of order h¥ (as for the purely diffusive problem;
cf. Sect.4.5.3).

4.6.3.2 Analysis Based on Discrete Inf-Sup Condition

As shown in [133,150], the above convergence analysis can be improved by includ-
ing a bound on the advective derivative of the error. To this purpose, we need to
tighten the discrete stability norm. Indeed, using the ||-||swip-norm contribution
to the ||-[lqap-norm to bound the advective derivative leads to an error bound
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that scales unfavorably with the Péclet number. Instead, we define on V,j the
norm

1/2
Ivllaa = (||U||3ab + 551thlﬁ~W||%2<T)) :

TeT,

As in Sect. 2.3.3, asserting discrete stability in the ||-||qag-norm requires proving
a discrete inf-sup condition.

Lemma 4.62 (Discrete inf-sup stability). There is Csta, independent of h and
the data K, 3, and [, such that
aster (vy,, wy,)

Yoy, € Vi, Cistamin(1, 7epio, Cp)[lvnllaag < sup
wrevi\{0}  llwnllaag

Proof. The proof is similar to that of Lemma 2.35. Let v, € Vj, and set S =

dar
SUDy,, €V, \ {0} %‘"w(:l’lll—;:’;h) Lemma 4.59 implies that

min(1, 7e 0, Co)lonllZay < a5 (0n,vn) < Sllon flaag-
To bound the contribution of the advective derivative in the expression for
llvnlldag, we consider the function wy, € Vj, such that, for all T € T3, wp|r =
B hr(B)r-Vup, where (8)r denotes the mean value of 8 over T. To alleviate
the notation, we abbreviate as a < b the inequality a < Cb with positive C
independent of h and the data «, 3, and fi.

(i) Let us bound ||wp||aag by ||valldag- As in the proof of Lemma 2.35, we obtain
Jwnlf + 7 lwnlge ) + Y B hrllB-VwnlZa iy < lonlag-
TeT,

Moreover, owing to the inverse inequality (1.36) and the fact that x|y and (8)r
are constant in any mesh element T € 7,

167N hwn | e = > KlrBPhEIV (B Vou)1F 2y
TeT,

S Z H\THVUhH[Qm(T)]d = ||H1/2thh|‘[2L2(Q)]d'
TeT,

In addition, for all F' € F} with F = 9Ty N dTx,

’YR,F 'YH,F _
Ilwnllzzry < 252262 Y B2 IB)T-(Vor)lz iz (e
hp hF .
1€{1,2}
S 2 AnlVonlis iy,
i€{1,2}

where we have used the discrete trace inequality (1.37), the mesh regularity, and
the bound (4.65) on v, r. Hence,

lwilse S 162V honllp2 @)e,
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and collecting the above bounds yields ||wp |ldag S [|vn ldas-
(i) Proceeding as in step (ii) of the proof of Lemma 2.35, we observe that

> B |-V onlF ey = ah™ (vn,wn) — P (va, wp) — / puRwr
TET Q

+ 3 e [ (3V0)(6 - ()T

TET, T

*/ (B-n) vpwy, + Z /(ﬁ~np)[[vh]]{{wh}}
o rer ' F

1

- / 3 |Bmplfva]lwn] = Ty + ..+ Tr.

FeF} F
Clearly, 1] < Slwn s S Slvn laas and
1Za| = lay"™ (vn, wn)| < llvnllaas lwnllass S lonllaas llonlldas-

Finally, the terms %3,...,%7 are those already bounded in the proof of
Lemma 2.35. As a result,

Y B hrlB-VorlZagry S Sllonllaas + lonllaas llonllaas + lonli3ap-
TET,

We conclude as in the proof of Lemma 2.35. O
To formulate a boundedness result, we define on V,; the norm

|WWF<M@+Z@@MMMWW@WO

TeT,
1/2
+ Z hT|/<cl/2VU~nT|2L2(3T)> .
TeT,

Lemma 4.63 (Boundedness). There is Cona, independent of h and the data k,
B, and f[i, such that

V(v,wp) € Vi, X Vg, af® (v, wy) < Conallvlldag,«

[wh llaag-
Proof. Combine Lemma 4.52 with Lemma 2.36. O

A straightforward consequence of Theorem 1.35 is the following error
estimate.

Theorem 4.64 (Error estimate). Under the hypotheses of Theorem 4.61, there
is C', independent of h and the data k, B, and fi, such that

”|U — Upn mdaﬁ < Cmax(177—(jlual7 0771) v}irel{‘/; ”|U - Uh”|daﬁ,*- (483)
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Finally, a convergence rate can be inferred from (4.83) using Lemmata 1.58
and 1.59 if u € H*1(Q) since (4.83) yields an error estimate with the same
upper bound as in (4.82), namely

lu — unllaag < €l max(1, 7 g, C )R + B RY2 4+ 772 h)hE.

Thus, in the advection-dominated regime, the convergence rate of |u — up|s +
7o P lu — unllL2@) + (Creg, B ThrllB-Vol7z (1)) 7 is of order h¥+'/2 (as for
the pure advection-reaction problem; cf. Sect.2.3.3), while in the diffusion-
dominated regime, the convergence rate of [|u — up[|swip is of order h* (as for the
purely diffusive problem; cf. Sect. 4.5.3).

Remark 4.65 (Harmonic means in the penalty term). The bound (4.65) plays
an important role in the proof of Lemma 4.62 since it allows one to bound the
jump seminorm |wp|y . We observe that this bound results from the fact that
the harmonic mean of the diffusion coefficient is used to penalize jumps across
interfaces in the SWIP bilinear form.

Remark 4.66 (Numerical fluxes). A local formulation using numerical fluxes can
be derived for the discrete problem (4.79) by combining the results of Sect. 4.5.5
for the diffusion terms and those of Sect. 2.3.4 for the advection-reaction terms.
Specifically, letting T' € 7j, and £ € PX(T), we infer (compare with (4.77))

/ (Gl (un) — unB) VE + / fung + Y err / o (un )€ = / 1,
T T FeFr F T
with [ € {k — 1,k}, er,p = np-np, and the numerical flux ¢ (uy,) defined as

(—frVaunto + Bun}) ne + (L + 5180p)un] if F e F,
—kVpupn + (81)%uy, + 777;:1’; up, if Fe .7:,2.

or(un) == {

Remark 4.67 (Anisotropic diffusion). In the case of anisotropic diffusion, the
SWIP bilinear form is modified as discussed in Sect.4.5.6. The convergence
analysis based on discrete coercivity can be extended to this case. However,
it is not clear how to extend the proof of Lemma 4.62 since the bound on
||n1/2Vhwh||[Lz(Q)]d uses the assumption that s is scalar-valued; see [150] for
further discussion.

4.6.4 Locally Vanishing Diffusion

In this section, we are interested in the case where k only takes nonnegative
values in the domain €2, a typical example being that x vanishes in some parts
of €. In the anisotropic case, a more complex situation is that where x only
takes symmetric semidefinite values, for instance because different eigenvalues
of k vanish in different parts of 2.
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4.6.4.1 The Continuous Setting

As before, we keep Assumption 4.43 so as to localize the jumps of x, and we
consider the resulting partition Po. We say that I is a partition interface if:

(a) I has positive (d — 1)-dimensional Hausdorff measure.
(b) I is part of a hyperplane, say H;.
(c) There are distinct §2; and Q; belonging to Py such that I = HyNoSY; NoKY;.

Partition interfaces are collected into the set I and points in 2 belonging to
partition interfaces are collected into the set Z. Of particular interest are
those partition interfaces for which the normal component of the diffusion tensor
becomes singular on one of its sides, say §2;. Specifically, we set

Ioq:={I €Iq | n}(k

,)nr > ni(klo;)n; = 0},

where n; denotes a unit normal vector to I, and without loss of generality we
assume that ny points from §2; toward ;. On a (partition) interface I € Iy o,
we loosely say that the subdomain 2; is the diffusive side and the subdomain
Q; the nondiffusive side. Points in € belonging to (partition) interfaces in Iy o
are collected into the set Zp o. It is important to identify those points in 7y o
where the advective field flows from the diffusive side to the nondiffusive side
and to distinguish them from the remaining points, namely

I(J{)Q ={z €Zyq|(Bnr)(z) >0},
Tog = {z € Ty, | (B-nr)(z) <0},
and we assume that (5-ny)(x) # 0 for a.e. z € Zy . Following Di Pietro, Ern, and

Guermond [133], we consider the following diffusion-advection-reaction problem
with locally vanishing diffusion

V- (=kVu+pu)+pu=f inQ\Zq, (4.84a)
u=0 on 09Qg, (4.84b)
where
0Ny 5= {x € 9Q | n'kn > 0 or f-n < 0},

and supplemented with the following conditions on Zg q:

[—kVu+ fu]lny =0 on Zjq, (4.85a)
[ul =0 on Z,. (4.85b)

We observe that (4.84b) enforces a homogeneous Dirichlet condition if n*kn > 0
(as for pure diffusion problems) or if G-n < 0 (as for advection-reaction prob-
lems). Moreover, (4.85a) enforces the continuity of the normal component of the
diffusive-advective flux on the whole partition interface Zy o, whereas (4.85b)
enforces the continuity of the exact solution only on I()+7 o that is, where the
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advection field flows from the diffusive side toward the nondiffusive side, while
the exact solution can jump across Z; ,. We also notice that combining (4.85a)
and (4.85b) yields [kVu]-n; = 0 across I()+,Q (recall that § is smooth so that its
normal component is continuous across partition interfaces). Since lo, ny =0
on the nondiffusive side, this yields the homogeneous Neumann condition
(kVu)|q, ny = 0 on the diffusive side.

The mathematical analysis of the model problem (4.84) with conditions (4.85)
can be found in [133]. We only give here a brief motivation for condition (4.85b).
In one space dimension, these conditions were derived by Gastaldi and Quar-
teroni [165], where it is proven that the solution u. of the following regularized
problem with suitable boundary conditions:

(—kug + Bue) + fiue — eu! = f, (4.86)

converges in L2(Q), as € — 0, to the so-called viscosity solution of (4.84a) which
satisfies conditions (4.85). As an example, let Q@ = (0,1) be partitioned into
Q1 = (0,3), % = (3.2), and Q3 = (3,1) and set f =0, p =0, 8 = 1,
klo,ue, = 1, and klg, = 0. Then, Zoo = {3, 2} with IS:Q = {3} and Iy =
{2}. The viscosity solution to (4.86) with the boundary conditions u(0) = 1
and u(1) = 0 is (cf. Fig.4.7)

ul, = ulg, =1, ulg, =1 —e@1),

This solution satisfies (4.85).

4.6.4.2 Discretization

Weset V), = P’Cj (7p) with k& > 1 and 7}, belonging to an admissible mesh sequence
satisfying Assumption 4.45. In addition, we assume that each (mesh) interface

1.4}

12}

1
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0.4

0.2

0 : : : :
0 0.2 0.4 0.6 0.8 1

Fig. 4.7: Exact solution with vanishing diffusion
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F € Fj such that FNZy g has positive (d — 1)-dimensional Hausdorff measure is
either a subset of Z; ¢, or of Igf o- We define F}* as the set of (mesh) interfaces

such that F'NZo q is a subset of Z; ,. Without loss of generality, we assume that

the normal ng to each F € F}* points from the diffusive side, say 1, to the
nondiffusive side, say Q2. As a result, the weights at F' are such that wp, 7 =0
and wp, p = 1. We also assume that each boundary face F' € ]—“}; is either a
subset of 9 5 or of 9N\ 09, 5, and we define F2* as the set of boundary faces
that are a subset of 90 \ 09, 3. With these definitions, we obtain

[ul =0  VFe€F\ (Fir UFP). (4.87)

The key property is that the discrete bilinear form a%ar defined by (4.78)
remains consistent even in the singular limit of vanishing diffusion.

Lemma 4.68 (Consistency). For all v, € Vj,

aﬂar(u,vh):/ffuh.
Q

Proof. Let v, € V},. Consider first the contribution of the SWIP bilinear form.
Owing to (4.66) and (4.87),

ay P lu,vp) = = > / V-(kVuo, + Y nz’;—’F / [u] [vr]

TeT, /T rer, W FIF

+ Z /[[thu]]'np{{vh}wf Z /[[u]]{{nvhvh}w~np
FeF} F FeF, T

=- ) / V-(sVuo, + Y nlek / [u][vn]
T , hrp Jp

TeTn FeFi*UFp

+ Z /[[nvhu]]ﬂp{{vh}g— Z /[[u]]{{nvhvh}}w~np,
reFi ' FeFirurp ' F

where we have used the fact that [kVu]ng = 0 on all F € F} \ F* owing
to (4.85). Moreover, for all F € Fi*, v, r = 0 and {sV,vp }onr = 0 owing to
the definition of the penalty parameter and the weights. Similarly, owing to the
boundary condition (4.84b), n'kn = 0 for all F € FP*. As a result,

aZWip(u’vh):_ Z AV-(/{VU)U;L—I— Z LHHV’LUH'HFUh‘le

TeTh FeFj*

where we have used the fact that {vy, }z = vi|q, since wr, p =0 and wp, p = 1.
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Consider now the contribution of the upwind bilinear form, namely

Z /T[[mvh-i-v-(ﬁu)vh]—i-/ (B-n)uwvy,

ay,™ (u, vn)

TET o0
1
- (Bnp)[ulfont + 518np|[u][vn]
Fg;i /F ’ Fgg /F 2 '
= TeZT,L/T[[Mwh + V- (Bu)vp] —FEZ}_;* /F(ﬁ-np)[u]]vh\gl,

where we have used (4.87), (8n)° =0 on all F € FP*, and that the upwind side
is the nondiffusive side on all F' € F}* so that

~(pur)d ({1} + 50
—(Bnp)[ulvnlo,-

~ (B0 lond + 515l [l on]

Summing up yields

afle (u,vp,) = Z / (V- (=kVu+ Bu) + ju)vy, + Z / [kVu — fu]-npup|o,
T F

TET, FeFj
= 3 [ (9-xVus ) + o,
Te7;, * T
owing to (4.85a). The assertion follows. a

Remark 4.69 (Amount of upwinding). The choice v3,p = %\ﬁ~np|, corresponding
to the usual amount of upwinding, is instrumental in the above proof so as to
combine the two terms multiplying vp|q, and recover the jump of the total
diffusive-advective flux.

The rest of the convergence analysis proceeds as in Sect.4.6.3 yielding the
error estimates (4.81) and (4.83). We observe that the approximate solution
exhibits, like the exact solution, a finite jump across Z; . The approximation
error on this jump is controlled via the |-|g-seminorm present in the error esti-
mates.

To illustrate with a two-dimensional example, we consider 2 = (0,1)? par-
titioned into the two subdomains depicted in the left panel of Fig.4.8. The
subdomain §2; is a trapezoidal inclusion. The diffusion is anisotropic and such

that
1 0 00
=10 05| Hle={o 1]

The advection field is horizontal and uniform with 8 = (—5,0), and the reaction
coeflicient is uniform with ji = 1. The partition interface Zy o consists of the two
vertical sides of 1, with I(J{ o equal to the left side and Z;, to the right side.
The approximate solution obtained with the above dG method and polynomial
degree k = 1 is shown in the right panel of Fig. 4.8, showing that the expected
behavior of the exact solution is captured accurately. In particular, the jump
across I , is clearly visible.
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Fig. 4.8: Two-dimensional example of heterogeneous and anisotropic diffusion-
advection-reaction problem: problem setting (left) and approximate dG solution
(right)

4.7 An Unsteady Example: The Heat Equation

To illustrate the approximation of unsteady scalar PDEs with diffusion, we con-
sider the heat equation, which we approximate in space using the SIP scheme
of Sect.4.2 and in time using (implicit) A-stable finite difference schemes, e.g.,
the backward Euler and BDF2 schemes. Implicit time-marching is usually pre-
ferred for parabolic problems because explicit schemes lead to the stringent
parabolic CFL condition 6t < Ch? where 6t is the time step and h the meshsize.

4.7.1 The Continuous Setting

For given finite time tp > 0, source term f, and initial datum wug, we consider
the unsteady version of the Poisson problem (4.1), namely,

Ou—Au=f inQx(0,tr), (4.88a)
u=0 on N x (0,tr), (4.88b)
u(-,t =0)=up in . (4.88c)

Problem (4.88) is termed the heat equation.

We recall (cf. Sect.3.1.1) that, for a function ¢ defined on the space-time
cylinder Q x (0,tr), we consider v as a function of the time variable with values
in a Hilbert space, say V', spanned by functions of the space variable, in such a
way that

Y (0,tp) Dt Y(t) =(-,t) €V.

We also recall that, for an integer I > 0, C!(V') denotes the space of V-valued
functions that are [ times continuously differentiable in the interval [0, ¢p].
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We take the source term f in C°(L2(Q)). Moreover, we are interested in
smooth solutions such that

u e CO(HY(Q)) N CL(LA(R)).

This implies, in particular, that the initial datum wug is in the energy space
H(Q). In addition, since u € CO(HZ(Q)) N CHLA(Q)), diu € L*(Q) for all
t € (0,tr), so that we consider the following weak formulation of (4.88): For all
te [Oa tF]v

(dyw,v)r2(0) + a(u,v) = (f,v)r2¢) Vv € Hy(R), (4.89)

where, as in the steady case, a(u,v) = [, Vu-Vo.
We now establish the basic stability result for (4.89).

Lemma 4.70 (Stability). Let u € CO°(H}(Q)) N CY(L3(2)) solve (4.89). Then,
for all t € [0,tr],

t t
)2 + / I9(5) [0 e 5 < lltollZe(gy + C3 / 1£5)]2 ) ds,

where Cq results from the Poincaré inequality (4.4).

Proof. For a fixed t € (0,tr), selecting u(t) as a test function in (4.89) and
using the Cauchy—Schwarz inequality followed by the Poincaré inequality (4.4),
we infer
1
Al Z2(0) + IVa®Ir2 e = (F), u() 2 (@)
< Callf )2 IVut) |22 ()

ng 2 1 2
< 5 I Olz2@) + 5IVu®lize e

Rearranging terms and integrating in time yields the assertion. O

4.7.2 Discretization

As in Chap. 3, we focus on the method of lines in which the time evolution prob-
lem (4.89) is first semidiscretized in space yielding a system of coupled ODEs
which is then discretized in time. Specifically, we consider space semidiscretiza-
tion by the SIP dG method of Sect.4.2 together with a backward (also called
implicit) Fuler scheme for time discretization. The BDF2 scheme to discretize
in time is addressed in Sect.4.7.4.

4.7.2.1 Space Semidiscretization

Let V), = P’;(Th) with polynomial degree & > 1 and 7, belonging to an admissible
mesh sequence. The spaces V, and V,; are defined in Assumption 4.4.
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The discrete problem is formulated as follows: For all ¢ € [0, tr],
(dyun, vn)r2Q) + azip(uh,vh) = (f,vn) Yoy, € Vi,
with bilinea.r form azip defined by (4.10). We introduce the discrete differential
operator A" : Vi, — Vj, such that, for all (v,wp) € Vi, X Vp,
(Azip'l},wh)LZ(ﬂ) = azip(v,wh).

The discrete operator Azip can be used to formulate the space semidiscrete prob-
lem in the following form: For all ¢ € [0, tr],

deun (t) + APup (t) = fa(t), (4.90)
with initial condition uy(0) = mpue and source term

fa(t) =mnf(t)  Vte[0,tr],

where 7, denotes, as usual, the L2-orthogonal projection onto Vj,. Choosing a
basis for V},, the space semidiscrete evolution problem (4.90) can be transformed
into a system of coupled ODEs for the time-dependent components of uy(t) on
the selected basis. Written in component form, (4.90) leads to the appearance
of the mass matrix in front of the time derivative. In the context of dG methods,
the mass matrix is block-diagonal; cf. Sect. A.1.2. _

We now state the important properties of the discrete operator A;". These
properties result from the consistency, discrete coercivity, and boundedness of
the SIP bilinear form.

Lemma 4.71 (Properties of Azip). The discrete operator Azip satisfies the fol-
lowing properties:

(i) Consistency: For the exact solution u, assuming u € C°(V,),
mhdeu(t) + ASPu(t) = fr(t) Yt € [0,tx].
(i1) Discrete coercivity: For all vy, € Vy,
(A3 vn, o) 2(0) = CotallonllZp-

(iii) Boundedness: For all (v,wp) € Vip X Vp,

(AP0, wn)r2(0) < CondllVllsip,sllwn lsip-

Here, Csta and Cpna are independent of h and dt, the ||-|sip-norm is defined
by (4.17), and the ||-||sip,«-norm by (4.22).
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4.7.2.2 Time Discretization

To discretize in time the space semidiscrete problem (4.90), we introduce a
partition of (0,¢r) into N intervals of length dt (the time step) so that Nt = tr;
more generally, a variable time step can be considered. For n € {0,...,N}, a
superscript n indicates the value of a function at the discrete time t™ := ndt.
For a function v € C'(V) with some function space V of the space variable,

we introduce the backward Euler operator (5§1) such that, for all n € {1,..., N},

-1
ev, (4.91)

o™ — "
ot

thereby providing a first-order finite difference approximation of the time deriva-
tive dyv™. The discrete solution is obtained from the backward Euler scheme,

551)1)” =

S uptt 4 APt = (4.92)

with the 1n1t1a1 condition u? = mpup and the source term f"+1 = mp fH for all
n € {0,.. — 1}. Problem (4.92) can be equivalently rewritten as

n+1 + 5tAsxp n+1 _ uz —|—5tfn+1,

thus highlighting the fact that u"+1 is obtained from uj by solving a linear
problem. In what follows, we abbreviate as a < b the inequality a < Cb with
positive C independent of h, dt, and f.

4.7.3 Error Estimates

The analysis follows a path similar to that deployed in Sect. 3.1 for the unsteady
advection-reaction equation. We first derive the error equation, then establish
an energy estimate and finally infer the convergence result. The analysis is
much simpler than in Sect. 3.1 since we use an implicit scheme to march in time.
Indeed, contrary to explicit schemes, implicit schemes are dissipative.
Letting
& = up — mpu” & i=u" — mpu”, (4.93)

the approximation error at the discrete time ¢t" is decomposed as
= 6 g
Lemma 4.72 (Error equation). Assume u € C%(V.) N C%(L?(Q)). Then,

1) #n sip #n n
S gntl — _gsipentl | gntl (4.94)

. nt1
with ot = ASPentl o gntd gpd 07t = gt L (#7 — ¢)d2u(t) dt

Proof. A Taylor expansion in time yields

gt

tn
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ie.,
5(1)un+1 _ dtun+1 + 9n+1
h = .

Projecting this equation onto Vj, and replacing mjdu™! by frtl — A5Pyntl
owing to consistency, we obtain

SO mpuntl 4 APyt = gl g gt (4.96)
Subtracting (4.96) from (4.92) yields the assertion. |

We now derive an energy estimate for the discrete scheme.
Lemma 4.73 (Energy estimate). Assume u € C°(Vi) N C%(L?(Q)). Then, for
alln €{0,...,N — 1}, there holds

L e L R [ 44 AP e [ M
< StlEr By, + C206), (497)

sip,*
with Cy, := Hd%UHCO(Lz(Q)).
Proof. Testing (4.94) with 5t§”+1 we obtain

HﬁnHHLz(Q) + St(ATPE T, o)
= (& e + St(AGPentt T e — 60" & 2 ),

smce (mp0™ 1 f”“)Lz(Q) = (0n+17§;:+1)[/2(ﬂ). Using the algebraic relation ab =
24 2b2 2( —b)? for the first term on the right-hand side, the above energy
equality becomes

1€ 122 ) + 60T = €172 0 + 20t (ARPET E07) 120y
= [IER 172y + 20 (APERTY 1Y) 2 ) — 26607, € ) L2 .

Using discrete coercivity and boundedness of Azip together with the Cauchy—
Schwarz inequality, we obtain

168 1220y + 160 — ERlIT 20 + 26tCatall G 12
< |I& ||L2(Q) + 2ConaSt) 5 sip,« 1€ sip + 26¢(|60™ ||L2(ﬂ)||§"Jrl 22(0)-

Owing to the discrete Poincaré inequality (4.20),

€7+ ooy + 165 = €8 ey + 20tCunall 12,
< 16715 @) + 2Chmat 17 i 65 i + 2028107+ 20 U5 i

Using Young’s inequality for the two rightmost terms yields

€ 122 ) + 1€ = €170 + StCstall€r 1%,
< NI&R 1172 ) + CotUIET Izp « + 107 2 ())-
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Finally, proceeding as in the proof of Lemma 3.20, we infer
167 2 (0) S Cudt,
whence the assertion. O

Remark 4.74 (Dissipation in backward Euler scheme). The dissipative nature of
the backward Euler scheme is reflected by the presence of the time increment
[&ntt —¢n HLQ(Q) on the left-hand side of the energy estimate (4.97). We observe

that, up to a factor §t, the increment EZH i can be interpreted as a first-order
finite difference approximation of the time derivative of the error component

in Vj,.

Finally, we arrive at our main convergence result.

Theorem 4.75 (Convergence). Let u € C°(V,) N C?(L?(Q)) solve (4.89) and
let (ul)1<n<n solve (4.92) with u) = mpug. Assume u € CO(H*T1(Q)). Then,
there holds

n=1

1/2
||U — Up HL2 () + (Cbta Z 5t”|u — Up ||51p> 5 Xlét + XQhk? (498)

. 1
with x1 = t* [ d2ul] ooz and X2 = [ulloo s ).

Proof. Summing (4.97) for n € {0,...,N — 1}, dropping the nonnegative con-
tribution || — f}jH%z(ﬂ)’ and observing that &) = 0, we obtain

||£h HL2 () + (StCSta Z Hlfh H|51p ~ ot Z Hlf H|51p « T tFCZ(Stz

Recalling the results of Sect.4.2.3, we infer that, for all n € {1,...,N},
I Nsip,« S P*lu™ || w1 (). Hence,

167" 172 () + 0tCita Z &Rz < (x10t + x2h*)2.

n=1

Using the triangle inequality [|u’ —uf [|r20) < 1€V |12(0) + 1€ || 12 () together
with

Z 6t”|u —Uup ”Iblp = 2 Z 6t ”|€h ”Iblp + “Ign ”Iblp)

and observing that

&7 172 0y + 6 Csta Z lexzs S O2h®)?,

yields the assertion. O
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4.7.4 BDF2 Time Discretization

To improve the convergence rate in time, we can consider higher-order backward
approximations of the time derivative d;u. In this section, we briefly examine
time discretization using the second-order backward difference formula (BDF2).
We show, in particular, that, also in this case, stability is related to the dissipa-
tive nature of the scheme. We proceed as in Sect.4.7.3, whereby we derive the
error equation, establish an energy estimate, and finally infer the convergence
result.

For a function v € C*(V), we introduce the BDF2 operator 5t(2) such that,
foralln € {2,...,N},

3™ — 4,Un—1 + ,Un—2
26t

thereby providing a second-order finite difference approximation of the time
derivative d;v™. Then, the discrete solution is obtained from

up) +uy  fr+ S
2 2
St APyt — L for e {1,...,N — 1}, (4.99b)

552)1)" =

ev,

sVl 4 Az (4.99a)

with u) = mpup. The operator 552) cannot be used for the first time step n = 1,
since only the initial value is available. In (4.99a), the value u} is computed
from ) using the Crank-Nicolson scheme which is also second-order accurate
in time.

We first derive the error equation, recalling that the components & and &
of the approximation errors are defined by (4.93).

Lemma 4.76 (Error equation). Assume u € CO(V.) N C3(L*(Q)). Then,

Vel + Ap Si ;E’L = aj, (4.100)
where o, = Azip% —mpft, 01 = — L6t foét t(8t — t)d3u(t) dt, and, for all
nef{l,...,N—1},

SRt 4 APt = apt, (4.101)

where OLZ+1 AFPentt — mp6n T and

tn+1 tn+1

ontl = 6t—1/ (t" — )2 du(t) dt — iat—l/ 1 ("t — ) d3u(t) dt
i

Proof. We observe that
st
sl = dyut — 5t—1/ td?u(t) dt
0

ot
st = dyul + 5t! / (5t — t)d2u(t) dt,
0
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so that, integrating by parts in time,

0 1
u’ +u +01.

0 1 1 ot
syt = dt% + 5ot / (8t — 26)d2u(t) dt =
0

Proceeding as in the proof of Lemma 4.72 yields (4.100). Furthermore, for all
n € {2,...,N}, a direct calculation shows that

5t(2)un+1 = dyu" + o

and proceeding again as in the proof of Lemma 4.72 yields (4.101). a
We can now derive the energy estimate.

Lemma 4.77 (Energy estimate). Assume u € C°(V,)NC3(L?(Q)). Then, there
holds

||£h||L2(Q) + 6tCStaH|£h H|51p S ot (|H§ H|51p7 + Hlfo H|51p, + Cg(st4) ’ (4102)

and, for alln € {1,...,N — 1},

1€ T2 ) — €720y + 1260 — ERlIT2 ) — 1267 — &0 Il (ey
H100&h T 1720y + 0t Carall&y 12 S Ot (\||§n+1”|s1p7 +Ch6tY), (4.103)

sip ~
with Cy, == ||d3ul|co(r2(q)) and 0u&t! == & — 260 4+ €71

Proof. Testing (4.100) with 6t¢}, observing that &) = 0, rearranging terms,
and using (|01 p2(q) < Cu6t? yields (4.102). Furthermore, testing (4.101) with

45t§;}+17 we infer
45t(5(2)fn+1, +1)L2(Q) + 45t(Ap, n+1, +1)L2(Q) = 46t(a"+1 ;IL-H L2(Q)-
We observe that

2 n n n n
46t € et )r2@) = 16 122 0) — 1R 1720
+ 12657 — &7 20) — 11268 — & 320
+ 1008 172 (-

Finally, we bound (o/”rl , 5;}+1)L2(Q) by proceeding as in the proof of Lemma 4.73
using [|0"]|2(q) S Cudt? for all n € {1,...,N —1}. O

Remark 4.78 (Dissipation in BDF2 scheme) The dissipative nature of the BDF2
scheme is reflected by the term [|d,&) HLQ(Q) on the left-hand side of (4.103).

We observe that, up to a factor 52, (5tt§”+1 can be interpreted as a second-order
finite difference approximation of the second-order time derivative of the error
component in Vj.
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Finally, we arrive at our main convergence result. The proof is skipped since
it is similar to that of Theorem 4.75.

Theorem 4.79 (Convergence). Let u € C°(V,) N C3(L%(Y)) solve (4.89) and
let (ul)1<n<n solve (4.99) with u) = mpug. Assume u € CO(H*T1(Q)). Then,
there holds

N /2
Wﬁmm+GmZMww@)sMW+wﬂ

n=1
. 1
with x1 = tF{2|‘d§UHco(L2(Q)) and xs = |‘u|‘c’()(Hk+1(Q)).

4.7.5 Improved C°(L?*(Q2))-Error Estimate

The error estimate (4.98) is suboptimal for the term [[u’¥ —u}) || 2(q) by one power
in h. Following the ideas of Wheeler [305], a sharper result can be obtained by
replacing the L2-orthogonal projector in (4.93) by the so-called elliptic projector
Tenn € L(Vi, Vi) such that, for all w € Vi, mqw € Vj, solves

S1

a, P (menw, vp) = azip(w,vh) Yo, € Vi,

or, equivalently,
AP reanw = A} Pw.

If elliptic regularity holds (cf. Definition 4.24), there is C, independent of &, such
that, for all w € V, N H*1(Q),

Jw — Tenwl| g2y < Ch¥|Jw]| et (- (4.104)
Redefining the components of the approximation error as
Cr =" —menu”, Q= menu” — g,
the approximation error at the discrete time t" is now decomposed as
Wt - = G
We consider again the backward Euler operator (5§1) defined by (4.91).
Lemma 4.80 (Error equation). Assume u € CO(V,) N C?(L?(Y)). Then,

o 4 AP = gt (4.105)
with o)t = 7Th5t(1)C7TTL+1 — 0"t and 0™ defined in Lemma 4.72.

Proof. Recalling that 5t(1)u”+1 = dyu™t! 4 0"+ and observing that 5t(1)u”+1 =
5 requntl 4 68 ¢+ we obtain

S et = dyunt 4 07 — g
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Projecting this equation onto V},, replacing m,d;u™*t by fit! — A3Pyn+1, and
observing that A} renu"t' = A7 u"*!, we infer

1 1
5t( ) renutt = L AP T o, 6 — 7rh5t( )C;:H.

Subtracting this relation from (4.92) yields the assertion. a

The difference between (4.105) and (4.94) lies in the residual o} "*. When

using the elliptic projector, the term A5P¢2+! in af ™ is replaced 7Th5t( )C;L“.
This is a key point, since the latter scales in space as h**! (cf. the proof of
Theorem 4.82 below), while the former only scales as h¥.

The next step is to derive an energy estimate. The proof is skipped since it
is similar to that of Lemma 4.73.

Lemma 4.81 (Energy estimate). For alln € {0,..., N — 1}, there holds

G 13 200) = NCH T2 ) + IS = GRlIZ2 0 + 6tCstall G 112,
1) »n
< 08161 G o) + CESE), (4.106)
with Cu = Hd%UHC“(LZ(Q))'
Finally, we arrive at our improved convergence result.

Theorem 4.82 (Convergence). Let u € C°(V,) N C?(L?(Q)) solve (4.89) and
additionally assume that u € CY(H**Y(Q)). Then,

[u™ —up || p2e0) S X160t + x2hFT,

. 1 1
with x1 = tF{2Hd%UHC"(L2(Q)) and xs = tF{2|‘UHC'1(Hk+1(Q)).
Proof. We first observe that

BGH = mandy V= 5w,
so that, owing to (4.104),

1687 ¢ oy S RO um i .

Moreover,

g+l 2

/ 0%dyu(s)ds

t’

1), n
||5t( )u +1H%Ik+l(ﬂ) = Z / t2

|| <k+1

tn+1

Z / / |0“dyu(s)|? ds
tn

|a\<k+1
tnt
1

[ e ds

< ||dtUH%O(Hk+1(Q)) < HUH%‘l(H’f“(Q))'
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Then, summing (4.106) for n € {0,...,N — 1}, dropping the nonnegative

contribution HCZH - (QH%Q(Q), and observing that () = 0 we obtain
N
16N 1720 + 8tCuta Y IGH I < (xa8t + x2h" )%, (4.107)

n=1

Owing to the triangle inequality, [[u™ —uf||r2(0) < ¢ Ir2@) + 1€ | 12(0) and
we conclude using (4.104).

Remark 4.83 (Superconvergence of 0t 25:1 i I%,). The error decomposition
based on ¢}’ and (' can also be used to derive an energy-error estimate of

1/2
order h* in space. The bound (4.107) shows that (Zﬁf:l St¢I2 ) scales as

sip
h*+1 and, therefore, superconverges. The leading order term in the energy-error

1/2
estimate is the projection term <Zg:1 S| |\|Sip> which scales as h¥.
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