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New discontinuous Galerkin schemes in mixed form are introduced for symmetric elliptic problems of sec-
ond order. They exhibit reduced connectivity with respect to the standard ones. The modifications in the
choice of the approximation spaces and in the stabilization term do not spoil the error estimates. These meth-
ods are then used for designing new exponentially fitted schemes for advection dominated equations. The
presented numerical tests show the good performances of the proposed schemes. © 2011 Wiley Periodicals,
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. INTRODUCTION

Advection-diffusion problems arise very frequently in applications and it is well-known that their
numerical discretization requires special care when advection dominates over diffusion. This is
the case, for instance, in fluidynamic problems with high Reynolds number, or in semiconductor
device simulation under the action of a high electric field.
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1748 LOMBARDI AND PIETRA

Here we consider the stationary advection-diffusion model problem

—div(eVu — u) = f in L,
u=g onlp, (1.1)
(eVu —Bu)-n=0 on Iy,

where Q is a convex polygonal domain in R? with boundary Q2 = ', UTy, I'p # @, n is the
unit outward normal vector, and f, g are given functions, with f € L*(), and g € H'*(Tp).
Moreover, ¢ = &(x) and § = B(x) are given regular functions on Q2 with

deg, ey suchthat ey > e(x) > g9 > 0. (1.2)

We assume that there exists a unique solution of (1.1). This is the case, for instance, if 8 is a
constant, or if there exists by > 0 such that div 8 > by.

In this article we shall consider the case ¢ <« |8| and we shall introduce and analyze new
discretization schemes based on Discontinuous Galerkin methods. DG methods for advection—
diffusion problems have received a lot of attention in the recent years (e.g., [1-14]) due to their
flexibility in dealing with highly not structured meshes, allowing, for instance, hanging nodes.

Here we consider a stabilizing technique based on the so-called exponential fitting procedure.
Following [15-17], and [18], where the stabilization is proposed for semiconductor device equa-
tions in the framework of mixed and hybrid finite element methods, the first step for designing an
exponentially fitted stabilization procedure is to symmetrize the equation (1.1) by introducing a
new variable p, which, in the case of ¢ being constant and  being the gradient of a scalar function
Y, is defined as

0 =1ue

LSS

(1.3)

The general case, which makes use of a local transformation of the type (1.3), similar to the one
used in [19] for mixed finite elements, is discussed in details in the second part of Section IV.
We point out that, in the framework of semiconductor problems, ¥ represents the electrostatic
potential and p is known as Slotboom variable. Equation (1.1) can be rewritten in terms of p as

—div (86% V,o) =f inQ,

p=x onlp, (1.4)
d
86%—10 =0 onTly,
on

with x = ge’%. Then, the symmetric problem (1.4) is approximated by means of suitable Dis-
continuous Galerkin schemes, and, finally, a discrete version of the change of variable (1.3) is used
to substitute p;, with the unknown u,,. It turns out that the usual Discontinuous Galerkin schemes
(e.g., [20]) are not appropriate for the control of the exponentials which enter the formulation both
in volume integrals and in edge integrals (see Remark A). New methods for the symmetric prob-
lem are introduced, aiming at reducing the connectivity of the schemes. The reason is twofold.
First, when the exponential transformation is applied to the discretization of (1.4), exponentials
on one edge interact only with exponentials on the two triangles which contain the edge under
consideration. Moreover, the reduced connectivity has the effect to diminish the numerical diffu-
sion. We propose a “recipe” that we apply to several DG schemes of lower order in mixed form.

Numerical Methods for Partial Differential Equations DOI 10.1002/num



EXPONENTIALLY FITTED DISCONTINUOUS GALERKIN SCHEMES 1749

The primal formulation is derived, and error estimates are presented, showing that the reduced
schemes keep the same order of convergence as the standard ones.

This article is organized as follows: In Section II the notation used throughout this article are
set. Section III deals with the symmetric case. Section IV contains the scheme for advection-
dominated problems, first for the simpler case when ¢ is constant and the flux § is irrotational,
and later in the general case. Numerical experiments for the exponentially fitted Interior Penalty
scheme are presented in Section V. The proves of the error estimates for the symmetric case are
collected in Section VI.

Il. NOTATION

We collect in this section, the notation used in the rest of this article for describing the new
Discontinuous Galerkin schemes in the general form of [20].

We denote by 7, the decomposition of the domain 2 into triangles K, by I' the union of all
the edges of 7, by £ the set of all the edges of 7, and by &y, Ep and Ey the sets of the internal
edges of 7),, and the edges on the Dirichlet and Neumann boundary, respectively. We also set
F0=U{e:e€50},FD IU{EZEEED},FNZU{E:6‘EgN}andFZF()UFDUFN.GiVCH
an element K € 7, ng denotes the exterior normal on 0K, and 7 is the exterior normal on the
boundary of €.

As usual, the maximum diameter of the elements in 7}, is &, and we denote by /g the diameter
of an element K. Throughout this article we assume the mesh to be shape-regular [21]. We do not
make explicit mention to this assumption in the estimates. We will impose additional requirements
when necessary.

The space of polynomials of degree less than or equal to k on the set S is Py (S), while P, (7;,)
is the space of piecewise polynomials on 7, of degree less than or equal to k.

Let H" (7},) be the space of functions whose restriction to each element K belong to the Sobolev
space H"(K). The space of traces of functions in H'(7,) is contained in 7+ (I"), which is defined
as Tr(I") := Ikeg, L*(3K). Thus, functions in Tr(I") are double valued on I'; and single valued
on 9€2. Given an element K, the restriction of a function v to K is denoted by vk, even when only
the value on 0K is considered.

For scalar functions ¢ € Tr(I") and vector functions ¢ € Tr(I")?> we introduce the averages
{g} and {¢}, and the jumps [¢]] and [¢]], on I" (using the subscript e to denote their restriction to
the edge e). Let e be an interior edge shared by two elements K; and K,, and let n; and n, be the
outward normals to K and K, respectively. If ¢; = g5, then we set

1
{g}. = E(QI +q2), lgqle =qni +qn,, oneCTy.

We define ¢, and ¢, analogously and we set

1
(¢} = §(¢1 + @), [olle=¢1 -ni+¢,-ny,, oneCT

Notice that these definitions do not depend on assigning an ordering to the elements K, and K.
Also note that the jump of a scalar function is a vector parallel to the normal, and the jump of a
vector function is a scalar quantity. On boundary edges we set

{ate =q, lgl.=qn, {pl.=¢, [dll.=¢-n oneC I,

where 7 is the exterior normal of Q.
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1750 LOMBARDI AND PIETRA
We also define the projection IT, : H'(7;) — Tr(T') as

e, K
Hhvh’)K = 1_[ l'[o v,

eCoK

where the product in the right hand side is taken on the edges e of K, and I'IS’K vis the L2-projection
of the trace on e of vk on the space Py(e) of constant functions on e (explicit dependence on K
will not be specified, if it is evident from the context, or when the projection is single-valued on
e, for instance when v € H'(Q)).

For a function v € H'(7,), Vv denotes the function in L?(R2) given by (V,v)x = Vv, and
for a vector T € [H'(7;)]?, div = denotes the function in L2(S2) defined by (div ,7)x = div 7.
Moreover, we define the semi-norm |v[] , = > ker, IVuk 5. x -

Finally, we introduce the following notation that will be used in Section IV. Let C(7,) =
[k T, C(K), where C(K) denotes the set of continuous functions on K. We set v, x =
min{vg(x) : x € K} and if e is an edge of K we set v, .x = min{vg(s) : s € e}, and
analogously we denote by vy x and vy . ¢ the maximum on K andone C 0K.

We shall also use the standard notation for the mean value of a function f, that is

1 1
ifds:mfgfds, ﬁfdx:mfl{fdx

on edges e and elements K.

lll. THE SYMMETRIC PROBLEM

We introduce a family of Discontinuous Galerkin schemes for a symmetric elliptic problem that
here we write in mixed form

a'lco=Vp inQ
—divo=f inQ 3.1
p=x onlp

c-n=0 only

with a € L*(2) satisfying a > ay > 0 on the domain Q. When a = ae%, (3.1) is the mixed
form of (1.4).
Let us define the following finite element spaces

Vi =Pi(Th), Zi=Po(T)*.

We introduce the Discontinuous Galerkin (DG) schemes in the general formulation of [20] as
follows: Find 03, € X, and p;, € V,, such that for all T € ¥, and v € V), we have

/a;lah~rdx+/phdivhrdx— Z/ pr-ng ds =0,
Q Q oK

KeTy,

/ah-thdx— Z/ E-nkvds=/fvdx, (3.2)
Q K Q

KeTj
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where a, € Py(7,) is a piecewise constant approximation of a (for instance, the L>-projection,
or the approximation defined in (4.10)), and p and & are the numerical fluxes that will be defined
in the sequel and that will identify the different schemes.

We slightly weaken the penalization in the definition of the fluxes introduced in [20]. For the
schemes under consideration, the scalar flux o is kept unchanged, but we take & € Py(£)? and
replace [0,] in & with [T, 0, 1.

A. Description of the Methods

Now we write the explicit form of the fluxes for the modified schemes corresponding to interior
penalty and local discontinuous Galerkin methods.

In the following, x, denotes a piecewise constant approximation of x on I'p.

Starting from the Interior Penalty (IP) [22-24] we choose

~ _ Mo} ifee&UEy

p(on)e = {Xh ifecé&,y (3.3)
{anVion} — 1l 0] ife € &

S (p)ie = Y anVipn — n(Mypy — xn  ife e &p (3.4)
0 ife € Ey.

The modified Local Discontinuous Galerkin (LDG) [25] is obtained by choosing

{on} — 6 -lpnll ifee&®

0(on) e = § Xn ife c & (3.5)
On ife C &y
{on} + Ollon]l — ullM,pon]l ife € E°
(P, 0n)je = § 00 — W0 — xu)n ife C &Ep. (3.6)
0 ife C &y

The penalty function u depends on a;, and in both cases, IP and LDG, is taken on each edge e as

{ah}e

ehe

He =1 3.7
where &, is the length of e and 7, is a constant on the edge e, uniformly bounded below as we
shall specify later on. The vector 6 in LDG is also constant on each edge e and it is independent
of ay.

Remark 3.1. The same “recipe” (i.e., choosing the vector variable space ¥, made of piecewise
constants and introducing the projection I, in the penalization term) could be applied to other
schemes of DG type. For instance, a modified NIPG [26] could be introduced and studied in a
similar way as done here for modified IP and LDG. We mention that in [27, 28] the projection
[T, is introduced in the penalization term for an over-penalized NIPG scheme, with the effect of
allowing the use of a simple block preconditioner that keep the condition number at the order
O(h™?). Instead, when the modification is applied to Bassi et al. [29] and to Brezzi et al. [30],
respectively we do not introduce a new scheme, but the modified IP scheme 3.3 and 3.4 (and the
modified LDG scheme 3.5 and 3.6, resp.) is recovered with special choices of the penalization
parameter p (and 6). Therefore, in the remaining part of this article only the modified IP and LDG
schemes will be explicitly presented and discussed.
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1752 LOMBARDI AND PIETRA

We also mention that a weak penalization with the projection in the jump has been used in
[31,32] for a family of IP schemes (symmetric and non-symmetric) given in primal form.

To establish the wellposedness and some convergence properties of the schemes just described,
we will make use of their primal formulations, which we introduce next.

Following [20] and taking into account that a,, is piecewise constant, and therefore a,V,V,, C
%, we can eliminate the vector variable o), from (3.2) and obtain the primal formulation of each
scheme in the scalar variable p,. With the same notation as in Eq. (3.9) of [20], we have

o = oy (pn) = ayViupr — apr ([P (on) — pnll) — anl {p(on) — Pu}), (3.8)
where r : [L2(T)]*> — X, and [ : L*(T'y) — %, are the lifting operators defined by

/r(¢) -Tdx = —/q& -{t} ds, /l(q) -Tdx = —/ qlltlds, VreX, (3.9
Q r Q Iy

Then, we obtain the following primal formulation of problem (3.2): Find p;, € V,, such that for
allv e Vh

f @ Vpn - Vv dx + f(llﬁ— il - (Vo) — (B - [v]) ds
Q T

+/ ({0 = pn}llan Vvl = 01 - {v}) ds = / fvdx. (3.10)
I Q

The primal formulation of the modified methods is obtained using in (3.10) the definition of the
fluxes.

Consider first the modified IP method. Using definition 3.3 and 3.4 of the numerical fluxes,
Eq. (3.10) becomes

/ W Von - Vv dx — / WonT - {anVuv} + o] - (anVipn} — 1IToon]))ds
Q

Tour'p
+/ (xpn - {a, Vyv} — 0] - uIl, xpn) ds = f fvdx.
T'p Q
We have
/M[[thh]] -[vllds = / w01 - [TT1,0] ds.
r r
Therefore, (3.10) takes the form
By, (pn,v) = / fvdx —/ O - ap Vv — uxpv) ds - Yo € Vj, (3.11)
Q I'p

with the bilinear form B, = B}” : H*(7,)* — R given by

B!* (pn,v) =/

apVipp - Vv dx — / [onll - {anV,v} ds
Q

rpurp

— / [v] - {anVion} ds +/ wll I, 0,1 - [T, 0] ds. (3.12)
oyurp

oyurp
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Notice that in this case, formulation 3.11 and 3.12 is equivalent to using the midpoint quadrature
formula for the edge integrals in the primal formulation of the standard Interior Penalty method.
Now consider the modified LDG method. From definition 3.5 and 3.6 we have

—[lenl ifeeé
[P—pol=30n—pon ifeeclp, {(p—p)=—0-[pl ifecé.
0 ife e &y

Then, Eq. (3.10) takes the form (3.11) with B, = B}°¢ : H*(7,)* — R given by

B/{‘DG(ph’ v) = /

Q

ahvhph-vhvdx—f (Wonll - {anViv} + {anVapn} - Tol) ds

Tyurp

- / (LanVapn1l0 - Tvll + Lonll - Ollan Vvl ds
To

(Y} [v] ds +/ OIYT - [vl ds, (3.13)

To

+/ wlly o]l - [Mxv] ds +/
ryur'p r

oUl'p
with
Y = a,r([p — pul) — anl @ - [pnlD)-

Notice that in the simplest case of homogeneous Dirichlet boundary conditions on the entire 9€2,
we have

/ {Y}- vl ds +/ OIYT - [vll ds = —/ T - (r([vl) +16 - [vD)) dx
ToUl'p I Q

= / ap(r(Lonl) + 106 - [onID) - ¢ (MvID) +1(6 - [v])) dx.
Q

We note that the presence of the lifting operators introduces in form (3.13) an explicit depen-
dence on the space X, . Therefore, a direct link (via a quadrature formula) between (3.13) and the
primal form of the standard LDG method is not possible.

Remark 3.2. 'We point out that the modified schemes just defined have a reduced connectivity
compared with standard IP and LDG methods, as illustrated in Figs. 1 and 2. As it will be done

FIG. 1. Connectivity for modified IP (left) and standard IP (right).
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1754 LOMBARDI AND PIETRA

FIG. 2. Left: Connectivity for modified LDG (left) standard LDG (right).

in Section IV, the degrees of freedom are taken in the midpoints of the edges, and the connected
degrees of freedom to a given node (visualized with a e) are marked by x.

B. Analysis of the Methods

Now we deal with the wellposedness of our schemes, by proving in the next lemma that the
bilinear forms B/” and B}P¢ are coercive in V;, x V;, with respect to a convenient norm.
For a function v € H'(7}), let |v|, be the seminorm defined by

= > {‘;L}eu[mhv]]nae. (3.14)

ecEyUER €

Then, we define the norm ||| - |||, for functions v € H?(7;) by

2 2 2 2 2
Il = IWan vli, + D hxlVawlix + vl

KeTy,

which is actually a norm in H*(7},) since a;, > ag > 0 and ', # .
In the proof of the next lemma we consider for simplicity the case of homogeneous Dirichlet
boundary conditions, so 'y = @, ', = 02 and x, = 0 on 92.

Lemma 3.1.  There exists a constant ng > 0 depending only on the minimum angle «;, of the
mesh T, and on the parameter 0 for the LDG method, such that, for u defined in (3.7) with n, > ng
forall e € E, we have

Bi(v,v) = Glllvlll; Vv eV, (3.15)
with the constant C, independent of h, and where By, is either B}* or BF"C.

Proof. We have
B,(v,v) = / an|Vyvl* dx — 2/[[1)]] Aa,Vyv}ds + / wlIT,v] - [T1,v] ds + E,
Q r r
where for the IP method E = 0, while for LDG we have

E= —2/ [a, V,v]0 - [v] + a nonnegative term.
To
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Taking into account that a,, is piecewise constant, we obtain for v € V,

/[[v]] -{a,Vv} ds
r

f[[l'[hv]] -{a,Vv} ds
r

1 1

s(zzag‘nunhv]n%,e) (Zheu{mvwn&e) :

ec& ¢ ec&

Now

D hel{iarVolllg, < Clen) Y D INanVollg, < Clew)|agvli,.

ec& ec€ eCT

Therefore

=< C(ah)|\/a_hv|l,h|v|*-

/[[v]] -{a,Vv} ds
r

In a similar way, we have

< Clo, O)/apvliplvls.

/ [asV,ol6 - [v]
o

Thus, for both methods considered we have
By (v,v) = [ayvl}, + nlvl; — Can, 0)|v/anv]iulvl..

Using the arithmetic-geometric inequality with A > 0 we have

A 1
Clon, O)|vanvliulvle < C(ahﬁ)zlx/a_hvlih + C(ah,@)ﬁlvli

Taking A = we have

1
Cland)’

C(ay,0)?
—M)Mi,
2

1
By (v,v) > Ewa—hvﬁ,,, + <n

which gives (3.15) for n > 5o with

and C; = % [

Lemma 3.1 implies immediately existence and uniqueness of the solution of problem (3.11).
Then, existence and uniqueness of o), follows from (3.8).

The next result contains error estimates for both methods, when p € H*(2). We postpone its
proof to Section VI.
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Theorem 3.2. Let p;, and o, be the approximate solutions obtained using the modified IP or
modified LDG schemes with the penalization parameter p as in (3.7) with n, > no for all e € &,
as stated in Lemma 3.1. Then, we have

o — oullln < Chlplag

lo —onlloe < Chlpla

where the constant C depends on ny and on the regularity of the mesh, and on 0 for LDG, but it
is independent on h and p.

Similarly to the standard LDG case, wellposedness of the modified LDG scheme is still verified
when the penalization parameter w is taken as

u=nda,} oneecéf, (3.16)

rather than as (3.7). Here 1, is a positive constant for each edge e [33,34]. Indeed, the mixed for-
mulation (3.2) with the LDG numerical fluxes 3.5 and 3.6 takes the form: Find (o5, 03,) € V;, x &),
such that for all (v,7) € V, x &,

/a;lgh~fdx+b(ph,T)=/ th‘nds (317)
Q

p

—b(v,ah)Jr/ wlyop]l - [Mxv]l ds =/fvdX+f wllyxpvds, (3.18)
Cpurp Q 'p
where b is the bilinear form defined by
b(v,7) = / vdiv T dx — / (vl — 6 - vl ds — / vt -nds. (3.19)
Q Ty I'y

We check uniqueness. In fact, if f = 0 and x, = 0, taking v = p;, in (3.18) and T = o}, in
(3.17), and adding the resulting equations, we obtain

/ a; oy - opdx +/ ullyop]l - [T, 0,1ds = 0.
Q ropur'p

This implies that o, = 0 in 2 and that pj, is continuous at the midpoints of the interelements and
vanishes at the midpoints of the Dirichlet edges. Thus, (3.17) gives b(p,,7) = Oforall T € Z,,.
It follows that fQ Vipn - T = 0forall T € X, and therefore V,, 0, vanishes in Q. As 'y # @, py,
must be identically zero. So, we proved the following Lemma.

Lemma 3.3.  If the penalization parameter | is taken as in (3.16) with n, > 0 for all e € &,
then the modified LDG method defines a unique solution (py,,01,) € V;, X Zy,.

To obtain error estimates, it is convenient to introduce, for v € H'(7},), the seminorm

1

2
v, = (Z nennhvnae) : (3.20)

ec&

The reader should not confuse it with the seminorm | - |, defined in (3.14).

Numerical Methods for Partial Differential Equations DOI 10.1002/num
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Theorem 3.4. Under the same conditions of Lemma 3.3, we have the error estimate

1
lo —oulloe + 1o — pule < Ch2|plog.
Finally, we report the L?—error estimates for the methods considered here.
Theorem 3.5.  For the modified IP or LDG schemes with u defined by (3.7), we have

o — pullog < Ch*plrg. (3.21)

For the modified LDG with (. defined by (3.16), and assuming a quasiuniform mesh, we have
o — pullog < Chlplog. (3.22)

Notice that we lose half power of 4 in the error estimate for o, and one power of 4 in the L?
error estimate for p when the parameter u is taken as in (3.16). However, the suboptimality of the
convergence order is in accordance with similar results for the standard LDG scheme (see [35]
and Table I of [34]).

The proofs of Theorems 3.4 and 3.5 are given in Section VI.

IV. EXPONENTIALLY FITTED DG SCHEMES

We introduce first the exponentially fitted DG scheme using the global transformation (1.3). In
the second part, we shall consider the more general case e(x) and B(x) piecewise constant, when
(1.3) exists only locally.

A. The Case 8 = V¢ with ¢y Continuous

Assume that the function £ (x) is constant on €2 and that there exists a potential v € H'(Q)NC(RQ)
such that 8 = V. Equation (1.1) can be written in the symmetric form (1.4) and the schemes

introduced in Section III can be applied with a = ge¥ . Since we are interested in approximating
the variable u, we need to introduce a discrete analogue of the application u — p defined by
(1.3). Given a triangle K € 7, we denote by ¢’, i = 1,2, 3 the three edges of K. In P;(K) we
choose the basis function <p§(, i = 1,2,3, as the polynomial of degree 1 which takes the value 1 in
the midpoint of the edge ¢ and the value 0 in the midpoint of the other two edges. For v € P;(K),
we write

vk (X) = v'gp (x) + V70x (x) + v 0y (x).
Moreover, for K € 7;, and e edge of K we define

E(K.e) =][ e FIKk s, .1

where we used the notation introduced at the end of Section II for the mean value. Finally, we
introduce the operator T : V,, — Vj, such that, for all v € V,

(Tv)x = E(K,e"V'oy + E(K,e)v’px + E(K,e*)v’pr. 4.2)

Numerical Methods for Partial Differential Equations DOI 10.1002/num



1758 LOMBARDI AND PIETRA

The discrete analogue of (1.3) is then defined by
on = Tuy. 4.3)
Similarly, we define the boundary value yx,, approximation of x in (1.4), as
Xne .= E(K,€)gne, Ve €&p, “4.4)

g, being the piecewise constant approximation of g defined by g, = IT{g.

Then, by replacing p, with Tu, in formulation (3.2) and in the definitions of the numerical
fluxes (3.3) and (3.4) for the modified IP scheme, and of the numerical fluxes (3.5) and (3.6) for
the modified LDG scheme, we obtain the exponentially fitted IP (and LDG, resp.) scheme for the
variables o3, and u,,: Find 0}, € £, and u;, € V), such that, forall T € X, and v € V,, it holds

/a;lah-tdx—F/Tuhdivhtdx—Zf pT-ngds=0
Q Q KeT, 0K
Z/ a.nKudsszudx. 4.5)
K Q

[ on-viwar-
Q KeT),

For the IP scheme, the numerical fluxes are given by

~ . {Tuh} if ee 5() UgN
P(Tup). = { o ec 4.6)
{athTuh} — ,LL[[HhTMh]] if ec€ 50
E(Tuh)k, = athTuh — M(HhTuh — X;,)n if ee€ SD s (47)
0 if ec€ gN
and for the LDG scheme, the numerical fluxes read
{Tuh} -6 - [[lelh]] if ee€ 8()
p(Tup)ie = § Xn if ee&p 4.8)
Tuy, if ee&y
{on} + 6 -] — I, Tu,] if ecé&
o (Tup,01)1e = {00 — (I Tuy — xu)n if ee&p, 4.9
0 if eeéy

with p defined by (3.7). We notice that, as for the symmetric case, the numerical fluxes for the
exponentially fitted schemes are single valued.

To complete the definition of the numerical schemes (4.5) we still have to specify the piecewise
constant approximation a; of a. We define

1

—1 °
f aldx
We remark that the presence of exponentials in a (we recall that here a = ge¥/¢) and in the trans-

formation u, — p, is a potential source of numerical troubles. However, thanks to the structure
of the DG schemes developed in Section III, as well as to the choice of a; as in (4.10) and of

ank = Hg(a) =: (4.10)
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the operator T as in (4.2), system (4.5) scales well in terms of the exponentials and no overflow
occurs in the implementation. Indeed, in the first equation of (4.5), for a given K, we can take
T € ¥, witht # (0,0) in K and t = (0, 0) elsewhere, and rescale the equation by multiplication
with e¥m.k/¢ (here and in the following we use the notation of Section II for the minimum of ¥ on
an element K or on an edge e of K). Thus, it is easy to see that only exponentials with negative
exponents enter the formula. This is obvious for the first term and, due to the trivial observation
that ¥, x < Ymex, also for the second term. This inequality is useful also for the third term.
Indeed, since T is piecewise constant, only the value in the midpoint of edge e of p(Tu,) enters
the integrals in the third term. Therefore, since ¥ /¢ is continuous across e, we have

3
(Tuy)t - ng ds = ZE(K,e”)/{uh}r ng ds
0K i=1 e;
and
3
[Tuyllt -ng ds = ZE(K,ei)/[[uh]]r -ng ds,
K i—=1 e

so that we can conclude. We point out that the use of the transformation (4.3) in the discretization
of the symmetric problem with standard IP or standard LDG schemes would produce an overflow
at this point, since in that cases the vector variable is a polynomial of degree 1 on each element K.

In the second equation of (4.5), with &' (Tu;) defined in (4.7), the term {a; V, Tu,},, contains
coefficients of the form E(K;,e)Hk, (a), for the two elements K| and K, sharing the edge e.
Using again ¥, kx; < Ymek,, fori = 1,2, that product can be rewritten with exponentials with
negative exponents and no overflow occurs. In considering the term u[[I1,7u,]l, which appears
both in (4.7) and in (4.9), the presence of the projection I1, and the continuity of /& across the
edge e are crucial. The penalty coefficient p |, defined in (3.7) contains the diffusion coefficient
a, both on K, and K,. However, since E(K |, e) = E(K,, e), the jump term can be simplified to

[0, Tuylle = E(K, e)[T1,u]l., 4.11)

where K could be either one from K, or K. As above, we have terms of the form E (K, e)H, (a),
which behave well, since we compare the minimum of the function ¥, on the element K; with
the minimum of ¢, on an edge of K;. We shall see in the second part of the section how we can
modify the definition of the numerical fluxes to extend the scheme to the case v/¢ discontinuous
across the interelement boundaries.

Remark 4.1. 'We point out that using the mean value of a instead of the harmonic average in
definition (4.10) may produce overflow in the implementation of the scheme. Indeed, we would
have to rescale the first equation of (4.5) by multiplication with e¥M.k/¢  and, in that case, the
second term would take the form E(K,e)e YM.k/¢ which scales as eVM.K~¥meK)/¢ where the
exponent is positive (and possibly large).

Elimination of the vector variable o), as performed in section III leads to the primal formulation

of the schemes (4.5). The primal formulation of the exponentially fitted IP scheme takes the form:
find u;, € V,, such that, forall v € V,,

CIP (up,v) = f fvdx — / O - {an Vi) — pwxan - o) ds (4.12)
Q FD
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with the bilinear form C/* : [H'(7,)]* — R given by

lep(uhs V) = / anViyTuy, - Vyv dx — / [Tu,]l - {a,Vyv} ds
Q T

oUT'p

+[ I[U]] . {ahV;,Tuh} ds +/ Mﬂl_lhTu;,]] . [[Hhv]] ds. (413)
Tyur'p rour'p

The primal formulation for the exponentially fitted LDG scheme is obtained similarly and we
do not report its explicit form.

Remark 4.2. We point out that the same primal formulation is obtained starting from the primal
formulation 3.11 and 3.12 of the symmetric problem, taking a,, as in (4.10) and substituting p,,
with Tuy. In other words, recalling that the degrees of freedom in V), are the midpoint of the
edges, the algebraic form of 4.12 and 4.13 is obtained performing a change of variable in the
algebraic form of the symmetric problem with a right multiplication by a diagonal matrix with
E(K,e) as entries (and a proper modification of the right hand side in the part corresponding
to the Dirichlet boundary data). The same comment applies to the LDG case. Moreover, since
E(K,e)Hg (a) vanishes asymptotically (in €) when ¥, . x > ¥, x, the corresponding entry in
the matrix vanishes, and an automatic upwind effect is produced (see [17] for details in the hybrid
and mixed finite element framework).

Remark 4.3.  As pointed out in Lemma 3.1, the penalty coefficients « must be large to guaran-
tee the coercivity property, or for LDG it must be at least bounded away from zero. However, the
presence of the exponentials could produce degeneracy at Dirichlet boundary nodes. This is not
the case at the inflow Dirichlet boundary, but it could happen at the outflow boundary. Therefore,
we modify the definition of u as follows. If the edge e is at the outflow boundary and it is contained
in the element K, taking into account definition (3.7), we choose (|, such that

1eE(K,e) = Z— max{1, E(K, e)Hx (a)}.

With this choice, the numerical flux becomes, for instance, for IP

& =a,V,Tu, — Z— max{1, E(K ,e)Hy (@)} (T, — gi)n.

B. The General Case

We conclude the section introducing the exponentially fitted schemes for a general class of
convection—diffusion equations. Here, we allow ¢(x) and B(x) to be piecewise constant func-
tions. A global transformation of the form (1.3) does not exist in the present case. However, there
exists a piecewise linear ¥ whose gradient coincides with the constant 8¢ on the element K (i.e.,
Bx = Vrk). Then, we define transformation u —> p only locally as

ok = uge %, ink. (4.14)

One can define again the operator T : V,, —> V), as in (4.2), but in this case the function ¥/¢ is
discontinuous across the interelement boundaries, and the schemes (4.5) may exhibit overflows in
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the third term of the first equation and in the penalization term in the second equation, as already
pointed out in Section IVA.

To be able to deal with the generic case of ¥//¢ piecewise linear, we change the definition of
the numerical fluxes. We replace definitions (4.6) and (4.7) for the IP scheme with

~ _ E(K,e){uh} if eegou&v
uK(’/lh)\e = {Xh if ec SD (415)
{anViTu,} — @I, if ec&
o(up)e = §anViTuy, — L(Tu, — gn  if e e &p (4.16)
0 if e € gN,
and we replace definitions (4.8) and (4.9) for the LDG scheme with
E(K,e)({up} — 0 - [up) if e €&
ﬁk(uh)k =\ Xn if ee gD 4.17)
E(K7 e)uh if e € gN
{on} -t9 Lol = BlMu,] if ec&
o (un,on)e = 0w — W(Iup — gu)n if ecé&p. (4.18)
0 if ec EN
The new penalization parameter [t is taken as
~ 7e o~ 1 ,
mle = Z— with 7, = E(E(K,e)ahlx + E(K', e)aylx), (4.19)

e

for e = K N K’, and with the obvious changes for boundary edges (see Remark 4.3).
Notice that, for both schemes, the definition of %k (1) is linked to the definition of numerical
flux for the scalar variable in the symmetric problem through

g (up) = E(K,e)puy). (4.20)

Moreover, the lack of continuity of /e across the interelement boundaries implies that the
numerical flux u is double valued on the internal edges.

The exponentially fitted Discontinuous Galerkin schemes can be written in the mixed compact
form as follows: Find o0;, € X, and u;, € V,, such that for all T € ¥, and v € V,, it holds

fa;loh-tdx+/TuhdiV,,rdx— Z/ Ut -ng ds =0
Q Q aK

KeTy
/ah~thdx— Z/ E-ndes:/fvdx. 4.21)
Q IK Q

KeT,,
One can easily check that overflow does not occur when the new definitions of the numerical
fluxes are used.

Remark 4.4. We point out that when /¢ is continuous, the scheme (4.21) with the fluxes
defined by (4.15) and (4.16) ((4.17) and (4.18), resp.) coincides with the scheme (4.5), with
the fluxes given by (4.6) and (4.7) ((4.8) and (4.9), resp.). Although ux (up))e is different from
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p(Tuy),., even for a continuous /¢, the integrals on the edges of the scalar fluxes against constant
functions coincide (and 7 - n € Py(e)).

To eliminate the variable oy, for writing the primal formulation, we follow the same procedure
as in Section III (see (3.8)), but here the definition of the lifting operators needs some extra care.

Let us introduce the function E € Tr(I"), which is double valued on each interior edge and
single valued on 9€2, as follows. Let e be an interior edge shared by two elements K; and K.
Then, on e, we define E taking tge values E; = E(K;,e),i = 1,2. We introduce the lifting
operators 7 : [L2(I"N]* — ¥, and ! : L>*(I'y) — X, defined by

/7(¢)'de=—/¢>'{fahr}ds, VT e X,
Q r

/T(q) ctdx = —/ glEa,tlds, Vt ez, (4.22)
Q

To

Similar arguments like the ones discussed in Section IVA, show that the exponentials in E ap
are well balanced.

When considering the mid—term in the first equation of (4.21), we can integrate by parts on
each triangle to obtain

/Tuhdivhrdxz—/VhTuh'tdx—i—Z/ Tu,t-ngds
Q Q K

KeTy, d

=—/VhTuh~tdx+Z/ uhEr~ans
Q K

KeTy,

= —/ vhruh-rdx+f[[uh]]-{iz}ds+/ (up)[E<] ds,
Q r 1)

where, from the first to the second line, we used 7 - n € Py(e) and the equality (IT,Tu,)k|. =
E(K,e)I1,uy|.. Similarly, the third term in the first equation of (4.21) becomes

Z/ kT n ds=/[[ﬁ<uh>]]-{ir}ds+/ (PuIET] ds,
aK r o

KeTy

where we used (4.20). Therefore, from the first equation of (4.21) we have that for all T € %,

f a;'oy T dx — f V,Tu, - 7dx + /[[uh — Pl - {Et}) ds
Q Q r
+ / {up — Pw)MEt] ds =0. (4.23)
)
Taking T = a,¢ for all ¢ € ¥, in (4.23), we can eliminate o, obtaining
o = apVi Tuy, — F([Pwn) — wnl) — 1B W) — up)), (4.24)

where the liftings 7 and 1 are defined in 4.22).
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Plugging (4.24) into the second equation of (4.21) we obtain the primal formulation of the
methods: Find u;, € V), such that, for all v € V,,, it holds

f apVuTuy - Vyv dx + /(I[b‘(w) — w1 - {Ea,Vyv} — {5} - [v]) ds
Q r

+ f {Bun) — w I EarVivl — [51 - {v}) ds = / fudx. (4.25)
FO Q

Using the definition 4.15 and 4.16 of the numerical fluxes as done in Section III, in the case of
the IP scheme Eq. (4.25) becomes

/ anViyTuy - Vv dx — / Mol - {anViTuy}y — il ,u,ll) ds
Q Tyur'p

— / e - {Eahvhv} ds +/ (gnn - {gahvhv} — [v] - igpn) ds = / fvdx. (4.26)
rour'p I'p Q
Therefore, (4.25) takes the form
ah(u,,,v) = / fvdx — / (gnn - {Eahvhv} — ugpv) ds Yv e V,, (4.27)
Q I'p

with the bilinear form C), = C/* : [H'(T;)]* — R given by

a,fp(uh,v) ::f

ahthuh-vhvdx—/ ([wn] - (EayVio) + [v] - (@ Vs Tug) dis
Q

ryurp

+/ Al - [T,v] ds.  (4.28)
rourp

Taking into account the new definition of the liftings (4.22), in the case of the LDG scheme,
(4.25) takes the form (4.27), with C, = CF?% : [H'(7,)]* — R defined by

CEPS (uy, v) :=/

ayVyTuy, - Vyvdx — / (Muen]l - {Eay Vi) + {an Vi Tuy) - [ol)ds
Q

Fyur'p

—/ ([anVaTun10 - [vll + [usll - OTEa, Vyvl)ds +/ I ,u, ] - [T,vllds
1) T

oY'p

+/ {Tr}.[[v]]ds+/ OIYT - [vlds, (4.29)
ToUlp Ty
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where
Y = —F(upl) — 16 - [T

Remark 4.5. 'We point out that, once [ is chosen as in (4.19), in principle, the projection IT,,
is not needed in the primal formulation for controlling the exponentials in that term. However,
numerical experiments show that the corresponding scheme exhibits a stronger artificial diffusion
(see Remark 5.1).

V. NUMERICAL EXAMPLES

We present some numerical tests of the methods proposed in the previous section in the IP case.
The examples below refer to a constant diffusion coefficient with the value ¢ = 107°. The trans-
port B is chosen irrotational in the first three tests and scheme (4.12)—(4.13) has been used in the
code. The last experiment has been designed to assess the performance of the scheme 4.27 and
4.28.

Test 1. In this first test, we deal with a boundary layer case. We present an example for which
we know the exact solution, to study the convergence of the scheme numerically. Equation (1.1)
is considered in the domain Q = (—1, 1) with 8 = [1, 1], with homogeneous Dirichlet boundary
condition on 92 and with the right hand side f given by

l—l—e’% e 1—|—e’% —Zeye;l
fe,y)=——m——+x+—---—+y.
l—e ¢ 1—e%

The exact solution is then

1+e_% —26%1 1+e_% —26%
ux,y ) =|———5—+x —+y].
l1—e ¢ 1—e¢

The numerical solution, shown in Fig. 3, exhibits sharp boundary layers, with no wiggles and
virtually without numerical diffusion. We point out that the boundary conditions are well treated
even at the outflow boundary, thanks to the choice of x as in Remark 4.3.

From Table I, we study the numerical order of convergence in norm L? for both variables u and
o . The orders of convergence obtained are 0.49669 and 0.48668, respectively. An optimal order

TABLE 1. Errors for Test 1.

h ll — up, ||L2(Q) lo — o ”LZ(Q)Z
0.18898 0.94460 0.91423
0.16667 0.85298 0.83733
0.094491 0.67420 0.65928
0.083333 0.60813 0.59991
0.047246 0.47797 0.47171
0.041667 0.43096 0.42756
0.023623 0.33820 0.33578
0.020833 0.30489 0.30359
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4=

FIG. 3. Test 1.

of convergence (with respect to &) is not to be expected here, because of the singularly perturbed
behavior of the exact solution.

Test 2. We study here a propagation of a boundary discontinuity in the case of a constant
transport vector. In the domain Q = (—1,1)> we take B = [2,2], f =0and I'p = 9. The
boundary condition is

1
1 ifx=—-lorx<—-andy=—1
glx,y) = 3
0 elsewhere.

The solution is displayed in Fig. 4 (left). The proposed scheme suffers of a quite strong crosswind
diffusion. This unpleasant behavior, however, does not appear when the mesh is aligned to the
transport direction. Figure 4 (right) shows the solution for 8 = [0, 1] and

1
1 fx=—lorx<—-andy=—1
glx,y) = 3

0 elsewhere.

FIG. 4. Left: Test 2 with 8 = [2/3,2] and an unstructured mesh; Right: Test 2 with 8 = [0, 1] and a mesh
aligned to the transport direction.
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Test 3. This test is taken from [18]. The problem is partly advection dominated, and partly
diffusion dominated. Moreover, the right hand side f varies abruptly in the advection dominated
portion of the domain. We solve Eq. (1.1) in the domain Q = (—1, 1)? with 8 = V/, where

0 ifr <1.5
Y=vyY@r)=32r—-15) ifl5<r<1.9,
0.8 if1.9<r

with 72 = (x + 1) + (y + 1)?, and f given by
0 ifr <1.6

1
f=f)= 581016 ifl.6<r <18.
0 if1.8<r

The Dirichlet boundary is I'p = [0.6,1] x {y = 1} U {x = 1} x [0.6,1]U[—-1,—-0.6] x {y =
—1} U {x = —1} x [—1, —0.6] and we consider homogeneous Neumann condition on the rest of
the boundary I'y = 92 — I'p. The Dirichlet condition is given by

107 if (x,y) € [0.6,1] x {y = 1} U {x = 1} x [0.6, 1]

§(x.y) = { 10° if (x,y) € [=1,—0.6] x {y = —1} U {x = —1} x [—1,—0.6].
‘We point out that the mesh used for this example is not adapted to the solution. We can see in Fig. 5
that no oscillation occurs and that the internal layers are well reproduced, without appearance of
numerical diffusion. We remark also that the undershooting along the arc » = 1.5 is present in
the actual solution and is not due to numerical pollution.

Test 4. Now we explore the case of a rotating flow transporting a boundary sharp profile. In
the domain Q2 = (—1, 1) x (0, 1) we consider the Eq. (1.1) with

B(x,y) = Qy(l —x*),=2x(1 —y%), and f=0.

FIG. 5. Test 3, in semilogarithmic scale.
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FIG. 6. Test4.

We also have I'p = 92 and the Dirichlet condition is

_ J1+tanh(102x + 1)) ifx <Oandy =0
8(x,y) = { 0 elsewhere.

In this case, we have to apply scheme 4.27 and 4.28. For each triangle K in the triangulation
we approximate S|x ~ V|, where

Yk = 2yx (1 — xg) x — 2x¢ (1 — ¥%) y,

where (xg, yx) is the barycenter of K.

We display the obtained solution in Fig. 6. As in Test 2, crosswind diffusion shows up in this
case. We can then say that this behavior is intrinsic to the exponential fitting procedure, and not to
the piecewise constant approximation of the transport vector (see also the numerical test presented
in [16,17]).

Remark 5.1. At the end of Section IV we pointed out that with choice of u as in (4.19) the
projection could be removed. However, in this case, the larger connectivity (the same as for the
standard IP scheme for the symmetric case) has the effect to introduce extra numerical diffusion.
This is apparent comparing Fig. 3 with Fig. 7 (left), which presents the solution for Test 1, when
the projection is dropped. It is even more evident, comparing Fig. 4 (right) with Fig. 7 (right).

FIG. 7. Tests described in Remark 5.1.

Numerical Methods for Partial Differential Equations DOI 10.1002/num



1768 LOMBARDI AND PIETRA
VI. ERROR ESTIMATES FOR THE SYMMETRIC PROBLEM

We collect in this section the proofs of Theorems 3.2, 3.4, and 3.5. For shortening the presentation,
we consider the simplest case a = 1, I'p = 92, and x = 0 (corresponding to Laplace equation
with homogeneous Dirichlet boundary conditions). The convexity of the domain €2 implies the
elliptic regularity of the solution p.

The proof of the error estimates for |||p — p;|||; is based on the primal formulation (3.10) of
the discrete problem, and it follows from the standard ingredients of consistency, stability and
boundedness of the discrete bilinear form. For reader’s convenience, we report here the discrete
primal formulation in the simplified setting. Find p, € V), such that

By (pn,v) = / fvdx YveV,
Q

where B, : H*(T,)* — R is given by

By (pp,v) = / Vion - Vav dx — /([[,Oh]] AViv} + {Vion} - VD) ds
Q r

+/u|1nhph]1 Ml + E(on ) (6.1)
T

where for the IP method we have & = 0, while for LDG we have
E(on,v) = —/ IVhpr10 - vl + Monll - O Vi) ds
To

+/(V([L0h]])+l(9 “LonID) - (r (vl + 16 - [vID)) dx.
Q

Consistency of the scheme can be easily checked by using integration by parts and the
H?*(Q)-regularity of the exact solution o to get

By(p,v) = / fvdx Yve H*(T,). (6.2)
Q

On the space H?(7,,) we consider the norm ||| - |||, defined in Section II.
To prove boundedness of the bilinear form B, (-, -) the following standard trace inequality will
be useful: for all K € 7, and e edge of K it holds

lglis. < C(h;'qligx + helalix) Vg € H'(K), (6.3)

where the constant C depends only on the minimum angle of 7. Also we have the Poincaré type
inequality

la — 5q|,« < Chrlahx Vg € H'(K). (6.4)

From these two inequalities we obtain

g — Muglls, < Che Y lqlix- (6.5)

KeT):eCok
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We also need the following Lemma. Here, the function i+ is defined as h7(x) = hg, for x in
the interior of the element K € 7;,. In what follows, 0 is a piecewise constant function on I, as
in the definition of the fluxes for the modified LDG scheme.
Lemma 6.1. We have, forall q € Tr(T'),
Ir(lgDlloe < Clgls, 11O - [gDlloa < Clgl.
1 1
|hzrgD |, < Clgles  |R716 -TgD |, g < Clgl..

where C depends only on the minimum angle of the mesh, on the function n (appearing in the
definition (3.20) of the seminorm | - |,) and on 6.

Proof. We prove the third inequality, the others follow analogously. Fix the element K. We
have

Ir (MM 5.« =/V([[¢]])-V([[¢]]) dx =/V([[¢]])-T dx
K Q

where 7 is the function verifying t(x) = r([[¢]]) if x € K and vanishing outside K. Notice that
T € X, = Py(7;)?. Then, from the definition (3.9) of the lifting r, it follows

IrPDI2, = — fm r)ds = —/[[nhas]] {r) ds
r r

< > kNI lloelr ) ok

ecE:eCoK

< ChlrdDlox Y IT@Tlo-

ecE:eCoK
1
So, hglr(l¢Dllox < C ) oceecax 1T llo.- Therefore,

1
| D] oq = D hxlrgDIE

KeT),
2
<Ccy ( > ||[[nh¢]1||o,e) < ClpP,
KeT), \ec&:eCoK
as we wanted. -

Proposition 6.2. Let B, (.,.) be the bilinear form introduced in (6.1) either for the I P or LDG
schemes, with the penalization parameter u given by (3.7). Then, we have

1By (w,v)| < Cylllwlll NIl Yw,v € HX(T,)*. (6.6)

with Cy, a constant depending only on the regularity of the mesh, on the function n and, for the
LDG scheme, on the parameter 6.
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Proof. For w,v € H*(7,) we have
B, (w,v) = /QV;,w -Vyvdx — /F(l[w]] AVpu} 4+ [v] - {(Vyw}) ds + A + Ay,
where, for the IP method,
A =0, A= / plIL,wl - [T, v] ds,
r
and for LDG we have

A= —/ ([Viwll6 - vl + [V, 16 - [w) ds
To

Ay = /Fulll'lhw]] -[Mvll ds + /Q(V(IIU)]]) +10 - [wl) - - ([vl) + 160 - [v])) dx.
Clearly, using Lemma 6.1, we have easily
|4z < Clwlifvl,.
Then, it is enough to estimate terms of the form
[ W as
r
and of the form

/ [V,v]6 - [wlds.
)

We shall estimate only the first one. The second term can be analyzed analogously.
Let e be an internal edge, withe = K N K’, and letv € H 2(73). Then we have

Jw Jw Jw
lTnKO}K — UK/) ds = /;a_nKHS(vK — UK/) ds +/ea—nK((UK - UK/) - HS(UK - UK/)) ds.

Since IT(vg — vgr) = [Tv] - nt and vy — vgr = [v] - nt it follows that

d
/ oS (vg —vgr) ds
. On

Wk

-1 1
(he 2 NI, 0Tl0.e + e > v — T T lo)-

1
< h?

0,e

From (6.5) we have
h I = T,ollig, < C(vIF ¢ + [vl7 )

and, using the trace inequality (6.3), we have

8wK 1 1
/ 5o (k= Vi) ds| < C(lwlf ¢ + Mg lwl3¢)? (h DG, + 1T ¢ + 0] ¢0) 2
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Similar estimates hold for the boundary edges, so that summation over all e € £ gives

1
5 1

2 2
< ClIwlh,+ Y Hplwhg <|v|%,h +Zh;1||[[nhv]1||%,e>

KeT), ec&

/{Vhw} -[vll ds
r

= Clllwllla vl

Now (6.6) follows collecting the previous estimates. ]
We are now ready to prove Theorem 3.2.

Proof of Theorem 3.2. We proceed in the standard way [20]. Indeed, let p; € V), be the
usual continuous interpolant of p which satisfies

o = pillly = 1o = pili + D hilo = pilix < Calt®lplg-
KeTy,

Then, using the stability (3.15), consistency (6.2), boundedness (6.6) and the above approximation
property, we have

C,C,

lor — oullln < hlplre-

5

Thus, the first estimate of the statement is a consequence of the triangle inequality.
It remains to estimate the error for o. Since 0 = Vp we have, using expression (3.8),

o — o, =V(p—pn) +r{pes) — eal) + {2 o) — pi}).
Then, for IP it follows
o —o0, =V(p—py)—rlle.DD
while, for LDG we have
o —o,=V(p—pp)—rlled) =16 - [oxDD.
Now, from Lemma 6.1 we have

lr(TorDlloe < Clonls
116 - LorDlloe < Clonls.

The proof ends by noting that |p,|. = |p — pnl+, and by using the estimate for |||p — oulll,. =
To prove Theorem 3.4 we shall use the mixed formulation (3.17)—(3.19) introduced in

Section III.
It is useful to rewrite the scheme (3.17)—(3.19) in a compact form as follows

A(U/15 Pns T, U) = / fU d-x’ V(U,T) € Vh X Zh
Q

Numerical Methods for Partial Differential Equations DOI 10.1002/num



1772 LOMBARDI AND PIETRA

with

Aoy, pn; T, 0) = /

Q

01T dx +b(py ) — b(v, o) + / WTypu] - [T ds.

r

From the consistency of the scheme, which can be easily checked, we have

Ao — oy, 0 — pp;T,0) =0 Y(z,v) € T, x V.

Proof of Theorem 3.4. Let o, be the L>-projection of ¢ on X, and let p; be the continuous
piecewise linear interpolant of p. Then, we need to estimate |0}, — oyllo + |on — o1l
By the definition of .A and the consistency of the scheme we have

llow — 01||(2>,Q +lon — ,01|3 = A(o — 01, p — p1504 — 01, P — P1)- (6.7)

To estimate the right hand side of this equality, we need to consider the following eight terms
(which contribute to (6.7) after using the usual integration by parts in the div -term)

I = /Q(U —o7) - (o) — o) dx, L= /QV(p —p1) - (o, —op)dx,
L= [to-pd-to—onds. 1= [ 6-10 = plllo, — ol
0
Is = /th(ph —pn) (0 —opdx, Ig= /FlLOh = pill - {o — o1} ds,
L= /r O -llon — pilllc —orllds, Iy = /I:M[[Hh(p = pDll - llow — prllds.
0
Clearly we have

I < Chloligllon —oillog, L < Chlplaallor — orlloq-

Also, since p and p; are continuous functions in 2 vanishing on 9Q2 we have I; = I, = I = 0,
and since V,,(p, — p;) € Py(7},), it results Is = 0.
Moreover, we can write I as

o = /[[ph Tl (o — oy} ds + /[[nhphﬂ o —o)ds = A+ B.
T T

Applying the trace inequality (6.3), we find for B

_1 1
B=CY {IMpillloe Y. (hello = oillox +hélolix)

ec& KeTj:eCK

1
< Ch2lo|iqlon — pil.
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Using the inequalities (6.4) (with ¢ = p, — p) and (6.3), and taking into account again that
[p — I, p]l =0 on T (and the regularity of the mesh 7},), we have

A <Y lles = Tupullllocll{o — o1}lo

ee&
1/2 2 3
=C E hy E hilpn — plik E hilolix
ec& KeTj:eCK KeTj:eCK

1
< Chih%—(:o - :Oh)|1'h|0'|l,Q-

1
Then, we need to estimate |23-(p — p;)|1,- Since & = Vp, and since oy, is given by (3.8), we have
Vi(on — p) = (0, — o) — r(llpalD) + 16 - LonDD- (6.8)
From (6.8) and Lemma 6.1, we obtain
1 1
|z (o = pi)|,, < h2llo = onlloq + Clonls

1 1
<hz|loc —oqllog +hZllor —oulloe + Clonls

< Ch3oliq + hllor — oullog + Clor — oul.
Hence
A< C(31oPg+h3low — arlloalolie + hlor — pallolie)-
Collecting the estimates for A and B, we get
I < C(h3 o2 o + M3 llow — oylloclolie + h3 s — pulilolie)-
Clearly, it also holds
L < C(h3 ol g+ hilloy — orloalolia +hilor — pallolig).

Now we can go back to Eq. (6.7), obtaining, after applying the arithmetic-geometric inequality
to the terms bounding the I;’s,i = 1, ..., 8, that

_ 2 2 l _ 2 l 2 hlol?
llow —o1lloq + lon — pily < ) llow —o1llgq + ) lon — pily + Chlplig,
from which it follows

low — o1l + low — pily < Chlplsg.

Now, the triangle inequality and standard interpolation estimates give us the assertion of the
Theorem. [
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Notice that Theorem 3.4 together with (6.8) and Lemma 6.1 give us

< ChZ|plg. (6.9)

1,h

1
h%’(p - ph)

Proof of Theorem 3.5. The proof of (3.21) follows by standard arguments [20] using Propo-
sition 6.2 and taking into account that the numerical fluxes p and & are conservative (that is,
[p1 =0o0nT and [6] = 0 on I'y) and then the modified IP and LDG become adjoint consistent.
‘We refer to [20] for details.

Now we prove (3.22) for the modified LDG method with p given by (3.16). The proof follows
from duality arguments similar to those used in [36]. Let w be the solution of

—Aw=p—py in
w=0 on 0%,

and let wy, be the finite element approximation of w in the conforming piecewise linear space
Vi, = Pi(T,) N Hy (2). We have w € H*(Q),

lwllze < Cllo — onlloqs (6.10)

and the error estimate
lw— w1 e < Chlw|yge. (6.11)
Using that —Ap = f and that p, verifies By, (o5, W;,) = fQ fw;, dx it is easy to check that
/ Vi(p — pn) - Vi dx = — /[[,Oh]] {Vu,}ds — / [px160 - [Vw, 1 ds.
Q r Ty
Then

o= o= Y = [ swio— o ar
K

KeTy,

~ ~ Jw
=2 <f V(w = @) - Vilp — py) dx +f Vil V(o = pi) dx+ | ——p ds>
K K

n
KeTy oK

= / V(w — @) - Viu(p — pp) dx + /[[Ph]] AVi(w — W)} ds
Q T
+ / [pn]6 - [V (w — BT ds.
To

where we used the regularity of w.
Assuming that p is given by (3.16) and that the mesh 7}, is quasiuniform, we have

/[[ph]] AV (w — @) ds +/ Lo - [V5(w — D)1 ds
r FO
< CO)p — pal (2w — Tylg + 2 [whe),
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and from (6.9) we have |(0 — pn)|1n < C|p|2.q- Then, using Theorem 3.4 and (6.10)—(6.11), we
get

lo— pn ||é,g < Chlplralwlhea < Chlploalle — pulloqs

obtaining (3.22). [ ]

VIl. CONCLUSION

We introduced new Discontinuous Galerkin schemes in mixed form for symmetric elliptic prob-
lems of second order with reduced connectivity with respect to the standard ones. We proved that
the modifications in the choice of the approximation spaces (%, is made of piecewise constant
functions, while V;, is the usual P, (7)) and in the penalization term (an L2-projection on Py(e)
is introduced) do not spoil the error estimates. The modified IP scheme and the modified LDG
scheme are discussed in details. Some other schemes in the family of DG methods reduce, in the
present case, either to modifid IP or to modified LDG. These methods are then used for designing
new exponentially fitted schemes for advection dominated equations. When the transport term
is irrotational and the diffusion coefficient is constant, it turns out that simple manipulations at
the algebraic level are possible for passing from the symmetric to the non symmetric case (see
Remark 4.2). The presented numerical tests show the good performances of the proposed schemes.
The boundary layers are very well treated: the width of the numerical layers is the best that can be
obtained with a numerical scheme on a quasi-uniform mesh (not adapted to the layers), and the
outflow boundary conditions are correctly imposed. Also internal layers created by sharp behav-
iors of the flow and of the right hand side are well captured (see Test 3 in Section V). Instead, the
method suffers of crosswind diffusion in the case when a discontinuity is transported from the
boundary, unless the mesh is aligned to the flow.

We conclude pointing out that the general scheme (4.27) can be extended to the case of
unstructured meshes with hanging nodes, as explored by the authors in a work in preparation.

The authors are grateful to Ilaria Perugia for the valuable discussions and for providing a code
for the symmetric problem with standard DG schemes.

References

1. B. Cockburn, Discontinuous Galerkin methods for convection—dominated problems, T. J. Barth and H.
Deconinck, editors, In High—-Order Methods for Computational Physics, Lecture Notes in Computer
Science Engineering, Vol. 9, Springer, New York, 1999, pp. 69-224.

2. B. Cockburn and C. Dawson, Some extensions of the local discontinuous Galerkin method for
convection-diffusion equations in multidimensions, The mathematics of finite elements and applications,
X, MAFELAP 1999 (Uxbridge), Elsevier, Oxford, 2000, pp. 225-238.

3. R.Becker and P. Hansbo, Discontinuous Galerkin methods for convection-diffusion problems with arbi-
trary Péclet number, P. Neittaanmaki, T. Tiihonen, and P. Tarvainen, editors, Numerical mathematics
and advanced applications, Technologisch Instituut, World Scientific, 2000, pp. 100-109, Proceedings
of the ENUMATH 99, River Edge, NIJ.

4. P. Houston, C. Schwab, and E. Siili, Discontinuous hp—finite element methods for advection—diffusion—
reaction problems, SIAM J Numer Anal 39 (2002), 2133-2163.

5. J. Gopalakrishnan and G. Kanschat, A multilevel discontinuous Galerkin method, Numer Math 95
(2003), 527-550.

Numerical Methods for Partial Differential Equations DOI 10.1002/num



1776 LOMBARDI AND PIETRA

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. H. Zarin and H.-G. Roos, Interior penalty discontinuous approximations of convection-diffusion
problems with parabolic layers, Numer Math 100 (2005), 735-759.

. FE. Brezzi, B. Cockburn, L. D. Marini, and E. Siili, Stabilization mechanism in discontinuous Galerkin
finite element methods, Comput Meth Appl Mech Eng 195 (2006), 3293-3310.

. T.J. R. Hughes, G. Scovazzi, P. B. Bochev, and A. Buffa, A multiscale discontinuous Galerkin method
with the computational structure of a continuous Galerkin method, Comp Meth Appl Mech Eng 195
(2006), 2761-27817.

. A. Buffa, T. J. R. Hughes, and G. Sangalli, Analysis of a multiscale discontinuous Galerkin method for
convection-diffusion problems, SIAM J Numer Anal 44 (2006), 1420-1440.

E. H. Georgoulis, E. Hall, and P. Houston, Discontinuous Galerkin methods for advection-diffusion-
reaction problems on anisotropically refined meshes, SIAM J Sci Comp 30 (2007), 246-271.

A.Ernand A. F. Stephansen, A posteriori energy-norm error estimates for advection-diffusion equations
approximated by weighted interior penalty methods, J Comput Math 26 (2008), 488-510.

P. Antonietti and P. Houston, A pre-processing moving mesh method for discontinuous Galerkin
approximations of advection—diffusion—reaction problems, Int J Numer Model 5 (2008), 704—728.

. D. A. Di Pietro, A. Ern, and J. L. Guermond, Discontinuous Galerkin methods for anisotropic
semidefinite diffusion with advection, SIAM J Numer Anal 46 (2008), 805-831.

B. Ayuso and L. D. Marini, Discontinuous Galerkin methods for advection-diffusion-reaction problems,
STAM J Numer Anal 47 (2009), 1391-1420.

F. Brezzi, L. D. Marini, and P. Pietra, Methodes d’elements mixtes et schema de Scharfetter-Gummel,
C R Acad Sci Paris 305 (1987), 599-604.

F. Brezzi, L. D. Marini, and P. Pietra, Two-dimensional exponential fitting and applications to
semiconductor device equations, STAM J Numer Anal 26 (1989), 1342—1355.

F. Brezzi, L. D. Marini, and P. Pietra, Numerical Simulation of semiconductor devices, Comp Meth
Appl Mech Eng 75 (1989), 493-514.

F. Brezzi, L. D. Marini, S. Micheletti, P. Pietra, R. Sacco, and S. Wang, Finite element and finite volume
discretizations of drift-diffusion type models for semiconductors, W. H. A. Schilders, E. J. W. ter Maten,
Guest editors, P. G. Ciarlet, editor, Handbook of numerical analysis, Vol. 13: Special volume: numerical
methods in electromagnetics, Elsevier, Amsterdam, 2005, pp. 317-441.

S. Holst, A. Jiingel, and P. Pietra, A mixed finite element discretization of the energy-transport models
for semiconductors, SIAM J Sci Comp 24 (2003), 2058-2075.

D. N. Amold, F. Brezzi, B. Cockburn, and L. D. Marini, Unified analysis of discontinuous Galerkin
methods for elliptic problems, SIAM J Numer Anal 39 (2002), 1749-1779.

P. G. Ciarlet, The finite element method for elliptic problems, Studies in Mathematics and its applica-
tions, J. L. Lions, G. Papanicolaou, and R. T. Rockafellor, editors, Vol. 4, North-Holland Publishing
Co., Amsterdam-New York-Oxford, 1978.

D. N. Arnold, An interior penalty finite element method with discontinuous elements, SIAM J Numer
Anal 19 (1982), 742-760.

J. Douglas Jr. and T. Dupont, Interior penalty procedures for elliptic and parabolic Galerkin methods,
R. Glowinski and J. L. Lions, editors. Lecture notes in Physics 58, Springer-Verlag, Berlin, 1976.

M. F. Wheeler, An elliptic collocation finite element method with interior penalties, STAM J Numer
Anal 15 (1978), 152-161.

B. Cockburn and C. W. Shu, The local discontinuous Galerkin method for time dependent convection
diffusion systems, SIAM J Numer Anal 35 (1998), 2240-2463.

B. Riviere, M. F. Wheeler, and V. Girault, A priori error estimates for finite element methods
based on discontinuous approximation spaces for elliptic problems, SIAM J Numer Anal 39 (2001),
902-931.

Numerical Methods for Partial Differential Equations DOI 10.1002/num



217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

EXPONENTIALLY FITTED DISCONTINUOUS GALERKIN SCHEMES 1777

S. C. Brenner and L. Owens, A weakly over penalized non-symmetric interior penalty method, J Numer
Anal Ind Appl Math 2 (2007), 35-48.

S. C. Brenner and L. Owens, A W-cycle algorithm for a weakly over penalized interior penalty method,
Comput Meth Appl Mech Eng 196 (2007), 3823-3832.

F. Bassi, S. Rebay, G. Mariotti, S. Pedinotti, and M. Savini, A high-order accurate discontinuous finite
element method for inviscid and viscous turbomachinery flows, R. Decuypere and G. Dibelius, editors,
Proceedings of 2nd European Conference on Turbomachinery, Fluid Dynamics and Thermodynamics,
Technologisch Insitut, Antwerpen, Belgium, 1997, pp. 99-108.

F. Brezzi, M. Manzini, L. D. Marini, P. Pietra, and A. Russo, Discontinuous Galerkin approximation for
elliptic problems, Numer Meth Partial Diff Eq 16 (2000), 365-378.

B. Ayuso de Dios and L. Zikatanov, Uniformly convergent iterative methods for discontinuous Galerkin
discretizations, J Sci Comput 40 (2009), 4-36.

B. Ayuso de Dios, F. Brezzi, O. Havle, and L. D. Marini, L?-estimates for the DG IIPG-0 scheme,
Numer Meth Partial Diff Eq 2011 June 15, [Epub ahead of print (DOI:10.1002/num.20687)].

P. Castillo, B. Cockburn, I. Perugia, and D. Schotzau, An a priori error analysis of the local discontinuous
Galerkin method for elliptic problems, SIAM J Numer Anal 38 (2000), 1676-1706.

P. Castillo, B. Cockburn, I. Perugia, and D. Schotzau, Local discontinuous methods for elliptic problems,
Comm Numer Meth Eng 18 (2002), 69-75.

P. E. Castillo, Local Discontinuous Galerkin methods for convection-diffusion and elliptic problems,
PhD Thesis, University of Minnesota, Minneapolis, 2001.

F. Brezzi, M. Manzini, L. D. Marini, P. Pietra, and A. Russo, Discontinuous finite elements for diffu-
sion problems, Atti Convegno in Onore di F. Brioschi (Milan, 1997), Istituto Lombardo, Accademia di
Scienze e Lettere, Milan, Italy, 1999, pp. 197-217.

Numerical Methods for Partial Differential Equations DOI 10.1002/num



