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monotone operators
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This paper presents a stabilized Galerkin technique for approximating monotone linear
operators in a Hilbert space. The key idea consists in introducing an approximation space
that is broken up into resolved scales and subgrid scales so that the bilinear form associated
with the problem satisfies a uniform inf-sup condition with respect to this decomposition.
An optimal Galerkin approximation is obtained by introducing an artificial diffusion on the
subgrid scales.
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1. Introduction

This paper presents a stabilized Galerkin technique for approximating non-coercive
monotone linear operators in a Hilbert space. More precisely, let X C V C L be three
Hilbert spaces with dense and continuous embedding. The inner product of L is denoted
by (-, -)r. This paper deals with the approximation of the following abstract problem:

For f e L, findu € X, Yv e X a(u,v) +edu,v) =(f,v)L, (1.1)

where € > 0,d € L(X x X; R) is X-coercive and the bilinear form a is in L(V x L; R)
and satisfies

. a(u, v)
dc >0 inf sup ———— >
ueVyer llullvlivile (1.2)
a(u, v) .
YveL  (v#0)= (sup #0).
uev llullv

By defining the operator A : D(A) = V — L so that (Au,v); = a(u, v), these
conditions are equivalent to stating that A is bijective. Furthermore, we assume that d is
associated with an unbounded operator D : D(D) C X — L sothat (Du, v); = d(u, v).
In practice, the situation we shall study corresponds to A being a first-order differential

operator and D being a coercive second-order differential operator (think of D = —A :
H*(2) N Hj (2) — L*(2)).
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When € = 0, problem (1.1) reduces to the following.
For feL, findueV,Vvel a(u,v) = (f,v)L. (1.3)
This problem can be solved efficiently by considering its least square formulation; namely,
For feL findueV,VveV (Au, Av)p = (f, Av)L.

Thanks to the first inequality in (1.2), which is equivalent to ||[Aw]| . > cllw]|y for all
w € V, the bilinear form (Au, Av); is V-coercive; hence, this formulation lends itself
quite efficiently to approximation by means of the conforming Galerkin technique.

In general, the situation is a little bit more complex, since € is not zero but may
be arbitrarily small. As a result, coercivity may not be strong enough for the Galerkin
approximation to work properly. Consequently, the least square technique may seem to be
a good alternative to solve (1.1) also. However, since the domain of A+¢ D controls second
derivatives, conformity requires the least square method to work with C! finite elements or
with the scalar product of the dual of X; namely X’. One way to avoid this difficulty is to
use the Galerkin/least square technique (see e.g. Brooks & Hughes, 1982; Hughes et al.,
1989). This approach consists of a linear combination of the Galerkin and the least square
formulations. More precisely, by denoting Ac = A + €D, it consists of the following.

For f € L, findu € X, sothat Vv € X
a(u, v) +ed(,v) +8(,h) Y (Aeu, Acv).r = (f )L +8(e,h) Y (f, Acv)rr,
TeT, TeT,

where Ure7; T is a triangulation, (-, -)p, 7 is the restriction of the L-scalar product to the
element T', and the coefficient 8 (¢, &) is chosen as follows

S(e,h) = h, ife <h
0< 8@, h)<h, ifh<e<2h
S(e, h) =0, if 2h < e.

This method is quite popular and works quite well. However, there are two problems:

1. There is a tuning coefficient that depends on the presence or the absence of the
coercive operator. The tuning is easily controllable in academic situations, but is a
tricky task for realistic problems (think of variable nonlinear viscosity or degenerate
elliptic operators, etc).

2. To the best of the author’s knowledge, the least square and Galerkin least
square methods cannot be generalized to time-dependent problems without using
discontinuous space—time finite elements.

The objective of the present paper is to propose a method that has the following
features. First, it has the same stability and approximation properties as the least square and
Galerkin least square methods for problem (1.1) but has no funing coefficient that depends
on € (see Remark 3.2 below). Second, it can be very easily generalized to approximate
linear contraction semi-groups by using standard finite element techniques.

The theory developed herein is based on two principles:
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(i) Since (1.2) guarantees the solution of problem (1.3) to be stable in the norm of
V, we introduce three approximation spaces X, = Xg @ X {;I so that the triplet
(Xn, XH, a) satisfies a discrete inf-sup condition similar to (1.2). We refer to X g as
the resolved scale space and to X }:’ as the subgrid scale space. The discrete inf-sup
condition in question permits the resolved scales of the approximate solution to be
controlled in the graph norm of A.

(i1) The subgrid scales can be controlled, in turn, by means of a small artificial diffusion
mechanism; the control being provided by a simple energy argument.

The outline of the paper is as follows. In §2 we concentrate on model problem (1.3).
Stability and quasi-optimal convergence results are proved. The results of §2 are
generalised in §3 to the case of (1.1). The theory presented in §2 and §3 relies on a uniform
inverse inequality (2.9) that is true for finite elements provided the mesh underlying the
approximation is quasi-uniform. This constraint being too strong for practical purposes,
since it a priori excludes local refinement and mesh adaptation, the theory is generalized
in §4 to the case of nonuniform meshes by using a local version of the inverse inequality.
Examples of applications of the present theory are shown in §5. Some of the results
presented in this paper were announced in Guermond (1999b,c¢).

2. Approximation of a model problem on uniform meshes

In this section, we concentrate on model problem (1.3) and we think of A as a first-order
differential operator.

2.1 A model problem

Let L be a real separable Hilbert space and V be a dense subspace continuously embedded
in L. Hereafter we identify L and its dual so that we are in the following classical situation:
VvcL=L cV.

We introduce a continuous bilinear form a : V x L —> R, and we assume that a is
monotone; that is

YueV a(u,u) = 0. 2.1

We introduce the symmetric part a; : V x V. — R of a as follows
1
Y(u,v) e VxV ag(u,v) = E(a(u, v) +a(v, u)). 2.2)

It is clear that for all # in V we have a(u, u) = as(u, u) > 0; as a result, a5 is a symmetric
monotone bilinear form. Hereafter we shall make use of the following classical property:

LEMMA 2.1 Let E be a vector space and x : £ x E — R be a symmetric monotone
bilinear form then

VY(u,v) e EXE x(u, v) <x(u,u)1/2x(v, v)l/z.
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Furthermore, we assume that there is ¢ > 0 so that

a(u, v)

YueV sup = > cllull?,
veL VL
at. v) (2.3)
YvelL (v#0)=[sup >0]).
uev lullv

This condition is equivalent to stating that the problem

{For f e L,findu €V so that 2.4)
a(u,v) = (f,v) YvelL,
has a unique solution. More precisely we have the following result.
THEOREM 2.1 Problem (2.4) has a unique solution and this solution satisfies
cillully < I flle- (2.5)

Proof. This is a consequence of (2.3) together with a classical characterization of bijective
linear operators in reflexive Banach spaces, cf. e.g. Brezis (1983, pp 29-31). O

REMARK 2.1 When A is a first-order differential operator, problem (2.4) is essentially a
Petrov—Galerkin problem; that is, the solution space and the test space are different. The
failure of discrete Galerkin techniques to approximate properly this problem is rooted in
this basic fact. In general, the first inequality in (2.3) is not satisfied (uniformly with respect
to the mesh size) at the discrete level.

2.2 The discrete setting

To build a discrete approximation of u, we introduce Xy and X, two finite-dimensional
subspaces of V. The indices H and /& denote two positive parameters that tend to zero. In
the practical applications described in §5 we have h ~ H /2.

The space X g is assumed to have the following approximation property: there is W, a
dense subspace of V, and there are k > 0 and ¢ > 0 so that, for allv € W

inf [lv—wplL+ Hlv—wglly < cHv)w. (2.6)
HEXH

From now on, ¢ denotes a generic constant that does not depend on (H, &) and the value
of which may change in different occurrences.

The couple (Xg, Xj,) is assumed to satisfy the following discrete inf-sup condition:
there is ¢, > 0, independent of (H, &), such that

a(vy, on)

Yvg € Xy
onex,  NonllL

Z callvallv. 2.7

Furthermore, we assume that Xy C X, and there is a linear projection operator Pp :
X, —> Xy that is stable with respect to the L-norm:

dc >0, Y(H, h), Yvp € Xp PrvnllL < cllvnliL. 2.8)
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For further references, we denote X ,f’ = (1 — Py)Xy, and for all vy in X} we set vy =
Py, and v = v, — vy.

Since X}, is a finite-dimensional normed vector space, we assume that the following
inverse inequality holds:

Yo, €V loally < i H ™ lvallL- 2.9

REMARK 2.2 It is shown in §5 that it is possible in general to find couples (X, Xg)
satisfying the discrete condition above, where X; can be broken up as follows: X, =
XgpdX f , the decomposition being L-stable. We refer to X i as the resolved scale space
and to X {;I as the subgrid scale space. This decomposition can be formally interpreted as
follows. For instance, assume that a is associated with a first-order differential operator
and assume that a finite element piecewise linear approximation of u is sought. The action
of the differential operator on any piecewise linear function generates discontinuities at
the interfaces of the finite elements. These discontinuities contain very small Fourier
modes that cannot be captured when tested against piecewise linear test functions; as a
consequence, the Galerkin technique is in general suboptimal for this class of problems
(unless the test space is finely tuned, see Baiocchi et al, 1993). On the other hand,
optimality can be recovered if subgrid scale test functions (i.e. those of X }f’ ) are added to
the conventional test space composed of piecewise linear functions (i.e. X g; the resolved
scales). The inf-sup condition (2.7) is the discrete counterpart of the first inequality in (1.2);
it warrants the resolved scales of the approximate solution to be stable in the norm of V
(i.e. to be free of spurious numerical wiggles).

REMARK 2.3 In the case of a finite element approximation, (2.9) holds uniformly if A is
a first-order differential operator, the mesh is quasi-uniform, and c1h < H < ch. The
quasi-uniformity constraint is quite stringent since it a priori excludes local refinement
and mesh adaptation. The present theory will be extended to nonuniform meshes in §4.
The second constraint is equivalent to assuming that the dimension of Xy is a fraction of
that of Xj. We shall see in §5 that in applications we have H = h or H = 2h.

2.3 The discrete problem

Having introduced subgrid scales to control the resolved scales of the approximate solution,
we are left with the problem of controlling also subgrid scales. To this purpose, we
introduce an artificial diffusion mechanism; that is, we define a bilinear form b;, : X f X
X f — R that satisfies the following continuity and coercivity properties: there is cg > 0
such that

H H H 2
bh(vh » Uy, ) = H”vh ”b’ (2.10)
b’ wil) < cH v s w1,
where the norm || - || is such that there are two constants ¢,; > 0 and c¢.» > 0 so that
H H H H —1.,,H
Yy, € X, cetllvy v < llvy Mo < ceaH ™ [lvg [lL (211

EXAMPLE 2.1 Let ((-, -))y denote the inner product in V. The simplest choice for by, is
by, wiy = H(w wihH)v.
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EXAMPLE 2.2 Let X be a dense subspace of V, continuously embedded in V, so that
||vf||x < cezH_1||v,Il'I||L for all vf in X; then, by assuming that X, C X and by
denoting ((-, -)) x the inner product in X, one can set by, (v{l{, w{l{) = H((vf, wf))x.

EXAMPLE 2.3 For the scalar advection equation S-Vu = f in {2, with suitable
assumptions on the vector field 8, we have L = L2(2)and V = {v € L2(2) | BV v €
LZ(Q), V- = 0}, where I'~ is the inflow boundary (see Azerad & Pousin, 1996, or
Bardos, 1970, for technical details on this problem). Since H! (£2) C V, the following two
definitions are possible for by,:

H . Hy_ Hou, JH[oBV BV w,
b vy, wy') = H/th wy + {HfQ(VU;fI) (Vulh). (2.12)

The second model may be helpful in practice to avoid cross-wind oscillations when
approximating very stiff problems.

LEMMA 2.2 There is ¢, > 0 such that

bh(v;f’, w}f')

V(H, h), Yol e X1
wpeXpy ”w/’l”L

< cpllvf Il (2.13)

Proof. The inverse stability property (2.11) together with the stability hypotheses (2.8)
and (2.10) yields

b ff wffy <cpHIv Ipllwf 1l
< cgeellvf Ipllwf il
< cpeallvp IpI(1 = Pe)wpllz
<

cgeealll = Prll 1o o llwa -
The proof is complete. 0

The discrete problem we consider hereafter is

Find uj, in X}, such that

(2.14)
a(up, vp) + bpup’ , vf) = (foon)  Vop € Xp

PROPOSITION 2.1 The discrete problem (2.14) has a unique solution.

Proof. Since the problem is set in a finite-dimensional vector space, it is sufficient to prove
an a priori bound on uj,. By using uj, as a test function in (2.14) we obtain

Hiluf 15 < N f L lunle
<cllflicllunlly

el fleufily + lumllv)
<

-1, H
cllfllLlegy lluy llp + llumllv).



APPROXIMATIONS OF LINEAR MONOTONE OPERATORS 171
An a priori bound on ||u g ||y is provided by the discrete inf-sup condition (2.7),

a(uy, ¢n)
calluglly < sup ————
onex,  NonllL

sup f—a, ¢n) — bauj, ¢f")
breXs ldnllL

< flle + lalllug v + cplluf! 1

< flle + e lallluf s + collug s
<

H
IfllL 4 cliuy llb-

N

As a result, by substituting this bound into the previous inequality, we have

Hllul 12 <l FIeflln + luf 1s)
c 2 1 H\2
<e(1+ 57 )I/1E + S HIufl 13,
from which we infer

luf o+ lurlly < cCEDI £ L,

where ¢(H) depends continuously on H. This completes the proof. O

REMARK 2.4 The basic principles of the proposed technique can be summarized as
follows: introduce subgrid scales to capture the discontinuities generated by the differential
operator when acting on the approximate solution, and control the subgrid scales by an
artificial viscosity. The goal of the present paper is to show that a quasi-optimal Galerkin
approximation of problem (1.3) can be built by combining these two ideas. The notion
of scale separation and artificial dissipation of subgrid scales is rooted in many works:
e.g. subgrid modelling (Smagorinsky, 1963; Germano et al., 1991), the nonlinear Galerkin
method (Foias et al., 1988; Marion & Temam, 1990), and the stabilizing property of bubble
functions (Arnold et al., 1984; Brezzi et al., 1992; Baiocchi et al., 1993; Crouzeix &
Raviart, 1973).

2.4 Error analysis

The main convergence result of this section is

THEOREM 2.2 The discrete solution uy, of (2.14) satisfies

ag(u —up,u —up)'’? < c nelg [H7V2u — wylly + H'?lu —wgllv].
WH H

lu —unlly +lug'ly <c inf [H M —walo+ lu—walv].
wHeXH
(2.15)

Proof. Let us introduce some notation. Let wy be an arbitrary element in Xz; we set
Ny =u — wy, and e, = wy — uy. Note that we have u — uy, = np, + ep.
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The equation that controls ep is obtained by subtracting (2.14) from (2.4) where the
test functions span Xj,:

H  H
Yy € Xp, a(ep, vp) — bp(uy, , vy ) = —a(@p, vi).
Since X g is invariant under the projection Py and Py is linear, we infer
H
uy =up — Pyuy

=up —wy — Py(up —wpy)

= —ep + Phey
H

=—e, .
As a result, the equation that controls e;, can be recast into the form
Y, € Xp alen, vi) + by(ef!, vy = —a(nn, vn).
By taking e), as a test function and by using the coercivity property (2.10) we obtain
as(en, en) + Hllej 5 < —alm, en).
We control the right-hand side of the inequality above by proceeding as follows.

as(en, en) + Hlle 17 < —a(nn, en)
< alen, np) — 2as(en, i) (2.16)

1
< llall llenllvinnliz + vas(en, en) + ;as(nh, Mh)-

where we have used Lemma 2.1 and the inequality 2xy < yx? + y?/y which is valid
for any positive constant y. This constant will be chosen to meet our needs. Hereafter, y
denotes a generic constant that can be chosen as small as needed and c,, is a constant that
depends on y; the values of y and ¢, may change at different occurrences.

To obtain a control on ||e, ||y we use the discrete inf-sup condition (2.7),

aleny, dn)
calleglly £ sup ——————
dnex, ol

—a(nn, ¢n) — alell, n) — bu(ell, pfh)

<
dneXn llpnllL
< H H
< llallmallv + lleg lv) +cplleg 1o
H
<cllnrlly + lley Ip)-

By using this bound and a triangle inequality, we obtain |ep|ly < c(|nnllv + ||e,7 II»). By
substituting this bound into (2.16), we have

1
(1 — y)as(en, en) + Hllef 17 < cllnmnlly + llef 1) lnalln + ;as(nh, s

<cylmllviinalle +yHlef I3 + ¢, H nall-



APPROXIMATIONS OF LINEAR MONOTONE OPERATORS 173

By choosing y = 1/2, we obtain
as(en, en) + Hllef 17 < cH™ ' (nall + Hnnll}).
As a result we infer

2 H 2
ag(u —up, u —up) + H(llu —uplly + lluy 1)
-1 2 2 2
<cH™ inf [llu—wyly + Hlu —walyl.
wHEXH

The proof is complete. O

COROLLARY 2.1 If u, the solution of (2.4), is in W, the discrete solution uj of (2.14)
satisfies

as(u —up, u — up)'? < cHV2 ully,

(2.17)
lu —uplly + luf Ny < cH*ullw.

REMARK 2.5 The bound (2.17) is optimal in the norm of V. On the other hand, if ay is
L-coercive, (2.17) is not optimal in the norm of L: a factor H 1/2 45 missing. Actually, it can
be shown, by proceeding is in Zhou (1997) or Guermond (1999a), that optimality can be
recovered if the mesh underlying the approximation space X, satisfies special geometric
properties.

REMARK 2.6 The estimate (2.17) is identical to the one that could be obtained by
applying the Galerkin least square method to the present problem (see Johnson et al., 1984,
or Hughes et al., 1989).

EXAMPLE 2.4 In the case of a convection problem, 8V u = f (under some reasonable
assumptions on ), we have || - | = |- lloand || [lv = || |lo+ |8V -|lo. For finite element
approximations, the convergence result reads ||u —up |y < cH B lut]|k+1, which is optimal;
see Guermond (1999a) or §5 for examples of admissible IP; and P, finite elements.

2.5 A possible improvement in the definition of by,

The definition of the bilinear form b; can be sharpened if further assumptions on a are
made. Let us assume that @ = ag + a1 where the two bilinear forms ag and a; have the
following continuity properties:

Vu,v) € VXL  agu,v) < coas(u, u)/*|v| L, (2.18)

Yu,v) e V.xL  ai(u,v) <cilulvlvlc, (2.19)
where | - |y is a semi-norm in V' such that
VueV lully < clagu,w)'? + |uly). (220)

Furthermore, we assume that a;, Xp, and Xy satisfy the following property: There are
cq1 > 0, ¢cs > 0, independent of (H, h), such that
ai(um, vp)

Yup € X, sup ————= > cqtluply — cslas(up, up)'* +uf lvl.  @2.21)
v eXy ”Uh”L
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REMARK 2.7 Note that (2.21) is weaker that (2.7); actually, only |ug|y needs to
be controlled by the inf-sup inequality, since a,(uj, up) is already controlled by the
monotonicity of a, and |u ,If |y by the coercivity of by,.

Now we weaken slightly the definition of by, as follows:

b (o, vy = HIvf [},
Vi, wi) e XiHx X/ hoth T R b (2.22)
bp(vy’ s w) < cpH|vy [plwy) b,
where the semi-norm | - | is such that there are c,; > 0 and c,» > 0 such that
voil e Xit carlvlv < 1of1s < caH v L (2.23)
EXAMPLE 2.5 This situation corresponds to equations like u + BVu = f in (2.
Assuming ||div B1lo,c0 < 2, the bilinear form a is L2(£2)-coercive. Then, instead of using
bh(vf, w,ll'l) = HfQ vfwf + (BV vf)(ﬁ-v w,’l'l), one can use one of the following
definitions
H Vo8V wi),
Vo wih e XPx Xib o b wih) = JaBY viDBV wi) (2.24)

H [ (Voil) - (Vw]).

The main interest of the first alternative definition is that the artificial dissipation is zero
in the regions where 8 is zero and it does not introduce cross-wind diffusion. In both
models, the stabilizing terms are expected to be small in the regions where the gradient
of the solution is small. In other words, unlike models (2.12), models (2.24) put artificial
diffusion only where it is needed.

THEOREM 2.3 If u, the solution of (2.4), is in W, then the discrete solution u;, of (2.14)
satisfies

as —up, u —up)'? + HY?u —uply < cH V2 |ullw. (2.25)

Proof. The proof is almost identical to that of Theorem 2.2. By taking ej, as a test function
and by using the coercivity property (2.22), we obtain

as(en, en) + Hlef! [; < aien, mn) + aolen, my) — 2as(en, m).
Each term on the right-hand side is bounded from above as follows:
ai(en, nn) < clenlvlinnllL,

12
ao(en, mn) < cas(en, en)*lnnllz
< yas(en. en) + cyllmlli,

vas(en, en) + cyas(Mp, nn)
vas(en, en) + cyllmnllviinglL.

—2ag(en, nn)

N IN
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By inserting these bounds into the inequality above, we obtain

ag(en. en) + Hlep' Iz < cllenlvlinalie + llnallv Il L)-

The control on the remaining term |ej|y is obtained by means of the weakened inf-sup
inequality (2.21):

ai(eq, vn) 12
calenly < sup ————= + cslag(en, en) "
vpeXy ”vh”L

H
+ |eh lv]
—ag(ep, vi) — ar(ep!, vp) — bplef, vl — a(nn, vi)
< sup
vy €Xp lvrllL
1/2 H
+eslagen, en)'? + lef v]

< clag(en, en)? + lef 1y + Innllv].

Hence, we have

cas(en, e’ + el 1y 4+ lmnllv) ImnllL

lenlviinallL <
< ylag(en, en) + Hlel 121+ ¢, [H Mnall2 + lnalviing L]

Finally we obtain
as(en, en) + Hlef' 17 < clH  Imull2 + Hlnall31.

The rest of the proof is evident. g

3. The full problem

In this section we return to the original problem (1.1). We shall treat this situation as a
perturbation of the previous one. We shall think of the operator D as a (possibly degenerate)
elliptic second-order differential operator.

3.1 The abstract framework

In addition to the two Hilbert spaces, L and V, already defined, we introduce a new
Hilbert space X that is dense and continuously embedded in L. Hereafter, we make the
identifications

VcL=LcV and XcL=L cX.

We introduce a continuous bilinear formd : X x X — R, and we assume that there
is a semi-norm | - |x in X such that d(u, v) < cgl|u|x|v|x for all # and v in X. In practice,
d can be a degenerate elliptic operator. We also assume that a + d is coercive with respect
to the semi-norm | - | x; that is,

YveVnNX |v|§( <as(v,v) +dy(v,v) =a(v,v) +d,v). 3.1
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We shall now consider the following problem:
For fe L,findueVNX, YveVNX a(u,v)+edu,v)=_(_fv), 3.2)

where € is a positive real number which may be arbitrarily small. Hereafter, we assume
that € is bounded from above by a constant; say € < 1/2. This hypothesis means only that
the problem has been properly normalized. The analysis of this problem is quite difficult
in general (see Bardos, 1970, for an introduction to this type of equations). One suitable
tool to treat this class of problem consists in the viscosity method (see Barles, 1994, for an
introduction to this method) but we shall not dwell on this matter. Actually, the hypotheses
assumed up to now are not sufficient to ensure that a solution exists, even if a + d is fully
X-coercive. We propose the following counterexample. Let 2 =]0, 1[> and consider the

following problem
Lo @ 1\ *ou o
U+ ——e—|lx—=z) —)=x ,
ox dy 2/ 0y

u=0, on {0}x]O0,1],
u=0, on ]1/2,1[x{0,1}.

Let
2 dv 2
V=3vels () P e L°(12), vioyx10,11 =0
and
v
X = {v e L2(2) ‘ H(x — %)5 e L2(2), vj1j211x(0.1) = o}.
For the bilinear forms a and d we have

ou
a(u,v) = uv +v—
0 0x

and
ou dv

1
d(u, v) /QH(x 2)8y oy
It is clear that a + d is X-coercive, hence uniqueness is ensured, but it can be quite easily
shown that the problem considered has no solutionin X N V.
To guarantee that problem (3.2) is well posed it would be sufficient to assume that X is
continuously embedded in V and a+-d is X-coercive, but we shall not make this hypothesis

for the time being. We shall only assume hereafter that problem (3.2) has a unique solution
inVnNX.

3.2 The discrete problem

Let Xy and X be two finite-dimensional subspaces of V N X. The two spaces Xj and
X g are assumed to satisfy the same hypotheses as in §2; namely, hypotheses (2.6), (2.7),
(2.8),(2.9), (2.10), and (2.11). Moreover, we assume that X}, satisfies the following inverse
inequality: there is w(H) > 0 such that

Yup € X lollx < wH) ™ opllL. (3.3
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REMARK 3.1 w(H) ~ H when d is associated with a second-order differential operator,
and w(H) ~ H? when d is associated with a fourth-order differential operator.

The discrete problem we consider hereafter consists in finding uj in X5, such that
Vo € Xy a(up, vp) + edup, vp) + by, o) = (f, o). (34
PROPOSITION 3.1 Problem (3.4) has a unique solution.

Proof. The proof is quite similar to that of Proposition 2.1. Let us prove an a priori bound
on uy. By using uy, as a test function in (3.4) we obtain

as(up, up) + eds(up, up) + Hlul 12 <1 flzlunlL
—1 H
el fllnte; luf ly + luwllv).

An a priori bound on |lug ||y is provided by the discrete inf-sup condition (2.7).

a(um, on)
calluglly < sup ———
onex, lonllL

f—a@f, ép) — by, ¢f') — edup, dn)

< sup
oneXn lpnllL
H H |n|x
< Wfle + llall lluy v + colluy, o + €calunlx sup
dnexy 1onllL

—1 —
<IFle + et al luf s + cpeelluf Iy + ecapn(H) ™ unlx
< fllL +elluf ly + e (H) ™ uplx.

As a result, by substituting this bound into the previous inequality and by using the
inequality (3.1) we obtain

elunly + Hluf 12 <ol + luf s + e (H) ™ uplx),

<elf2(1+ 5%+ —< )+ Lyutp 4 S
=L 2H " 2u(H)2) T 2 M e T Al

from which we infer

Nl Nlp + Numlly < c(H, u(H) flL

This a priori bound (uniform in €) proves uniqueness of the solution to problem (3.4);
since X}, is finite-dimensional, this bound also proves existence. O

3.3 Error analysis
The main result of this section consists in the following.

THEOREM 3.1 The discrete solution of (3.4) satisfies

as —up, u —up)'? + Plu —uylx <c inf [HY?u—wgylv
wHEXH

+e 2w —wyllx +cH V2 u —wyllL], (3.5)
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lu —uplly <ce inf [llu—wylly +€ZH 2 lu—upylx
wyeXy

+ 1 H M — wyllL], (3.6)

where we have set k = 1 + €'/2H/2 1 (H)~!.

Proof. We proceed as in the proof of Theorem 2.2. Let wy be an arbitrary element in X g,
and letus set ny, = u — wy and e, = wy — uy,.

The equation that controls ej, is obtained by subtracting (3.4) from (3.2) with the test
functions spanning Xj:

Yo, € X, alen, vy) + ed(en, vp) + bp(ef , vf') = —a(n, vi) — ed(, vi),

where we have used u,’f = —ef , since X g is invariant under the projection Py and Py is
linear.

By taking e;, as a test function and by using the coercivity properties (2.10) and (3.1)
we obtain

(1 — €)as(en, en) + €lenls + Hllef 17 < —a(nn, en) — ed(np, en). 3.7

Now, we have to control the right-hand side of the inequality above. First, we find a bound
by proceeding as follows.

—a(p, en) — ed(p, en) < alen, ny) — 2ag(ep, np) + €calnnlxlenlx
1
< llall llexllviinnlle + vas(en, en) + ;as(nh, nn) + celnnlxlenlx

< lall llenllv lnnllz + vas(en, en) + yelenlk
2
+eylmnllvilnnlle + ¢, €lnnly.

By choosing y = (1 — €)/2, one obtains

as(en, en) + €lenly + Hllef 7 < cllenllv InnllL
+ Ul linelly + €lnnl%). (3.8)

The control on |leg ||y is provided by the discrete inf-sup condition (2.7),

aen, dn)
calleglly < sup ———,

onex, lonlL
—a(nn, ¢n) — alep!, ¢n) — €d(en, vi) — ed (i, vi) — bi(ef! . f1)

< su s
" prexs R
|n | x
< llalllmnlly + llef lv) + cpllef b + ecallenlx + Innlx) sup ,
onexy 1oL

<c(lmnlly + enH) Y nulx + el + e (H)enlx).
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The triangle inequality together with (2.11) yields |lexlly < c(llegllyv + ||e£1||b). By
substituting this bound into the inequality (3.8) we have

as(en, en) + €len|x + Hlle 17 < cmnllznnlly + €lnnlx + €)™ nnllzinalx)
+¢ Imu iz (lef Iy + 1 (H) " elenlx)

which finally yields
as(en, en) +€llenly + Hllef 17 < cllnalli (H™' + en(H)™?)

+H|Ina % + €lnnl%].

The final result is a consequence of this inequality together with the definition 4 — u;, =
en + np, and the a priori bound on |ley ||y provided by the discrete inf-sup condition. [

EXAMPLE 3.1 Let us assume that u, the solution of (3.2), is in W, and

: k+1
inf lu —uplly +H(u—unlly +llu—unlx) < cH ullw.
wygeXy

Assume also that u(H) ~ H and € = O(H) (which is the case of interest in practice).
These hypotheses are satisfied if problem (3.2) corresponds to a second-order PDE and
finite elements are used. Then

as(u —up,u—up)+e?lu—uylx + H*u —uylv < cw)yH1/2,
This bound is optimal in the norm of V.

The case H = O(€) can be treated without relying on the discrete inf-sup condition if
we assume that X is continuously embedded in V.

THEOREM 3.2 Assume that X is continuously embeddedin V, | - |x ~ || - ||x and H ~
w(H). The solution of problem (3.4) satisfies

asu —up, u —up)'? + 2 u —upllx <c inf [HV?|u—wyllL
wygeXy
+H" 2w —wylly + €2 lu —wylx]. (3.9)
lu —uplly <c inf [H 'u—wylr + lu—wyllx] (3.10)
wHeEXy

Proof. Assume first that ¢ < H. By proceeding exactly as in the proof of Theorem 3.1,
we obtain

as(en, en) +ellenll% + Hllel 12 < clln |l (H™" +eH™) + Hlnul3 + €lnnlk]
< c[H Ynnll2 + Hlnull3 + €lnnl%].
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Now assume that H < €. By proceeding as in the proof of Theorem 3.1 we obtain

alep, np) — 2as(ep, np) — ed(Mp, ep)
lall lenllviinglle + yas(en, en) + cyas(n, nn) + ecallnnlixllenllx

as(en, en) + €llenllk <
<
< yas(en, en) + clllenllx (lnnllz + €linnllx) + ¢y lnnllviingllc]
<
<

vas(en, en) + vellenll + cyle Hinnll? + ellnnllx]
yas(en, en) + vellenll% + cy [H nnll3 + ellnnll%]-

By choosing y = 1/2, this bounds yields
as(en, en)"? + € lepllx < clH Y nulie + €2 lmnlix].

The estimate (3.9) is an easy consequence of this bound and the previous one.
Now, let us prove the estimate (3.10). Assume first that ¢ << H. The discrete inf-sup
condition (2.7) yields

lenllv < clllmnlly +€H  nallix + lef s + € H lenllx).
As aresult,

< Hlenll},

< c[Hmlly + H nnllx + Hlleg |15+ 2 H ™ leal%]
< c[Hmally + €llmalk + Hllef 15 + €llenllX]
<
<

=TS

max (e, H)|len |l

clH Ynnl2 + Hllnul? + ellnnl]
cmax(e, H)[H 2 Inal + llnal%]-

This bound yields
lenlly < clH ™ malle + Inallx].
Now, let us assume H < ¢,

< cellenlk

< cH  Imnll? + elmnli%k]

SY4 Nuily ~ €lMnlly

< emax(e, H)[H 2 |nall2 + lnnll% ]

2
max(€, H)llen|ly

From this bound we obtain again

lelly < cLH ™ mallL + llnallx]-
The proof is complete. 0

REMARK 3.2 Note that the bound (3.10) is uniform with respect to €. As claimed in the
introduction, this result is obtained without having to tune a stabilizing coefficient with
respect to € as in the Galerkin least square method.
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4. Approximation on nonuniform meshes

The main drawback of the theory presented in §2 and §3 is that it relies on the inverse
inequality (2.9). In finite element frameworks, this property is true provided the mesh
underlying the approximation is quasi-uniform (see e.g. Girault & Raviart, 1986, p 103).
This constraint may be too strong for practical purposes since it a priori excludes local
refinement and mesh adaptation. The goal of this section is to generalize §2 and §3 to the
case of nonuniform meshes by using a local version of (2.9).

4.1 The model problem

Our model problem is of the same type as (3.2); however, we sharpen slightly the
hypotheses as follows.

We assume that a € £(V x L;R) and a is monotone. Furthermore, we assume the
following decomposition a = ag+a; where the bilinear forms ag and a; have the following
continuity properties:

2w, (4.1)
ar(v, w) < crlvlyllwlz, 4.2)

ap(v, w) < coas (v, v)

where | - |y is a semi-norm in V such that
dc >0, YVveV lvllv < clas(v, v)l/2 + [v|y). 4.3)

The bilinear form d is in £(X x X; R) and satisfies the following properties: There are

¢ > 0, and a semi-norm | - |x such that
VoeX vk <a(,v)+d,v), 4.4)
Y, w) e X2 d(v, w) < clvlx|wlx. (4.5)

For the sake of simplicity we shall assume hereafter that X is continuously embedded
in V. The problem for which we want to build an approximate solution is: For f in L,

find u € X such that,

4.6)
a(u,v) +ed(u,v) =(f,v) Yv € X.

We shall assume hereafter that this problem has a unique solution.

4.2 The discrete setting

To approximate problem (4.6), we shall use Xy C X, C X two finite-dimensional
subspaces of X. We assume also that there are two sequences (7;);—1,. ) and
(H;)i=1,...,1(n) that satisfy the following properties:

For every subspace of L involved in the theory developed hereafter, say Y, and for
every semi-norm in Y that we shall use, say | - |y, we have

12
YoeY vy = (Z |v|§,ﬂ) . 4.7
i

.....
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We assume also that all the bilinear forms involved hereafter, say x € L(Y x Z), satisfy
the following property

V.0 eY xZ  x(y,2) =) xi(y,2). (4.8)

EXAMPLE 4.1 Ifa(v, w) = fQ vw + (BV v)w, with suitable assumptions on the vector
field B, we have L = L?(£2) and V = {v € L2(2) | BV v € L*(2), vjp- = 0}. Moreover,
by assuming that X y is a finite element space based on a triangulation (7;);=1,... ;) (T;
being tetrahedrons, hexahedrons, etc), we have |v|. 1. = ||v|lo,7;. Moreover,

ap,i (v, w)=/ vw, ayi(v, w)=f BVw,
T; T;

asi(v,w) = / (1 —div 8/2)vw +/ vw(Bn)/2,
T;

r+tnT;

12
vy, = (/ (,3-Vv)2> .
T

The approximation space X y satisfies the following local interpolation property: There
is W, a dense subspace of V, and there are k > 0 and ¢ > 0O such that, forallv e W

and

- k+1
VT; inf |v—wglen + Hlv—wylxn <cH Mvlwg. (4.9
wgeXy

Furthermore, we assume that there is a linear projection operator Py : X;, —> Xp that
satisfies the following local L-stability:

dc > 0, Y(H, h), Yv, € Xp, VT; lPaville,r, <cllupll,z- (4.10)

We shall hereafter denote X,If = (1 — Py)Xy, and for all vy in X} we set vy = Pgyuvy and

H
v, = v, —vp.

Concerning the bilinear forms a, we assume the following local continuity properties:

Vv, w) € V2, VT;  ao,; (v, w) < coas.i (v, )2 |wlL.7:, (4.11)
Vo,w) e VZ, VT; a1 (v, w) < cilvlv.rlwler, (4.12)

and
YoeV, VT;  |vllv.y < clasi(v,v)? + vly.1). (4.13)

We assume now that there is a subspace @{LIT)X 1 (T;) of X}, such that the bilinear form a;
and the couple (X g, X;,) satisfy the following local, discrete, inf-sup condition: there are
cq > 0, ¢cs > 0, independent of (H, &), such that

a,i(vy, on) 1/2
Y, € X, VT; sup  ———2" > culvmly.r — csas.i(up, o)

(4.14)
onexn@ Nénlle.n
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Since X is continuously embedded in V, we assume
dc > 0,Vv € X, VT; vlv,r; < clvlx,T. 4.15)

Moreover, the finite-dimensional space X, is assumed to satisfy the following inverse
stability property:

Yo € Xi, YT;  lualv,gy + lonlx,, < cH M onlle, g (4.16)

REMARK 4.1 In practice, this hypothesis means that, in terms of PDEs, X and V are
domains of first-order differential operators: think of X = HOI(Q) and V = {v €
L2(2) | BV v € L2(2), vjp- = 0}

Now we introduce the stabilizing bilinear form bj,, and we assume that it satisfies the
following properties:

by vy > H w2
vl wll) e X1, vT; wii v ) 2 Hilvi by 4.17)
bpi (v, wi') < cpHilv) p, 1 |wi) b, 13

and the semi-norm | - | is such that there are two constants ¢,; > 0 and ¢,» > 0 such that
Vol e i VT calvllva < 1ofl o < coH ofl e, (4.18)
Owing to (4.10), (4.17), and (4.18) we infer
LEMMA 4.1 There is ¢, > 0 such that
V(H, h), Yol € X[, VT; sup b vy i) < epllvf lip, ;- (4.19)
wpeXp(T)  NwrllL,T

The discrete problem consists in the following:

{Find uy in Xy, such that (4.20)

a(up, vp) + €d(up, vp) + by il v = (fiv))  You € X,

4.3 The error analysis
The main convergence result of this section is summarized as follows:

THEOREM 4.1 The discrete solution to (4.20) satisfies the bounds:

as —wp,u—up)'? + e Plu—uplx <c| inf Y [HMu—wnli g,
wHeXH i i

2 2 /2
+Hillu = wal g, + elu—walk 1]

421

172
[Zmax(m,e)m—uhﬁvjl gc[ inf Zmax(Hi,e)[Hi_zﬂu—wylli’Ti

wyeX -
1 H Hl

5 1/2
= wilg] 4.22)
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Proof. By using the same notation as in Theorem 2.2, the equation that controls ej, is
obtained by subtracting (4.20) from (4.6) with the test functions spanning Xp:

Yo, € X, alen, vy) + ed(en, vp) + bp(ef , vy = —a(n, vi) — ed(m, vi),

where we have used uf = —efl{.

By taking ej, as a test function and by using the coercivity properties (4.17) and (4.4)
we obtain

(1= €)as(en en) + €Y _lenlx g, + Y _ Hilef [ 7, < ai(en, n) + aolen, m)
i i
—2ag(en, nn) — €d(nn, en).
We derive bounds from above for the last three terms of the right-hand side as follows:

ao(en, mn) < cas(en, en)*MlnnllL

X
2
<vaglen.en) + ¢y Y llmall7 1,
i

—2ag(en, nn) < yas(en, en) + cyas(mn, Mi)
<vasen.en) + ¢y Y llallv.z; Imlle.z.
i

—ed (. en) < c ) €lmnlx.zlenlx.7
i
2 2
<y Y elenlkr oy Y elmlkr-
i i

By inserting these bounds into the inequality above, we obtain

2 H |2
as(en, en) +€ Y _ lenlx 7, + Y Hilef! |5 7, < cai(en, na)
i i

e Y [Imllvrlles + el |
i

(4.23)
To control the remaining term, aj (e, n;,), we proceed as follows:

ai(en, m) <c Y lenlv.zlImall.m,

1

<c Y lenlxglmlers +¢ D lenlv.rmalle.r

{ile=H;} {ile<H;}
2 —1 2
Sy Z 6|€h|X,7}+CV Z H,' ”ml”L,T,-
{ile=H;) {ile=H;)

+c Y lenlv.r L.z
{ile<H;}
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The most critical term is |ey |y, 7; for T; such that € < H;. This term is controlled by means
of the local discrete inf-sup inequality.

ayi(em, vp) 172
calemlvr, < sup  —— " 4 csai(en, en)"

wexnT lvnllL,m

—ag i (en, vi) — ari(ef, vy) — €di(en, vi) — bpi(el , vil)

< sup
vneXn(Ti) lvrllL,z;
—a;(Mp, vp) — €di(Mp, vi)
+ sup ; + csay,i(en, en)'?
wneXn(T) lvnllL,z;

12 -1 H
< clay,i(en, en)'* + H 'elenlx.7, + lef o7,

_1
+nnllv,r, + H €ellnalx, 11

Hence, we have

12 g1 H
S denlvrlimllen <c Y lagiCenen)'’> + H elenlx.r; + lef b1,
{ile<H;} {ile<H;}

-1
+nellv,r, + H ellmnllx,m Mnnlle,
2 H 2
<y Y lasi(en en) +€lenlk.r, + lef'13.7,]
i

toy Y [H e lmllE g+ H il g
{ile<H;}

2
Hlnllv.z Il + elmlk. 7]
2 H 2
<y Y lagilen en) +€lenl 1, + lef 17 7,]
i

+ey Y T mlE g + Hilloally 7, + €llnalk 7,
{ile<H;}

Finally we obtain
-1
ag(en. en) + €lenly + Y _ Hilef! [57, <c > _H nnllZ 7, + Hillmally 1,
i i

+ellmnlx. 1.

from which we infer a bound on a(u — up, u — up)V/* + 61/2|u —uplx.
To obtain an error estimate in the semi-norm | - |y let us recall that, if ¢ < H;, the
discrete inf-sup condition provides us with the bound

2 2 H 2
max(H;, 6)|eH|V,T,v < c[H;ag i (en, en) + €|€h|xji + H,-|eh |b,T,~

+Hi||77h||%/,T,- + €||’7h”%(,Ti]’

whereas if € > H; we can use

2 2
max(H;, €)lenly 1, < celenly -
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By combining these two bounds we obtain
2 -1 2 2 2
> max(Hi. €)lenly 7, < ¢ Y _[H 'l + Hillml3, 7, + €llnalx 1]
i i

<c Y max(H;. )[H > |mnllf 7. + llnal%. 7]

]
The proof is complete. g

COROLLARY 4.1 If u is in W, the following error estimates hold:

1

1/2
as(u — up, u —up)'? + € u —uplx <c [Z(H}k“ + eHiZk)||u||%V’Tij| (4.24)

l 1

1/2 12
[Z max(H;, €)|u — uhI%,’Ti:| <c [Z max(H;, G)Hi2k||u||%4,,Tl_:| . (425)

REMARK 4.2 The error estimate in the V norm is quasi-optimal.

5. Examples
5.1 Preliminaries

Let 2 be an open bounded connected subset of R?. Having in mind general second-order
PDEs dominated by a linear first-order differential operator, we consider a sequence of d
matrices (Ak)kzl’d such that A¥ : 2 — M,,(R), where m is a strictly positive integer.
We set B = (AL, ..., A9) and for a smooth function u : 2 — R™, we conventionally
denote by 8-V u the function 8V u : {2 — R™ such that

d m
8 .
I<i<m  (BVu; =3 ) ALY

ij
P B BERRY

For a smooth function v : 2 — R™, we define v- (BV u) = Y 7", v;(BV u);, and we set

the notation |u|; g = [ f oBVu) - (BV u)]l/ 2 We are now concerned with bilinear forms
involving terms of the following type |, V- (BVu).

EXAMPLE 5.1 Let us consider the scalar advection problem in 2 C R?

pu+p-Vu=f
ur- =0,

where we assume y — %div,B > o >0.Wesetm =1,

Ak =g forl <k<d,
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ap(u, v) = (uu, v)g o, and ay(u, v) = (B - Ve, v)o, . Furthermore, we define
L=1%*),
V={vel*®)|BVvel’ (), vr- =0},
and [u]y = |uly,g. Itis clear that hypotheses (2.18), (2.19), (2.20), and (2.21) are satisfied.
EXAMPLE 5.2 Consider the following Darcy problem in £2 C R?.
u+Vp=f
divu =g
p‘p =0.

This problem can be put within the framework defined above by setting m = d + 1 and

Al =0, if1<i<m—1, 1<j<m—1,
A{f}.:(si,k, ifl<i<m—1, j=m,
Al =8jk.  ifi=m, I<j<m—1,
Al =0, if i = m, j=m,

where §;  is the Kronecker symbol. Let us also set ag((u, p), (v,q)) = (u, v)o, and
ai((u, p), (v,q)) = (q,divu)o o + (Vp,v)o. 2. It is clear that, owing to the definition
of the generalized vector field 8, we have a;((u, p), (v,q)) = (B - V(u, p), (v, q))o.n-
Furthermore, we define

L=120)" x L2,
V ={veL?(®) |divv € L2(2)} x H)(2),
and |(u, p)|v = |(u, p)|1,p. A simple computation yields

[, p)lv = (Idivull§ o + [VpIIG o).

It is clear that hypotheses (2.18), (2.19), (2.20), and (2.21) are satisfied. For instance,
hypothesis (2.20) is a simple consequence of the relation a;((u, p), (u, p)) =
ao((u, p), (u, p)) = ||u||g (- together with the definition of the semi-norm | - |y and the
Poincaré inequality for the pressure.

EXAMPLE 5.3 Let £2 C R? and consider the simplified Maxwell equations in {2:

E+VxB=Ff
B—VXE =g
E xnp=0.

To put this problem in our classification, we set

Al =0, if1<i<3, 1<j<3,
A = i3k if1<i<3 4<j<6,
Al = —€i3ju  iT4<i<6, 1<) <3,
Ak =0, if4<i<6,4<j<6,
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where €; ; « is the Lévy—Chivita tensor. By denoting u = (E, B), it is clear that 8-V u =
(—rot B, rot E). We introduce the Hilbert spaces
2 3 2 3
L=L"(2) xL“(),
V={EecLX(2) |VxE e L2(2)’, Exnp =0} x{BeL2() | VxB e LX)},

and we consider the following bilinear forma : V x L — R such that

a(u,v) = / u-v+v-(BVu). 6.1
N

We have the natural decomposition a = ag + a; with ag((E, B), (e, b)) = (E, e)o.2 +
(B, b)o,» and a1 ((E, B), (e, b)) = fQ(e, b)-(BV(E, B)). A simple computation shows
that |(E, B)|y = (||V><E||a9 + ||V><B||§‘Q)1/2. The hypotheses (2.18), (2.19), (2.20),
and (2.21) are simple consequence of the relation

as((E, B), (E, B)) = ao(E, B), (E, B)) = | E|l§ o + | BI o,

together with the definition of the semi-norm | - |y.

5.2 Py and P, interpolations

We describe in this section four admissible discrete settings. For the sake of simplicity,
we assume hereafter that 2 is a R?-polyhedron and 7 is a regular triangulation of {2
composed of affine simplexes, (Ty). The reference simplex is denoted by T and Fy :
Ty —> T is the one-to-one affine mapping that maps Ty onto T.

P/bubble interpolation

To build a P interpolation space we define Xz as follows
Xy ={vg € H'(D)™ | vuyr, € P1(Ty)", YTy € Ty). (5.2)

To build a simple subgrid space X }f’ we proceed as follows. Let ¥ be in HO1 (T) with

0< 1@ <1, 1/} is hereafter referred to as the bubple function (cf. e.g. Arnold et al., 1984, or
Crouzeix & Raviart, 1973). By denoting ¥, = ¥ (Fp), we define X{ (Ty) = [span(yy)]™"
for all Ty in 7y, and we set

Xi =@, Xf (Ty). (5.3)

The couple (X, Xp) is hereafter referred to as the P;/bubble approximation space.

Py/bubble interpolation

Another possibility that we shall also consider consists in defining Xz as being the P,
finite element space (conformal in H L(2)y™) associated with the triangulation 7y :

Xy = {vg € H'(D)™ | viyr, € Pa(Ty)", YTy € Ty). (5.4)
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> D
B> [>[>

FIG. 1. Four examples of finite elements; (left) resolved scale finite element; (right) subgrid scale finite element.
From top to bottom: P{/bubble finite element; P;/bubble finite element; two-level P; finite element; two-level P»
finite element.

To build the subgrid scale space we introduce 1/}1, ey 1/}d+1, a family of d + 1 linearly
independent, real-valued functions in HOI(T). Let aj,...,aq+1 be the nodes of the

reference simplex T.Let R; ; be the symmetry of T such that R; (@) =ajand R;j(ay) = ay
if I ¢ {i, j}. Now, we assume that the functions (g@,-),-zl,___,dﬂ satisfy the following
symmetry properties

pow = 55
Vi(Rj1) =i, ifi & {j,1}.
We denote v, = @i(FH) for 1 < i < d + 1, we set Xf(TH) =
[span(y¥1 ;... » Ya+1,,)]™, and we finally define
XH = @7, XH(Ty). (5.6)

The couple (X g, Xj) is referred to as the [P>/bubble approximation space.

Two-level Py interpolation

The two settings described above are not really two-level approximation spaces since X g
and X }:1 are defined on the same mesh; in some sense, for these two cases h = H. We
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propose now an alternative approach that is valid in 2D (though it can can be extended to
3D). From each triangle Ty € 7y, we create 4 new triangles by connecting the middle of
the 3 edges of Ty. Let us put & = H/2 and denote by 7, the resulting new triangulation.
For each macro-triangle Ty we denote by P the set of continuous functions on Ty that are
piecewise [P; on each sub triangle of Ty and vanish at the three vertices of 7. Now we
set

X = (fl e H'()" | vjly, € P". VT € Ty). (5.7
It is clear that X has the following simple characterisation:
Xn = {on € H' (D" | vy, € Pr(T)", YTy € Ty} (5.8)

We shall call the couple (X, Xj) the two-level P; approximation.

Two-level P, interpolation

Now we build the P; extension of the two-level P setting. We again set 7 = H /2, and we
denote by 7 the triangulation that is obtained by dividing each triangle of 7y into four
sub-triangles. For each triangle 7;, we denote by V1, {2, ¥r3 the three P> nodal functions
associated with the middle of each edge of 7;,. We define the subgrid scale space by

Xi = {vi! € H'()™ | viiy, € span(y, Y2, ¥3)™, VT € T} (5.9)
X, has the following simple characterization:
X = {vw € H' (D)™ | vnyz, € P2(Ty)™, VT, € Tp}. (5.10)

The couple (Xpy, Xp) is called the two-level P, approximation. The finite elements
associated with the four settings defined above are shown in Fig. 1.

The inf-sup condition

It is shown in Guermond (1999a) that for the four P; and IP; interpolation spaces defined
above, the decomposition X, = Xyg®X ,IZ'I is L2-stable. Furthermore, to localize the inf-sup
condition (2.7), we introduce new definitions. For the P /bubble and IP>/bubble frameworks
we set W(Ty) = Ty and Y, (Tyg) = X }Il{ (Ty). For the other two-level settings, we set
W(Ty) =Ty € Ty | Ty N Ty # @} and Y3 (Tu) = {vw € Xy | supp(vy) C W(Th)}. By
reasoning as in Guermond (1999a), the following results can be proved:

LEMMA 5.1 If B is piecewise constant on each simplex Ty of 7y, there is cg >0
independent of (H, h), such that

fWT vy - (BVug)
Vup € Xg, VTg sup (L) Zcglugligway.  (G.11)
v €Yy(Ty) lvallo,w (T)
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1

FIG. 2. Two two-level meshes used for tests: left, # &~ 1/10, and right, 1 ~ 1/20.

COROLLARY 5.1 If B is in C1(£2; M,,(R)), there are cg > 0 and ¢s > 0, both
independent of (H, h), such that

fW(TH)(,B'VuH)Uh
Vuy € Xp, VTy sup 2 cglupg,g,wy) — csllumllo,wTy)-
wevy Ty Nvnllo,w )

(5.12)

REMARK 5.1 Note that for the three model problems considered, the four finite element
frameworks presented above satisfy all the hypotheses of §4. Hence, the present
formulation allows for solving the Maxwell-like problem a(u, v) = (f, v) with P; or
P, finite elements in a quasi-optimal way.

5.3 Example 1: an advection equation

To illustrate the method proposed in this paper we apply it to the following 2D problem

dyu = —8mrsin(8ry)  in 2 =10, 1[?
uy=0 =1,

where u = cos(8my) is the exact solution. We tested the two-level P; and two-level P,
frameworks described above. Owing to Lemma 5.1, it is clear that the theory developed in
this paper applies. The artificial viscosity is introduced by means of the bilinear form

bh(vf, wf) =¢p Z meas(Th)l/2/ va . wa.
Theﬁl T

To give an idea of the coarseness of the meshes that we use, we have plotted them
in Fig. 2. The P, calculations are performed on the coarse mesh on the left (H =~ 1/5,
h ~ 1/10), whereas the P calculations are performed on the mesh on the right (H =~ 1/10,
h ~ 1/20).

The results of the P; approximation are plotted in Fig. 3 and those of the P>
approximation are plotted in Fig. 4. In both cases, isovalue contours are shown at the top
of the figure and the projection of the solution in the plane x = 0 is shown at the bottom. It
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FI1G.3. 2D advection equation: dyu(x,y) = —8m sin(8ry); P; approximation with & ~ 1/20. Isovalue of

solution (top) and projection of solution on plane x = 0 (bottom). Left, Galerkin solution; centre, two-level
stabilized IP| solution; right, P interpolate of exact solution.

is clear that the Galerkin solution is plagued by spurious oscillations in both cases whereas
the stabilized solution behaves correctly. Note that these tests are quite demanding since
for the P; approximation A/H =~ 5 and for the P, approximation A/H =~ 2.5, where
A = 0-25 is the wavelength of the solution. In both cases the stabilizing parameter ¢ of
the subgrid viscosity is set to 0-1.

5.4 Example 2: an advection—diffusion equation

To further illustrate the method, we apply it to the following 2D advection—diffusion
problem:

dyu—vVu=0  in 2 =]0, 1[?
Uly=0 = 0, Uly=] = 0;

where u = (exp(y/v) — 1)/(exp(1/v) — 1) is the exact solution with v = 0-002. The two-
level mesh that we use is composed of 952 elements and 517 nodes and the mesh size 4 is
of order 1/20. This mesh is depicted in Fig. 5(top left). A 3D rendering of the P; Galerkin
solution is plotted in Fig. 5(top centre). The projection of this solution in the plane x = 0
is shown in Fig. 5(top right). Spurious numerical wiggles are clearly apparent throughout
the domain. The projection in the plane x = 0 of the PP; interpolate of the exact solution is
plotted in Fig. 5(bottom right).

The subgrid stabilized solution is shown in Fig. 5(bottom left). As expected, all the
spurious wiggles have been smoothed out except in the region of the boundary layer where
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FIG. 4. 2D advection equation: dyu(x, y) = 87 sin(87y); P approximation with & ~ 1/10. Isovalue of solution
(top) and projection of solution on plane x = 0 (bottom). Left, Galerkin solution; centre, P{ interpolate of

two-level stabilized P, solution; right, Py interpolate of exact solution.
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FI1G. 5. Boundary layer problem: dyu — 0-002V2y = 0. Top left, finite element mesh; top centre, 3D rendering
of Galerkin solution; top right, projection on plane x = 0 of Galerkin solution; bottom left, projection on plane
x = 0 of subgrid viscosity solution; bottom centre, projection on plane x = 0 of subgrid viscosity solution +
shock capturing; bottom right, projection on plane x = 0 of Py interpolate of exact solution.
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FIG. 6. The Biirgers problem: udy (u) — W2y = 0. Top, projection in plane x = 0 of P} approximation with
h ~ 1/50 and H = 1/25; bottom, P, approximation with 7 ~ 1/25 and H = 2/25. Left, Galerkin solution;
centre, two-level stabilized solution; right, two-level stabilized solution 4 two-level shock capturing.

the solution is rough. The remaining localized oscillations are linked to Gibbs’ phenomena
as explained in Maday et al. (1993). To eliminate these unwelcome modes, we introduce a
subgrid shock capturing form as follows:

H 1/2 H
cn(up, v, wy) = ¢sc y  meas(Ti)"/ / i 1(Vvn - Vwp).
TneTy Ty

Recall that u }f’ = (1 — Ppg) is the subgrid scale (i.e. the fluctuating part) of u. In practice
we solve the following non linear problem:

Find uy, in X}, such that

a(up, vp) + bp(up’, v + cpnuf up, vn) = (fivn) Vo € X,
Given that the non-linearity is very mild, this problem is easily solved by means of a very
crude fixed point algorithm. The projection in the plane x = O of the solution to this prob-

lem is shown in Fig. 5(bottom centre). The effectiveness of the proposed shock capturing
technique is clear. The boundary layer is captured in one element by using c;. = 1.

5.5 Example 3: the Biirgers equation

To further compare the effects of the proposed subgrid stabilization and those of the subgrid
shock capturing technique we propose solving the Biirgers problem:

uayu—vvzu:O in 2 =10, 1[x[—1, 1

Up=—1=—1, wup=1=1 up=0=1upy=1.
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For the viscosity we set v = 1074 We test the two-level P; and P, approximation
techniques. For the [P; solution we use a mesh with 4 = 1/50, H = 1/25 and for the
P, solution we use a mesh with 7 = 1/25, H = 2/25, so that in the x-direction we have
101 nodes on both fine meshes.

We have plotted the projection in the plane x = 0 of the graph of the solution in
Fig. 6. The three figures at the top are for the P; approximation and those at the bottom
are for the [P, approximation. The Galerkin solution is on the left. For both finite elements,
the solution oscillates widely throughout the domain. The stabilized solution is shown in
the centre. Some overshoots and undershoots are still present in the vicinity of the shock.
These remaining oscillations are symptoms of Gibbs’ phenomena. Note that except near
the shock, all the spurious oscillations have disappeared. The results of the combination
of the subgrid stabilization and the shock capturing techniques are shown on the top right
and bottom (¢, = 0-1 and ¢z, = 2). The solution is very satisfactory considering the quite
coarse mesh that is used.

6. Concluding remarks

A subgrid stabilization technique has been analysed in a quite general framework. It has
been proved to yield quasi-optimal error estimates for a problem without coercivity. The
effectiveness of the method has been illustrated by means of numerical examples. A shock
capturing technique based on the subgrid scales of the solution has been proposed. It has
been shown to be numerically efficient, though its mathematical analysis remains to be
done. Hopefully, the combination of the two techniques proposed herein may contribute to
the justification of Large eddy simulation models that are popular in CFD.

Although some of the ideas on which the subgrid stabilization is based stem from the
framework of residual free bubbles, the connection between the present theory and the
RFB theory is not clear to the author (see Baiocchi et al., 1993; Brezzi et al., 1992, 1997,
for details on RFB). It seems, however, that there are major differences between the two
approaches:

(i) The subgrid scale space X ;f is composed of problem-independent shape functions,
whereas in the RFB theory these functions are problem dependent, and ‘the
computation of [these functions] could be as difficult as the original problem’
(Franca & Russo, 1996).

(ii) The RFB theory relies heavily on static condensation. Although for the Pj/bubble
and P,/bubble frameworks the subgrid scales can be eliminated by static
condensation, this procedure is not feasible for the two-level Py and P, finite
elements.

(iii)) To the author’s knowledge, the RFB analysis never refers to the inf-sup
condition (2.7). This condition is the keystone of the present theory and seems to
be new.

(iv) As the present theory only requires a to be continuous and monotone, it can be
quite readily extended to approximating linear contraction semi-groups of class
C? without relying on the discontinuous Galerkin technique as will be shown in
a forthcoming paper.
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