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Chapter 1

Galerkin Approximations

1.1 A simple example

In this section we introduce the idea of Galerkin approximations by consid-
ering a simple 1-d boundary value problem. Let u be the solution of

—u"+u=f in (0,1)
{ w(0) = u(1) = 0 (1.1)

and suppose that we want to find a computable approximation to u (of
course, it is not very interesting to solve this problem approximately but
the ideas we are going to introduce are quite general and can be applied in
many situations as we are going to see later on).

Multiplying equation (1.1) by a test function and integrating by parts
we obtain the weak formulation of (1.1)

1 1
/ (u'v' + wv) dz = / fode Yo € H}(0,1) (1.2)
0 0
where H{ (0, 1) is the Sobolev space
H}(0,1) = {v € L*(0,1) : v’ € L*(0,1) and,v(0) = v(1) = 0}

If u is regular (for example with two continuous derivatives) then prob-
lems (1.1) and (1.2) are equivalent. We can use (1.2) in order to define an
approximation to u. We are going to construct polygonal approximations
to u. With this purpose let us introduce a uniform partition of the domain



(0,1) into N + 1 subintervals (z;,2j41) with
__J
N +1

xj for j=0,...,N+1
and consider the space Vjy of polygonal functions vanishing at the boundary
of (0,1), i.e.,

Vn={veC’: vl is linear and v(0) = v(1) = 0}

T5,%541)

where C° denotes the space of continuous functions.

Observe that, VN, Vi is a subspace of H}(0,1) and that Viy has finite
dimension. Indeed, a polygonal function v € Vi is uniquely determined by
its values at the finite number of points z1,...,xxN.

We define the Galerkin approximation uy € Vi to u by imposing (1.2)
but only for functions v € Vi, i.e., uny € Vi is such that:

1 1
/ (U0 + unv) dz = / fodz YveVy (1.3)
0 0

We are going to see that there is a unique uy satisfying (1.3) and more-
over, since Vy is finite dimensional, that it can be computed by solving a
linear system of equations. Indeed, given a basis ¢; of Vi, for example, the
usual Lagrange basis defined by ¢;(x;) = 0;; for 4,5 =1,..., N, uy can be
written as,

N
uy =» Uj¢; U €R (1.4)
j=1
Note that with this choice of basis we have U; = un(x;). Now, since any

v € Vy is a linear combination of the ¢; it is easy to see that (1.3) is
equivalent to

1 1
/(u?vqﬁ%—l—u]vqﬁk)da::/ fopdr for k=1,...,N (1.5)
0 0

and using (1.4) we have

U 1
;Uj/o (¢j¢k+¢j¢k)dx:/0 fopdr for k=1,....N

Therefore, we can find U = (U;) € RY (and then uy) by solving the
linear system of equations



AU =F
where A = (ax;) € RV with ag; = [y (¢}, + ¢j¢r) dv and F € RY with
Fy = [ forda.
An easy computation shows that A is the tridiagonal symmetric matrix
such that
2 2 1 h
ajj = 7 + gh and Ajj—1 = Qjj+1 = _E + 6
Therefore, the system of equations to be solved is

]_1+1UJ U]+1+% j_1+%Uj+%Uj+1:Fj for j:1,...,N
where we define Uy = Uy4q = 0.

In particular the matrix A is invertible and moreover, it is positive def-
inite (a property that is inherited from the coercivity of the bilinear form
associated with the differential equation). Consequently, there is a unique
solution U and therefore the Galerkin approximation uy is well defined.

Note that dividing by h we obtain a finite difference scheme for problem
(1.1), ie.,

j=t +f2l,§]] U]—H + éUj_l + %UJ + éUj-Fl = %FJ for j = 1, - ,N
where u”(z;) is approximated by a standard centered difference scheme and,
u(z;) and f(z;) are replaced by averages. Therefore, in this particular
case, the Galerkin approximation is related with a known finite difference
approximation.

For any N we have defined the Galerkin approximation uy € Vy to u
and one would expect that uy will converge to u when N — oo because any
continuous function can be approximated by polygonals with an increasing
number of nodes. In other words, one would expect that the Galerkin ap-
proximations converge to u whenever the family of spaces Vi approximates
u in the following sense:

d(u,Vy) = inf d(u,v) -0 when N — oo

veVn

where d(u,v) = ||u—wv| is the distance measured in some appropriate norm.
In the next section we are going to see that this is true in a general context.



1.2 The general case

In this section we define and analyze the convergence of Galerkin approx-
imations of a general problem given by a bilinear form in a Hilbert space.
Let V' be a Hilbert space and let a(., .) and L be continuous bilinear and
linear forms respectively defined on V. We want to find a computable ap-
proximation to the solution w € V' of the problem

a(u,v) = (L,v) YveV (1.6)

where (., .) denotes the duality product between V' and V. Below we will
recall general conditions on the form a which ensure the existence of a unique
solution u, which in particular, applies to the very important class of the
coercive forms.

Definition 1.2.1 We say that a is coercive on V if there exists a constant
a > 0 such that
a(u,u) > allul|} YueV (1.7)

Examples of problems like (1.6) are given by the variational formulation
of differential equations.

Example 1.2.1 Scalar linear elliptic equations of second order.

— =1 a%i(@ij(%) =f i QCR"
u=0 on 00
where the coefficients a;; = a;j(x) are bounded functions and there exist
v > 0 such that

n

VIEP < D a&é; Yz eQ VEER? (1.8)

ij=1
This problem can be written as (1.6) with

V:Hé(Q):{’UEIP(Q):%ELQ(Q) for j=1,....,n and ,v =0 on 0N}
J

which is a Hilbert space with the norm

[oll g = [lvlle> + [VollL2



and a and L defined by

Z/ ou c%
Pt} Y0 5 8333

and

(L,v>:/ﬂfvd:v

By using the ellipticity condition (1.8), the boundedness of the coeffi-
cients and the Poincaré inequality (see for example [8]) it can be seen that
the form a is coercive and continuous. The linear form L is continuous if
we assume, for example, that f € L.

Example 1.2.2 The linear elasticity equations.
If we consider, for simplicity, homogeneous Dirichlet conditions, the
equations are

—pAu— A+ p)Vdivu =f  in Q C R3
u=0 on 09
where u and X\ are positive constants (the Lamé elasticity parameters). Now
the unknown u and the right hand side f are vector functions. The weak
formulation of this problem can be written as (1.6) with V. = H} ()3 and,

a(u,v) = /{Q;LEZ-J(U)EZ-J-(V) + Adivudivv} dx
Q

where 19 9
Vi (]

In this case, it can be seen that the bilinear form a is coercive by using
the Korn’s inequality (see for example [15])

The continuity and coercivity of the form imply the existence of a unique
solution of (1.6) (this result is known as Lax-Milgram theorem, see [8,
34]). As we are going to see, these conditions also imply the convergence
of Galerkin approximations (of course, provided that they are defined on
“good” approximation spaces). However, there are important examples



(such as the Stokes equations) in which the associated bilinear form is not
coercive but it satisfies a weaker condition known as “the inf-sup condition”.
This condition also ensures the existence of a unique solution of (1.6), and
in fact it is also necessary (actually, if the form is not symmetric it has
to satisfy two inf-sup conditions). We will recall this fundamental theorem
below and in the next section we will analyze the convergence of Galerkin
approximations for this kind of bilinear forms.

Definition 1.2.2 We say that the bilinear form a satisfies the inf-sup con-
ditions on V' if there exists a > 0 such that

and

Remark 1.2.1

sup L8 > Gl Ve v (1.9)
vev [lvllv
sup L% > oy Vo eV (1.10)
ueV HUHV

Clearly, if a is symmetric both conditions are the same.

Remark 1.2.2 Note that condition (1.9) (and analogously (1.10)) can be

written as

inf sup a(u,v) >0

ueV veV m

which justifies the usual terminology.

Remark 1.2.3 If a is coercive it satisfies the inf-sup conditions. In fact,

sup a(u,v) > a(u,u) > allully
vev vllv [Jullv




Remark 1.2.4 The inf-sup condition can be written in terms of the linear
operators A and its adjoint A* associated with a,

AV =V and A*:V =V’
defined by
(Au, v)yrwy = a(u,v) and (u, A*v)yyxyr = a(u,v)
In fact, (1.9) and (1.10) are equivalent to
|Aully: > af|ully  YueV (1.11)

and
|A 0|y > af|v|ly YveV (1.12)

Remark 1.2.5 For example, when V = IR"™ the coercivity of a means that
the associated matriz A is positive definite while the inf-sup condition means
that A is invertible.

In the next theorem we will use the following well known result of functional
analysis (see [8, 34]). For W C V we define W% C V' by

Wo={LeV':(L,v)=0, YvoeW}

then,
(KerA)? = TmA* (1.13)

and
(KerA*)? = TmA (1.14)

Theorem 1.2.1 The continuous bilinear form a satisfies the inf-sup condi-
tions (1.9) and (1.10) if and only if the operator A is bijective (i.e., problem
(1.6) has a unique solution for any L and therefore, A has a continuous
inverse,i.e., ||ully < C||Lly).

Proof. Assume first that a satisfies the inf-sup conditions. It follows from
(1.11) that A is injective and from (1.12) that A* is injective. So, in view



of (1.14) the proof concludes if we show that I'mA is closed. Suppose that
Auy, — w then, it follows from (1.11) that

| A — um)|lv > oty — umllv

and therefore {u,} is a Cauchy sequence and so convergent to some u € V
and, by continuity of A, w = Au € ImA.

Conversely, if A is bijective, then A* is bijective too and therefore both
have a continuous inverse (see [8, 34]) and so (1.9) and (1.10) hold. O

Now we introduce the Galerkin approximations to the solution of prob-
lem (1.6). Assume that we have a family Vjy of finite dimensional subspaces
of V. Then, the Galerkin approximation uy € Vi is defined by

a(un,v) = (L,v) VoveVy (1.15)

In order to have uy well defined we need to ask some condition on the
form a. From the Theorem above we know that uy satisfying (1.15) exists
and is unique if and only if a satisfies the inf-sup conditions on V. In
particular, the Galerkin approximations are well defined for coercive forms.
At this point, it is important to remark a fundamental difference between
coercive forms on V and forms which satisfy the inf-sup on V but are not
coercive:

If a is coercive on V', then, it is also coercive on any subspace, and in partic-
ular on Viy and the Galerkin approximation uy is well defined. Instead, the
inf-sup condition on V is not inherited by subspaces, and so, when the form
is not coercive, the inf-sup (or something equivalent!) has to be verified on
Vi in order to have uy well defined. We will come back to this point when
we analyze the convergence of Galerkin approximations.

1.3 Convergence for the case of coercive forms

Assume now that the form a is continuous and coercive. We will call M the
continuity constant, i.e.,

a(u,v) < Mullv|vl]ly Yu,v eV (1.16)

A natural question is whether limy_,oo uy = u provided the spaces Vi
are chosen in an appropriate way. Clearly, if the Galerkin approximations



converge to u we have that

d(u, V) = Uigr%/fN |lu—v|ly =0 when N — oo (1.17)

therefore, (1.17) is a natural property to ask on the subspaces (it means
that they approximate u), and we would like to know if it is also a sufficient
condition for convergence. The answer is yes and it follows from the following
Lemma (known as Cea’s lemma).

Lemma 1.3.1 If a is continuous and coercive then,

M
— < = inf —
Ju—unlly < = inf flu—vlly

Proof. Subtracting (1.15) from (1.6) we have the error equation
alu—un,v) =0 VYoveVy (1.18)
Now, using (1.18), (1.16) and (1.7) we have that for any v € Vy
allu—uy|]? < alu—un,u—uy) = alu—uy,u—v) < M|u—uy|yv|u—2|v
and therefore
M
Ju—unll < 2 u— ol o eV

and the lemma is proved. O

The lemma says that the Galerkin approximation uy is like the best
approximation in Vi to u up to a constant depending only on the form a
(i.e., independent of the subspaces). In particular we have the following
convergence result.

Theorem 1.3.2 If a is continuous and coercive and the spaces Vi are such
that (1.17) holds then limy_,oo uy = u

Remark 1.3.1 In the particular case in which the form a is symmetric,
it defines a scalar product on the space V' which is equivalent to the orig-
inal one and, (1.18) shows that the Galerkin approximation uy is exactly
the orthogonal projection of u onto Vi with the scalar product given by a.
Therefore, it is the best approximation in the norm corresponding to that
scalar product. In particular, it is easy to see that in this case, the constant

% in the estimate of Lemma 1.3.1 can be replaced by \/%



1.4 Convergence for forms satisfying the inf-sup
condition

Suppose now that the form a is not coercive but it satisfies the inf-sup
conditions (1.9) and (1.10) on V. Then, we know that problem (1.6) has a
unique solution u € V and, as before, we are interested in the convergence
of its Galerkin approximations. As we mentioned in Section 1.2, the inf-sup
condition is not inherited by subspaces (note that the sup will be taken in a
smaller set). Therefore, in order to have the Galerkin approximations well
defined we have to assume (and in concrete cases it has to be proved!) that
a satisfies the inf-sup condition also on Vy, i.e., that there exists § > 0 such

that
a(u,v)

sup > Bllully Yu € Vi (1.19)

veEVN HUHV
Note that, since Vv is finite dimensional the second inf-sup condition follows
from this one.

In order to prove convergence, we will also ask that the constant 3 be
independent of N. Under this assumption we have the following generaliza-
tion of Cea’s lemma due to Babuska [2] and, as a consequence, a convergence
result which generalizes Theorem 1.3.2 for this case.

Lemma 1.4.1 If the form a is continuous and satisfies the inf-sup condition
(1.19) then,

M. .
lu—unlly < (14 =) inf flu—vlv
veVN

i particular, if B is independent of N, the constant in this error estimate
1s independent of N.

Proof. Take v € V. From (1.19) and the error equation (1.18) we have,
a(v —uyn,w) a(v — u,w)

Bllv —unlly < sup = sup

- < Mo — ully
wevy  wlv wevy  llwllv

and the proof concludes by using the triangle inequality.O
As an immediate consequence we have the following convergence result,

Theorem 1.4.2 Ifa is continuous and satisfies the inf-sup condition (1.19)
with B independent of N, and the spaces Viy are such that (1.17) holds then,

lim uy =u
N—oo

10



Remark 1.4.1 Condition (1.19) is a “stability condition”, indeed, it says
that the solution is bounded by the right hand side, i.e., ||lun|yv < %HLHV’
and this estimate is valid uniformly in N if 3 is independent of N. There-
fore, the Theorem above can be thought of as the finite element version of
the classical Lax Theorem for Finite Differences which states that stability
plus consistency implies convergence. In the case we are considering here
the consistency follows from the fact that Vi is a subspace of V. It is possi-
ble to construct approximations on spaces Viy which are not contained in V'
and in that case, the consistency has to be verified. In the Finite Element
context this kind of methods are called “non conforming” (we will not treat
them here, we refer for example to [14]).

11



Chapter 2

Finite element spaces,
interpolation and error
estimates

In this chapter we apply the results obtained above to the numerical solu-
tion of elliptic boundary value problems. Among the most important and
widely used Galerkin approximations are those based on spaces of piecewise
polynomial functions. Let Q € IR™ (with n = 2 or 3) be a polygonal (or
polyhedral) domain and u be the solution of the elliptic equation of Example
1.2.1 of Section 1.2. As we have seen in that section, u is the solution of
a problem like (1.6) with a coercive form a (Indeed, all what we are going
to say applies to Example (1.2.2) (the elasticity equations)). Therefore, the
convergence result of Theorem 1.3.2 applies to this problem and the question
is how to construct good approximation subspaces (i.e., such that they sat-
isfy (1.17)) Viy of V = H}(Q) (the space where the exact solution belongs).
The Finite Element Method provides a systematic way of constructing this
kind of subspaces. The domain 2 is divided into a finite number of subsets
(or elements) in an appropriate way to be specified below and the approx-
imation to wu is such that restricted to each element it is a polynomial of a
certain class. A simple example is the one given for 1-d problems in the first
section. We are going to see some classical examples of finite element spaces
in 2 dimensions (for extensions to 3-d we refer to [14]).

12



2.1 Triangular elements of order £

Assume that we have a triangulation 7 = {T'} of Q € IR?, i.e., Q = UperT.
The triangulation is admissible if the intersection of two triangles is either
empty, or a vertex, or a common side, and from now on, all the triangulations
considered are assumed to be admissible. Given a natural number k we
associate with 7 the space V¥(T) of continuous piecewise polynomials of
degree k, i.e.,

VHT)={vel’Q):vjr e P, VT €T}

where Py, denotes the space of polynomials of degree k (i.e., p € P &
p(T1,72) = Do<itj<k GijTiTs).

It is not difficult to see that V*(7) is a subspace of H'(Q). Therefore,
the subset VJ(7T) C V¥(T) of functions vanishing at the boundary 9Q is
a subspace of H}(f). Therefore, we can define the finite element approxi-
mation ur € VJF(T) to the exact solution u as its Galerkin approximation,
ie.,

a(ur,v) = (L,v) Yo e VHT)

where a and L are the forms associated with the differential equation (see
Example 1.2.1). Since a is continuous and coercive we can apply Lemma
1.3.1 to obtain that there exists a constant C' > 0, depending only on the
differential equation and the domain €2 (indeed, it will depend on the bounds
for the coefficients, on the ellipticity constant and on the domain via the
constant in the Poincaré inequality), such that

lu—ur|gr <C inf |lu—ov|m (2.1)
veEVE(T)

In order to have convergence we need a family of spaces satisfying (1.17).
There are two natural ways of defining finite element spaces with this prop-
erty: changing the triangulation making the size of the elements go to zero
or increasing the degree k of the polynomials. Here, we restrict our analysis
to the first strategy, known as the “h version” of the Finite Element Method.
For the other method, known as “p version” (where p is what here we call
k) we refer to [4].

As is standard in the finite element literature we introduce the parameter
h, which measures the size of the triangulation. Assume that for A — 0 we
have a family of triangulations 7, of €2 such that, if we denote by hr the

13



diameter of T' then, h = maxrecr, hr. Let pr be the inner diameter of T’
(i.e., the diameter of the largest ball contained in 7). We say that the family
of triangulations {7} is regular if there exists a constant o > 0 such that
hr
— <o VT €7, Vh (2.2)
PT
Associated with 7;, we have the FE space VJ*(7}) that, to simplify nota-
tion, we will denote by V}, (we drop the k since it is fixed). Analogously we
set up = ug;, for the FE approximation to u.
With these notations, estimate (2.1) reads as follows,

llu—up|lgr < C inf |Ju —v| g (2.3)
veV,

So, in order to prove convergence of uy to u we need to verify property
(1.17) (of course with N — oo replaced by h — 0). It is enough to show that
there are good approximations to u from V3. A usual and natural way of
doing this is by means of Lagrange interpolation. On each triangle, a set of
nodes Pi,..., Py, (with m = dimPy) for which the Lagrange interpolation
is well defined can be given. In other words, these interpolation nodes are
such that for any continuous function u there is a unique u! € P}, such that
uw(P;) = u!(P;) for i = 1,...,m. Moreover, these interpolation nodes can be
chosen such that the global interpolation II,u, defined to agree with u! in
each triangle, is continuous (note that it is enough to have k + 1 nodes on
each side of the triangle). Figure 2.1 below shows the usual interpolation
nodes for kK = 1,2 and 3 on a reference triangle (for a general one the nodes
are obtained by an affine transformation of this triangle). It is not difficult
to see what may be the nodes for any k (see [14]).

The following error estimates for Lagrange interpolation are known (see
[14, 7]).

Theorem 2.1.1 There exists a constant C > 0 depending on the degree k
and the constant o in (2.2) but independent of u and hp such that

lu — Hpull g2y < ChlfrHHDkHUHL?(T)
Ju — Mpul| gy < CREIID* | g oy

for any triangle T and any v € H*(T), where D*tlu denotes the tensor
of all derivatives of order k+ 1 of u.

14



Figure 2.1: Interpolation points for degrees k = 1,2 and 3

Adding the estimates of the theorem over all the triangles of a partition
{7} we obtain the following global error estimates for the interpolation
€ITor.

Corollary 2.1.2 If the family of triangulations {7y} is regular then, there
exists a constant C' > 0 independent of h and u such that

Ju — pul| 20y < CRMHH | DF | 2
lu — Tpul 1) < CRFID* |12

for any u € H*1(Q).

Remark 2.1.1 The regularity assumption (2.2) can be relaxed. For exam-
ple, in 2-d it can be replaced by a mazximum angle condition (see for ezample
[5, 25] and also [18, 26, 31] where results for the 3-d case are obtained).

2.2 Error estimates for the finite element approx-
imation

Corollary 2.1.2 together with (2.3) yields the following error estimate for the
finite element approximation of degree k to wu.

15



Theorem 2.2.1 If the solution w € H*TY(Q) and the family of triangula-
tions {1} is regular, then there exists a constant C > 0 independent of h
and u such that

Ju—up|l gy < CHFIDM ) 12(q)

Theorem 2.2.1 gives an error estimate provided the exact solution is in
the Sobolev space H**1(Q) (i.e., the solution is regular enough). Unfortu-
nately, this is not true in general. Let us consider k = 1 (linear elements), in
this case the theorem says that the error in H'-norm is of order h whenever
the solution is in H?(Q2). For example, for the Laplace equation

—Au=f in Q
{ u=0 on 0N (2.4)

this can be proved if the polygonal domain is convex and, moreover, in this
case, the following a priori estimate holds (see [24]),

lull 2y < Cllfllz2(o) (2.5)

and consequently we have an error estimate depending only on the right
hand side f, i.e., there exists a constant C' > 0 such that

v = unll o) < Chl fllz2

(note that we use the letter C' as a generic constant, not necessarily the same
at each ocurrence, but always independent of i and the functions involved).

When the polygonal domain is not convex the solution is not in general
in H?(£2) due to the presence of corner singularities (see [24]) and the error
is not of order h. By using more general estimates for the interpolation
error and a priori estimates for u in fractional order Sobolev spaces it can
be shown that the error is bounded by a constant times A" where 0 < n < 1
depends on the maximum interior angle of the domain. On the other hand,
when the solution has singularities one has to work in practice with locally
refined meshes and so, the local mesh size hr will be very different from one
region to another. Therefore, it is reasonable to look at the error in terms
of a parameter different than h, for example the number N of nodes in the
mesh (see [24] for some results in this direction).

16



On the other hand, for kK > 1 and polygonal domain §2 the solution is
not in general in H*+1(Q) (even if Q is convex!) and therefore the order of
convergence is less than k. The estimate given by Theorem 2.2.1 for k > 1
is of interest for the case of a domain with a smooth boundary (where, of
course, the triangulation would not cover exactly the domain and so we
would have to analyze the error introduced by this fact (see for example
[32]). In this case, the a priori estimate (2.5) can be generalized (see [1, 22])
for any k (provided 052 is C*°) and an estimate in terms of f can be obtained
for the error, showing in particular that the optimal order k is obtained in
the H'-norm, whenever f is in H*~1.

Theorem 2.2.1 gives in particular an error estimate for the L?-norm.
However, in view of Corollary 2.1.2 a natural question is whether the error
for the finite element approximation is also of order k41 for regular solutions.
The following theorem shows that the answer is positive provided 2 is a
convex polygon (or has a smooth boundary). The proof is based on a duality
argument due to Aubin and Nitsche (see [14]) and the a priori estimate (2.5),
and is in fact very general and has been applied to many situations although,
for the sake of simplicity, we consider here the model problem (2.4).

Theorem 2.2.2 IfQ is a convex polygon, the solution u € H*1(Q) and the
family of triangulations {7} is reqular, then there exists a constant C > 0
independent of h and u such that

Ju = upl 20y < CRMTHIDM | 12(q)

Proof. Set e = u — uy, and let ¢ be the solution of the problem

—Ap=e in Q
{ =0 on 0N (2:6)

Then, using the error equation (1.18) and the estimate for the interpolation
error in H' given by Theorem 2.1.2 we have

lellia) = [ e(=20) = [ Vevo = [ Vev(o - e)

<|[VellLz@ V(¢ — Hnd)| 12(0) < Chlldl g2 Vel L2

and using the a priori estimate (2.5) we obtain

17



lellL2) < Chl[Vell 2o
which, together with Theorem 2.2.1 concludes the proof.O

2.3 Quadrilateral elements

The results obtained in the previous section apply to other finite element
spaces. We consider here the case of piecewise polynomials on partitions
made of quadrilaterals. First, assume that the elements are rectangles. For
a given k the natural space of polynomials on a rectangular element is that
of polynomials of degree k in each variable.

For example, consider the case £ = 1. In order to have continuity be-
tween neighboring rectangles the value at a vertex has to be the same for
any element sharing that vertex. Therefore, we need a space of, at least,
dimension 4 (note that dimP; = 3 and so it is not an adequate space for
rectangles). The appropriate space is that of bilinear functions, i.e., poly-
nomials of the form

p(x1,x2) = a+ bxy + cxy + drixs

For a general value of k we define

O ={peC:iplanz)= Y ajriz}

0<i,j<k

Note that Qy is the tensor product of the spaces of polynomials of degree k
in each variable (a property that is useful for computational purposes).

Observe that dim Qj, = (k + 1)? and so, in order to define the Lagrange
interpolation nodes for Qj we can take (k + 1)? equidistributed points in
the rectangle. Figure 2.2 shows the interpolation nodes for £k = 1 and 2.
Since, on each side there are k+ 1 nodes, the Lagrange interpolation will be
continuous from one element to another.

The error estimates for the Lagrange interpolation given for triangular
elements are valid in this case. Indeed, a general proof of Theorem 2.1.2
can be given which is based on the fact that the interpolation is exact for
polynomials in Py, plus approximation properties of Pk, namely, the so
called Bramble-Hilbert lemma (see [14]). So, the important point here is
that P, C Q.

Consequently, all the convergence results obtained for triangular ele-
ments (Theorems 2.2.1 and 2.2.2) hold for rectangular partitions also.
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Figure 2.2: Interpolation points for £k = 1 and 2

©

Figure 2.3: Interpolation points for Serendipity elements of order k = 2

The space Qp can be reduced to a subspace Q};Ed preserving the same
convergence properties provided Py, C szzd and that there are enough nodes
left on the boundary in order to ensure continuity. To give an example, we
consider k¥ = 2. In this case, one can eliminate the term corresponding
to 2223 and the interior node. So, dim Q;*® = 8 and the interpolation
nodes can be taken as those in Figure 2.3. This kind of spaces are called
Serendipity elements (see [14] for the general case). Observe that in this
way, we reduce the size of the algebraic problem and so the computational
cost, still providing the same order of convergence (in fact Theorems 2.2.1
and 2.2.2 hold also in this case).

More generally, we can consider partitions including non rectangular
quadrilaterals. Let us analyze the case k = 1. A general quadrilateral
can be obtained by a bilinear transformation of a reference rectangle K
with vertices Pj j=1,...,4, ie., given a quadrilateral K with vertices
Pj, j =1,...,4 we can find a transformation F = (Fy, F3) such that

] A A
FeQ, j=12FP)=P;, j=1,....4and F(K) =K.
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Using F we can define the space on K by transforming Q; in the following
way:

le{pECO:poFEQl}

Note that Oy is not a space of polynomials. However, for computational
purposes one can work on the reference element via the transformation F'.
The convergence results are also valid in this case.

The space Q; is an example of the so called isoparametric finite elements
(note that the transformation F has the same form as the interpolation func-
tions on the reference element). Higher order isoparametric finite elements
would produce curved boundaries. For example, if we transform a triangle
using a quadratic F we will obtain a “curved side” triangle. So, this kind
of elements are useful to approximate curved boundaries (see [14] for more
examples and a general analysis).
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Chapter 3

Mixed finite elements

Finite element methods in which two spaces are used to approximate two dif-
ferent variables receive the general denomination of mixed methods. In some
cases, the second variable is introduced in the formulation of the problem
because of its physical interest and it is usually related with some derivatives
of the original variable. This is the case, for example, in the elasticity equa-
tions, where the stress can be introduced to be approximated at the same
time as the displacement. In other cases there are two natural independent
variables and so, the mixed formulation is the natural one. This is the case
of the Stokes equations, where the two variables are the velocity and the
pressure.

The mathematical analysis and applications of mixed finite element meth-
ods have been widely developed since the seventies. A general analysis for
this kind of methods was first developed by Brezzi [9]. We also have to
mention the papers by Babuska [3] and by Crouzeix and Raviart [16] which,
although for particular problems, introduced some of the fundamental ideas
for the analysis of mixed methods. We also refer the reader to [21, 20], where
general results were obtained, and to the books [13, 30, 23].

In this chapter we analyze first the mixed approximation of second order
elliptic problems and afterwards we introduce the general abstract setting for
mixed formulations and prove general existence and approximation results.
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3.1 Mixed approximation of second order elliptic
problems

In this section we analyze the mixed approximation of the scalar second
order elliptic problem

{ —div(aVp)=f inQ (3.1)

p=0 on 9N

where  C IR" n = 2,3 is a polygonal (or polyhedral) domain and a = a(z)
is a function bounded by above and below by positive constants (we take
this problem to simplify notation but all what we are going to see applies
to the case in which a is a matrix like in Example 1.2.1).

In many applications the variable of interest is

u=—-aVp

and then, it could be desirable to use a mixed finite element method which
approximates u and p simultaneously. With this purpose the problem (3.1)
is decomposed into a first order system as follows:

u+aVp=0 in
divu=f inQ (3.2)
p=0 on 0N

Writing pu = ﬁ the first equation in (3.2) reads
pa+Vp=0 in Q

therefore, multiplying by test functions and integrating by parts we obtain
the following weak formulation of problem (3.2) appropriate for mixed finite
element methods,

(3.3)

Jopruvde — [opdivvde =0 Vv e H(div,Q)
Jogdivudz = [, fgdz Vg e L*(Q)

where

H(div,Q) = {v € L*(Q)" : divv € L*(Q)}

is the Hilbert space with the norm
IVl 2 (@iv,0) = [IVIIL2(@) + ldiv v L2(q)
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Observe that the weak formulation (3.3) involves the divergence of the
solution and test functions but not arbitrary first derivatives. This fact
allows us to work on the space H(div,(2) instead of the smaller H'(Q)"
and this will be important for the finite element approximation because
piecewise polynomials vector functions do not need to have both components
continuous to be in H(div, ), but only their normal component.

Problem (3.3) can be written as problem (1.6) on the space H(div, Q) x
L?(2) with the symmetric bilinear form

cl(up).(ve) = |

uuvda:—/pdivvd:c—/qdivud:c
Q Q Q

and the linear form

L((v.0)) = = [ fada
Indeed, (u,p) € H(div,Q) x L?(Q) is the solution of (3.3) if and only if
c((u,p), (v,q)) = L((v,q)) ¥(v,q) € H(div,Q) x L*()

(taking (v,0) and (0, ¢) we recover the two equations (3.3)).

Therefore, we can define Galerkin approximations to (u,p) using the
general method described in Chapter 1. The bilinear form c is not coercive
but it can be shown that it satisfies the inf-sup condition (1.9) (and so (1.10)
since it is symmetric) and therefore we can apply the results of Chapter 1.
Problem (3.3) corresponds to the optimality conditions of a saddle point
problem. In the next section we will analyze this kind of problems in an
abstract setting to find sufficient conditions for the form c to satisfy the
inf-sup condition (both continuous and discrete).

However, the problem considered in this section has some particular
properties which allow to simplify the analysis and to obtain better results
than those provided by the general theory. We will follow the analysis of [17]
(see also [19] where a similar analysis is applied to obtain error estimates in
other norms).

In order to define finite element approximations to the solution (u,p)
of (3.3) we need to have finite element subspaces of H(div,§)) and L?(€2).
Using the notation of Chapter 2 we assume that we have a family 7}, of {2 and
so we have to construct piecewise polynomials spaces V}, and @)}, associated
with 7}, such that

Vi C H(div,Q) and Qp C L*(Q)
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The general theory will show us, in particular, that in order to have
stability (and so convergence) V3, and @, can not be chosen arbitrarily but
they have to be related. For the problem considered here several choices of
spaces have been introduced for 2 and 3 dimensional problems and we will
recall some of them in the next sections.

Now, we give an error analysis assuming some properties on the spaces
that, as we will see, are verified in many cases.

The mixed finite element approximation (up,pp) € Vi, X @Qp, is defined
by

Jorupvde — [opp divvdr =0 Vv eV, (3.4)
Joqdivuy dz = [, fqdx Vg € Qp ’

We assume that the finite element spaces satisfy the following properties:

div Vi, = Qp, (3.5)
and that there exists an operator ITj : H'(Q)" — V}, such that

/ diviu —Tpu)g=0 VYue HY(Q)" , YgeQy (3.6)
Q

Introducing the L2-projection P, : L*(f)) — Qj, properties (3.5) and
(3.6) can be sumarized in the following commutative diagram,

Hor 4 12q)
Iy | | 2
Vi @, —0
Before starting with the error analysis let us see that under these con-
ditions on the spaces, the discrete solution exists and is unique. Since this
is a finite dimensional problem it is enough to show uniqueness. So, assume
that

Jorupvde — [oppdivvdr =0 Vv eV,
Joqdivu,de =0 Vg€ Qy

then, since div V), C @y, we can take ¢ = divuy, in the second equation to
conclude that divuy, = 0 and taking v = uy in the first equation we obtain
uy, = 0. Therefore, [,ppdivvdz =0 Vv € V). But divV}, O Q) and so,
taking v € V}, such that divv = p, we obtain that p, = 0.
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The following theorem gives an estimate that will provide convergence
with optimal order error estimates in the concrete examples.

Theorem 3.1.1 If the spaces Vi, and Qy, are such that properties (3.5) and
(3.6) hold, then there exists a constant C' > 0 depending only on the bounds
of the coefficient a of the differential equation such that

[u—unllz2(0) < Cllu—Txul| 2 (g

Proof. Subtracting (3.4) from (3.3) we obtain the error equations

/ uwlu—up)vdr — / (p—pn)divvdr =0 Vv eV (3.7)
Q Q

and,
/ gdiv(u—up)der =0 Vg€ Qy (3.8)
Q

Using (3.6) and (3.8) we obtain
/quz'v (ITpu —up)dx =0 Vg € Qp
and, since (3.5) holds we can take ¢ = div (IIu — uy,) to conclude that
div (ITpu —up) =0
therefore, taking v = ITpu — uy, in (3.7) we obtain
/QM(U —uy)(Ipu —up)dz =0
and so,
I = ) a0y < lalle | p(Myu = w(Thu = wp) da

< lalloollloo [[(TTh v — W) [ 20y [ (TThw — wp) || L2 (@)

and the proof concludes by using the triangle inequality.O

In the next theorem we obtain error estimates for the scalar variable p.
For the case in which 2 is convex and the coefficient @ is smooth enough to
have the a priori estimate
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1Pl 2) < Cllfllz2 @) (3.9)

we also obtain a higher order error estimate for || P,p — pp||12(q) by using a
duality argument. For the proof of this result we will also assume that the
following estimates hold,

lg = Prallz2(0) < Ch2|lqll i) Vq € H*(Q) (3.10)
and,
IV =TVl 2y < ChllV]imi @) Vv e HY(RQ) (3.11)
In particular,
IThvl 2y < Cllvlia o) (3.12)

The first estimate will be true if the space of polynomials defining (), on each
element contains P;. Therefore, this hypothesis excludes only the lowest
order cases. The estimate for II;, holds in all the examples as we are going
to see.

The estimate for ||P.p — pnll2(q) given by this theorem is important
because it can be used to construct superconvergent approximations (i.e.,
approximations which converge at a higher order than pp) of p (see for
example [6]).

Theorem 3.1.2 If the spaces V}, and Qy, satisfy (3.5), (3.6) and 11, satisfies
(8.12) then, there exists a constant C' such that

1P = pull2) < C{llp — Prpllrzio) + [lu — pul| 20} (3.13)

If moreover, the equation (3.1) satisfies the a priori estimate (3.9), and
(8.11) and (3.10) hold, then, there exists a constant C' > 0 such that

1Pap — prllz2(q) < C{hllu — uplp2(q) + h2(|div(u — wp)|| 2y} (3.14)

Proof. First we observe that (3.6) together with (3.12) imply that for
any ¢ € Qy there exists vj € Vj, such that divvy, = ¢ and, ||va[[z2(q) <
Cllgllr2(0)- Indeed, take v € H'(2) such that divv = ¢. Such a v can be
obtained by solving the equation

Ap=¢q inB
=0 onodB
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where B is a ball containing §2 and taking v = V¢. Then, from the a priori
estimate (2.5) on B we know that |[v| 1) < Cllq|[r2(q)- Now, we take
v, = IIpv and it follows from (3.6) and (3.12) that it satisfies the required
conditions.

Now, from the error equation (3.7) and (3.5) we have

/ (Ppp — pp) divvdx = / (u—uy)vder
Q Q

and so, taking v € V}, such that divv = (Pyp — pp) and
IVliz2) < CI(Prp — pu)llz2(0)
we obtain
1(Prp = pr)l1Z2() < Cllu = unl 2oyl (Pap = p1) 2 (@)

which combined with Theorem 3.1.1 and the triangular inequality yields
(3.13).
In order to prove (3.14) we use a duality argument. Let ¢ be the solution

of

¢p=0 on 0f)
Using (3.6), (3.5), (3.7), (3.8), (3.10) and (3.11) we have,

{ div (aV¢) = Ppop —pp,  in

||Php—ph]|%2(9) = /Q(Php—ph)div (aVo)dr = /Q(Php—ph) div 1T, (aVe) dz

— [0~ ) divTIn(aV9) do = [ plu~ w)(In(aV) - aV6) do
Q Q

4 /Q (u—up) Ve dor — /Q p(u—up) (I (aV §) —aV ) da— /Q div (u—up)(d—Pro) dz

< Cllu — up|l 2 k|9 2 () + Clldiv (w — wp) | 220y b2 || 2 ()

where for the last inequality we have used that a is smooth (for example
C1). The proof concludes by using the a priori estimate (3.9). O
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3.2 Examples of mixed finite element spaces

There are several possible choices of spaces satisfying the conditions required
for the convergence results proved above. The main question is how to
construct Vj,, which has to be a subspace of H(div,(2), and the associated
operator II;. In this section we recall some of the known spaces V}, with the
corresponding @)p,. We refer the reader to the book [13] for a more complete
review of this kind of spaces as well as for other interesting applications of
them.

We consider the 2-d case and our first example are the Raviart-Thomas
spaces introduced in [29]. Consider first the case of triangular elements.
With the notation of Chapter 2 we assume that we have a regular family of
triangulations {73} of Q. Given an integer number k > 0 we define

RT,(T) = P} + (v1, 2)Px (3.15)

and

Vi = {v € H(div,Q) : v|p € RTW(T) VT € T;,} (3.16)

In the following lemma we give some elementary but very useful prop-
erties of the spaces RT(T). We denote with ¢; ¢ = 1,2, 3, the sides of a
triangle T" and with n; its corresponding exterior normal.

Lemma 3.2.1  a) dim RT(T) = (k+ 1)(k + 3)
b) If v€ RT(T) then, v -n; € Pr(4;) for i=1,2,3
¢) If v € RTy(T) is such that divv = 0 then, v € P?

Proof. Any v € RTy(T) can be written as

v=w+ () agei e, > agxial™) (3.17)
i+j=k i+j=k

with w € P2. Then, a) follows from the fact that dim P = (k + 2)(k + 1)
and that there are k + 1 coefficients a;; in the definition of v above.

Now, if a side is on a line of equation rx1 + sxo = t, its normal direction
is given by n = (r, s) and, if v = (w1 + 21w 4+ wg + xow) with wy, wy, w € Py
we have

v-n=rw; + swy + tw € Py
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Figure 3.1: Degrees of freedom for RTy and RT3y

Finally, if divv = 0 we take the divergence in the expression (3.17) and
conclude easily that a;; = 0 for all ¢, j and therefore ¢) holds.O
The approximation space for the scalar variable p is chosen as

Qn=1{qeL*(Q) :qlr €Pp: VT €Tp} (3.18)

Note that we do not require any continuity for ¢ € @, since this only
needs to be a subspace of L?(£2). With these definitions we see immediately
that div V, C Qp. The other inclusion, and thus (3.5), will be a consequence
of the existence of the operator II}, satisfying (3.6) as was shown in the proof
of Theorem 3.1.2.

In order to construct the operator II; we proceed as follows. First we
observe that a piecewise polynomial vector function will be in H(div, ()
if and only if it has continuous normal component (this can be verified
by applying the divergence theorem). Therefore, we can take the normal
components at (k+ 1) points on each side as degrees of freedom in order to
ensure continuity. Figure 3.1 shows the degrees of freedom for £ = 0 and
k = 1. The arrows indicate normal components values and the filled circle,
values of v (and so it corresponds to two degrees of freedom).

To define the operator IIj, : H'(Q)? — V},, the degrees of freedom are
taken as averages instead of point values, in order to satisfy condition (3.6).
This operator is defined locally in the following lemma.

Lemma 3.2.2 Given a triangle T and v € H'(T)? there exists a unique
II7v € RTi(T) such that

29



/ v -n;pgdl = / v nppdl Vpr € Pp(l;), i=1,2,3 (3.19)
fi Zi

and

/ v pr_1dr = / v pr_1dr Vpy_1 € Pi_, (3.20)
T T

Proof. The number of conditions defining IIpv, (k + 1)(k 4 3), equals the
dimension of RTy(T). Therefore, it is enough to verify uniqueness. So, take
v € RTy(T) such that

/ v-nppdl =0 Vpp € Pp(;), i=1,2,3 (3.21)

7

and
/ VvV pir_1dr =0 Vpip_1 € 'P;g_l (3.22)
T

From b) of Lemma 3.2.1 and (3.21) it follows that v -n; = 0. On the
other hand, using (3.21) and (3.22) we have

/(divv)2d:c = —/ v - V(divv) dx+/ v-ndivvdl =0
T T ar
because V(divv) € P?_, and divv|, € Px(¢;). Consequently divv = 0
which together with ¢) of Lemma 3.2.1 implies that there exists ¢ € Pyy1
such that v = curly = (—%, g—;ﬁ). But, since v - n; = 0, the tangential
derivatives of 1 vanish on the three sides. Therefore ¢ is constant on 0T
and, since it is defined up to a constant, we can take ¥» = 0 on 91" and then,
1) = bppk_o where by is a bubble function on T (i.e., a polynomial of degree
3 vanishing on 07") and py_2 € Pi_o.

Now, using again (3.22) we have that, for any p = (p1,p2) € P72,

- [ Oy op1 _ Op2
0_/Tcu7“l7,/} pdalc—/Tl/)(aac2 8x1)dx_ Tprk—2(8m2 8$1)dx

and taking p such that (g—;’; — %) = pr_o we conclude that pp_o = 0 and

then v = 0 as we wanted to see.O

In view of Lemma 3.2.2 we can define the operator I, : H*(Q)? — V},
by II,v|r = IIpv. Observe that II,v € V} because the degrees of freedom
defining Il enforce the continuity of the normal component between two
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neigbour elements. On the other hand it is easy to see that Il satisfies
the fundamental property (3.6). Indeed, by using (3.19) and(3.20) it follows
that for any v € HY(T)? and any ¢q € Py

/div(v—HTV)qda::—/(V—HTV)-qu:c+/ (v—-1IIzv)-ng=0
T T oT

In order to prove convergence by using the general results obtained in
Section 3.1, we need to analyze the approximation properties of the oper-
ator II;. The following lemma gives error estimates for v — II7v on each
T. We omit the proof, which uses general standard arguments for polyno-
mial preserving operators (see [14]). The main difference with the proof for
Lagrange interpolation is that here we have to use an appropriate transfor-
mation which preserves the degrees of freedom defining IIpv. It is known
as the Piola transform and is defined in the following way. Given the affine
map F which transform T into T we define for v € L2(T)?

1
J(&)
where ©z = F(z), DF is the Jacobian matrix of F' and, J = |det DF|. We
refer to [29, 33] for details.

v(z) = —— DF(2)%(2)

Lemma 3.2.3 There exists a constant C > 0 depending on the constant o
in (2.2) such that for any v € H™(T)? and 1 <m < k +1

v =zl L2y < Ch7 [ v]igm(ry (3.23)

Now we can apply the results of Section 3.1 together with (3.23) to obtain
the following error estimates for the mixed finite element approximation of
problem (3.1) obtained with the Raviart-Thomas space of order k.

Theorem 3.2.4 If the family of triangulations {7} is regular and u €
HM1(Q) and p € H*(Q), then the mized finite element approzimation
(up, pp) € Vi X Qp satisfies
lu = w2 < CR* | grss o (3.24)
and
lp — pall 2 () < ORIl s ) + Pl i o)} (3.25)
and when Q is conver, k > 1 and p € HF2(Q)

1Pup = prllr2) < CREP2{J[ul| grss oy + ol ey} (3.26)
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Proof. The result follows immediately from Theorems 3.1.1 and 3.1.2, (3.23)
and standard error estimates for the L? projection. O

The Raviart-Thomas spaces defined above were the first introduced for
the mixed approximation of second order elliptic problems. They were con-
structed in order to approximate both vector and scalar variables with the
same order. However, if one is most interested in the approximation of the
vector variable u one can try to use different order approximations for each
variable in order to reduce the degrees of freedom (thus, reducing the com-
putational cost) while preserving the same order of convergence for u as
the one provided by the RT} spaces. This is the main idea to define the
following spaces which were introduced by Brezzi, Douglas and Marini [12].
Although with this choice the order of convergence for p is reduced, estimate
(3.26) allows to improve it by a post processing of the computed solution
[12]. As for all the examples below, we will define the local spaces for each
variable. Clearly, the global spaces V}, and @}, are defined as in (3.16) and
(3.18) replacing RT}, and Py by the corresponding local spaces.

For k > 1 and T a triangle, the BDMj(T') is defined in the following
way:

BDM(T) = P} (3.27)

and the corresponding space for the scalar variable is Pj_1.

Observe that dim BDMy(T) = (k+1)(k+2). For example, dim BDM;(T) =
6 and dim BDM>(T') = 12. Figure 3.2 shows the degrees of freedom for these
two spaces. The arrows correspond to normal component degrees of freedom
while the circles indicate the internal degrees of freedom corresponding to
the second and third conditions in the definition of Il7 below.

The operator Il for this case is defined by the following degrees of
freedom:

/HTV-nikaw:/ v - n;pg df VpkePk(&-), 1=1,2,3
Zi ei

/ Hrv - Vpg_1dx = / V- Vpg_1dr Vpp_1 € Pr1
T T

and, when k > 2

/ v - curl bppg_o dz = / v - curl brpi_o dx Vpp_o € Pr_o
T T
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Figure 3.2: Degrees of freedom for BDM; and BD M,

The reader can check that all the conditions for convergence are satisfied
in this case. Property (3.6) follows from the definition of Iz and the proof
of its existence is similar to that of Lemma 3.2.2. Consequently, the general
analysis provides the same error estimate for u as that in Theorem 3.2.4
while for p the order of convergence is reduced in one with respect to the
estimate in that theorem, i.e.,

Ip = pull2@) < Chk{HuHHk(Q) + |2l erx o)

and the estimate for || P,p — pp||2(q) is the same as that in Theorem 3.2.4
with the restriction k > 2.

Several rectangular elements have been introduced for mixed approxi-
mations also. We recall some of them (and again refer to [13] for a more
complete review).

First we define the spaces introduced by Raviart and Thomas [29]. For
nonnegative integers j, k we call

kK m
Qpm ={a€C” 1 qla1,22) =D > agatad}
i=0 j=0
then, the RTy(R) space on a rectangle R is given by
RT\,(R) = Qpt1.k X Qi k1

and the space for the scalar variable is Q. It can be checked that dim RT(R) =
2(k+1)(k+2). Figure 3.3 shows the degrees of freedom for k = 0 and k = 1.
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Figure 3.3: Degrees of freedom for RTy and RT3y

Denoting with ¢;, i = 1,2, 3, 4 the four sides of R, the degrees of freedom
defining the operator Il for this case are

/ IIrv - n;pi dl = / V - 1Dk dl Vpr € Pk(&), 1=1,2,3,4
fi fi
and (for k > 1)

/RHTV cPpdr = /RV “Prpdr Vo € Qp_1k X Qk k-1

Our last example in the 2-d case are the spaces introduced by Brezzi,
Douglas and Marini on rectangular elements. They are defined for £ > 1 as

BDMp(R) = Pi + (curl (z"1y)) + (curl (xy™*))

and the associated scalar space is Pi_1. It is easy to see that dim BDMy(R) =
(k+1)(k +2) + 2. The degrees of freedom for k = 1 and k = 2 are shown
in Figure 3.4.

The operator Il is defined by

/ IIrv - n;p,dl = / v-nppdl Vpp € Pr(4;), i=1,2,3,4
l; £;
and (for k > 2)

/R MV - pps do = /R VP odz Wpj s € PL,
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Figure 3.4: Degrees of freedom for BDM; and BD M,

The RTj as well as the BDM;j spaces on rectangles have analogous
properties to those on triangles. Therefore the same error estimates obtained
for triangular elements are valid in both cases.

3-d extensions of the spaces defined above have been introduced by Ned-
elec [27, 28] and by Brezzi, Douglas, Durdn and Fortin [10]. For tetrahedral
elements the spaces are defined in an analogous way, although the construc-
tion of the operator Il requires a different analysis (we refer to [27] for the
extension of the RT}, spaces and to [28, 10] for the extension of the BDMj,
spaces). In the case of 3-d rectangular elements, the extensions of RT} are
again defined in an analogous way [27] and the extensions of BDMj, [10] can
be defined for a 3-d rectangle R by

BDDFy(R) = P + ({curl (0,0, 2y 121, i=0,...,k})
+{eurl (0, 2" yzt10), i=0,...,k})
+{eurl (Y 02,0,0), i=0,...,k})

All the convergence results obtain in 2-d can be extended for the 3-d spaces
mentioned here. Other families of spaces, in both 2 and 3 dimensions which
are intermediate between the RT and the BDM spaces were introduced and
analized by Brezzi, Douglas, Fortin and Marini [11].

3.3 The general abstract setting

The problem considered in the previous section is a particular case of a
general class of problems that we are going to analize in this section. Let V'
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and @ be two Hilbert spaces and suppose that a(, ) and b(, ) are continuous
bilinear forms on V' x V and V' x @ respectively, i.e.,

la(u, v)| < |lall[lullv[vllv  VueV,VveV
and

b(v, @)l < [bllllvllvliglle  YveV, Vqe@

We can introduce the continuous operators A : V — V', B: V — @’
and its adjoint B* : Q — V' defined by,
(Au,v)yrwy = a(u,v)
and
(Bv, q)q'xq = b(v,q) = (v, B*q)v v

Consider the following problem: given f € V' and g € @’ find (u,p) €
V x @ solution of

a(u,v) + b(v,p) = (f,v) Vo eV
{ b(u,q) = (9,9)  YqeQ (3.28)

which can also be written as

*, . /
{ Au+ B*'p=f in V (3.29)

Bu=g in Q'

This is a particular (but very important!) case of the general problem
(1.6) analyzed in Chapter 1. Indeed, equations (3.28) can be written as

c((u,p), (v,q)) = (f,v) +(9,9) V(v,q) €V xQ (3.30)

where ¢ is the continuous bilinear form on V' x @) defined by

c((u,p), (v, q)) = alu, v) + b(v, p) + b(u, q)

The form c is not coercive and so, in order to apply the theory one would
have to show that it satisfies the inf-sup conditions (1.9) and (1.10). We will
give sufficient conditions (indeed they are also necessary although we are
not going to prove it here, we refer to [13, 23]) on the forms a and b for
the existence and uniqueness of a solution of problem (3.28). Below, we
will also show that their discrete version ensures the stability condition (i.e.,
the inf-sup condition (1.9) for the bilinear form ¢) and therefore, optimal
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order error estimates for the Galerkin approximations. These results were
obtained by Brezzi [9] (see also [13] where more general results are proven).

Let us introduce W = KerB C V and for g € Q', W(g) = {v € V :
Bv = g}. Now, if (u,p) € V x @ is a solution of (3.28) then, it is easy to
see that u € W (g) is a solution of the following problem,

a(u,v) = (f,v) YveW (3.31)

We will find conditions under which problems (3.28) and (3.31) are equiv-
alent, in the sense that given a solution u € W (g) of (3.31), there exists a
unique p € @ such that (u,p) is a solution of (3.28).

Lemma 3.3.1 The following properties are equivalent:

a) There exists 3 > 0 such that

b
sup (v,q)

> Bllalle Vee@ (3.32)
vev vllv

b) B* is an isomorphism from Q onto W° and,
1B*qllv: = Bllalle  Vae@Q (3.33)

¢) B is an isomorphism from W+ onto Q' and,

IBollgr = Bllolly - Yo e W+ (3.34)

Proof. Assume that a) holds. Then, (3.33) is satisfied and so B* is
injective and I'mB* is a closed subspace of V' (this follows easily from (3.33)
as was shown in the proof of Theorem 1.2.1). Consequently, using (1.13) we
obtain that ImB* = W and therefore b) holds.

Now, we observe that W9 can be isometrically identified with (W)
Indeed, denoting with P+ : V — W the orthogonal projection, for any
g € (Wh) we define § € W% by § = go Pt and it is easy to check that
g — § is an isometric bijection from (W=) onto W and then, we can
identify these two spaces. Therefore b) and ¢) are equivalent.O

Corollary 3.3.2 If the form b satisfies (3.32) then, problems (3.28) and
(8.31) are equivalent, that is, there exists a unique solution of (3.28) if and
only if there exists a unique solution of (3.31).
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Proof. If (u,p) is a solution of (3.28) we know that u € W (g) and that it
is a solution of (3.31). It rests only to check that for a solution u € W(g) of
(3.31) there exists a unique p € @ such that B*p = f — Au, but this follows
from b) of the previous lemma since, as it is easy to check, f — Au € W0.0

Now we can prove the fundamental existence and uniqueness theorem
for problem (3.28).

Theorem 3.3.3 If b satisfies the inf-sup condition (3.32) and there exists
a > 0 such that a satisfies

sup alu, v) >allully  YueW (3.35)
vew [|vllv
sup alu, v) >alv|ly YveW (3.36)
wew ullv

then there exists a unique solution (u,p) € V X Q of problem (3.28) and
moreover,

1 Ly lal
< - =1+ — ' 3.37
lully < Z1Fllvr + 5+ = Pllgllo (3.37)
" Ly lal lall ., _ llall
a a a
< —-(1+-— (1 ' 3.38
Iplle < 0+ "0 llv + (1 + " P)liglle (3.38)

Proof. First we show that there exists a solution u € W(g) of problem
(3.31). Since (3.32) holds, we know from Lemma 3.3.1 that there exists a
unique uy € W+ such that Bug = g and

1
[uollv < Zllgller (3.39)

then, the existence of a solution u € W(g) of (3.31) is equivalent to the
existence of w = u — ug € W such that

a(w,v) = (f,v) —a(ug,v) Yoe W

but, from (3.35), (3.36) and Theorem 1.2.1, it follows that such a w exists
and moreover,

1 1 Jal
lullv < {10+ lall oy} < 41l + 5 gl
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where we have used (3.39).

Therefore, u = w + ug is a solution of (3.31) and satisfies (3.37).

Now, from Corollary (3.3.2) it follows that there exists a unique p € Q
such that (u,p) is a solution of (3.28). On the other hand, from Lemma
3.3.1 it follows that (3.33) holds and by using it, it is easy to check that

1
IPlle = 5 HAllv: + llalllullv}

which combined with (3.37) yields (3.38). Finally, the uniqueness of the
solution follows from (3.37) and (3.38).0

Assume now that we have two families of subspaces V;, C V and @), C Q.
We can define the Galerkin approximation (up,pp) € Vi X Qp to be the
solution (u,p) € V x @ of problem (3.28), i.e., (up, pp) satisfies,

{ a(up,v) +b(v,pr) = (f,v)  YveW, (3.40)

b(un,q) = (9,9) Vg € Qp

For the error analysis it is convenient to introduce the associated operator
By, : Vi, — @}, defined by

(Bhv, 4)q! xq, = b(v,q)
and the subsets of V},, W;, = Ker By, and

Wi(g) ={veV, :Byu=g in Q}

where g is restricted to Qp.

In order to have a well-defined Galerkin approximation we need to know
that there exists a unique solution (up,pp) € Vi X Qp, of problem (3.40). In
view of Theorem 3.3.3, this will be true if there exist * > 0 and 8* > 0
such that

sup ) afllully - Yu e W, (3.41)
vew,, |[vllv
sup L 5 el v e W (3.42)
wew, |[ullv
and

b(v,q .

v.9) Blalle Vg€ Qn (3.43)
vevy, |lvllv
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In fact, as we have mentioned in Chapter 1, (3.42) follows from (3.41)
since W}, is finite dimensional.
Now, we can prove the fundamental general error estimates due to Brezzi

[9].

Theorem 3.3.4 If the forms a and b satisfy (3.41), (3.42) and (3.43), there
exists C > 0, depending only on o, 5%, ||la|| and ||b]| such that the following
estimates hold. In particular, if the constants o* and 5* are independent of
h, then C' is independent of h.

lu—unllv +llp = prlle < C{inf [lu —vfly + inf [p—qllo}  (3.44)
vEV q€Qp
and, when Ker By, C Ker B,

lu—up|ly < C inf |Ju—v|y (3.45)
veV,

Proof. From Theorem 3.3.3 we know that, under these assumptions,
there exists a unique solution (up, pp) € Vi, x @), of (3.40) and that it satisfies

[unllv +lIpnlle < CLILfllv: + llgller}

with C' = C(a*, 8%, ||lal], ||b]|). Therefore, the form ¢ defined in (3.30) satisfies
the condition (1.19) on the space V}, x @ with the inverse of this constant
C (see Remark 1.4.1). Therefore, we can apply Lemma 1.4.1 to obtain the
estimate (3.44).

On the other hand, we know that uj, € Wj,(g) is the solution of

a(up,v) = (f,v) Yve W, (3.46)
and, since W, C W, subtracting (3.46) from (3.31) we have,
a(lu —up,v) =0 Yve Wy

Now, since a satisfies (3.41), given w € Wj(g) we can proceed as in
Lemma 1.4.1 to show that

lall

a*

|w —upllv < —llu—wly

and therefore,

U—u < (1+— inf uU—w
e = unlly < (U +-25) dnf v
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To conclude the proof we will see that, if (3.43) holds, then

: 1ol .
inf u—wly <(1+—) inf |lu—wv 3.47
v I v < ( g ) mf | v (3.47)

Given v € V}, from Lemma 3.3.1 we know that there exists a unique
z € I/Vhl such that

b(z,q) =b(u—v,q) VgeQy

and
b

L]
ﬂ*
thus, w = z + v € V}, satisfies Bpw = g, that is, w € Wj(g). But

Izl < 2 llu = olly

]
lu —wlv < flu—vly +zllv < (1+ ﬁf)llu —vllv

and so (3.47) holds. O
In the applications, a very useful criterion to check the inf-sup condition
(3.43) is the following result due to Fortin [21].

Theorem 3.3.5 Assume that (3.32) holds. Then, the discrete inf-sup con-
dition (3.43) holds with a constant * > 0 independent of h, if and only if,
there exists an operator

Hh V- Vh
such that
b(v—IHv,q) =0 Yv eV, VgeQy (3.48)
and
|[pvllv < Clllly  YveV (3.49)

with a constant C' > 0 independent of h.

Proof. Assume that such an operator II; exists. Then, from (3.48),
(3.49) and (3.32) we have, for ¢ € Qp,

b b(11 b(1I
Bl < sup 20 = sup P00 < ¢ BT

veV \% _veV HU”V veV ||Hhv||V

and therefore, (3.43) holds with 5* = 5/C.
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Conversely, suppose that (3.43) holds with 8* independent of h. Then,

from (3.34) we know that, for any v € V, there exists a unique v, € Wit

such that
b(vn,q) =b(v,q) Vg e Qy

and

o]l
[vnlly < 5 lvllv

and therefore, IIp,v = v;, defines the required operator. O

Remark 3.3.1 In practice, it is sometimes enough to show the existence of
the operator 11y, verifying (3.48) and (3.49) for v € S, where S C V is a
subspace where the exact solution belongs, and the norm on the right hand
side of (3.49) is replaced by a strongest norm (that of the space S). This
s in some cases easier because the explicit construction of the operator 11y
requires regqularity assumptions which do not hold for a general function in
V. For example, in the problem analyzed in the previous section we have
constructed this operator on a subspace of V- = H(div, <) because the degrees
of freedom defining the operator do not make sense in H(div,T). Indeed, we
need more reqularity for v (for ezample v.€ HY(T)?) in order to have the
integral of the normal component of v against a polynomial on a side £ of T'
well defined. It is possible to show the existence of I1j, defined on H (div, <)
satisfying (3.48) and (3.49) (see [21]). However, as we have seen, this is
not really necessary to obtain error estimates.
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