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CHAPTER 6
C'! finite element spaces

1. Review of finite elements

We begin with a brief review of finite elements as presented last semester. We considered
the solution of boundary value problems for PDE that could be put into a weak formulation
of the following sort: find u € V' such that b(u,v) = F(v) for all v € V. Here V is a Hilbert
space, b a bounded bilinear form, F' a bounded linear form. In the case where b is symmetric
and coercive, this weak formulation is equivalent to the variational problem

u = argmin Fb(v,v) — F(v)] .
veV 2

Such a weak formulation is well-posed if b is coercive, or, more generally, if the inf-sup

condition and dense range condition hold.

The numerical methods we considered were Galerkin methods, which means we seek wuy,
in a finite dimensional subspace V;, C V satisfying b(up,v) = F(v) for all v € Vj,. If b is
coercive, this method is automatically stable with the stability constant C's bounded by the
reciprocal of the coercivity constant. More generally, if the inf-sup condition holds on the
discrete level, C is bounded by the reciprocal of the inf-sup constant.

The consistency error for a Galerkin method is the approzimation error for the space
V}, times the bound of b. From this we got the fundamental quasioptimal error estimate for
Galerkin’s method

[ = unlly < (14 Cfll]) inf flu—vl|v-
veV,

For finite element methods, the spaces V}, are constructed to be spaces of piecewise polyno-
mials with respect to some simplicial decomposition of the domain, based on shape functions
and degrees of freedom. For the case where V' is H'(Q2), a very natural family of finite element
spaces are the Lagrange finite elements, for which the shape functions on a simplex 1" are
the polynomials P, (T) for some r > 1.

We bounded the approximation error for the Lagrange finite element spaces V), using
the Bramble—Hilbert lemma and scaling. Putting together the above considerations, for
the model scalar second order elliptic PDE, —divagradu + cu = f, we obtained H' error
estimates. We then used the Aubin—Nitsche duality argument to obtain error estimates of
one higher order in L2.

Finally, we introduced the Clément interpolant into the Lagrange finite element spaces,
and used it to derive a posteriori error estimates, and error indicators which could be used
in adaptive mesh refinement algorithms.
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2. The plate problem

An elastic plate is a thin elastic body. First we recall that an elastic body is a sort of three-
dimensional analogue of a spring. When a spring is extended it generates an internal restoring
force, and in the simplest case, it satisfies Hooke’s law: the force is proportional to extension.
For an elastic body, a deformation in any direction provokes corresponding internal forces
in the body, in all directions. In the simplest case of a linearly elastic material, the internal
forces, or stresses are linear in the deformation. The simplest case is an homogeneous and
1sotropic elastic material. In this case the response of the material can be characterized in
terms of two parameters, Young’s modulus £ and Poisson’s ratio v. Young’s modulus is
also called the tensile modulus, since it measures the tension (restoring force) in a length of
the material subject to longitudinal stretching. In other words, if a sample in the form of
a rectangular parallelpiped of width L in one direction is stretched by pulling on the two
opposite sides to increase their separation to L(1+ €), then the restoring force per unit area
generated in the opposite direction will be Fe. Thus E is like the spring constant in Hooke’s
law. It has units of psi (pounds per square inch) in customary US units, or pascals (newtons
per square meter) in international units. Aluminum, for instance, has E around 1.0 x 107
psi, or 6.9 x 10'° pascals.

FIGURE 6.1. Elastic cube under tension o.. Strain is € in the direction of
tension, —d in the normal directions. Young’s modulus is F = o./e. Poisson
ratio is v = d/e.
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Under the same tension test, Poisson’s ratio is the ratio of the the compression in the
orthogonal directions, to the extension in the given direction. Thus Poisson’s ratio is dimen-
sionless. The statement that if a material is stretched its volume does not decrease leads to
v < 1/2. For most materials, v > 0, which we shall assume. For aluminum a value of about
.33 is typical. For materials which are nearly incompressible, like rubber, the value is close
to 1/2.
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We shall return to elasticity later in the course, but now we consider the transverse
deflection of an elastic plate.

FiGURE 6.2. Thin plate under a transverse loading. Its deformation is
measured by the vertical displacement of points on the middle plane.

Specifically, we suppose that our elastic body occupies the region Q x (—t/2,t/2) where
Q C R? is a domain (of roughly unit size) giving the crosssection of the plate, and t << 1
is the thickness. We assume that the plate is subject to a vertical load per unit area g, and
let w : @ — R denote the resulting vertical displacement of the middle surface. Then the
classic Kirchhoff plate bending model says that w minimizes the energy

1E—tg/[(1—u)\Vzu)IQ—l—u|Aw|2]d;1:—/ wdx
212(1 — 12) J,, I

The quantity D = Et3/[12(1 — v/?)] is called the bending modulus of the plate. By V2w
we mean the 2 x 2 Hessian matrix of w. (Warning: sometimes the notation V2 is used
for the Laplacian, but we do not follow this usage.) For a matrix 7 we write |7| for the
Frobenius norm (3.7, Z?Zl 72)!/? associated to the Frobenius inner product of matrices

Tip= Zle Z?Zl Tijpi;- Thus in the plate energy

Vil =)

ihj

2 2

2
A= 2

2
— 03

0w
6$iaxj

The minimization of Kirchhoff’s energy must be subject to boundary conditions, such
as w = Jw/On = 0 on 0N for a clamped plate, or just w = 0 for a simply-supported plate.
Thus, if we define a bilinear form b over H?(§2) by

b(w,v) = D/[(l — )V : V20 + vAwAv] dz,
Q

and the linear form F(v) = [, gvdz, the clamped plate problem is to find w € V := H2(Q)
such that
b(w,v) = F(v), veV.
The simply-supported plate problem has the same form, but with V' = H?(Q) N H L(Q).
Clearly b(v,v) > D(1 — v)|v|3 (the Sobolev H? seminorm), and there is a Poincaré type
inequality which says that ||[v]|s < colv|s for all v € H2(Q) N H(), so b is coercive over V
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(for both the clamped and simply-supported cases) and so the weak formulation of the plate
problem is well-posed.

Next we compute the strong form of the boundary value problems. First, for any smooth
u and v, we may integrate by parts twice and get Green’s second identity:

/uAvdx:/udivgradvda::—/gradu-gradvda:—i—/ u@ds
Q Q Q a0 On

:/Auvdx—/ %vdmjt/ u@
Q a0 On oo On

Taking u = Aw and v € H?, we get

/AwAvdx—/A%uvdac,
Q Q

while for v € H2N H!,
/ AwAvdz = / A?wuvdx + Aw@ds.
Q Q o0 n

Now we consider the Hessian term. For a vector field ¢, let grad ¢ denote the Jacobian matrix
field (0¢;/0x;), and for a matrix field 7, let div 7 denote the vector field (071 /0x1+07;2/022).
Then

/T:VQde:/T:gradgradvdx:—/div¢-gradvdx+/ ™ - grad v ds
Q Q Q

o0N

:/divdiVTvda:—/ (div7-n)vd5+/ Tn - grad v ds.
Q o0 o0

. : _ 0 0 . Tl v
Also, if s denotes the unit tangent, gradv = gon + 32s and, if v € H*, 37 = 0. Thus, for

ve H:N HY,
0
/TIVQUdJ?:/diniVTUdQ?—l—/ n-Tn—vds.
Q ) o0 on

Taking 7 = V*w = grad grad w, we get

2
/ V2w : Vudr = / div div V?w v dx + 8_w @ds.
Q 9} a0 0712 871
Now , ) ,
0 0 J%w 0 0“w
d. d 2 = RN N — - I AQ
ivdiv Vw ; ox; ; O0x; 0x;0x; ; ox? - dx3 w

Putting all this together, we get for w € H* v € H?,
b(w,v) = / DA*w v dw,
Q

while for v € H? ﬂ]fll,

D*w v
— 2 — ) -
b(w,v) = /QDA wvdr + mD[(l V) o7 + vAw] o ds.
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Therefore the strong form of the clamped plate problem is

0
DA*w = fin Q, w=22—0on 09.

on

In this case both boundary conditions are essential.
The simply supported plate problem is
) , 0w
DA*w = f in Q, w:D[(l—V)W—i—VAw]:OOH@Q.
n

In this case, the second boundary condition (which physically means that the bending mo-
ment vanishes), is natural.

REMARK. As an interesting digression, we describe the Babuska plate paradox. Suppose
that we want to solve the Dirichlet problem for Poisson’s equation on a smoothly bounded
domain, such as the unit disc. We might triangulate the domain, and then use standard finite
elements. The triangulation involves an approximation of the domain with a nearby polygon,
e.g., an inscribed polygon in the disc. It is true, and not surprising, that the solution to
the boundary value problem on the polygon converges to the solution on the disc, as more
sides are added to the polygon, so that it approaches the disc. However consider a circular
simply-supported plate (so the domain 2 is the unit disc). For simplicity we take the Poisson
ratio equal to 0. Then the plate equations are
. 0w
(6.1) A*w = fin Q, w:w:OonﬁQ.
Now consider the same system on the domain €2,, which is an m-sided regular polygon
inscribed in the unit disc, and let w,, be the corresponding solution. Then the paradox is
that w := lim,,,_ w,, exists but is different from w. In fact, in the case of a uniform load
f =D, w(0,0) is 40% smaller than w(0,0).
To see how this comes about, we consider the boundary conditions. On a straight edge
we may write

Pu 0u
- On?  0s?’
and, if u = 0 on the edge, then the second term vanishes. Thus on a straight portion of the
boundary the simply-supported plate boundary conditions u = 9%*u/dn? = 0 are the same
as u = Au = 0. It can be shown rigorously that the same is true on a polygonal domain, in
which the boundary is straight everywhere except at finitely many points. Thus

Aw,, = fin Q,,  wm = Aw,, = 0 on 9,,.

Au

So it is not surprising that the limit w of the w,, satisfies the problem
(6.2) A*w=finQ, w=Aw=0on .

This can be proven rigorously using the fact that this problem decouples as two Poisson
problems. However, the expression for the Laplacian in polar coordinates is

B 0w 18_10 1 0%w

Aw =22 L 2 i
v 8T2+r8r+r2862’
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so, on the boundary of the unit disc, for w vanishing there,

Pw  Ow
Thus (6.1) becomes
A%w = fin Q, w:Aw—g—w:OonaQ,
n

which is a different problem from (6.2).
In fact, in the case f = 1, the exact solution of (6.1) is w = (r* — 6r? 4+ 5)/64, while the
exact solution to (6.2) is w = (r* — 4r% + 3)/64.

3. Conforming finite elements for the plate problem

Since the weak formulation of the plate problem (with either Dirichlet or simply-supported
boundary conditions) is coercive over H2. Therefore, we may use the Galerkin method with
any subspace of H? (satisfying the essential boundary conditions), and get quasioptimal
approximation in H?2. Therefore we now consider finite element subspaces of H?2.

As we know, a piecewise smooth function with respect to a triangulation belongs to H*
if and only if it is continuous. (Thus, for example, the space of all piecewise polynomials of
degree at most r is exactly the Lagrange finite element space of degree r, since it consists
precisely of the continuous piecewise polynomials of degree at most r.) A function belongs
to H? only if it and all its first derivatives belong to H!, so a piecewise smooth function
belongs to H? if and only if it is C'. This means that a finite element Galerkin method
for the plate bending problem requires C*! finite elements. This motivated a search to find
shape functions and degrees of freedom which would ensure C' continuity.

3.1. Hermite quintic elements. In one-dimension it is not difficult to find C! finite
elements (we could use these to solve the problem of the bending of an elastic bar). The
simplest are the Hermite cubic elements, illustrated in Figure 6.3, with P3 shape functions
and the values and first derivatives as DOFs on each interval. So let’s consider the 2D
analogue of these. On a triangle the Hermite cubic elements use P; shape functions. Guided
by 1D, we take as degrees of freedom the values and the values of the first derivatives at
each vertex. Since there are two first derivatives, this gives 9 DOF's, leaving one more to be
chosen. For this we take the value at the barycenter (Figure 6.3, right).

FIGURE 6.3. Hermite cubic elements in 1D and 2D.

C, O)

First we show the unisolvence of the proposed DOFs. Suppose u € Ps3(T) for some
triangle 7', and all the DOFs for u vanish. For an edge e of T, let v = ul.. Using the
distance along e as a coordinate, we may view e as an interval, and v belongs to Ps(e),
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and both v and its derivative vanish at the end points. Therefore (by unisolvence of the
Hermite cubic in 1D), v vanishes, i.e., u vanishes on e. This holds for all three edges, so u
is divisible by the bubble function A\;AsA3. Since w is cubic, it is a constant multiple. Since
u also vanishes at the barycenter (where the bubble function is positive), the constant must
be zero, so u = 0.

Our argument also showed that the DOFs associated to an edge e determine u on the
edge e, so the resulting assembled finite element space will be C°. Let us try to show it
is C'. This means that we must show that du/dn is determined by the DOFs on e. But
the DOF's only determine du/dn at the two endpoints of e, and it is a polynomial of degree
2, which requires 3 values to be uniquely determined. Thus the Hermite cubic space is not
C' in more than one dimension. (For a specific counterexample, consider two triangles with
a common edge and define a piecewise polynomial which vanishes on one of the triangles
and is equal to the bubble function on the other. This belongs to the Hermite cubic finite
element space, but is not C'.)

FIGURE 6.4. Hermite quintic elements in 1D and 2D.

— /X

Continuing our search for C! finite elements, we look to the Hermite quintic space. In
1D this gives a C? finite element. We shall show that in 2D it gives a C! space. The shape
functions are, of course, P5(7T'), a space of dimension 21. The DOF are the values of function
and all its first and second derivatives at the vertices, and the values of the normal derivatives
at the midpoints of each edge, which comes to 21 DOFs. This finite element is often called
the Argyris triangle. Unisolvence is straightforward. If all the DOFs for u vanish, then by
the unisolvence of the Hermite quintic in 1D, u vanishes on each edge. But also, on an edge
Ou/On is a quartic polynomial which vanishes along with its derivative at the endpoints,
and, moreover, it vanishes in the midpoint of the edge. This is a unisolvent set of DOF's
for a quartic in 1D, and hence the normal derivative vanishes on each edge as well. But a
polynomial and its normal derivative vanish on the line A\; = 0 if and only if it is divisible
by A?. Thus u is a multiple of A2A3)\2 which is a polynomial of degree 6, and hence u, a
polynomial of degree at most 5, must vanish.

Note that in the course of proving unisolvence we showed that v and its normal derivative
are determined on an edge by the degrees of freedom associated to the edge and its endpoints.
Consequently the assembled finite element space belongs to C*.

It is important to note that the assembled finite elements are, in fact, smoother than just
C'. They are, by definition, also C? at the vertices. The assembled Hermite quintic finite
element space is precisely

{ue CYQ) |u|lr € Ps(T) VT, u is C* at all vertices }.

This extra restriction in the space is a mild shortcoming of the Hermite quintic element as
a C! (or H?) finite element. In addition, with 21 degrees of freedom per triangle, of several
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different types (values, first derivatives, second derivatives, normal derivatives), the element
is regarded as quite complicated, especially in earlier days of finite element analysis. It is,
nonetheless, an important element for actual computation.

If we use the Hermite quintic finite element space V, C V, we get the quasioptimal
estimate

(6.3) |lw — w2 < ¢ inf ||lw — v]s.
veV)

So next we consider the approximation error for the space. From the DOFs we can define
a projection operator I, : H*(Q) — Vj,. (It is bounded on H*, but not on H?, because
it requires point values of the 2nd derivative.) I, is built from projections which preserve
quintics on each triangle, so we would expect that we could use Bramble—Hilbert and scaling
to get

inf ||lw—o|2 < chw|pi2, r=2,34.

vEV),
There is one complication. For Lagrange elements, we used the Bramble-Hilbert lemma to
get an estimate only on the unit triangle, and then for an arbitrary triangle, we used affine
scaling to the unit triangle. We found that the scaling brought in the correct powers of h
as long as we stuck to shape regular triangulations. To show this we needed the fact that
the interpolant of the affinely scaled function is the affine scaling of the interpolant. This
last fact does not hold when the interpolant is taken to be the Hermite quintic interpolant.
The reason is that normals are not mapped to normals (and normal derivatives to normal
derivatives) for general affine maps.

That is, given a triangle 7" and C? function u on T, let Iru € Pg(T) denote its Hermite
quintic interpolant. If T is another triangle and F' an affine map taking T toT , we let
@ =wuoF. Then (I;u)o F~! need not coincide with Iru. For this reason, rather than general
affine maps, we shall consider only dilations (F'# = hZ). As long as F' belongs to this class,
it is easy to see check that Iru = (I70) o F~L.

For 6 > 0, define Sy to be the set of all triangles of diameter 1 all of whose angles are
bounded below by 6. Also let Sy denote the elements of Sy which are normalized in the sense
that their longest edge lies on the interval from 0 to 1 on the x-axis and its third vertex lies
in the upper half plane. Note that the possible positions for the third vertex of T' € Sy lie
inside a compact subset of the upper half plane. See Figure 6.5.

Now for any triangle 7', we know by the Bramble-Hilbert lemma that

(6.4) lu — Lpul, < cluls,

for 0 < r <'s, s = 4,56 (the lower bound on s comes from the need for point values of
the second derivative). Moreover a single constant ¢ works for all T € S}, since the best
constant depends continuously on the third vertex, which varies in a compact set. Of course
the estimate is unchanged if we transform 7" by a rigid motion. Therefore, (6.4) holds with
¢ uniform over all T' € Sy.

Now let T" by any triangle with least angle > 0. Set hy = diam T, and define T =
h7!'T, which belongs to Sp. Note that |T| = h2|T|. Given a function u on T, define
(&) = u(hpi), & € T. As we mentioned above, I;(%) = Iru(hpd). Of course, we have
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FIGURE 6.5. The blue triangle belongs to Sy, i.e., its longest edge runs from
0 to 1 on the z-axis, its third vertex lies in the upper half plane, and all its
angles are bounded below by 6. Consequently the third vertex must lie in the
compact region shown in yellow.

0 1

Dfu(z) = h‘ﬁlDﬂu(x). Thus we get from

lu = Irulgrr) = hy"hrlt = Ipa] ge gy < chp"holil gs gy = chy " [ulas o).

Thus, through the usual approach of Bramble-Hilbert and scaling, but this time limiting the
scaling to dilation, we have proved the expected estimates for the Hermite quintic interpolant:

|u — Itul, < chy"|uls,

where ¢ only depends on the shape regularity of the triangle T'. For a mesh of triangles, all
satisfying the shape regularity constraint and with h = max hy, we can apply this element
by element, square, and add. In this way we get

|u — Thul|, < ch’ "uls, ue H*(Q),

for 0 < r <2,4<s <6 (the upper bound on r comes from the requirement that I,u €
H" ().

Combining with the quasioptimality estimate (6.3), we immediately obtain error esti-
mates for the finite element solution.

lw — wllz < ch*?fwl,

where w is the exact solution and wy, the finite element solution. In particular, if w is smooth,
then ||w — wp|l2 = O(h?).

Concerning the smoothness of the exact solution, we run into a problem that we also ran
into when we considered the Poisson equation. If the domain €2 has a smooth boundary and
the data f is smooth, then the theory of elliptic regularity insures that w is smooth as well.
However, since we have assumed that our domain can be triangulated, it is a polygon and
therefore its boundary is not smooth. So in practice w may not be smooth enough to imply
O(h*) convergence.

Lack of regularity of the domain is also a problem when we try to apply an Aubin—Nitsche
duality argument to get high order convergence in H' or L?, because this requires an elliptic



10 6. C' FINITE ELEMENT SPACES

regularity estimate, which will not hold on an arbitrary polygonal domain. For example,
suppose we try to prove an L? estimate. We define ¢ € V by

b(u,¢):/u(w—wh)dx, ueV.

Then ¢ satisfies the plate problem with DA?¢ = w — wy,. Taking u = w — wy, we get

lw — wp|* = b(w — wp, @) = inf b(w — wp, ¢ — v) < cl|w — wyl2 inf ||¢ — vl
veVy, veEV)

If we knew that ¢ € H* and ||¢||4+ < ¢||w — wp||, we could then complete the argument: But

inf || —vlls < ch?(|¢lla < ch?|lw —wal],
veVy

50 ||lw —wy]|| < ch?||w —wp]|2. Unfortunately such 4-regularity of the plate problem does not
hold on a general polygon, or even a general convex polygon.

3.2. Reduced Hermite quintic. The difficulties with Hermite quintic elements (many
DOFs, need for second derivatives, complicated) motivate the search for simpler elements.
It turns out that one slight simplification can be made fairly easily. Define

Pi(T) = {u € Ps(T) | ul. € Pule) for each edge }.

Then dim P;(T) > 18. Indeed if we write out a general element of P5(T) in terms of 21
coefficients, then each of the conditions u|. € P4(e) is a homogeneous linear equation which
must be satisfied the coefficients, so we get a system of 3 homogeneous linear equations in
21 unknowns. Now consider the 18 DOF's at the vertices we used for the Hermite quintic
(but ignore the 3 DOFs at the edge midpoints). If these 18 DOFs vanish for an element
u € PL(T), then u must vanish, by the same argument we used for Ps. This implies that
dim P (T) < 18, so we have equality, and we have a unisolvent set of degrees of freedom.

This finite element is called the reduced Hermite quintic or Bell’s triangle. Its advantage
over the full Hermite quintic is that it is in some ways simpler: it has 18 rather than 21
DOFs and all are values of the function or its derivatives at the vertices. The disadvantange
is that the shape functions contain all of P,(7T’), but not all of Ps(7"). Therefore the rate of
approximation for smooth functions is one order lower.

FIGURE 6.6. Reduced Hermite quintic element.
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3.3. Hsieh—Clough—Tocher composite elements. It is not possible to design sim-
pler conforming finite elements for the plate equation using polynomial shape functions. But
in the early 1960s the civil engineer R. Clough (who, incidentally, invented the term “finite
elements”) and his students J. Tocher and T. K. Hsieh designed an element using piecewise
polynomial shape functions on each triangle. To describe this HCT element, consider an
arbitrary triangle T, partitioned into 3 subtriangles by connecting each vertex to a point b
in the center. It is natural, but not necessary, to take b to be the barycenter of T, as we
shall do. Let K, K5, K3 denote the 3-subtriangles. Then we shall use as the space of shape
functions on T'

{ueC\(T)|u

K, € P3(K;),i=1,2,3}.

FIGURE 6.7. A subdivided triangle (left), the HCT element (middle), and
the reduced HCT element (right).
a,

3

Our first task is to find the dimension of the space of shape functions. Each of the spaces
P3(K;) is of dimension 10. We then impose the condition that u|x, agrees with u|g, and
u|x, at b (which gives two homogeneous linear equations on the coefficients). We do similarly
for Ou/0x; and Ou/0x,, so we obtain in this way 6 equations in all. Next we take any two
distinct points in the interior of the edge separating K; and K5 and impose the equation
that u|k, and u|k, agree at these two points and similarly for Ou/0n. In this way we obtain
4 more equations. Doing this for all three interfaces, we obtain, altogether 18 homogeneous
linear equations the 30 coefficients must satisfy in order that they join together to make a
C! function. Thus the dimension of the space of shape functions is > 12. We now take as
DOF's the 12 quantities indicated in the center of Figure 6.7 and show that if all vanish, then
u vanishes. This will imply that the dimension is exactly 12 and the DOF's are unisolvent.

The argument, which is taken from the monograph of Ciarlet, begins in the usual way.
Let u; be the polynomial given by u|k,. On the edge of T contained in K, u; is cubic and
the 4 DOF's on that edge imply that u; vanishes on the edge. Similarly we get that du;/on
vanishes on the edge. Hence the polynomial u; is divisible by p?, where p; is the barycentric
coordinate function on K; which is 1 at b and vanishes on the two vertices of T" in K;. Thus
u; = pijL;, where p; € Pi. Now py and us agree on fs. Since pyu? and pou3 must also agree
on f3 (by the continuity of u), we conclude that p; = py on f3. In this way we conclude that
the piecewise linear which equals p; on K is continuous.

Now consider the continuity of Vu across f3. This gives

(Vpo)ui + 201 Vi = (Vpa) s + 2paia Vi on fs.

On f3, 1 = pg # 0, so we can divide by this polynomial and recall that p; = p, on f3 to get
that

(Vp1)pr +2p1 Vi = (Vp2)pe + 2pa Vg on fs.
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Passing to the vertex as of f3, where p; = s =0,

1V = p1Vys at as.

Now Vy; is a constant vector normal to e; and Vs is a constant vector normal to es. So
the above equation implies that p;(az) = 0. Of course we get p;(ag) = 0 in the same way, so
the linear polynomial p; vanishes on ey, so is a constant multiple of p;. Thus we have shown
the u; = Cu? for some constant C, which must be u(b). In the same way we get uy = Cus
and uz = Cpi. Then we equate Vu; and Vuy on f3 and conclude that C' must be zero.

Thus the HCT element is unisolvent. While the space of shape functions does not include
only polynomials (rather piecewise polynomials), it does include the space P3(T). Therefore
the interpolant associated to the DOF's preserves cubics, and we can use a Bramble-Hilbert
argument with dilation, as for the Hermite quintics, and prove that inf,cy, ||u — v|]2 <
Ch?||u||l4 when V}, is the HCT space.

It is also possible to define a reduced HCT space, a finite element space with 9 DOFs,
just as we defined a reduced Hermite quintic space. The DOFs are shown in Figure 6.7.



CHAPTER 7

Nonconforming elements

The complexity of finite element subspaces of H? motivates the development of noncon-
forming finite elements. These are finite elements for which the assembled space V}, is not
contained in H? (i.e., not contained in C'). For this reason Av and V?v do not make sense
(or at least are not L? functions) for v € Vj,. However, on each element T € 7;, V?v is
well-defined, so we can define w;, € V), by

Z/Vzwh:V%da::/fvdx, v e V.
T Q

TeT),

Not surprisingly, this method does not work in general. However, as we shall see, if we take
elements which are in some sense “nearly C''”, we obtain a convergent method.

1. Nonconforming finite elements for Poisson’s equation

First we will examine the idea of nonconforming finite elements in the simpler situation
of Poisson’s equation, which we will solve with finite element spaces which are not contained
in H'. Although we are doing this just to guide us in the more complicated case of H?
elements, it turns out that the non-conforming H' elements are useful in some contexts.

We now define the space of non-conforming P; finite elements. The shape functions are
P1(T), like for Lagrange P; elements, but the DOFs are the values at the midpoints of the
edges.

FiGure 7.1. Nonconforming P; finite element.

Consider now the Dirichlet problem
—Au= finQ, wu=0ond.

As a finite element space V}, we use the nonconforming P; space with all the DOFs on the
boundary set equal to zero. Thus dim V}, is the number of interior edges of the mesh. The
finite element method is to find u; € V4, such that

Z/graduh‘gradvda::/fvdx, v E V.
T Q

TeTy
13
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Writing by (w,v) = > rer Jpgradw - grad v dx for any piecewise smooth w and v, we may
write the finite element method as: find u; € V;, such that

(7.1) by (up, v /fvdx v € V.

When we try to analyze this, the first difficulty we encounter is that the true solution
does not satisfy the discrete equations. That is, the equation

Z/gradu gradvdx—/fvdx

TeT,

holds if v € H*(£), but need not hold for v € V.
To understand better what is going on, we multiply the differential equation by a test
function v € P1(T") and integrate by parts over T"

/fvdx——/Auvdx:/gradu-gradvdx— ﬁUals.
T

Next we add over T":

Z/gradu gradvdx—Z/ Y ds = fudx.

T Onr Q

In other words
(7.2) by (u,v) = / fodz + Ep(u,v), v €V,
0

where

(u,v) Z/aT%vds

Note that FEj(u,v) measures the extent to which the true solution u fails to satisfy the
finite element equations, so it measures a kind of consistency error. This is different from
the consistency error we saw in conforming methods, which comes from the approximation
properties of the trial functions. Of course that sort of approximation error is also present
for nonconforming methods. But nonconforming methods also feature the consistency error
given by Fj(u,v), which is due to the fact that the test functions do not belong to the space
of test functions on the continuously level. (Note that it is the test functions, not the trial
functions that matter here.)

In order to analyze this method we introduce some notation. Define the space of piecewise
H*' functions with respect to the triangulation,

HYT,) ={ve L*Q)|vlr € H(T), T €T},

Note that both H' ¢ H'(7}) and V}, C H'(7}), so this is a space in which we can compare
the exact solution and the finite element solution. We also define the piecewise gradient
grad, : H'(7,) — L*(Q,R?), given by

(grad,, v)|r = grad(v|r), v € HYT,), T € T,.
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Then the bilinear form by, (w,v) = [ grad, w - grad, v dz is defined for all w,v € H*(7;), and
the associated seminorm, the broken H' seminorm, is

[v]]n = || grady, v]].

Although it is just a seminorm on H'(7}), on the subspace H' 4V, it is a norm. Indeed
if ||v|lp = 0, then v is piecewise constant. Since it is continuous at the midpoint of each
edge, it is globally constant, and since it vanishes at the midpoint of each boundary edge, it
vanishes altogether.

We clearly have the bilinear form is bounded and coercive with respect to this norm:

[bn(w, v)] < Mwlallvlln,  ba(v,v) > Allvllh,  w,ve H(T),

(in fact, with M =~ = 1).
Subtracting (7.1) from (7.2) we obtain the error equation.

bp(u — up,v) = Ep(u,v), v € V.
Let rpu € Vj, be an approximation of u (to be specified later). Then
bp(rhu — up,v) = bp(rpu — u,v) + Ep(u,v), v € V.
Taking v = r,u — uy, we get
lrnw = unlly < llrww = ullnllrne = unlln + | Ea(u, reu = up)].
We shall prove:

THEOREM 7.1 (Bound on consistency error for P; nonconforming FE). There exists a
constant ¢ such that

| En(u,v)| < chljulla||v]ln, v € H + Vi
Using this result it is easy to complete the argument. We immediately get
[rnw = unl[n < llraw —ulln + chllullz,
and so
[ = unlln < 2|lraw — ul[n + chl|ull2.

For the approximation error r,u — u we could take r,u to be the interpolant into V}, and
use a Bramble-Hilbert argument. But even easier, we take r,u to be the interpolant of
into the Lagrange P; space, which is a subspace of V},, and for which we already known
|lrnu — ul|ln < chljulls. Thus we have proven (modulo Theorem 7.1) the following error
estimates that for the P; nonconforming finite element method.

THEOREM 7.2 (Convergence of P; nonconforming FE). Let u solve the Dirichlet problem
for Poisson’s equation and let u, be the finite element solution computed using P, noncon-
forming finite elements on a mesh of size h. Then

lu = unlln < chllull2.

It remains to prove the bound on the consistency error given in Theorem 7.1. The
theorem follows immediately from the following lemma (by taking ¢ = gradu).
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LEMMA 7.3. There exists a constant ¢ such that

> [ 0 nruas

TeT,

< Chll grad ¢llo | grady vllo, 6 € H(QRY), v e H(Q)+ Vi

To see why a result like this should be true, think of each of the integrals over 9T as a
sum of three integrals over the three edges of T. When we sum over all T, we will get two
terms which are integrals over each edge e in the interior of €2, and one term for each edge
in 0€2. For an interior edge e, let T, and T_ be the triangles sharing the edge e and let n.
denote the unit normal pointing out of 7'y into 7_, (so n. = np, = —np_ on e). Define vy
and v_ to be the restriction of v to T and T, and set [v] = v, — v_ on e, the jump of v
across e. Then the contribution to the sum from e is fe(¢-ne)[[vl] ds. For e an edge contained
in 0€), the contribution to the sum is just fe(gb -nr)vds, so for such edges we define n, to be
nr (the unit normal pointing exterior to ) and define [v] to be v|.. With this notation,

o S /aTw-nT)vds=§ej/e<¢-ne>[[vﬂds,

TGTh

where the second sum is over all edges. Now, if v € H ! then [v] vanishes, but for v € V},
it need not. It is a linear polynomial on the edge e. However, it is not just any linear
polynomial: it is a linear polynomial on e (an edge of length at most h) which vanishes at
the midpoint of e. Therefore, roughly, we expect v to be of size h, which explains where the
factor of h arises in Lemma 7.3.

To prove Lemma 7.3, we need a new approximation estimate. Let T be a triangle and
e an edge of T. Let P, : L*(e¢) — R be the L?(e) projection, i.e., the constant P, is the
average value of ¥ € L?(e).

LEMMA 7.4. Let T be a triangle and e and edge. There exists a constant depending only
on the shape constant for T such that

|6l = Pe(dle) 120y < by grad ¢ szry, & € HN(T).

PROOF. The operator ¢ — ¢|. — P.(¢|.) is a bounded linear operator H'(T) — L?*(e)
which vanishes on constants. From the Bramble-Hilbert lemma, we find

I¢le = Pe(@e)llz2e) < erllgrad éllzz(ry, ¢ € HY(T).

We apply this result on the unit triangle T, and then use affine scaling to get it on an
arbitrary element, leading to the claimed estimate. 0

Proor orF LEMMA 7.3. Let e be an edge. Then

[@ntolds| =| [(0-n.— P.(6- nllv]ds| < 6. = Po n)llzeoll L] 2o
From the preceding lemma we obtain the bound

16 - e = Pe(@ - ne)ll 120y < ch'?|| grad(e - ne) 2,

where h is the maximum triangle diameter and e* is the union of the one or two triangles
containing e (actually, here we could use either triangle, rather than the union, if we wished).




1. NONCONFORMING FINITE ELEMENTS FOR POISSON’S EQUATION 17

Next we bound |[[v]||z2¢). On an interior edge, we may write
[v]=Tv] = Flv] = [vife = Pelvile)] = [v-fe = Pe(v-[e)].
Applying the previous lemma to each piece to get
IoT = P.Lollize < b grady, ol e

The same holds on a boundary edge, by a similar argument. Putting the bounds together,
we get

< ch|| grad ¢|| 12(ex)

gradh UHLQ(G*),

J@-nate1as

where A is the maximum element size. Then we sum over all edges e, using

1/2
grad v|r2(er) < [Z | grad ¢H%z(e*)] [Z | grad v||iz<e*)]

< 3| grad | L2() || grady, vl 20-

1/2

> Il grad |l z2(e)

where the 3 comes from the fact that each triangle is contained in e* for 3 edges. Thus

E:é#¢%ﬂmﬁ=§lﬂ¢%&hhﬁSCngwmmMgmmmmy

TeT),

O

We have proven O(h) convergence for the nonconforming P; FEM in the norm || - ||,
i.e., the broken H' seminorm. On H'(2), the H' seminorm bounds the L? norm (Poincaré-
Friedrichs inequality), but this does not immediately apply to V}. However we can use

Lemma 7.3 to show that the analogue of the Poincaré-Friedrichs inequality does indeed
hold.

THEOREM 7.5 (Discrete Poincaré-Friedrichs inequality). There exists ¢ > 0 such that
Il < cllolln,  ve HY(Q)+ Vi

PROOF. Choose a function ¢ € H'(2;R?) such that divg = v and ||¢[; < ¢|v] (e.g.,
take ¢ € H? with AY = v and set ¢ = grad. Even if the domain is not convex, we can
extend v by zero to a larger convex domain and solve a Dirichlet problem there to get ).

Then
]|v|]2:/div¢vdx:—/¢-gradhvdx+2/(¢-nh)vds.
Q Q = Jr
Clearly
/¢-gradhvd$ < [|#ll [l grady, v|| < cf[v[[[|v][s-
Q
By Lemma 7.3,

< chl|gllrl[olln < elfvll[|v]]n-

ZT:/T(¢ “np)vds

The theorem follows. 0]
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We have shown the that the nonconforming P; finite element method satisfies the same
kind of H! bound as the conforming P; finite element method. We now obtain a higher order
error estimate in L? using a duality argument just as we did for the conforming method.

THEOREM 7.6. Assuming (in addition to the hypotheses of Theorem 7.2) that the domain
1S conve,
lu = unll < ch?|lullz.

PROOF. Define ¢ by the Dirichlet problem
—A¢p=u—upin 2, ¢ =0 on 0.
Ellipitic regularity tells us that ¢ € H? and ||¢||s < ¢|lu — up||. Then

(7.3)  lu—up|? = —/Aqb(u —up)dr = /gradgb ~grad,(u — up) dz — Ep(¢,u — up).

Now let v be any conforming finite element approximation in H 1 i.e., any continuous piece-
wise linear function vanishing on the boundary. Then

/gradh(u —uyp) gradvdr = 0.

Therefore we can bound the first term on the right hand side of (7.3):

‘/gradqﬁ -grad, (u — up) dx /grad(gb —v) - grady, (u — uyp) dx
< [l grad(¢ — )|l grady (u — un)|-
Choosing v to be the interpolant of ¢ gives
/gradgb - grad, (u — uyp,) dz

For the second term on the right hand side of (7.3), we have by Theorem 7.1 that
|En(¢,u —up) < chl|@llzllu — unlln < chllu — upll[Ju = up]|n.
Thus (7.3) becomes

<

< chl|gll2llu — unlln < chllu — up||[|u — up||n-

lu = un|* < chllu — unlfl|lu — unlln,
which gives ||u — up|| < chl|u — up||n, and so the theorem. O

1.1. Nonconforming spaces of higher degree. We close this section by discussing
the generalization to higher degree nonconforming elements. For r > 0, the nonconforming
P, space is defined

(7.4) Vi={veL*)]|v|lr € P.(T)VT €T, [v] L Pr_i(e) V edges e}.

For » = 1, this is the nonconforming piecewise linear space we just discussed, since a linear
function is orthogonal to constants on an interval if and only if it vanishes at the midpoint.
For r = 2, we can define a unique (up to a constant multiple) quadratic function on an
interval e which is orthogonal to P;(e). This is the Legendre polynomial, and its zeros
are the 2 Gauss points on the interval (if the interval is [—1, 1] the Legendre polynomial is
(322 —1)/2, and the 2 Gauss points are £1/+/3. It is easy to see that a quadratic polynomial
is orthogonal to P; if and only if it vanishes at the 2 Gauss points. More generally a
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polynomial of degree r is orthogonal to P,_; if and only if it is a multiple of the rth degree
Legendre polynomial, if and only if it vanishes at the » Gauss points (zeros of the rth degree
Legendre polynomial). See Figure 7.2.

FIGURE 7.2. Legendre polynomials of degree 1, 2, and 3, and their roots,
the Gauss points.

e
S

The analysis we gave above for nonconforming P; extends easily to nonconforming P,.

There is however one issue. The space V}, defined by (7.4) is a finite element space,
definable through shape functions and DOFs, for r odd, but not for r even. To see what
goes wrong in the even case, take 7 = 2. The shape function space is, of course, Py(T),
and the natural choice of DOFs is the value at the 2 Gauss points on each edge. This gives
6 = dimPy(T) DOFs, but they are not unisolvent. In fact, consider the case where the
triangle is equilateral with its barycenter at the origin. Then all 6 of the Gauss points lie on
a circle through the origin, so there is a nonzero quadratic polynomial, 22 + 3 — ¢?, for which
all the DOF's vanish. See Figure 7.3. (Despite the fact that the nonconforming P, space is
not a finite element space, in the strict sense of the word, it turns out that it is possible to
implement it in a practical fashion, and it is occasionally used. It is called the Fortin-Soulie
element [sic].)

FIGURE 7.3. The Gauss point values are not unisolvent over Py(7T).

This problem does not occur for nonconforming Ps, for which we choose as DOFs the
values as the 3 Gauss points on each side and the value of the barycenter (scaled to the
interval [—1,1] the cubic Legendre polynomial is (523 — 3z)/2 so the three Gauss points
are £4/3/5 and 0). See Figure 7.4. To see that these are unisolvent, suppose that a cubic
vanishes v at all of them. On each edge e, v vanishes at the three Gauss points, so the
restriction of v to each edge is a constant multiple of the Legendre polynomial on the edge.
Now let p;, i = 1,2, 3, denote the vertices. Since v is a multiple of the Legendre polynomial
on the edge from p; to pe, v(p1) = —v(p2). Similarly v(ps) = —v(p3) and v(ps) = —v(p1).
Therefore v(p1) = —v(p1), v(p1) = 0. From this we easily get that v = 0 on the boundary
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F1GURE 7.4. The P; nonconforming element.

of T'. Thus v is a multiple of the bubble function on 7', and so the DOF at the barycenter
implies v = 0.

2. Nonconforming finite elements for the plate equation

A number of different nonconforming finite element methods have been devised for the
plate equation. (Some were proposed in the literature but later found not to converge or to
converge only for special mesh families.) We shall consider only one here, the very clever
Morley element. The shape functions for this element are P»(7"), and the DOF's are the values
at the vertices and the normal derivatives at the midpoints of edges. To see that these DOF's

Fi1GURE 7.5. The Morley nonconforming plate element.

are unisolvent, suppose that v € Py(T") has vanishing DOFs. Note that a quadratic that
vanishes at the endpoints of an interval has a vanishing derivative at the midpoint. Therefore
at the midpoints of the edges, not just the normal derivatives vanish, but also the tangential
derivatives, so the entire gradient vanishes. Each component of the gradient is a linear
polynomial, which vanishes at the three midpoint, so the gradient vanishes. Therefore v is
constant, and so zero.

Now let V}, denote the assembled Morley finite element space, approximating H? (so that
we take all the DOFs on the boundary to be zero). For simplicity we consider the clamped
plate problem with 0 Poisson ratio: u € H 2

/V2U:V2vdx:/fvdx, ve H.

The Morley finite element solution w, € V}, is defined by

/V%uh : Vivdx = /fvd:v, v E V.
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As before, the error analysis will hinge on the consistency error
Ep(u,v) = Z/ Vu : Viudr — /fv dr, v €V,
T JT

Since div V2u = grad Au, we can write

En(u,v) :Z (/T Viu: V2vdr + /Tdiv Viu - gradvdx)
T

—l—z(—/gradAu-gradvdx—/fvdx) =: F, + E5.
T T T

Note that Fs vanishes if v € H 1(Q). For any v belonging to the Morley space V;, let I,v be
the piecewise linear function with the same vertex values as v, so Iv € H'. Therefore

EQZZ(—/TgradAu‘grad(v—[hv)d:c—/Tf(v—[hv)d:c).

T
By standard approximation properties we have
lv = Ipoll < ch®|Jvlln, || grad, (v — Iyo)|| < chfv].
Hence
| Eo| < c(hllulls + P2 £1) ][]l
For E, since
/ Vu: Vde = — / div V2u - grad v dz —i—/ (V2u)ny - grad v ds,
T T oT
we get

E, = Z /aT(VQu)nT -gradvds
T

Now each component of grad, v is a nonconforming Py, so we can applying Lemma 7.3 with
¢ replaced by V2u and v replaced by grad, v to get

| Ex| < chllulls]|v]]n
Thus we have shown that
| En(u, v)| < ch([|ulls + AlLFDv]ln-
From this point the analysis is straightforward and leads to
[l = unlln < ch(l|ulls + Al F1)-

Note that the order h estimate is what we would expect since the norm is a broken H?
seminorm. The regularity required on w is just a bit more than u € H?.
This result was established by Rannacher in 1979. In 1985 Arnold and Brezzi used a
duality argument to prove an O(h?) broken H' estimate:
| grady, (u —un) || < h®([|ulls + I £])-

It is not true that ||u — wuy]| = O(h?).






CHAPTER 8
Mixed finite element methods

The Kirchhoff plate problem is difficult to solve by finite elements since it is a fourth
order PDE, leading to the need for finite element spaces contained in H?. One way we might
avoid this would be to formulate the fourth order PDE as a system of lower order PDEs.
For example, we can write the biharmonic A?w = f as

M = V*w, divdivM = f,
ie.,
827.0 62MZ

“ 8@8% 7 Py 8:p,8x]

= f.

Actually, for plate problem with bending modulus D and Poisson ratio v, a more physical way
to do this—and one which will be more appropriate when supplying boundary conditions—is
to define the bending moment tensor

M = D[(1 — v)V*w + vAw)I],
ie.,
0*w

? J

+ v(Aw)d;l,

which, together with divdiv M = f gives the plate equation. Of course, there are other ways
to factor the fourth order problem into lower order problems, including the obvious ¢ = Aw,
A¢p = f. We could even factor the problem into a system of four first order equations:

0 =gradw, M =D[1—-v)VO+v(dive)l], (=divM, div(=Ff.

All the variables in this formulation are physically meaningful: w is the vertical displacement
of the plate, 6 the rotation of vertical fibers, M the bending moment tensor, and ( the shear
stress.

For any such factorization, we can introduce a weak formulation, and then try to discretize
by finite elements. Such weak formulations are called mized because they mix together fields
of different types in the same equation. The resulting finite element methods are called
mixed finite element methods.

In this chapter we will study mixed finite element methods, but for simpler problems,
like Poisson’s equation. Thus we will be reducing a second order equation to a system of
first order equations. The motivation for doing this (besides as a way to gain insight for
higher order problems) may not be clear, but it turns out that such mixed methods are of
great use.

23
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1. Mixed formulation for Poisson’s equation
We start with the simplest problem
(8.1) —Au=finQ, u=0on .

We have discussed finite element methods based on the corresponding weak formulation. The
associated variational formulation is a minimization problem over H'(Q). Now we consider
introducing a new variable o = grad u (which is vector-valued), so we have the system

oc=graduin Q, —dive=finQ, wu =0 on 0.

To obtain a weak formulation, we multiply the first PDE by a vector-valued test function
7 and the second by a scalar test function v, and integrate over 2. We now proceed as
follows. First, we integrate the gradient in the first equation by parts, and use the boundary
condition. This leads to the weak formulation: find ¢ and u such that

/J-de—i—/udiVde:O VT, /divavdx:—/fvdx Yo.
Q Q Q Q

Note that we do not integrate by parts in the second equation, and we multiplied it by —1.
The reason is to obtain a symmetric bilinear form. That is, if we add the two equations, we
obtain a bilinear form acting on the trial function (o,u) and the test function (7, v) which
is symmetric: find (o, u) such that

82  Bl(o.u).(rv)) = /

U-Tda:+/udiVde+/divavdx Y(r,v).
Q Q Q

This reflects the fact that the original boundary value problem (8.1) is self-adjoint.

What are the correct spaces to use with this formulation? We see that the trial function
u and the corresponding test function v enter undifferentiated. Therefore the appropriate
Hilbert space is L*(2). On the other hand, we need to integrate not products involving o
and 7, but also products involving divo and div7. Therefore we need 7 € L?*(2; R?) and
also divr € L?(Q) (and similarly for o). We therefore define a new Hilbert space

H(div) = H(div,Q) = {7 € L*(Q;R?) | divT € L*(Q) }.

As an example of a function in H(div) we may take o = gradu, where u € H' solves
Poisson’s equation —Au = f for some f € L?. Since divo = —f, we see that o € H(div).
It may be that o ¢ H'(Q2;R?). This usually happens, for instance, for the Dirichlet problem
for a nonconvex polygon.

Thus the mixed weak formulation of the Dirichlet problem for Poisson’s equation is: Find
o € H(div) and u € L? such that

(8.3) /J-TdaH—/udiVde:O VT € H(div), /divavdx:—/fvdx Vv e L?
Q Q Q Q

We have shown that the solution to the Dirichlet problem does indeed satisfy this system.
We shall see below that there is a unique solution to this system for any f € L2. Thus this is
a well-posed formulation of the Dirichlet problem. We may, of course, write it using a single
bilinear form B, as in (8.2), and the Hilbert space H(div) x L.



2. A MIXED FINITE ELEMENT METHOD 25

The weak formulation is associated to a variational formulation as well. Namely if we
define

1
(8.4) L(T,v) :—/ |T\2dx+/vdiv7'dx+/fvdx,
2 Ja Q Q

then (o, u) is the unique critical point of £ over H(div) x L% In fact,
L(o,v) < L(o,u) < L(,u) V7 € H(div),v € L?,

so (o,u) is a saddle point of L.
Note that dive = —f, so L(o,u) = % [|o|*dz. If 7 € H(div) is another function with
divr = —f, then L(7,u) = % [ |7|*dz. Thus

1 1
—/|a|2dx < -/|T|2.
2 2

The quantity (1/2) [ |7]? is called the complementary energy. We have just shown that,
subject to the constraint divr = —f the unique minimizer of the complementary energy
(1/2) [ |7]? is T = 0. Now recall how one computes the minimum of a function J(7) subject
to a constraint L(7) = 0. One introduces another variable v of the same type as L(7),
and seeks a critical point of the extended function J(7) 4+ (L(7),v) (where the angular
brackets denote the inner product). If (7,v) = (o,u) is the critical point of the extended
functional, that o is the minimizer of J(7) subject to the constraint L(7) = 0. In our case,
L(t) =divT + f € L?, so the extended functional is

1
§/|T|2dl'+/(div7'—|—f)vdl‘, 7€ H(div),v € L?

which is exactly £(7,v). Thus we find that the variational formulation of the mixed method
exactly characterizes o as the minimizer of the complementary energy, and u as the Lagrange
multiplier associated to the divergence constraint.

2. A mixed finite element method

A Galerkin method for the Poisson equation now proceeds as follows. We choose finite
dimensional subspaces V;, C H(div) and W}, C L?, and seek oj, € W}, uj, € V;, such that

(8.5) /Jh-de+/uhdiVde:0 V1 eV, /divahvda::—/fvdx Yv € Wy,
Q Q Q Q

This is simply Galerkin’s method applied to the mixed formulation. However the bilinear
form B in the mixed formulation is not coercive, and so our theory thus far does not imply
that this method is stable.

Let us try out the method in a simple case. We consider the problem on the unit square,
with a uniform mesh of n xn subsquares, each divided in two by its positively sloped diagonal.
For finite elements we consider three possibilities:

e continuous piecewise linear vector fields for V},, continuous piecewise linear scalar
fields for Wy;

e continuous piecewise linear vector fields for V},, piecewise constants for Wp,;

e the Raviart-Thomas elements, a subspace of H(div) we shall study below for V},,
and piecewise constants for W,.
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The first possibility, Lagrange elements for both variables, is a complete failure, in the
sense that the resulting matrix is singular. To see this, consider taking u as the piecewise
linear function with the vertex values shown in Figure 8.1, where a, b, and ¢ are any three
real numbers adding to 0 (a 2-dimensional space). Then we have that [, udxz = 0 for each
triangle u. Therefore u is orthogonal to piecewise constants, and so [wdiv7dz = 0 for all
continuous piecewise linear 7. Therefore (0,u) € V;, x W), satisfies

B((0,u),(r,v)) =0, (1,v) €V}, x Wy,

i.e., (0,u) belongs to the kernel of the stiffness matrix. Thus the stiffness matrix is singular.

D T a B c
a b C a b
4 a b C a
b C a 13 c
a C

FIGURE 8.1. A piecewise linear which is orthogonal to all piecewise constants
(a+b+c=0).

The other two methods both lead to nonsingular matrices. To compare them, we choose
a very simple problem: u = z(1 —z)y(1 —vy), so f = 2[z(1l —z) +y(1 —y)]. Figure 8.2 shows
the variable u for the two cases. Notice that the method using Lagrange elements for o gives
complete nonsense. The solution is highly oscillatory on the level of the mesh, it ranges from
—0.15 to 0.25, while the true solution is in the range from 0 to 0.0625, and it has a line of
near zeros down the main diagonal, which is clearly an artifact of the particular mesh. The
Raviart-Thomas method gives a solution u that is a reasonably good approximation to the
true solution (considering it is a piecewise constant).

Clearly the choice of elements for mixed methods is very important. This is not a question
of approximation or consistency, but rather stability.

In fact, the issue already arises in one dimension. Consider the Poisson equation (—u” =
f) on an interval, say (—1,1), written as ¢ = v/, —0’ = f. Assuming homogeneous Dirichlet
boundary conditions, we get the mixed formulation: find ¢ € H*, u € L? such that

1 1 1 1
/ aTda:—l—/ Tudr =0, 7€ H', / a'vd:v:—/ fvde, ve L%
1 1 1 -1

Notice that in one dimension H' = H(div). If we again consider the possibility of continuous
piecewise linear functions for both variables, we again obtain a singular matrix. However in
one dimension, the choice of continuous piecewise linears for o and piecewise constants for u
works just fine. In fact, this method is the 1-D analogue of the Raviart-Thomas method. In
Figure 8.3 we compare this method, and the method we obtain by using continuous piecewise
quadratics for o and piecewise constants for u. That method is clearly unstable. (Our test
problem has u(z) = cos(mz/2).)
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0.25 0.0625
0.05 0.0312
-0.15 0

F1GURE 8.2. Approximation of the mixed formulation for Poisson’s equation
using piecewise constants for u and for ¢ using either continuous piecewise
linears (left), or Raviart-Thomas elements (right). The plotted quantity is u
in each case.

FIGURE 8.3. Approximation of the mixed formulation for —«” = f in one
dimension with two choices of elements, piecewise constants for u and piecewise
linears for o (a stable method, shown in green), or piecewise constants for u
and piecewise quadratics for o (unstable, shown in red). The left plot shows u
and the right plot shows o, with the exact solution in blue. (In the right plot,
the blue curve essentially coincides with the green curve and hence is not
visible.)

An important goal is to understand what is going on these examples. How can we tell
which elements are stable for the mixed formulation? How can we find stable elements?

3. Inhomogeneous Dirichlet boundary conditions

Before continuing, we consider some other problems. Since the Dirichlet boundary con-
dition is natural in the mixed form, an inhomogeneous Dirichlet condition u = g on 0f2,
just modifies the right hand side. Here, to make things a bit more interesting, let us also
introduce a coefficient a in our equation:

—divagradu = f.
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We assume that a(z) is bounded above and below by a positive constant. To obtain the
weak formulation, we introduce the new variable o = a grad u. We write the system as

aoc —gradu =0, dive = —Ff,

where o = a~!. The reason for writing the first equation with a rather than a, is that this
will lead to a symmetric system, associated to a variational principle. Now if we multiply the
first equation by 7 € H(div), integrate by parts, and use the Dirichlet boundary condition,
we get

/aa-de+/diVTudx:/ T-ngdr, 1€ H(div),
o9

The equilibrium equation remains unchanged

/divavdaf:—/fvdq:, ve L%

This is again of the form
B((o,u), (r,v)) = F(r,v) (1,v) € H(div) x L?,

but now the linear functional F acts on both variables.

4. The Neumann problem

We next consider the Neumann boundary condition a 0u/0n = 0. If we write the PDE
as the first order system
ac —gradu =0, dive = —Ff,
then the boundary condition is o - n = 0 on 0. Now if we multiply the first equation by
T € H(div) and integrate by parts, the boundary term |, 50 UT - nds will not vanishes unless
7 - n vanishes on the boundary. Thus we are led to incorporate the Neumann boundary
condition into the space for ¢ and 7, and we define the space

H(div) = {7 € H(div)|7-n =0 on 09 }.
To do so, we need to make sure that the normal trace 7 -n makes sense for 7 € H(div). We
shall return to this point, but let us accept it for now.
In this way we obtain a weak formulation for the Neumann problem: find o € H(div),
u € L? such that

/aa-7dm+/div7‘udx20, TEﬁ(div), /divavdx:—/fvdx, ve L%

This problem is not well-posed, nor should it be, since the Neumann problem is not well-
posed. To have a solution we need f f =0 (take v = 1), and then the solution is undeter-
mined up to addition of a constant. To get a well-posed problem, we replace L? with

E2:{veL2|/v:0}.

This leads to a well-posed problem (as we shall see below). Thus the solution of the Neumann
problem is a saddle point of £ over H(div) x L2.

Note that the Neumann boundary conditions are built into the space used for the weak
and variational form (H(div)). Thus they are essential boundary conditions, while Dirichlet



5. THE STOKES EQUATIONS 29

boundary conditions were natural. In this, the mixed formulation has the opposite behavior
as the standard one.

To complete this section, we show how to define the normal trace 7 -n on Jf) for 7 €
H(div). First we begin by giving a name to the trace space of H*(€2). Define

H'Y2(09) = {ulon|v e H'(Q) }.
Then H'/? is a subspace of L?(0Q). If we define the norm

= inf |lv
lollssooy = _inf il

ulan=g

then, by definition, the trace operator is bounded H'(Q2) — H'/2(9€)). This way of defining
the trace space avoids many complications. Of course it would be nice to have a better
intrinsic sense of the space. This is possible to obtain, but we will not pursue it here.

Now consider a vector function 7 € H'(Q;R?), and a function g € HY2(952). We can
find a function v € H'(Q) with v|gq = ¢ and [Jv||1 < 2[|g|l1/2,00 (wWe can even replace 2 by

1). Then
/ T-ngds:/T-gradvdx—i-/divrvdx.
o0 Q Q

‘/ T-ngds
o0

Now we define the H~'/2(9€2) norm of some k € L2(99) by

Joo kg ds
HM’H*l/?(aQ): sup R
geH/2(89Q) ||g||H1/2(8Q)

SO

< cllvlliliTll @y < cllglhyzoall |-

Note that [|k|lg-12090) < cllkl[z2(90). With this definition we have that the map v :
HY(Q;R?) — L*(09Q) given by y7 = T - n satisfies
”’YTHH*/Q(@Q) < C”THH(div)a TE Hl(QSRQ)-

We can extend this result to all of H(div) by density, but for this we need to define the space
H~/2(0Q) as the completion of yH(Q) in the H~'/2(9Q) norm. If we do that we have the
following trace theorem.

THEOREM 8.1 (Trace theorem in H(div)). The map vr = 7 -n estends to a bounded
linear map from H(div) onto H=/2(05).

5. The Stokes equations
The Stokes equations seek a vector field v and a scalar field p, such that

—Au+gradp = f, divu=0.

No slip boundary conditions are © = 0 on the boundary, and no conditions on p. Note that
in this equation A represents the vector Laplacian, applied to each component. We shall see
that there is some similarity between this problem and the mixed Poisson equation, with u
here corresponding to o there and p here to u there.
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The weak formulation of the Stokes equation is to find u € H 1(Q;R?), p € L? such that
/gradu s gradvdx — /divvpdac = /fvdx, v E ﬁl(Q;R2),
/divuqu =0, qel’

6. Abstract framework

All the problems considered in this section may be put in the following form. We have
two Hilbert spaces V and W, two bilinear forms

a: VXV =R, b:VXW-—=R,
and two linear forms
F:V—-R G:W-—-=R.

Then we consider the weak formulation, find (o,u) € V' x W such that
a(o,7)+b(t,u) = F(r), T€YV,

b(o,v) =G(v), veW.
For the Poisson equation, V = H(div) and a is the L? inner product (not the H(div) inner
product, or, in the case of a coefficient, a weighted L? inner product. For the Stokes equations,

V = H'Y(Q;R?) and a is the H' seminorm. In both cases W = L? and b(7,v) = [ divrvda.
Besides these there are many other examples of this structure.

(8.6)

7. Duality

Before proceeding we recall some results from functional analysis. If T": V — W is a
linear map between Hilbert (or Banach) spaces, then 7% : W* — V* is defined by

T"(g)(v) = g(T).
Then T* is a bounded operator if T is:

[T"g(v)| = |g(Tv)| < llgllw- 1 Tv]lw < llgllw~
so [T*gllv+ < |lgllw+|T||zv,w), which means that |7 2w« v+) < ||T||zov,wy. Moreover if
S : W — X is another bounded linear operator, then, directly from the definition, (SoT")* =
T* o S*. The dual of the identity operator V' — V is the identity V* — V*. This gives an
immediate theorem about the dual of an invertible map.

Tllcovwmyllvllv,

THEOREM 8.2. If a bounded linear operator T’ : V- — W between Hilbert spaces is invert-
ible, then T* : W* — V* is invertible and (T*)™* = (T~)*.

For the proof, we just take the dual of the equations ToT ! = Iy and T-' o T = Iy.

Recall that a Hilbert space is reflexive: (V*)* =V (where we think of v € V' as acting
on V* by v(f) = f(v)). Therefore T** = (T*)* : V. — W. It is immediate that T** = T
indeed for v € V|, g € W*, we have

g(T™*v) = (T"v)g = v(T"g) = T"g(v) = g(Tv).

This allows us, whenever we have deduced a property of T from a property of T' to reverse
the situation, deducing a property of T' from one of T™ just by applying the first result to
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T* rather than T'. For example,we have ||T'||zvw) = [T || coveswe=y < || T*|| cow= v+, which
gives the important result
1T [ cow= vy = 1T cevmy-
As another example, T™ is invertible if and only if T is invertible.
Now we introduce the notion of the annihilator of a subspace Z in a Hilbert (or Banach)

space V:

Ze={feV'flv)=0YveZ}CV"
Note that the annihilator Z* is defined for any subspace of V', not just closed subspaces, but
Z® is itself always closed. Of course we may apply the same notion to a subspace Y of V* in
which case the annihilator belongs to V** =V (in a Hilbert or reflexive Banach space) and
can be written

Yi={veV]|flv)=0VfeY}CW
If we start with a subspace Z of V' and apply the annhilator twice, we obtain another
subspace of V, this one closed. In fact

(z2°) =2
the closure of Z in V' (the smallest closed subspace containing Z). Indeed, it is obvious that
Z C (Z*)*, and the latter is closed, so Z C (Z%)®. On the other hand, if v € V, v ¢ Z, then
there exists f € V* such that f(z) =0 Vz € Z, but f(v) # 0, showing that v ¢ (Z%)*.

Now suppose T : V — W is a bounded linear map of Hilbert spaces. Then the null space
of T is precisely the annihilator of the range of 7™:

N(T) =R(T")".
Indeed, for v € V,
VEN(T) <= Tv=0 <= ¢g(Tv) =0Vg e W* <= T'g(v) =0Vg € W* <= v e R(T")".
Replacing T with T* we get N (T*) = R(T)*. Taking the annihilator of both sides we get
R(T) = N(T*)".
In summary:

THEOREM 8.3. Let T' : V. — W be a bounded linear operator between Hilbert spaces.
Then
N(T) =R(T*)* and R(T) = N(T*)“.
COROLLARY 8.4. T is injective if and only if T* has dense range, and T™ is injective if
and only if T' has dense range.

Thus far we have used the identification of V' with V**, but we have not used the iden-
tification, given by the Riesz Representation Theorem, of V' with V*. For this reason, the
whole discussion so far carries over immediately to reflexive Banach spaces (and much of
it to general Banach spaces). However we now use the identification of V' with V* given
by the Riesz Representation Theorem, and really use the Hilbert space structure. This will
allow us to give a very simple proof of the Closed Range Theorem (although the theorem
is true for general Banach spaces). Let Z be a closed subspace of a Hilbert space, with
iy : Z — V and 7z : V — Z the inclusion and the orthogonal projection, respectively.
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What are ¢, : V* — Z* and 7}, : Z* — V*?7 It is easy to see that the following diagrams
commute

7 2.y v T

where the vertical maps are the Riesz isomorphisms. This says, that Z* may be viewed
simply as a subspace of V* with 77, the inclusion and 7}, the orthogonal projection.

THEOREM 8.5 (Closed Range Theorem). Let T : V. — W be a bounded linear operator
between Hilbert spaces. Then R(T) is closed in W if and only if R(T*) is closed in V*.

~ PROOF. Suppose Y := R(T) is closed in W. Let Z = N(T) C V and define the map
T : Z+ — Y by restriction of both the domain and range (Twv = Twv € Y for all v € Z1).
Clearly the following diagram commutes:

v L .w

[ o

7t Ty

Taking duals we get the commuting diagram

T*

V* W*

Ti(ZL)* lﬂ'y*

Now, T is an isomorphism from Z+ to Y, so T* is an isomorphism from Y* to (Z1)*. We
can then read off the range of T* from the last diagram: it is just the closed subspace (Z+)*
of V*.

Thus if R(T') is closed, R(T™) is closed. Applying this result to 7 we see if R(T*) is
closed, then R(T) is closed. O

COROLLARY 8.6. T' is injective with closed range if and only if T is surjective and vice
versa.

We close this section by remarking that, using the Riesz identification of V and V*, we
may view the dual of T : V' — W as taking W — V (this is sometimes called the Hilbert
space dual, to distinguish it from the dual W* — V*). In this view, Theorem 8.3 becomes

N(T) = R(T*)* and R(T) = N(T*)*.

A simple case is when V = R"™ and W = R"™ so T can be viewed as an m X n matrix. Then
clearly N(T') is the orthogonal complement of the span of the rows, i.e., the orthogonal
complement of the span of columns of the transpose. Thus the fact that N'(T) = R(T*)* is
completely elementary (but nonetheless very useful) in this case.
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8. Well-posedness of saddle point problems

Consider now the abstract saddle point problem describe in Section 6. Associated to the
bilinear forms a and b, we have bounded bilinear operators A:V — V*and B : V — W*,
and the problem may be stated in operator form: given F' € V*, and G € W* find 0 € V,
u € W such that

Ao+ B*u=F, Bo=Q(G.
We now establish when this problem is well-posed, i.e., for all ', GG, there exists a unique
solution o, u, and there is a constant such that

(8.7) lollv + [fullw < e[| F]

THEOREM 8.7 (Brezzi’s theorem in operator form). Let Z = N(B) and define Azy :
Z — 7" by Agy =z« 0 Alz. The abstract saddle point problem is well-posed if and only if

ve +Gllw-).

(1) Azz is an isomorphism of Z onto Z*.
(2) B maps V' onto W*.

Moreover the well-posedness constant ¢ in (8.7) may be bounded above in terms of the || A]|,
1B, [[AZz]l. and || BI L |-

PROOF. In addition to Azz, define maps Az, = 7410 Al : Z — Z** and, similarly,
Ayz and A . We also define B) = B|y. : Z+ — W*. (The corresponding By is just the
zero map, so we don’t introduce that notation.) If we partition 0 € V =Z+ Z+ as o, +o0
and F € V* = Z* + Z+* as F; + F|, we may write the equations Ao + B*u = F, Bo = G
in matrix form:

Azz Az 0 0z Fy
(88) AZJ_ AJ_J_ Bj_ O = FJ_
0 BJ_ 0 u G

Now reorder the unknowns, putting u first, so the last column of the matrix moves in front
of the first:

O AZZ AJ_Z u FZ
BT Az, Al oz | =1|FL
0 0 BJ_ o G

Now reverse the first and second equation:
Bj_ AZJ_ AJ_J_ u FJ_
(89) 0 AZZ AJ_Z Oy = FZ
0 0 BJ_ (onR G

From the upper triangular form of the matrix, we see that it is invertible if and only if all
the three matrices on the diagonal are invertible. But B, is invertible if and only if B is
onto (since we restricted B to the orthogonal complement of its kernel), and B is invertible
if and only if B, is. Therefore we have that (8.8) is invertible if and only if (1) and (2) hold.
When the conditions hold, we may write down the inverse matrix. Using the reordered
form we have
B —BY'Az AL, BUYWAzI AL ALz — AL)BTY
0 ALy —A, A ;B!
0 0 B!
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from which can give an explicit bound on the well-posedness constant. 0

Now we return to the statement of the problem in terms of bilinear forms rather than
operators. The operator Az corresponds to the restriction of the bilinear form a to Z x Z.
Thus we know that a sufficient condition for condition (1) above is that a is coercive on
Z X Z,i.e., there exists 7, > 0 such that

(8.10) a(z,2) > vz}, z€Z

This condition is referred to as coercivity in the kernel or the first Brezzi condition. It is not
necessary, but usually sufficient in practice. If we prefer necessary and sufficient conditions,
we need to use the inf-sup condition: for all z; € Z there exists zo € Z such that

a(z1, 22) = 7z |||z,

together with the dense range condition: for all 0 # 25 € Z there exists 0 # z; € Z such
that

a(z1, z2) # 0.
Note that 7, ' is a bound for A}.

Next we interpret condition (2) of the theorem in terms of the bilinear form b. The
condition is that B maps V onto W*, which is equivalent to B* maps W one-to-one onto
a closed subspace of V* which is equivalent to the existence of a constant v, > 0 with
| B*w|| > 7a|jw| for all w € W, which is equivalent to, that for all w € W there exists
0 # v € V such that b(v,w) = B*w(v) > ye|lwl|||v], or, finally:

(8.11) inf  sup o7, v)

0ot Wi ooy, Tl = 7

In this case v, ' is a bound for |[B7'||. This is known as Brezzi’s inf-sup condition, or the
second Brezzi condition.
Putting things together we have proved:

THEOREM 8.8 (Brezzi’s theorem). The abstract saddle point problem is well-posed if
(1) The bilinear form a is coercive over the kernel, that is, (8.10) holds for some ~; > 0.
(2) The Brezzi inf-sup condition (8.11) holds for some 2 > 0.
Moreover the well-posedness constant may be bounded above in terms of the ||A|, v;*', and
%
REMARK. Looking back at the inverse matrix we derived in the proof of Brezzi’s theorem
in operator form, we get explicit estimates:

loll < 72 '+ lallyy HIGT+HHIELL - llull < 252 lall (W lallv DG T+yz (L lally DIE-

Let us now look at some examples. For the mixed form of the Dirichlet problem, a :
H(div)xH(div) —» Risa(o,7) = [ac-Tdz,and b: H(div)xL?* — Risb(r,v) = [ divrvda.
Therefore Z = {7 € H(div) | divT = 0}, the space of divergence free vector fields. Clearly
we have coercivity in the kernel:

a(r,7) = al| 7[> = all 7l Fa)-

Note that a is not coercive on all of H(div), just on the kernel.
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For the second Brezzi condition we show that for any v € L? we can find 7 € H(div)
with div 7 = v and ||7||g@iv) < cf|v||. There are many ways to do this. For example, we can
extend v by zero and then define a primitive:

(e, y) = / u(t.y)dt, 75— 0.
0

Clearly div 7 = v and it is easy to bound ||7|| in terms of ||v|| and the diameter of the domain.
Or we could solve a Poisson equation Au = v and set 7 = grad u.

As a second example, we consider the Stokes problem. In this case we seek the vector
variable (which we now call u) in H'(€2:R2). It is not true that div maps this space onto
L?, but almost. Clearly [divudz =0 for u € H', so to have the surjectivity of B we need
to take the pressure space as

ﬁ2={p€L2|/p=0}'

For the Stokes problem, the coercivity in the kernel condition is trivial, because the a form
is coercive over all of H'(Q;R2). This accounts for the fact that this condition is less well-
known than the second Brezzi condition. For the Stokes equations it is automatic, also on
the discrete level.

For the second condition we need to prove that div maps H' onto L?. This result, usually
attributed to Ladyzhenskaya, is somewhat technical due to the boundary conditions , and
we do not give the proof.

9. Stability of mixed Galerkin methods

Now suppose we apply a Galerkin method to our abstract saddle point problem. That
is, we choose finite dimensional subspaces V, C V and W, C W and seek o), € V},, u, € W,
such that

a(op, 7) + b(1,up) = F(1), 7€ V),

(8.12) b(on,v) =Gv), vE W,

We may apply Brezzi’s theorem to this problem. Suppose that

(8.13) a(z,2) > allzll3, 2€ Zy:={1€Vy|b(r,v) =0, veEW,},
and

b
(8.14) inf  sup blr,v) > Yoh.

0veWs ozrev, ([T [l0]

for some positive constants 7, v2,,. Then the discrete problem admits a unique solution
and we have the stability estimate

lonllv + llunllw < c(1F v v + 1Glw, lwy),

where ¢ depends only on vy, 72 and |lal|. The general theory of Galerkin methods then
immediately gives a quasioptimality estimate.
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THEOREM 8.9. Suppose that (o,u) € V x W satisfy the abstract saddle point problem
(8.6) Let Vi, CV and W), C W be finite dimensional subspaces and suppose that the Brezzi
conditions (8.13) and (8.14) hold for some vy p, Y2, > 0. Then the discrete problem (8.12)
has a unique solution (op,up) € Vi, X Wy, and

lo = onllv +llu = unllw < e(inf Jlo =7y + inf flu—viw),
where the constant ¢ depends only on v p, Y2, and the norms of a and b.

This estimate is the fundamental estimate for mixed methods. In many cases it is too
crude, since it couples the approximation of o and u, and often other useful estimates can
be derived using a duality argument. We will see these in specific cases.

The major message from this theorem, however, is that, unlike for coercive formulations,
for saddle point problems the Galerkin subspaces V}, and W}, have to be chosen with a view
not only to approximation, but also stability, specifically, so that (8.13) and (8.14) hold.

10. Mixed finite elements for the Poisson equation

10.1. Mixed finite elements in 1D. As a simple example, let us return to the one-
dimensional example shown in Figure 8.3. Here

1 1
a(U,T):/ ot dx, b(T,v):/ T'vd.

1 1

If we choose both V}, and W}, to be the space of continuous piecewise linears for some mesh,
then 7, = 0, because for v a nonzero continuous piecewise linear which vanishes at each
element midpoint, [ 7'vdx = 0 for all 7 € V},. Thus this choice of elements violates the second
Brezzi condition in the worst possible way, 72, = 0, and does not even give a nonsingular
discrete problem. One might consider removing this highly oscillatory function from W),
e.g., by replacing W), by its orthogonal complement, but in that case it turns our ~,;, — 0
with h.

Next we make the choice shown in green in Figure 8.3, namely V}, continuous piecewise
linear, W) piecewise constant. Turning to the first Brezzi condition, Zj is the space of
continuous piecewise linears with derivative orthogonal to piecewise constants, which means
with vanishing derivative, i.e., Zj, consists only of the constant functions. Clearly a(1,7) =
[ 72 dx coerces (actually equals) the H' norm for a constant. So the first condition holds
with 41, = 1. For the second condition, given piecewise constant v, we let 7(x) = [ v(t) dt,
which is a continuous piecewise linear. Note that |7 < |[v]lo and 7/ = v, so |73 < 2]|v||2.
We have )

b(r,v) = |lvllg > EHTIHIUH-
which establishes the inf-sup condition with 25, = 1/v/2. This proves the stability of the
method and justifies the good approximation quality we see in the figure.

Finally, consider the same choice for W) but the use of continuous piecewise quadratics
for V}, which is shown in red in Figure 8.3. Increasing the size of V} only increases the
inf-sup constant, so the second condition is fulfilled. However it also increases the size of Zj,,
and so makes the coercivity in the kernel condition more difficult. Specifically, let [Z, Z + h]
be any mesh interval of length h and consider 7(z) = (x — Z)(x — Z — h) on this interval, 0
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everywhere else. Then 7 € Zy, ||7]|3 = O(R®), ||7]|? = O(h?), and so a(r,7)/||71||? = O(h?).
Therefore, v, , — 0 as h — 0, explaining the instability we see.

10.2. Mixed finite elements in 2D. Now we return to mixed finite elements for
Poisson’s equation in two dimensions; see (8.5). What spaces V;, C H(div) and W), C L?
can we choose for stable approximation? We saw by numerical example that the choice of
continuous piecewise linear elements for V}, and piecewise constants for W), while stable in
one dimension, are not stable in two dimensions.

The first stable spaces for this problem were provided by Raviart and Thomas in 1975.
We begin with the description of the simplest finite elements in the Raviart-Thomas family.
For the space W), we do indeed take the space of piecewise constants (so the shape functions
on any triangle are simply the constants, and for each triangle T" we take the single DOF
v fT vdx). For the space V}, we take as shape functions on a triangle T’

Pr(T;R?*) :={7(z) =a+brla € REbeR,z = (1,29) }.

In other words, the shape function space is spanned by the constant vector fields (1,0) and
(0,1) together with the vector field z = (x1,23). Note that P; (T;R?) is a 3-dimensional
subspace of the 6-dimensional space P;(T;R?). For example, the function 7(z) = (1 +
21,3 + 2x9) is a shape function, but 7(x) = (1, x2) is not.

For DOFs, we assign one to each edge of the triangle, namely to the edge e of T" we assign

T'—>/T~ned8,
e

where n. is one of the unit normals to e. Let us show that these DOF's are unisolvent. Let
T=a+bx,a € R% b€ R, and suppose all three DOFs vanish for 7. Note that divT = 2b.

Therefore
2|T|b:/div7'dx:/ T7-nds = 0.
T or

Thus b = 0 and 7 = a is a constant vector. But the DOFs imply that 7 - n, vanish for each
of the three edges. Any two of these are linearly independent, so 7 vanishes.

For any triangulation 7;, we have thus defined a finite element space V},. It consists of all
the vector fields 7 : Q@ — R? such that 7|y € Py (T;R?) for all T € 7}, and, if e is a common
edge of T, T, € T}, and n, is one of the normals to e, then

(8.15) /T|T ‘Neds = /7’|T+ ‘N ds.

Our next goal is to show that V,, C H(div). Just as a piecewise smooth function with
respect to a triangulation belongs to H' if and only if it is continuous across each edge, we
can show that a piecewise smooth vector field belongs to H(div) if and only if the normal
component is continuous across each edge. This basically follows from the computation

—/T-grad¢dx:Z/diVT¢dx—Z/ T npds.
Q T T T oT
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for any piecewise smooth 7 and ¢ € C’OO(Q) If 7 has continuous normal components, then

we have cancellation, so
Z/ T-nppds =0,

—/T-gradQde:/dithgzﬁdx,
Q Q

where div, 7 € L?(2) is the piecewise divergence of 7. This shows that the weak divergence
of 7 exists and belongs to L2.

Now, by (8.15) we have for the Raviart—Thomas space W}, that the jump of the normal
component 7|p_-n. — 7|z, - n. vanishes on average on e. However, for 7 to belong to H(div)
we need this jump to vanish identically. This depends on a property of the space Py (T'; R?).

LEMMA 8.10. Let 7 € Py (T;R?) and let e be an edge of T. Then T -n, is constant on e.

which means that

PROOF. It is enough to consider the case 7(x) = x (since P; is spanned by this 7
and constants). Take any two points x,y € e. Then x — y is a vector tangent to e, so
(x —y) - n.=0,1ie, 7(x) -n.=7(y) - ne. Thus 7-n, is indeed constant on e. O

We have thus defined the Raviart—Thomas space V;, C H(div) and the space of piecewise
constants Wj, C L2. Clearly we have divV, C W, (since the vector fields in V}, are piecewise
linear). From this we have that the discrete kernel

Zp={1€ V| /diVTvda::OVUGWh}

consists precisely of the divergence-free functions in V},. From this the first Brezzi condition
(coercivity over Z;,) holds (with constant 1).

The key point is prove the inf-sup condition. To this end we introduce the projection
operator 7, : H'(2; R?) — V}, determined by the DOFs:

/’/Th’i'-nedS:/T'ned& € H'(Q;R?).

Note that we take the domain of 7, as H'(Q;R?) rather than H(div). The reason for this is
that [ 7 -n.ds need not be defined for 7 € H(div), but certainly is for 7 € H', since then
T’aT € L2(8T)

We also define P, : L*(T) — W, by [, Pyvde = [,vdz, ie., the L? projection. Then
we have the following very important result.

THEOREM 8.11. divm,7 = P, divr, 7€ H'(Q;R?).

PrOOF. The left hand side of the equation is a piecewise constant function, so it suffices

to show that
/ div 7,7 dx = / div 7 dx.
T T

But this is an easy consequence of Green’s theorem:

/diVﬂ'thfE:/ WhT'ndS:/ T-ndS:/diVleL‘.
T T T T
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The theorem can be restated as the commutativity of the following diagram:

Hl div L2

e
v, 9w,

We shall also prove below that 7, is bounded on H*:

THEOREM 8.12. There exists a constant independent of h such that
ImnT || @iy < eliTlh, 7€ H' (G R?).

From these two results, together with the inf-sup condition on the continuous level, we
get the inf-sup condition for the Raviart—Thomas spaces.

THEOREM 8.13. There exists v > 0 independent of h such that

di d
P

0£0eWh otrew;, (|7 m@aiv) V]| —

ProoFr. It suffices to show that for any v € W), we can find 7 € V), with divr = v and
|7 @iy < cl|v]l. First we find o € H'(Q;R?) with dive = v, [jo]|1 < ¢[jv]. For example,
we can extend v by zero to a disc or other smooth domain and define v € H? by Au = v
with Dirichlet boundary conditions, and then put ¢ = grad u. Finally, we let 7 = m,0. We
then have

divr =divmyo = Pydive = Pyv = .
Moreover,
17l 1 (aivy < ellofly < el

In view of Brezzi’s theorem, we then get quasioptimality:

THEOREM 8.14. If (0, u) € H(div)x L? solves the Poisson problem and (o, up,) € Vi, x Wy,
15 the Galerkin solution using the Raviart—Thomas spaces, then

o= ol + 1 = unll < c(inf llo = i) + it = ol

For the second infimum, we of course have

inf [|u— vl < chlul;.
veWp,

It remains to bound the first infimum, i.e., to investigate the approximation properties of
the Raviart-Thomas space V},.

We will approach this in the usual way. Namely, we will use the projection operator
m, coming from the DOFs to provide approximation, and we will investigate this using
Bramble-Hilbert and scaling. We face the same difficulty we did when we analyzed the
Hermite quintic interpolant: 7, is not invariant under affine scaling, because it depends on
the normals to the triangle. Therefore, just as for the Hermite quintic, we shall only use
scaling by dilation, together with a compactness argument.
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For any triangle T', set 7p : H'(T;R?) — P; (T;R?) denote the interpolant given by the
Raviart-Thomas degrees of freedom. Since the constant vector fields belong to P;, we get,
by the Bramble-Hilbert lemma, that

|7 = 77| L2(ry < er|T|m ()

As in the Hermite quintic case, we denote by S(#) the set of all triangles of diameter 1 with
angles bounded below by # > 0. By compactness we get that the constant ¢y can be chosen
independent of 7" € §(#). Then we dilate an arbitrary triangle 7" by 1/hr to get a triangle
of diameter 1, and find that

HT — 7TTT||L2(T) S ChT|T|H1(T);
where ¢ depends only on the minimum angle condition. Adding over the triangles, we have
”T—’/Th’7'HL2(Q) < Ch‘T’Hl(Q), T € Hl(Q),

where h is the maximum triangle size.
We also have, by Theorem 8.11, that

| div(T — 74 7) || L2y = || div T — P div 7|2y < ch||div 7]y < chl|T]]s.
THEOREM 8.15.
|7 — 7| < chli7]l1, T H'Y(QR?),
| div(r — mp7)|| < ch||divr|y, 7€ H'divr e H'.
We immediately deduce Theorem 8.12 as well:
[mar || < 7l + [lmnr — 7l < ell7lls,
| div 7| = || P div 7| < || div 7| < ||7]1-
Putting together Theorem 8.15 and Theorem 8.14 we get
lo = onllaiv) + l[u = unll < ch(llolly + [ divelly + [Jully).

10.2.1. Improved estimates for o. This theorem gives first order convergence for ¢ in L?,
dive € L% and v € L?, which, for each, is optimal. However, by tying the variables together
it requires more smoothness than is optimal. For example, it is not optimal that the L?
estimate for o or u depend on the H! norm of dive. Here we show how to obtain improved
estimates for ¢ and div o, and below we obtain an improved estimate for u.

We begin with the error equations

(8.16) /(0 — o) - Tdr + /div T(u—wup)de =0, 7€V,

(8.17) /div(a —op)vdr =0, veW,.
Now, from the inclusion div o, € W}, we obtain

P, dive — divo, = Py div(o — ay,).
But (8.17) implies P, div(oc — op) = 0. Thus

divoy, = P, divo,
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and we have a truly optimal estimate for div o:
| div(c — o3)|| = inf ||dive —v|| < ch||divo]l;.
vEV)

Next we use the commuting diagram property of Theorem 8.11 to see that div(m,0 —0,) = 0,
so if we take 7 = w0 — ), € V}, in the first equation, we get

/(a—ah) (mpo — o) dz =0,

that is, o — oy, is L?-orthogonal to 7,0 — o, It follows that
lo = onll < llo—mal,

and so,
lo = onll < chllo]]s.
This is an optimal L? estimate for o.
We shall obtain an optimal L? estimate for u below.

10.3. Higher order mixed finite elements. We have thus far discussed the lowest
order Raviart—-Thomas finite element space, which uses the 3-dimensional space P; (T') for
shape functions. We now consider the higher order Raviart-Thomas elements, with shape
functions

,P; = {CL + bx ’ a € ,Prfl(T; ]R2), be Hrfl(T) }
Here H,_1(T) is the space of homogeneous polynomials of degree r — 1. We could allow b to
vary in P,_1(T) instead of H,_1(T), and the result space would be the same. Note that

dim P (T) = dim P,_1(T;R?) + dimH,_1(T) = (r + D)r +7 = (r + 2)r.

Before giving the DOFs and proving unisolvence, we establish some useful facts about
polynomials.

THEOREM 8.16. Let b € H,.(R?) and v = (x1,2). Then div(bx) = (r + 2)b

ProOF. It suffices to check this for a monomial xffxg with a + 8 = r. Then

0 0
div(bz) = div(zSTal, aSai ™) = 3_1‘1 2ozl + a—;x?z?“

= (a+ 1)931152 (6+ 1):51332 = (r +2)b.
O

COROLLARY 8.17. The divergence map div maps P,(R?;R?) onto P,_1(R?). In fact, it
maps P, (R?;R?) onto P,_1(R?).

PROOF. Given f € P,_,(R?) we have f = 37— bi, b; € H;(R?). We have
div() (i +2) b)) = Y (i +2) " div(bi) = Y b =

and
r—1 r—2
D (i 42)"bw =) biw + bpoyx € Proa (R R?) 4 aH,_1 (R?) = Py (R%R?).
1=0 1=0
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For a 2-vector a = (ay, ay), we write at = (—ay, a;) (rotation by —m/2). If b is a function,
we write grad™ b = (grad b)* = (—0b/0x1, db/0xy).

THEOREM 8.18 (Polynomial de Rham sequence). For any r > 1, the complex of maps

P.(R?) 22, p(R%LR?) I D, L (R?) — 0

1s a resolution of the constants. In other words, the augmented complex

grad® div

0— RS P.(R?) £ P (RLR?) <5 Py (R?) — 0.
is ezact. (For r =1 we interpret P_1(R?) as zero.

The statement that the sequence of maps is a complex means that the composition of
any two consecutive maps is zero, i.e., that the range of each map is contained in the kernel
of the next map. In this case that means that grad’ kills the constant functions (which is
obvious), and that divo grad® = 0, which is easy to check. The statement that the complex
is exact means that the range of each map precisely coincides with the kernel of the next
map.

PROOF. Clearly the null space of the inclusion is zero, and the null space of grad® is the
space of constants. We have shown that the range of div is all of P,_5. So the only thing to
be proven is that

R(grad®) := {grad*v|v € P,(R?) } = N(div) := {7 € P,_;(R%:R?) | divr =0}.

We note that the first space is contained in the second, so it suffices to show that their
dimensions are equal. For any linear map L : V' — W between vector spaces, dim N (L) +
dimR(L) = dim V. Thus
(r+1)(r+2) - (r+3)r
2 2
r(r—1) (r+3)r

dim N (div) = dim P,_1(R* R?) — dim P, _o(R*) = r(r + 1) — 5 T 9

dim R (grad®) = dim P,(R?*) — 1 =

By a very similar argument we get an exact sequence involving P, .
THEOREM 8.19. For any r > 1, the complex of maps
radt iv
P,(R?) 225, p—(R%R2) &% P, (R?) — 0.
1s a resolution of the constants.

We now give the degrees of freedom of the P finite element. These are

(8.18) - / onep(s)ds, pe Pryle),

and

(8.19) T / 7-p(r)dr, p€ Pr_o(T;R?).
T

Note: strictly speaking what we have defined is the span of the DOF's on each edge and
on T'. By taking any basis of P._;(e) and for P,_o(T) we get the DOFs. See Figure 8.4.
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FiGUurE 8.4. Higher order Raviart—-Thomas elements.

v v vV v
Py Po Py P, Py Py

THEOREM 8.20. The DOFs given by (8.18) and (8.19) are unisolvent for P (T;R?).

PROOF. First, we count the number of DOFs. There are r per edge and 2 x r(r —1)/2
on the triangle, so 3r + r(r — 1) = r(r + 2) = dim P! | (T;R?) altogether. So, to show
unisolvence, all we need to do is show that if all the DOFs vanish, then 7 € P} |(T;R?)
vanishes.

Now we know that z - m. is constant on n., so this implies that for 7 € P (T;R?),
T -ne € Pr_1(e). Therefore the DOF's in (8.18) imply that 7 - n vanishes on 97. We may
then use integration by parts to find that

/]div7‘|2dx:—/T-graddiVde:(],
T T

with the last equality coming from (8.19). Thus divr = 0. Writing 7 = a + bz, a €
P._1(T;R?), b € H,_1(T) we conclude from Theorem 8.16 that b = 0, so 7 € P,_;(T; R?) and
div 7 = 0. The polynomial de Rham sequence Theorem (8.18) then tells us that 7 = grad® ¢,
where ¢ € P,.(T) is determined up to addition of a constant. The condition 7 -n = 0 means
that 0¢/0s = 0 on each edge, so ¢ is equal to some constant on the boundary, which we can
take equal to 0. Therefore ¢ = by, with b € P3(T) the bubble function and ¢ € P,_3(T).
Using the polynomial de Rham sequence again, we can write 1) = div o with o € P,_o(T; R?).
Then

(8.20) / bp? do = / by dive de = — / grad(by) - o dx
T T T
= —/gradL(bw) Lot dr = —/T-aldx:O,
T T
since ot € P,_5(T;R?). Thus ¢ = 0 so 7 = 0 as claimed. U

Just as in the lowest order case, r = 1, considered previously, the choice of DOFs for the
higher order Raviart—Thomas spaces are designed to make the proof of stability straightfor-
ward. First of all, they ensure that 7 - n. is continuous across each edge e, so the assembled
space is a subspace of H(div). Let us denote the assembled P space by V}, and denote by
W), the space of all (not necessarily continuous) piecewise polynomials of degree r — 1. We
have div V}, C W}, so the first Brezzi condition is automatic. Again let 7, : H'(2; R?) — V},
be the projection determined by the DOFSs, and let P, : L*(Q2) — W), be the L? projection.
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Then the diagram
Hl div L2

K |7

div
Vh —_— Wh.

commutes, as follows directly from integration by parts and the DOFs. The inf-sup condi-
tion follows from this, just as in the lowest order case, and the quasioptimality estimate of
Theorem 8.14 holds for all » > 1. Assuming a smooth solution, we thus get

lo = onllm@iv) + [[u — un|| = O(R").

The improved estimates for o and div o carry through as well (since they only used the
inclusion div V,, C V}, and the commuting diagram). Thus

lo = onll < ch"lloll,,  [[div(e —on)l| < ch"[[divol,.

We now use a duality argument to prove an improved estimate for u. As we have seen before,
when using duality, we need 2-regularity of the Dirichlet problem, and hence we require that
) be convex.

First we recall the error equations

(8.21) /(0' —op) - Tdx + /div T(Pyu —up)dx =0, 1€V,

(8.22) /div(a —op)vdr =0, veW,.

Note that we have replaced u with P,u in the first equation, which we can do, since div 7T €
Wy, for 7 € V. Now we follow Douglas and Roberts in defining w as the solution of the
Dirichlet problem
—Aw = Pyu —up in 2, w =0 on 0,
and set p = gradw. By elliptic regularity, we have [|wl|s + ||pl|1 < ¢|| Pt — up].
Then

| Pou — up||* = (div p, Pyu — up,) = (div 7ap, Pou — up) = —(0 — o, 7hp)
=(oc—op,p—mnp) — (0 —0on,p)
= (0 —op,p—mpp) + (div(c — op), w)
= (o —op,p—mpp) + (div(c — op), w — Pyw).

This gives
1P = up|| < C(hllo = on]l + 12| div(e — an)])),
if 7 > 1, but for the lowest order elements, » = 1, it only gives
[Phu— un|| < Ch(llo = onl| + || div(e — on)]]).
From this we easily get in the case r > 1 that
[Pru — unll < CR™ ol < CR™ |4
(so up and P, are “super close”, closer than either to u). For the case r =1 we get
[1Pu — unll < CR?[lo|ly + 1|l div(e — o4)|| < Chjo]ly < Chlfull2.
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Using the triangle inequality to combine these with estimates for ||u — Pyul| we get these

improved estimates for u:
Ch" > 1
T { lullr, v >1,

Chllully, r=1.

Finally, we close this section by mentioning that the whole theory easily adapts to a
second family of mixed elements, the BDM (Brezzi-Douglas—Marini) elements. Here the
shape functions for Vj, are P,.(T; ]R2 , 7> 1, and the DOF's are

TH/T nep(s)ds, p € Prle),
and, if r > 1,
TI—>/T'p(Q?)J—dl’, € P, (T;R?).
T

11. Mixed finite elements for the Stokes equation

We return now to the Stokes equation, given in weak form: Find u € H HO;R?), pe
L?(2), such that

/gradu:gradvdx—/divvpdm:/fvdm, UEﬁI(Q;RQ),
/divuqdac:(), quQ.

Recall that L2(Q) consists of the functions in L? with integral 0, and that we know that
div H'(;R?) = L?*(2), and so, for any ¢ € L? there exists v € H'(;R?) with dive = ¢
and [|v|l; < ¢||g||. This is equivalent to the inf-sup condition on the continuous level:

it sup fdlvvpdx

>y >0.
0£¢€L? 0Ly 1 ||U||1||p||

Our goal is now to find stable finite element subspaces for Galerkin’s method. Compared
to the mixed Laplacian we see some differences.

e Because the bilinear form a(u,v) = [gradu : gradvdz is coercive over H*, we
do not have to worry about the first Brezzi condition. It holds for any choices of
subspace.

e Since we need V,, C H! rather than Vj,, C H(div), the finite elements we used for
the mixed Laplacian do not apply. We need finite elements which are continuous
across edges, not just with continuous normal component.

e The bilinear form b(u,q) = [ divugdx is the same as for the mixed Laplacian, but
the fact that we need the inf-sup condition with the H! norm rather than the H(div)
norm makes it more difficult to achieve.

We can rule out one simple choice of element which is vector-valued Lagrange P; subject
to the Dirichlet boundary conditions for v and scalar Lagrange P; elements subject to the
mean value zero condition for p. We already saw that on a simple mesh there are nonzero
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piecewise linears which are of mean value zero for which [divvgdxz = 0 for all piecewise
linear vector fields v.

We can rule out as well what may be regarded as the most obvious choice of elements,
vector-valued Lagrange P; for u and piecewise constants for p. This method does not satisfy
the inf-sup condition, as we saw in the case of the mixed Laplacian (for which the inf-sup
condition is weaker).

However, we shall see that both these methods can be salvaged by keeping the same
pressure space W) and enriching the velocity space V}, appropriately.

11.1. The Py-Py element. One of the simplest and most natural ways to prove the
inf-sup condition is to construct a Fortin operator, by which we mean a linear operator
w0 H'(Q;R?) — V}, satisfying

(823) b(ﬂ-hva Q) - b(U, Q)a qc wa

and also the norm bound ||mv|; < c||v|l;. If we can find a Fortin operator, then we can
deduce the inf-sup condition for Vj, x W), from the continuous inf-sup condition. Namely,
given ¢ € Wp,, we use the continuous inf-sup condition to find v € H' with dive = q,
lolly < 7 lgl| for some v >0, s0 b(v, q) = [lg/|* = v||v]l1]lgl. We then get

b(mnv,q) = b(v, @) = yllvllillal = e Hlmvlllall,

which is the inf-sup condition at the discrete level.

Now suppose we want to create a stable pair of spaces with W), the space of piecewise
constants. What choice should we make for V}, so that we can construct a Fortin operator
and prove the inf-sup condition? In the case of W), equal piecewise constants, the condition

(8.23) comes down to
/ divmpvdr = / divvdz,
T T

for each triangle T, or, equivalently,

/Whv-nds:/ v-nds.
T oT

Therefore a sufficient condition is that

(8.24) /7Th1) “Neds = /v ‘N ds

for all edges e of the mesh. This suggests that use for V}, a finite element that includes the
integrals of the edge normals among the degrees of freedom. In particular, we need at least
one DOF per edge. A simple choice for this is the P, Lagrange space, which has two DOF's
per edge, which can be taken to be the integral of the two components along the edge (and
so comprise the integral of the normal component). The other DOFs are the vertex values.
This choice, Lagrange P, for velocity and P, for pressure, was suggested in Fortin’s 1972
thesis, and analyzed by Crouzeix and Raviart in 1973. Given v : Q — R2, we might define
TR triangle-by-triangle, by

mpo(z) = v(x) for all vertices x, /Whv ds = /v ds for all edges e.



11. MIXED FINITE ELEMENTS FOR THE STOKES EQUATION 47

These imply (8.24) and so (8.23). However, this operator is not bounded on H*, because it
involves vertex values. It can, however, be fixed using a Clément interpolant. Recall that
the Clément interpolant IIj, : H' — V}, satisfies

[ =]l < Chlfolly,  [[Mhofly < cffolls,

(among other estimates). Next we define a second map 7, : ' — Vj, by
v = 0 at the vertices of T, /ﬂ'TU ds = /v ds for all edges e.

Note that 7, can be defined triangle by triangle: (7,v)|r = 7rv|r. The map 7r is defined
on HY(T), since it only involves integrals on edges of v, not the values of v at vertices. Thus,

if we consider the unit triangle T, we have

17700 2y < cll Ol ey
The map 7; does not preserve constants, so we cannot use Bramble-Hilbert to reduce to the
seminorm on the right hand side. Therefore, when we do the usual scaling to an element T’
of size h (with a shape regularity constraint), we get, in addition to the usual term h|v| g1 1)
also a term ||v||z2(y. That is, scaling gives
17roll2ry < cllvllzaey + hlolm ).
Scaling similarly gives us
’ﬁTU|H1(T) < C(hilH'UHLQ(T) + ’U|H1(T))~
So, altogether, we get
17nolly < e(h™H ol + [oly).
Now we are ready to define the Fortin operator 7y:
TRU = 7~Th([ — Hh)’U + Hhv.
First we check the Fortin property:

/Whvd:s:/(I—Hh)vds+/ﬂhvds:/vds.

Next we check the boundedness. There is no trouble with the Clément interpolant Il,v, so
we need only bound

lmn (I =)ol < ch™[[(1 = p)ollo + el (I = Ta)vlx < cfjolls.

THEOREM 8.21. The choice V;, Lagrange Pa, W) piecewise constant is stable for the
Stokes equations.

It follows immediately that the Galerkin solution satisfies
- - <c(inf ||u— inf |[p—
lu = wnlls + llp = pull < e(inf flu — vl + inf fIp —qll),

and so

[ — unlly + [Ip = pall < ch(([ull2 + [pl1)-
Notice that the rate of converge is only O(h), the same as we would get for the best approxi-
mation using P; Lagrange elements. The method in fact does not achieve ||u—uyl|[; = O(h?),
because of the low order of pressure approximation.
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We now illustrate the performance of the Py-Py with a simple computation coded in FEn-
iCS. The problem we solve is the homogeneous Stokes equations (f = 0) with inhomogeneous
Dirichlet data for flow over a backward facing step. The problem is illustrated in the first
subfigure of Figure 8.5, which shows the domain and the Dirichlet data. The inflow bound-
ary on the left side runs from x5 = 0 to x5 = 1 and the input velocity is u;(z3) = x9 — x%,
uy = 0, while at the outflow boundary, which runs from zo = —1 to x5 = 1, the profile
is uy = (1 —23)/8, uy = 0, a parabolic profile of twice the width but half the amplitude.
The computational mesh, which has 768 elements, is shown in the second figure, and the
computed solution for vy and p in the final two figures. We note that the computation seems
qualitatively reasonable, but artifacts of the discretization are clearly visible. Even though
the mesh is quite fine, the accuracy is severely limited arising due to the low order elements
(piecewise constants) for the pressure. The problem is greatest in a neighborhood of the
reentrant corner where the true pressure has a singularity which the numerical solution is
not able to capture at this resolution.

FiGURE 8.5. Flow over a step computed using P»-Fy elements. The quanti-
ties plotted are the horizontal component of velocity and the pressure.

11.2. The mini element. The mini element, introduced by Arnold, Brezzi, and Fortin
in 1985, is the pair P;+bubble for the velocity, and continuous P; for the pressure. It is
the simplest stable element with continuous pressure space, just as the Py-Py is the simplest
stable Stokes element with discontinuous pressures. The velocity space, which I described
as P;+bubble is defined as follows. First we define the scalar-valued P;+bubble U, with
shape functions given by P;(T) + Rby where by is the cubic bubble function on T, i.e., the
unique (up to nonzero constant multiple) cubic polynomial which vanishes on the boundary
of the T" and is positive in the interior. It may be written as A\ A2 A3 where the \; are the
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barycentric coordinates of T'. The DOF's for U, the vertex values and the integral u — fT u.
It is easy to check unisolvence.
The mini element then takes Vj, = U, x Uy, while W}, is the usually Lagrange P; space.
To prove stability, we again construct a Fortin operator 7, : V' — V}, in a very similar
manner to that we used for the Po-Py element. To achieve the Fortin property

(8.25) /divwthda::/divqux, q € Wh,
Q Q

we use integration by parts. No boundary terms enter since ¢ € H' (thanks to the continuous
pressure spaces) and v and ;v vanish of 0Q2. Now grad ¢ is a piecewise constant vector field,

so it is sufficient that
/ divmvdr = / vdx.
T T

We can accomplish this using the DOFs v +— fTU dz for the mini space V}. Specifically, we

define 7y : L*(T) — Rbr by
/ﬁTvdx:/f)dx.
T T

Notice 77 is a bounded operator on L?*(T') into a finite dimensional space. A simple scaling
argument gives

HWTUHHl(T) < Chill‘UHL2(T).

We then define 7, : V' — V), by applying 7 element-by-element, and define
T = (L — 1) + 1T,

where II;, is the Clément interpolant. Just as for the P,-P, element, we easily verify the
Fortin property (8.25) and uniform H'! boundedness. Thus we have proven stability for the
mini element. The estimate

lu = unlls + llp = pall < ch((lullz + llpll)-
We can also use a straightforward Aubin—Nitsche duality argument to get
lu = unllo < ch?[|ullz.

We do not get second order convergence for p in L2

The mini element can be easily generalized to give higher order elements. For example
we may use Lagrange P» elements for the pressure and Py+quartic bubbles for the velocity
(the shape functions are Po(T") + P1(T)br. However, this is, in some sense, overkill. The
same rates of convergence are achieved by choosing Lagrange P, for velocity and Lagrange
P, for pressure. That simple, popular, element is called the Taylor—-Hood element. It is
stable, but the proof is far more sophisticated.

11.3. Stable finite element for the Stokes equation. We have shown stability for
the simplest Stokes element with discontinuous pressures (P2-Pp) and with continuous pres-
sures (mini). A similar analysis, can be used to to prove the stability of the Py+bubble—P;
element (with discontinuous P; pressure elements), which, like the Py-P; element was pub-
lished by Crouzeix and Raviart in their 1973 paper. A more complicated element family is
the Taylor-Hood family in which the velocity field is approximated by continuous piecewise
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polynomials of degree r > 2 and the pressure is approximated by continuous piecewise poly-
nomials of degree r — 1. This method is stable with a very weak restriction on the mesh:
it must have at least 3 elements. Even more complicated is the P,-P,_; element with dis-
continuous pressures. For smaller values of r this method is not stable on most meshes. For
r > 4, the method is stable with fairly minor restrictions on the mesh. Specifically, a vertex
of the mesh (in the interior or on the boundary) is called singular if the edges containing
it lie on just two lines. An interior vertex with four incoming edges or a boundary vertex
with two or three incoming edges can be nearly singular as measured by the angles between
the edges. In 1985 Scott and Vogelius proved that the P,-P,_; discontinuous is stable on
meshes with no singular or nearly singular vertices (i.e., the inf-sup condition deteriorates
as a vertex tends towards singular).

FIGURE 8.6. Stable finite elements for the Stokes equations: P»-Py, mini,
Py+bubble-P;, Taylor-Hood, P4-Ps.

In 3D, the analogue of the Py-Py element is the Ps3-Py element, since P3 Lagrange element
has a degree of freedom in each face of a tetrahedron. We may also generalize the Py+bubble-
Py element in 2D to Ps;+bubble-P; in 3D (note that the bubble function has degree 4 in
3D. The mini element has a direct analogue in 3D: P;+bubble versus continuous P;. The
Taylor—-Hood family has also been shown to generalize to 3D (see Boffi 1997, or, for a proof

using a Fortin operator, Falk 2008). As far as I know, the analogue of the Scott-Vogelius
result in 3D is not understood (and would likely involve very high order elements).




CHAPTER 9
Finite elements for elasticity

1. The boundary value problem of linear elasticity

The equations of elasticity model the deformation of a solid body under the action of
imposed forces. Recall that the primary variables used to describe the state of the body are
the displacement vector u :  — R? and the stress tensor o : Q — R3*3. Here Q C R?
describes the body, typically in an undeformed configuration. The meaning of the displace-
ment is that a point x € € is displaced under the deformation to x + u(z). The stress tensor
measures the internal forces generated by the deformation. More precisely, if S is a hyper-
surface embedded in the body, e.g, a small square embedded in a three-dimensional body,
then the force across S, or traction, is given by fs o(x)ngds. In other words, the traction
vector o(z)n is the force per unit area at = across a surface through = with normal n. The
fact that the traction vector has the form on for a tensor (matrix) o is known as Cauchy’s
Theorem. The same theorem shows that, as a consequence of the conservation of angular
momentum, the matrix o is symmetric.

The statement that the body is in equilibrium is

(9.1) —dive = fin §,

where f is the density of imposed forces.

To complete the system, we also need constitutive equations, which describe how internal
stresses relate to the the deformation of the body. For an elastic material, the stress tensor
o at a point depends only the gradient of the displacement at a point. In the linear theory
of elasticity, the dependence is of the following form:

(9.2) o =Ce(u),

where €(u) = [grad u + (grad v)?]/2 is the symmetric part of the matrix gradu, C' = C(x) :
R — REim, is a symmetric positive definite linear operator. (This means that Co :
7= Cr : o for all 0,7 € RY2, and there exists ¥ > 0 such that C7 : 7 > ~|7]? for all
7 € R m,.) The elasticity tensor C describes the elastic properties of the material. The
material is called homogeneous if C' is independent of x. The material is called isotropic if

its response is invariant under rotations. In this case the elasticity tensor can be written
Ct =2ur + Mr(7)],

where p1 > 0 and A > 0 are called the Lamé constants. Instead of the Lamé constants we
can use the Young’s modulus E and Poisson ratio v:
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Then E > 0 is like a spring constant for the material, the ratio of tensile stress to strain in
the same direction (so it has units of stress). The Poisson ratio v is dimensionless. It satisfies
0 <v < 1/2, with the limit v T 1/2, or equivalently A — +o00 being the incompressible limit
(nearly attained for some rubbers). For convenience we record the relations between the

Lamé constants and the Young’s modulus and Poisson ratio:
E E v 3A+2u A
(9.3) = =

S NS L A P e Y S AN
201 1 v)’ 1+vl—20 "X U T 2001

In order to obtain a well-posed problem, we need to combine the equilibrium equation
(9.1) and constitutive equation (9.2) with boundary conditions. Let I'p and I'y be disjoint
open subsets of J2 whose closures cover 02. We assume that I'p is not empty (it may be
all of 9Q). On I'p we impose the displacement

(9.4) u=gonlp,
with g : I'p — R"™ given. On ['y we impose the traction:
(9.5) on=Fkon Ty,

with k£ : 'y — R” given. The equations (9.2), (9.1), (9.4), and (9.5) constitute a complete
boundary value problem for linear elasticity. In particular, we have pure Dirichlet problem

—divCe(u) = f in Q, u = g on Of.

We may eliminate the stress and write the elastic boundary value problem in terms of
the displacement alone:

(9.6) —divCe(u) = f in Q,
(9.7) u=gonlp, [Ce(u)n==FkonTy.
Note that

1 1
dive(u) = §Au + 5 grad div u,
so, in the case of a homogeneous isotropic material, the differential equation can be written

—pAu — (u+ ) graddivu = f.

2. The weak formulation

Our next goal is to derive a weak formulation. For this we will need to integrate by parts.
By the divergence theorem (applied row-by-row), we have

/diVT-vdx:—/T:gradvdx—i-/ ™ -vds
Q Q 0

for any sufficiently smooth matrix field 7 and vector field v. If 7 is a symmetric matrix field,
then 7 : gradv = 7 : €(v) (since gradv — €(v) is the skew-symmetric part of grad v, and,
at each point, 7 is symmetric, and so orthogonal to all skew-symmetric matrices). Thus for

symmetric 7,
/diVT-de: —/T:G(U)dZL’+/ ™ - vds.
Q Q o0
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It is then straightforward to derive the weak formulation of the elastic boundary value
problem (9.6). Let
H1<Q7Rn) = {U = (ula' i ,Un> |’LLZ S HI(Q) }7
H ,={ue H(GR") |u=gonTp}, H ={ueH(LER")|u=00nTp}

I'p.,g
The weak formulation seeks u € Hy  , such that

/Ce(u):e(v)dx:/f-vder/ k-vds, ve€H .
Q Q 1B
Defining

b: HY(Q;R") x H'(Q;R") — R,  b(u,v) = /C’e(u) :€(v) du,

F:H'(Q:R") — R, F(U):/f-vda:+/ k-vds,
Q r

N

our problem takes the standard form: find u € H%D’ , such that
b(u,v) = F(v), veH.

As is common, we can reduce to the case where the Dirichlet data g vanishes, by assuming
that we can find a function u, € H*(€;R™) such that u;, = g on I'p. We can then write
u = uy + 4 where @ € H}  satisfies

b(i,v) = F(v), ve Hp .

where F(v) = F(v) — b(i, v).
The bilinear form b is clearly satisfies b(v,v) > 0. In fact, since we assumed that C' is

. : nxn
positive definite on RE7TE . we have

b(v,v) = | e()|?, ve H (LR").

We now show that the form b is coercive based on Korn’s inequality. We begin with a simple
case, known as Korn’s first inequality.

THEOREM 9.1. Let ) be a domain with Lipschitz boundary. Then there exists a constant
¢ such that )
[olly < clle()ll,  we H(QR™).

PROOF.
1
le(v)|* = 1 /[gradv + (gradv)”] : [grad v + (gradv)"] da

1 g 1 T2, L T
(9.8) = é_lH gradv||* + ZH(gradv) 1+ 3 gradv : (gradv)’ dz

1 1

= 5|| gradv||* + 5 /gradv . (grad v)” da.

Now if v € H! N H? we can integrate by parts to find that

/gradv - (gradv)’ do = —/v -div(grad v)? do = — /v -grad(divv) de = /(div v)?dz,
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ie.,

/gradv s (gradv)” do = || divv||.

By density this holds for all v € ]—ill, without requiring also v € H2. Combining with (9.8)
gives

1 .
@) > 5l gradv]’, ve i
The proof in completed by invoking Poincaré’s inequality ||v]|; < ¢|| grad v]|. O
Poincaré inequality holds not just for function in H ! but also for functions which vanish

on only an open subset of the boundary. The same is true for Korn’s inequality (9.9),
although the proof is considerably more difficult.

THEOREM 9.2. Let €2 be a domain with a Lipschitz boundary and I'p a nonempty open
subset of 2. Then there exists a constant C' such that

(9.9) iy <clle)ll, v e Hp, (4R

Korn’s inequality and the positivity of the elasticity tensor C' immediately give coercivity
of the bilinear form b:
b(v,v) = A|vlli, v € Hp,(%R").
The well-posedness of the weak formulation of the elastic boundary value problem then
follows using the Riesz representation theorem.

THEOREM 9.3. Let ' : H{ (S R") — R be a bounded linear functional. Then there
exists a unique u € Hy (Q;R™) such that
b(u,v) = F(v), veH (QR").
Moreover there is a constant C' independent of F' such that

lully < el Fllga )+

3. Displacement finite element methods for elasticity

In view of the coercivity of b, we may choose any finite dimensional subspace V}, C H%D
and use Galerkin’s method to find a unique u;, € V), satisfies

b(up,v) = F(v), v €& V.

Such a method is called a displacement method since the only quantity taken as an un-
known is the displacement (in contrast to mixed methods which we will study below). The
quasioptimal error estimate
lu —unlly < ¢ inf [ju —wvl|;
vEV)

holds with the constant ¢ depending only on the domain €2, Dirichlet boundary I'p, and
the elasticity tensor C'. The most common finite element space to use for V}, are the vector
Lagrange spaces, i.e., each component is taken to be a continuous piecewise polynomial of
degree at most r with respect to a given triangulation. Assuming mesh size h and shape
regularity we get the estimate

[ = unly < ch"[[ullrsa-
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The Aubin-Nitsche duality argument allows us to improve this estimate to
lu = unll < ch™ |41

Next we show some computed examples. In the first example (see the file elas3d.py),
we consider a cantilever bar with square cross-section. The domain 2 = (0,8) x (0,1) x
(0,1). The left end z; = 0 is clamped: w = 0. On the right end z; = 8 we impose a
displacement which is a rigid motion. On the four rectangular sides we use traction-free
boundary conditions on = 0. This was coded in FEniCS using a 64 x 8 x 8 mesh of
cubes, each subdivided into 6 tetrahedra, with Lagrange elements of degree 2. See the file
elas3d.py. Figure 9.1 shows the bar as deformed by the computed displacement. This is a
good way to visualize a displacement vector field, although it should be noted that actual
physical displacements for problems for which linear elasticity is a good model would be
much smaller, e.g., by a factor of 10 or 100.

FiGURE 9.1. Displacement of elastic bar with left face clamped and a rigid
displacement applied to the right face.
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The second example is the analogous problem in two dimensions, except that the domain
is the rectangle (0, 8) x (0, 1) with three circular cut-outs removed. Figure 9.2 show the stress
component o1, which gives the tension in the x; direction (or the compression, if o1 < 0).
This is an important quantity for applications, since if the stress is too large at some point,
the structure may fracture or otherwise fail there. Notice the high stress concentrations
around the circular cut-outs. For the computations we took £ = 10, v = .2, and used
Lagrange elements of degree 2. See the program elas2d.py for the code.

4. Nearly incompressible elasticity and Poisson locking

An isotropic elastic material is characterized by the two Lamé coefficients, u > 0 and
A > 0, or, equivalently, by Young’s modulus F and the Poisson ratio v € [0,1/2). (The
relation between these is given in (9.3). As the second Lamé coefficient A increases toward
+00, or, equivalently, as the Poisson ratio v increases toward 1/2, the material becomes
nearly incompressible. It turns out that standard displacement finite element methods have
difficulty in solving such nearly incompressible problems. To see an example of this, consider
the example just computed, with the stress shown in Figure 9.2, but now take the Poisson
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Ficure 9.2. Displacement of 2D elastic bar with cut-outs with left face
clamped and a rigid displacement applied to the right face.
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ratio equal to 0.499 rather than 0.2 as previously. This gives A ~ 1664. The results are
show in the first plot of Figure 9.3. Unphysical oscillations in the stress are clearly visible
in the first plot, in contrast to the case of ¥ = 0.2 show in Figure 9.2. Thus the standard
displacement finite element method using Lagrange finite elements of degree 2 is not suitable
for nearly incompressible materials. The situation is even worse for Lagrange elements of
degree 1, show in the second plot of Figure 9.3.

F1GURE 9.3. For a nearly incompressible material, the stress shows unphysi-
cal oscillations for quadratic Lagrange elements (top) and, more pronouncedly,
for linear Lagrange elements (bottom).
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We know that the displacement method gives the error estimate

(9.10) lu = unlly < CB"|[ullt1-
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So why do we not get good results in the nearly incompressible case? The problem is not that
the exact solution u degenerates. It can be shown that |||, and ||u|/,+1 remain uniformly
bounded as A — oo (for all values of r if the domain is smooth). So the problem must be the
constant C' entering the error estimate: it must blow up as A — oo. In short the accuracy of
the finite element method degenerates as A grows, even though the exact solution does not
degenerate.

Let us investigate the dependence on) of the constant C' in the error bound (9.10). As
always, the error is bounded by the stability constant times the consistency error. In this
case, the bilinear form

b(u,v) = 2u/e(u) ce(v)dr + )\/(div w)(div o) dx,
SO
b(v, v) > 2ul| e(w)[* = yllulli,
with the contant v > 0 depending only on p and the constant in Korn’s inequality, but
entirely independent of A\. That is, the bilinear form is coercive uniformly in X\, and so
Galerkin’s method is stable uniformly in A\. Thus the difficulties in treating the nearly
incompressible cannot be attributed to a degeneration of stability, and we must look to the
consistency error.
Recall that the consistency error is bounded by

6] inf [u —v]lx
veVy,

where wu is the exact solution, Vj, is the finite element space, and ||b]| is the norm of the
bilinear form (with respect to the H' norm of its arguments. The infimum is bounded by
ch”||u||r+1 where ¢ depends on the shape constant of the mesh, but has nothing to do with
A. But finally we get to the culprit. Since the coefficient A enters the bilinear form b, ||b||
tends to co with A.

5. Mixed finite elements for elasticity



