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CHAPTER 1
Introduction

Galileo wrote that the great book of nature is written in the language of mathemat-
ics. The most precise and concise description of many physical systems is through partial
differential equations.

1. Basic examples of PDEs

1.1. Heat flow and the heat equation. We start with a typical physical application
of partial differential equations, the modeling of heat flow. Suppose we have a solid body
occupying a region  C R?. The temperature distribution in the body can be given by a
function v : 2 x J — R where J is an interval of time we are interested in and wu(z,t) is
the temperature at a point z € € at time ¢ € J. The heat content (the amount of thermal
energy) in a subbody D C € is given by

heat content of D = / cu dx
D

where ¢ is the product of the specific heat of the material and the density of the material.
Since the temperature may vary with time, so can the heat content of D. The change of
heat energy in D from a time ¢; to a time ¢, is given by

change of heat in D = / u(x, ty) de — / cu(x,ty) dz

/ / cudzx dt =

Now, by conservation of energy, any change of heat in D must be accounted for by heat
flowing in or out of D through its boundary or by heat entering from external sources (e.g.,
if the body were in a microwave oven). The heat flow is measured by a vector field o(z, )
called the heat flur, which points in the direction in which heat is flowing with magnitude
the rate energy flowing across a unit area per unit time. If we have a surface S embedded
in D with normal n, then the heat flowing across S in the direction pointed to by n in unit
time is |, 50 - nds. Therefore the heat that flows out of D, i.e., across its boundary, in the
time interval [t,t], is given by

to to
heat flow out ofD/ / a-ndsdt:/ / div o dx dt,
t1 oD t1 D

where we have used the divergence theorem. We denote the heat entering from external
sources by f(z,t), given as energy per unit volume per unit time, so that fttf [p f(@,t)dxdt

t)dzdt.

1



2 1. INTRODUCTION

gives amount external heat added to D during [t1,t5], and so conservation of energy is
expressed by the equation

to to to
(1.1) / /M(x,t)dxdt:—/ /divadsdt—i—/ /f(:l:,t)dxdt,
t1 D 8t t1 D t1 D

for all subbodies D C €2 and times t;, to. Thus the quantity

0
gc:) +dive — f
must vanish identically, and so we have established the differential equation
agtm =—dive+ f, xe€Q,Vt.

To complete the description of heat flow, we need a constitutive equation, which tells
us how the heat flux depends on the temperature. The simplest is Fourier’s law of heat
conduction, which says that heat flows in the direction opposite the temperature gradient
with a rate proportional to the magnitude of the gradient:

o= —Agradu,

where the positive quantity A is called the conductivity of the material. (Usually A is just
a scalar, but if the material is thermally anisotropic, i.e., it has preferred directions of heat
flow, as might be a fibrous or laminated material, A can be a 3 x 3 positive-definite matrix.)
Therefore we have obtained the equation

o(cu)
ot

The source function f, the material coefficients ¢ and A and the solution u can all be functions
of z and ¢. If the material is homogeneous (the same everywhere) and not changing with
time, then ¢ and X\ are constants and the equation simplifies to the heat equation,

=div(Agradu) 4+ f in Q x J.

du

"o

where = ¢/ and we have f=7 /A. If the material coefficients depend on the temperature
u, as may well happen, we get a nonlinear PDE generalizing the heat equation.

The heat equation not only governs heat flow, but all sorts of diffusion processes where
some quantity flows from regions of higher to lower concentration. The heat equation is the
prototypical parabolic differential equation.

Now suppose our body reaches a steady state: the temperature is unchanging. Then the
time derivative term drops and we get

(1.2) —div(Agradu) = f in Q,

where now v and f are functions of f alone. For a homogeneous material, this becomes the
Poisson equation

=Au+ f,

—Au= f ,
the prototypical elliptic differential equation. For an inhomogeneous material we can leave
the steady state heat equation in divergence form as in (1.2), or differentiate out to obtain

—AAwu+grad A - gradu = f.
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To determine the steady state temperature distribution in a body we need to know not
only the sources and sinks within the body (given by f), but also what is happening at the
boundary I' := 0€2. For example a common situation is that the boundary is held at a given
temperature

(1.3) u=gonl.

The PDE (1.2) together with the Dirichlet boundary condition (1.3) form an elliptic bound-
ary value problem. Under a wide variety of circumstances this problem can be shown to
have a unique solution. The following theorem is one example (although the smoothness
requirements can be greatly relaxed).

THEOREM 1.1. Let Q be a smoothly bounded domain in R™, and let X : Q — Ry, f: =
R, g : T — R be C™ functions. Then there exists a unique function u € C*(Q) satisfying
the differential equation (1.2) and the boundary condition (1.3). Moreover u is C*.

Instead of the Dirichlet boundary condition of imposed temperature, we often see the
Neumann boundary condition of imposed heat flux (flow across the boundary):
ou

%:gonF.

For example if g = 0, this says that the boundary is insulated. We may also have a Dirichlet
condition on part of the boundary and a Neumann condition on another.

1.2. Elastic membranes. Consider a taut (homogeneous isotropic) elastic membrane
affixed to a flat or nearly flat frame and possibly subject to a transverse force distribution,
e.g., a drum head hit by a mallet. We model this with a bounded domain Q C R? which
represents the undisturbed position of the membrane if the frame is flat and no force is
applied. At any point = of the domain and any time ¢, the transverse displacement is
given by u(x,t). As long as the displacements are small, then u approximately satisfies the
membrane equation

0?u

P or

where p is the density of the membrane (mass per unit area), k is the tension (force per

unit distance), and f is the imposed transverse force density (force per unit area). This is

a second order hyperbolic equation, the wave equation. If the membrane is in steady state,
the displacement satisfies the Poisson equation

= kAu + f,

—AU:f,
f=1r/k.

1.3. Elastic plates. The derivation of the membrane equation depends upon the as-
sumption that the membrane resists stretching (it is under tension), but does not resist
bending. If we consider a plate, i.e., a thin elastic body made of a material which resists
bending as well as stretching, we obtain instead the plate equation

0%u

_ 2



4 1. INTRODUCTION

where D is the bending modulus, a constant which takes into account the elasticity of the
material and the thickness of the plate (D = Et3/[12(1 — v?)] where FE is Young’s modulus
and v is Poisson’s ratio). Now the steady state equation is the biharmonic equation

Ay = f.

Later in this course we will study other partial differential equations, including the equa-

tions of elasticity, the Stokes and Navier—Stokes equations of fluid flow, and Maxwell’s equa-
tions of electromagnetics.

2. Some motivations for studying the numerical analysis of PDE

In this course we will study algorithms for obtaining approximate solutions to PDE
problems, for example, using the finite element method. Such algorithms are a hugely
developed technology (we will, in fact, only skim the surface of what is known in this course),
and there are thousands of computer codes implementing them. As an example of the sort of
work that is done routinely, here is the result of a simulation using a finite element method
to find a certain kind of force distribution, the so-called von Mises stress, engendered in a
connecting rod of a Porsche race car when a certain load is applied. The von Mises stress
predicts when and where the metal of the rod will deform, and was used to design the shape
of the rod.

FiGURE 1.1. Connector rods designed by LN Engineering for Porsche race

cars, and the stress distribution in a rod computed with finite elements.
7 k Str Mises (WCS)
& Loads Se

But one should not get the idea that it is straightforward to solve any reasonable PDE
problem with finite elements. Not only do challenges constantly arise as practitioners seek
to model new systems and solve new equations, but when used with insufficient knowledge
and care, even advance numerical software can give disastrous results. A striking example
is the sinking of the Sleipner A offshore oil platform in the North Sea in 1991. This occured
when the Norwegian oil company, Statoil, was slowly lowering to the sea floor an array
of 24 massive concrete tanks, which would support the 57,000 ton platform (which was to
accomodate about 200 people and 40,000 tons of drilling equipment). By flooding the tanks
in a so-called controlled ballasting operation, they were lowered at the rate of about 5 cm
per minute. When they reached a depth of about 65m the tanks imploded and crashed to
the sea floor, leaving nothing but a pile of debris at 220 meters of depth. The crash did not
result in loss of life, but did cause a seismic event registering 3.0 on the Richter scale, and
an economic loss of about $700 million.
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An engineering research organization, SINTEF, was appointed to investigate the accident
and released a sequence of 16 reports, which they summarized as follows:

The conclusion of the investigation was that the loss was caused by a failure in
a cell wall, resulting in a serious crack and o leakage that the pumps were not
able to cope with. The wall failed as a result of a combination of a serious error
in the finite element analysis and insufficient anchorage of the reinforcement
i a critical zone.

A better idea of what was involved can be obtained from this photo and sketch of the
platform. The 24 cells and 4 shafts referred to above are shown to the left while at the sea
surface. The cells are 12 meters in diameter. The cell wall failure was traced to a tricell, a
triangular concrete frame placed where the cells meet, as indicated in the diagram below.
To the right of the diagram is pictured a portion of tricell undergoing failure testing.

FiGure 1.2. Top row: Offshore platform like the failed Sleipner design, di-
agram of structure, and concrete cells at sea surface. Bottom row: diagram
showing the location and design of a tricell, and tricell failure testing.

The post accident investigation traced the error to inaccurate finite element approxima-
tion of one of the most basic PDEs used in engineering, the equations of linear elasticity,
which were used to model the tricell (using the popular finite element program NASTRAN).
The shear stresses were underestimated by 47%, leading to insufficient design. In particular,
certain concrete walls were not thick enough. More careful finite element analysis, made
after the accident, predicted that failure would occur with this design at a depth of 62m,
which matches well with the actual occurrence at 65m.






CHAPTER 2

The finite difference method for the Laplacian

With the motivation of the previous section, let us consider the numerical solution of the
elliptic boundary value problem

(2.1) Au=finQ, wu=gonl.

For simplicity we will consider first a very simple domain = (0,1) x (0, 1), the unit square
in R?. Now this problem is so simplified that we can attack it analytically, e.g., by separation
of variables, but it is a very useful model problem for studying numerical methods.

1. The 5-point difference operator
Let N be a positive integer and set h = 1/N. Consider the mesh in R?
R? := { (mh,nh) : m,n € Z}.

Note that each mesh point = € R} has four nearest neighbors in RZ, one each to the left,
right, above, and below. We let €, = QNRZ, the set of interior mesh points, and we regard
this a discretization of the domain Q. We also define ', as the set of mesh points in R?
which don’t belong to €2,, but which have a nearest neighbor in €2,. We regard I';, as a
discretization of I'. We also let Q, :== Q, UT},

To discretize (2.1) we shall seek a function uy, : Q, — R satisfying

(2.2) Apup = fonQp,, wu,=gonly.

Here A is an operator, to be defined, which takes functions on Q, (mesh functions) to
functions on (2. It should approximate the true Laplacian in the sense that if v is a smooth
function on €2 and v, = vlg, is the associated mesh function, then we want

Ap v, = Avlg,

for h small.

Before defining Ay, let us turn to the one-dimensional case. That is, given a function vy,
defined at the mesh points nh, n € Z, we want to define a function D?v;, on the mesh points,
so that D,Zlvh ~ v"|zn if v, = v|zp. One natural procedure is to construct the quadratic
polynomial p interpolating v;, at three consecutive mesh points (n — 1)h, nh, (n + 1)h, and
let Divy,(nh) be the constant value of p”. This gives the formula

op((n+ 1)h) — 2v(nh) + vy ((n — 1)h)

h? ‘
D? is known as the 3-point difference approximation to d*/dz?. We know that if v is C? in
a neighborhood of nh, then lim,_,ov[z — h, 2,2 + h] = v"(x)/2. In fact, it is easy to show

Divy(nh) = 2v,[(n — 1)h,nh, (n + 1)h] =

7



8 2. THE FINITE DIFFERENCE METHOD FOR THE LAPLACIAN

FIGURE 2.1. Q, for h = 1/14: black: points in ,, purple: points in T'j.

L L L2 L L] {2 L ] L L] L L] . L 4
L L L L] L { L [ ] L L L L {2 L 4
L L L2 L L] { ] L ] L L] L L] * L ] 4
L L L {2 L { ] L [ ] L L L] L ] L 2 L 4
L L * L * * L ] L * L * * L 4
L L L {2 L] { ] L [ ] L L L L {2 L 4
L L L2 L L { 2 L 2 ] ® ® L L * L2 4
L L L L] L] { ] L (] L ° L] L] { ] L 4

by Taylor expansion (do it!), that

h2
Div(x) = v"(x) + EU(4)(§), for some £ € (z — h,z + h),
as long as v is C* near x. Thus D3 is a second order approximation to d?/dx>.
Now returning to the definition of the A, ~ A = 9%/9z* + 0%/0y?, we simply use the
3-point approximation to 9?/9z? and 9?/dy?. Writing v,,, for v(mh,nh) we then have

Ah U(mh, nh) _ Um+1,n — van + Um—1,n Umn+1 — van + Um,n—1

h? h?
o Um+1,n + Um—-1,n + Um,n+1 + Ummn—1 — 4Umn
= % .
From the error estimate in the one-dimensional case we easily get that for v € C*(Q),
h% [04 ot
Apv(mh,nh) — Av(mh,nh) = D a—;(f,nh) + a—yj(mh,n) )

for some &, n. Thus:
THEOREM 2.1. If v € C*(Q), then

lim | Ay v — Al o) =0
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If v e C*(Q), then
h2
[Anv — Avl|pe(a,) < EM4’

where M, = max(H@%/@xA‘HLoo(Q), \|84v/ay4||Loo(Q)).

The discrete PDE Aj, uj, = f on €, is a system of M = (N — 1)? linear equations in the
unknown values of u; at the mesh points. Since the values of u;, are given on the boundary
mesh points, we may regard (2.2) as a system of M? linear equations in M unknowns. For
example, in the case N =4, M =9, the system is

-4 1 0 1 0 0 0 0 0 Uy h2f11 — u1g — gy
1 =4 1 0 1 0 0 0 0 Up, 1 h? a1 — u2p
0 1 -4 0 0 1 0 0 0|]us h2fs1 — Uz — sy
1 0 0 -4 1 0 1 0 0 Uy o R f15 — uo2
O 1 0 1 —4 1 O 1 O UZQ = h2f2,2
0O 0 1 0 1 -4 0 0 1 Us o B f32 — s
0 0 0 1 0 0 —4 1 0 U3 h2f173 — Up,3 — U4
O 0 0 O 1 0 1 —4 1 U273 h2f273 — 'LL2’4
0 0 0 0 0 1 0 1 —4 u3,3 h2f373 — Ug3 — U3 4
The matrix may be rewritten as
A I O
I A 1
O I A
where [ is the 3 x 3 identity matrix, O is the 3 x 3 zero matrix, and
—4 1 0
A= 1 —4 1
0 1 -4

For general N the matrix can be partitioned into (N — 1) x (N — 1) blocks, each in
ROV-Dx(N-1).

AT O - 00
I AT -~ 00
01 A - 0O,
000 - I A

where I and O are the identity and zero matrix in RV=DX(N=1) " regpectively, and A €

RW-1x(N=1) i5 the tridiagonal matrix with —4 on the diagonal and 1 above and below the
diagonal. This assumes the unknowns are ordered

U1, U215+, UN-1,1,U1,2,-- -, UN-1,N—1,

and the equations are ordered similarly.
The matrix can be created as in Matlab with the following code.
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= speye(n-1);

= ones(n-1,1);

= spdiags([e,-4%e,e],[-1,0,1],n-1,n-1);
= spdiags([e,e], [-1,1],n-1,n-1);

Lh = kron(I,A) + kron(J,I)

o = 0 H

Notice that the matrix has many special properties:

e it is sparse with at most 5 elements per row nonzero

e it is block tridiagonal, with tridiagonal and diagonal blocks
it is symmetric

it is diagonally dominant

its diagonal elements are negative, all others nonnegative
it is negative definite

2. Analysis via a maximum principle

We will now prove that the problem (2.2) has a unique solution and prove an error
estimate. The key will be a discrete maximum principle.

THEOREM 2.2 (Discrete Maximum Principle). Let v be a function on Q, satisfying
Apv >0 on Q.
Then maxq, v < maxr, v. Equality holds if and only if v is constant.

PROOF. Suppose maxq, v > maxr, v. Take zy € ), where the maximum is achieved.
Let x1, x5, x3, and x4 be the nearest neighbors. Then
4 4
4u(xg) = Zv(xz) — h* Apv(zg) < ZU<I’) < 4du(zy),
i=1 i=1

since v(z;) < v(zg). Thus equality holds throughout and v achieves its maximum at all the
nearest neighbors of 2y as well. Applying the same argument to the neighbors in the interior,
and then to their neighbors, etc., we conclude that v is constant. O

REMARKS. 1. The analogous discrete minimum principle, obtained by reversing the in-
equalities and replacing max by min, holds. 2. This is a discrete analogue of the maximum
principle for the Laplace operator.

THEOREM 2.3. There is a unique solution to the discrete boundary value problem (2.2).

PROOF. Since we are dealing with a square linear system, it suffices to show nonsingu-
larity, i.e., that if Apu, = 0 on €, and up = 0 on I', then u, = 0. Using the discrete
maximum and the discrete minimum principles, we see that in this case w;, is everywhere

0. U

The next result is a statement of maximum norm stability.
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THEOREM 2.4. The solution uy, to (2.2) satisfies

1
(2:3) [unllz@,) < glfllze@n) + lgllzoe )

This is a stability result in the sense that it states that the mapping (f,g) — uy is
bounded uniformly with respect to h.

ProOOF. We introduce the comparison function ¢(z) = [(z1 — 1/2)* 4 (z2 — 1/2)%]/4,
which satisfies A, ¢ =1 on Qp,, and 0 < ¢ < 1/8 on Q. Set M = || f|| (q,). Then

Ah(uh +M¢) = Apup+ M >0,
SO )
max uy, < max(uy + M¢) < max(up + M¢) < maxg+ —M.
Qp Qp T'n Ty 8

Thus wy, is bounded above by the right-hand side of (2.3). A similar argument applies to
—uy, giving the theorem. 0

By applying the stability result to the error u — u; we can bound the error in terms of
the consistency error A, u — Au.

THEOREM 2.5. Let u be the solution of the Dirichlet problem (1.2) and uy, the solution
of the discrete problem (2.2). Then

1
|u — unll oo,y < gHAU — Apul|poay)-

PROOF. Since Apup, = f = Awon Qp, Ap(u—up) = Apu— Awu. Also, u —u, =0 on
['y. Apply Theorem 2.4 (with uy, replaced by u — uy,), we obtain the theorem. 0

Combining with Theorem 2.1, we obtain error estimates.

COROLLARY 2.6. If u € C*(Q), then

}1112(1]||u — Up|| o (q,) = 0

If u € C4(Q), then
h2
Ju = up|| (0, < 4_8M4’
where M, = maX(Hﬁ‘Lu/@xﬂLm(Q), ||84u/8x§||Loo(Q)).

3. Consistency, stability, and convergence

Now we introduce an abstract framework in which to understand the preceding analysis.
It is general enough that it applies, or can be adapted to, a huge variety of numerical methods
for PDE. We will keep in mind, as an basic example, the 5-point difference discretization
of the Poisson equation with homogeneous boundary conditions, so the PDE problem to be
solved is
Au=finQ, uw=0onl,
and the numerical method is

Ahuh = fh in Qh, Up = 0 on Fh.
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Let X and Y be vector spaces and L : X — Y a linear operator. Given f € Y, we seek
u € X such that Lu = f. This is the problem we are trying to solve. So, for the homogeneous
Dirichlet BVP for Poisson’s equation, we could take X to be the space of C? functions on
Q) which vanish on I', Y = C(Q), and L = A. (Actually, slightly more sophisticated spaces
should be taken if we wanted to get a good theory for the Poisson equation, but that won’t
concern us now.) We shall assume that there is a solution u of the original problem.

Now let X}, and Y}, be finite dimensional normed vector spaces and Ly, : X}, — Y}, a linear
operator. Our numerical method, or discretization, is:

Given f, € Y}, find u, € X}, such that Lyuy, = f,.

Of course, this is a very minimalistic framework so far. Without some more hypotheses, we
do not know if this finite dimensional problem has a solution, or if the solution is unique.
And we certainly don’t know that w is in any sense an approximation of u.

In fact, up until now, there is no way to compare u to uy, since they belong to different
spaces. For this reason, we introduce a representative of u, U, € X;,. We can then talk
about the error U, — uj, and its norm ||U, — up||x, . If this error norm is small, that means
that uy, is close to u, or at least close to our representative Uy, of u, in the sense of the norm.

In short, we would like the error to be small in norm. To make this precise we do what
is always done in numerical analysis: we consider not a single discretization, but a sequence
of discretizations. To keep the notation simple, we will now think of A > 0 as a parameter
tending to 0, and suppose that we have the normed spaces X}, and Y} and the linear operator
Ly : X, — Y, and the element f;, € Y} for each h. This family of discretizations is called
convergent if the norm ||Uy, — up||x, tends to 0 as h — 0.

In our example, we take X}, to be the grid functions in L>(€2;,) which vanish on I'j,, and
Y}, to be the grid functions in L*(£2), and equip both with the maximum norm. We also
simply define U}, = ulg,. Thus a small error means that u, is close to the true solution u at
all the grid points, which is a desireable result.

Up until this point there is not enough substance to our abstract framework for us to be
able to prove a convergence result, because the only connection between the original problem
Lu = f and the discrete problems Lju, = fj is that the notations are similar. We surely
need some hypotheses. The first of two key hypotheses is consistency, which say that, in
some sense, the discrete problem is reasonable, in that the solution of the original problem
almost satisfies the discrete problem. More precisely, we define the consistency error as
LUy — fr, € Y}, a quantity which we can measure using our norm in Yj,. The family of
discretizations is called consistent if the norm ||L Uy — f1]]y, tends to 0 as h — 0.

Not every consistent family of discretizations is convergent (as you can easily convince
yourself, since consistency involves the norm in Y, but not the norm in X, and for con-
vergence it is the opposite). There is a second key hypothesis, uniform well-posedness of
the discrete problems. More precisely, we assume that each discrete problem is uniquely
solvable (nonsingular): for every g, € Y} there is a unique v, € X}, with Lyv, = g,. Thus
the operator L,:l 1Y, — X, is defined and we call its norm c¢;, = HL}:lHE(yh’Xh) the stability
constant of the discretization. The family of discretizations is called stable if the stability
constants are bounded uniformly in h: sup,, ¢, < co. Note that stability is a property of the
discrete problems and depends on the particular choice of norms, but it does not depend on
the true solution u in any way.
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With these definition we get a theorem which is trivial to prove, but which captures the
underlying structure of many convergence results in numerical PDE.

THEOREM 2.7. Let there be given normed vector spaces Xy and Yy, an invertible linear
operator Ly : X, — Yy, an element f, € Yy, and a representative U, € Xj,. Define up € X,
by Lyup, = frn. Then the norm of the error is bounded by the stability constant times the
norm of the consistency error. If a family of such discretizations is consistent and stable,
then it is convergent.

PROOF. Since Lyuj, = f,
Ly(Up — up) = LUy, — fi.

Applying L, we obtain
U — up = Ly, (LpUp — fr),

and taking norms we get

U — unllx,, = 1L e xon 1 LnUn — fallvss

which is the desired result. O

REMARK. We emphasize that the concepts of convergence, consistency, and stability
depend on the choice of norms in X}, Y}, and both, respectively. The norm in X}, should
be chosen so that the convergence result gives information that is desired. Choosing a weak
norm may make the hypotheses easier to verify, but the result of less interest. Similarly, f,
must be chosen in a practical way. We need f;, to compute uy, so it should be something we
know before we solve the problem, typically something easily computed from f. Similarly
as well, U, should be chosen in a reasonable way. For example, choosing Uj, = L;l fn would
give Up, = uy, so we definitely have a convergent method, but this is cheating: convergence is
of no interest with this choice. The one other choice we have at our disposal is the norm on
Y},,. This we are free to choose in order to make the hypotheses of consistency and stability
possible to verify. Note that weakening the norm on Y} makes it easier to prove consistency,
while strengthening it makes it easier to prove stability.

Returning to our example, we see that the first statement of Theorem 2.1 is just the
statement that the method is consistent for any solution v € C?(£2), and the second statement
says that the comsistency error is O(h?) if u € C*(Q). On the other hand, if we apply
Theorem 2.4 with g = 0, it states that the stability constant ¢, < 1/8 for all h, and so the
method is stable. We then obtain the convergence result in Corollary 2.6 by the basic result
of Theorem 2.7.

4. Fourier analysis

Define L(£2;,) to be the set of functions €, — R, which is isomorphic to RM, M = (N—1)2.
Sometimes we think of these as functions on ), extended by zero to I',. The discrete
Laplacian then defines an isomorphism of L(£2;) onto itself. As we just saw, the L>° stability
constant, [|A; || gz ) < 1/8. In this section we use Fourier analysis to establish a similar
L? stability result.
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First consider the one-dimensional case. With h = 1/N let I, = {h,2h,...,(N — 1)h},
and let L(I;) be the space of functions on I, which is an N — 1 dimensional vectorspace.
On L(I) we define the inner product

=

(u,v)p, = h - u(kh)v(kh),

1

i

with the corresponding norm ||v||.

The space L(I;) is a discrete analogue of L?*(I) where I is the unit interval. On this
latter space the functions sinmmz, m = 1,2,..., form an orthogonal basis consisting of
eigenfunctions of the operator —d?/dx?. The corresponding eigenvalues are w2, 472 972, .. ..
We now establish the discrete analogue of this result.

Define ¢,,, € L(1},) by ¢p(x) = sinmma, x € I;,. It turns out that these mesh functions
are precisely the eigenvectors of the operator D?. Indeed

sintm(z + h) — 2sintmx +sinTm(x — h) 2

D3¢y (x) = 2 = ﬁ(cos mmh — 1) sin tmx.
Thus ) A N
2 o . . . oM
D om = —An®m, Am = ﬁ(l — cosmmh) = 73 S ——.
Note that 4
0<)‘1</\2<"'<)‘N—1<ﬁ‘

Note also that for small m << N, \,, = 7w2m?. In particular \; ~ 72. To get a strict lower

bound we note that \; = 8 for N = 2 and A\, increases with V.

Since the operator D? is symmetric with respect to the inner product on L(I},), and the
eigenvalues )\, are distinct, it follows that the eigenvectors ¢,, are mutually orthogonal.
(This can also be obtained using trigonometric identities, or by expressing the sin functions
in terms of complex exponentials and using the discrete Fourier transform.) Since there are
N — 1 of them, they form a basis of L(I}).

THEOREM 2.8. The functions ¢, m = 1,2,....N — 1 form an orthogonal basis of
L(I). Consequently, any function v € L(I,) can be expanded as v = 3> _1 o with

N-1
tm = (v, Gm)n/ || dmll7. and [0l = 32021 anlldmlli-

From this we obtain immediately a stability result for the one-dimensional Laplacian. If
v € L(I,) and D3v = f, we expand v in terms of the ¢y,

N-—1 N—-1
0= andm 02 = 3 a2 lléml2
m=1 m=1
Then
N—-1 N-1
F== Mntndm,  fIz = MAarlénll > 8]l
m=1 m=1

Thus |v|ln < || f][a/8.
The extension to the two-dimensional case is straightforward. We use the basis ¢,,, =
¢m ® ¢na 1e7
¢mn(x7y) = ¢m($)¢n(y)7 m’n: ]‘""7N— 17
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for L(€,). Tt is easy to see that these (N — 1)? functions form an orthogonal basis for L(,)
equipped with the inner product

N-1N-1
(u,v), = h? Z Z u(mh, nh)v(mh,nh)
m=1 n=1
and corresponding norm || -||,. Moreover ¢,,, is an eigenvector of — A, with eigenvalue

Amn = Am + A = 16. The next theorem follows immediately.

THEOREM 2.9. The operator Ay, defines an isomorphism from L()y,) to itself. Moreover
|A; ] < 1/16 where the operator norm is with respect to the norm || - || on L(Q).

Since the ||v||s < ||v]|ze(q,) We also have consistency with respect to the discrete 2-norm.
We leave it to the reader to complete the analysis with a convergence result.

5. Analysis via summation by parts

Fourier analysis is not the only approach to get an L? stability result. Another uses
summation by parts, the discrete analogue of integration by parts.
Let v be a mesh function. Define the backward difference operator
v(mh,nh) —v((m — 1)h,nh)
h Y

O,v(mh,nh) = 1<m<N, 0<n<N.

In this section we denote

(v, w), = h? Z Z v(mh, nh)w(mh,nh),

m=1 n=1
with the corresponding norm || - ||, (this agrees with the notation in the last section for mesh
functions which vanish on I'y,).

LEMMA 2.10. Ifv € L(Qy) (the set of mesh functions vanishing on I'y,), then
1
llln < 5 (19:vlln + [10yvln).

PROOF. It is enough to show that ||v||, < ||0,v||n. The same will similarly hold for 0, as

well, and we can average the two results.
For1<m<N,0<n<N,

[o(mh, nh)[> < (> |v(ih,nh) — v((i - 1)h,nh)y>

=1

= hZ@v(m,nhﬂ)

i=1

< hi@xv(ih,nhﬂz) (hivj 12>

i=1

N
=h Y _|0w(ih,nh)|.

i=1
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Therefore
N N
R o(mh,nh)? < by |0,v(ih, nh)|*
m=1 =1
and
N N N N
WY fo(mh,nh) P < 02D |0pu(ih, nh)[?,
m=1 n=1 i=1 n=1
ie., ||v]|2 < ||0.v]3, as desired. O

This result is a discrete analogue of Poincaré’s inequality, which bounds a function in
terms of its gradient as long as the function vanishes on a portion of the boundary. The
constant of 1/2 in the bound can be improved. The next result is a discrete analogue of
Green’s Theorem (essentially, integration by parts).

LEMMA 2.11. Ifv,w € L(2), then
—(Apv,w)p, = (0,0, Opw)p, + (Oyv, Oyw)y.

PROOF. Let vy, vy, ..., 0N, wp, w1, ..., wy € R with wg = wy = 0. Then
N N N N

N
Z(Ui - Ui—l)(wi - wi—l) = Z v;w; + Z Vi—1Wi—1 — Z Vi—1W; — Z V;Wi—1

=1
N-1 N-1 N-1
=2 Z viWw; — Z Vi Wy — Z Vip1Wj
i=1 i=1 i=1
N-1
= — Z(Uz’+1 — 2u; + v;_1)w;.
i=1
Hence,
N-1 . . .
v((i + 1)h,nh) — 2v(ih,nh) +v((i — 1)h,nh) .
3 o ) = 0t ) o o
=1
N
= 1Y Ow(ih,nh)dyw(ih, nh),
i=1
and thus
—(D2v,w)p, = (04, Opw)y,.
Similarly, —(Df/v, w)p, = (0,v, Oyw)p, so the lemma follows. O

Combining the discrete Poincaré inequality with the discrete Green’s theorem, we imme-
diately get a stability result. If v € L(€),), then

1 1
lollz < 5l + 10y0lR) = =5 {An v, v)n < SlAwvlnlv]lh

N —

Thus
[vlln < [Anvlla, v € L(Q),
which is a stability result.
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FiGure 2.2. Gray points: Q. Black points: Q7. Blue points: T}.

6. Extensions

6.1. Curved boundaries. Thus far we have studied as a model problem the discretiza-
tion of Poisson’s problem on the square. In this subsection we consider a variant which can
be used to discretize Poisson’s problem on a fairly general domain.

Let € be a smoothly bounded open set in R? with boundary I'. We again consider the
Dirichlet problem for Poisson’s equation, (2.1), and again set €, = QN R:. If (z,y) € Q4
and the segment (x+ sh,y), 0 < s < 1 belongs to I, then the point (x + h,y), which belongs
to Qp, is a neighbor of (x,y) to the right. If this segment doesn’t belong to 2 we define
another sort of neighbor to the right, which belongs to I'. Namely we define the neighbor to
be the point (z + sh,y) where 0 < s < 1 is the largest value for which (z + th,y) € Q for
all 0 <t < s. The points of I' so constructed (as neighbors to the right or left or above or
below points in €2) constitute I'y,. Thus every point in €, has four nearest neighbors all of
which belong to €, := Q, UT),. We also define Solh as those points in €2, all four of whose
neighbor belong to €, and Q2 as those points in ), with at least one neighbor in I'j,. See
Figure 2.2.

In order to discretize the Poisson equation we need to construct a discrete analogue of
the Laplacian A, v for mesh functions v on . Of course on Qh, Ay, v is defined as the usual
5-point Laplacian. For (x,y) € Q2, let (z + hg,y), (x,y + hy), (x — hw,y), and (z,y — hg)
be the nearest neighbors (with 0 < hg, hy, hw,hs < h), and let vg, vy, vy, and vg denote
the value of v at these four points. Setting vy = v(z,y) as well, we will define A, v(z,y)
as a linear combination of these five values of v. In order to derive the formula, we first
consider approximating d*v/dz?(0) by a linear combination of v(—h_), v(0), and v(h ), for
a function v of one variable. By Taylor’s theorem

a_v(—=h_) + agv(0) + ayv(hy) = (- + ag + a3 )v(0) + (aphy — a_h_)v'(0)

—_

1
+ 5 (aphi +a-h?)v"(0) + 6(04+h3+ —a h2)p"(0) + -

N}
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Thus, to obtain a consistent approximation we must have
1
a_+ag+a, =0, a,h,—a_h_ =0, §(a+hi +a_h?) =1,
which give
2 2 —2
—_—, oy = —_—, g = —.
ho(h_+h.) 5 hyh_+hy) " h_hy

Note that we have simply recovered the usual divided difference approximation to d*v/dz?:

o v(—h_ )+ agu(0) +asu(hy) = LU = “(0”(:: - }[:’_()0/)2_ VPN oy 0.0y,

Returning to the 2-dimensional case, and applying the above considerations to both
0?v/0z* and 0?v/dy* we arrive at the Shortley—Weller formula for Ay v:
2 n 2
= v v
hp(hg +hw) = hy(hy + hs)

a_ =

Ah U(.Z', y)

2 2 2 2
+—Vwt+ Vs — + .
how (e + b)) hg(h + hs) (hEhW hNhS) E
Using Taylor’s theorem with remainder we easily calculate that for v € C3(Q),

2M.
|Av = Apvlliegan < =500,

where M; is theo maximum of the L*> norms of the third derivatives of v. Of course at the
mesh points in €, the consistency error is bounded by Mh?/6 = O(h?), as before, but for
mesh points neighboring the boundary, it is reduced to O(h).

The approximate solution to (2.1) is uy : Q, — R determined again by 2.2. This is a
system of linear equations with one unknown for each point of €2;. In general the matrix
won’t be symmetric, but it maintains other good properties from the case of the square:

e it is sparse, with at most five elements per row
e it has negative diagonal elements and non-negative off-diagonal elements
e it is diagonally dominant.

Using these properties we can obtain the discrete maximum principle with virtually the same
proof as for Theorem 2.2, and then a stability result as in Theorem 2.4 follows as before. (By
contrast, the Fourier analysis approach to stability does not apply when the mesh spacing is
not uniform.) In this way we can easily obtain an O(h) convergence result.

We now show how, with a more carefully analysis, we can improve this convergence result.
We shall show that, even though the consistency error is only O(h) at some points, the error
is O(h?) at all mesh points.

Let X}, denote the space of mesh functions defined on €, and which vanish on the mesh
points in I';,. On this space we continue to use the maximum norm. Let Y} denote the space
of mesh functions defined on the interior mesh points only, i.e., on ;. On this space we
shall use a different norm, namely,

24 11, += om0 o 1 o) .

z€Q
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Thus we use the maximum norm except with a weight which decreases the emphasis on the
points with a neighbor on the boundary. This norm is smaller than the maximum norm,
and, measured in this norm, the consistency error is not just O(h) but rather O(h?):

|Apu — Aully, < max <%h2, h%%h) = O(h?).

Now, with respect to a smaller norm in Y} the condition of stability is more stringent. So
the key point is to show that the Shortley- Weller discrete Laplacian is stable from Xy to Y},
with this new norm. For the argument we will use the maximum principle with a slightly
more sophisticated comparison function.

Before we used as a comparison function ¢ : €, — R defined by ¢(x1, z5) = [(z1—1/2)?+
(ry — 1/2)%]/4, where (1/2,1/2) was chosen as the vertex because it was the center of the
square (making ||@||L~ as small as possible while satisfying Ap,¢ = 1). Now, suppose that
is contained in the disk of some radius r about some point p. Then we define

_ 2 _ 2 4 0

(25) qb(x) — [(1'1 p1)2 + <x2 p2)2]/ ) T € p,

(1 —p2)* + (22 — p2)°]/4+ h, €Ty
Thus we perturb the quadratic comparison function by adding h on the boundary. Then
¢ is bounded independent of h (||}~ < 7?/4 + h < r?/4 + 2r). Moreover App(z) = 1,
if x € (), since then ¢ is just the simple quadratic at = and all its neighbors. However, if
x € QF, then there is an additional term in Ap¢(x) for each neighbor of x on the boundary
(typically one or two). For example, if (1 — hy,x2) € 'y, is a neighbor of x and the other

neighbors are in €, then

2
App(r) =1+ —+——h>h

since hy < h. Thus we have

1 S Qh
2.6 A > ’
(2:6) np(@) 2 {h‘l, x € Q.
Now let v : , — R be a mesh function, and set M = ||Av]]y, (weighted max norm of the

Shortley-Weller discrete Laplacian of v). If = € 2, then M > |Ajv(x)| and Apé(z) =1, so
Ap(Mo)(x) = [Apv(z)|.
If x € QF, then M > h|Ayv(z)| and Apgp(z) > h™L, so again
Ap(Mo)(z) > [Apv(z)|.
Therefore
Ah(’l} + Mgb) Z 0 on Qh.
We can then apply the maximum principle (which easily extends to the Shortley-Weller
discrete Laplacian), to get

max v < max(v + M¢) < max(v + M¢) < maxv + ¢/ Aoy, ,
Qh Qh Tn ry

where ¢ = ||¢||f~. Of course, we have a similar result for —v, so

[0l oo (@) < N0llzoern) + cllAnvlly,-
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In particular, if v vanishes on 'y, then
[Vl @) < cllAnvlly,, v € X,

which is the desired stability result. As usual, we apply the stability estimate to v = u — uy,
and so get the error estimate

ot = sl iy < el — Aully, = O(h?).

REMARK. The perturbation of h on the boundary in the definition (2.5) of the comparison
function ¢, allowed us to place a factor of h in front of the Q2 terms in the Y}, norm (2.4) and
still obtain stability. For this we needed (2.6) and the fact that the perturbed comparison
function ¢ remained bounded independent of h. In fact, we could take a larger perturbation
by replacing h with 1 in (2.5). This would lead to a strengthening of (2.6), namely we could
replace h™! by h~2, and still have ¢ bounded independently of h. In this way we can prove
stability with the same L* norm for X; and an even weaker norm for Y}:

11, = o e 7o) e £ o) .
CEGQh $EQh

We thus get an even stronger error bound, with 7, = Apu — Au denoting the consistency

error, we get

v — unl| oo, < cmax{HThHLm(m),hQHThHLw(Qg)} < cmax { Myh?, Msh®} = O(h?).

This estimate shows that the points with neighbors on the boundary, despite having the
largest consistency error (O(h) rather than O(h?) for the other grid points), contribute only
a small portion of the error (O(h?®) rather than O(h?)).

This example should be another warning to placing too much trust in a naive analysis
of a numerical method by just using Taylor’s theorem to expand the consistency error. Not
only can a method perform worse than this might suggest, because of instability, it can also
perform better, because of additional stability properties, as in this example.

6.2. More general PDEs. It is not difficult to extend the method and analysis to
more general PDEs. For example, instead of the Poisson equation, we may take

ou ou
AU — — — b—— — oy —
U —a s b 0% cu = f,

where a, b, and c are continuous coefficient functions on the square Q. The difference method
takes the obvious form:

Apu(z) — a(x)u(azl + h, z3) ; u(zy —hyxy) b(x)u(wl, Ty + h) ; w(zy, z9 — h)

—c(z)u(z) = f(x), x€ Q.

It is easy to show that the consistency error is O(h?). As long as the coefficient ¢ > 0, a
version of the discrete maximum principle holds, and one thus obtains stability and conver-
gence.
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6.3. More general boundary conditions. It is also fairly easy to extend the method
to more general boundary conditions, e.g., the Neumann condition du/dn = ¢ on all or
part of the boundary, although some cleverness is needed to obtain a stable method with
consistency error O(h?) especially on a domain with curved boundary. We will not go into
this topic here, but will treat Neumann problems when we consider finite elements.

6.4. Nonlinear problems. Consider, for example, the quasilinear equation
Au = F(u,0u/0xy, 0u/0xs),

with Dirichlet boundary conditions on the square. Whether this problem has a solution,
and whether that solution is unique, or at least locally unique, depends on the nature of the
nonlinearity F', and is beyond the scope of these notes. Supposing the problem does have a
(locally) unique solution, we may try to compute it with finite differences. A simple scheme
is
Ahuh = F(uh, amluh, Gmguh), T &€ Qh,

where we use, e.g., centered differences like

O, un(x) = u(zy + h,x2)2—hu(a:1 - h,x2)7 e,
Viewing the values of u, at the M interior mesh points as unknowns, this is a system of M
equations in M unknowns. The equations are not linear, but they have the same sparsity
pattern as the linear systems we considered earlier: the equation associated to a certain
grid point involves at most 5 unknowns, those associated to the grid point and its nearest
neighbors.

The nonlinear system is typically solved by an iterative method, very often Newton’s
method or a variant of it. Issues like solvability, consistency, stability, and convergence can
be studied for a variety of particular nonlinear problems. As for nonlinear PDE themselves,
many issues arise which vary with the problem under consideration.

6.5. Three dimensions. The 5-point Laplacian on a square grid extends in a straight-
forward way to a 7-point Laplacian on a cubic grid. Figure 2.3 shows a grid point and its 6
nearest neighbors. The matrix for the 7-point Laplacian is roughly N3 x N3 where N = 1/h,
so much larger for the same h, and solving the matrix equation which arises can be very
challenging even for large fast computers.

FI1GURE 2.3. A grid point and its six nearest neighbors on a 3-D grid.







CHAPTER 3
Linear algebraic solvers

The finite difference method reduces a boundary value problem for a PDE to a linear
algebraic system Ax = f, with A € R"*" and f € R". The solution of this system dominates
the computation time. (For the 5-point Laplacian on a square with h = 1/N, then n =
(N —1)2.) The simplest way to solve this is through some variation of Gaussian elimination.
Since the matrix A is symmetric positive definite (for the 5-point Laplacian on a square, for
instance), we can use the Cholesky decomposition. Cholesky usually requires O(n?) = O(N°)
floating point additions and multiplications (more precisely n®/6+O(n?), but this is reduced
in this case, because of the sparsity of the matrix. Gaussian elimination is not able to exploit
the full sparsity of A (since when we factor A as LLT with L lower triangular, L will be much
less sparse that A), but it is able to exploit the fact that A is banded: in the natural ordering
all the nonzero entries are on the main diagonal or on one of the first N — 1 sub- or super-
diagonals. As a result, the storage count is reduced from O(n?) = O(N*) to O(nN) = O(N?)
and the operation count is reduced from O(N°%) to O(nN?) = O(N*).

For the 3-dimensional case 7-point Laplacian on a cube, the matrix is n x n with n =
(N —1)3, with the bandwidth (N — 1)%. In this case, elimination (e.g., Cholesky) would
require storage O(nN?) = O(N®) and an operation count of O(nN*) = O(N7).

Fortunately, far more efficient ways to solve the equations have been devised. In fact,
algorithm improvements from the early 1960s to the late 1990s are estimate to account
for a speed-up of about 107 when solving the 7-point Laplacian or similar problems on a
64 x 64 x 64 grid. This is summarized in the following table, taken from Figure 5, page 53
of Computational Science: Ensuring America’s Competitiveness, a 2005 report to the Presi-
dent of the United States from the President’s Information Technology Advisory Committee
(PITAC). See also Figure 13, page 32 of the DOE Office of Science report A science-based
case for large-scale simulation, 2003.

1. Classical iterations

Gaussian elimination and its variants are called direct methods, meaning that they pro-
duce the exact solution of the linear system in finite number of steps. (This ignores the effects
of round-off error, which is, in fact, a significant issue for some problems.) More efficient
methods are iterative methods, which start from an initial guess ug of the solution of the
linear system, and produce a sequence uj, us, ..., of iterates which—hopefully—converge
to the solution of the linear system. Stopping after a finite number of iterates, gives us an
approximate solution to the linear system. This is very reasonable. Since the solution of
the linear system is only an approximation for the solution of the PDE problem, there is
little point in computing it exactly or nearly exactly. If the numerical discretization provides

23
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FiGure 3.1. Algorithmic speedup from early 1960s through late 1990s for
solving the discrete Laplacian on a cubic mesh of size 64 x 64 x 64. The
comparison line labelled “Moore’s Law” is based on a speedup by a factor of
two every 18 months.
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about 4 significant digits, we would be happy if the linear solver provides 4 or maybe 5 digits.
Further accuracy in the linear solver serves no purpose.
For an iterative method the goal is, of course, to design an iteration for which

(1) the iteration is efficient, i.e., the amount of work to compute an iteration should not
be too large: typically we want it to be proportional to the number n of unknowns;

(2) the rate of convergence of the iterative method is fast, so that not too many iterations
are needed.

First we consider some classical iterative methods to solve Au = f. One way to motivate
such methods is to note that if uy is some approximate solution, then the exact solution
u may be written ©u = ug + e and the error e = u — wug is related to the residual r =
f — Aug by the equation Ae = r. That is, we can express u as a residual correction to ug:
u = ug + A7 f — Aug). Of course, this merely rephrases the problem, since computing
e = A7 (f — Aug) means solving Ae = r for e, which is as difficult as the original problem
of solving Au = f for u. But suppose we can find some matrix B which approximates A~!
but is less costly to apply. We are then led to the iteration u; = ug + B(f — Aug), which
can be repeated to give

(31) Ui+1 :UZ—FB(f—AUZ), 220,1,2,
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Of course the effectiveness of such a method will depend on the choice of B. For speed of
convergence, we want B to be close to A™!. For efficiency, we want B to be easy to apply.
Some typical choices of B are:

e B = wl for some w > 0. As we shall see, this method will converge for symmetric
positive definite A if w is a sufficiently small positive number. This iteration is often
called Richardson iteration.

e B = D! where D is the diagonal matrix with the same diagonal elements as A.
This is called the Jacobi method.

e B = E! where E is the lower triangular matrix with the same diagonal and sub-
diagonal elements of A. This is the Gauss—Seidel method.

Another way to derive the classical iterative methods, instead of residual correction, is
to give a splitting of A as P + @ for two matrices P and () where P is in some sense close to
A but much easier to invert. We then write the equations as Pu = f — Qu, which suggests
the iteration

ui1 = P7H(f — Qui).
Since () = A — P, this iteration may also be written
Ui+1 = Uy + P_l(f - AUZ)
Thus this iteration coincides with (3.1) when B = P~1.
Sometimes the iteration (3.1) is modified to

uir1 = (1 —)u; + afu; + B(f — Awy)], i=0,1,2,...,

for a real parameter a. If & = 1, this is the unmodified iteration. For 0 < o < 1 the iteration
has been damped, while for a > 1 the iteration is amplified. The damped Jacobi method will
come up below when we study multigrid. The amplified Gauss—Seidel method is known as
SOR (successive over-relaxation). This terminology is explained in the next two paragraphs.
Before investigating their convergence, let us particularize the classical iterations to the
discrete Laplacian —A? in one or two dimensions. In one dimension, the equations are

_um—l—l + QM — um—l
B2
where h = 1/N and u° = v = 0. The Jacobi iteration is then simply

m—1 m+1 2
Uiy = 92 _'_Ef ) mzlv"'aN_la

=f" m=1,...,N—1,

The error satisfies . .
e+ e;”+

2 )
so at each iteration the error at a point is set equal to the average of the errors at the
neighboring points at the previous iteration. The same holds true for the 5-point Laplacian
in two dimensions, except that now there are four neighboring points. In an old terminology,
updating the value at a point based on the values at the neighboring points is called relaxing
the value at the point.

For the Gauss—Seidel method, the corresponding equations are

m o _
€iv1 =

mo_ i tut o
ul+1zﬂf+3‘f‘, ,n/?/::I;,...,]\]'_];7
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and ) »
m— m
dh:%ﬂ{;i—,7n:L”wN—L

We can think of the Jacobi method as updating the value of uw at all the mesh points
simultaneously based on the old values, while the Gauss—Seidel method updates the values
of one point after another always using the previously updated values. For this reason the
Jacobi method is sometimes referred to as simultaneous relaxation and the Gauss—Seidel
method as successive relazation (and amplified Gauss—Seidel as successive overrelaxation).
Note that the Gauss—Seidel iteration gives different results if the unknowns are reordered. (In
fact, from the point of view of convergence of Gauss—Seidel, there are better orderings than
just the naive orderings we have taken so far.) By contrast, the Jacobi iteration is unaffected
by reordering of the unknowns. The Jacobi iteration is very naturally a parallel algorithm:
if we have many processors, each can independently update one or several variables.

Our next goal is to investigate the convergence of (3.1). Before doing so we make some
preliminary definition and observations. First we recall that a sequence of vectors or matrices
X, converges linearly to a vector or matrix X if there exists a positive number r < 1 and a
number C' such that

(3.2) X - X[ <Cr'), i=1,2,....

In particular this holds (with C' = || X — Xol|) if | X — X < 7| X — X4|| i = 0,1,....
For a linearly convergent sequence, the rate of linear convergence is the infimum of all r
for which there exists a C' such that (3.2) holds. In a finite dimensional vector space, both
the notion of linear convergence and the rate of linear convergence are independent of a
choice of norm. In investigating iterative methods applied to problems with a mesh size
parameter h, we will typically find that the rate of linear convergence depends on h. Typical
is an estimate like || X;|| < Cr" where all we can say about r is r < 1 — ch? for some
positive constants ¢ and p. In order to interpret this, suppose that we want the error to
be less than some tolerance ¢ > 0. Thus we need to take m iterations with Cr™ < €, or
r™ < C~te, or m > |log(C~te)|/|log r| (note that logr < 0 and log(C~'¢) < 0 unless already
(]| X — Xo) <€). Now, for r =1 — ch?, |logr| = |chP|, so the number of iterations needed
will be about m = Kh™?, with K = ¢ !|log(C~'¢)|. In short, linear convergence with rate
r = 1 — ch? means that the number of iterations required to reduce the error to a given
tolerance will be O(h™P).

Next we recall that the spectrum o(G) of a matrix G € R™" is its set of eigenvalues, a
set of at most n complex numbers. The spectral radius p(G) = maxyeqo () |A|. Now consider
the L?-matrix norm |G|z corresponding to the Euclidean norm on R™. Then

T T (AT
o= sp CET_ gy TLEGT_ ),
0#zCR™ - 0#£z€ER™ xr-x
(GTG is a symmetric positive semidefinite matrix and its spectral radius is the maximum
of its Rayleigh quotient). That is, |G|z = /p(GTG). If G is symmetric, then GTG = G?,
so its eigenvalues are just the squares of the eigenvalues of G, and p(GTG) = p(G?), so
|Gll2 = p(G). Independently of whether G is symmetric or not, for any choice of norm on
R™, the corresponding matrix norm certainly satisfies ||G|| > p(G). The next theorem shows
that we nearly have equality for some choice of norm.
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THEOREM 3.1. Let G € R™"™ and € > 0. Then there exists a norm on R"™ such that the
corresponding matriz norm satisfies |G|| < p(G) + €.

Proor. We may use the Jordan canonical form to write SGS~! = J where S is an
invertible matrix and J has the eigenvalues of G on the diagonal, 0’s and €’s on the first
superdiagonal, and 0’s everywhere else. (The usual Jordan canonical form is the case e = 1,
but if we conjugate a Jordan block by the matrix diag(1,¢, €2, ...) the 1’s above the diagonal

are changed to e.) We select as the vector norm ||z|| := ||Sz||«. This leads to |G| =
1SGS™ oo = ||/]|lee < p(A) + € (the infinity matrix norm, is the maximum of the row
sums). O

An important corollary of this result is a criterion for when the powers of a matrix tend
to zero.

THEOREM 3.2. For G € R™", lim;_,o, G* = 0 if and only if p(G) < 1, and in this case
the convergence is linear with rate p(QG).

PROOF. For any choice of vector norm ||G"|| > p(G™) = p(G)", so if p(G) > 1, then G™
does not converge to 0.
Conversely, if p(G) < 1, then for any p € (p(G), 1) we can find an operator norm so that

|G| < p, and then ||G™|| < ||G||" = p"™ — 0. 5

We now apply this result to the question of convergence of the iteration (3.1), which we

write as
uiy1 = (I — BA)u; + Bf = Gu; + Bf,

where the iteration matric G = I — BA. The equation u = Gu + Bf is certainly satisfied
(where u is the exact solution), and so we have another way to view a classical iteration:
it is a one-point iteration for this fixed point equation. The error then satisfies e;1; = Ge;,
and the method converges for all starting values ey = u — ug if and only if lim;_,.. G* = 0,
which, as we have just seen, holds if and only if p(G) < 1, in which case the convergence
is linear with rate of linear convergence p(G). Now the condition that the p(G) < 1 means
that all the eigenvalues of G = I — BA lie strictly inside the unit circle in the complex
plane, or equivalently that all the eigenvalues of BA lie strictly inside the circle of radius 1
in the complex plane centered at the point 1. If BA has real eigenvalues, then the condition
becomes that all the eigenvalues of BA belong to the interval (0,2). Note that, if A is
symmetric positive definite (SPD) and B is symmetric, then BA is symmetric with respect
to the inner product (u,v)4 = u’ Av, so BA does indeed have real eigenvalues in that case.

As a first example, we consider the convergence of the Richardson method for an SPD
matrix A. Since the matrix is SPD, it has a basis of eigenvectors with positive real eigenvalues

0< >\min<A) - )\1 < >\2 <--- < >\n - )\max(A) - /)(A)
The eigenvalues of BA = wA are then w);, i = 1,...,n, and the iteration converges if and
only if 0 < w < 2/ A\pax-

THEOREM 3.3. Let A be an SPD matrixz. Then the Richardson iteration 1 = Uy, +
w(f — Auy,) is convergent for all choices of ug if and only if 0 < w < 2/Ana(A). In this
case the rate of convergence is

max (|1 — wApa(A)], [T — wApin(A)]).
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FIGURE 3.2. Optimal choice of w for Richardson iteration.
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Note that the optimal choice is given by wAmax(A) —1 = 1 — wAnin(4), ie., wopt =
2/[Amax(A) + Amin(A)], and, with this choice of w, the rate of convergence is

)\max(A> - )\min(A) - k—1
Amax(A) + Amin(A) £+ 1

where £ = Apax(A)/Amin(A) = ||Al|2||A71 |2 is the spectral condition number of A. Of course,
in practice we do not know the eigenvalues, so we cannot make the optimal choice. But even
if we could, we would find very slow convergence when s is large, as it typically is for
discretizations of PDE.

For example, if we consider A = —D2 then A\pin & T2, Amax = 4/h%, so K = O(h™2%), and
the rate of convergence is like 1 — ch? for some c. Thus the converge is indeed very slow (we
will need O(h™2) iterations).

Note that for A = —D? the Jacobi method coincides with the Richardson method with
w = h%/2. Since Apax(A) < 4/h% we have w < 2/Anax(A) and the Jacobi method is
convergent. But again convergence is very slow, with a rate of 1 — O(h?). In fact for any
0 < a <1, the damped Jacobi method is convergent, since it coincides with the Richardson
method with w = ah?/2.

For the Richardson, Jacobi, and damped Jacobi iterations, the approximate inverse B is
symmetric, but this is not the case for Gauss—Seidel, in which B is the inverse of the lower
triangle of A. Of course we get a similar method if we use BT, the inverse of the upper
triangle of A. If we take two steps of Gauss—Seidel, one with the lower triangle and one with
the upper triangle, the iteration matrix is

(I — BTA)(I — BA)=1— (BT + B— BTAB)A,
so this double iteration is itself a classical iteration with the approximate inverse

(3.3) B:=B" + B—- BTAB.
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This iteration is called symmetric Gauss-Seidel. Now, from the definition of B, we get the
identity

(3.4) [l = 17 = BA)w|} = (BAv, v) 4.

It follows that (BAv,v)4 < ||v||%, and hence that Ap.(BA) < 1. Thus the symmetrized
Gauss—Seidel iteration is convergent if and only if A\pnin(BA) > 0, i.e., if and only if BA
is SPD with respect to the A inner product. This is easily checked to be equivalent to B
being SPD with respect to the usual inner product. When this is the case (3.4) implies that
|(I — BA)v||a < |[v]|a for all nonzero v, and hence the original iteration is convergent as
well.

In fact the above argument didn’t use any properties of the original approximate inverse
B. So what we have really proved this more general theorem.

THEOREM 3.4. Let u;y1 = u; + B(f — Au;) be an iterative method in residual correction
form, and consider the symmetrized iteration, i.e., w11 = u; + B(f — Au;) with B given by
(3.3). Then the symmetrized iteration is convergent if and only if B is SPD, and, in that
case, the original iteration is convergent as well.

Returning to Gauss—Seidel, we write A = L+ D + LT where D is diagonal and L strictly
lower diagonal, so B = (L + D)~! and

B=B"+B-B"AB=B"(B '+ BT -AB
= BY"(L+D)+ (L™ +D) - (L+D+L")B=B"DB,
which is clearly SPD whenever A is. Thus we have proven:

THEOREM 3.5. The Gauss—Seidel and symmetric Gauss—Seidel iterations are convergent
for any symmetric positive definite linear system.

It is worth remarking that the same result is not true for the Jacobi iteration: although
convergence can be proven for many of the SPD matrices that arise from discretizations of
PDE, it is easy to construct an SPD matrix for which Jacobi iteration does not converge. As
to the speed of convergence, for Gauss—Seidel applied to the discrete Laplacian, the analysis
is much trickier than for Jacobi, but it can again be proven (or convincingly demonstrated
via simple numerical experiments) that for A = —D? the rate of convergence is again is
about 1 — ch?, as for Jacobi, although the constant c is about twice as big for Gauss—Seidel
as for Jacobi.

For both of these iterations, applied to the 5-point Laplacian, the cost of an iteration is
O(n) = O(N?), and we need O(h™2) = O(N?) iterations to achieve a given decrease in the
error. Thus the total cost will be O(N?) operations to achieve a given reduction factor, the
same order as for banded Cholesky. In 3 dimensions, the situation is more favorable for the
iterative methods. In this case, the cost of an iteration is O(n) = O(N?), and we will again
need O(N?) iterations, for a total cost of O(N?®), compared to O(N7) for banded Cholesky.

For SOR, the analysis is more complicated, but can be carried out in a similar way. A
careful analysis for Ay, which can be found in many texts, shows that there is an optimal
value of the relaxation parameter «, and for that value, the spectral radius behaves like
1 — ch rather than 1 — ch?. This is significantly more efficient, giving O(N) rather than
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O(N?) operations. However, in practice it can be difficult or impossible to find the optimal
relaxation parameter, and the convergence is quite sensitive to the choice of parameter.

2. The conjugate gradient method

2.1. Line search methods and the method of steepest descents. We now restrict
to the case where A is SPD. In this case the solution u of Au = f is also the unique minimizer
of the function F' : R" — R,

F(v) = %UTAU —oT'f

This is a quadratic functional with a unique minimum, which can be found by solving the
equation VF(u) =0, i.e., Au = f. Now, for any v, w € R", we can write

%UTAU = %[w + (@ —w) Aw+ (v —w)] = %wTAw + %(v —w)TA(v — w) + (v — w)T Aw,
S0
1
F(v) = F(w) + 5(1} —w)TA(v —w) + (v —w)" (Aw — ).
If we take w = u the last term vanishes, giving
1
(3.5) F(v) = F(u) + 5(1} —u)TA(v — u),

which again shows that u is the unique minimizer of F', and helps us to visualize the graph
of the function F'(v). Its graph is an upward opening paraboloid with vertex at the point
where v = F(u). At that point F' takes its minimum value F(u) = —1u” Au.

Now one very general way to try to search for a specific point in a vector space is through
a line search method:

choose initial iterate ug
for :=0,1,...

choose s; € R”

choose \; € R

set Uj+1 = Uy + )\isi
end

At each step the search direction s; and step length A\; are chosen to, hopefully, get us nearer
to the desired point. If the point we are searching for minimizes a function F' : R” — R
(quadratic or not), a reasonable choice (but certainly not the only reasonable choice) of
search direction is the direction of steepest descent of F' at w;, i.e., s; = —VF(u;). In our
quadratic case, the steepest descent direction is s; = f — Au; = r;, the residual. Thus the
Richardson iteration can be viewed as a line search method with steepest descent as search
direction, and a fixed step size.

Also for a general minimization problem, for any choice of search direction, there is an
obvious choice of stepsize, namely we can do an exact line search by minimizing the function
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of one variable A — F(u; + \s;). Thus we must solve s VF(u; + As;) = 0, which, in the
quadratic case, gives

shr;
st As;

If we choose the steepest descent direction with exact line search, we get s; = r;, A\; =
rlr;/rl Ar;, giving the method of steepest descents:

choose initial iterate uyg
for 1 =0,1,...

set r;, = f — Auz

set Ujp1 = u; +
end

rI'r;
1

7".

rT At

Thus the method of steepest descents is a variant of the Richardson iteration u;;; =
u; + w(f — Aw;) in which the parameter w depends on 7. It does not fit in the category of
simple iterations u; 1, = Gu; + B f with a fixed iteration matrix G which we analyzed in the
previous section, so we shall need to analyze it by other means.

Let us consider the work per iteration of the method of steepest descents. As written
above, it appears to require two matrix-vector multiplications per iteration, one to compute
Ar; used in defining the step length, and one to compute Au; used to compute the residual,
and one to compute Ar; used in defining the step length. However, once we have computed
p; := Ar; and the step length \; we can compute the next residual without an additional
matrix-vector multiplication, since u; 1 = u; + \;7; implies that r;; 1 = r; — A;p;. Thus we
can write the algorithm as

choose wug
set ro = f — Auyg
for 1 =0,1,...
set p;, = Ar;
T
set \; = o
set Uir1 = Uy + )\Z'T'Z'
set ri 1 =71 — \ipi
end

T

Thus, for each iteration we need to compute one matrix-vector multiplication, two Eu-
clidean inner products, and two operations which consist of a scalar-vector multiplication and
a vector-vector additions (referred to as a SAXPY operation). The matrix-vector multipli-
cation involves roughly one addition and multiplication for each nonzero in the matrix, while
the inner products and SAXPY operations each involve n multiplications and additions. If
A is sparse with O(n) nonzero elements, the entire per iteration cost is O(n) operations.

We shall show below that if the matrix A is SPD, the method of steepest descents
converges to the solution of Au = f for any initial iterate ug, and that the convergence is
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linear with the same rate of convergence as we found for Richardson extrapolation with the
optimal parameter, namely (x — 1)/(x + 1) where & is the spectral condition number of A.
This means, again, that the convergence is slow if the condition number is large. This is
quite easy to visualize already for 2 x 2 matrices. See Figure 3.3.

F1GURE 3.3. Convergence of steepest descents with a quadratic cost function.
Left: condition number 2; right: condition number: 10.
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2.2. The conjugate gradient method. The slow convergence of the method of steep-
est descents motivates a far superior line search method, the conjugate gradient method. CG
also uses exact line search to choose the step length, but uses a more sophisticated choice of
search direction than steepest descents.

For any line search method with exact line search, u; = ug + \gSp minimizes F' over the
1-dimensional affine space uy + span[sg|, and then us = ug + AgSp + A1$; minimizes F' over
the 1-dimensional affine space ug + \gso + span[s;]. However us does not minimize F over
the 2-dimensional affine space ug 4 span[sg, s1]. If that were the case, then for 2-dimensional
problems we would have us = u and we saw that that was far from the case for steepest
descents.

However, it turns out that there is a simple condition on the search directions s; that
ensures that uy is the minimizer of F' over wy + span[sg, $1], and more generally that u;
is the minimizer of F' over ug + span[so,...,s;—1]. Such a choice of search directions is
very favorable. While we only need do 1-dimensional minimizations, after k steps we end
up finding the minimizer in an k-dimensional space. In particular, as long as the search
directions are linearly independent, this implies that u, = u.

N

THEOREM 3.6. Suppose that u; are defined by exact line search using search directions
which are A-orthogonal: st As; =0 for i # j. Then

F(u;) = min{ F(v) |v € ug + span[so, . .., Si—1] }.

PrROOF. Write W; for span(sg, ..., s;_1], 80 u; € ug + W; and we wish to prove that w;
minimizes F' over ug+ W;. This is at least true for ¢+ = 1, since we use exact line search. The
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proof is by induction on i, so we assume that it is true and must prove that u;,; minimizes
F over ug+Wiyq. Now ug+ Wi = {y+Asi |y € ug+W;, A € R}, so we need to show that
F(uiy1) = min_ F(y+ As;).

yEuo+W;
AER

The key point is that the function (y, A) — F'(y + As;) decouples into the sum of a function
of y which does not depend on A plus a function of A which does not depend on y. This
is because u; € ug + W, so sF Au; = sI Aug = s! Ay for any y € ug + W;, thanks to the
A-orthogonality of the search directions. Thus

1 A2
Fly+Xsi) = gy Ay + Asj Ay + T-s As; —y' [ = As] f

2

= Ply) + | sl As = AT (F — Au)

Thus the minimum is obtained when y € ug + W; minimizes F(y), which by the inductive
hypothesis occurs when y = u;, and when A € R minimizes the term in brackets, which just
gives us A\ = s7 (f — Aw;) /s As;, the formula for exact line search. Thus the minimizer of F
over ug + Wiy is indeed u; + A\js; = uiq1. O

Now F(v) = 1|lv —ul|} + F(u) by (3.5), so u; minimizes F over some set if and only
if it minimizes the function v — ||[v — u||4 over the same set. Thus we have the following

corollary.

COROLLARY 3.7. If u; are defined by exact line search using search directions which are
A-orthogonal, then u; minimizes the A-norm of the error over ug + Wi:
lu — wil| 4 = min{ ||u —v||a|v € up + W; }

where u is the exact solution and W; = span|sg, ..., s;_1].

Any method which uses A-orthogonal (also called “conjugate”) search directions has the
nice property of the theorem. However it is not so easy to construct such directions. By
far the most useful method is the method of conjugate gradients, or the CG method, which
defines the search directions by A-orthogonalizing the residuals r; = f — Auy:

® So=To
i1
: S?Aﬁ

® s, =1 — E s
5T As; ™)
]:0 J

This sequence of search directions, together with the exact line search choice of step length
(3.6) defines the conjugate gradient. The last formula (which is just the Gram-Schmidt
procedure) appears to be quite expensive to implement and to involve a lot of storage, but
fortunately we shall see that it may be greatly simplified.

LEMMA 3.8. (1) W; = span|so, ..., S;—1] = span[rg, ..., 1]
(2) The residuals are ly-orthogonal: rIr; =0 fori # j.
(3) There exists m < n such that Wy C Wy C -+ C W, = W1 = -+ and ug # uy #
e Uy = Uy = - =

(4) For i <m, {so,...,8_1} is an A-orthogonal basis for W; and {ro,...,r;_1} is an
ly-orthogonal basis for W;.
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(5) stry=slri=rlr, for0<j<i.

PROOF. The first statement comes directly from the definitions. To verify the second
statement, note that, for 0 < j < 4, F(u; + tr;) is minimal when ¢ = 0, which gives
TJ-T(Aui — f) = 0, which is the desired orthogonality. For the third statement, certainly there
is a least integer m € [1,n| so that W,, = W,,.1. Then r,, = 0 since it both belongs to
W,, and is orthogonal to W,,. This implies that u,, = u and that s,, = 0. Since s,, = 0
U1 = Uy = u. Therefore r,, 1 = 0, which implies that s,,11 = 0, w12 = u, etc.

The fourth statement is an immediate consequence of the preceding ones. For the last
statement, we use the orthogonality of the residuals to see that s!r; = rlr;. But, if 0 < j <
1,then

siry—siro=si A(ug — uj) =0,
since up — u; € Wj. O

Since s; € Wiy, and the r;, 7 < i are an orthogonal basis for that space for i < m, we

have

In view of part 5 of the lemma, we can simplify

Ty
i =T 7‘,5 T‘T =r;+r; r,E T’T ,

7=0 J 7=0 J
whence
rlr,
5i =T+ ———S8i-1.
TicaTi—1
This is the formula which is used to compute the search direction. In implementing this
formula it is useful to compute the residual from the formula ;47 = 7, — A\;As; (since

i1 = u; + N;8;). Putting things together we obtain the following implementation of CG:

choose initial iterate ug, set so = rg = f — Aug

for:=0,1,...
) rlr;
i =
st As;

Uit1 = U + NiS;
Tig1 = Ti — AiA;i
TiaTi
o i+1" 141
Si41 = Tip1 + — 78
end

At each step we have to perform one multiplication of a vector by A, two dot-products,
and three SAXPYs, very similar to steepest descents (one more SAXPY). Here is the algo-

rithm written out in full in pseudocode:
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choose initial iterate u

r< f—Au
r2 < rlr
ST
fort=0,1,...
t+ As (matrix multiplication)
52 + st (dot product)
A 12/s2
U4—u-+As (SAXPY)
r2old < r2
ré—rT—M (SAXPY)
r2 <« rlr (dot product)
s <1+ (r2/r2old)s (SAXPY)
end

The conjugate gradient method gives the exact solution in n iterations, but it is most
commonly used as an iterative method and terminated with far fewer operations. A typical
stopping criterion would be to test if 72 is below a given tolerance. To justify this, we shall
show that the method is linearly convergence and we shall establish the rate of convergence.

For analytical purposes, it is most convenient to use the vector norm |jul[4 := (u” Au)'/2,
and its associated matrix norm.
We start with a third characterization of W; = span|s, ..., s;_1] = span|rg, ..., r;i_1].

LEMMA 3.9. W, = span(rg, Arg, ..., A" Irg] fori=1,2,...,m.

PROOF. Since dimW; = i, it is enough to show that W; C span[rg, Arg,..., A7 1rg],
which we do by induction. This is certainly true for ¢ = 1. Assume it holds for some 3.
Then, since u; € ug + Wi, r; = f — Au; € ro + AW, € span(rg, Ary, ..., A'rg], and therefore
W11, which is spanned by W; and r; belongs to span[rg, Ary, ..., A'rg], which completes the
induction. 0

The space span[rg, Arg, ..., A" 1rq] is called the Krylov space generated by the matrix A
and the vector rg. Note that we have as well

W; = span[rg, Arg, ..., A7 gl = {p(A)ro |p € Pisi } = {q(A)(u —ug) | ¢ € Py, q(0) =0},

Here P; denotes the space of polynomials of degree at most ¢. Now, from Corollary 7?7, we
have Since r; is ls-orthogonal to W;, u — u; is A-orthogonal to W;, so

lu —wil|a = inf ||u— ug+ wl|a.
weW;
Combining the last two equations, we get

lu —uilla = inf |lu—wuo+q(A)(u—wuo)lla = inf [[p(A)(u — uo)| a-
q€P; pEP;
q(0)=0 p(0)=1
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Applying the obvious bound [|p(A)(u—wug)||a < [[p(A)||allu—uo||a We see that we can obtain
an error estimate for the conjugate gradient method by estimating
K= inf [[p(A)]a.
p(0)=1

Now if 0 < p; < --- < p,, are the eigenvalues of A, then the eigenvalues of p(A) are p(p;),
j=1,...,n,and |[p(A)|la = max; |p(p;)|. Thus

K= inf max[p(p;)| < inf  max |p(p)]

p(0)=1 p(0)=1

The final infimum can be calculated explicitly, as will be explained below. Namely, for any
0 < a < b, and integer n > 0,

(3.7) min max |p(z)| = 2

pG’P_n z€[a,b] b/a+1 " \/b/a—1 "
r(0)=1 (w/b/al) +< b/a+1)

This gives

K< 2 <9 <f - 1) ,
NZSAN 4 (L ’ VE+1
VAl VAt
where k = p,/p1 is the condition number of A. (To get the right-hand side, we suppressed
the second term in the denominator of the left-hand side, which is less than 1 and tends to
zero with ¢, and kept only the first term, which is greater than 1 and tends to infinity with
i.) We have thus proven that

VeE=1Y\
o= wla <2 (Y1) - wla

which is linear convergence with rate

VR
]

Note that r ~ 1 — 2/y/k for large k. So the convergence deteriorates when the condition
number is large. However, this is still a notable improvement over the classical iterations.
For the discrete Laplacian, where x = O(h™2), the convergence rate is bounded by 1 — ch,
not 1 — ch?.

The above analysis yields a convergence estimate for the method of steepest descent as
well. Indeed, the first step of conjugate gradients coincides with steepest descents, and so,
for steepest descents,

r

2 k—1
— < — " Nu- =
e —wla € e llu = wolla = =5
VE—1 VE+1

[ = wol| -

'Here we bound max; [p(p;)| by max,, <,<,, |p(p)| simply because we can minimize the latter quantity
explicitly. However this does not necessarily lead to the best possible estimate, and the conjugate gradient
method is often observed to converge faster than the result derived here. Better bounds can sometimes be
obtained by taking into account the distribution of the spectrum of A, rather than just its minimum and
maximum.
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Of course, the same result holds if we replace uy by w; and u; by wu;;1. Thus steepest
descents converges linearly, with rate (k —1)/(k+ 1) (just like Richardson iteration with the
optimal parameter). Notice that the estimates indicate that a large value of x will slow the
convergence of both steepest descents and conjugate gradients, but, since the dependence
for conjugate gradients is on y/k rather than r, the convergence of conjugate gradients will
usually be much faster.

The figure shows a plot of the norm of the residual versus the number of iterations for
the conjugate gradient method and the method of steepest descents applied to a matrix
of size 233 arising from a finite element simulation. The matrix is irregular, but sparse
(averaging about 6 nonzero elements per row), and has a condition number of about 1,400.
A logarithmic scale is used on the y-axis so the near linearity of the graph reflects linear
convergence behavior. For conjugate gradients, the observed rate of linear convergence is
between .7 and .8, and it takes 80 iterations to reduce the initial residual by a factor of
about 10%. The convergence of steepest descents is too slow to be useful: in 400 iterations
the residual is not even reduced by a factor of 2.

F1GURE 3.4. Convergence of conjugate gradients for solving a finite element
system of size 233. On the left 300 iterations are shown, on the right the first
50. Steepest descents is shown for comparison.
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REMARK. There are a variety of conjugate-gradient-like iterative methods that apply to
matrix problems Au = f where A is either indefinite, non-symmetric, or both. Many share
the idea of approximation of the solution in a Krylov space.

Our analysis of conjugate gradients and steepest descents depended on the explicit so-
lution of the minimization problem given in (3.7). Here we outline the proof of this result,
leaving the details as an exercise.

The Chebyshev polynomials are defined by the recursion

TO(J:) = 17 T1<x) =T, Tn+1(£) :2$Tn($) _Tn—1($) for n = 1a2>"-7

so T, is a polynomial of degree n. From this follows two explicit formulas for T},:

T,(x) = cos(narccosx), T,(z)= %[(QJ +vaz—-1)"+ (z — Va2 -1)"],
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F1GURE 3.5. The quintic polynomial equal to 1 at 0 with the smallest L*>
norm on [2,10]. This is a scaled Chebyshev polynomial, and so the norm can
be computed exactly.
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with the first equation valid for |x| < 1 and the second valid for |z| > 1.

The polynomial T,, satisfies |T},(x)| < 1 on [—1, 1] with equality holding for n+ 1 distinct
numbers in [—1, 1]. This can be used to establish the following: for any a < —1, there does
not exist any polynomial ¢ € P, with ¢(a) = T,,(c) and |¢(x)| < 1 on [—1,1]. In other
words, T, minimizes of max,c_1,1)[p(x)| over all polynomials in P, which take the value
T, (a) at a.

Scaling this result we find that

plz) = {Tn (‘Zii)]lTn (%)

solves the minimization problem (3.7) and gives the minimum value claimed. This polyno-
mial is plotted for n =5, a = 2, b = 10 in Figure 3.5.

2.3. Preconditioning. The idea is we choose a matrix M =~ A such that the system
Mz = c is relatively easy to solve. We then consider the preconditioned system M~'Ax =
M~1'b. The new matrix M 1A is SPD with respect to the M inner product, and we solve
the preconditioned system using conjugate gradients but using the M-inner product in place
of the ls-inner product. Thus to obtain the preconditioned conjugate gradient algorithm, or
PCG, we substitute M ~'A for A everywhere and change expressions of the form 2%y into
2T My. Note that the A-inner product z” Ay remains invariant under these two changes.
Thus we obtain the algorithm:
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choose initial iterate ug, set so = 7y = M1 f — M~ Ay

fori=20,1,...
LM

A = ’"ZT ik
s; As;

Uit1 = Ui + N;S;
772‘4_1 = fi — )\iM_lASZ'
_T —
Sit1 = Tiy1 + %Sz
T Mr;

Note that term s? As; arises as the M-inner product of s; with M~!As;. The quantity
7; is the residual in the preconditioned equation, which is related to the regular residual,
r; = [ — Au; by r; = M7;. Writing PCG in terms of r; rather than 7; we get

choose initial iterate ug, set 7o = f — Aug, so = M ~'ry

fori=20,1,...
Tpar—1p,
\o=
s; As;

Uir1 = Ui + AiS;
Tip1 =1i — NiAsi

T aAf-1
Tipi M ™ i

— At
Sit1 =M 1 + TN 1y
i %

i

end

Thus we need to compute M ~'r; at each iteration. Otherwise the work is essentially the
same as for ordinary conjugate gradients. Since the algorithm is just conjugate gradients for
the preconditioned equation we immediately have an error estimate:

Ve =1\
o=l <2 (Y1) Tl = ull

where x now is the ratio of the largest to the least eigenvalue of M~'A. To the extent that
M approximates A, this ratio will be close to 1 and so the algorithm will converge quickly.

The matrix M is called the preconditioner. A good preconditioner should have two prop-
erties. First, it must be substantially easier to solve systems with the matrix M than with
the original matrix A, since we will have to solve such a system at each step of the precon-
ditioned conjugate gradient algorithm. Second, the matrix M ~'A should be substantially
better conditioned than A, so that PCG converges faster than ordinary CG. In short, M
should be near A, but much easier to invert. Note that these conditions are similar to those
we look for in defining a classical iteration via residual correction. If u; 1 = w; + B(f — Aw;)
is an iterative method for which B is SPD, then we might use M = B~! as a preconditioner.
For example, the Jacobi method suggests taking M to be the diagonal matrix with the same
diagonal entries as A. When we compute M ~!r; in the preconditioned conjugate gradient
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algorithm, we are simply applying one Jacobi iteration. Similarly we could use symmetric
Gauss-Seidel to get a preconditioner.

In fact, we can show that conjugate gradients preconditioned by some SPD approximate
inverse always converges faster than the corresponding classical iterative method. For if A is
an eigenvalue of BA, then —p <1 — X < p where p is the spectral radius of I — BA, and so

1
Aoin(BA) 2 1= p, Aos(BA) <1+ p, w(BA) < L.
—p

Thus the rate of convergence for the PCG method is at most

1
R(BA) 1 _ Vil 11— 1= 2
VEBAY 417 [t 4 p '
1-p

The last quantity is strictly less than p for all p € (0,1); see Figure 3.6. (For p small it
is about p/2, while for the important case of p ~ 1 — ¢ with e small, it is approximately
1 — +/2¢.) Thus the rate of convergence of PCG with B as a preconditioner is better than
that of the classical iteration with B as approximate inverse.

FI1GURE 3.6. If an iteration achieves a rate of linear convergence p < 1, then
the rate of convergence of conjugate gradients using the iteration as a precon-
ditioner is bounded by (1 — /1 — p?)/p, which is always smaller.
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Diagonal (Jacobi) preconditioning is often inadequate (in the case of the 5-point Lapla-
cian it accomplishes nothing, since the diagonal is constant). Symmetric Gauss-Seidel is
somewhat better, but often insufficient as well. A third possibility which is often applied
when A is sparse is to determine M via the incomplete Cholesky factorization. This means
that a triangular matrix L is computed by the Cholesky algorithm applied to A, except that
no fill-in is allowed: only the non-zero elements of A are altered, and the zero elements left
untouched. One then takes M = LL”, and, so M~! is easy to apply. Yet, other precondi-
tioners take into account the source of the matrix problem. For example, if a matrix arises
from the discretization of a complex partial differential equation, we might precondition it
by the discretization matrix for a simpler related differential equation (if that lead to a linear
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systems which is easier to solve). In fact the derivation of good preconditioners for important
classes of linear systems remain a very active research area.

We close with numerical results for preconditioned conjugate gradients with both the di-
agonal preconditioner and incomplete Cholesky factorization as preconditioner. In Figure 3.7
we reproduce the results shown in Figure 3.4, together with these preconditioned iterations.
By fitting the log of the norm of the residual to a linear polynomial, we can compute the
observed rates of linear convergence. They are:

steepest descents  0.997 | PCG (diag.) 0.529
conjugate gradients 0.725 | PCG (IC) 0.228

The preconditioned methods are much more effective. Diagonal preconditioning reduces
the number of iterations needed by conjugate gradients to reduce the initial error by a factor
of 1079 from 80 to 44. Incomplete Cholesky preconditioning reduces further to 18 iterations.

FiGURE 3.7. Convergence of conjugate gradients for solving a finite element
system of size 233, unpreconditioned, diagonally preconditioned, and precon-
ditioned by incomplete Cholesky factorization. Steepest descents is shown as
well. On the left 300 iterations are shown, on the right the first 50.
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3. Multigrid methods

Figure 3.8 shows the result of solving a discrete system of the form —A,u;, = f using the
Gauss—Seidel iteration. We have take h = 64, and chosen a smooth right-hand side vector
f which results in the vector u;, which is shown in the first plot. The initial iterate wuy,
which is shown in the second plot, was chosen at random, and then the iterates wy, us, ug,
usp, and usgg are shown in the subsequent plots. In Figure 3.9, the maximum norm error
lun, — w;||/||unl| is plotted for i = 0,1,...,50.

These numerical experiments illustrate the following qualitative properties, which are

typical of the Gauss—Seidel iteration applied to matrices arising from the discretization of
elliptic PDEs.

e If we start with a random error, the norm of the error will be reduced fairly quickly
for the first few iterations, but the error reduction occurs much more slowly after
that.
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FIGURE 3.8. [Iterative solution to —Ajuy, = f, h = 1/64, using Gauss—Seidel.
The random initial iterate is rapidly smoothed, but approaches the solution
uyp, only very slowly.
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FIGURE 3.9. Error in the Gauss—Seidel iterates 0 through 50 in [* (e).

e After several iterations the error is much smoother, but not much smaller, than
initially. Otherwise put, the highly oscillatory modes of the error are suppressed
much more quickly by the iteration than the low frequency modes.

The first observation is valid for all the methods we have studied: Richardson, Jacobi,
damped Jacobi, and Gauss—Seidel. The second obervation—that Gauss—Seidel iteration
smooths the error—is shared damped Jacobi with o < 1, but not by Jacobi itself.

If we take the Richardson method with w = 1/Ap.(A) for the operator A = —D2
it is very easy to see how the smoothing property comes about. The initial error can be
expanded in terms of the eigenfunctions of A: ¢y = > _, ¢;sinmmz. The mth component
in this expansion is multiplied by 1 — A, /Amax = 1 — A\ /A, at each iteration. Thus the
high frequency components, m = n, are multiplied by something near to 0 at each iteration,
and so are damped very quickly. Even the intermediate eigenvalues, A, =~ A, /2 are damped
reasonably quickly (by a factor of about 1/2 at each iteration). But the low frequency modes,
for which \,, < \,, decrease very slowly.

This also explains the first observation, that the norm of the error decreases quickly
at first, and then more slowly. The norm of the error has contributions from all modes
present in the initial error. Those associated to the higher frequency modes disappear in a
few iterations, bringing the error down by a significant fraction. But after that the error is
dominated by the low frequency modes, and so decays very slowly.

The same analysis applies to damped Jacobi with positive damping, and shows that
undamped Jacobi doesn’t have the smoothing property: the mth mode is multiplied by
about 1 — 2\,,/\,, and so convergence is very slow for low frequency modes and also the
highest frequency modes \,, = A,. For the intermediate modes, \,, =~ A, /2, convergence is
very fast.

Establishing the smoothing property for Gauss—Seidel is more complicated, since the
eigenfunctions of the Gauss—Seidel iteration don’t coincide with those of A even for A = —D3.
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However both numerical study and careful analysis show that Gauss—Seidel does indeed have
the smoothing property for discretized elliptic operators.

The idea behind the multigrid method is to create an iterative method which reduces all
components of the residual quickly by putting together two steps. First it applies the approx-
imate inverse from Gauss—Seidel or another classical iterative method with the smoothing
property to the residual. This greatly reduces the high frequency components of the resid-
ual, but barely reduces the low frequency components. The new residual, being relatively
smooth, can then be accurately approximated on a coarser mesh. So, for the second step,
the residual is (somehow) transferred to a coarser mesh, and the equation solved there, thus
reducing the low frequency components. On the coarser mesh, it is of course less expensive
to solve. For simplicity, we assume for now that an exact solver is used on the coarse mesh.
Finally this coarse mesh solution to the residual problem is somehow transferred back to the
fine mesh where it can be added back to our smoothed approximation.

Thus we have motivated the following rough outline of an algorithm:

(1) Starting from an initial guess ug apply a fine mesh smoothing iteration to get an
improved approximation .
(2) Transfer the residual in @ to a coarser mesh, solve a coarse mesh version of the
problem there, transfer the solution back to the fine mesh, and add it back to u to
get .
Taking u for u; and thus have described an iteration to get from wy to u; (which we can
then apply again to get from u; to ug, and so on). In fact it is much more common to also
apply a fine mesh smoothing at the end of the iteration, i.e., to add a third step:

(3) Starting from @ apply the smoothing iteration to get an improved approximation 4.

The point of including the third step is that it leads to a multigrid iteration which is sym-
metric, which is often advantageous (e.g., the iteration can be used as a preconditioner for
conjugate gradients). If the approximation inverse B used for the first smoothing step is not
symmetric, we need to apply BT (which is also an approximate inverse, since A is symmetric)
to obtain a symmetric iteration.

We have just described a two-grid iteration. The true multigrid method will involve not
just the original mesh and one coarser mesh, but a whole sequence of meshes. However, once
we understand the two-grid iteration, the multigrid iteration will follow easily.

To make the two-grid method more precise we need to explain step 2 more fully, namely
(a) how do we transfer the residual from the fine mesh to the coarse mesh?; (b) what problem
do we solve on the coarse mesh?; and (c¢) how do we transfer the solution of that problem
from the coarse mesh to the fine mesh? For simplicity, we suppose that N = 1/h is even
and that we are interested in solving Apu = f where A = —D?. Let H = 2h = (N/2)7 1.
We will use the mesh of size H as our coarse mesh. The first step of our multigrid iteration
is then just

u = ug + Br(f — Apuo),
where By, is just the approximate inverse of A; from Gauss—Seidel or some other smoothing
iteration. The resulting residual is f — Apu. This is a function on the fine mesh points
h,2h,...,(N — 1)h, and a natural way to transfer it to the coarse mesh is restrict it to the
even grid points 2h, 4h, ..., (N —2)h = H,2H,...,(N/2—1)H, which are exactly the coarse
mesh grid points. Denoting this restriction operator from fine grid to coarse grid functions
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(i.e., from RY=! — RN/271) by Py we then solve Agey = Py(f — Anti) where, of course,
Ag = —D? is the 3-point difference operator on the coarse mesh. To transfer the solution ey,
a coarse grid function, to the fine grid, we need a prolongation operator Qg : RN/>=1 — RN-1,
It is natural to set Qgeg(jh) = eg(jh) if j is even. But what about when j is odd: how
should we define Qe at the midpoint of two adjacent coarse mesh points? A natural
choice, which is simple to implement, is Qgey(jh) = [eg((j — 1)h) + e((j + 1)h)]/2. With
these two operators second step is

U=1u+QuAy Pu(f— Apu).
And then final post-smoothing step is
u=1u+ By (f — Aptt).

Actually this does not give a symmetric iteration. To obtain symmetry we need Q, = cP¥
and that is not the case for the grid transfer operators we defined. We have

/2 0 0 0 --- 0

1 0 0 0 -+ 0

/2 1/2 0 0 0
(3.8) Qu=10 1 0 O 0|,

0 1/2 1/2 0 0

o 0 0 0 --- 1/2

but Py as we described it, consists only of 0’s and 1’s. Therefore one commonly takes a
different choice for Py, namely Py = (1/2)Q%. This means that the transferred coarse grid
function doesn’t just take the value of the corresponding fine grid function at the coarse grid
point, but rather uses a weighted average of the fine grid function’s values at the point in
question and the fine grid points to the left and right (with weights 1/4, 1/2, 1/4). With
this choice, Qg A, Py is symmetric; in fact, Qg A,Py = Ap. This is a useful formula. For
operators other than the A, = —D3?, we can use the same intergrid transfer operators,
namely Qg given by (3.8) and Py = (1/2)Q%, and then define the coarse grid operator by
An = QuAnPru.

REMARK. In a finite element context, the situation is simpler. If the fine mesh is a
refinement of the coarse mesh, then a coarse mesh function is already a fine mesh function.
Therefore, the operator Qg can be taken simply to be the inclusion operator of the coarse
mesh space into the fine mesh space. The residual in uy € Sj is most naturally viewed as
a functional on Sp,: v +— (f,v) — B(ug,v). It is then natural to transfer the residual to the
coarse mesh simply by restricting the test function v to Sg. This operation S§ — ST is
exactly the adjoint of the inclusion operator Sy — S,. Thus the second step, solving the
coarse mesh problem for the restricted residual is obvious in the finite element case: we find
eg € Sy such that

B(ey,v) = (f,v) — B(u,v), v € Sy,

and then we set u = u + ey € Sj,.

Returning to the case of finite differences we have arrived at the following two-grid
iterative method to solve Apu, = fi.
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up, = twogrid(h, Ay, fn, uo)
input: h, mesh size (h = 1/n with n even)
Ay, operator on mesh functions
fr, mesh function (right-hand side)
ug, mesh function (initial iterate)
output: up, mesh function (approximate solution)

for i =0,1,... until satisfied
1. presmoothing: @ = w; + B (fr, — Apu;)
2. coarse grid correction:
2.1. residual computation: r, = f, — At
2.2. restriction: H = 2h, rg = Pyry, Ag = PrALQn
2.3. coarse mesh solve: solve Ageyg = ry
2.4. prolongation: e, = Qgey
2.5. correction: u = u + e,
3. postsmoothing: uy, < w41 = @+ Bf (fn — Apt)
end

Algorithm 3.1: Two-grid iteration for approximately solving Apu, = fi.

In the smoothing steps, the matrix B; could be, for example, (D — L)™' where D is
diagonal, L strictly lower triangular, and A, = D — L — LT. This would be a Gauss-Seidel
smoother, but there are other possibilities as well. Besides these steps, the major work is in
the coarse mesh solve. To obtain a more efficient algorithm, we may also solve on the coarse
mesh using a two-grid iteration, and so involving an even coarser grid. In the following
multigrid algorithm, we apply this idea recursively, using multigrid to solve at each mesh
level, until we get to a sufficiently coarse mesh, h = 1/2, at which point we do an exact solve
(with a 1 x 1 matrix!).
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up, = multigrid(h, Ap, fn, uo)
input: h, mesh size (h = 1/n with n a power of 2)
Ay, operator on mesh functions
fr, mesh function (right-hand side)
ug, mesh function (initial iterate)
output: up, mesh function (approximate solution)

if h =1/2 then
up, = A, fa
else
for : =0,1,... until satisfied
1. presmoothing: @ = u; + Br(f — Apu;)
2. coarse grid correction:
2.1. residual computation: r, = f, — Apu
2.2. restriction: H = 2h, rg = Pyry, Ag = PpALQn
2.3. coarse mesh solve: ey = multigrid(H, Ay, ry,0)
2.4. prolongation: e, = Qgepy
2.5. correction: u = u + ey,
3. postsmoothing: uy, < u;y1 = 4 + BL(f — Apt)
end
end if

Algorithm 3.2: Multigrid iteration for approximately solving Apu, = f.

Figure 3.10 shows 5 iterations of this multigrid algorithm for solving the system —Apu;, =
f, h = 1/64, considered at the beginning of this section, starting from a random initial
guess (we would get even better results starting from a zero initial guess). Compare with
Figure 3.8. The fast convergence of the multigrid algorithm is remarkable. Indeed, for
the multigrid method discussed here it is possible to show that the iteration is linearly
convergent with a rate independent of the mesh size (in this example, it is roughly 0.2).
This means that the number of iterations needed to obtain a desired accuracy remains
bounded independent of h. It is also easy to count the number of operations per iteration.
Each iteration involves two applications of the smoothing iteration, plus computation of
the residual, restriction, prolongation, and correction on the finest mesh level. All those
procedures cost O(n) operations. But then, during the coarse grid solve, the same procedures
are applied on the grid of size 2h, incurring an additional cost of O(n/2). Via the recursion
the work will be incurred for each mesh size h, 2h, 4h,.... Thus the total work per iteration
will be O(n+n/2 +n/4+...4+ 1) = O(n) (since the geometric series sums to 2n). Thus
the total work to obtain the solution of the discrete system to any desired accuracy is itself
O(n), i.e., optimal.
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FiGURE 3.10.
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[terative solution to —Ajuy, = f, h = 1/64, using multigrid.

initial iterate iterate 1

iterate 2 iterate 3

iterate 4 iterate 5




CHAPTER 4

Finite element methods for elliptic equations

1. Weak and variational formulations

Model PDE: —divagradu + cu = f in Q
Here 2 is a bounded domain in R"; 0 <a<a(z) <a,0<c¢(z) <¢
First consider the homogeneous Dirichlet BC: u = 0 on 0.

Assuming that a € C*(Q), ¢ € C(Q), u € C?(Q) satisfies the PDE and BC (a strong
solution), then it also satisfies the weak formulation:

Find u € H'(Q) such that
/(agradu-gradv+cuv):/fv, Ueﬁll(Q),

A solution of the weak formulation need not belong to C2(Q2), but if it does, then it is a
strong solution.

The variational formulation is completely equivalent to the weak formulation

1
u= argmin/[—(a gradv - gradv + cv®) — fv]
veH(Q) /Q 2

Extensions: Neumann BC, Robin BC, mixed BC, inhomogeneous Dirichlet BC. First
order term to the PDE (then the problem is not symmetric and there is no variational
formulation, but weak formulation is fine).

All these problems can be put in the weak form: Find u € V such that
(4.1) bu,v) = F(v), veV,

where V is a Hilbert space (H! or ﬁl), b:V xV — Ris a bilinear form, F' : V — R is
a linear form. (The inhomogeneous Dirichlet problem takes this form if we solve for u — u,
where u, is a function satisfying the inhomogeneous Dirichlet BC u, = g on 0f2.) For
symmetric problems (no first order term), the bilinear form b is symmetric, and the weak
form is equivalent to the variational form:

1
u = argmin[-b(v,v) — F(v)].
veV 2

49
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2. Galerkin method and finite elements

Let V}, be a finite dimensional subspace of V. If we replace the V' in the weak formulation
with V), we get a discrete problem: Find u;, € V} such that

(4.2) b(up,v) = F(v), v €&V,

This is called the Galerkin method. For symmetric problems it is equivalent to the Rayleigh—
Ritz method, which replaces V' by V}, in the variational formulation:

up = argmin[lb(v,v) — F(v)].
veEV 2
The Galerkin solution can be reduced to a set of n linear equations in n unknowns where
n = dim V}, by choosing a basis. Adopting terminology from elasticity, the matrix is called
the stiffness matriz and the right hand side is the load vector.
Comparing (4.1) and (4.2), we find that the error in the Galerkin method u — uy, satisfies

(4.3) b(u —up,v) =0, veEV,

This relation, known as Galerkin orthogonality, is key to the analysis of Galerkin methods.

To define a simple finite element method, we suppose that € is a polygon in R? and let 7,
be a simplicial decomposition of Q (covering of Q by closed triangles so that the intersection
of any two distinct elements of 7T}, is either empty or a common edge or vertex. Let

My(Th) ={v € C(Q)|VIr € PUTIVT € Ty} = {v e H(Q)|VIr € Pi(TIVT € Tr },

and MY(T,) = H(Q) N ML(T,). The P, finite element method for the Dirichlet problem is
the Galerkin method with Vj, = M} (T5).

We can use the Lagrange (hat function) basis for Vj, to ensure that (1) the matrix is
sparse, and (2) the integrals entering into the stiffness matrix and load vector are easy to
compute.

FIGURE 4.1. A hat function basis element for M (73).

In the special case where 2 is the unit square, and 7}, is obtained from a uniform m x m
partition into subsquares, each bissected by its SW-NE diagonal (so n = (m — 1)?), the
resulting stiffness matrix is exactly the same as the matrix of the 5-point Laplacian.
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3. Lagrange finite elements

This section is written mostly for 2D, although extending to n dimensions is straightfor-
ward.

A finite element space is a space of piecewise polynomials with respect to a given trian-
gulation (simplicial decomposition) Ty, but not just any space of piecewise polynomials. It
is constructed by specifying the following things for each T € Ty:

e Shape functions: a finite dimensional space V(T') consisting of polynomial functions
onT.

e Degrees of freedom: a finite set of linear functionals V(T') — R which are unisolvent
on V(7). This means that real values can be assigned arbitrarily to each DOF, and
these determine one and only one element of V(7). In other words, the DOF form
a basis for the dual space of V(7).

We further assume that each degree of freedom on T is associated to a subsimplex of T, i.e.,
to a vertex, an edge, or T itself (in 2D). Moreover, if a subsimplex is shared by two different
triangles in 77 and T, in 7, the DOFs for 77 and T, associated to the subsimplex are in
1-to-1 correspondence.

When all this is specified, the assembled finite element space is defined as all functions
v € L*(Q) such that

e v|lp e V(T) forall T € T,

e The DOF'’s are single-valued in the sense that whenever ¢ is a subsimplex shared by
T, and T3, then the corresponding DOFs on applied to v|7, and v|p, take on the
same value.

Note that we do not specify the interelement continuity explicitly. It is determined by the
fact that the shared DOFs are single-valued.

The reason for this definition is that it is easy to construct and compute with piecewise
polynomial spaces defined in this way. First of all, we immediately obtain a set of global
degrees of freedom, by considering all the degrees of freedom associated with all the sub-
simplices of the triangulation. An element of the FE space is uniquely determined by an
arbitrary assignment of values to the global degrees of freedom. Thus the dimension of the
FE space is the sum over the subsimplices of the number of degrees of freedom associated
to the subsimplex. A basis for the FE space is obtained by setting one of the global DOF's
to 1 and all the rest to zero. The resulting basis function is supported in the union of the
triangles which contain the subsimplex. Thus we have a local basis (small supports), and
will obtain a sparse stiffness matrix.

The simplest example is the P; element, or Lagrange element of degree 1, discussed above.
Then the shape functions are simply the linear polynomials: V(7') = Py(T) (dimension
equals 3 is 2D). The degrees of freedom on T are the evaluation functionals associated to
the 3 vertices. These DOFs are certainly unisolvent: a linear function in 2D is determined
by its value at any 3 non-colinear points. Clearly any continuous piecewise linear function
belongs to the FE space, since it can be specified by assigning its vertex values. Conversely,
if v is an element of the assembed FE space and two triangles T} and 75 share a common
edge e, then v|7, and v|, must agree on all of e, since on e they are both linear functions,
and they agree at the two end points of e (a linear function in 1D is determined by its value
at any 2 distinct points). This shows that the assembled FE space consists precisely of the
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continuous piecewise linears. The global degrees of freedom are the vertex values, and the
corresponding local basis consists of the hat functions.

For the Lagrange element of degree 2, the shape functions are V(T') = Py(T'). There is
one DOF associated to each vertex (evaluation at the vertex), and one associated to each
edge (evaluation at the midpoint of the edge). Let us check unisolvence. Since dim V(T') = 6
and there are 6 DOFs on 7', we must show that if all 6 DOFs vanish for some v € V(T),
then v = 0. For this choose a numbering of the vertices of T', and let \; € Py (R?), i = 1,2, 3,
denote the linear function that is 1 on the ith vertex and which vanishes on the opposite
edge, e of T. Thus the equation \; = 0 is the equation of the line through the edge e. Since
v vanishes at the two endpoints and the midpoint of e, v|. vanishes (a quadratic in 1D which
vanishes at 3 points is zero). Therefore v is divisible by the linear polynomial J\;, for each
1. Thus v is a multiple of A\ A2A3. But v is quadratic and this product is cubic, so the only
possibility is that v = 0. It is easy to check that the assembled space is exactly the space
MZ(Tr) of continuous piecewise quadratic functions. There is one basis function associated
to each vertex and one to each edge.

FIGURE 4.2. Basis functions for MZ(7).

Note: the linear functions \; are the barycentric coordinate functions on 7. They satisfy
)\1 + )\2 + )\3 =1.

Higher degree Lagrange elements are defined similarly. V(T) = P.(T). dimV(T) =
(r+1)(r+2)/2. There is 1 DOF at each vertex, » — 1 on each edge, and (r —2)(r —1)/2 in
each triangle. Note that 3x 1+3x (r—1)+(r—2)(r—1)/2 = (r+1)(r +2)/2. The DOFs
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are the evaluation functionals at the points with barycentric coordinates all of the form i/r
with 0 <7 < r and integer. See Figure 4.3.

F1GURE 4.3. Lagrange finite elements of degree 1, 2, and 3.

/\ //\\ LN wo“\

Lagrange elements can be defined in a similar way in n-dimensions.

FIGURE 4.4. Lagrange finite elements of degree 1, 2, and 3 in 1-D and 3-D.

The restriction of a Lagrange element of degree r to a face or an edge is a Lagrange
element of degree r on the face or edge. This leads to an inductive proof of unisolvence valid
for all dimensions.

Other finite element spaces. Cubic Hermite finite elements. Shape functions are Ps(T)
for a triangle T'. Three DOF's for each vertex v: u — u(v), u — (Ou/0zx)(v), u +— (Ou/dy)(v);
and one DOF associated to the interior u +— fT v (alternatively, evaluation at the barycenter).
Proof of unisolvence. Note that the assembled finite element space belongs to C° and H!,
but not to C* and H?.

FIGURE 4.5. Cubic Hermite element.

Quintic Hermite finite elements (Argyris elements). Shape functions are Ps(T") for a
triangle T'. Six DOFs for each vertex v: evaluation of u, both 1st partials, and all three 2nd
partials of u at v. One DOF for each edge: evaluation of Ju/dn at midpoint. Unisolvent,
H?.
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FIGURE 4.6. Quintic Hermite element.

4. Finite element assembly

Now we consider how to efficiently compute the stiffness matrix in a finite element com-
putation. We consider the Neumann problem

—divagradu + b - graduv + cuv = f in €, ag—u = 0 on 0f2.
n

so the finite element method seeks u;, € Vj, such that
b(up,v) = F(v), v eV,

where
b(u,v) = /(a gradu - gradv + b - graduv + cuv) dx, F(v) = / fvdx.
Q Q

For simplicity suppose we use Vj, = M} (7;), the Lagrange finite element space of degree 1
for some triangulation in 2-D. Let py, ..., pn.... denote the vertices of the triangulation 7,
(where nyer is the number of vertices, which is equal to div V},), and let ¢y, . .., ¢n..,, denote
the corresponding hat function basis functions (such as the one pictured in Figure 4.1). The
stiffness matrix, which we need to compute, is given by

Aij:b<¢j7¢i)7 0,7 =1, Nyert-
This might suggest as an algorithm

for i =1,..., Nyert
for j=1,... Nyert
compute A;; = b(¢;, p;)
end
end

but, in fact, such an algorithm is very inefficient and should never be used.

To define an efficient algorithm, we introduce the local vertices, basis functions, and
stiffness matrix. For each triangle T', let pl, k = 1,2,3 denote the three vertices of T, and
let ¢ denote the three local basis functions on 7. The local stiffness matrix on 7T is the
3 X 3 matrix

T T T T .
Azjzb (¢jv¢z )a Z?]:1a2737
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where
b (v, w) = /(a gradv - gradw + b - grad vw + cvw) dzx.
T

Note that the integral is only over the triangle 7. We need to compute the quantity Ag;- =
b"(¢],¢]) in order to compute the (global) stiffness matrix. It will be part of exactly
one element of the stiffness matrix. Fortunately, this quantity is easily computable. The
three functions ngJT and their gradients can be easily expressed analytically in terms of the
coordinates of the vertices pl pt pl of T. Therefore, if the coefficients a, b, and c are
constant on the element T, it is straightforward to give an arithmetic expression for Az; If
the coefficents are variable, one commonly evaluates them at one or a few quadrature points
in T and computes b7 ( JT, #T) through a quadrature rule.

To relate the local quantities and the global quantities, we define I} as the global vertex
number of the kth vertex of T"

pir =pr, k=123

The values of I} can be stored in an integer table with one row for each triangle and 3
columns. This the (j, k) entry of the table is the global vertex number of the kth vertex of
the jth triangle of the mesh. This is called the connectivity table of the mesh.

The finite element assembly algorithm to compute the stiffness matrix organizes the
computation as a loop over the elements, in each element we: (1) compute the local stiffness
matrix, (2) add the resulting elements into the appropriate elements on the global stiffness
matrix.

Initialize A to 0

for T €7,
compute AZ; = b ( ]T, o), i,7=1,2,3
AI?IIZAI?If+A£, iaj:172a3

end

This is how a finite element stiffness matrix is computed in practice. Note that the
computation is organized as a single loop over elements, rather than as a double loop over
vertices.

Thus to compute the stiffness matrix, we need two tables which describe the mesh: a real
table of size nye¢ X 2 which gives the coordinates of the vertices, and the integer connectivity
table of size ne x 3. These tables are created when the mesh is generated. Figure 4.7 shows
a mesh of Ny = 26 triangles (numbered, in red, from 0 to 25 rather than 1 to 26), and
Ne, = 36 elements (numbered in blue from 0 to 35), and the corresponding mesh data tables.

5. Coercivity, inf-sup condition, and well-posedness

First we consider this in an abstract framework, in which we are given a Hilbert space
V', a bounded bilinear form b: V x V' — R and a bounded linear form F': V' — R, and the
problem we wish to solve is

(4.4) b(u,v) = F(v), veV.
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FI1GURE 4.7. Finite element mesh data structure.

13 18 23 25 Vertex coordinates
22 30 35 0| 0.00000 0.00000
13 24 31 110.50000 2.00000
J 14 9 g 2 | 2.00000 0.00000
” 23 o8 9 3| 1.00000 4.00000
16 o5 2 33 412.24443 2.57632
6
{ 15 / : :
3 15 - 21 32
5/ & 17 2% Connectivity
] - 5 2 27 bo 0/0 1 2
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] 1 19 16 211 2 4
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? b 412 4 6
g 3
10
0 2 5 10

We will analyze the Galerkin method using the ideas of stability and consistency we intro-
duced in Chapter 2, § 1.2. Recall that there we studied a problem of the form find uv € X
such that Lu = f where L mapped the vector space X where the solution was sought to
the vector space Y where the data f belonged. For the problem (4.4), the solution space
X =V, and the data space Y = V*, the dual space of V. The linear operator L is simply
given by

Lw(v) = b(w,v) w,veV.

So the problem (4.4) is simply: given F' € V* find u € V such that Lu = F.

First of all, before turning to discretization, we consider the well-posedness of this prob-
lem. We have already assumed that the bilinear form b is bounded, i.e., there exists a
constant M such that

|b(w, v)| < M[wl[[]v]],

where, of course, the norm is the V norm. This implies that the operator L : V — V* is a
bounded linear operator (with the same bound).

We will now consider hypotheses on the bilinear form b that ensure that the problem
(4.4) is well-posed. We will consider three cases, in increasing generality.

w,v €V,

5.1. The symmetric coercive case. First we assume that the bilinear form b is sym-
metric (b(w,v) = b(v,w)) and coercive, which means that there exists a constant v > 0, such
that

b(v,v) Z9[vl*, veV.

In this case b(w,v) is an inner product on V', and the associated norm is equivalent to the
V norm:

Wl < blv,v) < Mo]ly.
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Thus V is a Hilbert space when endowed with the b inner product, and the Riesz Represen-
tation Theorem gives that for all F' € V* there exists a unique u € V' such that

bu,v) = F(v), veV,

i.e., (4.4) has a unique solution for any data, and L™ : V* — V is well-defined. Taking
v = u and using the coercivity condition we immediately have v|ul|? < F(u) < ||[F||v+||ullv,
so [lully <y HEllv, e 1L vy <778

In short, well-posedness is an immediate consequence of the Riesz Representation Theo-
rem in the symmetric coercive case.

As a simple example of the utility of this result, let us consider the Neumann problem

V*

0
—divagradu + cu = f in Q, CL@_Z =0 on 092

where 0 < a < a(z) < a, 0 < ¢ <c¢(xr) <c The weak formulation is: Find u € V' such that
b(u,v) = F(v), vevV,
where V = H*,

b(w,v) = /Q(agradw-gradvjtcuv), F(v) = /va.

Clearly the bilinear form b is bounded with M = max(a,¢), and is coercive with v =
min(a,c). It follows that the weak formulation is well-posed. It admits a unique solution
and [Jullgr < M| F gy < v e

5.2. The coercive case. Even if we dispense with the assumption of symmetry, co-
ercivity implies well-posedness. From coercivity we have v|w|? < b(w,w) = Lw(w) <
[Lwlly-[lwl, so

(4.5) lwll < 7| Lw]

V*, we V.

This immediately leads to three conclusions:

e L is one-to-one.
o If L is also onto, so L™ is well-defined, then ||[L71 g+ ) <7t
e The range W = L(V) is closed in V*.

The first two points are immediate. For the third, suppose that for some uy,us,... € V,
Lu,, converges to some G € V*. We must show that G = Lu for some v € V. Since Lu,
converges in V* it forms a Cauchy sequence. Using (4.5) we conclude that u, forms a Cauchy
sequence in V', and so converge to some u in V. Since L is bounded Lu, — Lu in V*, so
Lu = G, showing that indeed W is closed in V*.

It remains to show that L is onto, i.e., the closed subspace W = L(V') is the whole of V*.
If W were a strict closed subspace of V* then there would exist a nonzero element v € V'
such that G(v) = 0 for all G € W, i.e., b(w,v) = Lw(v) = 0 for all w € V and this particular
v. But, taking w = v and using coercivity we get a contradiction.

Thus we have shown that for a bounded coercive bilinear form, symmetric or not, the
abstract weak formulation (4.4) is well-posed. This result is known as the Lax-Milgram
theorem.
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5.3. The inf-sup condition. It turns out to be very useful to consider a much more
general case. Suppose that, instead of coercivity, we assume that

(1) (inf-sup condition) There exists v > 0 such that for all 0 # w € V there exists
0 # v € V such that
b(w, v) 2 ~|wlv].
(2) (dense range condition) For all 0 # v € V' there exists a w € V such that b(w,v) # 0.

We shall see that it is easy to adapt the proof of the Lax-Milgram theorem to this case.

Note that the inf-sup condition can be written

inf  sup M > 0,
0weV ozpev [[w][|v]]
which explains its name. The dense range condition is equivalent to the condition that the
range W = L(V) is dense in V*. Clearly coercivity implies both these conditions (take
v = w for the first and w = v for the second). In the symmetric case the second condition
follows from the first. In any case, using these two conditions it is easy to carry out the
above argument, as we do now.

The bound (4.5) follows directly from the inf-sup condition. Again this implies L is 1-to-1
and that W = L(V) is closed in V*, and furnishes a bound on ||L 7| if L is onto. Since L
has dense range, by the second condition, and closed range, it is indeed onto.

This version is in some sense the most general possible. If (4.4) is well-posed, so L™ :
V* — V exists, then it is a simple matter of untangling the definitions to see that

. b(w, v) —1y—-1
oty LB, Tl — 17 et
and so the inf-sup condition holds with v =1/ ||L*1||Z(1V*7V). Thus the inf-sup condition and
dense range condition are equivalent to well-posedness.

6. Stability, consistency, and convergence

Now we turn to discretization, again using the framework of Chapter 2, § 1.2. First we
consider the coercive (but not necessarily symmetric) case. Thus we suppose again that
b:V xV — Ris a bounded, coercive bilinear form, with constants M and ~. Consider
V}, a finite dimensional subspace of V. Restricting the bilinear form b to Vj, x V}, defines an
operator Ly : Vj — V¥, and restricting F' to V}, gives a linear form Fj, : Vj, — R. Galerkin’s
method is just Lpup = Fj. We will show that this method is consistent and stable, and so
convergent.

Stability just means that Lj, is invertible and the stability constant given by ||L; | LV Vi)
Since b is coercive over all of V' it is certainly coercive over V}, and so the last section implies
stability with stability constant v~!. In short, if the bilinear form is coercive, then for any
choice of subspace the Galerkin method is stable with the stability constant bounded by the
inverse of the coercivity constant.

To talk about consistency, as in Chapter 2, we need to define a representative U, of
the solution u in V},. A natural choice, which we shall make, is that U, is the orthogonal
projection of w into V}, so that

Ju = Uil = inf lu =]
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The consistency error is

| LnUn — Fi|

vy = Sup
0veVs, o]l

But (L Uy, — Fy)(v) = b(Up,v) — F(v) = b(Up, — u,v), so |(Ly Uy, — Fp)(v)| < M||lu—Us||||v]]-

Therefore the consistency error is bounded by

M inf ||u—o||.

veV

We therefore obtain the convergence estimate

— < M~y7ti — .
IUn = il < My in flu— o

We can then apply the triangle inequality to deduce
lu = un|l < (1+My™") inf |lu—wvl.
veVy

This is the fundamental estimate for finite elements. It shows that finite elements are qua-
sioptimal, i.e., that the error in the finite element solution is no more than a constant multiple
of the error in the best possible approximation from the subspace. The constant can be taken
to be 1 plus the bound of the bilinear form times the stability constant.

REMARK. We obtained stability using coercivity. From the last section we know that
we could obtain stability as well if we had instead of coercivity, a discrete inf-sup condition:
There exists v > 0 such that for all 0 # w € V), there exists 0 # v € V}, such that

b(w, v) = ~[lwllf|v]]

(In the finite dimensional case the dense range condition follows from the inf-sup condition

since an operator from V,, to V;* which is 1-to-1 is automatically onto) The big difficulty
however is that the fact that b satisfies the inf-sup condition over V does not by any means
imply that it satisfies the inf-sup condition over a finite dimensional subspace Vj,. In short, for
coercive problems stability is automatic, but for more general well-posed problems Galerkin
methods may or may not be stable (depending on the choice of subspace), and proving
stability can be difficult.

7. Finite element approximation theory

In this section we turn to the question of finite element approximation theory, that is of
estimating

inf |ju—o|;
veEV)

where V}, is a finite element space. For simplicity, we first consider the case where V,, =
M} (Tr), the Lagrange space of continuous piecewise linear functions on a given mesh Ty,
where 7}, is a simplicial decomposition of  with mesh size h = maxper, diam 7. (Note: we
are overloading the symbol h. If we were being more careful we would consider a sequence
of meshes T; with mesh size h; tending to zero. But the common practice of using h as both
the index and the mesh size saves writing subscripts and does not lead to confusion.)

First we need some preliminary results on Sobolev spaces: density of smooth functions,

Poincaré inequality, Sobolev embedding H*(Q2) C C(Q2) if s > n/2.
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THEOREM 4.1 (Poincaré inequality). Let Q be a bounded domain in R™ with Lipschitz
boundary (e.g., smooth boundary or a polygon). Then there exists a constant ¢, depending
only on ), such that

lullz2 < cll gradul| 2y, uw € H'() such that / u=0.
Q
The same inequality holds for all u € [jll(Q), or even for all u € H*(Q) which vanish on a
non-empty open subset of the boundary.

The result for u of mean value zero is sometimes called the Poincaré-Neumann inequality.
In one dimension it is called Wirtinger’s inequality. The result for v € H 1(Q) is sometimes
called the Poincaré-Friedrichs inequality or just the Friedrichs inequality.

One proof of this result is based on Rellich’s theorem that H'() is compactly embedded
in L2(2). Other proofs are more explicit. Here we give a very simple proof of the Poincaré—
Neumann inequality in one dimension.

If w € C*(I) where [ is an interval of length L, and [« = 0, then there exists a point
xo € I such that u(zg) = 0. Therefore

)l = [ W) dsP < | [l ds? < L [(s)ds

Integrating, we get ||u|| < L|ju/||. This can be extended to u € H' using density of C* in
H*.

An alternative proof uses Fourier cosine series: u(x) = Y 2, a,cosnmz/L (where the
sum starts at n = 1, since [u = 0). This gives the result |lu|| < L/x||«||, in which the
constant is sharp (achieved by u(x) = cosmwz/L). In fact the result can be proved with
the constant d/m, d =diameter of Q for any conver domain in n-dimensions (Payne and
Weinberger, Arch. Rat. Mech. Anal. 5 1960, pp. 286-292). The dependence of the constant
on the domain is more complicated for non-convex domains.

Multi-index notation: In n-dimensions a multi-index « is an n-tuple (aq,...,a,) with
the a; non-negative integers. We write || = oy + - - - + a, for the degree of the multi-index,

al =aq! !,

oy
Ox{t - - - Qxon”
Thus a general element of P.(R") is p(z) = >, <, ¢a2®, and a general constant-coefficient

linear partial differential operator of degree r is Lu = Zlal <r GaD%u. Taylor’s theorem for a
smooth function defined in a neighborhood of a point zy € R" is

u(z) = Z iDau(xo)(:z: —20)* + O(|x — zo|™)

laj<m

We write a < 3 <= «a; < B;,1=1,...,n. We have

_B B«
Daxﬁ — (6*‘1)!1‘ I o S 67
0, otherwise.

lal=a1+ - F+an, a=ao!-q,), %=z 20" D% =

In particular D*z® = a/l.
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Let 2 be a bounded domain in R™ with Lipschitz boundary (for our applications, it will
be a triangle). It is easy to see that the DOF's

un—>/Dau, lal <,
are unisolvent on P,(2). Therefore we can define P, : H"(Q2) — P.(2) by

/DO‘Pu )dx = / D%u(z)dz, |of <.
It follows immediately from this definition that D’ Pu = P,_ 5 D"u for |8] < r.

REMARK. The rth Taylor polynomial of u at zq is T,.u given by
DTu(xg) = D(xg), |af <.
So P,u is a sort of averaged Taylor polynomial of w.
Let u € H™™(Q). Then u — P.u has integral zero on Q, so the Poincaré inequality gives
lu=Paull <er Y [D*(u—Pa)|=c1 Y D% — Py (D),
la=1 jal=1

for some constant ¢; depending only on  (where we use the L*(2) norm). Applying the
same reasoning to D% — P,_1(D“u), we have |D*u — P,_1(D%u)|| is bounded by the sum
of the norms of second partial derivatives, so

lu— Pl < e 3 D% — Pry(D%w).
|a|=2
Continuing in this way we get
lu— Pl <e Y |ID%— Py(D*w)| <C > ||D%l.
|a|=r |a|=r+1
For any |3| < r may also apply this result to D%u € H™1718l to get
|D%u—PogDhul <O Y0 D7D

[v|<r—|B]+1
SO
1D (u—=Pu)| <C Y [ID%].
|a|=r+1
Since this holds for all |3] < r, we

lu — Poullgr < clulgr, we HTH(Q).
We have thus given a constructive proof of the follow important result.

THEOREM 4.2 (Bramble-Hilbert lemma). Let Q2 be a Lipschitz domain and r > 0. Then
there exists a constant ¢ only depending on the domain 2 and on r such that

inf [lu—pllgr < clulp, uwe H™(Q).
pep'r
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REMARK. This proof of the Bramble-Hilbert lemma, based on the Poincaré inequality,
is due to Verfiirth (A note on polynomial approximation in Sobolev spaces, M2AN 33, 1999).
The method is constructive in that it exhibits a specific polynomial p satisfying the estimate
(namely P,u). Based on classical work of Payne and Weinberger on the dependence of the
Poincaré constant on the domain mentioned above, it leads to good explicit bounds on the
constant in the Bramble-Hilbert lemma. A much older constructive proof is due to Dupont
and Scott and taught in the textbook of Brenner and Scott. However that method is both
more complicated and it leads a worse bound on the contant. Many texts (e.g., Braess)
give a non-constructive proof of the Bramble-Hilbert lemma based on Rellich’s compactness
theorem.

Now we derive an corollary of the Bramble-Hilbert lemma (which is of such importance
that sometimes the corollary is itself referred to as the Bramble-Hilbert lemma).

COROLLARY 4.3. Let Q be a Lipschitz domain and r > 0, and 7 : H™(Q) — P.(Q) be
a bounded linear projection onto P.(2). Then there exists a constant ¢ which only depends
on the domain 2, r, and the norm of w such that

lu — mul|gr < c|u|gr.

Note: the hypothesis means that 7 is a bounded linear operator mapping H"1(Q) into
P, (£2) such that mu = u if u € P,(2). Bounded means that ||7|| s+ gry < 0o. It doesn’t
matter what norm we choose on P,, since it is a finite dimensional space.

PROOF.
|u — 7ul|gr = inf [[(u—p) —7(u—p)|[ar
pG’P'r
<(1+ |]7T\|E(Hr+17m))pi€ng lu — pllgr+1 = c(1 4 ||7]|)|w|gr+r.
]

We will be applying this Bramble-Hilbert corollary on the inidividual triangles 7T of
the finite element mesh. However, if we apply the corollary with 2 = T, the unknown
constant ¢ which arises in the corollary will depend on the individual triangle 7', and we
will not be able to control it. So instead we will apply the corollary on one fixed reference
triangle, and then scale the result from the reference triangle to an arbitrary triangle 7T,
and determine how the constant is effected. Thus, we let Q = T be the unit triangle with
vertices 09 = (0,0), v, = (1,0), and 0, = (0,1), » = 1, and let m = I; the linear interpolant:
Liu € Py(T) and Ipu(i;) = u(®;), i = 0,1,2. The I;u is defined for all u € C(T) and
| Lpu||Lee < |lul|ze < ¢||u|| g2, where we use the Sobolev embedding theorem in the last step
(and ¢ is some absolute constant). From the corollary we get

(4.6) Ju— ITU||H1(T) < C|U|H2(T)‘

This result will turn out to be a key step in analyzing piecewise linear interpolation.

The next step is to scale this result from the unit triangle to an arbitrary triangle 7.
Suppose the vertices of T" are vy, vy, and vy. There exists a unique affine map F' taking o,
to vy, © =0,1,2. Indeed,

x=Ft=vy+ Bz, B=(v;— vlvy—1p),
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FIGURE 4.8. Mapping between the reference triangle and an arbitrary triangle.

(%1

where the last notation means that B is the 2 x 2 matrix whose columns are the vectors
v1 — v and vy — vg. The map F takes T 1-to-1 onto T'. Since the columns of B are both
vectors of length at most hyp, certainly the four components b;; of B are bounded by hr, and
so, in any convenient norm, ||B|| < chy (with ¢ depending on the norm chosen). Moreover,

det B = 2|T, the ratio of the area of T to the area of T, |T| = 1/2.
Now to any function f on T" we may associate the pulled-back function f on T where

f(&) = f(z) with z = Fi.
Le., f: f o F. See Figure 4.8.

Next we relate derivatives and norms of a function f with its pull-back f. For the
derivative we simply use the chain rule:

Similarly,

etc. Thus we have
(4.7) S Df(@) < el BT |DPf(x)
|oe|=r |B]=r
In the same way we have
(4.8) S IDPf@) < | BT D f(#)
|B|=r lo|=r

In (4.7) we may bound || B|| by chr. To bound || B~ in (4.8), we introduce another geometric
quantity, namely the diameter pr of the inscribed disk in 7. Then any vector of length pr is
the difference of two points in T’ (two opposite points on the inscribed circle), and these are
mapped by B~! to two points in T which are at most v/2 apart. Thus, using the Euclidean
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norm |B7Y|| < v2/pr, ie., |B7Y| = O(pz'). We have thus shown
DD @) < chi Y D f(x)l, YD f(a) < cpp” Y IDVf(E)].
lae|=r |B]=r |B|=r |a|=r

Now let us consider how norms map under pull-back. First we consider the L? norm.
Let |T'| denote the area of 7. Changing variables from & to x = F'Z, we have

1y = [ 1#@P do =21 [ 17@)F i = 20T11 1o,

That is, || f| r2(r) = \/2]T]HfHL2 #. Next consider the H" seminorm:

e = / 7D ()| d <epp / SO 1D (@) 2 d

|Bl=r |a|=r

_20|T\p27"/ > D f(2)] di,

|lal=r

SO

|flar ) < e/ |T|pr |f|HT(T)
Similarly,

A 1
‘f’H?"(T) = \/m T|f|H ~(T)-

Now let u € H2(T), and let & € H2(T) be the corresponding function. We saw in (4.6)
that

[t = L]l o oy < clt] oy
Now it is easy to see that the pull-back of Iru is I3 (both are linear functions which equal
u(v;) at the vertex 0;). Therefore & — I+ = w — Ipu. We then have

lu = Irullp2iry < eV/[T(l|6 = Izl oy < /[T ]d] oy < chlulmz(r)
and
fu — Irulan ey < e/[TTor & — Lyl iy < ey/TTTp7 [t gy < chie/prlul ).

If the triangle T is not too distorted, then pr is not much smaller than hy. Let us define
or = hy/pr, the shape constant of T. We have proved:

THEOREM 4.4. Let T be a triangle with diameter hy, and let Ip be the linear interpolant
at the vertices of T'. Then there exists an absolute constant ¢ such that

||’LL—[TU||L2(T) S Ch%|U’H2(T), u e HQ(T)
Moreover there exists a constant ¢ depending only on the shape constant for T such that
|U — ITU|H1(T) < ClhT|u|H2(T), u € H2<T)

Now we have analyzed linear interpolation on a single but arbitrary triangle, we can just
add over the triangles to analyze piecewise linear interpolation.
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THEOREM 4.5. Suppose we have a sequence of triangulations Ty, with mesh size h tending
to 0. For u a continuous function on ), let Iyu denote the continuous piecewise linear
interpolant of u on the mesh T,. Then there exists an absolute constant ¢ such that

Hu — [hU”LQ(Q) S Ch2’u|H2(Q)7 u e H2(Q)
If the mesh sequence is shape reqular (i.e., the shape constant is uniformly bounded), then
there exists a constant ¢ depending only on a bound for the shape constant such that

|U — Ihu|H1(Q) S C’h|u|H2(Q), u e HQ(Q)

In a similar fashion, for the space of Lagrange finite elements of degree r we can analyze
the interpolant defined via the degrees of freedom.

THEOREM 4.6. Suppose we have a sequence of triangulations T, with mesh size h tending
to 0. Let Vj, be the space of Lagrange finite elements of degree r with respect to the mesh,
and for u a continuous function on Q, let Iyu denote the interpolant of u into Vi, defined
through the degrees of freedom. Then there exists an absolute constant ¢ such that

lu — Iyul| 20y < ch’lulgsi), we H(Q), 2<s<r+1

If the mesh sequence is shape reqular (i.e., the shape constant is uniformly bounded), then
there exists a constant ¢ depending only on a bound for the shape constant such that

|U - Ihu|H1(Q) S C/hs_1|U|Hs(Q), u e HS(Q), 2 S S S r+1.

Thus for smooth u (more precisely, u € H™™'), we obtain the rate of convergence O(h™*1)
in L? and O(Rh") in H! when we approximation with Lagrange elements of degree r.

The proof of this result is just the Bramble-Hilbert lemma and scaling. Note that we
must assume s > 2 so that v € H® is continuous and the interpolant is defined. On the
other hand we are limited to a rate of O(h"™!) in L? and O(h") in H', since the interpolant
is exact on polynomials of degree 7, but not higher degree polynomials.

8. Error estimates for finite elements
8.1. Estimate in H'. To be concrete, consider the Dirichlet problem
—divagradu = f in 2, wu =0 on 0f),

with a coefficient a bounded above and below by positive constants of (2 and f € L?. The
weak formulation is: find u € V = H*(Q) such that

(4.9) bu,v) = F(v), veV,
where b(u,v) = [,gradu - gradvdz, F(v) = [, fodz. Clearly b is bounded: [b(w,v)| <
M||lwl|j1||v|l1, (with M = supa). By Poincaré’s inequality, Theorem 4.1, b is coercive:

b(v,v) = 7yl[v]T.

Now suppose that € is a polygon and let V}, be the space of Lagrange finite elements of
degree r vanishing on the boundary with respect to a mesh of €2 of mesh size h, and define
up, to be the finite element solution: u;, € V},,

b(up,v) = F(v), v €&V,
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By the fundamental estimate for finite element methods, proven in Section 6,

llu — up|ly < ¢ inf ||Ju — o],
veVy

(where ¢ = 1+ M~~'). Then we may apply the finite element approximation theory sum-
marized in Theorem 4.6, and conclude that

(4.10) [ = unlly < ch"|lullr1a

as long as the solution u belongs to H™!. If u is less smooth, the rate of convergence will
be decreased accordingly.

In short, one proves the error estimate in H' by using quasi-optimality in H! (which
comes from coercivity), and then finite element approximation theory.

8.2. Estimate in L?. Now let g € L?(2) be a given function, and consider the compu-
tation of G(u) := [, ugdx, which is a functional of the solution u of our Dirichlet problem.
We ask how accurately G(u;) approximates G(u). To answer this, we define an auxilliary
function ¢ € V by

b(w, ) = G(w), weV.
This is simply a weak formulation of the Dirichlet problem

—divagrad¢g =¢gin Q, ¢ =0 on 0.

We will assume that this problem satisfies H? regularity, i.e., the solution ¢ € H?*() and
satisfies

[¢ll2 < ¢llgllo-

This is true, for example, if €2 is either a convex Lipschitz domain or a smooth domain and
a is a smooth coefficient.

REMARK. Note that we write b(w, ¢) with the trial function ¢ second and the test
function w first, the opposite as for the original problem (4.9). Since the bilinear form
we are considering is symmetric, this is not a true distinction. But if we started with an
nonsymmetric bilinear form, we would still define the auxilliary function ¢ in this way. In
short ¢ satisfies a boundary value problem for the adjoint differential equation.

Now consider the error in G(u):

G(u) — G(up) = /(u —up)gdr =b(u — up, ¢) = b(u — up, ¢ — v)

Q

for any v € V},, where the second equality comes from the definition of the auxilliary function
¢ and the third from Galerkin orthogonality (4.3). Therefore

(G () = Glun)l < Mlju —uplly nf [l — vl
Now finite element approximation theory and 2-regularity tell us
inf {|¢ — vl < chl[¢]l2 < chligllo.
vEV),

Thus
G (u) — G(up)| < chllu—unlillgllo < ch™ullr41llgllo-
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In short, if g € L*(Q), the error in G(u) = [, ugdz is O(h™*"), one power of h higher than
the H' error.
A very important special case is when g = u — u;. Then G(u) — G(up,) = ||u — uyl[3, so
we have
lu = unl[§ < chllu —unlli[[u — o,
or
e = wnllo < chlle = wnlls < Bl

That is, the L? error in the finite element method is one power of h higher than the H* error.

REMARK. The idea of introducing an auxilliary function ¢, so we can express G(u — uy)
or |lu — uyl|3 as b(u — up,d) and estimate it using Galerkin orthogonality is the Aubin—
Nitsche duality method. If we use it to estimate G(u — uy) where g is smoother than L? and
we have higher order elliptic regularity, we can get even higher order estimates, so called
negative-norm estimates.

9. A posteriori error estimates and adaptivity

The error estimate (4.10) is a typical a priori error estimate for the finite element method.
It indicates that, as long as we know a priori that the unknown solution of our problem
belongs to H"!, then the error ||u — uy||; will converge to zero as O(h"). By contrast an
a posteriori error estimate attempts to bound the error in terms of wu,, allowing the error
in the finite element solution to be approximated once the finite element solution itself has
been calculated. Omne important use of a posteriori error estimates is in estimating how
accurate the computed solution is. Another relates to the fact that the some a posteriori
error estimates give a way of attributing the error to the different elements of the mesh.
Therefore they suggest how the mesh might be refined to most effectively decrease the error
(basically by subdividing the elements which are contributing a lot to the error). This is the
basic idea of adaptivity, which we shall discuss below.

9.1. The Clément interpolant. First we need a new tool from finite element approx-
imation theory. Suppose we are given a polygonal domain {2 and a mesh of mesh size h. Let
Vi, be the usual Lagrange finite element space of degree r. Given a continuous function u
on ), we may define the interpolant Iu of u into Vj, through the usual degrees of freedom.
Then we have the error estimate

|lu — Tyl < chs_t||u||s7 u € H*(9),

valid for integers 0 <t < 1,2 < s <r+ 1. See Theorem 4.6 (the constant ¢ here depends
only on r and the shape regularity of the mesh). We proved this result element-by-element,
using the Bramble-Hilbert lemma and scaling. Of course this result implies that

inf [Ju—vlle < ch™ulls, we H(Q),

veEV),
for the same ranges of t and s. The restriction ¢ < 1 is needed, since otherwise the functions
in V}, being continuous but not generally C*, do not belong to H*(2). Here we are concerned
with weakening the restriction s > 2, so we can say something about the approximation by
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piecewise polynomials of a function u that does not belong to H?(2). We might hope for
example that

inf |ju—vllo < chljull;, ue HY(Q).

VeV

In fact, this estimate is true, and is important to the development of a posteriori error
estimates and adaptivity. However it can not be proven using the usual interpolant Iju,
because I,u is not defined unless the function u has well-defined point values at the node
points of the mesh, and this is not true for a general function u € H!. (In 2- and 3-dimensions
the Sobolev embedding theorem implies the existence of point values for function in H?, but
not in H'.)

The way around this is through a different operator than I, called the Clément inter-
polant, or quasi-interpolant. For each polynomial degree » > 1 and each mesh, the Clément
interpolant IT, : L?(2) — V}, is a bounded linear operator. Its approximation properties are
summarized in the following theorem.

THEOREM 4.7 (Clément interpolant). Let 2 be a domain in R™ furnished with a sim-
plicial triangulation with shape constant v and maximum element diameter h, let r be a
positive integer, and let V}, denote the Lagrange finite element space of continuous piecewise
polynomials of degree r. Then there exists a bounded linear operator 11, : L*(Q) — V}, and a
constant ¢ depending only on v and r such that

|u — pull, < ch® Hulls, ue H(Q),
forall0<t<s<r+1,t<1.

Now we define the Clément interpolant. Let u; : C(Q2) — R, ¢ =1,..., N, be the usual
DOFs for Vj, and ¢; the corresponding basis functions. Thus the usual interpolant is

Iy = Z,uz(u)gzﬁz, u € C(Q).

To define the Clément interpolant we let S; denote the support of ¢;, i.e., the union of
triangles where ¢; is not identically zero (if y; is a vertex degree of freedom this is the union
of the elements with that vertex, if an edge degree of freedom, the union of the triangles
with that edge, etc.). Denote by P; : L?(S;) — P,(S;) the L?>-projection. Then we set

Myu = Z,ui(Piu)qbi, u € L*(Q).

The usual interpolant I,u is completely local in the sense that if u vanishes on a particular
triangle T', then [,u also vanishes on T. The Clément interpolation operator is not quite
so local, but is nearly local in the following sense. If u vanishes on the set 7', defined to be
the union of the triangles that share at least one vertex with 7' (see Figure 4.9), then II,u
vanishes on T'. In fact, for any 0 <t < s <r+1,

(4.11) |lw — pul|| gery < chiul

HS(T)7 UGHS(T)7

where the constant depends only on the shape regularity of the mesh and r. From (4.11),
using the shape regularity, the estimate of Theorem 3.7 easily follows.

To avoid too much technicality, we shall prove (4.11) in the case of linear elements, r = 1.
Thus we are interested in the case t =0 or 1 and ¢t < s < 2. Let T be a particular triangle
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FIGURE 4.9. Shown in brown S, for a vertex z and in blue T for a triangle T'.
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and let z;, u;, ¢;, S; denote its vertices and corresponding DOF's, basis functions, and their
supports, for ¢ = 1,2,3. Note that it is easy to see that

(4.12) 6illicry < IT1V2 < cha, | grad éillpaqry < ch7'|T1V2 < c,

where the constants may depend on the shape constant for 7. Next, using the Bramble—
Hilbert lemma and scaling on S;, we have for 0 <t < s < 2,

(4.13) lu = Poullaes,y < b llulliess)-

\/

In performing the scaling, we map the whole set S; to the corresponding set S; using the
affine map F' which takes one of the triangles 7" in S; to the unit triangle T. The Bramble—
Hilbert lemma is applied on the scaled domain S;. Although there is not just a single domain
S;—it depends on the number of triangles meeting at the vertex z; and their shapes—the
constant which arises when applying the Bramble-Hilbert lemma on the scaled domain can
bounded on the scaled domain in terms only of the shape constant for the triangulation (this
can be established using compactness).

We also need one other bound. Let i and j denote the indices of two different vertices

of T. For u € L*(T), both Pu and Pju are defined on T. If 4 denotes the corresponding

function on the scaled domain T, then we have

[ Piu = Pyul|poo(ry = || Fitt — Pja‘|L°°(T) < c||Pa— PjaHLQ(T)

where the first inequality comes from equivalence of norms on the finite dimensional space
Py(T) and the second from the triangle inequality. Both of the terms on the right-hand side
can be bounded using the Bramble-Hilbert lemma and scaled back to S;, just as for (4.13).
In this way we obtain the estimate

(4.14) [P Pyl ioeiry < e Tl ey
Therefore also

(4.15) |i(Pou — Pyu)| < eh | T17Y2|[ull o 7.
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Now on the triangle T" with vertices numbered 21, 29, 23 for simplicity,

3
pu = Z pi(Pyw) ;.

=1

Since Pju is a linear polynomial on T,
u—Tpu = (u— Pu) — Z,ul u — Pru)d;.

The first term on the right hand side is bounded using (4.13):

|u— Prul[ ey < chi ||l Hs(T)

For the second term we have
i (Pow — Prw)ds || geery < || Psw — Prul|poo (|| @il me (1),

which satisfies the desired bound by (4.12) and (4.15).
For the next section an important special case of (4.11) is

(416) ”U—HhUHLz < ChTHu”Hl
Another case is H' boundedness:

(4.17) |u — Thpu| gy < cHuHH1

We draw one more conclusion, which we will need below. Let T denote the unit triangle,
and ¢é one edge of it. The trace theorem then tells us that
o) < 2z, + llgrad il z), € H'(T).
If we use linear scaling to an arbitrary triangle, we get
[ullZeey < c(hgllullieqr) + hell grad ullTary),  w € HY(T),

where the constant depends only on the shape constant of T'. If we now apply this with u
replaced by u—1II,u and use (4.16) and (4.17), we get this bound for the Clément interpolant:

(4.18) |u — TThu|| r2e) < Chi/ZHUHHl(T)

where h, is the length of the edge e, T' is a triangle containing e, and ¢ depends only on the
shape constant for the mesh.

9.2. The residual and the error. Consider our usual model problem
—divagradu = fin 2, u =0 on 012,

with a continuous positive coefficient a on Q and f € L?. The weak formulation is to find
u €V satisfying
b(u,v) = F(v), vevV,

where V = H'(Q) and

b(w,v):/agradw-gradvdx, F(v):/fvdx, w,v e V.
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The bilinear form is bounded and coercive on H':
b(w, v)] < Mllwllillofli,  blv,0) >Allol}, w,veV.

Now we suppose that we have computed an approximation U of the solution u and
we wish to assess the norm of the error u — U (we are most interested in the case U =
up, the finite element solution). Just as for linear algebra problems, in which we find an
approximate solution to a linear system, we shall approach the error through the residual,
which is computable. But what do we mean by the residual in the solution to such a weakly
formulated equation? As discussed at the start of Section 5, the weak formulation may be
viewed as an operator equation Lu = F', where L is a linear operator for V to V*. In our
case, V = H' and its dual, V* is generally denoted H~!, with the dual norm denoted by
| - |l-1. Thus the residual R(U) = F — LU € H™', i.e., it is a linear functional on H'.
Specifically,

R(U)w = F(w) — b(U,w), weV.

Clearly R(U)w = b(u — U,w). It follows immediately that |R(U)w| < M|u — Ul|1||w]||; for
all w € H', or, equivalently, that |R(U)||-y < M|lu — Ul|;. On the other hand, taking
w = u— U and using the coercivity, we get v||u —U||3 < R(U)(u—U) < [|R(U)||-1||ju—Ul};.
Thus

MRU) -1 < flu=Ull < v RU)]|-1-
In short, the H™' norm of the residual R(U) is equivalent to the H' norm of the error u—"U.

9.3. Estimating the residual. Now let V}, be the Lagrange finite element subspace of
V = H! corresponding to some mesh 7, and some polynomial degree r, and let u;, be the
corresponding finite element solution. We have just seen that we may estimate the error
|u — up||; by estimating the H~! error in the residual

R(up)w = F(w) — b(up,w), weV.

This quantity does not involve the unknown solution u, so we may hope to compute it a
posteriori, i.e., after we have computed uy,.
We start by integrating by parts on each element 7" of the mesh to rewrite R(uy)w:

R(up)w = Z /T(fw —agraduy, - grad w) dz

TeT,
. 8uh
= Z (f +divagrad u,)w dx — Z a—-=2wds.
T JT - Jor onr

Consider the final sum. We can split each integral over 0T into the sum of the integrals of
the three edges of T. Each edge e which is not contained in the boundary comes in twice.
For such an edge, let T and T, be the two triangles which contain e and set

8uh|T_ 8uh]T+ 2
=— L
Re(up) a( Brr + one, € L*(e)
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on e. Since ny_ = —ng, the term in parenthesis is the jump in the normal derivative of wuy,
across the edge e. Also, for T € Ty, we set Ry(up) = f + divagradu, € L*(T). Then

(4.19) R(up, w—Z/RT up, wdx+2/ (up)w ds.

eeé
Next we use Galerkin orthogonality: since uy, is the finite element solution, we have
b(u —up,v) =0, veEV,.
In terms of the residual this says that
R(up)w = R(up)(w —v), v € V,.
In particular, we may choose v = II,w, the Clément interpolant in this equation. Combining
with (4.19) (with w replaced by w — II,w) we get
R(up)w = R(up)(w — w)

—Z/RTuh w — [ w) dx+2/ (up)(w — Ipw) ds

(4.20) ecé 7 °

_Z{/RTuh w — Mpw) de + = Z/ (up)(w — pw) ds

eef
eCT

where in the last step we used the fact that each e € £ belongs to 2 triangles. Next, we
bound the terms in the brackets on the right hand side of (4.20) for w € H'. First we use
(4.16) to get

/ R (un)(w — yw) do < [|Rr(un)| 2 () [w = Hpwl[ 2y < chel| Br(un) || 2oy |[wll g o)
T
In a similar way, but using (4.18), we obtain for e C T,

/ Re(u)(w — Tyw) ds| < ch2|[ Re(un) 2o 10l -

e

Combining the last three estimates, we get

| R (un)w| < CZ heel| R (un) a2y + D BB (un)l| 2o 1wl o

eCT

sc{Z[hTHRT<uh>|\L2(T)+ZhHR )]} (Zuwum)
< S B R )y + 3 hell Relwn) e} ol

eCT

where we invoked the shape regularity in the last step. Since this estimate holds for all
w € H', we have shown that

1/2
IRl < of DI R ) [y + Y hell Belun) 2] |-
T

eCT
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In view of the equivalence of the H~! norm of the residual and the H'! norm of the error
established in the preceding subsection, this gives us the a posteriori error estimate

1/2

(4.21) = unll < e 3 BN Re )y + 3 hell Belun) o]}
T eCT

This is a key result. First of all, it gives us a bound on the norm of the error of the
finite element solution in terms of quantities that can be explicitly computed (except for
the unknown constant ¢). Second, the error bound is the square root of a sum of terms
associated to the individual triangles. Thus, we have a way of assigning portions of the error
to the various elements. This will enable us to base our adaptive strategy on refining those
triangles for which the corresponding portion of the error for either the triangle itself or for
one of its edges is relatively large.

9.4. A posteriori error indicators and adaptivity. Specifically, we associate to
each triangle an error indicator:

1
np 1= D B (un) [F2cry + 5 D hell Re(un)llZaqo
eCOT
The factor of 1/2 is usually used, to account for the fact that each edge belongs to two
triangles. In terms of the error indicators, we can rewrite the a posteriori estimate as

1/2
=l < ¢ (Zn%) |
T

Our basic adaptive strategy then proceeds via the following SOLVE-ESTIMATE-MARK-
REFINE loop:

e SOLVE: Given a mesh, compute uy,

e ESTIMATE: For each triangle 7' compute 5. If (3, n2)Y? < tol, quit.
e MARK: Mark those elements 7" for which nr is too large for refinement.
e REFINE: Create a new mesh with the marked elements refined.

We have already seen how to carry out the SOLVE and ESTIMATE steps. There are a
number of possible strategies for choosing which elements to mark. One of the simplest is
maximal marking. We pick a number p between 0 and 1, compute 7,., = maxy 1y, and refine
those elements T for nr > pnmax. Another approach, which is usually preferred, imposes the
Dérfler marking criterion, which requires that some collection of elements S is marked so
that Y e > p° Yorer, s 1-¢., we mark enough elements that they account for a given
portion p of the total error. The program on the next page shows one way to implement this
(there are others).

Once we have marked the elements, there is the question of how to carry out the refine-
ment to be sure that all the marked elements are refined and there is not too much additional
refinement. In 2-dimensions this is quite easy. Most schemes are based either on dividing
each triangle in two, or dividing the marked triangles into 4 congruent triangles. Generally,
after refining the marked elements, additional elements have to be refined to avoid hanging
nodes in which a vertex of an element fall in the interior of the edge of a neighboring ele-
ment. In 3-dimensions things are more complicated, but good refinement schemes (which
retain shape regularity and avoid hanging nodes) are known.
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9.5. Examples of adaptive finite element computations. On the next page we
present a bare-bones adaptive Poisson solver written in FEniCS, displayed on the next page.
This code uses Lagrange piecewise linear finite elements to solve the Dirichlet problem

—Au=1in €, u =0 on 09,

with Q an L-shaped domain and f = 1, with the error indicators and marking strategy
described above. The solution behaves like /3 sin(26/3) in a neighborhood of the reentrant
corner, and so is not in H2. The results can be seen in Figure 4.10. The final mesh has 6,410
elements, all right isoceles triangles, with hypotenuse length A ranging from 0.044 to 0.002.
If we used a uniform mesh with the smallest element size, this would require over 3 million
elements. Figure 4.11 displays an adaptive mesh in 3D.
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nnn

Adaptive Poisson solver using a residual-based energy-norm error
estimator

eta_h*x2 = sum_T eta_T**2
with

eta_T#*2 = h_T**2 ||R_T||_T**2 + ¢ h_T ||R_dT||_dT*x2
where

R.T = f + div grad u_h
R_dT = 2 avg(grad u_h * n) (2*avg is jump, since n switches sign across edges)

and a Dorfler marking strategy

Adapted by Douglas Arnold from code of Marie Rognes

nnn

from dolfin import *
from sys import stdin
from numpy import zeros

# Stop when sum of eta_T**2 < tolerance or max_iterations is reached
tolerance = 0.04
max_iterations = 20

# Create initial mesh

mesh = Mesh("l-shape-mesh.xml")
mesh.order ()

figure(0) # reuse plotting window

# Define boundary and boundary value for Dirichlet conditions
u0 = Constant(0.0)
def boundary(x, on_boundary):

return on_boundary

# SOLVE - ESTIMATE - MARK - REFINE loop
for i in range(max_iterations):

***x SOLVE step
Define variational problem and boundary condition
Solve variational problem on current mesh
= FunctionSpace(mesh, "CG", 1)
TrialFunction(V)
= TestFunction(V)

= Constant(1.0)

= inner(grad(u), grad(v))*dx

= fxyv*xdx

h = Function(V)

solve(a==L, u_h, DirichletBC(V, u0, boundary))

e e S < HHH
]

— continued on next page —
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# **xx ESTIMATE step
# Define cell and edge residuals
R_T = £ + div(grad(u_h))
# get the normal to the cells
n = V.cell().n
R_dT = 2*avg(dot(grad(u_h), n))
# Will use space of constants to localize indicator form
Constants = FunctionSpace(mesh, "DG", 0)
w = TestFunction(Constants)
h = CellSize(mesh)
# Assemble squared error indicators, eta_T"2, and store into a numpy array
eta2 = assemble (h**2*R_T**2xuxdx + 4.*avg(h)+*R_dT**2*avg(w)*dS) # dS is integral over interior edges only
eta2 = eta2.array()
# compute maximum and sum (which is the estimate for squared H1 norm of error)
eta2_max = max(eta2)
sum_eta2 = sum(eta2)
# stop error estimate is less than tolerance
if sum_eta2 < tolerance:
print "Mesh Y%g: %d triangles, %d vertices, hmax = %g, hmin = %g, errest = Jg" \
% (i, mesh.num_cells(), mesh.num_vertices(), mesh.hmax(), mesh.hmin(), sqrt(sum_eta2))
print "\nTolerance achieved. Exiting."
break

# x%*% MARK step

# Mark cells for refinement for which eta > frac eta_max for frac = .95, .90, ...;
# choose frac so that marked elements account for a given part of total error
frac = .95

delfrac = .05

part = .5

marked = zeros(eta2.size, dtype=’bool’) # marked starts as False for all elements
sum_marked_eta2 = 0. # sum over marked elements of squared error indicators
while sum_marked_eta2 < part*sum_eta2:

new_marked = ("marked) & (eta2 > frac*eta2_max)

sum_marked_eta2 += sum(eta2[new_marked])

marked += new_marked

frac -= delfrac
# convert marked array to a MeshFunction
cells_marked = MeshFunction("bool", mesh, mesh.topology().dim())
cells_marked.array() [:] = marked

# **x REFINE step
mesh = refine(mesh, cells_marked)
plot(mesh, title="Mesh q" + str(i))
print "Mesh %g: %d triangles, %d vertices, hmax = %g, hmin = %g, errest = Jg" \
% (i, mesh.num_cells(), mesh.num_vertices(), mesh.hmax(), mesh.hmin(), sqrt(sum_eta2))
stdin.readline()

plot (mesh)
interactive()

9.6. Nonlinear problems. So far we have only discussed linear PDE. In many situ-
ations in which PDE models are applied, linear PDE are a simplification, which often is
not sufficiently accurate. For example, in our model problem — divagradu = f modeling
a steady-state temperature distribution, the thermal conductivity a might depend on the
temperature giving a nonlinear equation — diva(u(x))gradu(z) = 0. Dependence on the
temperature gradient is possible as well, and we might have convection and source terms,
which might also depend on the temperature or gradient, leading to an equation of the form

(4.22) —divia(u(z), grad u(z)) grad u(x)] — f(u(z), grad u(x))] = 0,
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FI1GURE 4.10. Adaptive solution of Poisson’s equation by the FEniCS pro-
gram on the preceding page. Shown are the input mesh, the computed adap-
tive mesh, and a blow-up of that mesh near the re-entrant corner, as well as
the final solution.
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where a and f are functions of n+ 1 variables in n dimensions (or 2n+ 1: they might depend
explicitly on = as well). A PDE of the form (4.22) is called quasilinear. If a is independent
of u and gradu, so the only nonlinearity arises in the lower order terms in f, then it is
called semilinear. As long as the coefficient a is everywhere positive (or a symmetric positive
definite matrix), (4.22) is elliptic and we can hope to treat it by the sorts of finite element
methods discussed heretofore. Some simple examples of such PDE are

—Au+ X e =0, —div(l+ e v gradu =0, —div ! gradu = 0.
1+ |gradu

The first of these, called Bratu’s problem, is semilinear and arises in combustion modeling.
The other two are quasilinear. The third is the minimal surface equation, satisfied by
functions whose graphs are minimal area surfaces subject to their boundary conditions (like
soap bubbles on a frame).

The theory needed to analyze nonlinear PDE, e.g., to prove existence, uniqueness, con-
tinuous dependence, and various qualitative behaviors, is extensive, diverse, often complex,
and an area of active research. Many different approaches have been developed in order to
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FIGURE 4.11. An adaptive mesh in 3-dimensions produced by Michael Holst
using his MC code. (The colors relate to partitioning among processors for
parallel computation.)

AN/

address different equations. We will not consider these at all, but briefly consider how one
might devise numerical methods to compute the solution to a nonlinear elliptic PDE, assum-
ing that a locally unique solution exists (“locally unique” means that in some neighborhood
of the solution no other solution exists). In this case, the general approach to computa-
tion is to approximate the solution of the nonlinear problem by solving a sequence of linear
problems.

Consider the quasilinear PDE (4.22) subject (for example) to the Dirichlet boundary con-
dition u = g on 0€2. We obtain a weak formulation just as in the linear case, by multiplying
the equation by a test function v satisfying homogeneous Dirichlet boundary conditions and
integrating over {2 by parts. Thus we obtain the nonlinear weak formulation: find « which
is equal to g on 0f) and such that

(4.23) F(u,v) := /&(u, grad u) grad u - grad v do — /f(u, grad u)v dz = 0,

for all test functions v vanishing on 9). We might use the space H'(Q) as the space for
the trial and test functions, as in the linear case, although, depending on the nonlinearity,
more complicated function spaces may be needed to insure that the integrals all exist. This
is an issue for the analysis of the numerical method, but need not concern us here where we
will only discuss the formulation of algorithms. Note that the bivariate form F'(u,v) is not
bilinear. It remains linear in v, but is nonlinear in u.

To solve the nonlinear problem, we use Galerkin’s method as in the linear case. Thus we
choose a finite dimensional space V}, for the trial and test functions (satisfying the boundary
conditions), such as a finite element space based on a mesh and Lagrange finite elements.
Then the Galerkin method seeks u;, € V}, such that

(4.24) F(up,v) =0 for all v € V},.
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If we choose a basis ¢;, i = 1, ..., n, for V}, and expand u;, = Z?:1 U;¢;, then the coefficients
U; may be determined from the system of equations
(425) F(ZUJ(bJ’(bz) :0, 1= 1,...,?1,

J

which is a (nonlinear) system of n equations in n unknowns.
9.6.1. Picard iteration. Let

b(w;u,v) = /a(w,gradw) grad u - grad v dx — /f(w,gradw)v dx

so the form in (4.23) is F(u,v) = b(u;u,v). If we fix some w € V}, the problem of finding
up(w) € Vj, such that

b(w; up(w),v) = 0 for all v € V,,

is a standard linear finite element problem. This defines a mapping w > uy, from V}, to itself.
If uy, is a fixed point of this map, then it satisfies b(up; up,v) = 0 for all v € V}, which is the
desired Galerkin equation (4.24). Thus we may try to solve (4.24) by fixed point iteration,
with each iteration requiring the solution of a linear finite element system. This approach is
called Picard iteration. Thus the basic iteration takes the form:

choose initial iterate u) €V},
for 1 =0,1,...
find u.™' €V}, such that

/a(uﬁl,grad up) graduj™ - grad v dx = /f(ufl,grad up v drdr, v € V.

end

Thus, in each iteration we solve a linear finite element problem, where the coefficients
depend on the previously computed iterate. For example, for the minimal surface equation,
the nonlinear weak formulation is

1
/ V14 |gradul?

so the Picard iteration seeks ul;rl € V}, satisfying the Dirichlet boundary conditions and

gradu - gradvder =0, v € Poll,

rad u?l cgradvder =0, ve V.

1
/ ¢
v 1+ |graduj|?
which is a standard linear finite element system.
The Picard iteration does not always converge, but it often does, especially if the initial
guess is reasonably close to the exact solution. When it does converge, it typically does so

with a linear rate of convergence to the solution of the nonlinear Galerkin equations. This
can be quite slow, requiring many linear solves.
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9.6.2. Newton iteration. We start by recalling what it means to linearize a system of n
algebraic equations in n unknowns. We write the system as G(u) = 0 where G : R" —
R™ is some function (supposed smooth), and the solution wu is sought in R™. To linearize
around some u" € R", not too far from the solution u, we replace u in the equations with a
perturbation u® 4 du of u°, where du € R™ is expected to be small. Thus we want G(u® + du)
to vanish, or nearly so. Expanding this quantity via Taylor’s theorem gives

G’ + 0u) = G(u’) + DG(u°)du + - -+,

where DG(u) is a linear operator from R" to R™ (its matrix is 0G;/du; evaluated at u),
and the dots indicate terms that are quadratic in du. If we drop the quadratic terms and set
the result equal to zero, we get a linear system of n equations in n unknowns to solve for du:

Newton’s method defines u! to be u® 4 du, which is hopefully an improved approximation
of the solution u. It continues by linearizing G(u) = 0 about u' to find u?, etc. The typical
behavior of Newton’s method is that it converges if the initial iterate u° is chosen close
enough to the solution u, and in that case the convergence is very fast—quadratic. It may,
however, be difficult to find a suitably close initial iterate.

Just as for a nonlinear algebraic system, Newton’s method may be applied to a nonlinear
PDE, or to the finite element discretization of a nonlinear PDE. We can apply it directly
to the nonlinear PDE (4.22), and then solve the resulting linear PDE by converting it into
weak form, and then discretizing it with Galerkin’s method. Alternatively, we can start with
the nonlinear weak formulation (4.23), linearize that, obtaining a linear weak formulation,
which we can discretize by Galerkin’s method. A third possibility is to start with the
nonlinear algebraic system (4.24) obtained by discretizing the nonlinear weak formulation,
and implement Newton’s method for this nonlinear algebraic system. It turns out that
all three approaches are equivalent: the final discrete iterates computed are the same for all
three. (After reading this section, try to prove this—it is a good test of your understanding.)
We prefer to describe the middle alternative: linearization of the nonlinear weak formulation.

For simplicity, consider the case of (4.23) in which f vanishes, so the nonlinear weak
formulation seeks u € H! with given Dirichlet boundary values such that

(4.26) F(u,v) := /a(u,grad u)gradu - gradvde =0, ve H'.

Here we are assuming that the coefficient a = a(y, z) is a smooth real-valued function of a
scalar variable y and vector variable z. Now suppose we have an approximation u® € H' to
u, which we suppose satisfies the boundary conditions. Now

da 8(5u
O 0 — .« ..
a(u’ + du, grad(u’ + du)) = a + 5 g 82] 833] :

where on the right-hand side a and its partial derivatives are evaluated at (u°, grad u®), and
the dots represent terms which are quadratic or higher in du and its derivatives. Thus the
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integrand of (4.26) becomes

a(u, grad ) grad u - grad v = a(u” + du, grad(u” + du)) grad(u” + ou) - grad v

Oa Odu

o2, 8 gradu -grad v+- -

da
= agrad u’-grad v+a grad du-grad v—l—a— Sugrad u®-grad U+Z

j_
Agraddu - gradv + du B - grad v + agraduo cgradv+ -,
where A is the matrix-valued functions

, 0 onf
8zj 8@ ’

and B = (9a/dy) grad ug, both evaluated at (u°, grad u®). Thus du € H' is determined by
the problem

Aij:a

(4.27) /(A grad du - gradv 4 du B - gradv) de = — / agradu’ - gradvde, ve H',

which is the linear weak formulation of a PDE (with homogeneous Dirichlet boundary con-
ditions, even though the nonlinear problem had inhomogeneous boundary conditions).

To implement Newton’s method for the finite element method, we start with an approx-
imation u) in the finite element space, satisfying the Dirichlet boundary conditions, we then
define duy, € V" by the linear weak formulation (4.27) with the test function v restricted to
‘O/h, and set uj = ul) + duy, € V4, as the next iterate.

9.6.3. Convergence of Galerkin’s method for the minimal surface equation. We now study
the error analysis for Galerkin’s method for the minimal surface equation using piecewise
linear finite elements. The analysis goes back to a paper of Johnson and Thomée from 1975,
and is given as well in the book of Ciarlet on finite element methods. For simplicity we assume
that the domain Q C R? is polygonal and that there is a solution u : Q — R belonging to
H?(Q) N Wh>(Q) satisfying the Dirichlet problem for the minimal surface equation:

—diva(gradu) gradu =01in Q, wu = g on 0L,

where
a:R* =R, a(z)=(1+]z*)""2

The weak formulation characterizes u € H' such that u = g on 99 by
/a(grad u)gradu - gradvde =0, ve HY(Q).

For the Galerkin method, we consider a shape-regular quasi-uniform family of triangulations
Ty of Q and let V}, be the corresponding space of Lagrange finite elements of degree 1. The
Galerkin solution is determined as wu, € V), such that u;, equals g at the boundary vertices
and

(4.28) /a(grad up) graduy, - gradvde =0, v e HY(Q).

Note that set u; equal to g at boundary vertices is the same as requiring that u;, = Ij on
082 where I}, : C(€)) — V}, is the interpolation operator.
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The first question we should ask is whether the Galerkin equations, which can be viewed
as a system of finitely many nonlinear algebraic equations, have a unique solution. This can
be proven by taking a step backwards to the optimization problem that led to the minimal
surface equations, namely minimizing the surface area

J(u) = / V14 |gradu|? dx.
Q

If we minimize J(uy) over all u, € V}, satisfying the discrete boundary condition, at the
minimum we obtain the Galerkin equations (4.28). A minimizer must exist, since J(uy) — 0o
as up, — oo (in any norm, as all norms are equivalent on V},). In fact, by computing the
Hessian of J(u) one can check that it is convex, and so there exists a unique minimum.

The main question we wish to consider is an error estimate for © — u;,. We shall prove
that there exists a constant C', which may depend on u and the shape constant and quasiu-
niformity constant of the mesh, but not otherwise, such that

(4.29) lu —uplly < Ch.

Note that this question of convergence of the Galerkin solution wu; to the exact solution u
as the mesh is refined, has nothing to do with the question of convergence of the Picard
iteration or Newton iteration to wuy.

We begin with a simple calculus lemma.

LEMMA 4.8.
la(grad u) — a(grad uy,)| < a(grad u)a(grad uy,)| grad u — grad uy,| on Q.

PrROOF. First we note that the real function ¢ — +/1 + ¢2 has derivative everywhere less
than 1 in absolute value, so

V1+s2—V1+82|<|s—t], stcR

Now
1 1| |[WV1+s2—V1+8 |s — t|
V1+s2 1+ ¢2 VI+s2V/1+82 |7 V14821482
Setting s = | grad u| and ¢ = | grad uy| gives the lemma. O

To prove (4.29), as usual we consider, instead of the error u — uy, the difference between
up, and a representative of u in the subspace, which we naturally take to be the interpolant.
Thus we want to bound |Iu — up|; (the H! seminorm is sufficient, since I, u — uj, vanishes
on the boundary). As a first step, we bound Iu — uy, in a slightly weaker norm, more closely
related to the Galerkin method. Specifically, for each h, we define:

(v, W)y = / a(up) gradv - gradwdz,  |v|i =/ (v, )1, v,w € H(Q).
Q
Note that |v|, < |v|;. In this notation we may write the Galerkin equations as
(uh,v)lh = 0, v E Vh,

while the weak formulation becomes

(u,v)1p = /[a(grad up) — a(grad u)] grad u - grad v dz,
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or
(Inu,v) 1 = (Ipu — u,v)1p + /[a(grad up) — a(grad u)] grad u - grad v dz,
We then subtract these two and take v = Iu — uy to get
| —up |3y, = (Tyw — w, Tyu — up)1p + /[a(grad up) — a(grad u)] grad u - grad(fu — uyp,) dx.

Calling the two terms on the right hand side 77 and 75, we bound the first using the Cauchy—
Schwartz inequality: 77 < |Iu — u|ip|Ipu — uplip - For the second we use the lemma and
find

Ty < y(w)|u — up i Int — up|in < y(w) ([ Iyw — ulip Iy — wplin + [T — up )

v(u) := |la(grad u) grad u|| L~ < 1.
Combining these equations gives

[ Tnu — up [y, < (14 y(@)][Ihw — whinl Ty — up i+ 5 (u) [ Thw — g3,

whence . (W)
+ y(u
Lou—upl? < — 2\ Lu— Ihu —
| rlt Uh|1h > 1—7(u)| rlt U|1h| rlt Uh\lh,
or L ()
U
[ Tnu — up|in < —7|Ihu — u|1p.
1 —(u)
With the triangle inequality this becomes
1+ y(u)

|U—Uh|1h S |:1 + 1_ :| ]Ihu — U|1h.

()
Of course, for the interpolation error we have
|Ihu — |y, < |[Thu —uly < Chl|uls,

so altogether
(4.30) |u — uplip < C(u)h,
which is the desired estimate (4.29) except in a slightly weaker norm than the H' seminorm.

To show that this norm is equivalent to the full H' seminorm, it is sufficient to show
that the coefficient a(grad uy,) is bounded below, or, equivalently, that the piecewise constant
function grad uy, is bounded above (uniformly over all meshes). Now let K be any triangle

in any of the meshes 7;,. The area of K satisfies c™'h? < |K| < c¢h? where ¢ depends on the
quasiuniformity and shape regularity of the mesh. Then

| grad up,|* | grad u — grad Uh|2da: P | grad ul|?

dx.
K /1 + [gradu,|? K /14 |gradu,|? Kk /1 + | grad up|?

The first term on the right hand side is part of |u—wu|?;, and so is bounded by a u-dependent
constant time h®. The second is bounded by |u|f | K|, which is the same form. We have
thus shown that there is a constant M, depending only on v and mesh regularity, such that

de <2

| grad uy |2

K /1 +|gradup|?

dr < M|K|
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on every triangle K. Since uy is piecewise linear, the integrand is constant on K, and this
constant value cannot exceed M. But t2/4/1 4 2 — 0o as t — oo, so it follows that | grad uy,|
must remain bounded.

This concludes the proof of (4.29).

It is possible to use duality techniques to prove an O(h?) estimate for ||u — uy[z2. This
was partially done in Johnson-Thomée 1975 and completed by Rannacher in 1977.



CHAPTER 5

Time-dependent problems

So far we have considered the numerical solution of elliptic PDEs. In this chapter we will
consider some parabolic and hyperbolic PDEs.

1. Finite difference methods for the heat equation

In this section we consider the Dirichlet problem for the heat equation: find w : Q x
[0,7] — R such that

(5.1) %(w,t)—Au(x,t):f(x,t), reQ, 0<t<T,

(5.2) w(z,t) =0, z€dQ, 0<t<T.
Since this is a time-dependent problem, we also need an initial condition:
u(z,0) = ug(x), =z €

For simplicity, we will assume Q = (0,1) x (0, 1) is the unit square in R? (or the unit interval
in R). Let us consider first discretization in space only, which we have already studied.
Following the notations we used in Chapter 2, we use a mesh with spacing h = 1/N, and let
), be the set of interior mesh points, I'j, the set of boundary mesh points, and Q;, = Q, UT},.
The semidiscrete finite difference method is: find uy, : €, x [0, 7] — R such at

%(xvt)_Ahuh(xat):f(x7t)a erhy OStSTa

ot
up(z,t) =0, €0, 0<t<T.
up(x,0) = up(z), € Q.
If we let Uy, (t) = up((mh,nh),t), then we may write the first equation as

_ _ —4
U 1) — St Unctol0) Ot Ut = 80mnll) _ )

O<mmn<N,0<t<T.

Thus we have a system of (n—1)? ordinary differential equations, with given initial conditions.
One could feed this system of ODEs to an ODE solver. But we shall consider simple ODE
solution schemes, which are, after all, themselves finite difference schemes, and analyze them
directly. We shall focus on three simple schemes, although there are much more sophisticated
possibilities.
For a system of ODEs, find w : [0,7] — R™ such that

u'(t) = ft,u(t), 0<t<T, u(0)=u,
85
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(where f:[0,7] x R™ — R™, uy € R™) the simplest discretization is Euler’s method. For a
given timestep k > 0, let t; = jk, j = 0,1,..., and define u; = uy(t;) € R,, for j =0,1,...
by u;,(0) = u(0), and

W:f(tj,uj), jZO,].,

Explicitly,
Ujt1 :uj—l—k:f(tj,uj), ]:O,]_,
An alternative method is the backward Euler method or implicit Euler method
Ujt1 — Uy

I = f(tjy1,uj11), 7=0,1,....
This method involves solving the algebraic system

Ujpr — kf(tjp, 1) = w5, J=0,1,....
This is a linear or nonlinear algebraic system according to whether f is linear or nonlinear
in u, i.e., according to whether the original ODE system is linear or nonlinear.

1.1. Forward differences in time. Now consider the application of Euler’s method
to the semidiscretized heat equation. We take the timestep k = T//M for some integer M,
so that the discrete time values are 0, k, 2k, ..., T = Mk. Writing U7, . for u,((mh,nh), jk)
we get the explicit method
Ui = Ui

(5.3) -

- (AhU)zrm =fi

mn?’

ie.,

Uit = Up + K[(ARU) ] + fral, 0<m,n <N, j=0,1....
This is called the forward-centered difference method for the heat equation, because it uses
forward differences in time and centered differences in space.

We shall analyze the forward-centered scheme (5.3) as usual, by establishing consistency
and stability. Let uf,,, = u((mh,nh),t;) denote the restriction of the exact solution, the
consistency error is just

. I+l g ) A
(GA) B, =t (A
J+l . 0

(5.5) = | D =T (Au)i = (S5 = Au) ((mhynh), k)|

k ot
In Chapter 2 we used Taylor’s expansion to get

[(Apw)l,, — Au((mh,nh), jk)| < cih?,
where

€1 = (”84U/3$4||L°<>(Qx[o,T]) + ||84u/ay4||L°°(Q><[0,T}))/12'

Even easier is
wtl—wul  Ou
(|
where ¢y = [|0%u/0t?u||L~ /2. Thus

Bl < c(k+h7),

mh,nh),jk)’ < ek,
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with ¢ = max(cy, ¢2).
Next we establish a stability result. Suppose that a mesh function UJ = satisfies (5.3).

mn
We want to bound an appropriate norm of the mesh function in terms of an appropriate

norm of the function f7 on the right hand side. For the norm, we use the max norm:

_ J
|U|z = OggﬁogggﬁNIUmnl'

Write KV = maxXo<m n<n U], and FV = maxo<pm nen | f2,]- From (5.3), we have

Ugn—;l - (]‘ - ﬁ)Urjrm + E(Ugnfl,n + Urjn+1,n + Urjn,nfl + Urjn,nJrl) + kfrjnn

Now we make the assumption that 4k/ h? < 1. Then the 5 coefficients of U on the right
hand side are all nonnegative numbers which add to 1, so it easily follows that

Kt < K9+ kF7.

Therefore K' < K% + kF°, K? < K%+ k(F° + F'), etc. Thus maxocj<y K7 < K° +
T maxo<j<m FJ where we have used that kM = T. Thus, if U satisfies (5.3), then

(5.6) 1Ullze < UM zo(n) + TUf Nz,

which is a stability result. We have thus shown stability under the condition that k& < h?/4.
We say that the forward-centered difference method for the heat equation is conditionally
stable.

Now we apply this stability result to the error e/, = ! — Ul

mn’

which satisfies
ein—’;zl - egrm
k

with E the consistency error (so ||E||z~ < c(k + h?)). Note that E°, = 0, so the stability
result gives

- (Ahe)gnn - Ej

mn?

leflzee < T Elze-

Using our estimate for the consistency error, we have proven the following theorem.

THEOREM 5.1. Let u solve the heat equation (5.1), and let UJ,. be determined by the
forward-centered finite difference method with mesh size h = 1/N and timestep k = T /M.
Suppose that k < h*/4. Then

max max |u((mh,nh),jk) — Ul | < C(k+ h?),

0<j<M 0<m,n<N

where C' = T with ¢ as above.

In short, ||u — uy|[z~ = O(k + h?).
The requirement that 4k/h? < 1 is not needed for consistency. But it is required to prove
stability, and a simple example shows that it is necessary for convergence. See Figure 5.1.

An even simpler example would be the 1D case, for which we obtain stability under the
condition k < h?/2.
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FIGURE 5.1. Centered differences in space and forward differences in time
for the Dirichlet problem for the heat equation on the unit square. The mesh
size is h = 1/20, and the timestep is £ = 1/800 on the left and £ = 1/1600 on
the right. On the left we show the result after 18 time steps, i.e., t = 18/800 =
.0225. On the right we show the result after 36 time steps (the same time).
The computation on the right remains stable for long times.

1.2. Backward differences in time. Next we consider of backward differences in time,
i.e., the backward Euler method to solve the semidiscrete system. Then (5.3) becomes

J+l _ 173
Umn Umn

k
This is now an implicit method. Instead of writing down uffl explicitly in terms of ufl, we

need to solve for the vector of its values, U/ ! from a system of linear equations:

UL — kAU = U+ kfitL 0 <m,n < N,

mn

(5.7) — (AU = it

mn

or, written out,

(5.8) (1+4p)UHr — (U2 ot gt Uit = Ui 4k fit
mn +1,n +1 mn

m m—1,n m,n m,n—1 mn
with = k/h?. This is a sparse system of (N — 1)? equations in (N — 1)? unknowns with
the same sparsity pattern as Aj. Since —A}, is symmetric and positive definite, this system,
whose matrix is I — kA, is as well.

REMARK. The computational difference between explicit and implicit methods was very
significant before the advent of fast solvers, like multigrid. Since such solvers reduce the
computational work to the order of the number of unknowns, they are not so much slower
than explicit methods.

Now suppose that (5.8) holds. Let K7 again denote the maximum of |UJ |. Then there
exists m, n such that K9+! = sU7#! where s = £1. Therefore sUZ! > sUZ, | and similarly
for each of the other three neighbors. For this particular m, n, we multiply (5.8) by s and
obtain

K7 = sUBE < sUJ,, + skfi < K+ k|7 .
From this we get the stability result (5.6) as before, but now the stability is unconditional:
it holds for any h,k > 0. We immediately obtain the analogue of the convergence theorem
Theorem 5.1 for the backward-centered method.



1. FINITE DIFFERENCE METHODS FOR THE HEAT EQUATION 89

THEOREM 5.2. Let u solve the heat equation (5.1), and let UJ,. be determined by the
backward-centered finite difference method with mesh size h = 1/N and timestep k = T /M.
Then

max max _|u((mh,nh),jk) — Ul | < C(k+ h?),

0<j<M 0<mn<N

where C' = T with ¢ as above.

1.3. Fourier analysis. As we did for the Poisson problem, we can use Fourier analysis
to analyze difference schemes for the heat equation. Recall that for a mesh function v on €2,
we defined the norm

N-1N-1

lullh = 22 > lu(mh, nh)P?,

m=1 n=1

and the corresponding inner product. We then showed that —A, had an orthogonal basis
of eigenfunctions ¢,,, with corresponding eigenvalues satisfying

27T2 ~ )\171 S )\mn S )\N—LN—l < 8/]12

Consider now the forward-centered difference equations for the heat equation du/0t = Au,
with homogeneous Dirichlet boundary data, and given initial data ug (for simplicity we
assume f = 0). We have

Uil = GU}

mn?’

where the G = I + kA,,. By iteration, we have
107N < IGIP TP

Thus we have L? stability if and only if the spectral radius of G is bounded by 1. Now the
eigenvalues of G are fi,, = 1 — kApp, so they satisfy 1 — 8k/h? < fi, < 1, so the spectral
radius condition is satisfies if 1 — 8k/h? > —1, i.e., k < h?/4. In this way, Fourier analysis
leads us to the same conditional stability condition we obtained above.

If we consider instead the backward-centered difference scheme, then the corresponding
operator G is G = (I + kAp)~! with eigenvalues (1 + kM,,,,) !, which has spectral radius
bounded by 1 for any £ > 0. Thus we obtain unconditional stability.

1.4. Crank—Nicolson. Although we are free to choose the timestep and space type
as we like for the backward-centered method, accuracy considerations still indicate that we
should take k = O(h?), so very small timesteps. It is natural to seek a method which is second
order in time as well as space. If we use the trapezoidal method for time discretization, the
resulting fully discrete scheme is called the Crank—Nicolson method. It is an implicit method
given by

J+1 _ 773
Vi = Zn AU+ (A Vo] = 3+ 3]
k 2 2
We leave it as an exercise to show that the Crank—Nicolson scheme is unconditionally stable
scheme with respect to the L? norm, with error O(h? + k?).
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2. Finite difference methods for the advection equation

In this section we consider finite difference methods for the 1D advection equation, which
seeks u(x,t) satisfying
ou  Ou
ot + ox
This is the simplest hyperbolic equation. The solutions profile given by the initial data
uo(x) simply travels to the right with speed 1 without changing shape: u(z,t) = ug(x — t).
Thus, if the problem is posed on the whole real line then the initial value ug(z) determines
a unique solution. If x ranges over a finite interval than we need to impose a Dirichlet
boundary condition on the left end point of the interval, but not on the right. Note that
we have made a tiny simplification in assuming the wave speed is one. With little extra
effort we could handle any constant wave velocity ¢, positive or negative, i.e., the equation
Ou /ot + cou/ox = 0.
Although the 1D advection equation is particularly simple, its numerical analysis has a
lot in common with the numerical analysis of the 1D wave equation and hyperbolic equations
in higher dimensions.

=0.

2.1. The CFL condition. A simple explicit finite difference method uses forward dif-
ferences in time, and either forward, backward, or centered differences in space. In this
context, the use of backward differences in time (which will turn out to be the more stable)
is called upwind differences (if the velocity were negative, so the wave travels to the left,
the upwind difference would be the forward difference). Thus the forward difference/upwind
difference method is '

U~y Ui UL
Kk
giving the explicit update formula

=0,

5.9 Uttt =(1- Ul +-Ul_,.

( ) n ( h) n + h n—1

Here, of course, UJ = uy,(nh, jk), where h is the mesh size and k is the time step.
By contrast the forward difference/downwind difference method would be

J+l ﬁ J_ E
(5.10) Ut =(1+ h)U” .
The latter method is never used for the very good reason that it is not convergent. To
see this, consider the discrete solution u, at a grid point xy and time step to. From (5.10),
up (o, to) is determined by uy (xg, to— k) and uy (xo+h, to—k). These are, in turn, determined
by up(xo, to — 2k), up(xo — h,to — 2k), and up(zo — 2h,ty — 2k). Continuing in this way, we
see that uy(zo,tp) is determined by the initial data uy only at the grid point xy and points
to the right of zo. But for the exact solution, we have u(xg,tg) = uo(zo — to), i.e., the
solution depends on the initial data at a point to the left of xy. Imagine now that we pick
initial data which is equal to 1 at zg — ¢y but equal to zero for x > xy. Then uy(xg,ty) will
vanish for any choice of h and k, and so will not converge to u(zg,tp) = 1. This argument
is quite general. Given h, k, and a particular grid point, we define the numerical domain
of dependence of the numerical solution as the set grid points for which the value of the
initial data affects the value of the numerical solution at the given point. Then a necessary

J
Un+1 .
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condition for the convergence of a numerical method is that, as A and k are brought to
zero, the numerical domain of dependence must come arbitrarily close to every point in the
domain of dependence of the true solution. In short, the numerical domain of dependence
must encompass the true domain of dependence in the limit. This is a necessary condition
for convergence, pointed out in 1928 in a paper of Courant, Friedrichs, and Lewy, and known
as the CFL condition.

FiGURE 5.2. The downwind difference scheme, whose stencil is shown at
left, does not fulfil the CFL condition, so cannot be convergent.

.
.
.
B
.
o
B
+* ([ ] ([ ]
.
o
.
B
k +
.
.
.
o
.
* [ ] [ ] [ ]
.
.
B
B
.
.
5
.
.
.
o (] (] [ ] [ ] [ ]

We can apply the CFL condition to the forward/upwind difference method as well. In
this case we see that its satisfaction depends on a relation between h and k. Suppose that
k = Ah as h, k tend to zero for some positive constant A. If A < 1, then the CFL condition
holds, while if A > 1, the CFL condition is violated and the method definitely does not
converge.

A third method is the forward/central difference method:

Uit -Ui Ul - U
k + 2h =0

This satisfies the CFL condition under the same condition as the forward/upwind method:
A< 1.

2.2. Fourier analysis. We now apply Fourier analysis to three methods above. For
simplicity we will assume that our problem is posed on the whole real line, but that the initial
data is 2m-periodic (and hence so is the solution at any time). We will also allow complex
solutions. We take mesh size h = 27 /N for a positive integer n, and let I, = {nh|n € Z}
denote the set of all mesh points. Let L([},) denote the set of functions w : I, — C which
are 2m-periodic. Such a function has an obvious set of degrees of freedom: we may assign
any complex numbers for its values at 0, h, 2h, ..., (N —1)h, and this determines it uniquely.
Thus the dimension of L(},) over the complex numbers is N. We take as norm of v € L([},),
o] = h SN0 hlu(nh)[2. The corresponding norm is (v, w) = h' S v(nh)w(nh).

We shall rely on a specific basis for L(I},). Namely we define the functions ¢,, € L(I},)
by

(1) =™z € I
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(These are analogous to but different from the ¢,, we used in Section 4.) Then the functions
¢0, P1, - - -, On_1 form a basis for L(I},). Since all the values of ¢, have modulus 1, we have
|lom| = 1. We will see shortly that (¢, ¢n) = 0if 0 < m < n < N, so the ¢,, form an
orthonormal basis for L(I}).

Define the shift operators K, K_ : L(I,) — L(I,) by

(Kyv)(z) =v(x+h), K_v(z)=v(x—h), x € I,

We may write the difference methods above in terms of the shift operators. For example,
writing wj, for u,( -, jk) € L(I)), the forward /upwind method (5.9) becomes

upt = (1 E) ht EKLU% =[1- E)[ + ﬁKf]ui-

The operator (matrix) G = [(1 — £)I + FK_] is the amplification matriz for the method,
and we have, by iteration, that uil = GIul.

The utility of the Fourier basis is that it consists of eigenfunctions of the shift operator.
Indeed we immediately see that

K:tqsm(x) _ Qbm(x + h) _ 6i’m(z:l:h) _ e:l:imheimx _ 6:I:imhqzsm(l,)7

S0 ¢, is an eigenfunction of K. with eigenvalue e*™"_ (The fact that the ¢,, are eigenfunc-
tions of the symmetric operator K, + K_ with distinct eigenvalues ™" + e~ = 2 cosmh
implies that they are orthonormal.)

Since the amplification matrix G is a linear combination of the identity and K_, the ¢,,
are eigenfunctions, and its eigenvalues are the numbers

i = (1 = X) + de™ ™0,

where A = k/h > 0. Note that the p,, all belong to a circle in the complex plane with center
1 — X and radius A. It is then easy to see that all the |u,,| < 1if A <1 and not otherwise.
TO BE CONTINUED

3. Finite element methods for the heat equation

In this section we consider the initial boundary value problem for the heat equation

8—u(ac,t) —diva(zr) gradu(z,t) = f(z,t), 2€Q, 0<t<T,

ot
u(z,t) =0, z€0Q, 0<t<T,
u(z,0) = up(x), x € Q.

We have allowed the thermal conductivity a to be variable, assuming only that it is bounded
above and below by positive constants, since this will cause no additional complications. We
could easily generalize further, allowing a variable specific heat (coefficient of du/0t), lower
order terms, and different boundary conditions.

Now we consider finite elements for spatial discretization. To derive a weak formulation,
we multiply the heat equation (5.1) by a test function v(z) € H(Q) and integrate over €.
This gives

O Pyo(a) dr + /

— a(z) grad u(z,t) - grad v(z) do = / flz,tyv(z)dx, 0<t<T.
o Ot Q Q
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Writing (-, -) for the L*(Q) inner product and b(w,v) = [,agradw - gradvdz, we may
write the weak formulation as
ou
<8t

For the finite element method it is often useful to think of u(z,t) as a function of ¢ taking

v) + blu,v) = (f,v), veHY(Q), 0<t<T.

values in functions of . Specifically, we may think of u mapping ¢ € [0, 7] to u(-,t) € H' ().
Specifically, we may seek the solution u € C*([0,T], H(Q)), which means that u(-,t) €
HY() for each ¢, that u is differentiable with respect to ¢, and that du(-,¢)/0t € H'() for
all t. Thus when we write u(t), we mean the function u(-,t) € H' ().

Now let V,, ¢ H 1(Q) denote the usual space of Lagrange finite elements of degree r with
respect to a triangulation of 2. For a semidiscrete finite element approximation we seek uy,
mapping [0, 7] into V}, i.e., u, € C1([0,T], V}), satisfying

(9uh

We also need to specify an initial condition for u;. For this we choose some u)) € V}, which
approximates g (common choices are the L? projection or the interpolant).

We now show that this problem may be viewed as a system of ODEs. For this let ¢;,
1 <i < D be a basis for V}, (for efficiency we will choose a local basis). We may then write

v) 4+ b(up,v) = (f,v), veV, 0<t<T.

D
un(z,t) = a;(t)g;(x).
j=1
Plugging this into (5.11) and taking the test function v = ¢;, we get

> (95,00 @] +Zb¢mz ay(t) = (f, ).

J

In terms of the mass matriz, stiffness matrix, and load vector:

= (65, ¢i), Ay =(9,0:),  Fi(t) = ([, 9),
this can be written
Md/(t) + Aa(t) = F(t), 0<t<T.

This is a system of linear ODEs for the unknown Coefﬁcients a = (a;(t)). The initial
condition u;,(0) = u) can be written (0) = o where up) = >7. ale;.

We now turn to fully discrete approrimation using the ﬁn1te element method for dis-
cretization in space, and finite differences for discretization in time. Consider first using
Euler’s method for time discretization. This leads to the system

g+l _ o3
M=+ Ad/ = F?

or

Mot = Mo + k(—Ad? + FY).
Notice that for finite elements this method is not truly explicit, since we have to solve an
equation involving the mass matrix at each time step.
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The backward Euler’s method
MM + Aod Tt = pitt
k )

leads to a different linear system at each time step:
(M + kA)a? T = Mo/ + kF7H

while Crank—Nicolson would give

g(Fj + FIth),

3.1. Analysis of the semidiscrete finite element method. Before analyzing a fully
discrete finite element scheme, we analyze the convergence of the semidiscrete scheme, since
it is less involved. The key to the analysis of the semidiscrete finite element method is to
compare uy, not directly to u, but rather to an appropriate representative wy, € C'([0, T, V4,).
For wy, we choose the elliptic projection of u, defined by

(M + kA)oz]“ (M — EA)oﬂ

(5.12) b(wp,v) =b(u,v), veV, 0<t<T.
From our study of the finite element method for elliptic problems, we have the L? estimate
(5.13) lu(t) —wn ()| < k™ Hu)lr41, 0<t<T.
If we differentiate (5.12), we see that dwy, /0t is the elliptic projection of du/0t, so
8wh
ou chr . <t<T.

1980 = 22 ) < b+ | P 1), Ot

Now
0 0
(S5 0) + b, v) = (= 0) + b(u,0)
O(wp, — u)

:<Tvv>+<f7v>7 UEV}L, OStST

Let yp, = wy, — up. Subtracting (5.11) from (5.14), we get

oy, 0wy, — u)
_ <t<T.

<6t >+b(yh7 ) < ot ,’U>, 'UGVh, O_t_T

Now, for each ¢ we choose v = y;(t ) € V. Note that for any function y € C1([0, T]; L*(2)),
Iy
2
ol Sl = 5l = (2. .
Thus we get
O(wp, — u) O(wp, — u)
(5.15) o5 ol + b 1) = (= ) < JEE= 1 )
ot ot

S0

d O(wp, — u) ou
Dl < 1222200 < eh™ | 2= ().
Dol < 1292 < e 2o )

This holds for each t. Integrating over [0, t], we get

a1 OU
lyn @1 < lyn(0)[| + ch +1||EHL1([O,T];H’"+1(Q))~
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For y,(0) we have
lyn (O)1 = llwn(0) = un(0)]| < [lwn(0) = u(0)[| + [luo — un(0)| < eh™ [[ullrs1 + [[uo — un(0)]]-

Thus, assuming that the exact solution is sufficiently smooth and the initial data wu,(0) is
chosen so that |Jug — ux(0)]] = O(h™*1), we have

lynll Lo (0,522 (02)) = O(r™).
Combining this estimate with the elliptic estimate (5.13) we get an estimate on the error
[ — | oo (o.1,2200)) = O(R™).

REMARK. We can put this analysis into the framework of consistency and stability in-
troduced in Section 3. We take our discrete solution space X, as C'([0,T];V}), and the
discrete operator L : X, — Y, := C([0,T]; V}) is

Qun
ot "

Thus our numerical method is to find u, € X}, such that Lyu;, = F},, where

(Lhuh)(v) = < > + b(uh,v), up, € Xp, vevV, 0<t<T.

Fh(v):/fvdx, veV, 0<t<T.

As a representative U, € X, of the exact solution u we use the elliptic projection wy. Then
the consistency error is given by

0
E() = <%,v> Fb(wp,v) — (f0), vEVh 0<t<T.
In the first part of our analysis we showed that
O(wp, — u)
Ew)=(——=*
(0) = (2= ),

so ||[E| = O(h™'), where the norm we use on Y}, is

T
E(v
121 = [ s L
o okvevi V]

The second part of the analysis was a stability result. Essentially we showed that if u, € X,
and F}, € Y, satisfy Lyu, = Fj, then

ma ]l < lun(0)] + 173l

REMARK. In the case of finite elements for elliptic problems, we first got an estimate
in H', then an estimate in L2, and I mentioned that there are others possible. In the
case of the parabolic problem, there are many other estimates we could derive in different
norms in space or time or both. For example, by integrating (5.15) in time we get that
lynll 20,1111 0)) = O(R"1). For the elliptic projection we have |ju — wy|| g1 () = O(R") for
each ¢, so the triangle inequality gives ||u — up||L2(j0,79;11 () = O(h").
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3.2. Analysis of a fully discrete finite element method. Now we turn to the
analysis of a fully discrete scheme: finite elements in space and backward Euler in time.
Writing uj, for w, (-, jk) (with & the time step), the scheme is

(5.16) (e )+ bW ) = (), weV,, j=0,1,....

We initialize the iteration by choosing u € Vj, to be, e.g., the interpolant, L? projection, or
elliptic projection. Notice that, at each time step, we have to solve the linear system

(M 4+ kEA)a? ™ = Mad + kFIT

where o7 is the vector of coefficients of uiL with respect to a basis, and M, A, and F, are the
mass matrix, stiffness matrix, and load vector respectively.

To analyze this scheme, we proceed as we did for the semidiscrete scheme, with some
extra complications coming from the time discretization. In particular, we continue to use
the elliptic projection wy, as a representative of u. Thus the consistency error is given by

w ™ — ! . .
(B ) b ) — (4 0)
J+1 _ .0 ) ) J+L G (o]
:(%,w%—b(uﬁl,v)—<f7+1,v>—|—<(wh u })C (w, u),v>
PES j+1 JHL LY (] o A
:<u ; w _81;t ) <(wh U 2, (wr, u)7v>:<z]’v>7

where the last line gives the definition of 27. Next we estimate the two terms that comprise
27, in L?. First we have
Wt —w guT! k, 0%u
- < = || poo
| = 2l < S e,

by Taylors theorem. Next,
(wg;rl —uitl) — (wi —ud) 1 /(j+1)k O
J

= [wn(s) — u(s)] ds,

k kS ot
SO 4 A
(Wit — ity — (w! — ) ou
1= I < I ek Grom @)
Thus we have obtained a bound on the consistency error:
J+L ) ) )
(B ) bt o) = () = (0), vEVh, =01,

with

, 0%u i1, Ou :
127 < C(kHwHLOO([O,T];LZ(Q)) +h +1”EHL°®([O’T];HT+I(Q)> =F 5=01,....

Combining with the scheme (5.16), we get (for v, = w;, — up)

JH , '
B ) () = (,0), eV
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We conclude the argument with a stability argument. Choose v = ¢/ ™! € V},. This becomes:

g y arg Yh

i+1(12 i1 j+1 j i+l
v I1° + Koy w0 ) = (up + k22,4370,
SO
- A
v < vl + KE,

and, by iteration,

J < 0
mas Il < )l + 7B

In this way we prove that
max ||u’ —ul || = O(k + h™tY).
0<j<M
Exercise for the reader: analyze the convergence of the fully discrete finite element method
using Crank-Nicolson for time discretization. In the stability argument, you will want to
use the test function v = (y] ™ +y7)/2.






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 Bb(v, v) — F(v)] .

veV

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 uy,
in a finite dimensional subspace V;, C V satisfying b(up,v) = F(v) for all v € V},. If b is
coercive, this method is automatically stable with the stability constant Cs bounded by the
reciprocal of the coercivity constant. More generally, if the inf-sup condition holds on the
discrete level, Cy is bounded by the reciprocal of the inf-sup constant.

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

[ — unllv < (14 Cllol]) inf flu— o]y
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(Q), a very natural family of finite element
spaces are the Lagrange finite elements, for which the shape functions on a simplex T' 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.

99
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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 FE 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, —¢ in the normal directions. Young’s modulus is £ = 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 compression in the orthog-
onal directions, to the extension in the given direction. Thus Poisson’s ratio is dimensionless.
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.

We shall return to elasticity later in the course, but now we consider the transverse
deflection of an elastic plate.
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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 : €2 — R denote the resulting vertical displacement of the middle surface. Then the
classic Kirchhoff plate bending model says that w minimizes the energy

li/[(l—1/)|V2w|2+1/|Aw|2]dx—/ wdx
212(1 - 12) J, I

The quantity D = Et3/[12(1 — v?)] is called the bending modulus of the plate. By VZw
we mean the 2 x 2 Hessian matrix of w. (Warning: sometimes the notation V? is used
for the Laplacian, but we do not follow this usage.) For a matrix 7 we write |7| for the
Frobenius norm (Z?Zl 23:1 Tfj)l/ 2 associated to the Frobenius inner product of matrices

Tip= Zle 25:1 7;iPij- Thus in the plate energy

2
V2|2 = Awl? = 0w
V=Y AP = Y00

2
The minimization of Kirchhoft’s energy must be subject to boundary conditions, such
as w = Ow/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

2
0*w

3xi8xj

b(w,v) = D/[(l — )V : V2 + vAwAv] dz,
Q

and the linear form F(v) = [, gvda, the clamped plate problem is to find w € V := H?(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 1(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]js < cq|v|s for all v € H2(Q) N HY(Q), so b is coercive over V
(for both the clamped and simply-supported cases) and so the weak formulation of the plate
problem is well-posed.
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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:

/uAvda:—/udivgradvdx——/gradu gradvdx—l—/ u—ds
Q

/Auvdw— —vdx+ u@
39 (9n

Taking u = Aw and v € H?, we get

/AwAvdx:/AQwvdx,
0 Q
while for v € H2N HY,

/AwAvd:z::/AQwvdx—i-/ Aw@ds.
Q 9 a0 on

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 /01 4072/ 0xs).
Then

/7’:VQUd:c:/T:gradgradvd:c:—/diVT-gradvdx—l—/ ™ - grad v ds
Q Q Q o0

:/divdiVTUdl'—/ (div7‘-n)vds+/ n - grad v ds.
Q o0 o0

Also, if s denotes the unit tangent, gradv = @n —l— Zes and, if v € H1 ” = 0. Thus, for

ve H2NH,
0
/T:VQUdI:/diniVTUdI—l—/ n-Tn—Uds.
Q 0 o0 on

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

2
/v% : V2vda::/divdivv2wvd:c+ Twdv o
Q Q a0 On? On
Now 0 o 0? 0? 0?
divdivviw =53 25 L 2% N~ L NTW A2,
vdiv Viw zz: ox; Z dxj Ox;0x; O3 £~ Ox? v

7 J J
Putting all this together, we get for w € H*, v € ﬁz,

b(w,v) :/DAngdL
0

while for v € H2N H',
2

b(w,v) = / DA*wuvdz+ [ D[(1- V)g—w + VAw]g— ds.
Q o) n

Therefore the strong form of the clamped plate problem is

DAw = fin Q, w_g:_oonag
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In this case both boundary conditions are essential.
The simply supported plate problem is
9 , 0*w
DA*w = f in Q, w:D[(l—V)W—l—yAw] =0 on 0f2.
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

O*w
-~ On?
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,,,_,o, 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

(6.1) Aw=finQ, w =0 on 0.

Pu  Ou
- 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 Qn, Wy = Aw,, = 0 on ON,,.

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

_Pw  10w | 10w

o2 ror 1200’
so, on the boundary of the unit disc, for w vanishing there,

Pw  Ow

o o’

Aw

Aw
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Thus (6.1) becomes

A’w = fin Q, w:Aw—g—::OonaQ,

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 clamped 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?.

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 € P3(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),
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
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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/0n is determined by the DOFs on e. But
the DOFs only determine du/0n 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(T'), 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 A?A3A2 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 u 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
different types (values, first derivatives, second derivatives, normal derivatives), the element
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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 —wp|2 < ¢ inf [jw — 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

nf [|w—olla < ch"||w]rge, 7=2,3,4.
eVy

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 € P5(T) denote its Hermite
quintic interpolant. If T is another triangle and F' an affine map taking T to T, 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'Z = hZ). As long as F' belongs to this class,
it is easy to see check that Iru = (I;0) o F~L.

For § > 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 e Sy lie
inside a compact subset of the upper half plane. See Figure 6.5.

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

(6.4) lu — Lpu|, < 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 T' by a rigid motion. Therefore, (6.4) holds with
¢ uniform over all T’ € S,.

Now let T" by any triangle with least angle > 6. Set hy = diam 7', and define T =
h7'T, which belongs to Sy. Note that |T| = hZ|T|. Given a function u on T, define
(&) = u(hpi), & € T. As we mentioned above, I;u(%) = Iru(hpd). Of course, we have

Dfu(z) = h‘f'Dﬁu(x). Thus we get from

lu — ITU|HT(T) = hy"hrli — [Ta|Hr(T) < chz"hrli Hs(T) = Ch%_?"|U|HS(T)'
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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 #. Consequently the third vertex must lie in the
compact region shown in yellow.

0 1

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 — Irul, < chi"|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

lu — Lyl < ch® "uls, uwe H(Q),

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

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

lw — wll2 < ch*?fwl,

where w is the exact solution and wy, the finite element solution. In particular, if w is smooth,
then [|w — w2 = O(RY).

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
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,gb):/u(w—wh)dx, ueV.
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Then ¢ satisfies the plate problem with DA?¢ = w — wy,. Taking u = w — wy,, we get

|lw — wy|[* = b(w — wy, §) = inf b(w — wpy, ¢ —v) < c|lw — wyl2 inf [|¢ — vl
vEV) vEV]

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

inf [|¢ —vll2 < ch?||¢lls < ch?|lw — wy,
veV),

50 ||w —wp|| < ch?||w — wy]|s. 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

PLUT) ={uePs(T)|0u/dn € Ps(e) on each edge e }.

Then dim PL(T) > 18. Indeed if we write out a general element of P5(7T") in terms of 21
coefficients, then each of the conditions du/On € Py(e) is a homogeneous linear equation
which must be satisfied by the coefficients, so we get a system of 3 homogeneous linear
equations in 21 unknowns. Now consider the 18 DOFs at the vertices we used for the
Hermite quintic (but ignore the 3 DOF's 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 PL(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,(7’), but not all of P5(7"). Therefore the rate of
approximation for smooth functions is one order lower.

FI1GURE 6.6. Reduced Hermite quintic element.

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
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shall do. Let Ky, K5, K3 denote the 3-subtriangles. Then we shall use as the space of shape
functions on T

{ueCYT)|u

K, € P3(K;),1=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| i, at b (which gives two homogeneous linear equations on the coefficients). We do similarly
for Ou/0x; and Ju/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 which, if satisfied by the 30 coefficients, insure that the piecewise cubic u is
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 adapted from the monograph of Ciarlet, begins in the usual way.
Let u; be the polynomial given by u|g,. On the edge of T contained in K, u; is cubic and
the 4 DOFs 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; = piu3, where p; € P;. Now uy and puy agree along the edge fs, since both are linear
functions which are zero at az and one at b. Since p;u? and pou3 must also agree on f3
(by the continuity of u), we conclude that p; = ps on f5. In this way we conclude that the
piecewise linear function on 7" which is equal to p; on K; is continuous.

Now let n be the unit normal to f; pointing from K5 into K; and consider the continuity
of Oyu := Ju/0n across f3. This gives

(Onp) 15 + 2p1 11O pin = (Onp2) it + 2p2piaOnpia = (Onpa) i + 2p1 11 Onpiz on f,
where we have used the fact that u; = ps and p; = ps on f3. Dividing by the polynomial 4
then gives
(Onp1) i1 + 2p10ppir = (Onp2) iz + 2pa0Onpiz on f3,
and, passing to the vertex as of f3, where p; = s = 0, we obtain

p1(a3)Oppr = pi(az)Onpia.
Now the constant 0,1 and 0,us > 0 are not equal. In fact, the former is negative and the
latter is positive. Therefore, the preceding equation implies that p;(a3z) = 0. Of course we
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get pi(az) = 0 in the same way, so the linear polynomial p; vanishes on eq, so p; = ¢y for

some constant ¢;. Then u; = pypu? = c1p. Evaluating both sides at the barycenter b, we see

that ¢; = u(b), so uy; = u(b)p3. Similarly uy = u(b)us and uz = u(b)uj, and to complete the

proof, it remains to show that u(b) = 0. For this, we equate 0,,u;(b) and 9d,us(b) to find
3u(b) 157 (0) D pir = 3u(b)pi(b) Dt

Since p1(b) = p2(b) = 1 and O,y # O, p2, this implies that u(b) = 0.

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||ls 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 € V;,. However, on each element T € T, V?v is
well-defined, so we can define wy, € V), by

Z/Vzwh:V%dx:/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 our motivation now is 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
Py (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, u=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; € V}, such that

Z/graduh‘gradvda::/fvdx, v E V.
T Q

TeT,
111
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Writing by (w,v) = > ey Jpgradw - grad v da 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

TeTh

holds if v € H'(£2), but need not hold for v € V.
To understand better what is going on, we multiply the differential equation by a test
function v € P;(T') and integrate by parts over T":

/fvdz——/Auvd:v:/gradu~gradvdx—/ ﬂvds.
T or Onr

Next we add over T%:

Z/gradu gradvdx—Z/ 8—vds— fodx.
nr

In other words
(7.2) by (u,v) = / fvode + Ep(u,v), veEVy,
Q

where

—uvd
(u,v) Z/@TanTUS

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 Ej(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,

HYTy) ={ve L*Q)|vlr € H(T), T €T},

Note that both H* € H'(T,) and V;, € H'(Ty), 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'(T,) — L*(Q,R?), given by

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

[ol[n := [l grad,, v]].

Although it is just a seminorm on H'(7}), on the subspace H! + Vi, 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) > llvllh,  w,ve H (T,

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

bn(u — up,v) = Ep(u,v), v eV
Let Uy, € V}, be an approximation of u (to be specified later). Then
br(Up, — up,v) = bp(Up — u,v) + Ep(u,v), v € V.
Taking v = Uy, — uy,, we get
10 = unlliy < 1Un = ullnl|Un = unlln + | Bn(u, Uy — )l
We shall prove:

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

| En(u,v)| < chllull2||v]ln, v € H + Vi
Using this result it is easy to complete the argument. We immediately get
1Un = unlln < \Un = ulln + chljullz,
and so
= uplln < 2[|U, — ulln + chllul]z.

For the approximation error U, — u we could take U, to be the interpolant into V;, and
use a Bramble-Hilbert argument. But even easier, we take U, to be the interpolant of u
into the Lagrange P; space, which is a subspace of V},, and for which we already known
|Un — ul|n < chljullz. 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

|u — unlln < chllul|o.

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

> [ @ s

TeT

< Ohl grad ¢llo| grad, vllo, & € H' (4R, 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 T’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 0N, the contribution to the sum is just [ (¢-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 ) /aTw-nT)vds=263/6<¢-ne>[[v]]ds,

TeT,

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

||¢|e - Pe(¢|e)”L2(e) < Ch;ﬂ” gradeHLQ(T)a NS HI(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

¢l = Pe(@e)llzae) < erllgrad ¢llzz(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

PrRoOOF OF LEMMA 7.3. Let e be an edge. Then

J@nlelds| =| [(@-n.— P(6- nlv]ds| < 6. = Pt n)lazeoll L]z
From the preceding lemma we obtain the bound

H¢ *Ne — Pe(¢ : ne)HLQ(e) < Chl/ZH grad(¢ : ne)HLQ(e*)>

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).
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Next we bound ||[v ]| z2(). On an interior edge, we may write
[v] =Tvl = Pelv] = [vp]e = Pe(vile)] = [o-fe = Pe(v-|o)]-
Applying the previous lemma to each piece to get
1wl = Plvllle < chV?] 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(e*)a

[ nlds

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

1/2
grad v|p2(er) < [Z | grad ¢H%z(e*>] [Z | gradvlliz<e*)]

< 3| grad ¢ r2(q || grad;, v z2(q)-

1/2

> llgrad |l p2er)

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

Z /8T(gz5 ‘nr)vds = Z /(qb ne)[v]ds < Ch| grad ¢ L2 (o) || grad v|| L2 ().

TeT,

0

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
loll < cllolln, v € H'(Q)+ Vi

PROOF. Choose a function ¢ € H*({;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
HUsz/divdwdx:—/¢-gradhvda:+2/(¢-nh)vds.
Q Q = Jr
Clearly
/Qqﬁ'gradhvdx < ||l grady, v|| < cllv[[[v][x.
By Lemma 7.3,

< chl|gllrllolln < elfvll[[v]]n-

;/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 convec,
lu = unll < ch?|lull2.

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

(7.3)  u—up|?* = - / Ap(u — up) de = /graqu -grad, (v — up) dx — Ep(d, 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 — uy) grad v dx = 0.

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

‘/gradqb -grad, (u — up) dx /grad(¢ —v) - grady, (u — uyp) dx
< [l grad(¢ — )|l grady, (v — us)|-
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 — upllju — up |-
Thus (7.3) becomes

<

< chl|@lla]lu — unlln < chl|u — unll|lu — up||n.

lu = unl* < chllu — un|lllu = unlln,

which gives ||u — up|| < ch||u — upl|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, ={ve L*Q)|vlr € PAT)VT € Ty, [v] L Pr_ie) ¥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.

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

There is however one issue. The space Vj, 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 r = 2. The shape function space is, of course, Py(T),
and the natural choice of DOF's 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 DOFs 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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FiGURE 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 P5(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

FiGure 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 DOF's on the boundary to be zero). We remark that the unisolvency
argument implies that if v € V},, then 0v/0z is a piecewise linear which is continuous at the
midpoints of edges, i.e., belongs to the nonconforming P; space we studied in the previous
section.

For simplicity we consider the clamped plate problem with 0 Poisson ratio: u € H 2

/V%:V%dmz/f@dx, ve H?.
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The Morley finite element solution uy € V}, is defined by

/V%uh : V,ledac = /fvdx, v E V.

As before, the error analysis will hinge on the consistency error

Ep(u,v) ::Z/V2u1V2vda:—/fvdm, v eV,
= Jr

Since div V2u = grad Au, we can write

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

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

Note that E» vanishes if v € H 1(Q). For any v belonging to the Morley space V4, let Iv be
the piecewise linear function with the same vertex values as v, so I,v € H!. Therefore

Egzz(—/TgradAu-grad(v—Ihv)dx—/Tf(v—Ihv)dac).

T
By standard approximation properties we have

lo = Lol < ch?oll, Il grady(v — L) | < cho]n,
where is this section we denote by broken H2-like norm:
[vlln = [[V3oll.
Hence
| Eo| < c(hllulls + B2 £1])[[0]]-
For F;, since

/ Viu : Vudr = —/ div V*u - grad v d + / (V2u)ng - grad v ds,
T T ar
we get

E, = Z/ (V2u)ng - grad v ds
T Jor
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
| E1| < chllulls[[v]]n-
Thus we have shown that
| En(u, v)| < ch(llulls + RILFIDIv]A-
From this point the analysis is straightforward and leads to
[ = unlln < ch([|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?.
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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:
I grady (u — un) || < ch®*([lulls + [ 1])-
It is not true that ||u —uy]| = 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 = Vi*w, divdivM = f,

ie.,

32w 82M2

My = 72—, =
J 8@8% 0 8@890]

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.,

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¢ = 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(=f.

All the variables in this formulation are physically meaningful: w is the vertical displacement
of the plate, # 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.

121
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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 ), —dive=finQ, u =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

/U-Td$+/udiv7d:r20 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 dive and div7. Therefore we need 7 € L*(Q2; 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?) | divr € 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'(2;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-de+/udiv7'dx=() V1 e H(div), /divovdx:—/fvdx Vv € 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.
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The weak formulation is associated to a variational formulation as well. Namely if we
define

1
(8.4) L(T,v) :—/ |T|2d:L’—|—/vdiVde—l—/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(oyu) < L(1,u) V7 € H(div),v € L?,

so (o,u) is a saddle point of L.
Note that dive = —f, so L(o,u) = 3 [ |o*dz. If 7 € H(div) is another function with
divr = —f, then L(r,u) = 5 [ |7|* dz. Thus

1 1
5/’0‘2d£€§§/‘7’2

The quantity (1/2) [ |7]? is called the complementary energy. We have just shown that,
subject to the constraint divt = —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|20l:16+/(diVT+f)vdx7 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 Vj, C H(div) and W), C L?, and seek o, € W}, up, € Vj, such that

(8.5) /ah-Td:E—l—/uhdiVTd:v:O V1 € Vy, /divohvdx:—/fvdx Yo € 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 [, udz = 0 for each
triangle u. Therefore u is orthogonal to piecewise constants, and so f udivTdr = 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.

5 C T b c
a b C a b
C a b C a
1) c @ 1) c
a

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: v = (1 —x)y(1 —y), so f = 2[z(1 —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 0 = v/, —o’ = f. Assuming homogeneous Dirichlet
boundary conditions, we get the mixed formulation: find o € H', u € L? such that

1 1 1 1
/ m’dx—i—/ Tudr =0, 7€ H', / a’vdx:—/ fodz, 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 0 = 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-7dz+/div7udx:/ T-ngdx, 7€ H(div),
o0N

The equilibrium equation remains unchanged

/divavda:: —/fvd.r, ve L
This is again of the form
B((o,u), (1,v)) = F(r,v) (7,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 ¢ - n = 0 on 0. Now if we multiply the first equation by
7 € H(div) and integrate by parts, the boundary term [, ur - 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

o

H(div) ={7€ H(div)|7-n =0 on 00 }.
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

/ao-7dm+/div7udm—0, Tefol(div), /divavd:c——/fvdx, v e L2

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 =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

ﬁ?:{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
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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 9 for 7 €
H(div). First we begin by giving a name to the trace space of H'(Q). Define
HY2(09) = {ulon |v e HY(Q) }.
Then H'/? is a subspace of L?*(0Q). If we define the norm

= inf |jv]4,
Iollssom = _int ol
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'(2;R?), and a function g € HY2(99). We can
find a function v € H'(Q) with v|gqo = ¢ and [Jv]|1 < 2[|g|l1/2,00 (We can even replace 2 by

1). Then
/ T-ngds:/T-gradvdx+/div71)dx.
By) Q Q

‘/ T-ngds
o9

Now we define the H~/2(9Q) norm of some k € L*(0€) by

Joo kg ds
L e
gEH/2(690) ||9||H1/2(am

SO

< dollaliTll @) < cllglhyzoallTllaa)-

Note that [|k|lg-12090) < c|lkl[z290)- With this definition we have that the map 7 :
HY(Q;R?) — L*(09Q) given by y7 = T - n satisfies
IvTlla-1200) < cltllu@y, 7€ H (4R,

We can extend this result to all of H(div) by density, but for this we need to define the space
H=1/2(0Q) as the completion of yH(Q) in the H~1/2(9Q) norm. If we do that we have the
following trace theorem.

THEOREM 8.1 (Trace theorem in H(div)). The map v7 = 7 - n exstends to a bounded
linear map from H(div) onto H~/2(0%).

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*(€;R2), p € L? such that
/gradu cgradvdr — /divvpdm = /fvdm, vE ﬁl(Q;RQ),
/divuqdz =0, qe L’

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-oR b:VxW-—=R,
and two linear forms
F: VR G:W-—=R

Then we consider the weak formulation, find (o,u) € V' x W such that
a(o,7)+b(r,u) = F(1), 1€V,

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'(;R?) and a is the H' seminorm. In both cases W = L? and b(7,v) = [ div v d.
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 T* : W* — V* is defined by

T*(9)(v) = g(Tv).
Then T* is a bounded operator if T is:

T*g(v)] = lg(Tv)| < llgllw-[ITv[lw < llgllw-

so [T*gllv+ < |lgllw+|T||zv,w), which means that [|T*||zow= 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.

Tl cevwyllvllv,

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 7" = 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'||zv,w) = T || coves,we=y < | T*|| cow=,v+y, which
gives the important result
1T | cow= vy = 1T ceviwy-
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:

Z={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}CV.
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

(Za)a = Z?
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 T™:

N(T) =R(T™).
Indeed, for v € V,
veEN(T) < Tv=0 <= g(Tv)=0Vg e W"
— T'g(v)=0Vge 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 mz : V — Z the inclusion and the orthogonal projection, respectively.
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What are i3, : V* — Z* and 7}, : Z* — V*7 It is easy to see that the following diagrams
commute

AL Ve v 2, 7

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 (Tv = Tv € Y for all v € Z1).
Clearly the following diagram commutes:

v L.ow

l”zl- Tz‘y

T
Zt ——

Taking duals we get the commuting diagram
V* ™ W

Ti(zj_)* lﬂ'y*
(ZJ_)* / T Y*

Now, T is an isomorphism from Z+ to Y, so T* is an isomorphism from Y* to (Z4)*. 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 T 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.



8. WELL-POSEDNESS OF SADDLE POINT PROBLEMS 131

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 F'; GG, there exists a unique
solution o, u, and there is a constant such that

(8.7) loflv + lullw < el F]lv + [1Gllw-).

THEOREM 8.7 (Brezzi’s theorem in operator form). Let Z = N(B) and define Az, :
Z = Z* by Agy = mze 0 Alz. The abstract saddle point problem is well-posed if and only if

(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, IAZz]l, and || BI . |-

PROOF. In addition to Azyz, define maps Az, = my1- 0 A|z : Z — Z+* and, similarly,
Ayz and A . We also define By, = B|,. : Z+ — W*. (The corresponding By is just the
zero map, so we don’t introduce that notation.) If we partition 0 € V =27+ Z+ as oz + 0,
and F € V* = Z* + Z*+* as F; + I, we may write the equations Ao + B*u = F, Bo = G
in matrix form:

Azz Az 0 oz Fy
(88) AZJ_ AJ_J_ Bj_ o0 = 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:

0 AZZ ALZ u FZ
Bl Az Ail oz | = | FoL
0 0 BJ_ (N} G

Now reverse the first and second equation:
Bi AZJ_ AJ_J_ u FJ_
(89) 0 AZZ AJ_Z Oy = FZ
0 0 BL o 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
Bi™' —Bi'Az Ay, BTH(Azl AL ALz — AL )BT
0 Azy ~AzzALzBT
0 0 B!
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from which can give an explicit bound on the well-posedness constant. O]

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, z2) > 7zl 22|,

together with the dense range condition: for all 0 # 2o € Z there exists 0 # z; € Z such
that

a(z, z2) # 0.
Note that v; ' 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|| > 7|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) > ys||w||||v]|, or, finally:

b
(8.11) inf ~ sup (n.9)
0£0eWs o2rev;, ||7]]2]]

V2.

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 v, > 0.
(2) The Brezzi inf-sup condition (8.11) holds for some ~, > 0.
Moreover the well-posedness constant may be bounded above in terms of the ||A|, 47", 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 < v A+llallyy HIGT+ IEIL - el < %2 lallA+llalvg DIGH+72 (el DHIE.

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

a(r,7) > all7]]* = all7||7 -

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 div7 = v and ||7| g(aiv) < c||v]|. There are many ways to do this. For example, we can
extend v by zero and then define a primitive:

n(z,y) = / u(t.y)dt, 7= 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 «) in H'(€: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

£2=~{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 1(Q; R?). 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) > yallzlly, 2€ Zy:={7€V,y|b(r,v) =0, v €W},
and
(8.14) inf  sup o7, v) > Yo h.

0£0EWs orev;, ||I7]|]v]]

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, lw; ),

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, C V and W), C W be finite dimensional subspaces and suppose that the Brezzi
conditions (8.13) and (8.14) hold for some 1 p, Yo, > 0. Then the discrete problem (8.12)
has a unique solution (op,up) € Vi X W), and

_ _ < o ; _ ] _
o = oully + llu = wnll < eCinf llo =7l + inf = vlw)
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 ¢ 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(a,T):/ ot dz, b(T,v):/ v dz.

1 1

If we choose both V}, and W}, to be the space of continuous piecewise linears for some mesh,
then 7,5 = 0, because for v a nonzero continuous piecewise linear which vanishes at each
element midpoint, [ 7'vdx = 0 for all 7 € V3. 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 Wj,
e.g., by replacing W}, by its orthogonal complement, but in that case it turns out v, — 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, Z, is the space of
continuous piecewise linears with derivative orthogonal to piecewise constants, which means
with vanishing derivative, i.e., Z, consists only of the constant functions. Clearly a(r,7) =
[ 7 dx coerces (actually equals) the H' norm for a constant. So the first condition holds
with v, 5, = 1. For the second condition, given piecewise constant v, we let 7(x) = for v(t) dt,
which is a continuous piecewise linear. Note that ||7]|o < |[v]jo and 7/ = v, so ||7]|? < 2]v]|3.

We have .
b(r,v) = vll2 > —||7|llv]].
(r,0) = [lvllg \@H gl
which establishes the inf-sup condition with 7o, = 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]]2 = O(R®), ||7]|? = O(h?), and so a(r,7)/||7||? = O(R?).
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
vV fT vdzx). For the space V}, we take as shape functions on a triangle T

Pr(T;R?*) ={7(z) =a+br|a € REbER z = (1,72) }.

In other words, the shape function space is spanned by the constant vector fields (1,0) and
(0,1) together with the vector field x = (x,75). Note that P; (T;R?) is a 3-dimensional
subspace of the 6-dimensional space Pi(T;R?). For example, the function 7(z) = (1 +
2x1,3 + 2x5) is a shape function, but 7(x) = (1, 25) is not.

For DOF's, we assign one to each edge of the triangle, namely to the edge e of T" we assign

Tr—>/7-neds,
e

where n. is one of the unit normals to e. Let us show that these DOFs are unisolvent. Let
T=a+bx,a € R% b€ R, and suppose all three DOFs vanish for 7. Note that div T = 2b.

Therefore
2|T|b = / divrdr = / 7-nds = 0.
T ar

Thus b = 0 and 7 = a is a constant vector. But the DOF's 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|r € Py (T;R?) for all T € T, and, if e is a common
edge of T_, T, € Ty, and n, is one of the normals to e, then

(8.15) /T|T_ ‘Neds = /T|T+ ‘neds.

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"X’(Q) If 7 has continuous normal components, then

we have cancellation, so
Z/ T-nrods =0,
- Jor

—/T-gradqﬁdx:/divhmﬁdaz,
Q Q

where divy, 7 € L*(Q) 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|r_ -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?).

which means that

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

PROOF. It is enough to consider the case 7(x) = z (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) - ne = 7(y) - n.. 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 W), C L?. 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| /diVTvdac:OVUEWh}

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'(€; R?) — V}, determined by the DOFs:

/WhT'nedS:/T'nedS, T € H'Y(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:

H! L?

[ s

N
Vi, —— W,.

div
—

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

THEOREM 8.12. There exists a constant independent of h such that
7o T || @iy < cl|Tll, T € HY(Q;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

. [ divTvdz
inf sup —— > 7.
0AveWL 0£reV), ||7—||H(div)HU||

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

divr =divm,o = P,dive = Pyv = v.
Moreover,
17l 1 (aivy < ellofly < effoll.

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,
1s the Galerkin solution using the Raviart—Thomas spaces, then

o = onllamy + llu =l < e(inf llo = 7l + inf Jlu = o).

For the second infimum, we of course have

inf ||u— vl < chllul;.
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 7y : 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 T' € §(#). 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)7
where ¢ depends only on the minimum angle condition. Adding over the triangles, we have
||7'—7ThT||L2(Q) < Ch|7'|H1(Q), T € HI(Q),

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

| div(7 — 74 7) || L2y = || div T — P div 7|12y < ch||div 7]y < chl|T]]s.
THEOREM 8.15.
|7 — 7| < chli7lli, 7€ H'(R?),
| div(t — mp7)|| < ch||divr|y, 7€ H'divr € 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 = onll i) + lu = unll < chflloll + | divolly + [Jull1).

10.2.1. Improved estimates for o. This theorem gives first order convergence for o in L?,
dive € L?, and u € 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 divo. Here we show how to obtain improved
estimates for o and div o, and below we obtain an improved estimate for w.

We begin with the error equations

(8.16) /(a —op) - Tdr + /diVT(u —up)der =0, T€EV,

(8.17) /div(o —op)vdr =0, veW,.

Now, from the inclusion div o), € W), we obtain
P, dive — divo, = P, div(c — o).
But (8.17) implies Py, div(c — 03) = 0. Thus

divoy, = P, divo,
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and we have a truly optimal estimate for div o:
||div(e — op,)|| = inf ||dive — || < chl| divol|;.
veVy

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

/(U—ah) (mho — o) da = 0,

that is, 0 — oy, is L?-orthogonal to 7,0 — 03,. It follows that
lo = onll < llo—mol,
and so,
lo = onll < chljo]]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 ={a+bx|aecP._(T;R?), beH, (T}
Here H,_1(T) is the space of homogeneous polynomials of degree r — 1. We could allow b to
vary in P,_1(7") 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)7.

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

THEOREM 8.16. Let b € H,.(R?) and v = (x1,22). Then div(bx) = (r + 2)b

Proor. It suffices to check this for a monomial x?xg with a + 8 = r. Then

0 0
div(bz) = div(2$™ el a¢ad ™) = A - L g

O, fa 0o
= (a+ 1)x1x2 (6 + 1)x1x2 = (r +2)b.
]

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?).

PRrROOF. Given f € P,_;(R?) we have f = > b;, b; € H;(R?). We have
div() (i +2)"'bi) = Y (i +2) div(bir) = Y b =

and
r—1 r—2
D (i+2) = (O (i +2) ) + (r+1) b
=0 =0

€ Pr_1(R*;R?) + aH,_1(R?) = P, (R* R?).
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O

For a 2-vector a = (ay, as), we write a* = (—as, a;) (counterclockwise rotation by m/2).
If b is a function, we write curlb = —(grad b)— = (0b/0z2, —0b/0x).

THEOREM 8.18 (Polynomial de Rham sequence). For any r > 1, the complex of maps
Pr(R?) 2% P, (RER2) T P, (R?) — 0
1s a resolution of the constants. In other words, the augmented complex
0— RS P(R?) < P, (R%R?) 2% P,_,(R?) — 0.
is ezxact. (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 curl kills the constant functions (which is
obvious), and that div o curl = 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.

Proor. Clearly the null space of the inclusion is zero, and the null space of curl 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(curl) := {curlv |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) i (r+3)r
2 2
r(r—1) (r+3)r

dim N (div) = dim P,_;(R* R?) — dim P,_(R?) = r(r + 1) — — =

dim R(curl) = 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
P, (R?) 2 p-(R%R?) L% P, (R?) — 0.
s a resolution of the constants.

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

(8.18) - / onep(s)ds, p e Pryle),

and

(8.19) T — / 7-p(x)dr, p€ P _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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FiGURE 8.4. Higher order Raviart-Thomas elements.

7 vy v
Pr Po Py Py 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) = dimP,_,(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 € P,_1(e). Therefore the DOF's in (8.18) imply that 7 - n vanishes on 9T. We may
then use integration by parts to find that

/]div7‘|2dx:—/7’-grauddiv7'dx:07
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,_1(T’; R?) and
div 7 = 0. The polynomial de Rham sequence Theorem (8.18) then tells us that 7 = curl ¢,
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 ¢ = bip, with b € P3(T") the bubble function and ¢ € P,_5(T).
Using the polynomial de Rham sequence again, we can write 1) = div o with o € P,_o(T; R?).
Then

(8.20) /TbLDQ dx = /sz/z divodr = — /Tgrad(szJ) codx
:/curl(bz/}) 'ULdI:/T'UleEZO,
T

T

since ot € P,_5(T;R?). Thus ¢ = 0 so 7 = 0 as claimed. O

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 DOFs, and let P, : L*(Q2) — W)}, be the L? projection.
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Then the diagram
Hl div L2

T

Vi =2 W
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

o — onllH@iv) + v — us]| = 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 = anll < ch”llall,,  [[div(e —on)l| < ch"[[dival,.

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
2 be convex.

First we recall the error equations

(8.21) /(cr —op) - Tdr + /div T(Pou—up)de =0, 1€V,

(8.22) /div(a —op)vdr =0, veW,.

Note that we have replaced v with P,u in the first equation, which we can do, since divr €
Wy, for 7 € Vj,. Now we follow Douglas and Roberts in defining w as the solution of the
Dirichlet problem
—Aw = Pyu —up in 2, w =0 on 0f),
and set p = grad w. By elliptic regularity, we have [Jwl|s + ||pll1 < ¢||Pau — 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
| Pru = up|| < C(hllo — on| + 1| div(e — on)|]),
if 7 > 1, but for the lowest order elements, » = 1, it only gives
[1Pau = up|| < Ch(llo = op|| + [ div(e — an)]]).
From this we easily get in the case r > 1 that
1Pvu = unl| < CH™ o]l < CR™ |4
(so uy and P, are “super close”, closer than either to u). For the case r =1 we get
1P = up| < Ch?|lo|ly + Al div(e — o3| < Chfjolly < Chluls-
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Using the triangle inequality to combine these with estimates for ||u — Pyul|| we get these
improved estimates for u:

HU N uhH < Chr”uHT’a r>1,
~ | Chllullz, 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 V;, are P,(T;R?), r > 1, and the DOFs are

T /T -nep(s)ds, p € Ple),
and, if r > 1,
T / T-p(z)tdz, pe 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'((:;R?), p €
L?(2), such that

/gradu:gradvdx—/divvpdx—/fvdx, UE]fIl(Q;]R2),
/divuquz(), qéﬁz.

Recall that ﬁ2(Q) consists of the functions in L? with integral 0, and that we know that
div H'(Q; R?) = L*(Q2), and so, for any ¢ € L? there exists v € H'(Q; R?) with dive = ¢
and ||[v[|; < ¢|l¢||. This is equivalent to the inf-sup condition on the continuous level:
divvpdz
inf  sup f—p >y > 0.
0#q€L? 0£veH1 Hlean

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 V,, 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,¢) = [ divugdz 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 f divvgdzr = 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-hvu Q> - b(U, Q)a qc Wh7

and also the norm bound ||m,v|; < 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,
[o]lx < v~ Hllg|l for some 5 > 0, so b(v,q) = [lql|* > yllv]l1llql]. We then get

b(mv, q) = b(v,q) = yllvllillall = ve mavlilall,

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
/ divmpvde = / div v dx,
T T

for each triangle T', or, equivalently,

/Whv~nd3:/ v-nds.
T ar

Therefore a sufficient condition is that

(8.24) /ﬂ'hl} “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
mpv triangle-by-triangle, by

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

e
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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

[ = pll < Chlfolly,  [[Mholly < cffolls,

(among other estimates). Next we define a second map 7, : ' — Vj, by

v = 0 at the vertices of T, /frTU ds = /v ds for all edges e.

e

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

if we consider the unit triangle 7', we have

1770 27y < cllOll gy
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 A|v| g 1)
also a term ||v||z2¢ry. That is, scaling gives
177l 2y < clllvllzzer) + hlola ).
Scaling similarly gives us
|ﬁTU|H1(T) < C(h_1||v||L2(T) + |U|H1(T)>-
So, altogether, we get
1Fnolls < e(h™H ol + [v]y).
Now we are ready to define the Fortin operator 7y:
TR = 77(]1([ - Hh)v + II,v.
First we check the Fortin property:

/ﬂhvds:/(I—Hh)vds+/ﬂhvds:/vds.

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

lmn (I =)ol < ch™[[(1 = T)ollo + €l (7 = )]s < cfjolls.

THEOREM 8.21. The choice Vi, Lagrange Pa, W}y piecewise constant is stable for the
Stokes equations.

It follows immediately that the Galerkin solution satisfies
_ _ < o _ i _
=l + llp = pall < c(inf flu— vl + inf llp—al),

and so

[ = unlly + [[p = pull < ch(([ullz + [Ipl}1)-
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 P,-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 zo = 0 to zo = 1 and the input velocity is u;(z) = Ty — 3,
us = 0, while at the outflow boundary, which runs from z, = —1 to x5 = 1, the profile
is up = (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 u; 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.

F1GURE 8.5. Flow over a step computed using P»-F, 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 Pi(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\;AsA3 where the \; are the



11. MIXED FINITE ELEMENTS FOR THE STOKES EQUATION 147

barycentric coordinates of 7. 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 V}, = Uy, x Uy, while W}, is the usually Lagrange P; space.
To prove stability, we again construct a Fortin operator m, : V' — V},, in a very similar
manner to that we used for the Po-Py element. To achieve the Fortin property

(8.25) /divwthdx:/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 7m,v vanish of 0Q2. Now grad ¢ is a piecewise constant vector field,

so it is sufficient that
/ divmpvde = / vdzr.
T T

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

define 77 : L*(T) — Rby by
/ﬁTvdx:/ﬁdx.
T T

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

H7TTU||H1(T) S C]'L_1||U||L2(T).

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

where II;, is the Clément interpolant. Just as for the Py-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 = paull < ch([lullz + llpll1)-
We can also use a straightforward Aubin—Nitsche duality argument to get
lu = unllo < ch?[lul.

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
P1 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 » — 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: Py-Py, mini,
Po+bubble-P;, Taylor-Hood, Py-Ps.

In 3D, the analogue of the P5-Py element is the P3-Py element, since P3 Lagrange element
has a degree of freedom in each face of a tetrahedron. We may also generalize the Py+bubble-
P, 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 : 2 — 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 = f in ,

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 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= Ceu),

where €(u) = [grad u + (grad u)?]/2 is the symmetric part of the matrix gradu, C' = C(x) :
R — Riim, 1s a symmetric positive definite linear operator. (This means that Co :
7= C7 : 0 forall 0,7 € R and there exists v > 0 such that C7 : 7 > 4|7|* for all
7 € RY.) 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)1,

where ¢ > 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 1 1/2, or equivalently A — 400 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 3N+ 2u A
—_— = _— = _— V == ——,
2(1+v)’ 1+vl—20 P v 20\ + 1)

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 92 whose closures cover 02. We assume that I'p is not empty (it may be
all of 9Q2). On I'p we impose the displacement

(9.4) u=gonlp,

(9.3) p=

with g : I'p — R" given. On 'y we impose the traction:
(9.5) on =k on Iy,

with k : I'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 OSL.

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,
s0, in the case of a homogeneous isotropic material, the differential equation can be written

—pAu — (u+ A) 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

/divr-vd:c:—/T:gradvd:c—i-/ ™ -vds
Q Q 09

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 gradv, 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

Hl(QaRn):{u: (ulv'-'aun>|ui EHl(Q)}v
={ue H' (R |u=gonTp}, H{ ={ueH(GR")|u=0o0onTp}.

The weak formulation seeks u € Hy  , such that

/C’e(u):e(v)dxz/f-vdm—f—/ k-vds, veH .
Q Q I'n

Hl

I'p,g

Defining
b: HU(QURY) x HY(QURY SR, b(u,v) = / Ceu) : e(v) da,

F:H'(QR") — R, F(v):/f~vdx—|—/ k-wvds,
Q r

N

our problem takes the standard form: find u € H%Dy 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 = ug + U where @& € H}.  satisfies

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

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()l*, 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 .
lollh < clle()ll, we H' (%R

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

1 2, 1 T2, L T
(9.8) = ZH gradv||* + ZH(gradv) |* + 5 grad v : (grad v)’ dx

1 1

= §H gradv||* + B /gradv - (grad v)” da.

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

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

/gradv s (gradv)” do = || divv||.

By density this holds for all v € H 1. without requiring also v € H?. Combining with (9.8)
gives

1 .
le@)I* > 5llgrado]®, ve H'.
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 02. Then there exists a constant C' such that

(9.9) Wiy <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(o,v) = Aol v e HE, (QR™).
The well-posedness of the weak formulation of the elastic boundary value problem then
follows using the Riesz representation theorem.

THEOREM 9.3. Let F' : Hi (€;R") — R be a bounded linear functional. Then there
erists a unique u € H%D(Q;R“) such that
b(u,v) = F(v), veH (QR").
Moreover there is a constant C' independent of F' such that

lully < el Fllgag )+

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 eV,

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
Ju—unlly < ¢ inf [lu— o
veVy

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 Q = (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 a multiple of 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 100 or 1000.

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 shows the
longitudinal stress, i.e., the stress component o1, which gives the tension in the x; direction
(or the compression, if o7 < 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
E =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, p > 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
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FicUrE 9.2. Longitudinal stress of a 2D elastic bar with cut-outs with left
face clamped and a rigid displacement applied to the right face. Detail shows
stress concentration around at the top and bottom of middle cut-out.

the example just computed, with the stress shown in Figure 9.2, but now take the Poisson
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 v = 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, using a slightly coarser mesh so that the grid
scale oscillations can be clearly seen.
We know that the displacement method gives the error estimate

(9.10) [ = unly < Ch"|fuflr1.

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|/,4+; 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, v) = 24 / () : e(v) dz + A / (div u)(div v) dz,

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 A, 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.
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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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Recall that the consistency error is bounded by

I
ol in flu ol

where u is the exact solution, V}, 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||-+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. The Airy stress function and compatibility of strain

Before turning to mixed finite elements for elasticity, we establish some analytic results
relevant to elasticity which we shall need. Recall that we proved above, in Theorem 8.18,
the exactness of the polynomial de Rham complex, i.e., that the sequence

0-5RS PR XS P (RLR2) L% P, _,(R?) =0

is an exact complex. This gathered in one-statement several useful relations among the
polynomial spaces. The continuous version of this statement is the exactness of the de Rham
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complex, i.e., the complex
0 RS HY(Q) 2 H(div, Q) 2% 12(Q) — 0,

for any simply-connected domain. Let us verify this. We know that div maps H'(€;R?) onto
L*(Q), so, a fortiori, it maps H(div) onto L% The verification of the identity divcurl = 0
is immediate. The remaining point is that if u € H(div) and divu = 0, then u = curl ¢ for
some ¢ € H'. This fact is typically proved in vector calculus using a line integral to define
¢. The divergence theorem and the simple-connectivity insure that the line integral is path
independent and so that ¢ is well-defined.

In our development of mixed methods for elasticity we will rely on an analogous sequence
in which the scalar functions are replaced by vector functions and the vector function by
a symmetric matrix field. The divergence operator in the de Rham complex, which maps
vector fields to scalar functions, will be replaced by divergence from symmetric matrix fields
to vector field, defined by applying the divergence to each row of the matrix. However the
curl operator, which in the de Rham complex maps scalar functions to vector fields, will be
replaced by a second order operator called the Aury stress function, defined

_ _( 00jous  —0%0/0m0u,
J¢ = curlcurl ¢ = <_32¢/8x13x2 0%/ 0] '

Here curl ¢ is a vector field so curl applies to each component of it, to give the two rows of
the matrix field curl curl ¢.

THEOREM 9.4 (The elasticity complex in two dimensions). If Q is a simply-connected
domain, then the complex

0= PiQ) S HAQ) L H(div, ;R22 Y 12(0:R?) — 0,

symm

18 an exact sequence.

ProoF. Note that the components of J¢ are the same as the components of the Hessian
of ¢, except for order and sign, so that the kernel of J is indeed P;(£2). It it simple to check
that div J¢ = 0 for all ¢, so there are two points to check. 1) If 7 € H(div, ;RZ5?  and
divr = 0, then 7 = J¢ for some ¢ € H?. 2) Every v € L*(Q;R?) equals divr for some
T € H(div, ;RS2

Proof of 1): Since div7 = 0, each row of 7 is a divergence free vector field, so (711, T12) =
curl ’le and (7—21, 7'22) = curl wg, for some wl, ’QDQ S Hl. Now 8w1/8x1 = T12 = T21 —
— Oy /Do, so divep = 0, so ¢ = curl ¢ for some ¢ € H?.

Proof of 2): Each component of the vector v is the divergence of an H'! vector field, so
v = div p for some H' matrix field p. However p need not be symmetric. Let 7 = p + curlu
where v € H'(Q; R?), so curlu is a matrix. Note that divT = div p = v. Direct calculation

shows

T2 — To1 = P12 — p21 — divu,
so if we choose u such that divu = pjs — poy, then 7 is symmetric, and div T = v € L*(Q; R?),
ie., 7 € H(div,Q;R2%2 as desired. O

symm

Note that verification of exactness of the elasticity complex is based on repeated use of
the exactness of the de Rham complex.
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There is also an adjoint result. The formal adjoint of J = curl curl maps a symmetric
matrix field to a scalar function by the formula

O pu _9 %p11 i 0% pas
o3 Or10ry 023

Here the first rot takes a vector field v to — div ot = dvy/dxy — vy /Oy, and the second rot
takes a matrix field to a vector field by applying the same formula to each row. It is easy to
check that if u € H'(2;R?), then rot rot €(u) = 0, i.e., every strain tensor ¢(u) is in the kernel
of rotrot. In the following theorem, we verify that the kernel of rot rot consists of precisely
the strain tensors e(u), u € H'(2,R?). In this sense, rot rot measures the compatibility of
strain.

To state the theorem, we need some definitions. A linear vector field of the form v(z) =
a+ bzt = (ay — bxo, ay + bxy) for some a € R?, b € R is called an infinitesmal rigid motion.
The space RM ((2) is defined to be the space of restrictions of such infinitesmal rigid motions
to Q. Clearly dim RM(Q2) = 3. We also define H (rotrot, Q;R2%2 ) to be the space of L?

Ssymm
symmetric matrix fields p for which rotrot p € L2

rotrot p =

THEOREM 9.5. If Q is a simply-connected domain, then the complex
0 — RM(Q) S HY(Q,R?) < H(rotrot, ; R¥2 ) 2% 12(Q)) — 0,

symm

1S an exract sequence.

PROOF. It is easy to check that ¢(v) = 0 if v is a rigid motion, and that rot p e(v) = 0 for
all v € H'(2;R?). So we need to verify three things: 1) If ¢(v) = 0, then v is a rigid motion.
2) If rot rot 7 = 0, then 7 = €(v) for some vector field v. 3) Every L? function is rotrot 7 for
some symmetric matrix field 7.

Proof of 1): Let v be any vector field, and let € = ¢(v) be the associated strain tensor.
Then V1,11 = €11,1, V1,12 = €112 and V122 = 261272 —€221- Thus if G(U) = 07 all three partial
derivatives of v vanish, which means that v € P;(;R?). Thus v(z) = a + Bz for some
a € R? B € R?*2. But then €(v) = (B + BT)/2, so B is skew symmetric, i.e.,

0 —b
5= )
for some b € R. Thus, indeed, v(x) = a + bzt.

Proof of 2): Suppose 7 is a symmetric matrix field and rotrot 7 = 0. Since rot 7 is a
rotation-free, there exists ¢ such that grad ) = rot 7. Define

0= (2 _0¢), p=T—1.

rot p = pT — grady = 0.

Then rotn = grad v, so

Therefore, p = gradu for some H' vector field u. Since 7 is symmetric and 7 is skew-
symmetric, the symmetric part of p is 7, while the symmetric part of grad u is, by definition,
€(u). Thus 7 = €(u).

Proof of 3): Any ¢ € L? is the rotation of an H! vector field, and each component
of this vector field is rotation of an H' vector field, so we obtain an H' matrix field (not
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necessarily symmetric), so that rotrot7 = ¢. Now choose an H' vector field u such that
rotu = 719 — 7o1. Then 7 — grad v is a symmetric L? vector field, and, since rot grad u = 0,
rotrot(r — gradu) = ¢. Thus 7 — gradu € H(rotrot, ;R2%2 ) is the desired symmetric

matrix field. O

6. Mixed finite elements for elasticity

The mixed formulation for elasticity directly treats the two fundamental first order equa-
tions, the equilibrium equation (9.1) and the constitutive equation (9.2), treating both the
stress o and the displacement u as unknowns. For simplicity we consider first the case of
homogeneous Dirichlet boundary conditions. We start by inverting the constitutive relation
to get

Ao = €(u),
where A = C~1: Rim — Rimm, which is symmetric positive definite, is called the com-
pliance tensor. Testing this function against a tensor field 7, and testing the equilibrium
equation (9.1) against a vector field v, we get the weak formulation: find o € H(div, RZX" ),

symm
u € L*(Q,R") such that

(9.11) /Aa:de—l—/diVT-udx:(), T € H(div,RE70),
(9.12) /divamd:z:z—/f-udx, v e L*(Q,R").

Notice that this problem fits into the abstract framework for saddle point (8.6) we studied
earlier, with V' = H(div,R2 ), W = L*(Q,R"), a(o,7) = [Ac : 7dz, b(r,v) = [divT-

symm
vdx.

It remains to complete the notes beyond this point. ..




