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1 Generalities on partial differential equations

1.1 Definition and classification

In this notes we will look at the numerical solution for partial differential equations. We will
be mainly concerned with differential models stemming from conservation laws, such as those
arising from force conservations i.e., second Newton’s law F' = ma, such as de Saint-Venant
equations, governing the equilibrium of a solid, or the Navier-Stokes equations, governing
the dynamics of fluid flow. These equations are also called “equations in divergence form”,
to identify the fact that the divergence of a vector translates in mathematical terms the
conservation of the flux represented by that vector field. As an example, let us consider
the advection-diffusion equation (ADE), that governs the conservation of mass of a solute
moving within the flow of the containing solvent. A typical application is the transport of a
contaminant by a water body moving with laminar flow. The flow of the solvent is given by
the vector (velocity) field 3, and the solute is undergoing chemical (Fickian) diffusion with a
diffusion field given by D(z). We remark that if the density of the solvent is constant, then
mass conservation is equivalent to volume concentration, and thus density does not appear in
the equations. The mathematical model is then given by:

% — div (DY) — div(Bu) + f in Q€ R (1.1)

where the equation is defined on a subspace of the d-dimensional Euclidean space R? (generally,
d =1, 2, or 3), the function u(x,t) : Q x [0 : T] — R represents the concentration of the
solute (mass/volume of solute per unit mass/volume of solvent), ¢ is time, div = >, 0/0x;
is the divergence operator, D is the diffusion coefficient, possibly a second order tensor, and
V = {0/0x;,i = 1,d} is the gradient operator. The conservation property mentioned above
can be pointed out by a simple application of the divergence theorem. To this aim, we denote
with ¢ = —DVu — vu the vector representing the flux of a quantity (e.g., mass, energy,
momentum, etc), integrate equation (1.1) and use the divergence theorem to obtain:

i e [ |
— [ udr = q-vds+ dx
ot Jo o9 Qf

where 0f is the boundary of €2, assumed sufficiently regular, and v is the unit outward normal
to 0€2. The boundary integral on the right hand side can be interpreted as the balance of the
total flux, i.e., the balance between ingoing and outgoing fluxes across the domain boundary.
In other words, the PDE tells us that the total flux balance of the quantity (in this case the
quantity is the mass of the solute) must be equilibrated by the temporal accumulation (the
time derivative) and the total source/sink terms. We note that the equation:

q=—DVu+ vu



can be derived from Newton’s first law F = ma, and it represents the momentum balance of
the quantity of interest.

The definition of a well posed problem requires auxiliary conditions, in this case given by
initial and boundary conditions. So we let the domain boundary I" = 9€2 be the union of three
non overlapping sub-boundaries such that 2 =T'p UT'y UT'¢, so that we:

u(z,0) = u(x) x € Q, t=0 initial conditions
u(z,t) = go(x) x € I'p, t>0 Dirichlet BCs
DVu(z,t) - v =qn(z) x €Ty, t>0 Neumann BCs
(Vu + DVu(z,t)) - v = q.(x) x €lq, t>0 Cauchy(ormixzedor Robin) BC's

where v is the outward unit normal defined on I'. Formally, under some regularity assumption
and the assumption that D never vanishes, this is called a “parabolic” equation.

The term “parabolic” is used to classify partial differential equations (PDEs) on the basis of
certain qualitative properties of the solution. This can be done relatively easily with linear
PDEs, and becomes more complicated for nonlinear PDEs. We start this discussion by giving
a general definition of a PDE:

Problem 1.1 (PDE). Find a function u(x,y, 2) : R* — R such that:
F(ZL’, Y, ZyUy Ugey Uy Uz y Uy y Ugyy Uyyy Ugz, Uzz, uyz) = 0. (12)

where u, e u,, are the first and second partial derivatives of u with respect to x.

If F is a linear function of u and its derivatives, then the equation is called linear, and,
assuming d = 2, it can be written as:

a(z,y) + bz, y)u + c(x, y)u, + d(z, y)uy, + e(x, y)ug: + f(, y)uy,,+ = 0. (1.3)

The order of a PDE is the order of the derivative of maximum degree that appears in the
equation. Thus, in the previous case the order is 2. Typical examples are:

0? 0?
Au = a—z + a—z =0 2¢° grade (Laplace equation)
z Y
ou Ou : .
En + o =0 1° grade (transport or convection equation)
r
ou 0
a—? - 8—2 =0 22 grade (diffusion equation).
x

To start in our task of classification, assume for simplicity a 2-dimensional domain d = 2, and
a constant coefficient second order PDE:

AUgg + DUy + Clyy + € = 0. (1.4)
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FiGURE 1.1: Curve v and local reference system

We look for a curve v : R — R that is sufficiently regular and such that when we write the
PDE along this curve it turns into and Ordinary Differential Equation (ODE). We write this
curve in parametric form as y(o) (Figure 1.1) as follows:

7:{35 = 2(0)

y = ylo)

Writing the above equations on a local reference system, we obtain:

du, (9uxd_x+(9umd_y_u d—$—|—u @
do  Oxdo  Oydo  “do Ydo
% — %d_x %@ :u$yd_$+uyy@.
do Or do 0Oy do do do

Writing w,, from the previous system and substituting it in (1.4), we have:

dy 2 dy du,, dy du, dy
. =] —b=—= — — 4+ c—+e— | =0.
uy[a<dx) dm+C] (adx dx+cda: +ed1:
This equation is a re-definition of the PDE on the curve y(o), or, in other words, the equation

is satisfied on 7. Now we can choose 7 so that the first term in square brackets is zero,
obtaining an equation for u, and u, where only ordinary derivatives appear:

dy 2 dy B
CL(@) —bﬁ—l—C—O

We note that dy/dx is the slope of 7, which can then be obtained by solving the ODE:

d_y_ b+ Vb? —4dac

1.5
dx 2a (1.5)

The solution of this ODE yields families of curves, that are called characteristic curves. Dif-
ferent families arise depending on the sign of the discriminant A = b? — 4ac. We then call the
equations depending on this sign, obtaining the following classification:

e 2 — 4ac < 0: two complex solutions: the equation is “elliptic”;

e b> — 4ac = 0: one real solution: the equation is “parabolic”;

3



e b2 —4ac > 0: two real solutions: the equation is “hyperbolic”.
Thus we have easily the following examples:

e Laplace equation:

Pu  Pu

ANy=—+ — =
“ 8x2+8y2

0

a=c=1b=0— b>—4ac < 0 is an elliptic equation;
e wave equation:

O 0% _

Tl + 527 0 (1.6)

a=1b=0c=—1— b*—4ac > 0 is a hyperbolic equation;

e diffusion equation:

ou 0%*u

ot 02

a=1b=c=0— b>—4ac =0 is a parabolic equation.

It is important now to understand what is the typical behavior of each of this class of equations.

1.2 Simple examples and solutions

We show in this paragraph some simple but clarifying examples of PDEs and their exact
analytical solution. From these solutions we will extrapolate some typical characteristics of
the solutions of PDEs.

Example 1.2. Find u : [0, 1] — R such that:

—u” =0 YIS [07 1]
u(0) = 1;
u(l)=0

This is a elliptic equation. In this simple case the solution is obtained directly by integration
between x = 0 and x = 1. We have:

u(z) =1-—=z.



Example 1.3. Find u : [0, 1] — R such that:

x € [0,1] (L.7)

where the diffusion coefficient a(x) assumes the values:

a(x) =

a; f0<zx<0.5
ay f0bh<zx<1

Since a(x) > 0 for each x € [0,1] is is an elliptic equation. In this case the solution can be
obtained by first subdividing the domain interval in two halves and integrating the equation
in each subinterval:

u(z) = {ul(x) =cr+cy TE€ [0,0.5).

us(x) = clx +c3 x € (0.5,

We can see that the solutions are defined in terms of four constants. We need thus four
equations. Two are given by the boundary conditions, but the other two are still missing. One
natural condition is the request that u(x) be continuous (at least C°([0,1])) in the domain [0, 1].
The second condition can be determined by looking at the left-hand-side of equation (1.7) and
looking for existence requirement of this term. Before we discuss this requirement we note
that we can define the “flux” of u(x) as ¢(x) = —a(x)u/(x). Hence, the requirement for the
existence of the left-hand-side (as long as we do not use the product rule for the derivative
of the flux) is that ¢(x) must be continuous for all z € [0,1] (again the requirement here
is q(z) € C°([0,1]). This observation suggests the sought condition, that yield the following
system of equations for the constants ¢;:

u1(0) =0 us(1) = 0;

u1(0.5) = u2(0.5) ¢1(0.5) = ¢2(0.5),
—a1(0.5)u7(0.5) = —a2(0.5)us(0.5).
We note that the last condition physically means that the flux of the quantity u(x) that exits

from the subdomain on the left of x = 0.5 enters the subdomain on the right of = 0.5. It is
a conservation statement. Solving the system, the solution becomes:

1— 2a2 T €T € [0, 05]
u(z) = { 2a1 alim?Lx x € [0.5,1]
a1+asg a1+a2 Y

shown in Figure 1.2 in the case a; = 1 and as = 10.
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FIGURE 1.2: Solution of problem 1.3 for a; = 1 and as = 10.

Remark 1.4. The previous example shows that the differential equation with discontinuous
coefficients has a solution that is continuous but not differentiable: the gradient is discontinu-
ous. On the other hand the fluz is continuous, and thus more reqular. We will use this fact in
to properly define our numerical solution. This property, that can be also shown theoretically,
15 very important in applications, and characterizes “conservation laws”. In other words, the
partial differential equation (1.7) represents the balance of the quantity u(x). This quantity can
be thought of as mass, then the equation is a mass-balance equation, a temperature, in which
case the equation is an energy conservation equation, a fluid velocity, and then the equation is
a force balance equation (first Newton law), etcetera. The determination of the conservation
properties of numerical discretization schemes is an active and important field of research in
the case of highly variable diffusion coefficients.

We would like to remark that in the case of jumps in the diffusion coefficient we cannot use
the product rule to expand the left-hand-side of equation (1.7). In fact we cannot write the
following:

because both u”(x) and a'(x) do not ezist for x = 0.5. However, the solution u(x) exists and is
intuitively sound, i.e., without any singularity, although it does not possess a second derivative.
Hence, the equation must be written exclusively as in (1.7). In general, using the chain rule for
derivative is numerically counterproductive even if the reqularity of the mathematical objects
allows 1t.



Example 1.5 (Poisson equation). Find « : [0, 1] — R such that:
—u" = f(x) z € 0,1] (1.8)
u(0) =u(l) =0 (1.9)
with

fla) = {1 if # = 0.5,

0 otherwise..

This is an elliptic equation. The solution if this problem can be found by means of Green’s
functions (see Section 2.1) and is given by:

11— if 0 < <0.
u(x)_{%u z) f0<2<05,
i

1.10
(x—1) if05<az<I. (1.10)

This solution is continuous but it has a piecewise constant first derivative with a jump in
z = 0.5. Hence the second derivative u”(x) does not exists in the midpoint. This seems a
contradiction as in this case the left-hand-side of equation (1.8) does not exists for all z € [0, 1].
However, the solution u(z) given in (1.10) in terms of the integral of the Green’s function is
mathematically sound. Thus we need to define a more “forgiving” formulation, whose solution
can have discontinuous first derivatives. This is the role of the so called “weak” formulation
to be seen in the next sections.

Example 1.6. Transport equation.
Given a vector field of constant velocity 8 > 0, find the function u = u(z,t) such that:

u + Buy =0, (1.11a)
u(z,0) = f(x). (1.11b)
The characteristic curve is a line in the plane (x,t) given by:
x — Pt = const = &. (1.12)
Along this line the original equation (1.11a) becomes:

du

dt
Hence, the solution u is constant along a characteristic curve and this constant is determined
by the initial conditions (1.11b):

u(z,t) = f(§) = flz = pi). (1.13)

At a fixed time t; the solution is given by the rigid translation of the initial condition (f(x))
by a quantity ft;, as shown in Figure 1.3 (right panel).

= %u(g + Bt t) = Bu, + ug = 0.
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FIGURE 1.3: Left panel: characteristic lines for equation (1.11a) in the (x,t) plane. Right
panel: graph of the solution u(x,t) at t =0 and t = t; > 0 in the (u,x) plane. The solution
is a wave with shape given by f(x) (a line in this case) that propagates towards the right with

speed [3.

Example 1.7. Advection (or convection) and diffusion equation (ADE).
Find the function u(z,t) : [0,7] x R — R such that:

ou ou? ou
o = Por Vo (1.142)
u(z,t) =1 for x =0, ( )
u(z,t) =0 for x — o0, (1.14c)
u(z,0) =0 for t =0 and z > 0, ( )
(1.14e)

u(z,0) =1 fort =0 and z = 0.
The solution is given by [6]:

1 x — vt VT r+ ot
u(z,t) = 5 erfc Wi + exp (Ft> erfc i)

where the function erfc is the complementary error function.

1.3 Conservation laws

From the physical point of view, the problems that we are facing are related to the principle
of conservation. For example the equilibrium of an elastic string fixed at the end points
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and subject to a distributed load is governed by an equation that determines the vertical
displacement u(x) of the points oz of the string and its tension stresses o(z), once the load
g(x) and the elastic characteristics of the string £ (Young’s modulus) are specified. The
problem (D) is written as:

o(x) = Eu'(x) Hook’s law;
—od'(z) = g(x) Elastic equilibrium;
u(0) =u(1) =0 Boundary conditions.

Another interpretation of the same problem can be thought of as u(x) being the temperature
of a rod subjected to a heat source g(x). In this case the symbol k is generally used in place
of F to identify the thermal conductivity of the rod material and ¢(x) is the heat flux. The
model thus is written as:

q(z) = —ku'(z) Fourier’s law; (1.15a)
¢ (z) = g(x) Energy conservation; (1.15b)
u(0) =u(l) =0 Boundary conditions. (1.15¢)

The same equation can be thought as governing the diffusion of a substance dissolved in a
fluid. In this case we talk about Fick’s law, concentration u(x). diffusion coefficient k, solute
mass flux ¢(z). Yet another interpretation of the same equation is the flow of water in a
porous material. We talk then about Darcy’s law. More in general, we can say that all
these equations represent a conservation principle. In fact, equation (1.15a) represents the
conservation of momentum deriving from Newton second law (F' = ma), while (1.15b) states
the conservation of the energy of the system.

All these problems are equations written in “divergence form” or in conservative form. For
example, consider the advection-diffusion equation (1.1). From the physical point of view, our
solution function u represents the density of the conserved quantity. Thus we can introduced
the density flux of this quantity as:

¢d= —DVu+ vu,

where the first term on the right-hand-side represents the diffusive flux and the second term
represents the advective flux (the quantity u is transported by the velocity ' and at the same
time is diffused). Equation (1.1) can then be re-written as:

u
ot

The first term represents the variation in time of the mass of this quantity. The second term
represents the variation in space. Integrating the above equation in a subset U C 2 of the
domain we have:

ou g
/Ua—l—dlqux—/(]f(az),

+divg = f(x).



and assuming the boundary of U to be smooth, we can apply the divergence theorem:

G_de+/ cj’-uds:/f(x).
v Ot ouU U

We recognize the classical mass conservation principle:
rate of change = inflow-outflow

Note that from a purely mathematical point of view, writing the equation in divergence form
has no formal advantage with respect to any other alternative formulation. However, this is
not true for the numerical formulation, in which the divergence form is always to be preferred.

1.4 Well posedness and continuous dependence of solutions on the
data

The question of finding a solution to a PDE rests on the definition of solution. We can state
that a solution is a function that satisfies the equation and has certain regularity properties *.
However, the answer to the question what is a solution can be tricky. For a clear account
and several interesting examples see [7]. We report here a few remarks that are useful for the
developments and analysis of numerical methods.

We talk about a “classical” solution of a k-th order PDE to indicate a function that satisfies
the PDE and the auxiliary conditions and that is k£ times differentiable. This is an intuitive
requirement so that the derivatives that appear in the expression of the PDE can be formally
calculated without worrying about singularities. However, this notion is often too restrictive,
and there may be functions that are less regular that indeed satisfy the PDE and the auxiliary
conditions. Moreover, by this strong regularity requirements, we may restrict the search of
solutions only to cases that have enough regularity of the auxiliary conditions and of the data
of the problem (e.g. the coefficients of the PDE). Thus we usually resort to a less restrictive
definition of a solution, which is called a “weak” solution. Thus we need to change the
formulation of the PDE to accommodate this lower regularity requirement, maintaining at the
same time the physical notion of the process that lead to the PDE.

Remark 1.8. Fxample 1.3 gives an instance of the application of this concept: the global
solution, i.e., the solution over the entire domain I = [0,1], is continuous but its derivative
1s not. Thus a classical solution to the problem does not exist, but a “weak” solution can be
defined by appropriately relaxing the continuity conditions of the search space (the space of
functions that are candidate solutions).

In any case, it is intuitive to look for solutions that are unique. There is certainly no hope to
be able to find numerically a solution that is not unique. In fact, any computational algorithm

IThis last request has to be made to avoid trivial and non interesting solutions.
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in this case would never converge and would oscillate continuously among the several solutions
of the problem. But uniqueness is not sufficient. We also require the notion of “continuous
dependence of the solution form the data of the problem”. In essence, we require that, if for
example some coeflicients are changed slightly, then the solution changes slightly. This notion
is useful for two important reasons. First, in a computer implementation of any algorithm there
is no hope to be able to specify a coefficient (which is a real number) with infinite accuracy.
Next, and probably more importantly, uncertainties in physical constants or functions are
intrinsically present in any model of a physical process. This uncertainty results in values of,
e.g., boundary conditions or forcing functions that are not known precisely. But it is highly
desirable that our mathematical model governing the physics be relatively insensitive to these
uncertainties. This is reflected within the concept of well-posedness that we can make a little
bit more formal by stating the following:

Definition 1.1 (Well posedness). Given a problem governed by a k-th order PDE:
F(x,u,0u,...,0M,%) =0

where Y denotes the set of the data defining the problem, we say that this problem is well
posed if:

1. the solution u exists;
2. the solution w is unique;

3. the solution u depends continuously on the data, i.e., if one element o € ¥ is perturbed
by a quantity 0, the corresponding solution % to the perturbed problem is such that
[z —ul < L]}

Note that this is not a very precise statement, as we need to specify what we mean with the
symbol ||-||. But this definition depends on the functions with which we are dealing, and thus
it must be analyzed and specified for each problem.

1.4.1 Ill-conditioning and instability

Two more concepts that are related to well-posedneess need to be clearly stated when we
move from the continuous setting to the discrete (numerical) setting. The first we would like
to discuss is “ill-conditioning”. The “condition” of a problem is a property of the mathematical
problem (not of the numerical scheme used to solve it) and can be stated intuitively as follows:

Definition 1.2. A mathematical problem is said to be ill-conditioned if small perturbations
on the data cause large variations of the solution.

11



y=-3x/2+1

FIGURE 1.4: Geometric interpretation of a “well-conditioned” (left) and an “ill-conditioned”
linear system (right).

The definition is problem specific, but a simple example related to linear algebra can be
illuminating.

Example 1.9. Consider the following 2 x 2 system of linear equations:
3x+2y = 2 (1.16)
2v +6y = -8. (1.17)
The mathematical problem can be stated as follows:

Problem 1.10. find the pair of real values (x,y) such that equations (1.16) and (1.17) are
satisfied simultaneiusly.

The solution to this problem is evidently P = (x,y) = (2,—2). We can rewrite the lineaer
system as:

3
y = —§x—i—1 (1.18)
1 4

This reformulation, allows to change the problem into an equivalent formulation:

Problem 1.11.find the point P = (x,5) € R? that irepresents the point of intersection
between the two lines identified by equations (1.18) and (1.19) (see Figure 1.4).

12



Now we want to analyze the conditioning of this problem. To do this we specify a small
perturbation to the data of our problem and look at how its solution changes. In our case we
can, for example, change the right hand side of the second equation by a quantity ¢, yielding
a downward translation of the line (Figure 1.4, left). The point of intersection between the
two lines has now moved by a quantity € &~ d. This problem is well-condition and the ratio
€/ measures somehow the conditioning of our problem.

Now, if the two lines have almos equal slopes, the situation is different (Figure 1.4, right). A
small perturbation ¢ to one if the right hand side values yield a large movement of the solution
(the point of intersection), by a quantity € > 0. The conditioning is measured again by the
quantity €/6 which is now much larger than one. The problem is thus “ill-conditioned”.

We note that both problems are actually “well-posed” as they admit a unique solution which
is continuously depedent upon the data. But the numerical solution may loose accuracy.

The second concept is called stability. Unlike conditioning, stability is a property of the
numerical scheme used to solve a mathematical problem. We say that a scheme is stable if
errors in initial data remain bounded as the algorithm progresses. As an example, consider
the following numerical algorithm given by the linear recursion:

u® = Ay*=b), E=1,2,...

where u® € R", A is a constant n x n matrix, and the recursion is initiated with a given
(possibly arbitrary) initial guess u(®). The representation ugo) of the values of u(® in the

computer is not exact, so the actual algorithm involves the numerical approximation ugk):

P =AY k=12, (1.20)

Stability of the algorithm requires that the errors with which we represent u}f]) are not mag-

nified by the algorithm process. More formally, we define the error as e® = u®) — uglk),
k=1,2,.... From this last equation we have that u®) = ugk) + ¢e® . and after substitution in

eq. (1.20) we obtain the error propagation equation:

Stability of the scheme is achieved if the norm of the error remains bounded as k increases,
i.e. (using compatible norms):

e < A=V < AN |2 < 1AL |

which implies ||A|| < 1.
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2 Galerkin Finite elements for elliptic equations

2.1 One spatial dimension

We start with some examples of simple elliptic problems. The 1-dimensional Poisson equation
can be written as the following boundary value problem:

Problem 2.1 (Differential).
Find the function w : [0,1] — R that satisfies:

—u'(z) = f(z),
u(0) = u(1) =0,

where v/ = du/dz and v = d?u/dz?.

We assume the forcing function f(x) : [0,1] — R to be sufficiently regular so that the
solution exists and is unique. In fact, we assume that the above problem is “well-posed” in
the sense that there exists a unique solution u(x) that is continuously dependent on the data
of the problem, i.e., on the boundary conditions and the forcing function f(z). By repeated
integration we obtain:

—/Oxu”(t) dt = /Oxf(t) dt;

i (0) + / ") dt.

/Oxu’(t) dt = u’(O)x—/ox (/Osf(t) dt) d;

u(z) = u(0)+d'(0)x — /Ox F(s) ds,

|
:\

=

~—
I

where we have defined the linear functional (function of an integral function) as:

F(s) = /O Cf) dt. (2.1)

From the boundary conditions we obtain immediately:

w1y =0 = u’(O):/O F(s) ds

from which we can write the solution to (D) as:

u(w) =z (/01 F(s) ds) - /:F(s) ds,

15
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FIGURE 2.1: Green’s function for different values of x.

which is obviously unique.
Integrating by parts equation (2.1) we obtain:

/Or F(s) dt = [sF(s)]; — /Ox sF'(s) ds = /Ox(x —t)f(t) dt,
from which the solution to problem (D) can be written as:
1 T
- 1— dt — — dt.
wa) = [0 b= [ @i a

Define the Green’s function G(z,t) as:

=14

if 0 <t<ua;
ifr <t<l1,

then the solution can be written in the more compact form:

u(z) = /0 Gla, t) £(£) dt.

The Green’s function has the following properties:

e is linear for fixed t;
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e is symmetric, i.e., G(x,t) = G(t, x);
e is continuous;
e is non negative, assuming the value zero only at the boundary of the interval [0, 1];
o [ G(x,t)dt =La(1—x).
The Green’s function is shown in Figure 2.1 for different values of x.

Remark 2.2. Problem (D) is well posed, i.e., the solution exists and is unique and it depends
continuously on the data of the problem (boundary conditions and forcing function f(z)).
We will come back in later sections on the concept of “well-posedness” and how this concept
translates in numerical analysis. We observe that this is a fundamental notion that is needed
to have any hope to find a numerical solution to any problem.

As practical example, we cite the model of the equilibrium configuration of an elastic rope
fixed at the two end-points subjected to a distributed load. In this case, we can indicate with
u : [0,1] — R the vertical displacement of the rope points, o : [0,1] — R the rope stress,
and E is the Young modulus, and g(z) : [0, 1] — R is the distributed load acting on the rope.
Then problem (D) can be written as:

o(z) = Eu/(z) Hook’s law;
—o'(z) = g(x) elastic equilibrium; (2.2)
uw(0) =u(l) =0 boundary conditions.

Another typical model is the energy balance of a bar subjected to a thermal load. In this case
u(z) represents the temperature of the bar, g(z) the thermal load, ¢(x) is used to replace o(x)
and represents the heat flux through the bar, and k is used in place of E and it represents the
thermal conductivity of the bar material. Then we can write:

q(z) = —ku'(z) Fourier’s law;
¢ (z) = g(x) energy conservation;
u(0) =u(1l)=0 boundary conditions.

Again, we can write in the same way what is known as Fick’s Law, which states that the mass
flux of a solute is proportional to the opposite of the concentration gradient. Another typical
model that gives rise to an elliptic equation is Darcy’s law governing the flow of a fluid in a
porous medium. In more general terms, all these equations represent the model of a flow of
some quantity given a “potential” field.

17



2.1.1 Variational formulation

In this paragraph, we will briefly discuss the variational formulation for the solution of (D),
which is at the basis of the Finite Element Method (FEM). To do this, we introduce the
notion of linear normed functional spaces, i.e., spaces whose elements are functions and with
operations that are defined mainly in terms of the (Lebesgue) integral operator. Note that,
intuitively, there is a strong analogy between the vector spaces of linear algebra and the func-
tion spaces of functional analysis in terms of possibility of having a set of basis functions to
express every element of the space. Obviously, since function spaces are infinite-dimensional
(and they are uncountably so) there are many additional complications that need to be con-
sidered in these developments. In these sections we will briefly and very superficially recall
some of the properties of these functional spaces only if needed, and we will describe some of
the terminology typically used in the literature. Also the fact that the classical Riemann in-
tegration, typically taught in engineering calculus, has to be replaced by Lebesgue integration
is a technical need that has no influence in the considerations that follow. Later chapters will
deal with the more theoretical material, and thus more formal statements and more formal
definitions will be adopted. For a better understanding of this material we recall the relevant
literature.

Let V be a function space defined as:

V([0,1]) = { v(z) : where v(z) is a bounded and continuous function on the interval I = [0, 1],
v'(z) is a piecewise continuous and bounded function in I,
and v(0) =v(1) =0}.

This function space is often called the “trial” space or the space of trial functions, i.e., the
space of candidate solutions. In other words we are searching for our solution only among all
functions that belong to the space V([0, 1]).

We can define an operation between the elements of this function space called “inner product”
or “scalar product”:

1
(v, w) :/ v(x)w(x) dr,
0
from which a “functional” (function or map of functions) can be defined: F': V — R:

Flo) = %(v',v') —(f0)+e

We can then define the following “minimization” (M) and “variational” (V) problems, that, un-
der hypothesis that will be verified later, are equivalent to the initial differential problem (D),
equivalent in the sense that they have the same solution.

Problem 2.3 (Minimization).
Find v € V such that:

F(u) < F(v) Yv e V. (M)

18



Problem 2.4 (Variational).
Find u € V such that:

(', v") = (f,v) Yo e V. (V)

Remark 2.5. For the elastic problem written in (2.2), the functional F(v) is the total “poten-
tial energy” of the system given the admissible displacement v(x). The mathematical statement
equivalent to the “admissibility” requirement of the previous sentence is that the function v(x)
must be an element of the space V, i.e., v(x) € V. Thus the term 3 (v',v') is the elastic
energy of the system and (f,v) the potential of the external forces. From this observation we
can deduce that problem (M) is the formulation known as “principle of minimization of the
potential energy”, while problem (V) is the formulation of the “principle of virtual works”.

Equivalence between formulations (D), (M), and (V).

(D)=(V)

Proof. We need to show that the solution of (D) is also solution of (V). To do so, we can
multiply the PDE by an arbitrary function v € V and integrate over the domain:

1 1
—/ u'(z)v(z) doe = / f(x)v(z) d,
0 0
or, using the scalar product in V:
— (W v) = (f,v).
The left hand side can be integrated by parts, yielding:
— (u",v) = = ()v(1) + ' (0)v(0) + (v, 0") = (u',0).
Finally, noting that v(0) = v(1) = 0 we can write:
(', v") = (f,v) Yu e V. (2.3)

(V)&M)
Proof. We want to show that (V) and (M) have the same solution. Let u(z) be a solution
of (V). Take a function v(x) € V and define the function w(z) = v(z) — u(x) € V. Then:

F(v):F(u+w):%(u'—kw/,u’%—w')—(f,u%—w)—i-c
1

= §(u/7u/)_(f>u)+c+(u/’w/)_(fvw)+%<w/>w/) :F(u)_'__(w/?w/) > F(u),
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since equation (2.3) tells us that (v/,w') — (f,w) = 0 and (w’,w’) > 0. Since w is an arbitrary
function, than w is a minimizer of F'(u), and thus u is solution of (M).

The opposite direction can be shown as follows. Let u be solution of (M). Then for each v € V
and € € R, we have:

F(u) < F(u + ev),

since u + ev € V. Define the differentiable function g(e€) as:
]‘ / !/ / /

gle) :=F(u+ev) = §(u,u)+€(u,v)+—

This function has a minimum for ¢ = 0, hence it is necessary that ¢’(0) = 0. This implies:

g'(0) = (', v') = (f,v),

that shows that u is solution of (V).
By linearity it is easy to see that the solution to (V), and thus of (M), is unique. In fact, let
u; € V e uy € V be two solutions of (V). Then:

(wy,0") = (f,v) Vv € V;
(uy, vy = (f,v) Yu e V.

Subtracting the two equations and choosing v = u; — uy, we obtain:

1
|y de=o,
0

from which we have (u; —us)(z) = const, and since u(0) = u(1) = 0, the constant is zero. [

(V)=(D). To show the thesis we need the following fundamental lemma of the calculus of
variations. We indicate with C}([a,b]) the space of C'((a,b)) functions that are zero at the
boundary. Then we have:

Lemma 2.1. Let g € C([a,b]) and
b
[ o o@dr=0 Vo) € Ci(la.t).
then g(x) =0 for all x € [a,b].
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Proof. We can proceed by contradiction. Assume that there is xy € [a,b] where g(xy) > 0
(the negative case it is obviously analogous). Continuity of g guarantees that there exist a
neighborhood of zy where g(x) > 0. More precisely, there exist § > 0 such that (xq—3, zo+9) C
(a,b) and for all z € (xg — d,x9 + &) we have that g(z) > g(xo)/2. We can then build the
function ¢ € ¢ € Cj([a, b]):

0 otherwise.

¢<x>:{52_|x_$0 PF Ha€ o —dato)

b zo+0
/a g(z)¢p(x) dox > g<;0) /x o(x) dz > 0,

-
which contradicts the hypothesis of the lemma. O]
Proof. We need to establish that (V)— (D). Let u € V be solution of problem (V). Then:

/ vdx—/fvdw—O Yv e V.

Assuming that u” exists and is continuous, we can integrate by parts to get:

1 1
/ de—/fvdzc—uv] /u”vd:c—/fvd:czo,
0 0

from which, using the homogeneous boundary conditions, we obtain:

1
—/(u"—i—f)vdxzo Yu e V.
0

Assuming (u” + f) continuous, we can then apply (piecewise) Lemma 2.1 to conclude:
—u" 4+ f=0.
[

We have proved the equivalence between the variational and the differential problems. We
would like to remark once again that this is true only under the hypothesis that the second
derivative of u is continuous. But this assumption is not needed in the variational formulation.
Using integration by parts we have decreased the regularity requirements of our solution. In
summary, we can state that solutions of the differential problem are always also solutions of
the variational problem. On the other hand, solutions of the variational problem are also
solution of the differential problem only if we assume sufficient regularity.
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2.1.2 Euler-Lagrange Equations

We can extend these issues to a more general context to arrive at what are called the Euler-
Lagrange Equations of the calculus of variations. Remaining in a one-dimensional setting, we
want to find a function u : [0,1] — R that satisfies the homogeneous boundary conditions
u(0) = u(1) = 0 and that minimizes the functional:

Assuming L sufficiently continuous so that its partial derivatives with respect to x, u e u’ exist,
the minimum is achieved at a point u characterized by the fact for that every perturbation of
u, F'(u) assumes a greater value, i.e.:

F(u) < F(u+ ev) Veec Rand Vv e V.

Let w = u + ev. Note that v needs to satisfy v(0) = v(1) = 0. Then:

F(w) = F(e) = /0 L(e,z,w,w') dx,

which now can be considered a function of e. The first variation of F(e) is:

Lie,z,w(z),w'(z)) dx = /0 diL(@x,w(a:),w/(:z:)) dx.

€

dF d [*
de — de J,

Using the chain rule of differentiation we obtain:

dL(e) dLdx OLdw 9L du'

de Oz de 0_w86+%(96
0L oL

—a—wU + 8U}’U .

and hence:

d_F—/1 8_L +8L’ d
de — J, ow' " ow’ )

For € = 0 we have w = w and thus F'(w)|.—o must attain its minimum, and must be stationary:

& —/1 OL L OL Y dr =0
de e=0 — ; aw'U aw/’U T = U.

Integrating by parts we obtain:

vdr =0.

18_Lvda:+vaL|1_/liaL
0 Ow ow'’  J, drouw'
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Noting that v(0) = v(1) = 0,we can apply the fundamental Lemma 2.1 to obtain the Euler-
Lagrange equation:

oL d {aL} _

ow  dr |ow'

ow dx

This equation determines the necessary condition (not sufficient) for the existence of the
minimum of the functional F'(u) = fol L(z,u,v') dx. If L(x,u,u') a convex function of u e v/,
then the Euler-Lagrange equation is also a sufficient condition.

Example 2.6. Consider the so called Dirichlet integral:

D(u) = D(z,u,u’) = /o %(u’)2 dr.

We look for the minimum of D(u) within the class of continuous functions with continuous
first derivatives (u € C1([0,1])). The Euler-Lagrange equation can be written by evaluating
the derivatives of L(z,u,u') = (u')?/2:

oL d[oL] d1,. ,
o 0 ﬂ%]—m@m—“@)’

from which we obtain:

i.e., Lallace equation in one dimension. Hence the solution of Laplace equation is also the
minimizer of the convex functional D(u).

Example 2.7. We modify the Dirichlet functional as follows:

1
D(u) = D(z,u,u’) = / E (u')* — fu] de.
0
The Euler-Lagrange equations becomes:
oL d [OL d , p
o | R R}

i.e., the one-dimensional Poisson equation:
—u'(z) = f(x).
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FIGURE 2.2: Above: computational mesh defined on the interval I = [0, 1]; (middle) example
of a function v € V,([0,1]); (bottom) example of a basis function for Vi,([0,1]).
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2.1.3 Finite Element Formulation

The main idea of the Finite Element Method (FEM) for the solution of (V) is to discretize
the functional space V, i.e., to find an appropriate subspace V,, C V of finite dimension. For
example, we can choose V), as the space of piecewise linear functions that interpolate the
solution u. To this aim, we can define a computational mesh (or grid), i.e., a (nonuniform)
partition of the interval I = [0,1] into n + 1 subintervals whose endpoints are given by x;,
i =0,1,...,n+ 1. The i-th subinterval (or element) is then I; = [z;,z;_1] and its length is
h; = x;—x;_1. We denote with h = max; h; the characteristic dimension of the mesh (Fig. 2.2).
We build the subspace V}, as the space of piecewise linear functions v such that v(0) = v(1) = 0.
It is obvious that V, C V. We can use the Lagrange interpolation formula [23] on each I; to
construct a set of basis functions ¢; € V), such that V), = Span (¢1,...,¢,). Following the
Lagrangian approach, these functions are defined through the interpolating property:

(1 ifi=g L.
ij(l’z)—{ 0, lf’l#j sy =1...n. (24)

Then, every function v € V, can be expressed as a linear combination of the basis functions:
v(x) = Zngbj(a:), (2.5)
j=1

where, because of (2.4), v; = v(x;) is the value assumed by v in every node of the mesh.
Observe that using a mesh with n + 2 nodes (including the endpoints z = 0 and z = 1) we
have that Dim (V),) = n and is a linear vector space.

We can now write our first FE formulation:

Problem 2.8 (Ritz method).
find uy, € V), such that:

F(up) < F(v) Yv € V. (Mh)

Problem 2.9 (Galerkin method).
Find u;, € V), such:

(up,, ") = (f,v) Yo € V. (Vh)

Using (2.5), we can write immediately:
(uh, #5) = (f, &) i=1,...n, (2.6)

25



and if we assume that also u; belong to V), we have that:
r) =Y ud;(x) uj = up(z;), uj(x) = ud(x) (2.7)
j=1 j=1

and hence:

n

j=1
which is a linear system of dimension n x n. In matrix form this linear system can be written
as:

Au=1> (2.9)

where matrix Apun) = {ai;} = {(¢}, ¢})} is called the stiffness matrix, the unknown vector is
Upx1] = {u;} and the right-hand side is given by by, = {bi} = {(f, ¢:)}.

The values of a;; and b; are easily found as follows. We first note that a,; =0 for | i —j | > 1,
since in this case the supports of ¢; and ¢; have empty intersection, so that both ¢;(z)¢;(z) =0
and ¢j(x)@(x) = 0. Thus, for i = 1,...,n we have:

& ] 11
W = ,'7 )= — d —— dr = — )
w= @)= [ e [ gpde= g

and for i =2,... n:

i— 7

orin = it = (6 0) = () == [ o=

Tij—1 7

Matrix A is symmetric and tridiagonal. It is also positive definite. In fact, for each v(x) =
> iy ¢idi(x), we can write:

n

S (¢ 6) (Zcm,Zcﬂs) o) > 0.

1,7=1

Equality is verified only for v'(z) = 0, or v(z) = const. From the boundary conditions
v(0) = v(1) = 0 we have immediately that this constant must be zero. Thus we have:

<ch Z,Zc] ) (c,Acy >0 VeeR", c¢#0,

that shows that A is symmetric and positive definite, and thus invertible, and system (2.9)
admits a unique solution.
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Another very important property of the stiffness matrix A is that it is sparse, i.e., it has a
large number of null elements. In this case, in fact, each row (or column by symmetry) has at
most three nonzero elements independently of the dimension n of A. This allows the use of
special solvers that are adapted to sparse linear systems and that enable the solution of very
large problems.

In the case of a uniform mesh, h; = h = 1/(n + 1), and constant source f(x) = const, the
linear system takes on the form:

2 —1 0 .. 0_ _Ul _bl_
1 0 -1 2 -1 0 0
h? ’
0 0 -1 2 -1 .
| 0 0 —1 2] | un | bn |

2.1.4 Analysis of one-dimensional FEM

Consistency, stability, and convergence The convergence of FEM 2 starts from the
more general concepts of consistency and stability. We say that a scheme is “consistent” if
the error resulting from the substitution of the real solution into the scheme tends to zero as
the discretization step goes to zero. A scheme is “stable” is small variation of the data of the
scheme /problem result into small variations of the numerical results.

Let us make these concepts a little bit more precise. Let L(u, f) = 0 our mathematical problem
that needs to be solved. We can think of L as the differential operators, f the (possibly infinite)
set of data of the problem, and w its real solution. We denote by Ly (us, fr) = 0 the numerical
solver for L(u, f) = 0 and uj, and f, the numerical solution and the numerical data of the
problem. We say that the scheme “converges” to the real solution if:

|lu—up|| — 0 h — 0,

where ||-|| is an appropriate norm. A numerical discretization scheme is “consistent” if

Ly(u, f) — 0 h — 0,

it is “strongly consistent” if:

Lh(u, f) = O

2The study of convergence of any numerical scheme is of fundamental importance not only from the the-
oretical point of view but also to understand the differences between different schemes and thus be able to
choose the best available method for the problem at hand. Another important point that heavily uses the
theory of convergence of FEM is that a comparison between theoretical or experimental convergence rates
allow a strong quality control on the correctness of the computational code and the of the input/output data.

Vh.
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Often it is arduous if not impossible to find the desired theoretical result showing directly the
convergence of the scheme. The typical approach is then to use a fundamental theorem known
as “equivalence theorem” that states that a consistent scheme is convergent if and only if it
is stable [23]. On the other hand, the known the theoretical convergence speed of a scheme is
useful also to understand the delicate equilibrium between the acceptable error threshold with
which one solves a problem and the computational cost required to achieve that error level.
In the following we determine the convergence error of the FEM scheme using a simple one-
dimensional linear elliptic model problem. More complicated, and sometime intractable, situ-
ations arise in the multidimensional case that will be treated in subsequent sections.

Error estimates for the FEM in one dimension Let u € V solution of problem (D) and
let up, € V), be solution of problem (Vh). Since (V) is valid for all v € V and V}, C V, then (V)
is valid also for all functions v € V). Thus, use v € V), in (V) and in (Vh) and subtract. We
obtain:

(', 0" = (f,v) Yv € V,
(’U,;”’U/> = ( 71)) VU S Vh
(W —up),0") =0 Vv € Vy, (2.10)

that shows directly the the FEM scheme is strongly consistent.
We define the £2 norm of a function the following:

ol = (w, w) :(/Olwzdxf.

We can easily see that (v, w) = fol vw dz satisfies the defining properties of a scalar product
of two functions v and w. In particular we will often use the Cauchy inequality:

[ (v, w) [ < [Jof| ]

NI

It is easy to show then that uy, is the best approximation of v among all candidate functions
v € Vh.

Theorem 2.2. Let u € V solve (V) and up, € Vi, (Vi C V) be a solution of (Vh). Then
1w = un)'l| < [[(w —v)| Vv eV, (2.11)

Proof. Assume ||(u — up)'|| # 0, as in the case it is zero then the result is obvious.
Take v € V), form the arbitrary function w = u; — v that belongs to V},. Using (2.10) we have
that ((v —up)’,w’) = 0. Hence:

I(a = wn)I” = ((u = un)', (w = un)") + ((w = un)', )
= ((u—un)', (u—=up +w)) = ((u—un), (u—0))
< (= wn )l (w = )]l -
The results follows dividing by ||(« — wuyp,)’||, nonzero by hypothesis. O
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FIGURE 2.3: Interpolant uy, (left), basis function ¢; (right).

In our case, we can also prove that ||v|| < ||v/|| for all v € V), (a sort of Poincare inequality):

1 1
/ 02 dr < / (v")? dx Yo € V.
0 0

Note that this is true because V, contains functions that vanish at the endpoints of the interval
1. In fact:

o(z) :v(0)+/:v’(t) dt:/:v’(t) dt,

from which, using Cauchy inequality:

|v(x)]§/01|v’\dx§</0112dx)

1 1 3
(/]v’|2dx> §(/|U’|2d1‘> :
0 0
Integrating between 0 and 1 we have finally:

/01|v<a:>|2dxs/01(/011v'<x> |2das) dyz/olwx) ? dz.

Applying the previous result to the function v = u — u;, we have immediately:

[N
N

lu = unll < [l(uw = wn)'l| < | (u =)l Vv eV, (2.12)

which shows that uj}, is the best approximation (approximation of minimum norm) of «’ in V,
i.e., it is the result of a projection.

We use this result to our advantage by trying to find an estimate of the difference between u
and a particular function v € V,, which we choose so that this estimate is easy to find. For
convenience we then choose v as the piecewise linear interpolant @, € V), of the solution u on
the mesh nodes. We say that a function 4 is an interpolant of u, or in other words that 1y
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interpolates u on the mesh nodes z;, © =0,...,n + 1, if the following interpolation equations
hold (see Figure 2.3):

ap(x;) = u(x;) i=0,...,n+1

For this purpose is convenient to use Lagrangian polynomials [23], but we will not use the
definition of these polynomials but only their properties. A piecewise linear polynomial can
be written as:

Py(z) = Zai(bi(x)'
i=1
where the basis function on the i-th node is given by (see Figure 2.3, right)):

Ti—Ti—1
LTij41—T

¢i(x) =

T—XT; :
= ifr, <z <y,
N 1f33’1§1'§$1+1

Tit1—T4
The following properties are easily verified:

1, ifx=uxy,
(bi(f”):{ 0, fz=um, i#]j
Pi(z;) = a; = v(x;)
Pi(z;) = v'(x;)

Let e(z) = v(x) — Py(z) be the interpolation error. Since P;(x) is piecewise linear, its second

derivative vanishes in I = [0,1], P/(z) = 0. Moreover, from the interpolation property,
e(z;) = 0 in all grid points x;, i = 0,...,n + 1. Rolle’s theorem states that there exist n
points n;, ¢ = 1,...,n with n; € [z, z;41] where €/(n;) = 0. Thus, for z; < x < 2,41, we can
write:
¢(z) = / ¢ (t) dt = / o (1) dt,
i i

from which:

Tit1 Ti41
| e'(z) | < / | V"(t) | dt = / 1| v"(t) | dt < (using Cauchy inequality)
" - , L (2.13)

Tit1 5 % Tit+1 9 2 1 Tit1 9 2
g/ 12 gt / () P dt :h2/ o) Pt
Tit1
() kh(/ (1) |2dt).

and:
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Integration between x; and z;,; yields:

Ti41 Ti4+1
/ (@) P de < h2/ () P dt.

2 i

To evaluate e(z), we first note that e(z) = [” €/(t) dt. Then, using (2.13) and again after
integration, we obtain:

xiJrl %
( [Tivor dt) ,

from which we have:

Ti41 Ti+1
/ | e(z) [P dv < h4/ (8 2 dt.

[ i

(NI

[e(z) [ < h

Summing over all mesh elements (intervals) we have the following interpolation error:

([ e ) h?(/ol|v"<a:>Fdac)é
(/Olre%x) |2)é < h(/olwm |2cz9c)é

or in terms of norms:

[NIES

IN

lv=Pi(@)] < B " ()]
IV = Pi(@)| < A"z

Using (2.11) and (2.12) we have the following error estimates:

lw =l < Al (2.14)
I(w —=un)'l < A" (2.15)

that show that if the second derivative of the solution is bounded, then FEM converges with
an error that tends to zero proportionally to h as the mesh size parameters h — 0 (O (() h)).
We can actually prove that the error converges to zero quadratically:

lw = unl < B* "] (2.16)

if ||u”|| is bounded, but this proof requires some extra work that will be done once and for all
in the general multidimensional case.
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Remark 2.10. From the error estimate we can derive an estimate on the condition number
of the stiffness matriz A. In fact:

A1
== = Ch?
AN ¢

K(A)

where Ay and Ay are the maximum and minimum (positive) eigenvalues of A and the constant
C' does not depend on h. If we use the conjugate gradient (CG) scheme to solve the linear
system, this estimates tells us that the number of iterations needed to achieve e prescribed

tolerance in the residual of the linear system is O ( H(A)) = O (h).

Some simple examples Consider the problem:

—u(z) = ¢ z € [0,1],
u(0) = wu(l) =0.

let F'(u) be the functional given by:

'
P = [ [0 -] o
0o 12
and let the numerical solution be expressed as:
un(2) = a;6;(x).
j=1

Minimization of the functional F'(u) (Ritz method) requires that u be a stationary point for
F'. This yields a linear system of equations whose i-th row is given by:

gi :/0 [(Z aj¢§($)> di(x) - cm-(:c)] dx = 0.

J=1

We now need to choose the basis functions ¢;(x) € V.

Example 2.11. We can choose the canonical basis of the vector space of polynomials of degree
n:

¢i(z) = ' 1=0,1,...,n—1.

Then our solution can be written as:

n

up(z) = z(x — 1) Z a;x'

=1
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where the first two terms (x and (z — 1) were added so that u, € V), (recall, it must satisfy
homogeneous boundary conditions). The space V}, is then formed by the following functions:

o1(x) = x(x—1)
¢i(r) = 2x—1

¢i(z) = z(z—1)2 =2t -2

Pi(r) = (i+1)z" —iz"!

For n =1 we have 1 = 1 and:
up(z) = z(x — 1)ag

u (x) =1(r — 1)ay

n

2_51 = /0 [a1(22 — 1)* — qz(z — 1)] dz

1
= / [a1(42® + 1 — 4z) — g2 + qz] dz =0,
0

from which immediately we have a; = —¢/2, and the numerical solution takes on the expres-
sion:

q
up(z) = —z(x — 1)5

Differentiating twice the above equation, it is immediate to see that w, satisfies the original
PDE, leading to the conclusion that as = a3 =...=a, = 0.

Example 2.12. Let

up(x) = Z a; sin(inz).

The basis functions are identified by:
¢i(x) = sin(imz) ¢ (r) = imcos(imx).

(2

The linear system (by Ritz method) becomes:

o [( aj(b;-(x)) ¢;<m>—q¢i<x>] do =0,
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from which, solving for a; in the case n = 1, we have:

1
STF = / [a17? cos® (ma) — —gsin(rz)] da =0,
1 0

or:

fol gsin(nzx) dz 4
' fol r2cos(rx) doe ™

The numerical solution is thus:

4
up(z) = —54 sin(mx)

The following table reports a comparison between the numerical and the explicit (closed form)
solution of the problem.

z u/q Un/q
0.00 | 0.00 0.00
0.25 | 0.09375 | 0.09122
0.50 | 0.125 0.12901
0.75 | 0.09375 | 0.09122
1.00 | 0.00 0.00

Example 2.13. Let
up(z) = Z a; sin(2miz)
i=1

In this case we have a; = as = ... = a, = 0. What is happening is that in this case the
space V), spanned by the basis functions ¢;(z) = sin(27iz) does not contain the solution of
our problem, and thus the FE scheme evaluates a solution that is identically zero.

2.2 Multidimensional extension
2.2.1 Differential operators.

Let Q ¢ R? and u a function u : Q@ — R.

The gradient. The gradient of u is a d-dimensional vector formed by the first derivatives
if u:
Ju Ju

vuz(a—xl,,a—wd)
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Divergence. Given a vector field ¢(z) € R?, the divergence of the vector ¢ is formally given
by the scalar product between the operator V and the vector ¢:
0 g,
41 + q

divq:<V,q>:V-q=a—xl—|—... oL

Laplacian. The Laplacian of u is the function:

Ay =divVu = (V,Vu) =V - Vu.

Curl. The curl of the vector field ¢ is given by the vector (external) product between the
gradient vector and ¢. For d = 3 we have:

dqs 0qs 0qz  O0qs Ogqa  Oqu

8$2 B 81'37 833'3 - 83317 8:151 81’2 ’

curlg =V x ¢ = (

Higher order derivatives. We will often use the “multi-index” notation for derivatives.
Let a = (ay, @y, ..., aq) € N be a multi-index of order k | o | = k = 32| a;. Then:

8|a|u

Pu=——.
ozt ... 0xy?

Given an integer k > 0, the symbol 9% is the set of all derivatives of u of order k: 0%u =

{0%, ]| = k}.

Weak derivative. The weak derivative (or derivative in the sense of distributions or gen-
eralized derivative) can be defined by means of formula of integration by parts.

Definition 2.3. given two functions u,v :  — R and a multi-index a. Then v = 0%
is a weak derivative of u if for all smooth (infinitely continuous) functions ¢ € C*(2) with
compact support (they are zero in 9f2) we have:

/Qw dr = (—1) /Quaaqs dx.

It is intuitive, and indeed it can be proved, that the weak derivative of a function u coincides
with its standard derivative if the latter exists.

Remark 2.14. To better appreciate the theoretical developments we should mention that all
these results are valid “almost everywhere” or “everywhere except subsets of zero measure”,
according to the theory of Lebesgue integration and the theory of function [9, 3]. Readers who
are not interested in these theoretical aspects can simply think of continuous functions that
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have enough smooth derivatives so that have finite squared integral, i.e., belong to L£*() and,
moreover, the scalar products and norms used in the formulas are well-defined. More detailed
information can be found on any book of functional analysis [3]. Simple compendia of the
results needed in these notes are given in [22, 21], and are summarized in the chapters on the
mathematical theory of finite elements reported in the second part of these notes.

Gauss or divergence theorem. The principal tool that we will be using in this chapter is
integration by parts and the divergence (or Gauss’) theorems. Green’s formula, also known as
Green’s first identity or Green’s lemma, is the multidimensional equivalent of the well-known
integration by parts. Let us start by stating the divergence theorem: Let Q C R? be a compact
subset of R? with boundary denoted by T' = 99 which is sufficiently smooth. Let FeQbea
vector field defined in €. Then

/divﬁ dm:/ﬁ-uds, (2.17)
Q r

where v is the outward unit normal to I', dz is the volume measure on © (in R?) and ds is
surface measure on I' (in R?™!), and F - v is the standard scalar product between two vectors
in R Let F =g, i.e. the vector field F (x) is given by the product of a real-valued function
v(x) times a vector field ¢(z) Using the product rule of differentiation for each component of
the vector scalar product, we obtain:

/Vv-cfda::/vi-vds—/vdivcfd:L‘.
Q r )

In the case that ¢ = Vw we have the first Green identity or Green’s Lemma:

/VU-dex:/va-yds—/vAwda:, (2.18)
Q r Q

that can be thought of a the multidimensional extension of the theorem of integration by parts
by interpreting v as the primitive of Vv and Aw — div Vw the derivative of Vw.

Linear and bilinear forms. A linear form F (v) is a mapping from a set of functions
to the real space, F' : V +— R. In other words, it is a function (in more abstract sense a
map) that takes functions as its only argument and returns a real value. It is linear when
F (v + pw) = aF (v) + BF (w).

A bilinear form is a mapping from a set of pairs of functions (v,w) and the real space,
a:V x Vi R, that is linear separately in each of its two arguments, i.e., a (au + fv,w) =
aa (u,w) + fa (v,w) and a (w, au + fv) = aa (w,u) + fa (w,v). A bilinear form is symmetric
if a (v, w) = a(w,v).
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2.2.2 Weak formulation and FEM
Consider Poisson equation in d dimensions with d = 2 or d = 3:

Problem 2.15 (differential).
Find w : Q — R such that:

—Au = f(x), reQCR?
(2.19)
u(x) =0 zel,
where Q C R? is a bounded domain of R = {z = [21, 3, ..., %4, 2; € R} having boundary
I' = 092, which is assumed sufficiently regular, and A is the Laplacian operator:
4 o2
A=divV = —.
iv ; o2
The weak formulation for (2.19) is given by:
Problem 2.16 (variational).
find u € V such that:
a(u,v) = (f,v)q Yv eV, (2.20)

where:

a(u,v) = /Vu-Vvd;E

(f,v)q = /:fvdm
{v(z)

YV = : v is continuous in €2, Vo is piecewise continuous in © and v(x) =0 for z € I'}.

We note here that in the sequel we will drop the subscript € when referring to Q in (-, ), and
no confusion should arise.

This formulation can be derived from (2.19) as follows. Multiply be a test functionv(z) € V
and integrate over 2. Using Greens’ Lemma we obtain:

(f,v):—/Q(Au)vdm:—/Fvaz/ds—i-/QVu-Vvdx:@(u,v),

where the boundary integral is zero because v(z) = 0 for x € I". Analogously to the one-
dimensional case we can see that:
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FIGURE 2.4: Ezample of an admissible triangulation of Q). The boundary I' = 0X) is drawn
with the thicker line.

e the solution of the variational problem is solution of the differential problem if wu is
regular;

e the variational problem is equivalent to the following minimization problem:

Problem 2.17 (minimization).
Find u € V such that:

F(u) < F(v) Yo e, (2.21)

where:

F(v) = ga(u,) — (f0).

We need to give an appropriate definition of the basis functions. As done for d = 1, we need
to build a computational mesh or grid, i.e., a partition of the domain 2. We do this for d = 2
for simplicity. We can define a triangulation 7,(Q2) of € formed by the union of triangles Ty
such that:
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FIGURE 2.5: Linear (pyramidal) basis function ¢;(x) € V.

Tn(Q2) is formed by n nodes (triangle vertices named N;, i = 1,...,n, with given coordi-
nates), and m triangles (identified by Ty, k = 1,...,m);

[ ] Q:UTkeTth:TlLJTQUTm’

T, NT; = e;j, © # j, where e;; denotes the edge shared by triangles 7T; and 7;

no vertex N; lies in the interior of a triangle edge;
e the boundary triangles have at least one vertex on the boundary.

An example of an admissible triangulation is given in Figure 2.4. Note that to derive conver-
gence estimates we need to require that the domain boundary does not change as the mesh
varies. For this reason our domain boundary is formed by piecewise linear segments.

We now introduce the mesh parameter h defined as:

h = max diam (7;), (2.22)

T;€Th

where the triangle diameter diam (7;) is defined as the longest edge of T;. We can define the
finite dimensional space V), as:

Vi, = {v(z) : v is continuous in €2, v|z, is linear in each T; € Ty, v(z) =0 for z € T'}.
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where v|7, is the restriction of the test function v to triangle T;. Obviously V, C V. Now we
want to be able to define Lagrangian interpolation of functions. We use the internal nodes V;

of the triangulation and build the basis functions ¢;(z), i =1,...,n as:
1, ife=y, —
gbz(‘r])_{o’ 1f7/7éj Zaj_lw"an

These are piecewise linear functions of pyramidal shape, as shown in Figure 2.5, and with
support given by the unions of all triangles sharing node N;. Thus we can express a generic
function v € V), as:

v(r) = Zm‘%‘(i’?), n; = v(z ),

and the Galerkin FEM method becomes:

Problem 2.18 (Galerkin FEM).
Find u; € V, such that:

a (up,v) = (f,v) Yo € V. (2.23)

This yields the following

Za(¢i7¢j)uj = (f7¢2) 7;:1,...,71, (224)
j=1
which is the FEM linear systems that in matrix form can be written as:

Au=1b

where the stiffness matrix A and the load vector b are given by:

A[nxn] = {aij} ;5 = a (sza ¢]) = /QngSz . quj dx (2.25)
U = {ui}s by = (b} b= () = /Q Fér da. (2.26)

Note that now the matrix coefficients are evaluated via a d-dimensional scalar product on 2.
Analogously to what done for d = 1, we can prove that A is SPD.
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FIGURE 2.6: Regular triangulation on a square domain.

In the case of a square domain and regular discretization with equal triangles of edge length
h (Figure 2.6) the stiffness matrix is penta-diagonal and of the form:

4 =1 0 0 0 —1 oo 0] g
1 4 -1 0 0 0 -1 ... ... of[™"™ !
U9 bg

-1 -1 4 -1 -1 ... 0 = ],
s R (s | )
0 ... ... ... -1 0 0 0 -1 4|t ] L.

where in the case f = cost we calculate:
by = fh?

It coincides with the “5=point stencil” of the second order finite difference discretization of
the Laplacian operator [23].

Remark 2.19. The practical evaluation of the stiffness matriz proceeds via the so called “as-
sembly” process, an element-by-element procedure typical of FE methods. This procedure eval-
uates local elemental matrices and then sums their contributions to build the global system
matrix. This procedure introduces flexibility in handling complicated geometries and hetero-
geneities in the coefficients of the PDE, which can then be described element-wise.
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Another advantage deriving essentially from the organization of this procedure is the fact that
it 1s possible to assemble local elements into a “super element”. This is called “static conden-
sation” and 1s useful in particular in parallel applications.

Finally, again the element-by-element assembly procedure allows the efficient handling of local
mesh refinements. We can think of building a mesh with a characteristic size h; that can be
dynamically adapted to the size of the error. For these, we need what are called “a-posteriori”
error estimations that will be treated in subsequent chapters.

2.2.3 Convergence of FEM in the multidimensional case

The results derived for the one-dimensional case in section 2.1.4 can be extended to the
multivariate case with only technical difficulties. We assume that we have a homogeneous
Dirichlet problem, so that u € V = H}. Moreover, we assume that the bilinear form a (-, -) is
continuous and coercive, i.e.:

e continuity there exists a constant v > 0 such that:

[a(u,0) | <7lully vl Yu,0eV; (2.27)

e coerciveness there exists a constant v > 0 such that

a(v,v) > alv|? YveV. (2.28)

Continuity implies that small changes in the arguments of the bilinear form do to not lead
to large changes in the values attained by the bilinear form. Coerciveness implies that the
bilinear form is always bounded away from zero, and can thus be inverted in some sense.
Under these assumptions, we can show that u;, € V), is the best approximation in the sense
that there exist a constant C' independent of h such that:

|IVu — Vu|| < C||Vu — V| Yo € Vy,

where now the norm is defined as:

= (/ |Vo|? dw) ,
0

showing the optimality of Galerkin solution with respect to the £2 norm. We note here that,
for a homogeneous Dirichlet problem where v vanishes at the boundary, the above norm is
equivalent to the norm of the function v in the sense that there exist two constants C and
C5 such that

N

V]| = a(v,v)

Ci{IVol < flof] < Co ||Vl
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where

1
2
|v|| = (/ v? + |Vl da:) ,
Q
We can then use Lagrangian interpolation to show immediately that:
|Vu — V| < Ch.

Finally, also in the multidimensional case it is possible to show that:

|lu — upl| = (/(u—uh)2 dx) < Oh?,
0

which is the equivalent of (2.16) in R%. To arrive at this result we need to assume some
regularity properties of the triangulation, namely that when the diameter given in (2.22)
h — 0 the triangles do not degenerate, i.e., the vertices of a triangle never align on a line.

Optimality of the solution of the variational problem. We look here at the simple
Dirichlet boundary value problem:

—Au4u=f x €€
u=>0 r el =00

The variational formulation becomes:
Problem 2.20 (Variational Formulation). Find u € H}(€2) such that:

a(u,v) = (f,v) Vv € Hy(Q) (2.29)
where:

a(u,v):/ﬂ[Vu-Vv—i—uv] dx

The related FEM problem becomes:
Problem 2.21 (FEM Problem). Find u;, € V,,(Q2) C Hi(Q) such that:

a (up,v) = (f,v) Yo € Vi (9). (2.30)

Subtracting (2.30) from (2.29), we can appreciate the strong consistency of the FE scheme:
a(u—up,v) =0 Yo € V()
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which also says that the error function e = u —wuy, is orthogonal to the basis functions of V()
with respect to the scalar product a (-,-),,. This statement is equivalent to saying that wuy, is
the orthogonal projection of u onto V,(€2) with respect to the scalar product a (-,-). In other
words, noting that this scalar product the the H!(£2) scalar product , uy, is characterized by
an H! norm of the error u — uy, that is smaller than any other function v € V;,():

Hu_uhHHl(Q) < HU_UHM(Q) Vo € Vi(2)

stating the optimality of wy, in V,(§2). These theoretical results will be derived with more
details and rigor in section 2.6

2.3 Non-homogeneous boundary conditions
2.3.1 Neumann problem: natural and essential boundary conditions
Consider the following pure-Neumann problem:

—Au+u=f in €2,

2.31
Vu-v=g in ' = 09). (2.31)

Multiplying the first equation by the test function v € V and integrating over 2 we obtain:

- /Q (Auv — wv) do = /Q fo dz. (2.32)

Applying Green’s lemma:

/u’udm—/Vu-uvds—l—/Vu-Vvd:c:/fvdx,
Q r Q Q

where I' = 0Q is the (sufficiently smooth) boundary of Q. The second integral of the left-
hand-side of this equation contains exactly the flux boundary term Vu - v. In the cases
previously encountered of homogeneous Dirichlet conditions, we required that the test and
basis functions where zero on the boundary, leading to the nullification of the boundary integral
deriving from Green’s lemma. In this case, requiring that the test functions are nonzero at
the boundary automatically implies that the Neumann boundary conditions are satisfied once
we have substituted ¢ in place of Vu - v. Thus, V = we can write the following:

Problem 2.22 (Variational formulation).
Find v € V such that:

a(u,v) = (f,v)+ (9,v)p Yu eV, (2.33)
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where:

a(u,v) = /(Vu-Vv+uv)dx

Q
(f,v) = fovdx
Q
(g,v)p = /r gvds
V = {v(z): v is continuous in 2, Vv is piecewise continuous in Q},

equivalent to the minimization problem:

Problem 2.23 (Minimization problem).
Find v € V such that:

F(u) < F(v) Yv eV (2.34)

where:

F() = 50 (v,0) ~ (£,0) ~ (9,0);

As done before, assuming u sufficiently regular and applying Green’s lemma “backward”
to (2.33) we have:

/(—Au+u—f)vdx+/(Vu~V—g)vds—O Yu e V. (2.35)
Q r

Since all the functions v € V are non zero at the boundary we derive the following two
conditions:

/(—Au+u—f)vdx:0 Yv eV,
Q
and
/(Vu-l/—g)vdS:O YveV.
r
Varying v € V (again v is nonzero in I'), we can apply Lemma 2.1 to obtain:
—Au+u—f=0 in €,
and
Vu-v—g=20 in I';

which states that the boundary conditions are satisfied.
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Remark 2.24. Neumann boundary conditions are not applied explicitly in the variational for-
mulation but appear as a natural term that does not vanish because the test functions do not
vanish at the boundary. We can then say that while Dirichlet conditions must be imposed
directly on the functional space where the solution is sought, i.e., must be imposed explicitly
on the solution candidate function, Neumann boundary conditions are satisfied naturally by
the formulation. For these reasons Neumann boundary conditions are called “natural” while
Dirichlet boundary conditions are called “essential”. Note that, if g = 0 (no flow at the bound-
ary) the term (g,v) would disappear from the formulation (from this the word “natural”).

The Galerkin FE formulation can be written as:

Problem 2.25 (Galerkin FEM).
Find u, € V, such that:

a(up,v) = (f,v) + (g,v)p Vv € Vy, (2.36)

where:

a(up,v) = /(Vuh -V + upv) dz
0

Vi, = {v(x): v is continuous in €2, v|p, is linear VT € Tp}.

Remark 2.26. We observe that problem 2.31 admits a unique solution. In fact, if u # u
solves the problem, then the function w = @ — u solves the same problem with f = 0 and
g = 0. Using, e.g., the mazimum principle or energy methods, we see immediately that this
problem admits the only solution w = 0, contradicting the hypothesis. This is a consequence
of the presence of the term w in the right hand side of the equation. Had we tackled Poisson
equation, the same reasoning show that the solution of the pure Neumann problem is defined
up to an additive constant. We can think intuitively that the role of the presence of the term u
in the equation is to “fix” the constant. This is similar to the role played by Dirichlet boundary
conditions. Thus we conclude that to obtain a well-posed problem we need “at least” one point
where Dirichlet conditions are specified.

2.3.2 Cauchy (or Robin) problem

Consider the following problem:

—Au=f in €, (2.37a)
Vu-v+yu=yg in I' =09, (2.37b)

46



where v > 0. Multiplying the first equation by the test function v € V' and integrating over €2
we obtain:

—/Q(Auv) dx = /va dx.

Application of Green’s lemma yields:

—/Vu-uvds+/Vu-Vvd:v:/fvda:,
r Q Q

where I' = 09 is the (sufficiently smooth) boundary of Q2. Using (2.37b) we have:

—/(Q—WU)Uds+/Vu-Vvdx:/fvda:,
r 0 0

/Vu~Vvdx—|—/7uvds:/fvdx—i—/gvds
Q r Q r

giving rise to the following variational formulation:

or:

Problem 2.27 (Variational formulation).
Find u € V such that:

a, (u,v) = (f,v) +v(9,v)p Yo eV, (2.38)
where:

a, (u,v) = a(u,v)+7v(u,v)p
= /Vu~Vv+7/uUdl‘
Q r

The Galerkin FE formulation can be written as:

Problem 2.28 (Galerkin FEM).
Find uy, € V), such that:

a, (un,v) = (f,v) +7v(g,v)p Yu € V. (2.39)

Note that as in the pure Neumann case v € V), is nonzero at the boundary I'. We would like
to note that the bilinear form a_ (-,-) may not be coercive for v < 0.
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FIGURE 2.7: Projection onto V), C H' of u, (eq. (2.44)).

2.3.3 Non homogeneous Dirichlet problem

Consider the following problem:
—Au=f in Q, (2.40a)
u=g in I (2.40b)

To incorporate non-homogeneous Dirichlet conditions we can make use of the remark 2.24 and
impose the boundary conditions on all the solution candidates. In other words we look for
functions u € Hj, where H{. is the set of functions in H' that coincide with g in I'. We obtain
the following variational formulation: find u € H}. such that:

a(u,v) = (f,v) Vv € H;.

However, H{ is not an affine space, as the sum of two such functions does not belong to this
space (it is equal to 2g on the boundary). Hence we cannot use linear combinations of this
space to approximate the solution and set up a FE formulation. The solution is to define a
smooth enough “lifting” function u, that satisfies (2.40b) on I" and we let:

U = Ug + Ug (2.41)
where u, € Hi and uy € H. We can write the following variational formulation:

Problem 2.29 (Variational formulation for non-homogeneous Dirichlet BCs).
Find ug € H such that:

a(ug,v) = (f,v) —a(uy,v) Vv € H,. (2.42)

This problem has now the sought form. It is easy to see that everything is well defined and
we will show in later chapters that all the important well-posedness, stability theorems, and
convergence theorems hold. The corresponding Galerkin FE formulation reads:
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Problem 2.30 (Galerkin FEM for non-homogeneous Dirichlet BCs).
Find ugp € Vi, C H} such that:

a(uon,v) = (f,v) —a(ugn,v) Yo € V. (2.43)

The problem is indeed well defined but the question remains on how should we choose the
“lifting” function w,. There are general regularity theorems that guarantees the existence
of such function in the appropriate spaces that are called “trace” theorems. We are not
discussing these theorems in these notes for the main reason that in practical applications one
is not interested in reproducing the exact function g but rather a numerical approximation of
g. The easiest procedure is then to define uy , on the space V), as the projection of g onto V.
Thus, noting that ¢ is defined only on I', we can define u, as:

f g(z), ifzel,
g () = { 0, if otherwise. (2.44)

and we use the approximation u, ; defined by the projection of this function onto the subspace
Vi' of H! (and not of H}) generated by FEM basis functions that are nonzero on the boundary,
exactly as in the case of a pure Neumann problem. An example of ug, if given in Figure 2.7.

Remark 2.31. The Dirichlet boundary conditions are imposed explicitly in “strong form7”,
while the Neumann BCs are imposed in “weak” form. In practical applications this correspond
that local errors on Dirichlet nodes are proportional to the residual of the system solution,
while in Neumann or Cauchy nodes errors are governed by the FEM approzimation, and thus
go to zero quadratically with the mesh parameter h (see (2.16)).

The penalty method. A different approach to impose non-homogeneous Dirichlet condi-
tions, sometimes called the “penalty” method, is via Cauchy boundary treatment. Using this
idea, the Dirichlet problem (2.40) is transformed into the following:

—Au=f in €, (2.45a)
aVu-n+ANu—g)=0 in I (2.45b)

Using (2.38), we obtain the variational formulation:

Problem 2.32 (Variational formulation with penalty).
Find w € V such that:

a, (u,v) = (f,v) +A(g,0)p Yo eV, (2.46)

The corresponding Galerkin FE formulation can be written as:
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Problem 2.33 (Galerkin FEM).
Find u; € V), such that:

a, (up,v) = (f,v) + A(g,v)p Yo eV, (2.47)
In practice, the i-th equation becomes:

i—1 n
Z agkty + A (@i, Gi)p i + Z akty = A (9, §i)p
k=1

k=i+1

If A is large enough, all the extra-diagonal terms (the terms with the summations) of the
left-hand-side be negligible with respect to the diagonal term. Hence, the previous equation
practically corresponds to:

A (@'; ¢z‘)p u; = A (97 ¢i)r7 or Au; = Ag;,

i.e., the direct enforcement of the Dirichlet boundary function, projected on the discretized
boundary. A typical value for A is A = 10%°, but care must be taken that the extra-diagonal
coefficient matrix are far away from the value of the penalty, so that no ill-conditioning is
introduced in the system matrix.

2.3.4 Implementation notes

It is intuitive that a problem can have varying boundary conditions, i.e., the boundary may
be formed by the union of three non-overlapping subsets I' = I'p U 'y U I'¢ where Dirichlet,
Neumann, or Cauchy boundary conditions are specified. The problem now reads:

—Au=f in €,
u=gp in I'p,
Vu-v =gy in I'y,
Vu-v+yu=gc in '

In light of Remark 2.26, we will require I'p # (). To better understand the practical imple-
mentation for a general boundary condition, we work with a triangulation 7, having n nodes.
The boundary is discretized with Np + Ny + Ne nodes, and we require Np # 0. In the case
Ny = N¢g = 0 then I'y and I'¢ are empty and the corresponding integrals vanish. A general
FEM implementation works with basis functions that are nonzero at the boundary, so that
Neumann and Cauchy boundary conditions can be accommodated easily. We renumber the
mesh nodes so that the first Np the Dirichlet boundary nodes while the other nodes (internal
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plus Neumann and Cauchy) are labeled from Np+1 ton = N + Np3. The numerical solution
is then expressed as a linear combination of these basis functions:

Np n
un(T) = gy +ton = Y Ugy ;05(x) + Y uigy().
j=1 j=Np+1

Introducing this expression, the FEM system can be rewritten as:

n

Np
Z a’y (gblagbj) f ¢1 Z qbzaqb] ugD,]_{_(ngQSZ)I‘N_‘JY (907¢z) Z :ND+1a"'7n

j=Np+1

As usual, the elements of the symmetric stiffness matrix (of dimension n—Np) can be expressed
as a;; = a. (¢, ¢;). This system can then be completed with the Dirichlet boundary conditions.
Thus, we can write the global FEM system using block matrices as follows:

(o [ = [2]

where the vectors are given by:

u(l):{ui} blz{ugw} 1=1,...,Np
ul? = {Uz} { Z (i, 05) ugp; + <9N7¢z>

+7(g07¢i)[‘c} i:ND—i-l,...,n

The upper left block of this system (here I denotes the Np-dimensional identity matrix)
imposes the Dirichlet conditions. In essence, the term — Z;V:l’l a (@i, ¢;) ugp,; is the consequence
of the fact that u,; = u,,, ; on the Dirichlet node j, and are moved on the right hand side of
all equations (i.e., for all 7) of the linear system.

2.4 Types of Finite Elements

We have seen so far the use of linear basis functions to define the discrete space V. It is
intuitive that we can use for this purposes interpolating polynomials of any degree defined
on the elements. For example, quadratic functions can easily be introduced in both one-
dimensional intervals and two-dimensional triangles. In this case, we will need to specify 1D
elements with three nodes and 2D triangles with 6 nodes (see Figure 2.8, all of them at the
triangle boundary. This approach guarantees continuity of the representation of the solution, a

3This node renumbering is not done in practice, but it helps the exposition.
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FIGURE 2.8: Basis functions for quadratic elements in 1D (left) and 2D (right).
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FIGURE 2.9: Bilinear basis function on square elements.

requirement for functions in H!. To see this, we need to look at element boundaries and verify
that three nodes in each triangle side define uniquely the same quadratic function along the
side. In other words, the two quadratic polynomials defined on the two neighboring elements
have the same trace on the common side. The same can be done with three-dimensional
tetrahedra. If we want to introduce different shaped elements, e.g., quadrilaterals in 2D,
maintaining the continuity at inter-element edges becomes more complicated. This is done
using the so-called “isoparametric” elements via appropriate transformations that allow the
simple definition of basis functions to be used essentially in the evaluations of the integrals
in (2.25).
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FIGURE 2.10: Generic quadrilateral element and the transformed reference square element.

2.4.1 Isoparametric elements

We do not want to go into details of approximation theory and work out the most general
case. We content ourself on the description of the technique for general quadrilateral elements
in two dimensions. We start from the simple example of square elements. In Figure 2.9
we have shown two adjacent square elements. Continuity of u is ensured is we use bilinear
interpolation functions, i.e., polynomials that are separately linear in x and y:

bi(z,y) = (a; + bix)(c; + diy).

It is easy to see that at the element edge located at x = 1 the representation of the basis
function is linear (function of y) and is determined uniquely by the two nodes defining the
endpoints of the edge that are common to both squares. The expression for ¢; there is then
independent on the location of the other nodes of the two adjacent elements. In our case we
have four coefficients that are used to determine the basis function elementwise. Since these
are Lagrangian interpolating polynomials, we have exactly four independent conditions and
the elementwise evaluation of the coefficient is well-posed. Extension to higher order (always
x and y separate as before) is straight forward.

In the case of general quadrilateral elements, where the edges are not aligned with the coor-
dinate axes, we need to resort to a coordinate transformation for each element. In practice,
the idea is to transform the reference system for the element of interest so that its edges
are aligned with the local reference axis. In this transformed reference system we can define
the basis functions as done above to guarantee continuity of the representation. The inverse
transformation is then used to evaluate the needed integrals. Figure 2.10 shows an example
of such a transformation, typically a conformal mapping.

We exemplify this approach using an example involving bilinear basis functions. With reference
to Figure2.10, it is easy to see that the mapping (z,y) — (n,€) is given by:

(1= —n)a; + 1+ —n)a; + (1 4+ +n)am + (1 — (L +n)y]
T+ =n)y; + 1+ +0)Ym + (1= +n)y] -

T

PN L
—
—_
|
I
S~— —
—
—_
|
=
SN~—
&
+

We recall that we want to evaluate integrals of the type (2.25). Thus we need to evaluate the
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Jacobian of the transformation:
9z Oy

J=18 5|

on On

so that the integral of the generic function f can be evaluated as:

[ seaaets doiy= [ [ sn.e) dnae

The actual value is generally calculated using quadrature formulas, e.g. a Gaussian formula
with 4 points, recalling for vector quantities the (covariant) transformation formula:

Vienf=JVF[.

2.5 Convection diffusion equation

We address here the more complicated elliptic problem given by the following convection-
diffusion (or advection-diffusion) equation:

—div (DVu) +div (fu) = f in Q
w=0 in Tp (2.48)
DVu-v=g in 'y,

where D is the diffusion coefficient (for now a positive scalar) and f(z) is a vector field. From
the physical point of view, this equation may represent the transport of a solute dissolved in
a fluid that moves with the velocity field §(x).

The typical variational formulation can be obtained as done before by multiplying by a test
function v and integrating on the domain €2:

—/divDVuv dm+/div(5u)v dx:/fv dz.
0 0 0

Application of Green’s Lemma only to the first term yields:

—/ gvds—l—/DVu-Vvdx—i—/div(ﬁu)vda::/fvdx,
e 0 Q Q

from which we can deduce the following (Galerkin) finite element formulation:

Problem 2.34 (Galerkin).
Find u;, € V), such that:

a(up,v) = (f,v) + (g,v)p Yo € V, (2.49)
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a(up,v) = / (DVuy, - Vv + div(Bup)v) dz

Q
(f,v) = fvdz
Q
(g,v)p = /gv ds
Vi = {11;(90) : v is continuous in Q,v(x) = 0 in I'p, v|p, is linear V1 € Tp; }.

Remark 2.35. Note that now the bilinear form is not symmetric anymore, a (u,v) # a (v,u),
and hence there is no associated minimization (Ritz) problem. Moreover, the FE linear system
1s not symmetric, although it remains obviously sparse.

The corresponding linear system becomes:
(A+ B)u =c,

where A the classical symmetric stiffness matrix seen before and B represents the non-
symmetric transport (or convection) matrix:

A:{aij} a,,]:/QDng]Vqﬁl dx

B = {by} by = [ div(0,) 6, do
=G P = i d i dSN.
e ={c) o= [ fodrs [ godsy

2.5.1 One dimensional case
Consider the following one-dimensional problem:

—Du" +bu' =0, 0<z<l, (2.50)
uw(0)=0; w(l)=1 '

It is an ordinary differential equation and the corresponding boundary-value problem can be
solved easily. The characteristic equation is given by:

—~DXN + b\ =0,
whose roots are Ay = 0 e Ay = b/D. The general solution is then given by:

u(z) = c1eM” 4 e = ¢ + ot/ P
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(exp(10%)-1)/(exp(10)-1) <~ —
(exp(100"%)-1)/(exp(100)T) — - —
(exp(-10*X)-1)/(exp(10)-1)
(exp(-100%x)-1)/(e%p(-100)-1)

e

0.8 -
06 |-
04l

i

0.2 - , 14
’ !
i

0 n L ——— !
0 02 0.4 0.6 08 1

FIGURE 2.11: Solution of the one-dimensional convection-diffusion equation for different
values of the ratio b/D.

Imposing the two boundary conditions we find:

b
ep? —1
u(r) = ———,
ep —1
whose behavior at different values of b/ D is shown in Figure 2.11. Looking at this plot, we see
that for small values of b/ D the solution tends to be linear, while for large values the solution
shows a strong exponential behavior characterized by local areas of the domain where large

gradients are found.
The FE formulation that uses linear basis functions can be readily derived and shown to be

equivalent to the standard finite different method (see 2.1.3). The i-th equation is given by:

D
—(—ui_l + 2Ul — ui+1) + (Ui-i-l - ui_l) =0. (251)

h2 2h
This equation corresponds to a second-order center discretization of the first and second deriva-

tives (see Appendix A).
We introduce now the mesh Péclet number as the non-dimensionalized ratio between the local

convective and diffusive fluxes:
|b]f
=5
Assuming b > 0, the following difference equation is derived:

Pe

(Pe — 2)u; 1 + 4u; — (Pe 4+ 2)u;—1 =0 i=1,...,n—1. (2.52)

In analogy to the procedure followed for the ODE above, we can find the solution of this
finite-difference equation by assuming the solution is a linear combination of the solutions of

the type u; = A'. Substituting we obtain:
(Pe — 2)A? +4X\ — (Pe +2) = 0,
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FI1GURE 2.12: Solution of the FEM difference equation for the solution of the one-dimensional

convection-diffusion equation compared with the real solution of the differential equation in the
case of Pe= 0.5 e Pe = 2.

from which:

Ay — —24 /4 + (Pe — 2)(Pe + 2) :{ (2 + Pe) /(2 — Pe),

Pe — 2 1.
The general solution of (2.52) is then given by:
U; = Cl>\i + CQ)\%

Using the boundary conditions we finally obtain:

1_ (2+Pe>i
w — 2-Pe
! 1— <2+Pe>n

2-Pe

that gives the solution of the FEM (or FDM) problem on each grid node.
It is easy to see now that we have a problem. In fact, in the case in which Pe > 2 the
solution of the FEM scheme oscillates from node to node. In fact, the denominator of the
term raised to the power ¢ becomes in this case negative, exposing the solution to changes of
signs corresponding to odd or even exponents. This behavior is shown in Figure 2.12.
We can try to correct the situation by resorting to different finite difference approximations of

the first derivative, using a lower-accuracy non-centered discretization. For example, we could
use a forward difference approximation of the convective term yielding:

1=0,1,...,n,

b
ﬁ(_uifl + 2u; — Ui+1) + E(uiJrl - Uz) =0,
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The difference equation is now:
(Pe—l)uiﬂ—(]P’e—Z)ui—ui,l:O Z:1,,7’L—1

and the roots of the characteristic equation are:

\ 2:]P>e—2j:\/(]P>e—2)2+4(IP>e—1) :{ 1/(1 — Pe),

2(Pe — 1) 1,

Using the boundary conditions the solution becomes:

- ()
u; = 1-lPe i=0,1,.

) 1- <1jF’e>n

showing instabilities for Pe < 1, thus worsening the situation. Using instead a backward
discretization (upwind) we obtain:

coy M,

D b

ﬁ(_ui—l + 2u; — Uiy1) + E(uz — 1) =0,
whose solution results stable for any value of Pe. Simple algebraic manipulations show that
the previous difference equation can be written as:

b bh

D
ﬁ<_uifl + 2u; — Uiy1) + %(Uz‘ﬂ —ui1) +

—Ui—1 + 2u; — Ui

2< h?

) =0,

which shows that the “upwind” stable formulation is equivalent to (or can be interpreted as)
a center formulation with an added diffusion term corresponding to an increased diffusion
coefficient equal to D + bh/2. The term bh/2 is called “numerical diffusion” or “numerical
viscosity”. The new Péclet number becomes then:

bh

Pe= — v _
T D+bh)2

always less or equal than 2 for every value of D and b(> 0), and thus always stable.

This exercise shows that stabilization is obtained by adding numerical diffusion to the scheme.
In other words, we are solving a problem that is different from the original problem, hence
we may ask the question if this is procedure procedure is legitimate. Actually, the strategy
of adding a term to stabilize the numerical scheme is often used in practice and is called a
“variational crime”. The idea is that the convergence of the scheme should not be hampered
by the additional term, or, equivalently, the added term should tend to zero as h — 0. In the
present case, the additional term is proportional to bh/2, and thus we can expect first order
convergence (O (() h)) of our numerical scheme, decreased by one with respect to the optimal
second order that we found for b = 0 (see eq. (2.16)).
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FIGURE 2.13: Convection-diffusion equation solved with linear (P1) Galerkin in the case
of constant coefficients and 3 = (1,3)T and D = 0.1, Pe, = 1 (left panel) and D = 0.01,
Pey, = 10(right panel). Note the strong oscillations appearing in the case of larger Pey,.
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FIGURE 2.14: Convection-diffusion equation solved with linear (P1) Galerkin with Streamline

Diffusion stabilization in the case D = 0.01 and 3 = (1,3)T (Pe, = 10). The left panel shows
the case 7 = 0.01 and the panel on the right shows the corresponding solution for T = 1. Note
that the oscillations in the latter case are much dumped, but, correspondingly, the effect of the

numerical diffusion is clearly noticeable.
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2.5.2 Multidimensional extension and FEM

A simple and naive approach is to replicate the above sketched procedure to the multidimen-
sional weak form of the convection-diffusion equation. To this aim, we add to our bilinear
form a bilinear term of the type:

/ (6-Vu) (8- Vo) de.
Q

which in practice correspond to a numerical diffusion somehow proportional to the velocity 5.
Actually, a more clever idea is to add numerical diffusion only along the streamlines, leading
to the definition of the so called Streamline-Diffusion (SD) finite element:

Problem 2.36 (Streamline Diffusion).
Find u;, € V;, such that:

a, (uhav) = (fv U) Vo € Vi, (253)

dove:

a, (up,v) = /Q [DVuh - Vo + div(Bup)v + TF;LTQ (B-Vup) (B-Vv)| dz

where Pey, is the mesh Péclet defined element by element by:

Bl
D)

Peh

with D®*) and B, the diffusion coefficient and the velocity vector considered constant on element
Ty but that can vary from element to element. We recognize immediately that the presence
of hy in the definition of the Péclet number force a, (-,-) to converge to a(-,-) when h — 0.
Hence we are adding a term that resembles a diffusion but that is projected along velocity
vector (from this the name Streamline Diffusion). The coefficient 7 is is an empirical parameter
introduced to tune the amount of numerical diffusion introduced to control oscillations on a
case-by-case scenario. In fact, there is no multidimensional theory that determines the exact
value of Pe; that guarantees convergence. Figures 2.13 and 2.14 show some exemplifying
example of solutions obtained in the stable and unstable regime.

Remark 2.37. We would like to stress that much improved methods ezist for the solution
of the convection diffusion equations with respect to the SD approach. All these methods
are based essentially to the introduction of minimal numerical diffusion only when necessary.
They rely thus on algorithms that intercept potential oscillations and as such are much more
complicated. These topics will be dealt with, although not exhaustively, in the context of finite
volume methods that will be discussed in subsequent chapters.
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Remark 2.38. The practice of introducing an additional term into the variational formula-
tion maintaining consistency of the overall scheme is sometimes referred to a ‘“variational
crime”. It 1s typical when addressing solutions to ill-posed or degenerate systems. The nu-
merical symptoms in these cases is the appearance of oscillations depending on the data of the
problem. This was the case in the convection-diffusion equation for large Péclet numbers. The
crucial idea 1n these cases is to maintain consistency of the overall scheme and to introduce
the smalles amount of the extra stabilizing terms. As seen above, this is generally obtained by
multiplication by an appropriate power of the mesh parameter h. Moreover, wheneveer pos-
sible, the added terms are what are called “residuals”, i.e., terms that are zero when the real
solution of the original problem is substituted in place of the approximate (numerical) solution.
These stratagems ensure the consistency (weak or strong) of the ensuing scheme and thus its
convergence.

2.6 Mathematical theory of Galerkin Finite Elements
2.6.1 Preliminaries

A measurable space (€2, 3, 1), with nonnegative measure u, will be denoted simply with . In
general, 0 is an open, bounded, and connected subset of R? with d = 1,2 or 3. Its closure
is assumed to be sufficiently smooth (e.g., Lipschitz) and will be denoted with I' = 9Q. A
measurable space gives us the ability of measuring the global size of a function and thus
perform comparisons between different functions. Thus we need the notion of functional norm
of a function that can be thought of roughly as an appropriate infinite dimensional extension
of the norm of a vector space. Thus given two functions u and v in V(Q), u,v : Q@ — R, we
can define the scalar product of these to functions in V' as follows:

Definition 2.4 (scalar product (in the real field)). A scalar product between two functions u
and v defined in a space V(12) is a bilinear form (-,-) : V x V — R that satisfies the following
properties:

1. symmetry: (u,v) = (v, u);

2. linearity (in the first argument): (cu,v) = a (u,v), (u+ v,w) = (u, w) + (v, w);

3. positiveness: (u,u) =>0, (u,u) =0 < u = 0.
Definition 2.5 (Norm of a function). Given a function u defined in a domain €2 C R the norm
of u is a linear form (functional) ||-|| : V — R that satisfies the following properties:

1. |lu|]l > 0, ||u|| = 0 if and only if u = 0;

2. given a € R, ||au|| = | a | ||ull;
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3. triangular inequality: |Ju + v| < [Jul| + [|v]|;

We will be talking of “semi-norm”, denoted by |- |, when the first property is substituted with
the requirement that ||ul| > 0.
We will be using often the Cauchy-Schwartz inequality:

| (u,0) | < [[ull [[v]]
The proof of this property can be obtained as follows.

Proof. If v = 0 the result is obvious. Assume then v # 0. Let A € R, with A = (v,u) / (v, v).
The function z = u — Av is the orthogonal projection of w along v, so that (v,u — Av) =
(u,v) — A (u,u) = 0. The symmetry and positive definiteness of the scalar product imply:

0<(u—Av,u—Av)=(u,u—I)—Xv,u— )= (u,u—Av)=(u,u) — A(u,v),
summing A (u,v) on both sides we have:

A(u,v) < (u,u)
and multiplying by (u,u) we obtain:

(u, v)2 < (u,u) (v,v).

O
We will work with:
Continuous functions; The space of continuous functions C%(€2) is given by:
C’(Q) = {u: Q — R : u is continuous and bounded },
with norm expressed by:
[ullo = sup | u(z) [; (2.54)
zeQ

bounded function; the space of bounded functions is characterized by:
L7(Q) = {u:Q — R:u is measurable and p-a.e. bounded},

and the same norm as in (2.54) can be defined;

62



integrable functions; given 0 < p < oo, the space of integrable (measurable) functions is
given by:

LP(Q) = {u:Q—>R:uis measurable /]u|p du<—|—oo};
Q

given 1 < p < oo, the norm can be written as:

|wmmn=HMV=([]uunme;; (255)

in the case 0 < p < 1, we cannot define the norm as above, and we use the distance metric:
) = [ ulz) = ola) [ dp
Q
differentiable functions; C*(Q) is the space of functions that are k times continuously
differentiable:
CHQ)={u:9Q — R:Va,|a| <k: 0% is continuous in Q} ;

and admissible norm is given by:

lul = 10%ull,

0<a|<k

Sobolev Spaces. We denote by W#P?(Q) the Sobolev space of functions whose derivative
up to order k belong to £P(2):

WEP(Q) ={u:Q— R:uec LP(Q);0% € LAV : | a| <k}

with norm defined by:

hSA

= [ S L|muw |

0<|a|<k
if p < 00, and for p = oo:

= o” .
Jull oo = max, 0%
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The £%(Q) and H'(Q) spaces. In this section we recall the results about Hilbert spaces
that are used in the FEM method. The space £2(Q2) is the space of square integrable functions
with respect to the Lebesgue measure, i.e., given f : 2 — R, we have:

RIS

If we associate the following scalar product:

(U, 0) 20y = /Qu(x)v(x) dz,

and the induced norm:

ey = ([ (o) o) "

then £2(Q) is a Hilbert space.

Given a subspace V (e.g. of £*()), we will work with linear functionals and forms (roughly
functions of functions) F' : ¥V — R, and b: V x V — R. Given a linear subspace V(Q2) C
L£2(Q), an operator a : V X V +— R defines a bilinear form in V x V if:

a:V xV—=R,

a(u,v) =a(v,u),

a(au+ pv,w) = aa (u,w) + fa (v,w),
a(u, v + fw) = aa (u,v) + fa (u,w).

The bilinear form a (-, ) defines a scalar product in V(Q) if it is symmetric and:
a(v,v) >0 YoeV, v#0.

The induced norm is given by:
lelly = (a (v,0))?

The scalar product satisfies the Cauchy-Schwartz inequality:
la (u, v) | < lully fJvlly -

A linear subspace V endowed with a scalar product and the corresponding induced norm is
a Hilbert space if it is complete, i.e., every Cauchy sequence® converges with respect to the
norm |||y,

*A sequence of functions v; € V is a Cauchy sequence if there exist € > 0 such that [jv; = vj||,, < € for
sufficiently large 7 and j. We say that v; converges to v if ||v — v;[|,, — 0 i — oo.
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For example, the space of square integrable functions in the interval ) = [a, b]:
b
L3(I) = {v(x) : I — R such that / v? dr < oo}
is a Hilbert space with scalar product:

(u, v) = / " w()ola) da

and norm:

el agry = Nl = ( / @) dx)é |

Remark 2.39. Note that the space L? is exactly the space of functions that were mentioned
m Remark 2.14.

Example 2.40. The function v(z) = 27, x € I = [0, 1], belongs to £L3(I) only for o < 1/2.

The natural space of admissible functions that are candidate solutions of our elliptic equations
is the Hilbert space H!(I) = {v : v and v’ belong to £L2(I)} equipped with the scalar product:

b
(s 0) 3101y :/a [u(z)v(z) + o (2)v' ()] dx

and the norm:

[ll3 ¢y = (/ab [u(z)? +u'(2)?] dm>é

Remark 2.41. We note here that the derivatives above are always to be intended in the sense
of distributions (weak derivatives). Thus we may write:

HYI) = {v e L*): there exists g € L*(I) such that /U¢/ =— /g¢ Vo € CH(I)}
I I

and we will always denote v' = g. The function ¢ is called the test function and can be chosen
to belong to C(I) as well (see [3])

Remark 2.42. Note that the space V defined in paragraph 2.1.1 is also a Hilbert space and is
denoted by:

V(I) =Ho(I) = {v(z) : R — R such that v(z) € L*(I),v'(z) € L*(I) and v(0) = v(1) = 0}
The subscript O denotes the fact that the functions are zero on the boundary of ).
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All these notions can be easily extended to the multidimensional case. Given an open and
bounded domain © € R? with a smooth boundary T' = 99

L3(Q) = {v(x) : 2 — R such that /Qv(x)Q < oo}

HH(Q) = {v(m) : Q — R such that v(z) € £3(Q) and 3;_(%) € L) fori=1,... ,d}
T
H* () = {v(z) : @ — R such that v(z) € £L*(Q) and §%v € L*() for all | a | < k}

with the following scalar products:

(1) = [ v ol = ( | o)
Q Q

(U, V)31 = /Q [uv + Vu - Vo] dz [ull31) = (/Q [u® + |Vul?] dx)

D=

N[

The seminorm is given by:

|U|Hk(Q): (/Q|Vu |2 d:v) = </Q|0u |2 dx) :||8v||£2(ﬂ).

Note that the above is not a norm (thus the name “seminorm”) because it vanishes for all
nonzero constant functions.

More on the space H}(2) and Poincaré inequality. The subscript “0” is used to denote
the space of functions that vanish on the boundary of €2, i.e., that satisfy homogeneous Dirichlet
conditions on the boundary:

Ho(Q) = {v(z) € H'(Q) such that v(z) = 0 for z € T'}.

and is equipped with the same scalar product of H!(£2). In the case u € H}(£2), the homoge-
neous Dirichlet boundary conditions transform the seminorm into an equivalent norm:

Lemma 2.6 (Poincard). Let Q C R? a bounded open subset. Then there exist a constant C
depending only on €2 such that

HUHﬁ?(Q) <C HVUHL?(Q)
for all u € H}(2).
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Proof. We report the proof for 2 = I C R, pointing to more specialized functional analysis
books for a more general proof.

The hypothesis is then to have a bounded open interval I = (a, b) and functions u that vanish
in a and b (u € HY(I)). Then we have:

| u(z) | =] u(@) —u(a) | =] [ v'(r) dr | <[]

Hence [|u|| ;o < ||¢|| 1 from which the result follows by Hélder inequality (see also the discus-
sion on page 29). O

Corollary 2.7. The gradient norm:

1

IVul = (/ V- Vu da:)
Q

is equivalent (with regards to the induced topology and thus for the notion of convergence) to
the usual norm |[ul|31q)-

In fact:
IVal3 < lullf = llull3 + Vull; < (14 C?)[[Vull3

and hence, given u e v in H (), we can define a scalar product:

(s )3y = / Vu- Vv dz.
Q

In general the trace of a function g in 02 (essentially the value that g takes on the boundary)
is not always well defined, a simple example being sin(1/z) for z = 0. But we can define a
trace operator v so that g is appropriately extended on 02 and we can properly use the trace

of any function of H!(Q) to define H} ().

2.6.2 Lax-Milgram Theorem

Definition 2.8. Let V a Hilbert space and a (+,-) : V x V — R a bilinear form. We say that
the bilinear form is:

e continuous if there is a constant v > 0 such that:

lau,o) [ <ylully o, Vo€ Vs (2.56)

o V-elliptic or coercive if there exists a constant @ > 0 such that

a(v,v) > alvl3 Yo e. (2.57)
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Analogously, a linear form F' (-) : V — R is said to be continuous if there exists a constant
A > 0 such that

[F@)|<Aloly  Voev.

Remark 2.43. The coercivity of the continuous operator is generally inherited by the discrete
FEM operator. This property is fundamental to obtain convergence estimate. But it is not only
a theoretical property. In fact it is the property that quarantees that the system FEM matriz
can be inverted (is nonsingular). In other words, in the discrete case ¥V = R", the coercivity of
a(-,-) implies that the stiffness matriz (i.e., the linear operator associated to a (-,-)) A = {ai;},
a;; = a (¢, ¢;), is positive definite. However, sometimes it is too restrictive, and the coercivity
of the differential operator is not inherited by the discrete operator. In these cases experimental
convergence s observed but theoretical convergence cannot be proved. This is the case some
finite volume schemes that we will see in future chapters.

For linear forms in Hilbert spaces there is the following fundamental theorem:

Theorem 2.9 (Riesz representation). For all continuous linear forms ¢,(+) in a Hilbert space
V there exists a unique u € V such that ¢,(v) = a (u,v) for allv € V. Moreover, ||u|| = ||du||-

We denote with V* (or V') the space (dual of V) formed by all linear forms from V to R. The
Riesz theorem ensures that every element of V* can be uniquely written as ¢,(v) = a (u,v). In
other words, the map ® : V — V* defined by ®(u) = ¢, (v) is an isomorphism. A consequence
of the Riesz representation theorem is the Lax-Milgram theorem for continuous and coercive
bilinear forms:

Theorem 2.10 (Lax-Milgram). Leta(-,-) : VxV — R be a continuous and coercive bilinear
form. For all linear forms F (v): V — R, there exist a unique function u € V such that:

a(u,v) = F (v) YveV.

Proof. (Sketch) From the Riesz representation theorem we can define a linear and continuous
map A:V — E as:

a(u,v) = (A(u),v)  con [A()] < Clully, -

We can associate to a linear form F'(-) € V* a function of V such that F'(v) = (f,v). Thus
we need to show that the solution of the problem A(u) = f in V is unique. For this, we can
use the Banach-Cacciopoli fixed point theorem to show that the map 7' : E — FE:

T(u) =u—€eAlu)+ef

is a contraction for sufficiently small e. O]
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2.7 Abstract formulation of the FEM method for elliptic equations
2.7.1 Weak formulation

Let V be a Hilbert space with scalar product (-, -),, and norm ||-||,,. Let a(-,-) : YV xV — R a
continuous and coercive bilinear form and F' () : V — R a continuous linear form. We have
the following:

Problem 2.44 (M). Find u € V such that

F(u) = min F(v),

veY

where

Fv) = %a (v,0) = F (v). (2.58)

Problem 2.45 (V). Find u € V such that

a(u,v) = F (v) Yv e V. (2.59)

We have the following

Theorem 2.11. If the bilinear form is symmetric, i.e., a(u,v) = a(v,u), the two Prob-
lems 2.44 and 2.45 are equivalent in the sense that u € V is solution of Problem 2.44 if and
only if it is solution of Problem 2.45. Moreover, there exist a unique solution that satisfies the
stability estimate:

A

- 2.60

Jully < > (2.60)

Proof. Existence comes from Lax-Milgram theorem.
The equivalence is a trivial extension of what done in R'. Thus, we first show that if u € V
is solution of 2.44 then it is solution of 2.45. Let then v € V and ¢ € R be arbitrary. The
condition that u € V is a point of minimum for F' can be written as:

F(u) < F(u+ ev) Ve € R.

Let g(¢) = F(u + ev). The function g has a minimum for ¢ = 0 which is characterized by
¢'(0) = 0. Then, using the symmetry of a (-, ) we have:

gle) = %a(u—i—ev,u—i—ev)—F(u—i—ev)
= %a(u,u)—F(u)—l—ea(u,v)—eF(v)—i—%a(v,v);
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from which the results follows by noting that:
g'(0) =a(u,v) — F(v).

Let now u € V be solution of 2.45. We need to show that for such u we have F(u) < F(u+v)
for all v € V. Observe that:
1 1

F(u+v) :§a(u,u)—F(u)—{—a(u,v)—F(v)+§a(v,v),

from which the results follows because of the coercivity of a (-, -)
The stability estimate can be deduced by setting v = u in (2.59) and invoking the coercivity
of a(-,-) and the continuity of F (). Then we have:

allully, < a(u,u) = F (u) < Aljul, .

Also uniqueness follows from this last inequality, since, if u; and us are two functions satisfying
Problem 2.45, then:

a(uy —ug,v) =0 Yv e V.

The stability estimate with F'(-) = 0 and A = 0 implies that ||u; — ua|| = 0, from which
U1 = Ug. O

We observe that the most important result coming out of the Lax-Milgram theorem, for what
we are concerned, is that the continuity and coercivity of the bilinear form, together with
continuity of the linear form stemming from the source term are the key ingredient to guarantee
existence and uniqueness, and thus we will see in the discrete setting also convergence of the
FEM scheme if the FEM spaces are chosen appropriately.

However, there are problems where the bilinear form is not coercive, and we need some weaker
statements. This condition, which we will specialize for systems of equation where it finds its
typical application, is called the “inf-sup” or “LBB” (Ladyzhenskaya-Babuska-Brezzi) condi-
tion [4], and again guarantees well-posedness. We have the following:

Definition 2.12. A bilinear form a (-, ) satisfies the inf-sup condition in V if there is a > 0
such that

sup a(u,v) > o llull, Yu €V, (2.61)
veEV HUHV

and at the same time:

sup a(uv) > alv|y, Yv eV, (2.62)
uey ||U||V
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It is obvious that if a (-, -) is symmetric then the two conditions above are equivalent. Moreover,
eq. (2.61) (and at the same time eq. (2.62)) can be re-written as:

nfsup 455 oo g =
ueV ey [ully, [[v]ly,

from which the name “inf-sup”. We have the following;:
Lemma 2.13. Ifa(-,-) is coercive then it satisfies the “inf-sup” condition 2.63.
Proof. Coercivity of a (-, -) implies
a(u,u) >« ||u||]2,, Yu e V.
Then we can write:

sup L) 5 28 oy
b Tl = Tl

]

Remark 2.46. In the discrete setting (FEM) we can write the “inf-sup” condition for the
linear operator A associated to a (-,-) and its adjunct A*. In fact we have:

AV — VY A Y — V),
with V' the dual space of V (with respect to the linear form F') and where A and A* are defined
by:

(Au,v)yy 0 = a(u,v) (u, Av) oy = a (u,v),
then the condition (2.63) is equivalent to:

|Aully,, > allully, Yu € V; (2.64)
|A™ ], > alvlly Yo e V. (2.65)

In the case YV = R", coercivity of the bilinear form, as seen before, implies that matriz A is
positive definite, while the “inf-sup” condition implies only that A is invertible.

We have the following:

Theorem 2.14. The continuous bilinear form a(-,-) satisfies the “inf-sup” condition if and
only if the operator A is a bijection.

Note that if A is a bijection then problem (2.45) has a unique solution for each F'(-), i.e., A
has continuous inverse and [Jull,, < C'[|F|,,.
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Proof. If a(-,-) satisfies the “inf-sup” condition, then eq. (2.64) and (2.65) show that the
operators A e A* are injections. Thus it is enough to show that the image R(A) of A is closed.
Let Au,, — w, then

| A, — um)”vl > a|u, — Um”v )

that shows that {u,} is a Cauchy sequence and thus it converges to u € V. From the continuity
A we have w = Au € R(A).

On the other hand, if A is a bijection, then also A* is and thus the operator has continuous
inverse. [

2.7.2 FEM formulation

The FEM Formulation is obtained directly by approximating the appropriate functional space
with a finite-dimensional subset V;, C V generated by a finite number of basis functions
{#1,...,0n}. Then, every function v € V), can be written as:

v = Z@-@(m). (2.66)

We have then:

Problem 2.47 (FEM, Ritz method). Find ), € V), such that

F(up) < F(v) Yu € V. (2.67)

or equivalently:

Problem 2.48 (FEM, Galerkin method). find u; € V), such that

a(up,v) = (f,v) Yu € V. (2.68)
Using the representation of uy, as linear combination of ¢;:
Up = Zuj¢j’ u; € R,
j=1
we obtain:
Zuja(¢j7¢i):F(¢i)> izla"'ana
j=1
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or in matrix form:
Au = b,
where:

u = {u;}, A =A{ay}, aij = a(d;, ¢i), b="b;, b =F(¢:). (2.69)
Matrix A is called the stiffness matrix. We have the following:
Theorem 2.15. The stiffness matriz A is symmetric and positive definite.

Proof. The symmetry of A is inherited by the symmetry of the bilinear form.
Using (2.66) we have:

a(v,0) =a (Z &idi, Zm) = Gal(gi )& =& AL,
i=1 i=1 i,j=1

where £ = {&} is a vector of R" and the - denotes the vector scalar product. From the
coercivity (eq. (2.57)) of the bilinear form we obtain immediately:

£ AL =a(v,v) > all}, >0
if v 0, ie., if &€ #0. ]

Theorem 2.16. The two Problems (2.47) and (2.48) are equivalent and have a unique solution
up, € V. Moreover, we have the following stability estimate:

A

Junlly < =

Proof. Existence and uniqueness comes from Theorem 2.15. Now, choose v = u;, in (2.68) and
using the properties of a (-, -) and F'(-) we have:

o llunlly, < a(unun) < Alunlly -

Dividing by |lus||,, # 0 we obtain the desired result. O
Next we show Céa Lemma, that states that the error for uy, is optimal in V.

Theorem 2.17 (Céa). Let u € V be a solution of Problem 2.45 and let up, € Vi, CV a solution
of Problem 2.48. Then:

lu=wnll, < Llu=vl, Vo€V
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Proof. Since V), C V), subtracting eqs. (2.59) and (2.68), we have that the Galerkin FEM
scheme, and as a consequence also the Ritz scheme, are strongly consistent:

a(u—upv)=0  Yve,. (2.70)

Take w = up — v (w € V) so that v = u, — w and invoke consistency and coerciveness to
obtain:

allu—uplly < a(u—upu—uy) =a(u—up,u—uy) +a(u—up,v)

= a(u—upu—v) <7llu—uyllu—=wvl,.
The result follows after division by ||u — u||,, > 0. ]

Remark 2.49. Céa Lemma suggests that we can obtain a quantitative estimate of the error by
choosing any v € Vy, for which we can derive a quantitative estimate for |[u — v||. A typical way
of doing this for FEM is to use a Lagrangian interpolation function of degree r, for example
forr =1, we can use a piecewise linear interpolator v = mp, 1u.

The energy norm. If the bilinear form a(-,-) is symmetric, we can define a new norm,
called the energy norm, in V:

Hsz:a(v,v), ve.

This norm is equivalent to the classical norm in V:
Valolly, < llvll, < v llvlly

with scalar product given by:
(u,v), = a(u,v).

Using the energy norm, we can say that uy, is the orthogonal projection of u on V;, with respect
to the scalar product (-,-),, and uy, is the best approximation of u in the energy norm.

Non coercive operators. Not that in the proof of Céa’s lemma 2.17 we did not use the
symmetry of a (-,). In fact, this lemma can be extended to non symmetric and non coercive
operators. For the latter, we need to use the “inf-sup” condition, so that we need to have a
£ > 0 such that:

a(u,v)

sup

> o [|ulf, Yu € V.
’UGV}L ”UHV

The second “inf-sup” condition comes from the previous one since V), has finite dimension. If
the constant « is independent on h, then we have:

74



Theorem 2.18 (Céa Lemma). Let u € V be solution of 2.45 and u, € V), CV be solution of
2.48. Then:

1. ifa(-,-) is not coercive:

= unll, < (1+M) inf [l — vl

o vEV)

where

a(v,v)

la )l =

2
vEVy,v#£0 ||U||V
2. ifa(-,-) is continuous and coercive:

v .
= unll, < 2 inf Jlu =l

3. ifa(-,-) is also symmetric:

v
— < — — X
o uhnv_\fa;gghuu olly

Proof. We show only the first point, since the other two are immediate. Let v € V). using the
“inf-sup” condition and the consistency of the scheme, we have, analogously to the coercive
case:

allv—uplly, < sup a(v—upw) _ sup a(v—uw) < Mv—ul,,
wevy,  lwlly wev,  |wlly
where
a(v,v
M=l )= sp 0.
veVo0  ||v]]},
the proofs concludes using the triangular inequality. O]

Corollary 2.19. Let {V,} a sequence of finite-dimensional subspaces of V indexed by the
parameter h. If for h — 0 we have that:

-
Jof v = wnlly —0,

then, for a = inf, o > 0, uy converges to u in V.
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Example 2.50. Let V = H}(Q), Q ¢ R?. Consider

a(v,w):/QVU~dex; F(U):/vadx,

with f € L*(Q2). The bilinear form is symmetric and continuous. Coercivity derives from
application of Poincare theorem 2.6. Thus we have:

Ju— Uh”Hl(Q) < Ch,

if u is sufficiently smooth.

Example 2.51. Consider the convection-diffusion equation in R*:

—pAu + div(fu) +u = f inf)
u=20 1nos2

where 3 = (B, 32) is a vector field of R%. Multiplying by v € V = H}(Q), integrating over ().
and applying Green’s lemma we have:

a(u,v) = F (v) Yo e,
where:

a(v,w) = /Q (Vv Vuw + div(Bo)w) dv,  F(v) = /Q fo da.

Assume g = 1 and | 8 |/p small. The problem is coercive. In fact, application of Green’s
lemma to the second term yields:

/ div(pu)v dx =
Q
/(ﬁ ‘n)uv ds — / div(pv)u dx
r Q
= —/div(ﬁv)u dx.
Q
This is valid for all v € V, and thus also for v = u, which yields:
/ div(Bu)u dx = 0.
Q

and

a(v,v) = /Q (| Vv |2 + 112) dr = ||UH?L11(Q)-
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Remark 2.52. We note that coerciveness of the bilinear form is regulated by the diffusive term
if div B =0, i.e., the advective field that transports the quantity u must be divergence free, or
i other terms, must be “conservative”.

We can formulate a convergent FEM problem: find u; € V), such that:
a(up,v) = F (v) Vv € V.

The stiffness matrix is not symmetric any longer but coercivity guarantees that it is invertible.
Moreover (a = 1):

[ = unllgpy < vllu=vllyp@y Yo €V

Example 2.53. Let u be the temperature of a solid whose shape is given by Q € R3. The
thermal flux is given by Fourier’s law:

ou
0@-

gi(x) = —k;(z) rei=1,23,;

Conservation of energy states that:

di L9 I ou O
1vq:Z% Z(x)ax =f x €€
i=1 " ¢

This is an example of a PDE with variable coefficient. The variational formulation requires
boundary conditions:

—q-n=4g 'y

with 89 == FD U FN.
Let V={veH Q) :v=0o0nTp}. With a standard approach we obtain:

3
ou Ov
fvdx—/vdiqua;—/vq-nds—/q~Vvdx— E /klx— dx—/ gu ds,
/Q w r Q i1 Y Q ()8%‘3% T'n

and thus the following: Find v € V' such that:

a(u,v) = F (v) Yo e,
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where:

o (0,0) = Z | @

F(v):/gfvdx—l—/mgvds.

The bilinear form is symmetric, continuous and coercive and the linear form is continuous if
there exist constants ¢ and C' such that:

c < ki(z) <C, VeeQ;i=1,2,3,

and moreover f € L2(Q) e g € L*(T'y) the measure of I'p is positive (non-zero).

2.8 Finite element spaces

The final definition of the finite element method requires now a proper definition of V. The
choice made by FEM is to use piecewise continuous polynomials defined on appropriate sub-
divisions of the domain © € R, called generically triangulations. A triangulation T, = {K} is
thus formed by the union of elements T (or subdivisions) that cover {2 without superposition.
The spaces we are looking for are finite dimensional subspaces of H!(Q) (or of H%(2) for PDE
of fourth order, for example). To properly define the piecewise continuous polynomials we
need to require:

Vi, C 7‘[1(9) SV, C CO(Q)
V, C 7‘[2(9) =V, C CI(Q)

where Q = QUT.

2.8.1 Two-dimensional case (d = 2)

Let the domain Q € R? be characterized by a polygonal boundary I'. Let 7, = {T} be a
triangulation formed by triangular elements 7, and let 7,.(7) the polynomial of degree r in T+

P,(T) = {v : v polynomial of degree < r in T}.
A linear polynomial 7 (7)) can be written as
U(.’E) = Qgp + a1021 + Ap122, xr € T, (271)

with a;; € R. We note immediately that ¢1(z) = 1, ¢o(z) = 21, ¢3(z) = x5 are a basis for
P1(T).
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FIGURE 2.15: Left: triangle with degrees of freedom defining a linear function. Center and
right: examples of linear basis functions.

In the quadratic case we may write:
_ 2 2 T
U(ﬂf) = Qoo + @10T1 + Qo122 + A20X] + A11T1T2 + Qp2X5, xeEl,

with a;; € R and basis {1, 21, z2, 27, 2129, 23}. In general we can write:
i 1 2
P.(T) = {v cv(z) = Z a;;xyxy for x € T} dim P.(T) = %

0<i+j<r

Example 2.54. Affine polynomials on triangles (Fig.2.15:
V, = {U € CO<Q) : U|T S ,Pl(T),\V/TE 77L} .

The space V), is then formed by functions that are piecewise continuous and with derivatives
that are piecewise constant. To describe these functions we use the “degrees of freedom”, in
this case the nodes of T,. Every function v € V,(T) is uniquely determined by its values at
the nodes of T. Let £®, i = 1,2,3 be the coordinates of these nodes. Then, for o; € R we
have:

Theorem 2.20. Let T € T, a triangle with vertices having coordinates €9, i = 1,2,3. A
function v(x) € Py(T) is uniquely determined by its values at the vertices. In other words,
given the values a; € R, i =1,2,3, v(x) € Pi(T) is uniquely determined by:
v(EW) = i=1,2,3 (2.72)
Proof. The generic function v(x) can be written as in (2.71). This the linear system (2.72)
has a unique solution if matrix
1 1
Vg 1
A= g )1
3 3
Pog) 1

79



FIGURE 2.16: Left: degrees of freedom for a triangle defining a quadratic function. Center
and right: example of quadratic basis functions.

is nonsingular. This is true since Ker(A) = (). In fact, it was not empty, there would be a
nonzero vector a = (aq, ag, az) such that Aa = 0. Then we would have a polynomial of degree
1 in R? with three roots. O

To determine the basis functions it is sufficient to choose «; appropriately. Then, following
the Lagrangian interpolation idea, we can chose «; equal to (1,0,0), (0,1,0), and (0,0,1). We
can then define functions ¢;(z) that are continuous on 2 with piecewise constant gradient.
For each element T we have:

3 3

v(@)|r =Y v(W)ei(x) Vo(@)lr =Y o) Vei(x).

i=1 =1

Example 2.55. Quadratic basis functions. The space V), is given by:
V, = {U € CO(Q) : ’UlT € PQ(T),VTE 77L} .

To describe these functions we need six degrees of freedom T € T,. We choose the vertices of
T and the midpoints of each edge (Fig. 2.16). We have then:

Theorem 2.21. Let T € Ty, a triangle whose vertices have coordinates €9, i =1,2,3. Let £)
be the coordinates of the midpoints of the edge between nodes i and j. A function v(z) € Po(T)
1s uniquely determined by:

U(f(i)) = o i = 1’2’3 ’U(f(ij)> = 1< j’ i,j = 1,2,3.

Proof. Again it suffices to determine as before that the conditions v(£®)) = 0 and v(¢@)) =0
1< 7,1,5 =1,2,3 imply v = 0 on the whole T. Consider an edge, e.g, between nodes 2 and 3
(Fig. 2.16). The quadratic function restricted on this edge is uniquely determined by the three
points €2, €23 and €O, if v is zero on these nodes, then v is identically zero on edge 2-3.
Thus we can factor a function ¢;(z) (the polynomial of degree 1 of the previous example):

v(x) = ¢1(x)w; ().
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Repeating this argument on the edge between nodes 1 and 3, we have:

v(x) = ¢1(2)da(x)wo,
where now wy is constant. Now take v(£1?)) = 0. We find:

11

0 =0v(E") = 61 (1) pa (6" )y = 2210

which yields wy = 0. [
Quadratic basis functions can be determined from the linear basis functions as:

3

v@)lr = Y _v(E)ei(@)(20i(x) = 1) + D v(€)4i(@)5(a).

2.9 Error estimates for elliptic problems

For elliptic equation whose bilinear form is coercive with constant « and continuous with
constant v, Céa’s lemma ensures that:

lu=wnlly < Llu=vl, Vo e

The idea is to take for v the interpolating polynomial 7, ,u of u, so that we are left with the
problem of estimating the interpolation error ||u — 7 ,ull,,. It is evident that it is sufficient
to estimate this error on each element 7' € 7T;, and then sum over all elements, as done in the
one-dimensional case.

Interpolation error. We consider here a polygonal domain Q € R? (the extension to R* is
immediate) and a triangulation 7,(€2). We identify with 7} the j-th triangle of 75 (€2). Then:

=

Il
i

Q) =1

J

nnt={ "

045
where 0;; is the edge between nodes i and j. For each T € 7T, we denote;

hr = diameter of T'= edge of maximum length of T

pr = diameter of the circle inscribed in T}
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The triangulation 7, will be characterized by a single grid parameter h, defined as;

h = max hrp.
TeTh

Consider a family of triangulations {7,(£2)} indexed by h and a corresponding family of
functional spaces V), = {v € H'(Q) : v|r € P1(T)}. We have:

Definition 2.22 (Regular triangulation). A triangulation {7,(€)} is “regular” if there exists
a constant # > 0 independent of h and of the member 7y, of the family {7,} such that

T 5 VT e T
hr

The constant  estimates the measure of the smallest angle among all triangles 7. The
regularity of the triangulation ensures that during the limit process h — 0 no angle of the
triangulation tends to zero. We report here the classical interpolation result, whose proof can
be found for example in [22]:

Theorem 2.23. Let T € Ty, be a triangle with vertices €9, i =1,2,3. Letv(z) € HY(T) and
v € Pu(T) be its Lagrangian interpolating polynomial of degree r. Then for each triangle
T:

HU - 7Th,r“||£2(T) < ChTTH Har+1v||£2(T) )
7;—1 r+41 C r r4+1
| 0 = Thr gy < C? o U”EQ(T) < —hp|o UHLQ(T) :

B

Remark 2.56. We note that the second inequality contains the grid parameter pr, which comes
in play when we estimate the gradients of v and 7, ,v on triangle T. In fact the norm of the
gradient of functions v € H™Y(T) is bounded by 1/pr.

Remark 2.57. The basis functions ¢; € Pi(T) two-dimensional triangle T' have the following
useful properties:

Lemma 2.24. For j = 1,2 and x € T the following properties hold:

> o) =1 > G =0

i=1 =

The following corollary holds for the family of triangulations:
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Corollary 2.25. If the members of the family {Tn} are reqular triangulations, then there exist
two constants Cy and Cy independent of h and of v € H™(Q) such that

||U - Trh,?‘UHEQ(Q) S Cth_l ||8T+1UH52(Q) ) (273)
|V = T [y < Col HaTHUHy(Q) : (2.74)

Proof. We show the corollary for » = 1 (linear interpolation). In this case theorem (2.23)
specializes in:

v — TthUH[ﬁQ(T) < Chy H82UHE2(T) )

h2
| v —7h 0 |7—[1(T) < Cp_; H82UH£2(T) .

Summing over all T' € T, we have:
2 2 4 2 4 2
lv = 7n k0] 2o ) = > v - T k0| oy < > CPhi 10%0[[ oy < C2RH[0%0| gy -
TETh TETh
For the second inequality, recall that hr/pr < 1/beta. Then:
h3 Cc?
2 _ 2 2T 1192 112 211 92,2
| v — T kv ";—[1(9) = Z | v — T kv |’H1(T) < Z C o2 H(? UHEQ(T) < Fh H@ v”l:?(ﬂ)'
TET TET,, T

]

As typical of Lagrangian interpolation, accuracy is determined by the order of the interpolating
polynomial and by the smoothness of the interpolated function. In general, we have for
1<s<r+1:

[0 =m0l oy < Ch 00| 22y
| v — 7,50 ’Hl(T) < Chy! ||88UH£2(T) :

FEM error and regularity of the solution From Céa Lemma we have immediately an
estimate of the FEM error:

Y
|u — unl]), < o |u — 7 pully,

and using the interpolation error estimates above we can estimate the FEM error for different
problems.
For example, consider the following Poisson problem:

—Au=f in
u=20 in ' = 0%)
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Let V= H}(Q) and V), = {v € V : v|r € P.(T)VT € Ts}. Then we have:
Ju— uh”?-[l(Q) < Ch'|u |7—LT+1(Q)'

The regularity theory for elliptic equations ensures that if ' is sufficiently regular, then we
have:

ull govzgy < C N gy » (2.75)

or, intuitively, the solution gains two orders of derivatives with respect to the forcing function
f.

If I is non smooth, the estimate may not be true (even for s = 0). For example, if {2 is
not convex with an angular vertex pointing towards the interior of €2, the solution will have
a singularity even though f is smooth. To give some intuition, we could approximate the
solution u in such a point as (we use polar coordinates centered in the angular point):

™

u(r,0) = r"a(f) + B(r,0) == (2.76)

where w is the measure of the angle at the boundary. It is possible to show that (2.75) is valid
with s = 0 if w < 7, i.e., convex domain with polygonal boundary. If w > 7, a function of the
form (2.76) does not belong to H*(Q) if o # 0. It is easy to verify that:

R
/ | °u |* da ~ C/ [r7=5)?r dr.
Q 0

This integral exists and is finite, thus v € H*(Q), if s < 7+ 1. The error of the FEM
formulation can be described for every ¢ > 0 as:

Ju— uhHHl(Q) < Ch7™* ||U||Hw—e+1((z) =Ch'™,

where v = 7/w, and w is the measure of the largest angle of the angular point of I". For
example, if v = 2/3, i.e., an angle with w = 37/2, we loose the (O(h)) convergence of the
method:

2 _
[ = unllgg gy < Ch3™F

We can however conceive adaptive methods that try to decrease hp locally to prevent this
loss of accuracy. In principle these methods work very well, although the complication of
dynamically adjusting the triangulation renders problematic their application to large scale
problems problems. We will not pursue this approach further and refer the reader to the
specialized literature.
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A [ — up e
g ||u_uh,£H[,2 ||U—uhe|| £ p
5 £2
0 0.2241 -
1 0.0483 4.64 2.32
2 0.0117 4.13 2.06
3 0.0029 4.03 2.02

FIGURE 2.17: Left: Uniform refinements of initial triangle (( =0, £ =1, £ = 2). Right: L>
error norms and convergence rates p for £ =0,... 3.

L? error for the Poisson equation. The Nitsche-Aubin- trick. From the preceding
analysis we realize that there is a discrepancy from the order of convergence of the FE scheme
as derived from Céa’s lemma and the order of convergence of the interpolation scheme. In
fact, we can only state the following FEM convergence estimate:

lu — uhH’Hl(Q) < Ch|u ‘H2(Q)7
and the following interpolation convergence estimate:

Example 2.58 (FEM for Poisson equation with smooth solution). We solve the following
problem:

—Au = f(l',y) (x,y) € CRQ
u=70 (x,y) € 00

where Q = {(z,y) : (v,y): =1 <z <1,-1 <y <1}and f(z,y) = —5/4r?sin(7 x) cos(m y/2).
The problem admits the solution u(x,y) = sin(7 z) cos(m y/2).

We solve this problem with linear Galerkin FEM and use a sequence of four ¢ € {0,1,2, 3}
unstructured triangulations 7, ¢(€2) constructed by uniform refinements of an initial mesh
Tho(€2) obtained by halving h at each refinement level (Fig. 2.17, left panel). The table
on Figure 2.17 (right panel) shows the experimental £? error norms and their ratio at the
different mesh levels. The errors decrease by a factor almost 4 at each refinement, showing
that convergence of the FEM method is optimal, in the sense that the £2 norm of the error is
proportional to A2, i.e., the same convergence rate of the theoretical interpolation error.

Backed up by numerical convergence, we see that we should find theoretical evidence for the
above calculations. This is obtained using by duality arguments using the so called “Aubin-
Nitsche trick”. We have the following:
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Theorem 2.26. Let 2 a convex polygonal domain and wuy, the FEM solution of the Poisson
equation with piecewise linear basis functions. Then there exists a constant C' independent of
h and u such that:

Ju— Uh||g2(9) < Ch’|u |H2(Q)‘

Proof. Let e = u — uy, be the error function. Strong consistency of the scheme implies:

ale,v) =0  Yv eV, (2.77)
We want to estimate the £2 error norm, which we note can be equivalently defined as:
ev dx
||6||L2(Q) = (6,6)1/2 = sup fQ—

veL? ||U||£2 '

The integral in the numerator reminds us of the linear form of the right-hand-side of a vari-
ational formulation for a Poisson equation with e as source function. Then we can let ¢ be
solution of the following dual (adjoint) problem:

—Ap=e in Q
p=0inTI"
Since 2 is convex, the elliptic estimate (2.75) holds with s = 0. Then:
||90||H2(Q) <C ||e||z:2((z) . (2.78)

Now we can use Green’s Lemma, the fact that e = 0 in I" and the consistency of the FEM
scheme (2.77) stating that a (e, m,1¢) = 0, to obtain:

(67 6) = (67 _AQD) =a (67 90) =a (67 ¥ — 71—h,l(zp) .

Using again Green’s Lemma and noting that ¢ = 0 at the boundary, we have:

lelisey = | VeV (o= Mua9) < IVl o 1960 = w16l e

< ||el|H1(Q) I — 7Th,1€0||7-¢1(9) :
We now use the interpolation error estimate (2.74) with r = 1:
2
||€||52(Q) <C ||@||H1(Q) hl ¢ |H2(Q);
finally, using (2.78) on the auxiliary (adjoint) Poisson problem forced by the error:
2
H€||£2(Q) < Ch ”e”w(g) h H€H£2(Q) :
Division by |le[| 2o yields:
lell z2) < Chllelly gy
which using Céa Lemma gives immediately the desired result:

[ = unll 20y < ch?| u |2y
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2.10 Estimate of the condition number of the stiffness matrix

We have now almost all the tools that allow to show the result stated in Remark 2.10. We
take as an example the Poisson equation with homogeneous Dirichlet conditions discretized
via linear finite elements on a regular triangulation 7, (cfr. paragraph 2.9). The stiffness
matrix is given by::

A = {a;;} ai; = a(¢i, &) a(¢i, ¢5) = /QV@ Vo,

with ¢; € Pi(T,). We have the following:
Theorem 2.27. The condition number of the stiffness matriz A can be estimated by:
k(A) =0 (h7?).

In particular, the largest and smallest eigenvalues are A\ (A) = O (1) and \,(A) = O (h?),
respectively.

Before proceeding with the proof we show the following result, known as “inverse estimate”
(inverse of the Poincaré inequality), used to estimate the gradient of the solution with the
solution itself. Note that this is obtained at the cost of the appearance of a factor 1/h in the
estimate.

Lemma 2.28 (Inverse estimate). There exist two constants ¢ and C' depending only on the

reqularity constants of the triangulation T;, such that for all v = Zfil a;0; € Vi, we have:

ch? a [ < [loliaq < O a [ (2.79)

a(v,v) = /Q | Vo |* doz < Ch™2 HvHiQ(Q) . (2.80)

Proof. We need to show that for each triangle 7' € 7;, with vertex coordinates given by &®),
i =1,2,3 and for all v € Py(T), we have:

3 3
ONE iy |2
chp Y 1o(ED) " < ollfem < ORI 0(€D) [, (2.81)
i=1 i=1
/ | Vo |? do < ChTQ/ | v |? da. (2.82)
T T

Then summing up over all 7' € T, we obtain the result.

The strategy is to show the inequalities for a reference triangle 7' with nodal coordinates
given by €1 = (0,0), £® = (1,0), and £€® = (0,1) and then use an affine transformation to
translate the inequalities for a general triangle T"in the reference system (z1,x2)
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b
(0.1)
X
(0.h)
X
™
X
(0,0) (L0) %, 000 (h0)

FIGURE 2.18: Coordinate transformation from a reference triangle T to the scaled triangle T.

Let ¢;(2) be the classical basis function for P (T) and let:
3 ~ A
0(2) =Y wdi(d), VieT
i=1

Let v = (71,72, 73). We want to show that the function f : R* — R defined as

Jy| o [ da
- 0
f(fY) fT @2 d.ﬂ% 7’7 9
satisfies:
f)<SC Wy eRy A0 (2.83)

From this we obtain (2.82) with T'= T e hy = /2. Note that f(v) is a homogeneous function
of degree zero (f(ay) = f(7) Ya € R, a # 0). To show (2.83) we show that f(7) is continuous
and bounded in a ball B = {y € R?: ||y|| = 1}. In fact, f(v) # 0 for v € B and is continuous
since ~; are the baricentric coordinates of ¥ in T. Since B is closed and bounded in R?, then
f reaches its maximum value in B contained in T.

Now we work on a simplified generic triangle T, similar to T but with edges of length h and
hypotenuse hy = v/h (see Fig. 2.18). The map F : T — T is:

¢ = F(i) = (hiy, hiz), teT
For every function v € P;(T) we have:
o@) =v(F(@), el
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The Jacobian of the transformation is given by:

@_ 31}(%1+ (%8:52_@]1

Hence we have that Vi = hVv and obviously dz = h%d#, di = dx/h?, yielding:

/|V@|2di:/h‘2|VU|2h2dx§0/@2di:0h‘2/v2dx.
T T T T

In analogy, to go from T to a general triangle, we can form the coordinate transformation:

Using the fact that | £&) — &M | < Chy, i = 1,2,3 and do = Ch2dZ, which are true because
of the regularity property of 7T,, we obtain the sought result. O]

Proof of theorem 2.27. A generic function v € V), can be written as a linear combination of
the basis functions:

U(SU) = Z 51’@(13)7

hence:

a(v,v) =p5-Ap,

with 5 = {3;}. Using the inverse inequality (2.79) and (2.80) of Lemma 2.28, we have:

5-A2[3 _ a(v,g) < C’h_QHUHizég)
18] 18] 18]

The coercivity of the bilinear form a (-, -) together with eq. (2.79), yields ([|v]l31q = [Vl z20)):

< (2 V3 € RY.

B - A2/6’ _ a(v,g) > aHUHiQ;ﬂ)
18]l 18]l 18]l

Thus there exist two constants ¢ and C' independent of h such that:

> Cah? V5 € RY.

Amax < C, A > ch?,

min

and thus k(A) = Amax/Apiy < Ch™2 O
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FIGURE 2.19: Nodal patch and corresponding Voronot control volume in Delaunay triangula-
tion (left). A subset of a Delaunay triangulation and Voronoi cells (right).

Remark 2.59. The stiffness matriz A is often scaled with a constant of the order O (h?), e.g.,
every row 1 18 multiplied by the inverse of the area of the patch relative to node i. In this case
the matriz has eigenvalues that are Xy, = O (1) and Amaz = O (h™2). It can be shown that
these eigenvalues tend to the eigenvalues of the Laplace operator as h — 0. Note that the
eigenvalues of the Laplace operator are all localized in the unbounded interval [A, 00), A > 0.

Remark 2.60. Recall that the conjugate gradient (CG) algorithm for the solution of a linear
system converges with a number of iterations that is proportional to the square root of the
spectral condition number of the system matrix. Thus, the number of iterations for CG when
solving a diffusion equation on a sequence of refinements increases linearly with h. For ex-
ample, halving h at each refinement step means that the number of iterations for convergence
of CG (or PCG) doubles every time. This is a typical phenomenon common to all “elliptic”
problems.

2.11 Galerkin P; Finite Elements and Finite Volumes

In two dimensional triangulations the Galerkin P; can be interpreted as finite volumes. To
show this, we first note the following properties of the FEM basis functions and consequently
of the FEM stiffness matrix. The Galerkin FEM basis function form a partition of unity. In
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fact, since the basis functions satisfy the interpolation property (2.4) we have immediately:

Z@-(az) = 1.

From the definition of the stiffness matrix (2.69), we have:

M N N
ai; = a(¢i, d;), Zam =a (fb, Zﬁbj) =0, Qi = — Z Qij- (2.84)
j=1 j=1 j=1
J#
From the above considerations, it follows immediately that the kernel of the Galerkin stiffness

matrix (before Dirichlet boundary conditions have been imposed) has dimension 1 and is
generated by the constant vector. Now, the i-th Galerkin equation is written as:

N N
E al-juj = bl QiU + E aijuj = bz
i=1 i=t

J#

Using (2.84), we have immediately:

- al wU; — U;
Zaij(uj —u;) = by, or Zaij’ 0ij |ﬁ =b;,
j=1 j=1 Uz]

i J#i

where | 0;; | is the length of edge o; with endpoints given by the nodes ¢ and j. We can now
interpret the equation on the right as the sum of the fluxes entering/exiting a nodal control
volume §); centered in ¢. In fact, the term (u; —u;)/| 0i; | is a first order finite difference
approximation of the gradient along o;;. Conservation, or the divergence theorem, calls for
the sum of the flux projected along the normal to the boundary of €2;. Thus we can identify
Q); as the region surrounding node ¢ that is bounded by the polyline formed by the normals
passing through the midpoint of each edge 0;;, the so called axes of the triangular elements
(see Fig. 2.19). This region is called the Voronoi cell, the dual of a Delaunay triangulation, and
is always convex as long as the triangulation is of Delaunay type [24]. Using this identification
and assuming a constant diffusion coefficient, the normal flux on ¢;; can be approximated by
the following:

Uj — Uy

Gij = —D| 0ag | ENk
ij

which implies that the stiffness matrix coefficient a;; must be equal to:

|Ua/3!.
| o4 |

aij:—
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Indeed this is true for Galerkin P; in two dimensional Delaunay triangulations and constant
coefficients and can be proved using the properties of the classical scalar product [20]. Thus,
the Galerkin P; finite element approach can be interpreted as a finite volume method where the
interpolation of the unknown is performed on the triangles, while Gauss’ theorem is applied
on the dual Voronoi control volumes. This approach is known as “Control Volume Finite
Element” method [15], an approach often used in multiphase simulation in porous media. We
will see in later chapters that classical finite volume methods rely on performing both of the
above tasks on the same control volume, and are less susceptible to ill-conditioning in case of
highly deformed elements linked to the difficulty in the precise evaluation of the geometrical
quantities of the control volumes.

3 Mixed formulation for elliptic equations

3.1 Equations in mixed form

We start this section with two important examples. The first concerns Stokes equation, the
second concerns Darcy’s equation. Both are important models in the application of computa-
tional fluid dynamics.

Example 3.1 (Stokes equations). The stationary Stokes equations for an incompressible New-
tonian fluid are a linear approximation of the corresponding Navier-Stokes equations that is
valid for small Reynolds numbers (tending to zero). They are:

—puAu+ Vp=f in €,
divu =0 in (3.1)
u=0 in I,

where p > 0 is the fluid dynamic viscosity, u € R? (d =1,2, or 3) is the fluid velocity, the
forcing function is a vector function f € R? and the Laplace operator A is applied to the
vector u component by component. A variational formulation can be derived as follows. We
choose to use vector test functions v € [H[l)(Q)]d that satisfy the further condition of being
divergence free, i.e., ~v = 0. After scalar multiplication by v and application of Green’s
Lemma, we obtain:

/f-vdm:u/Vu:Vvdx—/(Vu-n)-vds—i—/pv-nds—/pdivvdx,
Q Q r r Q

where the “double dot product” (or dyadic product) “” symbol is defined as Vu : Vv =
Tr ((Vu)(Vv)T) where V, u, and v identified as column vectors. This equation can be equiva-
lently obtained using Einstein notation whereby repeated indices are summed over the spatial
dimension d, as:

/ fivg do = u/ Vu,; - Vv; do — /(Vu -n)v; ds + /pvmi ds — / pu;; d;
Q 0 r r 0
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where we have used Einstein convention whereby repeated indices denote summation over the
spatial dimension d. Since v =0 on I' and divv = v;; = 0 in €2. we can write the equation in
a more compact form:

,u/Vu:Vvdx:/f-vd:U Vv € V(9),
0 0

where V(Q2) = {v e [HA ()" : dive = 0}. The variational formulation becomes then: find
u € V such that:

a(u,v) = F(v) Yo e, (3.2)

where:
a(v,w):,u/Vu:Vvdx, F(v):/f-vdx.
Q Q

We note that there is no variational equation for the pressure, as we work in a divergence free
space, and it seems that there is something we are missing for a sound development.

The numerical formulation is developed as usual by finding a finite dimensional subset of the
variational space. To do this, we analyze with more details the space V' in a two-dimensional
domain (d = 2). In this case this space can be written as:

V(Q) = {v = (v1,v0) € [HAQ)]: vt v _ 4 Q}

0wy Ory

with © C R% If Q C R? is simply connected, then dive = 0 if and only if there exists a so
called “stream” function ¢ € HZ(Q) defining the vector potential ¢ = (0,0, ¢)T, so that:

dp  Jyp

'U:CHI'ICPZVXQO: (a_@’_ﬁ_xl>

The functions ¢ are of class C'(2). We call our discrete subspace as W, C HZ(Q) and see
that the basis functions need to be polynomials of degree 5 ¢ € P5(T), that are determined
by the following conditions (we denote with @ the coordinates of the three vertices of the
triangle T and with £9) the coordinate of the midpoint of the edge 0;; having endpoints given
by vertices ¢ and j):

Dp(e®),  i=1,2,3;]a| <2
0 g

6—2(5(”)), i,j=1,2,3i < j.
Our FEM space is then:

Vi ={v:v=curlep,p € W,},
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and our numerical scheme is obtained by substituting this space in place of V in eq. (3.2).
Intuitively, assuming optimal order of convergence, we will have the following error estimate:

lu = unllggr iy < CRY u | gs .

As we can see from the previous example, looking for basis function in a divergence free space
Vy (i.e., functions that satisfy the incompressibility condition (divev = 0) introduces limiting
constraints already for d = 2 and that become even more stringent in a three-dimensional
setting. It is then useful to consider the “mixed” form of the equation using the explicit
unknowns of the problem, i.e., fully utilizing the velocity u and the pressure p as unknowns.
Note that pressure is defined up to a constant given that only the gradient of p is present in
our equations, thus we add the condition on the average pressure:

/pdx:O.
Q

Before addressing the problem of the Stokes equation, we look at a simpler example, namely
the “mixed” form of the diffusion equation:

—div (K (2)Vp) = f in Q (3.3)
p=0 in ' =09, (3.4)

where the diffusion coefficient a(z) is bounded from above and below by positive constants
and Q C RY, d = 2,3. This equation, for example, governs the motion of a fluid in laminar
conditions, thus we talk about fluid pressure p and fluid velocity v = —K(z)Vp. The idea
of the mixed formulation is to simultaneously approximate both p and u hoping to obtain
properties of (u,p) that are more easily transferred to the discrete setting. Writing u(x) =
(K (x))™', the problem is transformed into:

pu+Vp =0 in €, 3.5)
divu = f in €, (3.6)
p=0 in I, 3.7)

where the similarity with the Stokes problem is self-evident. We use vector and scalar test
functions for the first and second equation, respectively, and apply Green’s lemma to the
second term of the first equation to obtain the following variational formulation®:

5This is the so called Dual Mixed Formulation and is the most widely used in applications. The Primal
Mixed Formulation is obtained by applying Green’s lemma to the second equation (for more details see [4]).
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Problem 3.2 (Mixed Dual formulation). Find (u,p) € V() x Q(€) such that:
/pu-vd:v—/pdivvdwzo Yo € V(9),
Q 0

/qdivu dx:/fq dx Vg € Q(9),
Q Q

We clearly have that Q = £2(Q2). The function space V contains vector functions that are in
H'(Q2) and with divergence in £2. In other words, V(Q) = H(div, Q) = Hy,, () is the Hilbert
space given by vector functions that admit divergence in £2, i.e.:

o () = {U e [ divo € /;2(9)} .
The norm defined as:

Hv”idivn) = ”UH2£2(§2) + HdiVUHE?(Q)'
Obviously, we have that [H'(Q)]¢ C Hy, () and HUHHd < m|v|;a. In fact, since Vv €
HI(Q):

ol = /Qv W VuiVods, ol = /Qv o+ (dive)? da,

and since for d = 2:

ov Ovy \ 2 ov\ 2 Ovy \ 2
vl = [ 2 22 ) <o (22 772
(dlvv) (83:1 + 81‘2) - 83:1 + (933’2

and for d = 3:

. 81}1 (%2 (%3 2 (%1 2 (%2 2 (%3 2
dive)? = < ZL .
( IVU) (81‘1 + 81‘2 + 81’3) - 3 [(8:1:1> + 81‘2 + 81‘3

we have that:

< 2(Vuv: V),

< 3(Vv: Vo),

/v‘v+(divv)2 dx§3/v~v+Vv:Vvdx.

Q Q

Remark 3.3. We observe that in this Dual Mixed formulation homogeneous Dirichlet boundary
conditions are “natural” boundary conditions, i.e., they are contained naturally within the weak
formulation, as opposed to the standard formulation for which “natural” boundary conditions
are of homogeneous Neumann type.

95



We have the following theorem due to Brezzi:
Theorem 3.1 (Brezzi splitting theorem). If a : V x V +— R is continuous and coercive and

b:V x QR is continuous and satisfies the inf-sup condition:

b
inf sup g > 0, (3.8)
€Qvev [[vly, [lallg

then the problem 3.2 has a unique solution (u,p) € V x Q that satisfies the following stability
property:

lully +lpllg < Clifllg -

Note that the coercivity assumption on a (-, -) can be relaxed, as will be seen later in § 3.3.1.
The two bilinear forms a (+,-) and b (-, ) are obviously bounded, and thus continuous:

[a(v,w) | < Kl lvlly lwlly, 10w, q) [ < lvlly llllg,

where V = H4, () and Q = £2(Q2). The kernel of the bilinear form b (-, -), or better the kernel
of the operator B associated with the bilinear form, is given by:

Kerb = {v € Hg, () : (dive,q) =0 for all ¢ € L*(Q)},

and thus ||div vHiQ(Q) =0 for all v € Kerb C Hg4,(2). Hence:

2 2
a (v,0) = oy = 101, oy

showing the coercivity of the a(-,-) bilinear form. For the other form, we have that for any
there exists a function v, € [H!(Q2)]? such that for every ¢ € £2(Q2) we have that divy, = ¢
and ||v]l;n < C'llql| 2. Thus we have, for all ¢ € @ = £3(Q) and v € V = Hy,, () (taking
divu, = q):

[0(v,4) | [ 0(vg,) |

sup > sup > sup (4,9) = = lall > -
e vl e |lvlly o C vl C

Thus the problem admits a unique solution (u,p) € V x Q with the stability estimate:

[lly,, + plle2 < CUFle -
div

We note here t,hat although the above estimate for p is in £2(£2), it is easy to see, using again
integration by parts, that the pressure p has a weak derivative and satisfies the homogeneous
Dirichlet boundary conditions, yielding the desired result that p € H(Q).

Alternatively, the mixed formulation can be rewritten using a symmetric bilinear form as:

¢ ((u,p), (v, q)) :/

uu‘vdx—/pdivv dat—/qdivudx.
Q Q Q
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and a linear form:

F((v,) = — / fqde.

Note that the original two equations can be obtained using (v,0) and (0, ¢) in the second
argument of the above bilinear form. Thus we have:

¢((u,p), (v,q)) = F ((v,q)) Y(v,q) € My, () x L2(Q).

However, the form c(-,+) is not coercive, but it can be shown that is satisfies the “inf-sup”
condition (2.61) and thus, because of its symmetry, also (2.62).

3.2 Mixed finite elements

Let T,(Q2) be a regular triangulation of ) with grid parameter h. We want to build the FEM
spaces:

V, C %div<Q) and 9, C £2(Q)

It easy to see that the “inf-sup” condition required for stability introduces a relationships
between V;, and Qp, in the sense that V, must be “sufficiently richer” than Q) (we will see
this in more details in the next section). Then the mixed finite element method can be written
directly as:

Problem 3.4 (Mixed FEM). Find (un, pr) € Vi X Qp, such that:

a(up,v) —b(pp,v) =0  Yv € Vp,
b(Qv Uh) = F(Q) \V/q € Qha

where:

a(v,w)—/g/w-wdx b(v,q)—/quivv F(q)—/gfqu.

Remark 3.5. We note that using density arguments®, via integration by parts, one can show
that functions with continuous normal derivatives on edges of T () are in Hy,, (), i.e., given
T;,T; € Tn() two neighboring elements of the computational mesh, with o;; = T, N T;, we
have that:

{ve [N v|r, € [HNT)]? and vy, - v = v|g, - v for all 055 € Th(Q)} C Haiy ().

6Typical density arguments rely on the fact that C°°(£2) is dense in £2(£2) and on the Sobolev (or Rellich-
Kondrachov) embedding theorem, and can be used, e.g., to show that weak normal derivatives on element edges
exist and that integration by parts formula hold (both globally on 2 and locally on T;) (see for example [7,
Thm. 3, §5.3.3, §5.6, §5.7]).
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Thus, we will chose vector basis functions for Hy,, () that have continuous normal component.
We will see later on a stronger result.

We have the following equivalent to the continuous case, which is easy to prove:

Theorem 3.2. If the following discrete inf-sup conditions hold;

inf sup M > Qp,
up€Kerb(-,-) vpEKer b(-,") ||uhHV ”UhHV
and
b
inf sup _bonan) > B, (3.10)

ahE€Lh vy, eV, HQhHQ ||Uh||v

then there exists a unique solution (up,py) € Vi X Qp of Problem 3.4 and the pair satisfies the
following stability estimate:

[unlly + llpnllg < Cf]

For a proof of this theorem see [4].

Note that although the continuous problem satisfies the inf-sup condition, the discrete inf-sup
does not follows directly from the continuous counterpart. There is however a characterization
that allows to identify appropriate FEM spaces V), and Q) that satisfy the above discrete inf-
sup:

) Z

Lemma 3.3 (Fortin criterion). If the continuous inf-sup condition is satisfied (eq. (3.8)), then
the discrete inf-sup condition (3.10) is satisfied is and only if there exists a linear operator
II; : V — V), such that:

b(pv,q) = b (v, q) Vq € Qp,
and such that:
ITyolly, < llvlly,  Yoe V.

Proof. Forward implication. Assume such a II, exists. Then, since I1;(V) C V,, we have,
for all g € Qp:

b(v.g) o blw,g) sup b(v,q) _ B

> > — ||ql|
vV ||U||V 9% ||Hhv”v vV Vh ||U||v Yh e

i.e., the discrete inf-sup condition (3.10).

Backward implication. Assume the discrete inf-sup condition (3.10) holds. This means
that, given any v € V, the bilinear form b (-, ), identified as an operator, is surjective and has
continuous right inverse. Hence, there exist v, = IIv € V), such that b (Il,v,q) = b (v, q) for
every q € Q. The stability inequality follows directly. m
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To obtain convergence estimates we assume some properties of the spaces V), and Qj, so that
the Fortin criterion is satisfied:

diVVh - Qh7 (311)

and that there exists a projection operator IIj, : [H1(92)]? — V), such that:
/ div(u —Ipu)g=0  Vue [Hl(Q)]d Vg € Q. (3.12)
Q

Under these hypothesis we can show uniqueness of the solution of the discrete system. Thus
we prove that f = 0 implies (up,pp) = (0,0). For f = 0 the linear system becomes:

/,uuh-vdx—/phdivvdx:() Yv € Vy
Q Q
/qdivuh dr =0 Vq € Oy
Q

Since div V), C 9y, and uy, € Vy, we can take ¢ = divuy, € Q), in the second equation to obtain
divuy, = 0. Then taking v = wuy, in the first equation yields immediately u, = 0. But since
divV, D 9y and py, € Q). we can choose v € V), such that divv = py,, from which p, = 0.
The error estimate is given by:

Theorem 3.4. Let V), and Qj be mized FEM spaces, satisfying (3.11) and let 11, be the
projector defined in (3.12). Then there exist a constant C' independent of h such that:

= nll 2@y < € {llu = Myl g }-
Proof. The error equation is easily recovered by subtraction:

Yv € Vg, (313)
‘v’q € Qh. (314)

a((u—up),v) =b((p—pn),v)
b(Qa (U - uh))

Using (3.12), we can write the last equation as:

=0
=0

b(g,(pu—up)) =0 Vg€ Q.
Take ¢ = div(Il,u — up,) to write:
diV(Hhu — uh) = 0.

Now take v = IIpu — uyp, in (3.13) to obtain:

0 (1 = wn), (T — up)) = /Qu(u —up) - (Tyu — up) d = 0. (3.15)
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We can write:

o= ey = [ =) (= ) do < K =) - (= ) do
Q Q

= ||K]|| {/Q,u(u—uh) (u —up) da:—l—/gu(u—uh) - (Ipu — up) dx
< [|Kl a((u—up), (Hpu — un))

S NE o [l [t = unll g2y M — unll 22(q) -
The final result follows by dividing by the nonzero term |ju — wy|| £2(9)- ]

The error estimate of the mixed FEM relies upon interpolation error estimates for scalar and
vector functions. Thus we assume the following (interpolation) estimates:

HP”H?(Q) <C Hf”z:?(sz) (3.16)

lg = 7l o) < Chlall3q) Vg € H'(); (3.17)
lo =Tl sy < Chllollpgy Vo € [H(@)] (3.18)
”HhU”c?(Q) <C ||U||H1(Q) : (3.19)

Then we can prove the following:

Theorem 3.5. Let V), and Q) be mized FEM spaces satisfying (3.11) and (3.12). Let I1,, be
a projector satisfying (3.19). Then there exists a constant C' independent of h such that:

|mnp — thL?(Q) < Cllu— Hhu||£2(9) :

Proof. Note that (3.12) together with (3.19) implies that for each ¢ € Q), exists a v € V), such
that divv = g and ||| z2(q) < C'|[¢| z2(q)- In fact, we can use the auxiliary problem:
Ap=q €,
=20 € 09,
and define w = V. From (3.16) we have [[wlliq) < C|fll2q) Then, using (3.11)
and (3.19) we see that the function v = II,w satisfies the requested conditions.

We first note that for all v € V), eq. (3.11) ensures that (m,p,q) = (p,q) for all ¢ € Q, and
divv € Q. From the error equation we then have:

/(p—ph)divv dmz/(ﬂw—ph)divv dx:/(ﬂhp—ph)divv da::/(u—uh)-vda:;
Q Q Q

Q

Take v € V), such divv = (m,p — pp,) and that verifies:
V]l 220 < Cllmap — pall 20 -
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We obtain:

2
|7mhp — ph”@(g) < Cllu— Uh”ﬂ(ﬂ) |7mnp — thL?(Q) :
The proof is concluded by invoking Theorem 3.4 and the triangular inequality. ]

Theorem 3.6. Let V, and Qy, be mized FEM spaces satisfying (3.11) and (3.12). Let 11, be
a projector satisfying (3.19). Then there exists a constant C independent of h such that:

|7np — ph”LQ(Q) <cC {h lu — Uh”.c2(9) + 1 || div(u — uh)H[:Q(Q) +}

Proof. We need to use a duality argument similar to the Aubin-Nitsche trick. Let ¢ be solution
of the dual problem:

div(KV¢) = mp — ps in
=0 in 0f).

Then, assuming K (x) sufficiently regular and using (3.16)-(3.19), we can write:

lThp — thiQ(Q) = /Q(ﬂ'hp —pp) div(KV¢) dz
- /Q(Whp = pn) div(IL(KV9)) du
_ /Q (p — pn) div(IT,(K'V§)) da

— [ = w)W(590) - £90) do+ [ (0= w)Vo) da

Q

= /Q,u(u —up) (IR (KVo) — KV¢) dx — / div(u — up) (¢ — mh) dx

Q
< Cllu—=unll 20y 2 18152 + C ldiv(u = wn)l 220y 27 6 ]l520)

]

These theorems, together with (3.17) and (3.18), tells us that the Mixed Finite Element
scheme converges linearly for p, and u; as long as the real solution is sufficiently regular. In
practice, there are “super-convergence” theorems that show that the pressure p;, converges
super-linearly in specific points of the triangles for all those cases in which (3.17) can be
written with an exponent of h larger than one.
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g(k)

| |

FIGURE 3.1: Location of the “degrees of freedom” in the triangle for the spaces RT (left) and
RT1 (right). The arrows indicate the normal component v - n of the vector basis functions,
while the dot indicates the function v (left and middle). Triangular element with notation for
nodes, edges, and exterior normals (Tight).

3.2.1 Raviart-Thomas R7 finite dimensional spaces

To complete the numerical formulation we need to characterize the MFEM spaces V), and 9,
that satisfy the requested properties. We recall that V), is a subspace of Hgy, (€2) and that
we will need to find an appropriate projector II,. We consider in these notes only the case
of a two-dimensional domain (d = 2) and a regular triangulation 7, = {T}. Moreover we
consider here only Raviart-Thomas spaces of degree k (RT}), referring the reader to, e.g., [4]
for further details.

We define the following family of R7T spaces on the triangle T' € Ty,:

RTw(T) = [P @ 2Py (3.20)
where z € R%. The finite dimensional space V), can be described as:
Vi, = {U < Hdiv<Q) : U|T S RTk(T) VT e 77L}

As done before, we denote with £€® both the i-th node of T"and its coordinate vector, with o;
the edge (face for d = 3) opposite to the i-th node and with v; the corresponding edge outer
unit normal (see Figure 3.1, right). For now, we work in a local (triangle based) enumeration
1 =1,2,3. We have the following:

Lemma 3.7. The family of mized finite element spaces RTj has the properties:
1. dmRT(T) = (k+ 1)(k + 3);
2. if v € RTk(T), then v - v; € Py(0;);
3. if dive =0, v € RT(T), then v € [Py(T))".

For the space Q) C L2(2), there are no special regularity requirements::

Qn=1{q€ L) 1 qlr € P(T) VT € Tn}.
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We are missing only the construction of the projection operator II,. We first note that a vector
function, whose components are elementwise continuous polynomials and with trace (assuming
enough regularity for its existence) having continuous normal projection along subdomain
edges, belongs to Hy;, (€2). More precisely, we have the following:

Lemma 3.8. Given an arbitrary partition P(S2) of the domain §) into subdomains Qi with
sufficiently regular boundary, i.e., P(Q) = UpSh, and let S(S2) be the space of piecewise Hy;,
functions, i.e., S(P) = {v € [L*(Q)]: vl|g, € Hyy, () V% € P(Q)}. Then, v € S(P) belongs

to Ha, () if and only if its normal traces are continuous across all subdomain interfaces.

Proof. Let T'), be portion of the boundary of subdomain Q that does not lie in Q. By the
divergence theorem we can write:

vdx:/ v~nds:/ vdr = /vd:z:: /v-nrds—i—/ v-nds,
/Q oQ P ; o ; Tk o0

where nr is the outward unit normal on I'y,. Thus we have:

Z/ v-nrds=0.
k YLk

The inverse implication is obvious. O

The definition of the basis function can then rely on degrees of freedom associated to k& + 1
points on each edge of T. For example, for £ = 0 in two dimensional triangulations we take
one point per edge (identified generally with the midpoint) where we impose the continuity
of the normal component of the basis functions of the two neighboring elements. In addition
we take the central point of the triangle for the function v (see Figure 3.1). Then we have the
following;:

Lemma 3.9. Given a triangle T € T, and a vector function v € [HY(T)]>, there is a unique
operator v € RT (1) such that:

/ II,v - vipr ds = / V- vipy ds Vor € Pe(T),i=1,2,3,

i @

and:
/HTU 1 dr = /v Pp—_1 dx Vpr_1 € [Pk,l(T)f.
T T

Now convergence can be shown using similar reasoning as done for Galerkin methods using
appropriate transformations of the triangle into a reference triangle T having vertex coordi-
nates £V = (0,0), €@ = (1,0), €® = (0,1). The transformation must conserve the properties
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in particular of the vector interpolation. This achieved by means of the (contravariant) Piola
transform, which is defined as follows. Given the (affine) map F' that transforms triangle T

into triangle T, we define v € [£*(T)]?* via:

1

v(z) = WJ(@@@%

where © = F(Z) e J(Z) is the Jacobian of F. Then we have:

Lemma 3.10. There exists a constant C > 0 such that for allv € [H™(T)] with 1 < m < k+1:
v — HTUHL?(T) < Chyp ||U||’Hm(T) :
Using this lemma and the interpolation estimates, we obtain:

Theorem 3.11. Let {T,} be a family of regular triangulations and given the functions u €
[7—[’““(9)]2 and p € H*(Q), then the numerical solution (un,pn) € Vi X Qp obtained with
the mized finite element method satisfies:

[ = unl g2y < O e @
and:

1P = pull oy < CH [l @y + 1Pl |-

3.2.2 Practical implementation of R7, — Py MFEM on triangles

As we have seen, mixed finite elements need information on the boundaries of the elements,
e.g., edges in two dimensional triangulations. In this section we look at a system for efficiently
defining this information on a regular triangulation. Consider a polygonal domain  C R* and
let 75,(2) be a regular triangulation of 2. An example of the application of our data structure
to a specific triangulation is given in Figure 3.2. We start with the evaluation of the R7T
basis functions and proceed next with the calculation of the elemental matrices to conclude
with some information of how assembly of these local matrices into the global system matrices
is performed.

RT, basis functions. We first show some properties of the vector basis functions that are
used in the lowest order Mixed FEM space. Recall that R7y C Hgy,. Thus, because of
Lemma 3.8, we need to have basis functions with continuous normal trace. From (3.20), R7T,
basis functions are of the form:

amT + by,
Wy, () = ay+ o |
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global numbering, and the (redundant) data structures that completely characterize the geom-
etry and topology of the mesh.
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FI1GURE 3.3: Example of vector basis function for a rectangular triangle.

where subscript m is used to index triangle edges, (m = 1,2,3 in a local numbering system,
or i,7,k in a global numbering system). Let us focus on a general triangle T' € T,(€2) with
vertices labeled 7, 7, and k, and corresponding opposite edges o0, 0;, and oy

The unit outward normal is denoted by v, while the edge normal is denoted by v,, . These two
may differ by a sign depending on the triangulation node numbering. Using the data structure
proposed in Figure 3.2, we use the convention that the direction of the edge normal is defined
by the “Edge-cell connectivity” table according to the “Edge connectivity” node ordering. In
practice, given triangle T and edge 7, if the left triangle in the “Edge-cell’ connectivity” table
is element T itself, then the edge normal for edge i points inward, otherwise, it points outward
(e.g., looking at element 1 and edge 1, the left triangle in the “Edge-cell connectivity” table
is equal to 1, thus the normal points inward to element 1).

We observe that using Lemma 3.7 with £ = 0 we have immediately that divw = const and
w - v, = const. In fact we have the following:

Lemma 3.12. Given the triangle T with nodes £, £9) and €®) | the function w;(z) € RTo(T)
given by:

| 0 |

_ ¢
e =€)

wi(r) = (Vo,, Vi)

has the following properties:
(i) (wi(z)
(ii) {w;, w;, w} = Span (RTo(T));

0¢7V0j> - 5Zj;

CTZ'|

(111) divw; = 2a; = :
| T
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Proof. To prove the first property, we observe that for i # j and x € o; we have:
(z — 5(1’)),% vy =0,

since ) € 0. If i = j, then | (z — €YW) - v, | is the height of T passing through £Y). Thus,
| T| = 3(z — €D) - v (vj,v0,) | 05 |, since (z — W) is in the direction of v;. The second
statement derives directly from the fact that Dim (R7T,T) = 3, and property (i) tells us that
the functions {w;, w;, wy} are orthogonal. Finally, the last property is a direct calculation:

/divwidx:2ai]T|:/ w;-nds=|o;|,
T T

from which a; = | oi ) O
2[T|

An example of such a function is given in Figure 3.3.

3.3 A closer look at the “inf-sup” condition

We first rewrite system (3.9) changing sign to the definition of the bilinear and linear forms
b(p,q) and F (q), respectively:

a(up,v) +b(pp,v) =0  Yv €y,
+b (Q7uh) = F(q) VQ € Qh7

where:
a(v,w):/;w-wdx b(v,q):—/qdivv F(q):—/fqu.
Q Q Q

For simplicity we use the lowest order spaces RTy — Py an a triangulation 7;, formed by Np
triangles and N, edges. We can then express u;, and p, as a linear combination of the basis
functions v, € V,, k=1,...,N, and ¢, € Oy, t =1,..., Ny

No
wn =3 u, (3.21)
=1

Nr
Ph="Y Dmlm. (3.22)
m=1

Substitution of the above equations into the linear system yields:

ERiiEH 52
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where matrices A, B have dimensions N, x N, and N x N,, respectively, and are given by::

A:{aij} CLij :a(vi,vj), Z,j: 17...,NU
B:{blm} blm:b(ql,vm), lzl,...,NT,mzl,...,Ng.

The vectors u € R™ and p € RYT contain the coefficients of the linear combinations (3.21)
and (3.22), while vectors f € R™ and g € R"" are the known right hand sides. In our
previous case we had f = 0, but if we had non homogeneous Neumann boundary conditions
we would have had f # 0.

We take the algebraic point of we, and will indicate with A the system matrix:

A BT }

A:{B 0

so that the full system will be denoted with Ax = b.

We first observe that A, coming from the discretization of the £2 scalar product, is symmetric
and positive definite. The full system is symmetric and corresponds to a “saddle point”
problem: the solution z = (u,p) € RNt can be viewed as the solution of the following
constrained minimization problem:

u?ﬁ@v §uTAu —fv (3.24)
subject to Bu = g, (3.25)

where variable p plays now the role of a Lagrange multiplier. Every solution (u*, p*) is a saddle
point for the Lagrangian:

Lu,p = %uTAu — ffu+ (Bu — g)"p,
as the pair (u, p) must satisfy:

Lu*p < Lu*,p* < Lu,p", Yu € R Vp € RVT,
or, equivalently:

mgn m;ax Lu,p=Lu*p" = mpax HEH Lu, p.

Matrix A can be block-factorized as follows:

A_ABT [ I o][A0][I A'BT
"B 0| | BA'I][O0 S||0 I
A O0][I A'BT
B S]|0 I
[ I o][A BT
| BAtT IO S
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where the Schur complement S is S = —(BA™'BT). Tt is now easy to see that, since A is
nonsingular, the condition for the existence of the inverse of A is that B have maximum rank
(rank (B) = Nr). In fact, there is the following [2]:

Theorem 3.13. Let A be a symmetric and semi-positive definite matriz, and let B be of
mazximum rank. Then matriz A is nonsingular if and only if ker(A) Nker(B) = {0}.

Proof. Sufficient condition. Let x = (u,p)? such that Az = 0. Then we have Au+ BTp =0
and Bu = 0, from which u” Au = —u? BTp = —(Bu)Tp = 0. By hypothesis, A is spd, so that
u’ Au = 0 implies Au = 0 and u € ker(A) N ker(B), which implies « = 0. Moreover, BYp = (
and the conclusion p = 0 is a consequence of the fact that B has maximum rank.

Necessary condition. Assume now that ker(A) Nker(B) # {0} and let u € ker(A) N ker(B)
with u # 0. Then, for = (u,0)” we have Az = 0 and thus A is singular and the condition
is also necessary. O

It can be shown that u* is the A-orthogonal projection (orthogonal projection with respect to
the scalar product (v,w)s = v Aw) on the space C = {p € R"" : Bp = g}, interpreted as the
space of the constraints. We assume B is of maximum rank and denote with 5% = 0,,:,(B)
the smallest singular value of B, which we will assume always strictly positive. We assume
that also «, the minimum eigenvalue of A, is strictly positive. Then the inverse of A can be
written explicitly as:

(3.26)

4t = { A BT }‘1 B { AN I—BTS'BA™Y) A'BTS™!

B 0 S—1BA™! St ’

and we get immediately the following estimates:

1 1 1
lullg < 1 Lo < A ipll < 3 [fll4-r < op L/

The problem is well posed if there exist constants §* and a* independent of h such that
8> p*>0and a > a* > 0. We have the following:

Lemma 3.14. The condition 5 = opm(B) > 0 is equivalent to the “inf-sup” condition for the
following saddle point problem:

. q' Bv
inf  sup

L p 5 >f[2>0 Yq # 0, e Vv #0,
B me Tal o

or, equivalently:

q" B
max

X > Bl Vg eRM g #0.
veRY ]l
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Proof. Let B = UXVT be the singular value decomposition of B and let:

No

q:ui,izl,...,NTev:Z'ijj.
j=1

The orthogonality of V implies that |[v]|* = 32~2. Thus, we can write:

qTBv TEVT i

[v]] /3,72 /Z 72

On the other hand, taking ¢ = Zjval &;u; and indicating with v = {7;} the vector of the
coefficients ~;, we have:

> 0, > (2

NT

O’lfyl
max maxza — 8Jlql.

e T SR =N

It is obvious that all these considerations can be extended immediately to the continuous case.
Hence, convergence of MFEM requires that matrix A be invertible for all 7, uniformly for
h — 0. Thus, if A;, is the matrix related to 7, varying h we have a sequence of problems of
the type:

iR

For every h, the system is solvable if 0,,,(By) = 82 > 0, or:

[]

T

inf sup > BE>0 Vg #£0, e Vo #0,

W vey, |4l ||v||
Hence, the spaces V, and W, need to satisfy the above “inf-sup” condition. If they do,
existence and uniqueness and continuous dependence of the solution on the data, or shortly
well-posedness, is guaranteed, and the MFEM converge. Note that the error constant in the
convergence proofs is proportional to 1/a and 1/8. If 5 decreases for h — 0 then convergence
will be slower than optimal.

On the other hand, if the spaces V, and W), do not satisfy the “inf-sup” condition then
convergence is not ensured. It may happen that the problem converge for a certain set of data
but not for another. In this case different situations may occur:

e the space of vectors v for which b(p,v) = g is empty. This may occur if Ny > N,
i.e., there are more constraints than equations. A typical example is the pair of basis
function P; /P, for the discretization of Stokes equation;
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e the kernel of b (p, v) is non empty and the saddle-point system matrix is singular. Typi-
cally in this case spurious oscillations p may be generated, as these vectors are such that
b(p,v) = 0. Often, this situation is known as “mesh-locking”;

e the condition that B be of maximum rank is satisfied but the largest singular value tends
to zero with h: 6, = O (h’“) In this case the system is highly ill-conditioned and we
may have convergence up to a certain value of h, but after that the rates decrease until
convergence is completely lost.

We would like to remark that the easiest way to cure the lack of fulfillment of the “inf-sup”
condition is to guarantee that the space V), be sufficiently richer than W,. In other words, the
constraints of the problem cannot be too stringent, and enough movement must be allowed in
the search space V.

3.3.1 More on the solution of the linear system: hybridization

A simple strategy to solve the linear system (3.23) comes from the observation that matrix A
is invertible (the form a (v, w) is coercive as it is the discretization of the £? scalar product,
as already observed above) and we can use (3.26) to express (u,p) in terms of the Schur
complement S = (BA™1BT). We obtain:

U= A_l(f - BTp)a
Sp=BA'f —g.

This is impractical as the inverse of A is a full matrix and both the costs of inversion and
of storing are overwhelmingly large. A more efficient way is to proceed with the so-called
“hybridization” strategy. The ensuing FE method is called the Mixed-Hybrid FE. The idea is
to find some strategy to simplify the inversion of matrix A.

The first observation is that our discrete spaces do not require the continuity of the candidate
solutions but only of the normal fluxes across element edges (requirement for belonging to
Hgi)- This last condition is the one that couples all the flux unknowns together. In fact, if
we apply Green’s lemma on a single element 7" to eq. (3.6) we obtain a boundary flux term
involving the normal fluxes on the element edges (faces). Continuity of the normal fluxes
implies that when we sum over all elements these normal fluxes cancel pairwise, since those
calculated on the same face from the two neighboring elements are equal and with opposite
signs. Thus we are left with the terms on the domain boundary, which are determined by the
boundary conditions.

The idea is then to relax the continuity assumption and to re-impose it as a constraint in
the linear system. More precisely, we relax the hypothesis that V}, C Hg, (©2) and we set
Vi C Hy,o(T), for all T € Tp,. Thus, working on an element by element, continuity of the
normal fluxes is lost and the basis functions V), can be defined independently on each element.
We re-impose continuity by means of Lagrange multipliers.
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To see how this works, we look at the lowest order R7Ty — Py and introduce the corresponding
discontinuous space:

Vi, = {v e [L2(2)]” : vlz € RT(T) VT € 7;} .

Note that V), C Vj, and that v € V, if and only if v € H,, (€2). We now put together all the
N, triangle faces o € 7T}, of the mesh skeleton I'j,:

No
Fh = U oT = UO'I',
i=1

T€Th

and introduce the space of the Lagrange multipliers A on the set [':
Ah = {/,L € £2(Fh> . ,u\,, S 7)0(0') Vo € Fh} .

Testing the mixed system with vector and scalar basis functions, (v,q) € RTo X Py and
applying Green’s lemma, we obtain:

Z[/uuh-vdx—/phdivvdm—l—/phv-uds}zo
Te7, LJT T oT
Z/divuhquzo
T

TeTh

Hence, we can define the bilinear forms:

a(v,w) = Z/T,tw-wdm; b, (q,v) = Z/quivv dzx.

TETh TeTh

for all ¢ € W, and all v,w € ‘7/1, and the new bilinear form d (v, ) defined on the mesh
skeleton I', as:

d(v,u)——Z/aTuv\dex— > pnlv-v] ds,

TeT, o€l V9

for all v € Vj, and all i € Ay, where v is the exterior normal to 9T and [v - v] is the “jump”
of the normal component of v across edge 0. Note that d (v, ) = 0 in every o € I, if and
only if v € Hy,, () (or v € V). Moreover, since b (g, v) is not defined in Vi, we have to define
the “mesh” bilinear form b, (¢, v) built on the triangles (and not on the entire 2).

Then we can consider the following FEM problem: Find (up, pp, An) € ‘7h X W), x A, such
that:

a (up,v) +0b, (pn,v) +d (v, \p) = Yo € V,
b, (g un) =g  Vge W
d(up,p) =0 Vi€ Ay

—
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The corresponding algebraic system is given by:

Au+Blp+CT\ =Ff
Bhu =g,
Cu =0

with obvious expressions for the matrix elements. Now matrix A is block diagonal with blocks
of size n, x n, where n, is the number of faces of the element, 3 in the case of triangles. The
matrix is thus easily invertible block-by-block with a relatively small computational cost. We
can proceed to the block elimination as done before to obtain:

u= A" (f—B,?p—C’)\),
and after substitution we obtain:

ByA'BI'p+ B,C\=B,A"'f — ¢
CA'Bfp+ CA'CN= —CA~'f

Matrix H = Bhfl_lB,Z’ is again block-diagonal and easily invertible. Writing S = fl_lBE, we
have:

p:H_l [f_STg]a

from which, denoting by M the block-diagonal matrix given by: M = A~ — SH-15T  we
have the final system of dimension N, x N, (N, being the total number of faces in the mesh)
having as unknowns the vector of Lagrange multipliers A defined on each triangle face:

CTMCXN=C" [Mg—SH™'f].

It is possible to see that this system is symmetric and positive definite and can be solved with
PCG. Comparing to the Galerkin FEM (for example Py vs. RT[0]—P,), the size of the system
is larger for the MHFEM, being the number of faces in a triangulation approximately 3 times
the number of nodes in two dimensions and 7 times in three dimension. On the other hand,
the number of nonzero elements per row is on average equal to 2n, — 1, independently on the
shape of the triangles, and is thus much sparser than Galerkin P;, increasing the efficiency of
any (non-diagonal) PCG preconditioning technique.

Remark 3.6. We remark that the bilinear form d(-,-) acts on the triangulation skeleton T'y,
and thus d (v, ) tests the trace of pp, on the triangle edges. The Lagrange multipliers A, are thus
the trace of the pressure on the boundary of the triangles, and thus span a linear distribution
of the pressure inside the element (in absence of forcing functions, i.e., f = 0), with py|r
being the average value. Hence, the lowest order mixed-hybrid finite element can be interpreted
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52

FIGURE 3.4: Comparison between the conforming Py Galerkin (left) and the non-conforming
Mized-Hybrid (right) interpolation of the pressure.

as a non-conforming Py method defined on Ty. Figure 3.4 highlights the intuitive difference
between conforming Py FEM and the Mized Hybrid approaches. It is clearly intuitive that, in
the case of constant diffusion coefficient, the Py Galerkin method guarantees continuity of the
tangential component of the pressure gradient not of the normal component. The RTy — Poy
Mixed-Hybrid method, on the contrary, guarantees continuity of the mormal but not of the
tangential component of th pressure gradient.

3.4 Experimental comparison between Galerkin P; and MFEM R7T ,—
Py in the solution of elliptic equations

A better understanding of the practical motivations highlighting the usefulness of the mixed
finite element approach is obtained by the following considerations on simple test problem. We
remark that we are looking here not to the convergence of the scheme for h — 0, a property
that is fundamental but cannot be tested in real applications. Rather we are investigating
properties of the numerical solution at a fixed h, comparing them with qualitative properties
that we expect from the real solution. In this case, we are investigating what is called the
“local conservation” properties of the schemes, similarly to what we have done in section 2.11.
Consider the domain and the mesh reported in Figure 3.5. We want to solve equation (3.3)
with boundary conditions shown on the Figure. The resulting solution will create a flux vector
field up () = —a(x)Vpy(z) that enters the domain from the inflow boundary (the left edge of
the square) and flows towards the outflow boundary, localized in a central portion of the right
edge. We note within the domain the presence of two “column-like” internal regions where the
diffusion coefficient is a(z) = 107'?, much smaller than the background value a(x) = 1. The
mass flow inside the two pillars is thus impeded, and should be very small. Hence, particle
trajectories should leave the inflow boundary, circumnavigate the pillars, and exit from the
outflow boundary.

We solve the problem by calculating the flow field wy(x) with Galerkin P; the with mixed
hybrid formulation based on RTy — Py spaces. Then trajectories are calculated by distribut-

114



X(xotf) -

7 X(xp,t])

X(x .16

/

X0 =X(X(), t(D

1 s "
0 01 02 03 04 05 06 07 08 09 1

q=0

FIGURE 3.5: Right panel: domain and boundary conditions for the solution of eq. (3.3). The
normal fluz at the boundary is denoted by q = u - n. Left panel: graphic representation and
notations used in the “particle tracking” procedure.

ing uniformly 100 particle on the inflow boundary and numerically evaluating the following
integral:

X(l’o,t) —/ Uh<X(x07T)) dr

to

where X (zg,t) is the position at time ¢ of the particle released at time ¢ = 0 at position
xr = xg, and up, (X (xo,t)) is the Eulerian velocity at that position. The integral is evaluated by
assuming that the velocity vector uy, is constant on each triangle and we discretize the interval
[0,¢] in subintervals of length hy that satisfy the CFL (Courant-Friedrichs-Lewy) condition
that the particle exactly reaches the boundary of the considered triangle within the time-step
hi (to = 0, tx = tx—1 + hx—1). The resulting algorithm is exemplified in Figure 3.5. At k=0
we start from the point X (z¢,0) = o, which is assumed to be in o, € T,, an edge of the
Dirichlet boundary where p = 1 is imposed. The next point X (z¢,¢; ) belongs to the boundary
of T, and is found by joining X (x¢,0) with the boundary of 7, moving along the direction
up,r, the (constant) velocity vector in T,.. Next, once the neighboring triangle 7} is identified,
we let X (z9,t]) be the same point X (x¢,¢;) but now belonging to T;. This is the starting
point for the iterated procedure. Denoting with uy(zp, ) the velocity vector within the triangle
containing X (z,t;), the scheme can be written as:

X(X(xmtk)’tl;—&—l) = X('T0>tz) + )\uh('rbk>7
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where \ is given by ||X(x0,t;+1) — X(xo,tg)”, i.e., the length of the path traveled by the
particle within the time step.

Figure 3.6 (top panels) shows the trajectories calculated with the above algorithm using the
Galerkin P (left) and the MHFEM R7T,— Py (right) velocity fields starting from 100 particles
uniformly distributed on the inflow boundary. The differences between the two vector fields
are evident, but a few comments on these results are notable. Contrary to the MHFEM
method, the Galerkin trajectories are not uniformly spaced one-another inside the domain,
and converge in several clusters. We recall that convergence of the trajectories indicates the
presence of a sink term, while divergence indicates a source. The second observation is that
some of the P; trajectories exit the domain from no-flow boundaries, obviously violating the
properties of the original problem. The numerical flow field is thus obviously non-conservative.
The RTo — Py flow field, on the other hand, does not show any of these problems, and is
everywhere conservative. The lower panel in Figure 3.6 shows a detail of the mesh and the
ensuing P; velocity field and relevant trajectory. The particle starting from the left inlet point
D proceeds along a direction parallel to the elemental velocity until it reaches the opposite
triangle edge (point E). Here the trajectory should now follow the direction pointed at by
vector w, and thus re-entering the triangle that was just left. This is obviously a contradiction
and the trajectory has to stop. In fact, the components of vectors v and w along edge AB have
opposite sign, indicating that along edge AB a sink is acting with magnitude | v-n |+|w - n |,
violating the local conservation property. This does not occurs for the RTy — Py MHFEM,
and is the explanation for the large differences in the trajectories shown in the upper panels
of Figure 3.6.

Two final remarks are in order. In the first one we would like to stress again the fact that
we are working at a fixed mesh size. At convergence, i.e., h — 0, the Galerkin P; converges
towards the real solution, which satisfies both local conservation and maximum principles, and
evidently all these effects disappear. However, practically always, in practical applications, the
mesh size h is determined by the need to follow the geometrical constraints of the domain and
of the heterogeneities of the diffusion coefficient, and grid refinement can seldom be performed.
For these reasons we look at local properties of the numerical solutions at a fixed mesh size.

The second observation is related to the mass balance error relative to the scalar numerical
solution py(z). The conservation error resulting from this numerically evaluated field is in
most cases negligible when calculated on the correct control volume and not necessarily on
the finite element (see discussion in section 2.11). Thus it cannot be mistaken for the error
arising from the numerical flow field, a different unknown. This is the reason why, starting
from the 1970’s, the field of the mixed approach emerged as an active research field, by trying
to approximate simultaneously both pressure and velocities.

As a final remark, we note that the computational complexity of the mixed and the mixed-
hybrid methods is much higher than Galerkin. In fact, for general triangulations, the number
of elements is approximately 1.7 and 3 times the number of nodes for two dimensional and three
dimensional triangulations, respectively, while the number of edges or faces is on the average
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FIGURE 3.6: Trajectories calculated using the velocity field calculated by Galerkin Py (top
left panel) and with the MHFEM RTqo — Py (top right panel). The bottom panel shows a
zoom of the Galerkin Py velocity field. We note several neighboring triangles where the normal
component of the velocity field have opposite sign. This obviously implies the presence of a
source or sink term, although in the original problem f(x) = 0. These unphysical source/sink
terms contribute substantially to the non satisfaction of a local conservation property, and
cause small local oscillations that violate the maximum principle of elliptic equations.
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between 3 and 7 times the number of nodes. For this reason, current research concentrates on
the development of post-processing techniques that starting from the P; velocity, reconstruct
a locally conservative (divergence free) field.

3.5 The Stokes equation

We come back to discuss the numerical solution of the Stokes equation (3.1), which we rewrite
here:

—puAu+Vp=f in €,
divu=g in €, (3.27)
u=20 in I,

We note first that the pressure appears in this equation under the gradient sign, and is thus
defined only up to a constant. Thus we add the constraint:

/pdx:O.
Q

Moreover, we have that the source term g must have zero mean, as we assume zero velocity
on the boundary. In fact, application of the divergence theorem to the the incompressibility
equation yields:

/divudx:/gda::/u~yds:0
Q Q r

because © =0 on I'.
We can then write the following variational formulation:

Problem 3.7 (Stokes variational formulation). Find (u,p) € V x Q such that:
a(u,v) +b(p,v) = F (v) Yo eV,

3.28
b(gu) =(9,9) Vg€ Q, (3:28)
where
a (v, w) /VU Vw dx b(v,q) = /qdlvv
“ (3.29)
/f vdx (9,9) = — /ngdx

and the spaces are given by:

V= [Hy(Q)"
Q=L3(0) = {qEEQ(Q):/qux:O}
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In this case
1
£(U’Q) = 5(1 (U,’U) —F (U) + b(U,q) .
Then, the pair (u, p) must satisfy:

L(u,q) < L(u,p) < L(v,p), YveV Vgeg,

i.e., (u,p) is the saddle point of the Lagrangian L£(v,q). Again note, that in this formulation
p can be viewed as the Lagrange multiplier that enforces the constraint b (u,p) = 0.

Remark 3.8. This is equivalent to look for candidate solutions within the space where the
constraint 1s satisfied. In other words, we can define the space YW C V:

W={veV:b(v,q) =(g9,9) Vg€ Q}.

Within this space, assuming the bilinear form a(-,-) to be coercive, the linear system (3.28)
reduces to:

a(u,v) =F (v) Vv e V.
Taking v = u in the previous equation and using Poincaré inequality yields the following:
ull g2y < CallVull g2y < C Nl fll 20

analogous to the stability statement (2.60) in the Laz-Milgram theorem. The practical strategy
is to include the constraint for every function g is to solve for t = u — u,, where the function
ug 15 such that divu, = g, and thus solve the problem:

a(u,v) =F (v)+a(ug,v) Yo e,

and proceed as discussed in section 3.1. However, as we have already mentioned in this section,
constructing finite element spaces that satisfy the above properties is not easy and seldom used
i practical applications.

The well-posedness of the saddle point problem requires that the following two properties are
satisfied:

1. the bilinear form «a (-, -) is continuous and coercive, i.e., there exist a constant a > 0 such
that:

la(v,o)| 2 alolly,,  YoeW;

2. the bilinear form b (-, -) is continuous and satisfies the inf-sup condition, i.e., there exist
a constant § > 0 such that:

b
inf sup 209 S 5
9€Q yey ||U||v ||q”Q
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3.5.1 Stable FEM discretizations (Mixed FEM)

Given a regular triangulation 7,(2) of the domain €2, the FEM discretization of the Stokes
equation is the finite dimensional counterpart of problem 3.7 and reads as follows:

Problem 3.9 (Stokes Galerkin formulation). Find (un, pn) € Vi(Tn) X Qn(7Ts) such that:

a (up,v) + b (pp,v) = F (v) Yo € Vi(Th) C Ho(Q),
b(unq) = (9,9) Vg€ Qu(Th C LX)

leading to the linear system:
A BT u| | f
B 0 pl |g
with the matrix elements defined as:
A= {aij} Clij = (¢27¢] /V¢ZV¢J dx Z,j = 1,...,N
B:{bkz} b]ﬂ: ¢Z7¢k) /¢kd1V¢Zd.T kzl,...,M; 221,,N
=} —— [ fooras =1, N
9= {1} gkz—/gwkd:c k=1 M
Q

where ¢;(x) are vector functions and v (z) scalar functions forming the bases for Vj, and Qy,
respectively, i.e.:

Vi(Th) = Span (61, ., ox) C [HA]"  Qu(Th) = Span (¢, . .., ) C L2(S).

From what we have seen above, this problem is well posed, i.e., the solution exists and it is
unique so that it can be solved, if both the following properties are satisfied:

1. the bilinear form a (-,-) is continuous and coercive:

La@ow) [ <y llolly, loll, o (,0) = a o], forall v,uw e Vi

2. the bilinear form b (-, -) is continuous and satisfies the inf-sup condition, i.e.:

50, ) [ <50l lalg,  b(0:0) > 8 llol, lallg, for all (v,q) € Vi x Q.
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When these properties are satisfied, the following analogues of Céa Lemma are valid:

lu = unllan o) < Crllu = vllgpq) + Collp = pll 2y ¥(0,9) € Vi x Qn
lp— ph”yl(g) < Cyflu— v”’;—[l(ﬂ) + Cullp - p”ﬁ(g) V(v,q) € Vi X Qp.

The FEM linear system is of the form given in (3.23), and thus, from Theorem 3.13, it is
well-posed if ker(A) Nker(B) = {0}, or, equivalently as seen in Lemma 3.14, if it matrix B
satisfies the discrete inf-sup condition:

T By

> B%lql Vg e RN, g #£0.

max

UERNU ” ||
As already discussed in the case of the mixed FEM methods, the inf-sup condition must be
checked on the particular couple of spaces (V,, Q). In other words, the two FEM spaces
cannot be chosen independently of each other. Loosely speaking, we need to allow enough
degrees of freedom in W), with respect to Qj so that we do not impose too many constraint
on the saddle point problem. Again, the Fortin criterion comes to help. We have the following
result:

Lemma 3.15 (Fortin criterion (for Stokes equation)). If the bilinear form b(v,q) defined
in (3.29) satisfies the following inf-sup condition:

inf  sup b(v.q) > B,

veH Q) ger2(Q) HUH7—,51(Q) HQHL:Q(Q) B

then the discrete inf-sup condition:

b
inf Sup &
a€Vh vcQ,, ||U”Vh Hq”Qh

2/67

is satisfied if and only if there exist a projection operator Iy : H? — V,, such that:
b(Iyv,q) =b(v,q) Vg€ Qy,

and:
ol < llvlly,  Yoe.

The proof is a simple extension of the proof of Lemma 3.3. Using this lemma we can find
the compatibility conditions between the discrete spaces V and Q, i.e., the relationships that
guarantee the well posedness of the discrete problem. In essence, we need to use the solution
v of the linear system

b (Hhva Q> - b(”? q) Vq S Qh

to define the operator II;, that satisfies Fortin’s Lemma. This is a difficult task and it is often
easier to verify it a posteriori (e.g., by counter examples).
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Inf-sup unstable spaces

JAVANNRVAVAN

P1/Pr P1/Po

Inf-sup stable spaces
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— bubble/P, —iso —Po /Py P2/ P

FIGURE 3.7: Pairs of FEM Stokes spaces. Filled and empty circles indicate positions of veloc-
ity and pressure degrees of freedom, respectively. Each pair of triangles show velocity/pressure
nodes. The top row displys the inf-sup unstable spaces with the pairs of triangles referring
to Py — /P1, P1 — /Po spaces. The bottom row shows inf-sup stable spaces with the pairs of
triangles referring to Py — bubble/Py, Py — iso — Pa/Py, and PPy (Taylor-Hood) spaces,
respectively.

Remark 3.10. We note that the constant vector is in the null space of matriz BT, stating that
the pressure is defined up to a constant. In fact, if p € RY is a constant vector, i.e., py = C,
k=1,...,N, we have:

M M
VBTP_PBV—{Zb(qbi,p)Ui}—{ Z (s, p) v } /C’dlvvdx—C'/vde—O
i=1 i=1

because v is zero on T'.

Inf-sup unstable spaces

The P, /P; spaces. The first pair of spaces we study is the so called P;/P; spaces. These
spaces are formed by piecewise linear basis functions discussed in Section 2.8.1 for both V),
and Q. Thus, given a regular triangulation 7,(£2), we have:

Vi(Th) = {v € [CO(TH)]% : v|p € [PL(T)]¢ for every T € Ty, v =0in I'},
Ou(Th) = {q € C°(T) : q|r € Pi(T) for every T € Ty}
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We discuss here a particular example. We take a square 2 =]0x 1[*> with a regular triangulation
Ty, formed by rectangular triangles. Take a discrete pressure field defined by nodal values -1,

0, 1 at the three vertices of the triangles. This pressure field has zero mean on each triangle,
3

ie., E pjr = 0. Since uy, is piecewise linear, its divergence is piecewise constant, and then

=1
obviously we have:
7 <
/phdivv dx = ZTE ﬁ/phdivv dr = ZTG ﬁldivv\T?ij =0 Yv € V),
Q T j=1

showing that the bilinear form b (-,-) does not satisfy the inf-sup condition. This result is
expected, as the space of the pressure is too rich with respect to the space of the velocity.
Note that in this case the null space of B is larger than one (when Ker BT = 1 it is possible to
remove the singularity by imposing a null average pressur), and the end effect on the solution
is that, when an iterative method is used to solve the linear system, oscillations in the pressure
occur.

The P;/Py spaces. In this case the use of a piecewise constant pressure field implies the
immediate satisfaction of the divergence constraint (in weak form). However, also this pair
does not satisfy the inf-sup condition. In fact, indicating with N the number of vertices of
Tn, with N = N; + Ng, where N; and Np are the number of internal and boundary nodes,
respectively, and with M the number of triangles. Then, Dim (V},) = N; and Dim (Qp,) = M —1
(remember we need to add the constraint of zero mean to fix the pressure). Using the Euler
characteristics of a triangulation of a polygonal domain it can be shown that M = 2N;4+Ng—2,
fromm which we deduce that M — 1 > 2(N; — 1). Hence:

Dim (Ker B") = Dim (Q;) — Dim (Im B") > M —1—Dim (V},) = M —1—2N; = Np — 3.

Thus there are at least Ng— 3 spurious modes for the pressur. In other words, we are imposing
at least Np — 3 too many constraints in the divergence equation and BT is not surjective.

Inf-sup stable spaces

The (P;—bubble/P;) (mini element) spaces. The idea is to enrich the [P1]¢ for velocity
so that it is sufficiently richer than the pressure space P1. Following this idea, the mini element
adds a degree of freedom in the center of gravity of the triangle. In two dimensions we have
for the velocities the following:

Py, = [Pu(T) ® Span (7)),

where Sr(x) is the so called bubble function taking on the value 1 at the gravity center of T
and zero at the boundary and it is always 0 < fr < 1. Indicating with ¢;(x) the basis function
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for the sdundard P; linear FEM space for the reference triangle with vertices in P, = (0,0),
P, = (1,0), and P; = (0,1). The P; basis functions and the bubble function take then the
form:

¢1(5L‘7y) = 1_$_y; ¢2($7y) =T, ¢3(x7y) =Y, gbg(x,y) = 27¢1(x,y)¢2(x,y)¢3(x,y).

The velocity vector and the pressure are given by:

3 3
un(w,y) =Y widi(w,y) +ugds(e.y)  palz,y) =D pidi(z,y)
i=1 i=1

where u; and ug are two-dimensional vectors containing the x and y components of the nodal
(baricentral) velocity vector.

The P; —iso — Py /P, space. This choice of spaces satisfying the inf-sup condition amounts
essentially in choosing P; basis functions for both pressure and velocity spaces. The enrichment
of the latter space is obtained by using a uniformly refined triangulation obtained by connecting
the midpoints of each triangle (see Figure 3.7).

The Taylor-Hood (P)/Pi-1) spaces. The Taylor-Hood spaces consider both continuous
velocity and continuous pressure fields and are of the type Pr/Pr_1, with k > 2 to satisfy
the inf-sup condition. The simplest and most used approach is with k = 2, i.e., Py/Py, using
quadratic velocity and linear pressure.

3.5.2 Stabilized FEM discretizations

The mixed FEM described in the previous section require the use of different orders of ap-
proximation for velocity and pressure. In practical applications, especially when chemically
reactive flows are considered, different approximating polynomials may lead to both theo-
retical and implementation difficulties, as often chemical reactions require the use of derived
(interpolated) quantities. In these cases, equal order polynomials are much more beneficial.
However, we have seen that in order to being able to solve the saddle point problem arising
from the discretization of the Stokes equation we need the satisfaction of the inf-sup condi-
tion. The essence of this condition is to make sure that the linear system is not under- or
over-constrained, and thus can be solved. Looking at the expression of the saddle-point linear
system (3.23), it is intuitive to think that the empty (2,2) block is critical. If we can replace
this (2,2) block with an invertible matrix, then the linear system is always solvable as long as
matrix A (the (1,1) block) is invertible. The idea of stabilization is to introduce a “consistent”
variational crime into the formulation to generate a invertible matrix in the (2,2) blocks.

For example, we can define the following problem:
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Problem 3.11 (Stokes Galerkin GLS (satbilized) formulation). Find (up,pp) € Vi(Th) X
Q,(Tr) such that:

a(up,v) +b(pn,v) = F (v) Yo € Vi(Th), ¢ € On(Th)
b (un, q) + ¢ ((un; pn), (v,q)) =0

with the new bilinear form given by:

(). (v,0) =8 3 1 [ (-udhun + V= f)(=pho + Vo) do

TET, r

where ¢ is an empirical parameter that tunes the amount of stabilization. The above equation
is consistent with Stokes variational formulation (3.28) (with g = 0) as the term in ¢ (-,-) is a
residual that is equal to zero when we choose u;, = u. Thus the consistency of the scheme is
preserved.

Using linear basis functions for both velocity and pressure, ¢;(x) and 1 (x) are vector and
scalar functions, respectively, that form the bases for V), and Qy,, i.e.:

Vi(Th) = {v € C%Q) : vl € [Py(D)]*} = Span (¢4, ..., éx) C [HA(Q)]”,
Qu(Th) = {w € C°(Q) : wlr € P1(T)} = Span (¢, ..., ¢n) C Hy(€2).

This stabilized scheme leads to the linear system:

5 2] ]= 3]

with the matrix elements defined as:

A={as) ay=alnd)=p [ Vor:Veyde  ij=l...2N

B= (b} bu=b(iin) = - [ vndivéids k=1...N. i=1...2N
Q

C = {ckm} Cki:C(wk>¢m):52/vwk-vwmd:€ kbm=1,...,N
TeT, /T

f=1{fi} fi:_/ﬂf'ﬁbidx i=1,...,2N

g={n} o Z/Tf Vi da

TeTh
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4 Finite Volume Methods

In this section we work the details of the Finite Volume family of schemes for the solution of
elliptic/parabolic conservation equations.

We will be using most of the theoretical developments described in the previous sections as fun-
damental building blocks for our numerical approach. We will focus on standard finite volume
schemes maintaining and discussing as much as possible multidimensional problems. However,
as truly multidimensional methods are still open questions, we will spend much time looking
at one-dimensional approximations, without forgetting multidimensional approximations. For
the more recent developments we refer the reader to more specialized books.

4.1 The Differential Equation

Problem 4.1. Given a domain € R? which we assume possesses sufficient regularity, we
want to find a vector function u(z,t) : 2 x R, — R, that satisfies the following equation:

ug +div f(u) =0 for all z € Q and t € [0, T], (4.1)
u(z,0) = ug for all z € Q and t = 0, (4.2)
u(z,t) = ug for all z € 08, and ¢ € [0, T, (4.3)

where f: Q) — R.

We start by giving some basic definitions of the domain discretizations and its property and
define the geometric quantities that will be needed in the development.

4.2 Preliminaries

There are different equivalent ways to develop the Finite Volume Method. Our approach is to
rely mainly on Gauss (or Divergence) theorem and the derived integration by parts (Green’s
Lemma) in order to always focus on the conservation principle that is the foundation of the
models of interest. We recall here the most important mathematical results that will be of
use in our developments, reminding to standard analysis books for the details of the proofs.

Theorem 4.1 (Gauss or Divergence Theorem). Given a subset Q € R® having piecewise
smooth boundary T' = 99, and a continuously differentiable (C*(2)) vector field F(z) € Q, we
have:

/divF dx:/F-uds, (4.4)
Q r

where v is the outward unit normal to I, dz denotes the volume (surface) measure on £ and

ds the surface measure on I' and v-w = (v, w) denotes the scalar product between vectors v, w
of R,
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Theorem 4.2 (First Green Identity — Green’s Lemma). Let v, w € R? be piecewise continuous
vector fields and let ) and T as in the previous theorem, then:

/Vv-dex:/va-yds—/vdivada:, (4.5)
Q r Q

where divV = A is Laplace differential operator of second derivatives.

Remark 4.2. In (4.4) the left-hand-side contains the sum of the partial derivatives of the
vector field F', and for this reason the hypothesis of the theorem contains the requirement that
F be continuously differentiable. The right-hand-side, on the other hand, does not contain any
deriwative, and thus in principle the integral of the fluxes over the subset  could be defined
without the requirement that F be C*. However, the normal to the surface I' must be well-
defined and this is the reason for the requirement that I' be piecewise smooth. In fact, if the
boundary I" is formed by the union of m smooth surfaces that intersect at boundaries that form
Cl curves, i.e.:

F:UFi v;t)=T;,NT; €C! for all i and j, then /F:Z/F _
' i=1 /T

The same argumentation can be made, with the appropriate changes, for Green’s Lemma 4.5.

The Finite Volume (FV) scheme can be derived by the following operations:

1. partition the domain 2 into M polygonal “finite volumes” or cells T}, i = 1,..., M (see
next paragraph for a complete definition of cells);

2. integrate equation (4.1) in time and space over the domain 2 and the time interval
[tk’tk+l]:

/t:w (/Q up + div f(u) dm) it = 0:

3. use the linearity property of the integration to write:

tim(ém+&mWUm)ﬁ:§;£M<Lﬂﬁdwﬂwm)ﬁ:m

impose that each term of the sum is zero:

tk+1

/(m+dwfmym>m:o P= 1, M:
T;

tk
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. apply the divergence theorem and use the fact that the cells are of polygonal shape:

tk+1

/tk (/Ti“td“”F/aTif(U)-vdx) dt =

th+1 No
/ /utdrlz—l—Z/ f(u)-v;ds| dt=0
tk T; j=1 Oij

. exchange the first space integral with the time integral (the functions are assumed to be
continuous and the domain of integration is assumed to be constant):
tk+1

// utdtdx—i—/k (Z/f z/jds>dt—0 i=1,...,M;

. integrate the first addendum in time:

tk+1

tk+1

No
/u(x,tk+1)dx—/ u(x,tk)dac—i—/ <§ / f(u)~l/jds> dt =0 i=1,...,M;
T T tk ) Ois
i i ]:1 (%)

. define cell average and the edge flux operators as:
1
Ar(u(t)) = — / u(z,t) de, (4.7)
| T Jr

Go(u(t)) = ﬁ / flu(z, b)) - vds; (4.8)

. to obtain:
1 tk+1 No
Az, (u(™) = Ag, (u(tF)) — |T] ; Z | 04j |Go,; (u(t)) dt =0 1=1,...,M;
i j=1

we remark that until now we have made no numerical approximations;

. start the numerical approximation very naturally by approximating the cell average
uni ~ Ar (u) = Ap(u) and use wuj, as unknown of our numerial scheme together with a
simple quadrature rule (e.g. left rectangles) to evaluate the remaining time integral to
obtain:

uptt = uf - ’T’Z|UU|G = i=1,...,M, (4.9)
where GJ, ; is the numerical approximation of the flux G, (u(t")) at the cell face ;.
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Remark 4.3. The first few points of the derivation could have been replaced by a derivation
more aware of the definition of a weak formulation given in the previous sections. To this aim
we proceed as follows:

1. partition the domain € into M polygonal “finite volumes” or cells Ty, i = 1,..., M (see
next paragraph for a complete definition of cells); define a piecewise smooth test function
o(x) given by the characteristic function of the i-th cell:

1 ifzeT; 1 ift e [th ¢kt
xi(t) = ,
0  otherwise;

oi(x,t) = xo(2)xe(t), where x.(z) = {

0  otherwise;

2. multiply equation (4.1) and integrate over the domain Q0 and the interval [t*, t*11]:

tk+1

/tk (/Q (ug + div f(u)) ¢i(z, t) dx) dt = 0;

this equation must be satisfied for all functions ¢;(z,t):

tk+l
/ (/ut—i-divf(u)da:) dt =0, i1=1,..., M,
thk T;

which is exactly equation (4.6).

At ths point we are left with the task of defining the numerical flux GfL’ ; for each mesh edge.
Before going into the development of how to evaluate the numerical flux we need to setup some
notation. We would like to stress here that this general Finite Volume setting is what is known
as “cell-based”. We could derive a “node-based” version more similar to the approach used in
the Finite Element Method without adding any complication. Within the same framework we
could tackle more complicated PDEs, as for example parabolic or elliptic equations, obtained
for example by adding to (4.1) a diffusion term proportional to the second derivatives of
u(z,t). For a general discussion on these topics we refer the reader to the specialized Finite
Volume literature [8, e.g.] for a complete mathematical theory and to [16] for application to
Computational Fluid Dynamics.

4.2.1 Notations

Geometrically we define the mesh 7, (2) as a finite collection of non-overlapping and non-empty
two-dimensional “control volumes” or “cells” generally formed by simplices (e.g, subintervals,
triangles, tetrahedra in one-, two-, and three-dimensions, respectively) and denoted with the
letter “I" indexed by a Latin subscript, e.g. i, j, k. For example, 7; is the i-th control volume
(cell) of the mesh T = {T;}, i =1,..., M, with M being the total number of cells. We assume
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that, for every possible choice of h, T, covers the domain Q@ C R? in the sense that for all i
and j:

T- U T and AT — 0 C R i T; an'd T}, are neighbors,
0, otherwise .

We identify with the symbol o a mesh face, i.e., the intersection between two neighboring

cells, and index it with the indices of the two cells:

o =T NTj,

and with the symbol £ the vertices forming the cells. In a two-dimensional example, two
distinct cells are either neighbors, in which case their intersections is the common boundary
“edge”, or they are far apart, in which case their intersection is empty. Cells, faces, and vertices
are identified by global numbers and all are counted only once. Figure 3.2 reports typical
efficient data structures that can be used to completely describe the mesh and corresponding
quantities in a computer program. For more details consult [18].

Different meshes are parameterized by h, called the “mesh parameter” and defined as the
maximum face measure, and by the “mesh diameter” p, i.e., the maximum diameter of the
circles inscribed in each mesh cell. Letting Ay and pr being the maximum face measure and
inscribed circle diameter for the generic cell T we have then:

h = max hr
TeT

= max pr.

= e

We require the triangulation to be “regular”, i.e., there exists a constant S > 0 independent
from h and p and from the triangulation 7 such that:

p—TZﬁ’ forall T € T.

hr
The value of g is a measure of the minimum angle between two consecutive cell edges. The
assumption that the triangulation is regular implies that cell angles do not become too small
in the limiting process as h — 0, so that the problem of numerical interpolation of nodal or
edge values is well-posed.

131



132



5 Parabolic equations

Consider the model problem:

% = div [K(x)Vu] + f(x,t) te[0,T]; ze€QcR?

u(z,0) = uo(x) t=0, z€Q, (5.1)
u(z,t) = up(z,t) te0,T], x € I'p C 09,
—K(z)Vu(z,t) - v =qn(z,t) te€[0,T], x € T'n C O0.

From a physical point of view, we can interpret this problem as governing the heat flow in
a solid characterized by a thermal conductivity given by the function K (z), assumed strictly
greater than zero a.e., to guarantee coercivity. We have thus an extra independent variable,
time ¢, which is assumed to vary within an interval 7 C R¥.

5.1 One-dimensional model problem

An intuitive look at the behavior of the solution of eq. (5.1) in a simplified problem is obtained
by developing an explicit form of u(x,t). Consider the one-dimensional (in space) problem:

ou  0*u

5 = o2 x € (0,m), t>0;
u(z, 0) = ug(x) v e (0m)
u(0,t) = u(m,t) =0 t>0.

The problem is periodic and thus we can use effectively the Fourier transform together with
the technique of variable separation to obtain the solution. By simple substitution, it is easy
to verify that the following function satisfies the above equation:

u(z,t) = Zuo’j e tsin(jz), upj = \/2/7r/ up(z) sin(jzx) dx, j=12,....
i=1 0

where v ; are the Fourier coefficients of the initial datum wug(x) expressed in the basis (or-
thonormal in £2((0,7))) {\/2/7 sin(jz)}52,. The frequency component j (related to the
spatial basis sin(jz)) is characterized by a temporal scale varying on the order of O (572).
Varying j we have thus a continuous spectrum of components that decay faster and faster in
time. As a consequence, the solution becomes more regular as time progresses. Intuitively this
is exactly what we would expect from a diffusion-like process. However, for small times, the
solution is not necessarily smooth and it may happen that [|4(2)[| = [[4(-, )| z2((g -y, — o© for
t — 0 depending on the initial condition u(z,0). For example, take u(z,0) = uo&v) =7 —x,
then, for an appropriate constant C', we obtain:

oy = VI [ (n = a)sinio) do = VIR BT — 0
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FiGURE 5.1: Solution of 1D diffusion problem of Example 5.1 as a function of space for
different increasing times. The initial steep transient is clearly visible, as well as the smoothing
property as time increases.

For t — 0 we have that ||u(t)|| = Ct™ with « = 3/4. Now take u(x,0) = wug(x) =
min(x, ™ — z), we find:

U j = \/2/_7T/07r min(z, 7 — ) sin(jz) de = \/2/_7r2 sin(jw/?? — shn(yjm) =C/j?

]2

and ||u(t)]| =~ Ct~* with a = 1/4. In general, if ug; decays faster than j=%*5 for j — oo, then
||(t)]| is bounded for t — 0.

The solution will always have a more or less important initial transient where some derivatives
may be non smooth. At large enough times, however, the solution will regularize. Note that
the presence of time-varying forcing functions may generate important transients also far from
the initial time. Some a priory stability estimates can be shown using the energy methods of
the next chapter or Parseval inequality. We have:

[u()] < uoll, t€(0,7) (5.2)

()l < < ol te(0.1), 5.3
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Example 5.1 (1D diffusion on the half line). Consider the following 1D example:

ou 0*u
u(0,t) = ug Vi
u(oco,t) =0 Vt;

) ug, ifz=0,
u(:v,O)—{()’ if z € (0, 00).

This equation admits an explicit solution given by:

u(xt)—uerfc< ’ >
) 0 9 /—Dt )

where erfc(z) is the complementary error function. Figure 5.1 shows the solution for u, = 1
at different times. The properties described above are clearly noticeable in this case.

5.2 Variational formulation

We can write now the variational formulation using the separation of variables, assuming for
simplicity homogeneous Dirichlet conditions, although the discussion presented in section 2.3.3
applies. We are looking for a function w:

u:Qx(0,t) —R
(x,t) — u(z,t),

that satisfies the above problem (5.1), assuming I'p = I'; T'y = (), and up = 0. We actually
can define a mapping

u:(0,T) — Hy(Q),
t— u(-,t)

intending with this notation that for a.e. t € (0,7) the functions u(t) € H(Q) and u'(t) €
H1(Q) (the dual space of H(Q)) are defined as::

u(t) == u(z,t), u'(t) := Oyu(x,t).
Thus we can say:
u € L20,T;Hy(Q)) and u' € £2(0,T; HH(Q)),

such that u is the (time) derivative of u in the sense of distributions, i.e., as usual by means
of integration by parts, we have that for every v € H}(Q) and ¢ € C°(0,T):

[ 0ot at == [ w060 a

The weak formulation can be written as:
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Problem 5.2. Find u € £2(0,T; H}(R2)) and «’ € £2(0,T;H'(Q2)) such that
(v, v) + a(u,v) = F (v) Vo € Hy(Q)

where

(v, v) = /Qu’ v dx; a(u,v) = /QK(LE)VUVU d; F(v)=(f,v).

We note that:

(o v) = (%,v) = %(u,v),

that the above variational formulation may be written as:

d

E(u,v)—i—a(u,v):(f,v).

which, for v = u(t), using the chain rule, becomes:

1d

5 Il +aww) = (£0).

Again with v = u(t), using the coercivity of the bilinear form a(-,-) (eq. (2.57)), Poincaré
inequality (Lemma 2.6), and Cauchy-Schwartz inequality, we obtain the following chain of
inequalities:

1d 2 1d 2 2 2
5 sy + @ V(O a0y < 53 NI+ (Ju(t) gy + Vel

d 2
< < lu@I” + a (u, u) = (f;u) < NFOl 220 0] 220y < CalF O] 220y IVU®)ll 220

We use now Young’s inequality, which can be stated as follows: for every real scalars n and &,
and every € > 0 we have that:

1
775 < 6772 + _527
de
with e = 1/2« to obtain:

1d C3
2dt [Ju(t )Hi?(g) +a ||Vu(t)||ig(9 = 29 1f(¢ )HL2 @15 HVu( )Hi%ﬁ)a

and finally, after simplification:

d 2 ng 2
7 Nl Mz20y + @ IVa(t) |22y < — IOl -

136



Integration between 0 and ¢ yields:

t 02 t
)y + 0 [ 1Tu g o7 < Oy + 2 [ 170y

The term on the left-hand side represents the total energy of the system at time ¢. Intuitively,
this energy must be smaller than the initial energy, i.e., the sum of the energy due to ug and
f. Note that for a = 1, the left hand side is exactly the square of the norm of u(t) in H'().
For f = 0 we have eq. (5.2).

Another a priori estimate can be obtained by observing that:

I = (o) 5 (o).

Then, we can write:

d
[w(@®)]] 20 a (@)l z2(0) + A~ C (@] 20y V) 220
d
< (@Il 20 a0 (@)l 2y + o Hvu(t)Hi?(Q)
d
< (@Il 20 o (@)l c2(q) + o <Hu(t)“c2(g) + Hvu(t)”;(m)
d

< [[u®)ll g2y 77 a2y + a (ult), u?))

= (fiu(®) < I fll z20 1wl 220

Assuming [[u(t)|| g2y # 0, we have easily:

d
Eﬂwﬂw@+ IVu@ll g2y < 1F Ol 20

and after integration between 0 and ¢:

Oy < Ty + [ 1 ey

from which, in the case f = 0, again we obtain the estimate (5.2).

5.3 FEM formulation

We consider a FEM formulation by using Lagrangian basis functions and apply the Method
of Lines (MOL) [17]. Thus, for any ¢ > 0, we look for u(t) € V), such that:

<d?éw,v)-%a(umv):(fﬂo Vv € Vi,

(un(0),v) = (uo, v).

(5.4)
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Separating variables z and ¢, we can write u;, using the set of Lagrangian basis functions {¢;}
of Vh as:

wn(t2) = D)y (z),

to yield:
= duy (1) = )
D (6500 + Y w560 = (£(1). 1) i=1...,N
Jj=1 j=1

This is an N x N system of ODE that can be written in compact form:
Pi+ Au = b, (5.5)

where vector u = {u;(t)} collects all coefficients of uy(z,t), the mass matrix P has elements
given by p;; = (¢4, ¢;), the stiffness matrix A is as before a;; = a(¢;, ¢;), the right-hand-
side vector has components b; = (f(t), ¢;) and the initial solution is projected onto Vy, i.e.,
u; = (ug, ;). Both matrices, P and A, are symmetric and positive definite. Thus, formally,
we can invert P = ETE to yield:

() + An(t) = g(t),  n(0) = no. (5.6)

where matrix A = E-TAE! is symmetric and positive definite and with spectral condition

number x(A) = O (h™'). The formal (C’-semigroup) mild solution to this equation is given
by:

_ t _
n(t) = e At no + / e Al=7) g(T) dr. (5.7)
0

The system of ODEs given by (5.5) is “stiff”, i.e., the eigenvalues of A vary in a large interval,
as shown by the fact that x(A) is large.

The a priori energy estimates shown for above for the continuous case can be extended to the
semi-discrete system (5.4). We have:

2 2 t
C
Ol +a [ IV dr < laoslaey + o [ WOy b 68)
0 0
or:
t
Ol ) < Tonll sy + | 1)y (5.9)
0

The semi-discrete problem can be studied in more details in the case of a polygonal domain
2 and using P; basis functions (we assume for simplicity K (z) = 1). Let 7,(2) a regular
triangulation with mesh parameter h. Then we have:
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Theorem 5.1. Under the above hypothesis, there exists a constant C' such that:

max [|u(t) = un(®)ll g2 o) < € (1+[log(7z) 1) ax R ()2 -

te(0,7 T)
where w is solution of (5.1) and uy, is solution of (5.4).

Proof. We define the following auxiliary problem. Given ¢t € (0,7, let ¢, : (0,t) — V} a
function that satisfies:

— (@n(7),v) +a(pn(r),v) =0 Vv €V, 7 €(0,1), (5.10)
en(t) = en(t),

where e, (7) = up(7) — @p(7) and a,(7) is such that:
a(u(r) — ap(7),v) =0 Yo € Vy, 7 € (0,7T).
Taking v = e,(7) in the first of (5.10), and setting €(7) = u(7) — @p(7), we obtain:

@1 = [ 1= (enlr)seatr) + aenr) sl dr + (ouea(s)
= [ lntn) &) + alau(renm)] dr + (20, 0)
= [ tentn)astm) + aaute) o) dr + (2u(0)0)
= [[@at) dr+ a.a0),

from which:

len ()] z20) < —/O (€n(7), &(7)) ds + (en(T), ¢n(t)) -

Using the formal solution (5.7) applied to the auxiliary problem (5.10) and using the inverse
estimate given in Lemma 2.28, we arrive at:

lon(M)l ez < llen@®)ll 2y, 07 <t
¢
| 1y dr < € (14 HogG) 1) len v
from which we have immediately:
Jen(®) cxy < € (1-+ ] 08t) 1) s len(®)l s

The proof is completed by noting that u — uj, = €, — e;, and using the £? estimate of Theo-
rem 2.26 applied to €,(7) = u(7) — (7). O

In practice, this tells us that the solution accuracy at time ¢ is independent from the accuracy
with which the initial transient is resolved.
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5.4 Full discretization

We study in this paragraph the simpler algorithms for time-discretization based on Euler or
Crank-Nicolson methods. We refer to the later chapter on the numerical solution of ODEs for
more advanced tools. Preliminary, however, we would like to discuss the interaction between
temporal and spatial discretization. To do so, we first analyze how the results of section (5.1)
can be extended to the fully discrete case. Thus we write the solution to eq. 5.6 in terms of
eigenpairs (11, z;) of matrix A. In the case g(t) = 0 we have the classical spectral representation
of the solution:

N

n(t) =" (no,z)e "' 2.

J=1

It is easy to see the the mass matrix has uniform spectrum with eigenvalues all of the order
O (1). Thus the spectral interval of A is that of A, and hence, from Theorem 2.27, we can
conclude that gy = O (1) and p, = O (h™2). Larger eigenvalues correspond to oscillatory
modes (eigenvectors) while smaller eigenvalues correspond to the more regular modes. Hence,
the components of the solution 7(t) are characterized by temporal scales that vary in a large
interval confined between O (h™%) and O (1), a signal that the problem is “stiff”. It is then
necessary to use implicit schemes to avoid the large restrictions on the temporal integration
step forces by stability constraints in case of explicit approaches.

5.4.1 Backward (implicit) Euler scheme

Let I = (0,7 the time interval (7" > 0) and let 0 = ¢y < ¢; < ... <ty a partition of I,
where t,.1 = t, + k, and I, = (t,,tn41). We start from the semi-discrete problem (5.4) and
substitute the time derivative duy(t)dt with its incremental ratio. We can write the following
problem. find up € V), such that:

n+l _ n
<Uh Uhvv)+a<u2+17v):(f(tn+1>"0) VeV, n=0,1,....,N -1,

(up,v) = (uo,v) Yu € V.
This corresponds to applying Backward (implicit) Euler scheme to the ODE system (5.5). We

obtain:

1 1
(k—P + A) u"t = k—Pu” + bt (5.12)

At every temporal step we need to solve a linear system of dimension n x n where the system
matrix is M = P/k, + A. Intuitively, we could factor matrix M once and for all, and use it
effectively to solve the linear system. On the other hand, from what we have seen above, it is
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also convenient to increase k, at every time step once the fast temporal scales are resolved.
Then we could think of factorizing separately P and A to form M. This route is feasible as
long as the matrix dimensions are not too large, in which case the preconditioned conjugate
gradient is often employed, sing as initial condition the solution calculated at the previous
time step.

The stability of backward Euler is immediately verified. In fact, taking v = wuy, in (5.11) we
have for f(t) =0":

e 1 = it ) o+ B (™ 1) = 0.
Using Young inequality yields:

% P — % I + ko (uF4Y) <0, n=1,...,N.
Summing over n we have:
? )

N
e+ 23~ e (wh o) < [
j=1

and using the coercivity of a (-, ) we find:
lupll < [lup]| < luoll, — n=1,..., N, (5.13)

an estimate corresponding to the stability estimate of the semi-discrete system given by (5.8)
and (5.9).

Another way to analyze the stability of backward Euler start from the algebraic system (5.12).
Assuming b = 0, the system becomes:

1 1

The mass matrix is symmetric and positive definite, and thus invertible, with a condition
number of the order of O (1). Multiplying by k, and by P~ we obtain formally:

u"tl = (I + k;nP_lA)_l u”.
Matrix I + k, P71 A is similar to I +k, L *AL™T, where P = LL”, L being its Choleski factor.
We have:

1
1 AT -T\—1|| _
||(I+knL AL™) H = max N T kLT ALT) <1

"We will always use £2(£2) norms and for this reason we omit the corresponding subscript.
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and since the eigenvalues of P~ A are positive and k, > 0, we readily obtain again (5.13).
The backward Euler has a truncation error of the order of O (k,). Hence, optimal® quadratic
convergence is obtained if k, = O (h?), a restriction that is often too strong in practical
applications. For this reason the Crank-Nicolson method, based on the trapezoidal quadrature
rule, is often used.

5.4.2 Crank-Nicolson method

The Crank-Nicolson scheme (or trapezoidal rule) can be derived by using again a simple
incremental ratio to approximate the time derivative and using the weighted arithmetic average
of the fluxes (the other terms) at time ¢,,, and ¢,:

[(f (1), 0) + (f(En), )]
VoEVy n=01.. .N-1

| —

n+l _  n
(%) +5 o) +a o) =

5.14)
(up,v) = (uo,v) Yu € V.

or in matrix form:

]_ ]. n+1l 1 _1 n 1 n+1 n
(knP+2A>u —(knP 2A>u +2(b +b"). (5.15)

This scheme has a truncation error of the order of O (k2), and is unconditionally stable. In
fact:

21 — kA (L7YAL™T)

1.
31 + kyh(LTALT)| =

= Imax
i,j=1,n

1 1
H(I + §k:nL‘1AL‘T)‘1(I — 5k:nL—lAL—T)

5.4.3 Forward (explicit) Euler scheme

The forward or explicit Euler method is written as follows:
uttt — gy
(B 0) + a0 = (7(0).0)
YvoeV, n=0,1,..., N —1,
(up,v) = (ug,v) Yu € V.
or in matrix form:

]' n+l 1 o n n
<HP) u"tt = (knP A) u 4+ " (5.16)

80ptimal convergence is the maximal convergence rate allowable by the interpolation error
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FIGURE 5.2: Numerical results for explicit Euler (EE), implicit Euler (IE), and Crank-
Nicolson (CN) for the solution of the one-dimensional problem using Py Galerkin FEM. The
left panel shows the solution for the stable cases, while the right panel shows an example of an
instable solution.

The forward Euler scheme has the same accuracy of backward Euler (O (k,,)), but it is only
conditionally stable. In fact we have:

|(I = ko LT AL™) || = max I — kyMi(LTHALT)| < 1.
This inequality is satisfied only if k,, < ﬁ = O (h?), since from Theorem 2.27 A i, (A) =
O (h?). The stability condition can be rewritten as:

VO <1. (5.17)

h
The constant C' depends on the diffusion coefficient K (z), and asserts that the temporal
and spatial resolution must be such that the solution variation in passing from ¢, to t,;
(approximately of the order of v/ Dk, ) must remain within one cell (of size h). In other words,
the scheme must be able to resolve “correctly” the faster components of the solution during
the initial transient. In practice, explicit schemes are seldom used because of this stability
restriction, and implicit schemes are preferred as the time step restriction due to stability
typically offsets the higher cost for the linear system solution.

k, < Ch? or

Experimental results for a one-dimensional model problem. In this section we discuss
the numerical results for the three schemes presented above. We use a P; Galerkin FEM
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formulation for the spatial discretization of the one-dimensional model problem of Example 5.1.
Figure 5.2 (left panel) shows the solution obtained for D = 1072 at times ¢t = 0.1 e ¢ = 1.0,
using Galerkin- P; with Explicit Euler (EE), implicit Euler (IE), and Crank-Nicolson (CN).
We have used h = 1/100 and k,, = 0.1 for IE and CN, while k,, = 0.005 for EE (this value
guarantees stability). The right panel shows the results of EE obtained with k, = 0.0051.
The classical oscillations due to instability are clearly visible and their amplitude increases for
increasing k,,.
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6 Pseudospectral Methods: an Overview

6.1 Introduction

Spectral and pseudospectral (PS for short) methods are a very classical approach for solving
PDEs. In such a framework, one considers approximations of the form

u(r) ~ uy(r) = ch%‘(i’?)

to the true solution u built by means of a given (usually very smooth) global orthogonal basis
{é1} of a function space, that we term space of trial functions, and takes in account exact
differentiation of uy.

PS methods are characterized by the following very desirable properties

e for an analytic function u the rate of convergence of the truncated expansion uy to u
is ezponential (indeed this is called spectral convergence) instead of linear of polynomial
as for finite differences or finite elements methods.

e Even for non-smooth function this approach reveals to be profitable, provided that the
singularities are not too strong.

e Due to the fast convergence, in the most of applications a relatively coarse computational
grid suffices to achieve a rather good accuracy. This becomes a very beneficial property
when the spatial dimension of the problem grows large.

One of the main features of pseudospectral methods is that the trial (and eventually the test)
functions are global. Consequently, the considered finite dimensional spaces are rather rigid;
however this turns in a disadvantage only on some classes of problems. The typical issues we
need to consider when choosing or implementing a spectral or PS method are

e irregular domains: choice of the basis,
e presence of strong shocks,
e variable resolution requirements in different parts of the domain.

Once the functional space F the solution u must belong to is known, in order to build the
method one needs to chose an orthogonal basis {¢;} of F. In performing such a choice the
following task should be considered [10, 11]:

1. Rapid convergence. For smooth functions the truncated expansion needs to converge
very rapidly.
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2. Easy differentiation. For any N and any {a;};—;

-----

d%(zamm) = b

j=1
should be computed easily and efficiently.

3. Easy evaluation and synthesis. The evaluation of the expansion at a given point and the
computation of the coefficients (synthesis) starting with u(x;), i = 1,..., M needs to be
easy and fast.

4. Simple integration. When considering the weak formulation of differential equations and
complementing boundary conditions one needs to compute integrals over the domain or
its boundary of the basis functions, a fast and accurate computation algorithm is then
required.

5. Boundary conditions. In some methods we will need to easy characterize the functional
subspace (spanned by combinations of ¢,’s) satisfying the boundary conditions.

The result of the above requirements is that the typical choices for {¢;} are
e Fourier basis {¢®*"} for periodic problems

e Orthogonal polynomials (typically arising from a Sturm-Liouville singular operator)for
non-periodic boundary conditions.

6.2 Classification of Pseudospectral Methods

In this section we review the generalities on pseudospectral methods in a quite general frame-
work postponing the discussion on specific methods and function spaces to Section 7?7 and a
more detailed discussion on their well posedness and behaviour to Section ?77.

In the sequel we will deal with linear problems of the following type

Lu=f, inQ | (6.1)
Bu =0, on 0}

where 2 C R is a domain, £ is a linear partial differential operator and B is a boundary
operator (as for instance the trace operator on 92 or the trace of normal derivatives on 0f).
We work on a Hilbert space H of function defined on €2 but in general £ may be defined only
on a dense subset D(L) C H, also we will consider the (possibly affine) subspace Dy(L) of H
where the boundary condition Bu = 0 is satisfied in the appropriate sense; hence

L:Dg(L) CH—H.
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The mild formulation of the problem (6.1) is then
find u € Dg(L) : (Lu,v),, = F(v) = (f,v)y YveH.
More in general, one considers the associated weak formulation
a(u,v) = (u, f), Vv € D(a),

where a bilinear form a on a (possibly larger than Dg(L£)) (linear or affine) subspace D(a) of
‘H is introduced starting by £ and performing integration by parts.

To illustrate this standard procedure we consider two model problems: the Poisson Equation
with Dirichlet or Neumann boundary conditions in the unit ball B := {z € RV : |z| < 1},
note that the unit normal on 0B is x.

Au=f ,inB
{u(x) =0 ,Vz€dB (6.2)

Au = in B
{ u=f M . (6.3)
For the first integrating by parts we obtain

_LVU(x)-V¢(x)dm(x)+[)ﬂx Vu(z) /f (), Vo € CZ(Q).

Now by the assumption on the support of ¢ the boundary integral vanishes and we get

- [ Vuta) Votwyim(a) = [ fe)o@n(a), o (@)

Notice that the domains of both the bilinear form of the left hand side and the linear form on
the right side of this equation can be extended to the whole HZ(€); indeed we take D(a) :=
C>(£2), note that the closure of such a space in H'(f2) is precisely H}(Q). This justifies the
following definition of weak solution of the problem (6.2) u € H}(Q) is a weak solution of
problem (6.2) if

/ Vu(z) - Vo(x)dm(z / f(z (z), Yo € H(Q). (6.4)

In contrast, for the Neumann problem the boundary condition is encoded in the equation,
not in the space; this is a standard way of treating non-homogeneous conditions. After an
integration by parts, the boundary integral term vanishes not only for ¢ € C2°(€2), it vanishes
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for any ¢ € C1(Q). Thus we set D(a) := C'(Q), which is dense in H'(2). The weak solution
of problem (6.3) is then any v € H'({2) such that

/ Vau(z) - Vo(x)dm(z / fa (2), Yo € H'(Q). (6.5)
The spectral approximation of problem (6.1) can be split in three families, namely
e Galerkin
e Tau

e Collocation (pseudospectral)

where only the first arises (at least historically and for second order equations) from the weak
formulation, while the remaining two from the mild one. However, one may think to this three
families of methods as a different consequences of the technique of weighted residual: starting
by an equation (e.g. the mild or the weak formulation of the equation) one approximately
solves it in a finite dimensional subspace Vy imposing the (weighted) residual Luy — f to be
orthogonal to each function ¢ € Viy (or another subspace Wy).

In the Galerkin Method we search uy € Vi such that

a(un,v) = F(v), Yv € Vy, (6.6)

here {Vy} is a dense nested sequence of subspace of D(a) N Z(B), i.e., such that Bv = 0
Yv € Vy.

Some variants are available to this scheme: in Petrov-Galerkin method one requires the con-
dition (6.6) Vv € Wy instead of Vv € Vi, i.e. the test functions space Wy and the trial
functions space Vi do not necessarily coincide. Instead, in the Galerkin method with numer-
ical integration (G-NI, for short) the functional F is replaced by an approximate version Fy
given by certain quadrature formulas.

In the Tau Method we consider an orthogonal basis {¢y} of H (thus not a priori satisfying
the boundary conditions B¢, = 0) consisting of smooth functions (thus elements of D(L))
and set Vyy := Span (¢1, ..., ¢n), then we search for uy := Zszl cr¢r such that

L = Vkel
( uNa¢k) (f7¢k)7 € In 7 (67)
BUN =0

where Iy C {1,..., N} is chosen in a way that makes the above system uniquely solvable.

Finally we introduce the collocation method (PS). Here one requires the approximate
solution uy to satisfy

{LUN(x,.) = f(z;), Viely

5 6.8
BUN(I'l) = 0, Vi € JN. ( )
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One can regard PS methods as a particular instance of spectral one since they can be derived
starting by the weighted residual and choosing as test ”"functions” the Dirac delta functions
centred at the collocation points. Note that

(Lun,0z,) = Lun (i) = f(2:) = (f,0z,)-

In contrast, most authors use a dedicated terminology for this method to underline a remark-
able practical difference they have with respect to the spectral methods. When considering
a spectral method (both for steady state or evolution problems) we solve equations in the
spectral variables/space ¢, to determine the solution; instead, when considering a PS method,
we solve equations with respect to the physical variable/space ¢r(z;).

6.3 Some Classical Example

To illustrate the construction of the methods we present some classical easy examples taken
from [19] and [5].

6.3.1 Galerkin Method and its Variants

Let us take in account the linear elliptic partial differential operator
Lu = —au” + bu' + cu (6.9)

and, given a periodic function f € £2[0,27], solve the problem Lu = f by a pure Galerkin
method.

. . N ~ i
We define uy as the truncated Fourier expansion uy(z) := Y, Gxe™®

_ and we compute the
residual Ry(z) == Luy — f = S0y trLe* — f. The Galerkin method is implemented by
solving the equations

N
(Ras ) g = S 0 (L™, 697) 1y = (£167%) g = 0. Wi = —N,....N.

k=—N

Due to orthogonality and the fact that Le?** = (ak? + ibk + ¢)e™*®, the above equations turns
in
p(ak® + ibk + ¢) = 2xfy, Vk=—N,...,N.

Note that actually the computation is even more efficient: since we are assuming u to be a
real functions, we need to compute 4, only for £ = 0,1,..., N then we can use the relation
g = Uy

It is also worth to notice that, due to assumed periodicity we treated the above problem
without tacking into account any boundary condition; more rigoroursly, when we choose as
trial and as test function space the space of Fourier characters we are implicitly solving the
problem (6.9) complemented by periodic boundary conditions.
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When we introduced the Galerkin method we claimed that it generally arises from the weak
formulation of the differential problem; this is not in contrast with the above computations.
Indeed we could start by the weak formulation (integrate by parts twice the first member of
L and just once the second, then cancel boundary terms thanks to periodicity)

—a (“>¢§‘1)52[0,2ﬂ +b (“>¢;’)L2[o,2w] (U, 0) 200w = (Fr i) p2ppom » VI = —Noo i N

and this would lead to the same system of equations above due to the differential properties
of ¢kS.

To illustrate the Galerkin method with numerical integration we introduce the following
advection diffusion reaction equation complemented by Dirichlet boundary condition at —1
and mixed Robin condition at 1.

L (—p®t Bu) +yu=f ,in]—11]
u(—1) =0, . (6.10)
v Bu(l) =g

Since we are dealing with non periodic boundary conditions we choose polynomials as dense
subspace of the domain of the differential operator, more precisely we set as basis of such
a space the Legendre orthogonal polynomials {L;}, i.e. orthogonal polynomials in [—1,1]
with respect to Lebesgue measure normalized to get Ly(1) = 1; such polynomials arise as
eigenfunctions of the singular Sturm Liouville operator - ((1 — 22)v') + k(k + 1)v = 0.
Recall that the N — 1 zeros {x1,zs,...,xy_1} of L)y, complemented by the extremal points
xog = —1 and x; = 1, form the so called Gauss-Lobatto-Legendre nodes of degree N, that are
the support of a high (polynomial) precision quadrature formula

JREE (6.11)

where equality holds for any p polynomial of degree at most 2N + 1.
To implement a ”"pure” Galerkin method with numerical integration we should proceed as
follows.

e We enforce the homogeneous boundary condition u(—1) = 0 in a strong sense.

Using the symmetry of the Legendre basis Li(—z) = (—1)*Ly(x), we get Li(—1) = (—=1)*
and thus p(—1) = S0 '(=1)*cx(p). The boundary condition at —1 can be written

{c, zn) = 0, where we set 2y := ((—=1)*)r=01..N_1-

We can compute the subspace Viy of PV ~! satisfying this condition. To solve this problem
and simultaneously compute an orthogonal basis we can use the Gram Schmidt procedure
or the QR algorithm, ending up with a new basis {@x }x=o,. n—1 of PY~1 such that the
subspace spanned by (¢1, ..., ¢n_1) enjoys the homogeneous boundary condition and ¢s
are orthogonal. This task and its possible generalization will be treated more rigorously
and more in detail in Section ?77.
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e Starting by the remarkable differential properties (see Subsection 7.2) of the Legendre
polynomials one can obtain

%L;H(x) = (2k + DaLy(x) — kLg—1(z)

and expressing the term (2% — 1) by means of Ly, Li(z), Ly(x) we derive the coefficients
of each L with respect to the basis {Lj}. Then, using the same change of basis that
lead from {L} to {¢r}, we deduce the coefficients of each ¢} with respect to the basis
{or}. We can arrange such coefficients D, ; := (¢}, ¢;) in the differential matriz D, so

that £ S erdr = Y0 Do

e We consider the mild formulation of the problem: find uy = Eiv:—; cp¢r such that

/1 4 <—yiuN(g;) + me(x)) o(z) + do = /1 (f(2) — yun(@))o(x)dz, Vo € Vy.

i dx dz -1
Then we perform an integration by parts and we impose the condition for v = ¢1,..., dn
getting
bod d
- / (v——un(@) = Bun(2))¢;(x) + [(—v——un(2) + Bun())6;]%,
. dz dx

= /_ (f(x) —yuy(z))v(z)dz,¥Vj=1,2,...,N —1

1
Using the non-homogeneous boundary condition the above equation reduces to

- / (L (@) - Bun(@))d () = g + / (F(2) — 7 un(@))o(x)de

1 do -1
Vi=12,...,N—1

Let us rewrite this last equation using Linear Algebra

((=vD + BIn-1)e,D.;) =g —ve; +bj / fojdx

j =
where Iy_; denotes the identity matrix, ¢ := (cl, . ,cN_l), D:ﬁj is the jth column of D
and (,-) is the standard RY~! duality.

e Here appears the numerical integration. We choose to approximate all the above
integrals b;s by the quadrature rule (6.11). Thus the final formulation of the problem
becomes

((=vD + BIn)c,D.;) =g —cj+b;, f(xn)oj(xn)wpdz

|M2

ijl,Q,...,N.
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6.3.2 Collocation Method

We want to illustrate that Collocation (PS) method may arise as a variation on Galerkin
Method with NI. We consider the same problem (?7?) above, but we allow the coefficients v, 8
and ~ to depend on .
Starting by the Gauss-Lobatto-Legendre nodes we can form the fundamental Lagrange inter-
polating polynomials, i.e., polynomials having degree at most N and satisfying ¢4 (z;) = dx—;,
they can be understood as discrete delta functions. Using the differential and recursive prop-
erties of Legendre polynomials and the nodes set we are considering, it is possible to prove
the following formula

1 — 22 Ly (z)
N(N —1)(x — z) Ly(z)

We would like to take as trial and test functions the whole set {/;}, but since o(—1) = 1 we
drop it from the basis in order to satisfy the boundary condition u(—1) = 0.

To define a weak formulation of the problem is convenient to introduce the fluz operator
Flul(z) :== —v(z)Lu(z) + Bu(z), we impose the mild formulation and then we integrate by
parts using the boundary conditions.

fk(l") =

1 d 1 1
/ —}"[u]ﬁjda:+'y/ uﬁjda::/ flidx, ¥Yj=1,...,N
-1 —1

-1 dx
1 d 1 1
—/ }"[u]%@-dw—i—”y/ uljdx :/ flydx, ¥Yj=1,...,N
-1 -1 -1
so we obtain (substituting u by wuy)

1 1 1
/ Vu’]\,fgdx — 6/ uNfg»dm + 7/ unl; = ...
1 1 1

1
= fﬁjd:v—kgéj_N, ijl,Z,,N
-1

Finally we use the numerical integration (6.11) to approximate each integral obtaining the
following system of equations.

i_\[: {(Vd;_;%) (i) — (5“N%) (x;) + (yunt;)(x;) | w; =
h N (6.12)
izzg(féj)(a:i)wi + gy, Vj=1,....N.

Taking in account that uy(z) = S2N, Li(z)ei(u) = SN, €(x)u(x;) and that this implies



!/

uh(z) = SOV 0(x)ci(u), the system of equations (6.12) may be written in the matrix form

KC:b,CZ:(Cl,... b bl,...b),
N
atl; de;
Kj, = ; [(V%%) } ( ) (1) +V(xj)wj5\j—ll

bj = f(%j)w]' + géN_j.

Let us remark that the combination of the choice of the Lagrange basis (approximated delta
functions) and numerical integration leads to a system of linear equation in the variables
u(z;), as we announced for collocation methods. To better interpret this let us introduce the
numerical flurz FN(z) := Z@'N:o l;(x)Fu(z;), that is the interpolation of the flux.

Now we observe that the left side of equation (6.12) can be rewritten as

- Z (fNZ—ij) (zi)w; + Z(Vuij)(xi)wi. (6.13)

Note that the first term is a quadrature rule of precision 2N + 1 applied to a polynomial of
degree at most 2N — 2, thus it is an exact integral. We perform integration by parts and we
use the boundary conditions to obtain an new formula for the expression in (6.13).

N

5 (o ()0 ()0 S

: — i (%]—"N&) (z5)w; — (]:N%) (1) + ;(’YUN@)@ w

When we substitute this last expression to the left hand side of (6.12), using the approximate
delta function property of the Lagrange basis we simply get

d N
C£T+Ww_f)@D:QVﬁ:LZ”WN—1

this is precisely a collocation method for the interpolated flux.

6.3.3 Tau Method

Lastly we illustrate the Tau Method when applied to the Poisson equation (6.2) with Dirichlet
boundary condition on @ := [—1,1]?,

{A“:f @ (6.14)

u(r) =0 Yo €dqQ
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We pick as basis the tensor product space of polynomials Vy := PY ® PV with the tensor
product basis

¢r(x,y) = cos(k arccos(x)) cos(l arccos(y)), k,l=0,1,...,N.

Note that this basis does not preserve the boundary condition, indeed we enforce them in a
weak form by choosing an additional set of test functions. Namely we set

() := cos(k arccos(x))

and impose

Uy ‘= E]]Xlzo Ck,l¢k,l(x7 y)a
fQ VUN : quk,l dx dy = fQ f(bk,l dx dy, \V//{Z,l = 0, 1, o, N =2

f_ll un(z, 1)j(x) do = f_ll un(z,—1)¢;(x)de =0, Vj=0,1,...,N
Sl un(Ly)ds(y) dy = [ un (=1L y)y(y) dy =0, ¥j=0,1,....N

We stress that, despite the number of equations appearing in (6.15) is (N — 1)2+4(N +1) =
(N + 1)+ 4 = dimVy + 4, four of such conditions are linear dependent on the other and
may be drop out. This phenomena is due to the enforcement of boundary conditions on the
corners: each of them is counted twice.

The system (6.15) can be simplified to a system of linear equation with respect to the vari-
ables ¢ using the Chebyshev differentiation matrix Dy = [(¢k1, ¢m.n)] that derives from the
relation

(6.15)

Y

P, (x) = Z Pr—1-2j(x), where 7, =

Jj=0

[(6=1)/2]
ok 2, m=0
{ o (6.16)

Mk—1-2; 1, otherwise

Then the orthogonality of the basis lead to a linear system. Note that one needs to compute
(analytically, if possible) the right hand side terms |, 0 for, dx dy.

6.3.4 Evolution Problems: an example

6.4 Stability Consistency and Convergence of Spectral Methods
We go back to the general linear problem

_ in O
Lu=f, in | (6.17)
Bu =0, ondf

for f € H and a bounded (sufficiently smooth) open set © C R
Our aim is to analyse the behaviour of the methods we proposed above and furnish sufficient
conditions for their convergence.
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6.4.1 Analysis of the Galerkin Method

In this subsection we will assume that there exists an Hilbert space £ (usually called energy
space) such that £ is dense in H and a positive finite constant C' such that

ulln < Cllulle, Yu € €.

Also we will deal with a sequence of finite dimensional subspaces Vi of the set Dg(L).
The celebrated Lax-Richtmyer Equivalence Theorem states that

e A consistent scheme is convergent if and only if it is stable.

In our framework consistency reads as follows: there exists a projection operator Ily :
Dp(L) — Vi such that, at least for a dense subspace of Dg(L), we have

|u — yulle = 0, as N — oo. (6.18)

While stability is given by continuous dependence on data, more precisely we require a con-
stant M (not depending on N ) to exist such that

lunlle < M| flln- (6.19)

Theorem 6.1 (Convergence of Galerkin Method). Assume that {Vy} is a dense (w.r.t. the

| - [[¢ norm) sequence of subspace of Dg(L) C € C H, moreover the following two hypothesis
hold true.

i) (Coercivity.) There exists a positive finite constant o (not depending on N ) such that

allulle < (Lu,u),,, Yu € Vy. (6.20)

ii) (Continuity.) There exists a positive finite constant M (not depending on N ) such that

| (Lu,v),, | < M|ulle|lvlle, Yu,v € Vy. (6.21)

Then the Galerkin method based on Vy is convergent, i.e., denoting by uy the approrimate
solution, we have

|lu —unll% =0, as N — oc.

Proof. The combination of (6.20) and the equation itself leads to stability of the Galerkin
approximation scheme. Precisely, we have

(['uN> uN)”H

2
<
x| <

1 C
= I llllunllze < —lfllllunlle.
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On the other hand the density assumption on the subspaces Vy gives us the consistency of
the method. Indeed one can set

HN 2DB(,C) — VN

ur— Uy ||u—anlle = 7)ienvf |lu —vl|e,
N

that is the (best approximation) orthogonal projection onto Vi with respect to the £ norm.
By this choice of Iy, consistency is precisely the density assumption.

Since by the hypothesis (6.21) the bi-linear operator £ is continuous with respect to the || - ||¢
we could apply the Lax-Richtmeyer Equivalence Theorem to get |[u — uy|le — 0; note that
this convergence is stronger than the convergence in H. O]

Remark 6.1 (Cea’s Lemma). It is probably more instructive to perform the explicit computa-
tions leading to the convergence result instead of relying on the Equivalence Theorem.
First define rn := uny — llyu, note that, using the property of uy, for any v € Vy we have

(Lryn,v)y = (Lun,v)y — (Llyu,v),, = (Lu,v)y, — (Lyu,v)y, = (L(u — Hyu),v)y, ,
thus, taking v := ry and applying both continuity and coercivity, we get
alryllz < [(Lra,ra)y | =1 (Llw = Ivu),rn)y | < Mallry|leallu — Tyulle.

Finally, we use triangle inequality
M
lu —unlle < llu —Tyulle + fluy = Tyulle < {1+ — | lu = Iyulle = 0.

This last inequality makes Theorem 6.1 even more precise: the error of the Galerkin Method
1s of the same order of the best approximation error with respect to the norm used in providing
the stability. This result is known as Cea’s Lemma.

Remark 6.2. The assumption (6.20) on the coercivity of L is not adapted to all type of
problems -indeed this assumption is modelled on uniform elliptic operators- and may be replaced
in the statement of Theorem 6.1 by other assumptions (leading to an equivalent conclusion)
as for instance the inf sup condition. The reader is invited to compare Theorem 6.1 with 77.

In order to illustrate the convergence of Galerin method, let us go back to the Poisson
Equation (6.2) with Dirichlet boundary condition

{Au =f ,in@ (6.22)

u(z) =0 ,Yr€oqQ’
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where @ :=] — 1,1[%
In this setting we pick H := L*(Q), £ := H}(Q) and consider the weak formulation of this
problem

(6.23)

a(uy,v) = (f, V)2 , forany v € Hy(Q)
u € Hy(Q) 7 7

where a_, (uy,v) == fQ Vuy - Vo dz dy.
We choose, Viy := {p € PY x PY plag = 0} and we choose as a basis of Vy the tensor product
basis generated by elements of the type ¢x(x)p;(y), where

) Lo(w) — Ly(x), k even
o) = {Ll(ﬂf) — Li(z), otherwise

and Ly denotes the Legendre polynomial of degree k.
Now we start to check the assumptions of Theorem 6.1. Stability follows by the famous Poincar
inequality (we can pick 1 as coercivity constant)

||,U’N||§Ié = (VU’N; v’L[/]\/')L2 =a <UN,U/N) .

Similarly the continuity of the bilinear form easily follows from the fact that a (-, -) is the inner
product of H}.

On the other hand we consider the consistency, so we need to show the denseness of Vy in
H{, indeed we introduce a more precise result (without proof) that will be useful to estimate
precisely the rate of convergence.

First, let us introduce the following family of seminorms

1/2

m d
il = [ 2 S 0kl

k=min(m,N+1) 1

The following inequality, which we will refer to as approximation inequality, is of fundamental
importance to our aims.

|w — Tyl g < Copm N¥™u| gm.v, (6.24)

where Iy is the best approximation projector onto PV N{f : flag = 0} with respect to the
Hj(Q) norm.

Now we want to estimate the error e, := u — u,, by the Cea’s Lemma (see Remark 6.1) and
the approximation inequality (6.24) it follows immediately that

||€n||H(} < 2Hu — HNU/HH& < QCQ,LONkWIHO,N = 2CQ71,0NH'U/HL2 < 2CQ,k,mN||fHL2- (625)
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Here the very last inequality follows by the stability.

We want to show that the so called elliptic regularity or the Moser trick allows to show that
the convergence of the function (no weak derivatives are consider) uy to u is, in an L? sense,
faster than this rate. To this aim we consider the dual problem

Ap=ey ,inQ (6.26)

p(x) =0 ,VrecoQ '
Together with its weak formulation

a(p,v) = (f,v);. , forany v € Hy(Q) | (6.27)

¢ € Hy(Q) :

Now the elliptic regularity theory furnish the estimate

|l 2 < Cllen| 22,

the solution of this problem is indeed more regular.
On the other hand, integration by parts and the fact that ¢ solves the above problem lead to

1ll3> < Cllenlz2 = Ca (e, en)

Now notice that a (en, IIny¢) = 0 since both a (uy, [Ix¢) and a (u, IIy¢) are equal to (f, IIng) ;. .
Thus we get

lexllz: < Ca(¢ —Ing,en) < Cllen|mlé — My o] 2.
Finally we use the approximation inequality (6.24) to get

lex 7
<Ca(¢—Tn¢,en) < Cllen || Capmlld — 10| 2
<Cllexllm CazoN*[|6]l w2 < CN*|len|3n

The combination with equation (??) leads to

levllzs < C'Nllexllm < C"N?||f]|L2.

6.4.2 Analysis of the Collocation Method

Throughout this subsubsection we assume €2 to be the interior of a parallepiped Q = [a;, by] x
- X [ag, bg] and denote by PY(Q) the set of tensor product of polynomials having degree at

most N in each variable (separately).

We assume also that for any N > 0 a Gauss-Radau quadrature formula

N N N
/ Pyl deV - dr® SN S fag )i,
Q

Jj1=072=0 Ja=0
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is given with precision 2N — 1, i.e. the above integral is computed exactly if f € P?N—1,
Let us introduce the discrete scalar product

N N N
(u,v) 5 = Z Z---Zu(:pﬁ,...,xjd)v(le,...,xjd)wjl...wjd, Yu,v € PN

J1=072=0 Ja=0

and denote by ||ul|x the corresponding norm (notice that ||u||y implies that u is the zero
polynomial since the set of considered points is unisolvent of degree N, thus || - ||y is a norm).
It is convenient to rearrange the indexes of our nodes of integration, precisely we enumerate
them in a way such that x, = (xj,,...,z;,) € 0Q for any k = 1,... My(N) while z;, € Q for
k= My(N)+1,...,(N + 1) Also we rearrange the weights setting

wy =Wy, - -+ - Wj,, where xp = (z,,...,%j,)-
We define the trial function space
Vi i={u € PY(Q): B(u)(zy) = 0,Vk =1,... My(N)},
and the test function space
Wy ={ve PY(Q):v(x) =0,Vk =1,... My(N)}.
We introduce the operator
Qn : C°(Q) — Wy

Qnv(ay) =0,  Vke{l,..., My(N)}

fr—Qnv: {QNU<37143) :v(xk) Vi € {Mb(N) + 1,...,(N—|— 1)d}7

and the operator

Ly:PY(Q) — PV
u— Lyu

that approximates £ by interpolating varying coefficients and taking the derivation by inter-
polation.
Also we need the existence of a projection operator acting on a dense subspace F of Dg(L),

[y : F — VyNDg(L)
ur— yu, (Il,u=wu, if ue Vy N Dg(L)).

The collocation method approximate solution is defined by solving

Find uy € Vy such that

(ENU>£1€>N = (f, gk)N Nk =M,(N)+1,...,(N+ 1)2, (6.28)
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where /() is the Lagrange basis w.r.t. the nodes ;. Notice that the set {{x,k = M,(N) +
1,...,(N + 1)?} generates Wy, indeed it is an orthogonal basis of Wy with respect to the
scalar product (-, ) -

Due to the definition of the operator )y we can rewrite equation (6.28) as

Find uy € Vy such that
QN(ﬁNU — f) = 0, n WN,

that is Qn(Lyu — f)(z1) = 0,k = My(N) +1,..., (N + 1)

(6.29)

Proposition 6.2 (Stability of Collocation Methods). Assume that the collocation scheme is
coercive, i.e., there exists a strictly positive constant o such that for any N > 0 we have

allullf < (@nLyu,u)y, YueVy (6.30)
and that there exists a positive finite constant N such that
1/2

[ully = (u,u)y™ < Cllulle. (6.31)

Then the collocation scheme is stable in the sense that for each N we have

C
lunlle < EHfHN (6.32)

Proof. Simply notice that

1 1 1 C
Jun||z < o (QnLyu,u)y = o (Qnf u)y < EHQNfHNHUNHN < EHQNfHNHuN”&

we used that @)y is the projection operator upon Wy O

To explain where the consistency requirements arise from we show first how to compute an
error bound for collocation schemes. In the following computation we assume the bilinear
form (L, -). to be continuous with norm 0 < M < oo. Let us set ry := IIyu — uy, we have,

Vv € Vy

(QNLNTN, )y = (QNLyun,v)y — (QNLaIInu, v)y
=(@nLyun,v)y — (Lu,v)g + (Lu,v)e — (QNLnIInu,v)y
(@nLyun,v)y = (f,v)g + (Llu —Tyu),v)e + (Lyu, v)e = (QNLyTNu, )y

Now we pick v := ry and we get

QHTNH% < (QNLNTN,TN) N
=(@nLyun,rn)y — (firn)e + (L(u —Hyu),ry)e + (Llyu,ry)e — (Q@nLyyu, vy y
<H(QnLyun,Tn)y — (firn)e |+ Mllu—unllellrnlle + [ (Llyu, ry)e — (QnLaTnu, 7n) y |-
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Finally we use triangle inequality to get

o= vl < (14 20) Tyl
| (L nu,rN)e — (@NLnTInu, i) | (@ Sforn)y — (frn)e |

allrylle allrnlle

(6.33)

Therefore we formulate the following consistency requirements: we say that the collocation
method is consistent if the following holds true.

|lu —yulle =0, as N — oo,Vu € F. (6.34)
sup |<QNf’U)N_(f’U)5‘—>O, as N = oo,Vu € F. (6.35)
vEVN O{HUHE

IT — II
sup | (LTIyu, v)e — (QNLnTINu, v)y | 50, as N — oo, Yu e F. (6.36)
veVy allvlle

It follows by (6.33) that if the above consistency conditions are satisfied the method is con-
vergent.

6.4.3 Analysis of the Tau Method

Let us start for simplicity assuming that d = 1, i.e. Q =] — 1, 1], possibly applying an affine
transformation.

We consider a weight functlon w : {2 — R and form a basis of orthogonal polynomials ¢;, such
that ¢y has degree k and f | k() dj(2)w(w)dr = cpdjg.

Let m be the number of imposed boundary conditions (typically we will deal with m = 2) we
set Wy := Span (¢g, ¢1,...,0n_m) and Vy := {u € Span (¢, ...,¢n),Bu(xl) = 0}. Then
the Tau Method can be written as

Find uy € Vy such that (6.37)
(Lu,v) = (f,v),Yv € Wy. '
Things becomes a little more complicated when d > 1. We introduce the lattice of indexes

I = (k= (ky,... k)|0<k; <N—my,j=12 . ..d cI™={01,... N},

where m; is the number of the boundary conditions imposed on the couple of faces SF :=
{x; = £1}; also we set ] N\ [,

int

Accordingly we denote by gbk( ) the functions
Oy (1) - -+ - - P, (2q), where = (21,29, ..., 24).
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We set Vy := Span (qbk(zc), ke I(N)) , while the test function space is Wy := Span <¢k(w), ke I.(N)) )

int

The differential equation is then expressed as

Find uy € Vi such that

6.38
(Cu, én) = (f, ) VK € 1Y), (6.38)

In order to impose the boundary conditions we consider the scalar product on 0€2 defined as
follows. First we denote by w;(x) := Hiéj:l w(z;) then set

d

(0, 0) = 3 ( / @) )io(@) + /

i=1 S

u(m)v(az)wi(m)da(m)) :

Boundary conditions are imposed as
(Bu, ¢r) s = 0, Vk e I (6.39)
Thus the multidimensional Tau Method reads as

Find ux € Vy such that
(Lu, ¢) = (f.0n), Yk € Iy, (6.40)

int

(Bu, dr) g = 0, Vk e IV,

Since in this setting the test and trial function spaces are different, to prove the convergence
we rely on a inf-sup type condition instead of a coercivity one.

Proposition 6.3. Let £ C H be a Hilbert space such that Dp(L) is dense in E. Let F
be a dense Hilbert subspace of H with continuous embedding (i.e., 30 < C' < oo such that
[oll2 < Cllvllz)-

Assume that there exists a finite strictly positive constant o such that

L
a < inf sup M (6.41)
ueVn pewy [|ullwllvlv
Then the Tau method is stable in the sense that
C
lunllw < £l (6.42)

The proof is very similar to the Galerkin coercive case.

As in the Galerkin case if we furthermore assume the consistence of the method we get the
convergence (and indeed a version of the Cea’s Lemma) for free. For instance one can assume
that there exists a dense subspace W; of Dg(L) and a sequence of projection operator (best
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W norm projection in general works) Iy : H — Vi such that limy ||u — Hyul|y — 0 for any
u € Wl.

Let us consider the stability and convergence analysis of a concrete example of Tau Method
for solving the following problem

(6.43)

Lu(—1) = £Lu(1) =0 '

{ﬁu::—%ujtu:f in]—1,1]
dx

We set w(z) = - \/1177 and consider the related Chebyshev orthogonal polynomials Tj(x).

The test and trial spaces are defined as

Vi o= {ule) = 3 eul)Tafa), -u(-1) = <-u(l) = 0}
Wy = {o(a) = 3 exl0)Tilo)}

We want to show that the inf sup condition (6.41) holds true. To this aim, introduce the L?,
projection operator IIy_o and note that

HN,2£’LL = Lu— (u — HN,QU,).
Now observe that (Parseval Identity)
(Lu,v)  (Lu,y_oLu) (Lu,Lu— (u—Iy_ou))

sup = =
vewy |[v[lv Ty 2 Lully Ty—oLully
1
:”HN o Lully (2wl = (Lo, u —Ty—ou))
Lull? = [[Lullflu =Ty —u|

- [Ty 2 Lully

Now we use the a priori estimate |ullgz < C||Lul| and the approzimation inequality ||u —
My_oul < C'N72||ul| g2 to get

sup (Lu,v) 1

> U , VN > v2C(C".
S iy 2 ace vl V
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7 Tools from Approximation Theory

7.1 Elements of Fourier Analysis
7.1.1 Fourier Series

We denote by {¢x }rez the set of Fourier Characters ¢y, := e**. The basis of Fourier Analysis
are contained in the following theorem.

Theorem 7.1. Fundamental Th. of Fourier Analysis. The sequence {¢r} is a complete
orthogonal system in L*(T). The analysis operator (transform)

LA(T) — 7*(C)

s i={isher = {5 [ u(@fa(o)hes

is an isometry of L*(T) onto (*(C), i.e.,
|l z2(y = ||t 2(c) (Parseval Identity).

The inverse of this application is the synthesis operator

where the convergence of the series has to be intended in the L*(T) sense.

Remark 7.1. The analysis makes sense even if u is merely L' instead of L?, it turns out to
be a norm decreasing operator of L' on (.

Definition 7.2. Truncated series. We denote by Syu(z) the truncated Fourier series up to
|k] <N, ie.,

N
SNU(ZL‘) = Z ﬁkgbk S PN(T)
k=—N

Here PN(T) := Span (¢4, |k| < N) is the space of trig-polynomials of degree at most N.

Remark 7.2. Note that by the Pyhagorean Theorem Syu(x) is the best L*(T) approzimation
to u belonging to PN(T).
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Due to Theorem 7.1 Syu — w in L*(T). A antural question one may ask is weather the
convergence holds point-wise or even, possibly under additional conditions, uniformly. We
postpone this for a while. For the moment we just cite that Kolmogorov invented a technique
to build examples of bounded continuous functions on T such that their Fourier series is almost
everywhere divergent!

The other natural question to ask (especially to our aims, cfr. Ch....) is how farst the Fourier
coefficients of a differentiable function u decrease, in other words, how fast is the Fourier
truncated series convergent.

Proposition 7.3. Coefficients decay.
1. Let u € C™([0,27]) with u'Y) periodic for any 0 < j < m — 1, then
= O(k™™).
2. Let u € C*([0,27]) be periodic together with all its derivatives, then

ir = O(k™™), VM € N, (spectral convergence).

To prove the above result one needs simply to notice that

2y, = /0 7ru(:z:)aﬁk(ac) dr = —(z'k)_l(u(0+)—u(27r_))+(z'k)_1/0 7ru’(:z:)m(;z:) dr = (ik) ™'’ ...

Remark 7.3. It is quite relevant to note that the same argument above can be used to prove
that, for a differentiable periodic function u with periodic derivative

N

(Swvu)(@) = Y axdi(e) = Y ikigdp(z) = Y won(z) = Sn(u)(@).

k=—N

That s, projection commutes with differentiation.

We can note also that the Fourier basis offers the easiest example of differentiation matrix.
The function: the function Syu is represented by its coefficients U|y, the coefficients 12’|N
of Sy(u') can be determined by left multiplying the vector u by the differentiation matrix
Dy = diag(—iN,—i(N —1),...,0,i,...,iN), that is

W|n = Dyl y-
We now take into account the issue of point-wise convergence of Fourier series. As a matter
of fact, the fundamental results and techniques in this very classical area of Analysis are very

difficult and the (possibly multi-dimensional) modern Fourier transform and analysis heavily
rely on these results.
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We recall that a function f :]0, 27— R is said to be of bounded variation, f € BV (]0,2x|) in
symbols, if

sup Z |f(xip1) — fz)] < 0.

0<z1 < .o <xpr<2m i1

By definition this is the variation (i.e., the length) of the graph of f. This definition is usually
founded in the context of Riemann integration, the equivalent definition in the context of
Lebesgue integration is f € L(]0, 2x[) such that

sup /wfdx<oo

pecl(]o,2x)),ly|<1

Probably the most useful results regarding the point-wise convergence of Fourier series are the
ones we collect in the following theorem.

Theorem 7.4. Point-wise and uniform convergence.
o Let f € BV(]0,2n) be periodic, then Sy f(z) = $(f(z") + f(z7)).
o [If f is furthermore continuous, the the convergence is uniform in x.

In the case of jump discontinuities, note that this is compatible with the assumption f €
BV (]0, 2r[) the sequence of Fourier truncates exhibits a oscillatory behaviour near the discon-
tinuity, whose frequency increases as N — oo. This issue is termed the Gibbs Phenomenon.

Let us consider the subspace H}?, (0,27) of H™(0, 27) consisting of square integrable functions

that are periodic together with their first m — 1 weak derivatives and have square integrable
m derivatives. We use the classical Sobolev norm

m 2
[l 7 0,2m) == (Z/O [ () [? dfﬁ)
=0

We can show, just working with smooth approximations to u, that for any u € H7,.(0,27) we

have u(V) = 327 ikiggy, therefore, using Parseval Identity, the Sobolev norm ||ul| gm(g2n)
is indeed equivalent to the norm

1/2

. 1/2
[l = ( >+ |k!2m)\ﬂk\2> :

k=—o00

Even much more can be said: we can characterize the space Hg;,,(O, 27) as the set of periodic

square integrable functions for which we can differentiate the Fourier series term-wise.
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Proposition 7.5. Truncation Error. Let uw € H!? (0,27), then the following error bounds

per

holds.
llu — Syulrz < C’N_m||u(m)||L2 < CN7™||ul| gm-
|u — Syull g < CNE™[u™]| 2 < ONT™|ul|gm, YI=0,1,...,m —1.
Proof.
1/2 1/2
1 1
—— = Syullze = | Y ) = Y kPP )
vam H>N s 1F1
1/2
<N~ ™ Z 2™ iy, |2 < ON"™[u™]| 2 < ON7™||u| gm.

|k|>N

7.1.2 Fourier Interpolation

7.2 Polynomial Approximation, Interpolation and Quadrature
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8 A pseudo-spectral solution to the Stokes Problem

8.1 The Method
8.1.1 Generalities

We are interested in setting up a pseudo-spectral method for the following Stokes Problem

Au—ocu—Vp=Ff in(
V-u=0 in Q , (S-I)

ulr = ur onI':= 00

where o > 0, Q C R? is a bounded domain, u : Q — R? is the velocity field and p: Q — R is
the pressure.

It is worth to stress that this particular instance of the Stokes Problem may arise when one
deals with a Stokes evolution equation and uses numerical integration: a problem like (S-I)
must be solved aty each time step.

First we observe that V-Au = AV -u = A(0) = 0 thus the first two equations in (S-I) implies
Ap = V- f. Also we introduce the Helmotz operator H, := A — old of parameter o so we can
re-write (S-I) in the form

Hu—Vp=Ff inQ
Ap=V-f in €2
ulr = ur onT :=9Q’
V-ou=0 on I’

(S-11)

It is rather important to note that (at least at this stage, i.e., no discretization procedure
performed so far) the latter formulation implies the first one. For (let us reason in term of
classical solutions for simplicity), set @) := V- @, where @ solves (S-IT). It follows that @ solves

AQ =0(Q inQ
Q=0 onT’

thus V-u = Q =0 in , that is @ is divergence-free and thus solves (S-I) as well.

8.1.2 Rough Chebyshev-Chebyshev discretization

We focus on the very simple case of Q =] — 1,1[?. This leads to use Chebyshev polynomials
as basis functions. Let us denote by PY the space of tensor product polynomials of degree at
most N in each of the two variables separately.
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We will use the Chebyshev-Lobatto quadrature nodes

:(4,7) € {0O,N} x {0,1,...,N}U{0,1,...,N} x {0, N}},
€ln: (Z>]) ¢ {0>N} X {0>N}}>

{(zi,5)
{(zi,y5)
—int = .o
QN = {(wiayj) €Oy : (Z’]) ¢ {O, N} X {O7N}}7
= {(zi, y5)
{(zi,y5)
corresponding respectively to
e interior nodes
e all nodes
e all nodes but the corners
e boundary nodes

e all boundary nodes but the corners.

The resulting discretized problem becomes: find w™ € Py x Py and p™ € Py such that,
denoting by meIP’éV x PY the interpolating polynomial of f on Qx, we have

Hyu —VpN = ¥ in Qy

ApN =V fN in 2

P ! A (S-CC)
'U,Nlr = Uur on F%t
V-uy=0 on Tt

We stress that, as usual in PS methods, the derivatives are taken in the interpolation sense,
that is one first interpolates than takes derivatives.
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8.1.3 A variational crime

In this discretization procedure a remarkable phenomena comes into play: even if any classical
solution u of (S-II) is a divergence free vector field, its approximation u” does not need to
fulfil the same property. This is a consequence of imposing the differential equations in the
strong sense point-wise. Remember that, when showing that a solution to (S-II) needs to be
divergence free, we used that the laplacian of an identically vanishing function is zero. Here
equations are satisfied only on a finite sets of points so we can’t perform the same reasoning:
in general V - uy # 0 on (.

Recall that the divergence free condition represent the conservation of the mass, hence trying
to preserve such a condition seems very reasonable. More concretely, as often occurs, the lack
of physical meaning of the discretized equation (S-CC) boils down to numerical instability in
solving the steady state problem (S-I) and even worse behaviour of the final numerical solution
if (S-I) arises as a intermediate problem in the time integration of an evolution equation. We
need to overcome this problem.

We introduce a numerical fluz BY € PY xPL such that its normal component at the boundary
is precisely the normal component of the residual, more precisely we replace the problem

(S-CC) with

(H,uN — VpN = fN in Qu

ApN =V .- fN —v.BY in Qy

BY =0 in Qy . (S-CC)
uy|r = ur on Tt

| BY v = (H,u" —Vp" — f).v  on T

Here v is the outer unit normal.

At this stage it is not clear why this variational crime should enforce the divergence free
condition on wy, indeed this will surface out in a while when presenting the Influence Matriz
Method that we use to solve (S-CC’).

8.1.4 Influence Matrix

We split (S-CC’) in two sub problems. More precisely, we assume that

~ _ - _ ~ N —
uN:uN+uN7 pN:pN+pN7 BN:B +BN7

where each ~and ~ function solves respectively the ~or the  problem below.
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(" problem I)

(" problem II)

o = ur on Tyt

B =0 in Qy

BY v= (Hya — ¥ —Vp™)-v on it | (" problem IIT)
BN -7=0 on Pﬁt

Here 7 is the unit tangent.

(ApY =-v(B" +B"Y)  inQy

H,a"N = vpV in Qn

uN =0 on I (" problem)
V-ah =-v-aV on Tt
\BN v =(H,u"¥ —Vp")r on I

First, notice that the ~ problems I, IT and IIT can be considered separately in this order.
We compute pV solving (“problem I), then we compute the gradient of p"v, we plug it in

("problem II) and we compute @ by solving it; finally BY vis computed and stored. Recall
that the solution to our final problem consists in finding «”¥ and p”, while the numerical flux
is an additional variable whose tangential or normal values we are going to compute only when
these are required in order to compute ¥ or p¥.

Now we consider (~problem). We use a quite unusual method,termed superposition method.
In this technique each function ¢ of the set {p",u’¥, RN := BY. v, B} is expanded in the

form
2L

¢ = &¢, L:=Cardl'y' =2(2N —2), (8.1)
1=1
but the coefficients are fized: what varies are the ¢; themselves.
More precisely, we consider two families of problems, each of them of L problems.
Forl=1,2,...,L solve

Ap; =0 in Qy
{ﬁi’v (lnm) = Opm T € TR (8.2)
{A"_"lN =Vp' in QN <
u =0 on [t
BY =0 inQy (8.4
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Forl=L+1,L+2,...,2L solve

BY =0 in Qn (5.5)
B{V ’ V(nm) = 5L+m,l NMm € F?\}t '
{?p’N = VB iy (5.6)

D = in Qn
HU’ITLN = VﬁN in QN
u = on [ut (8.7)

Again, one first solves (8.2)to determine pi¥, [ € {1,...,L}, computes the gradient of the
pressure and solves (8.3) by plugging it into the equation. This leads to compute @), [ €
{1,..., L}, then we compute its laplacian and finally the values RY = (Aul, — VpY) - v at
the nodes in T'y".

Now consider the case [ > L. It is worth to stress that (8.5) fully characterize the values of
V - BY at points of Qy, this is a consequence of the tensor product construction of both the
domain and the functions space we took into account: notice that the normal derivatives are
polynomial of only one variable. In order to get convinced is convenient to draw a picture of
Q5 (the easiest example), pick any [, and write the values of Bi¥ given by (8.5) and try to
compute V - B} (z3,2) (the only node in Q3).

After determining the value of V - B} at Qy by solving (8.5), we plug it into (8.6), we solve
it and we compute p)¥ and R (n,,) forl = L+1,L+2,...,2L, m=1,...,L.

Finally we compute the gradient of p;¥, we plug it in (8.7) and we solve it to determine u;’
and R} for | > L.

Now note that any set of functions {p", ", RY B } defined by a superposition of the form
(8.1), that is for any & € R*!, satisfy the first three equations in (~problem); we want to
determine £ by imposing the remaining two equations.

(8.8)

S av-a) () = -V ﬂN(nw;V) T € Tt
l2:Ll fl(B{V V= RlN)(nm) = (B 'V)(nm) Mm € 1_‘i1]\ﬂft
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This system may be written in the form ZV¢ = ¢, where the matrix

[ V- ay (m) V- ay () V- ady(m) |
V- ay (1) V- ay (1) V- ady (n2)
| VA Vem () e e o Vead(n)
' (BY -v—R)(m) (BY -v—R)m) ... ... ... (By,-v—Ry)(m)
(BY v —RY)(m;) (BY -v—RY)(m) ... ... ... (By,-v—R))(mp)
| (BY v - RY)) (BY-v—RN)(m) .. . ... (BY-v— RN |
is the Influence Matriz and
—V'&N(Th)
—V @ (n,)
| veato
‘= (?N'V)(m)
(B -v)(nr)
(B" - v)(m)

Unfortunately a problem may arise when solving the influence matrix system: in general
the matrix Z"V may be not invertible; experimentally four zero singular values appear. Two
situations may occur: if ¢ lies in the image of ZV the system has solution(s), otherwise there
exists no solution.

We present two methods to cope with this issue, the firs one, due to ..., is a spectral regular-
izing technique that leads to recover a true solution if there exists one. The second is a mixed
approach between exact solution and least squares approximation.

Regularization method. We compute the factorization

ZN = UTE‘/a Y= HU7 0= (017 -y 0204, 07 07 07 0>T
and we replace ZVV by the regularized matrix
IV =U"S,\V, Sy=1Ioy, 0= (01,...,000-4, , , \, AT

Then we solve the system Z)¢ = c. Note that, if a "true” solution é of the original system
exists, then £ is a solution of the regularized system as well.
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Mixed approach. We divide the influence matrix IV € Msrwor(R) in two sub-matrices
A, B € Mpy(R)

v [A
™=|5)
V-alN(n) V-ad(p) ... ... ... V-ud(n)
A= .
Voali) Vow(m) ... ... .. Vel
BY v —Rm) (BY -v—R)m) .. o .. (B-v—RY)m)
. (BY -v—RM)(n,) (BY -v—R\)(m) ... ... ... (By, -v—Ry)(n)
BY v RVm) (BY -v—R)m) - o o (B -v— RY)(n)

We solve exactly the problem A& = (ci,...,c)?. To do that we use the QR factorization

A:RTQT:{%{]QT

We get
€= (&,.. &) = QR c;, M :=Rank A.

Then we split the matrix B as B = [By, By] with By € My, (R) thus the condition B = ¢,
is equivalent to

3151 + 3252 =C <~ 3252 =Cy — Blfl-

This last equation is finally solved with respect to the variable £ in the least squares sense.

8.2 Implementation
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A Finite difference discretization of the convection dif-
fusion equation.

The finite difference method for the discretization of the constant coefficient convection-
diffusion equation in one dimension proceeds as follows. Consider a uniform partition of
the interval I = [0, 1] into n subintervals of length h and whose endpoints are given by x;
Tig1=x;+h,i=0,1,....,n4+ 1. Let u; be the numerical approximation of the solution u at
point x;: u; ~ u(x;). Using Taylor series expansions we have:

h2
h2

Summing the two equations and neglecting the higher order terms we recover the following
approximation of the second derivative at the i-th node:

u// ~ —Ui—1 + 2ul — Uit1
i h2 .

Subtracting the equations (A.1) and (A.2) we obtain a centered approximation for the the
first derivative in x;:
e Wit1 — Ui—1
! 2h ’
Using these to approximation in the differential equation (2.50) we obtain the difference equa-
tion:
b
ﬁ(—uiﬂ + 2u; — Uz‘+1) + %(Ui+l - Uifl) =0,
that can be written for all i = 1, ... n. This equation coincides with (2.51) and is an approx-
imation of order of accuracy O (() h?).
The first derivative can be expressed using a first order approximation that uses the forward
(eq. (A.1)) or the backward (eq. (A.2)) Taylor expansions. We then obtain:

b
ﬁ(_ui—l + 2u; — UH—I) + %(le - Ui—l) =0,
D b
ﬁ(—ui_l + 2u; — Ui_|_1) + %(Uiﬂ—l - ui—l) = 0.
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B Finite difference operators

We introduce in this section the classical difference operators that are often used in developing
finite difference approximations to differential equations. The reader is referred to general
books on numerical analysis, such as Stoer and Bulirsch [25] for more details.

Let {u,} be a sequence of real numbers. The shift, forward difference, and backward difference
operators E, V, A are defined as:

E:u, = upir; E7' g = Uy Ay = (U1 —Ujndg); Vi, = (U —tp_q).
Noting that the inverse of the shift operator exists, we can write immediately the relationships:
A=E—I=EV; V=I-E% E=(1-V)"
Hence, we can write, for any positive integer m:

A™u,, = (E — I)™u, = i(—l)j (7) -

J=0

V™u, = (I — E-Ymy, = i(—w‘ (j‘) Un_

=0

Assuming that all derivatives of u exists in the appropriate sense, we can write formally

s du,, 1 2d2un
Efu, = u(t, + sh) —un+shﬁ 5( h) 7 +..
=1, ,.d =1 d\"
k=0 k=0
= e(Sh%)kun.
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C Numerical solution of Ordinary Differential Equa-
tions

In this chapter we address the problem of solving systems of ODEs (Ordinary Differential

Equations). It is an elementary introduction to a vast subject matter that has reached nowa-

days a mature development. These notes are a personal re-elaboration and synthesis of the
material presented in [23]. For more details we refer to classical textbooks such as [12, 13, 14, 1].

C.1 The Cauchy problem

The Cauchy problem looks for the solution y(t) of a first-order differential equation in which

the derivative of y(¢) is equal to a given function f(¢,y(t)). Moreover, the function y(t) satisfies

an initial conditiony(ty) = yo. Consider the following:

Problem C.1 (Cauchy Problem). Find y(t) € C}(I), I = [to,T] (0 < T < 00), such that:
y(t)=f(tyt) tel, 1)
y(to) = yo, Initial Condition (IC) .

where f(t,y): S = R, S =1 x (—o00,+00).

The solution this problem is a function y(t) : I — R which can be written in the following
integral form:

o0 =+ | Fry() dr (€2)

We can give the following “local” interpretation of the Cauchy problem. Let § and 1 two
positive real numbers, and let ¢ty € I and yg € R. We form the intervals K = [ty — 0,1y + I]
and J = [yo — n,yo + 7], and we let I x J C ¥ C R. We assume that the function f: ¥ — R
is Lipschitz? in ¥, i.e., there exist a constant L > 0 such that

| f(tyn) = f(tye) | < Ll yr — w2 |

9A Lipschitz function f is continuous in J, but not all continuous functions are Lipschitz. For example,
. 1/3 .. . . o .
g(y) =]y |’ is continuous but not Lipschitz in [-1,1], as

9(y) — g(x) ~ 2/
y—z
In particular, a function g € C'(.J) and such that a constant K > 0 exists so that | ¢’(y) | < K for all y € J is
Lipschitz in J. In fact:

as x approaches 0.

1 9(y1) —9(y2) | = 19" ()1 —y2) [ < K|y — 42 |-
The function g(y) = | y | ¢ C*(I) but is evidently Lipschitz in I.
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FIGURE C.1: Geometric interpretation of y := ¢(t) solution of the Cauchy problem (C.1).

for every t € I and for every y; and ys € J.
Let M = maxyeryes | f(t,y) | and let M < n. Then there exists one and only one ¢ : K — R
such that:

1. ¢(t) and ¢'(t) are continuous for all ¢ in I;
2. ¢(to) = vo;

3. ¢(t) isin J for all t € I;

4. ¢'(t) = f(t,o(t)) for all ¢ is in= 1.

The function ¢(t) is called solution or integral of the Cauchy problem (C.1), and hence y(t) :=
¢(t). An intuitive geometric picture is given in Figure C.1. For each point ¢ € I, the derivative
of ¢(t) is equal to the value assumed by f at that point.

This discussion can be made formal by recalling (without proof) Picard’s theorem, which can
be stated in all generality for systems of ODEs given by Problem C.1, when y : [ +— R™,
f:IxR™— R™ and ||| is a vector norm, e.g., the Euclidean norm:

Theorem C.1 (Picard). Let f(-,-) be a continuous function of (t,y) in the region U containing
the parallelepiped:

and Lipschitz in the variable y, i.e., for any (t,y1) € R and (t,y2) € R:

18 yn) = F(Ew2)ll < Lllyr — gl - (C.3)
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Assume the constant M = max][||f(t,y)| : (t,y) € R] is such that:
M(T —to) <Y.

Then there exists a unique function t — y(t), continuous and differentiable in I that satis-
fies (C.1) and solves Problem C.1.

In the case of systems, a sufficient condition for which f is Lipschitz is to require that the
Jacobian matrix of f has bounded norm:

of
e

where the matrix norm must be compatible with the employed vector norm. The converse is
not true. For example, the function y — f(y) = (Jy1 |,---,| ym |)* with £, = 0 and yo = 0
satisfies (C.3) but not (C.4) since f is not differentiable at y = 0.

Similarly to what we have done for PDEs in Definition 1.1, we can give a definition of well-
posedness for a Cauchy problem:

Definition C.2 (Well posedness). The Cauchy Problem (C.1) is well posed if its solution
exists, it is unique, and it depends continuously on the initial data and on the flux function f.

We can render the statement of continuous dependence upon the data more precise by looking
at the stability of the Cauchy problem:

Definition C.3 (Stable problem (Lyapunov)). The Cauchy problem (C.1) is stable if for each
perturbation (dg, 0(t)), such that 6(¢) is a continuous function in 7, and | dy | < eand | §(t) | < €
for each t € I, the solution z(t) of the perturbed problem:

()= ft,2(t) +6(t) tel,
(C.5)
2(to) = yo + do,
is such that:
ly(t) — z(t)|| < Ke Vtel,

with the constant K depends only on the problem data (to, yo, and f) and not on e.

Given the Cauchy problem (C.1), if f(¢,y) is continuous and uniformly Lipschitz in y for ¢t € T
and y € R, then the Cauchy problem is well posed and we have the following:

Theorem C.4. Under the hypotheses of Picards theorem, the (unique) solution y to the
Cauchy problem C.1 is stable in I (assuming —oo < to < T < +00).
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Proof. We sketch the proof for y € R. If w(t) = y(t) — z(t) then its derivative is w'(t) =
flt,y(t)) — f(t,2(t)) + 6(t) and we have:

t

w@zw@+/u%%h=%+/U@Mﬂ%ﬁhdﬂﬂw+/&ﬂw

to to to

0

Applying Gronwall lemmal!®, we obtain:

rww|su+u—moe+p[|wﬂrm

<e(Qalt—tohetlt—Pl  wer
< Cl, C = (14 M,)eM*, Mt:mtax|t—t0|.

Example C.2.
y(t)=—yt)+t tel=][0,1],
y(to) =1,
with solution given by: y(¢) = 2e~* +¢ — 1.
Z(t)=—z(t)+t+46 tel=]I0,1],
2(to) = 1 + o,
whose solution is: z(t) = (24 0p — d)e™* + ¢+ — 1. Then:
[y(t) —2(t) =] (@ —do)e™ =d [ <[d[L—e)+[do]e" <k

for every t € I.

C.2 One step linear methods

Explicit solutions to the Cauchy (C.1) are available only for specific f(¢,y). In general, nu-
merical solutions are sought. Thus, we want to find an algorithm that approximates y(t) for

10Gronwall lemma is important and can be stated as follows:

Lemma C.5 (Gronwall). Let g(t) be an integrable non-negative function in I, and let ¢(t) and ¥(t) be two
continuous functions in I, with 1 non-decreasing. If ©(t) satisfies:

awsww+[gvman viel
then:

ot) < Bl s™a) e
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[

¢t t ot ot t =T
0

1 -1 j j+1 N-1 N
FI1GURE C.2: Discretization of the interval I = [ty,T] in N subinterval of size h.
some discrete set t, € I. To this aim, we discretize the interval I, i.e., we subdivide [ in
subintervals of size h. The discretization is identified by the endpoints of the subintervals that
are denoted with t,, = to +nh, j = 0,1,..., N, with h = (T — ty)/N (see Figure C.2). We

denote with y,, the numerical solution at step ¢,: vy, ~ y(t,). Thus, our numerical schemes
will approximate y(t) pointwise, i.e., they will look for y,, j =1,..., N.

C.2.1 Forward (explicit) Euler method.

The Taylor expansion of y(t + h) is
1
-+ ) = olt) + /(1) + S1%(0) + O (1)

Neglecting the second order terms we have the following approximation:

t—i—h)—y(t)‘

o L Yl
y'(t) ~ .

Thus we can write the original ODE at t = ¢, as:

V() = Flnyt) of(e) ~ Ul 2]

to yield:
Y(tnir) = y(tn) + hf (tn, y(tn)) -
Starting from the initial condition y(ty) = yo we define the forward Euler method as:
Yntl = Yn T hf(tn,yn),  n=0,1,... (C.6)

This scheme is also known as explicit Euler method, since the computation of y,, requires only
the evaluation of the function f(t,y) at the previous point (¢, 1,Yn_1).
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ALGORITHM FORWARD_EULER
Input: o, yo, N, h;
FOR j=0,1,...,N—1
1.tn = 1o+ nh
2.fn = f(tnayn)
3-Ynt1 = Yn + hfn
END FOR

Example C.3. Let us apply the Explicit Euler method above to the Cauchy problem defined
with f(t,y) = —y(t), to = 0, T =1, and yo = 1. The explicit solution is easily found by
separation of variables and is given by y(t) = e~*. Substituting f = —y in (C.6), we have:

Yn+1 = (1 - h)yn

Using an integration step A = 0.1, from which N = 10, we obtain the following table:

J Yn y(tn)

0 1 1 o | N

0.1 0.9 0.904837418 7  Forward Edier

0.2 0.81 0.818730753 - Explicit Solution
0.3 0.729 0.740818221 081 il
0.4 0.6561 0.670320046 o . 1
0.5 0.59049 0.60653066 0.6/ 3 .
0.6 0.531441 0.548811636 I B

0.7 0.4782969  0.496585304 T
0.8 0.43046721  0.449328964 04r A
0.9 0.387420489 0.40656966 0 02 04 06 08 1
1.0 0.34867844  0.367879441 !

We can see that the forward difference scheme produces a good approximation of the explicit
solution.

Example C.4. As second example, consider the Cauchy problem with f(¢,y) = —by(t),
to =0, T = 3, and yy = 1. The explicit solution is now y(t) = e~. Using Algorithm (C.6)
with f = —5y we obtain:

Ynt1 = (1 — 5h)yn.
Using h = 0.3 (IV = 10) we have the following table:
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J Yn y(tn)

0 1 1 Xs ‘ ‘ L

0.3 -0.2 0.301194212 —FowadEia ] 1
0.6 0.04 0.090717953 081\ - Explicit Solution|
0.9 -0.008 0.027323722 06| | -
1.2 0.0016 0.008229747 _ 04|\ ]
1.5 -0.00032  0.002478752 ool \ ;
1.8 6.4E-05  0.000746586 gl -

2.1 -0.0000128  0.000224867 o- < 7
2.4 0.00000256 6.77287E-05 02 !
2.7 -5.12E-07  2.03995E-05 0 05 I 15 2 25 3
3 1.024E-07  6.14421E-06 ‘

In this case the forward Euler scheme yields a numerical solution that oscillates, resulting in
a less accurate estimate of the explicit solution. In fact, in this case, the scheme is not stable,
although the original Cauchy problem is Lyapunov-stable. The experimental observation of
the results of this and the previous examples suggest that Forward Euler is stable under some
restricting conditions on the step h. This restriction can by found by analyzing the convergence
of the scheme, which will be done in the next section.

C.2.2 Backward (implicit) Euler method.
Writing the original ODE at t = t,,,; as:

y/(tn-l-l) = f(tn+17 y<tn+1))- (C'7>

we can use the Taylor expansion of y(t,) = y(t,4+1 — h) to yield:
2

Y(tn) = y(tntr — h) = y(tnr) — hy/(thrl) + ?y//(thrl) +0 (hg) .
Again, neglecting O (h?) terms we can write:

Yn+1 — YUn
Y (tny1) = ?/7,1+1 = +T’

and, after substitution in (C.7), we obtain the Backward Euler (implicit) scheme:

Yn+1 :yn+hf(tn+l7yn+l) ] 20717"'7N_ 1. (C8)

The scheme is termed implicit as the unknown, i.e., the value y,, 11, appears in both left and
right hand sides of the equal sign and is contained as an argument of the function f(¢,y),
which thus in general cannot be evaluated explicitly. In this case we would need to use a
Newton-Raphson like iteration to evaluate y,,1 at every step. We have then the following
algorithm:
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ALGORITHM BACKWARD_EULER
Input: tg, yo, N, h;
FOR j=0,1,...,N—1
1t =t,+h
2.50lve Yni1 — Yo — hf(tns1, Yns1) =0
END FOR

We solve the same problems as before but using Backward Euler. Note that, since f(¢,y) is
linear in y, the scheme is effectively explicit.

Example C.5. Case f(t,y) = —y(t), with t, =0, T =1 and yo = 1. Using f = —y in (C.8),
we have:

1
Yn+1 = H——hyn

Let h = 0.1, from which N = 10. The solution is then given in the following table:

J | Y y(t,)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
0.909090909
0.826446281
0.751314801
0.683013455
0.620921323
0.56447393
0.513158118
0.46650738
0.424097618
0.385543289

1
0.904837418
0.818730753
0.740818221
0.670320046
0.60653066
0.548811636
0.496585304
0.449328964
0.40656966
0.367879441

We can see that the Backward Euler approximation is similar to the Forward Euler numerical

=

0.8

0.6

0.4r

o Backward Euler
== Explicit Solution

solution, but it overestimates the real solution, contrary to the Explicit Euler case.

Example C.6. We try now the case f(t,v)

1

Ynt1 = 1—|——5hyn’

and using h = 0.3 (N = 10) we have:

—5y(t), with ty =0, T'= 3 and yo = 1:




T
* y=e”
o—o Backward Euler

f(t, Y. )=Y(E.)

04|

fit,y)=y (&)

02— =

™ f(tnu’ynq):y'( En+1)

o ) \T\e\a_ﬁ__k 0 o L S ¢

i'g 05 1 0 T 05 : ' 1

tot ot t t t t

n+l o n+2 n n+l n+2

f(tml’ym ):y‘(Ennr

Fiaure C.3: Geometric interpretation of the Forward (left) and Backward (right) Euler
schemes for the differential equation iy’ = —5y. The dotted and dashed-dotted lines represents
f(t,y) evaluated at n and n+ 1 for the Forward and Backward FEuler schemes, respectively.

J Yn y(tn)

0 1 1 15 \ T
0.3 0.4 0.22313016 — Backward Edler
0.6 | 0.16 0.049787068 081 - Explicit Solution
0.9 | 0.064 0.011108997 06r |

1.2 | 0.0256 0.002478752 _ 04

1.5 | 0.01024 0.000553084 oo |

1.8 | 0.004096 0.00012341 ' \

2.1 10.0016384 | 2.75364E-05 0 T

2.4 | 0.00065536 | 6.14421E-06 02

2.7 | 0.000262144 | 1.37096E-06 0 05 1 15 2 25
3 10.000104858 | 3.05902E-07 t

In this case, Backward Euler produces estimates that are less accurate with respect to the pre-
vious case, but, contrary to the Forward Euler case, there are no oscillations. In fact, Backward
Euler has the same order of accuracy of Forward Euler and is always stable, independently of
the step size h.

Let us look at the geometrical interpretation of the Forward and Backward Euler schemes
reported in Figure C.3. Looking at the implicit method of eq. (C.8) we see that the point
(tn+1,Yns1) lies on the line with direction v, .1 = (Yn+1 — Yn)/h = f(tn+1,Yns1) passing by
(tn, yn), while for the explicit scheme the line goes through the same point but has slope given
by ¥, = (Yn+1 — Yn)/h = f(tn,yn). Thus, in the Backward Euler method the next point is
obtained using the slope evaluated at t,,1 given in this case by ¢/'(t) = f(t,y) = —5y, which
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is decreasing with ¢ (y(t) = e~°!), thus giving reason to the overestimation of the real solution
(Figure C.3, right). In the case of Forward Euler, similar considerations give reason to the
underestimation (Figure C.3, left).

C.2.3 Crank-Nicolson Method.

For both Euler schemes, we used a Taylor expansion and neglected all the terms of the order
O (h?). The Crank-Nicolson method tries to neglect terms of greater order. To do so, we see
that subtracting the two forward and backward Taylor series we can exploit cancellation of
terms. More precisely, we have:

2 3

/ h " h "
y<tn+1) = y(tn) + hy (tn) + §y (tn) + Ey (tN) + O (h4)
2 3

h h
Y(tn) = y(tny1) — hy'(tnsa) + Ey”(tn-‘rl) - Ey”’(tnﬂ) +0 (h'),
from which we have immediately:

_ Yn+1 — Yn

Writing eq. (C.1) as an average between times t,,,1 and t,,, we have the Crank-Nicolson scheme:

Y (tnsr) + ' (tn) = Ypir + U,

(b ) + St )] (©9)

The method is clearly implicit, and we have the following algorithm:

Ynt1 = Yn +

ALGORITHM CRANK-NICOLSON
Input: tg, yo, N, h;
FOR j=0,1,...,N—1
Ltps1 =ty +h
2.fn = f(tn,yn) =0
3.50lve Yni1 — Yo — 050 [f (Lps1s Ynt1) + fo] =0
END FOR

We show now the same results as before obtained with the Crank-Nicolson scheme. We note
that, as occurred with Backward Euler, since f(¢,y) is linear in y, so is in this case the overall
scheme.

Example C.7. Case of f(t,y) = —y(t), with to = 0, T =1 and yo = 1. Using f = —y
in (C.9), we have:

2-h
Yn+1 = 2 + hyn

Let h = 0.1, from which N = 10. We obtain:
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J | Yn y(tn)

0 1 1 Te i " " L B B B
0.1 | 0.904761905 | 0.904837418 0ol - Crank-Nicolson | |
0.2 | 0.818594104 | 0.818730753 Sl » Soluzione Andlitica
0.3 | 0.740632761 | 0.740818221 08 ]
0.4 | 0.670096308 | 0.670320046 o7 -
0.5 | 0.606277612 | 0.60653066 06" N ]
0.6 | 0.548536887 | 0.548811636 05l S~ ]
0.7 | 0.496295278 | 0.496585304 ! e
0.8 | 0.449029061 | 0.449328964 o4r
0.9 | 0.406264389 | 0.40656966 03 01020304 05 06 07 08 09 1
1 | 0.367572542 | 0.367879441 t

The CN method gives approximations of the solution that are more accurate than both Euler
schemes. The reason is due to the fact that we have neglected terms in the Taylor expansions
that were of higher order with respect to those neglected for the Euler approaches.

Example C.8. Case f(t,y)

in (C.6), yields:

2 —5h

= 5t

Using h = 0.3, from which N = 10, we have:

= —by(t), with tg = 0, T'= 3 and yo = 1. Setting f = —5by

J Yn y(tn)

0 1 1 Ig— ‘ ‘ ‘ L e I A
0.3 0.217391304 0.22313016 ‘ > Crank-Nicoson | -
0.6 0.047258979 0.049787068 0.8 -~ Soluzione Andlitica) |
0.9 0.010273691 0.011108997 1
1.2 0.002233411  0.002478752 oo ]
1.5 0.000485524 0.000553084 oal | |
1.8 0.000105549 0.00012341 - |
2.1 2.29454E-05 2.75364E-05 02 1
2.4 4.98813E-06 6.14421E-06 i \ 1
2.7 1.08438E-06 1.37096E-06 % 0306 00 12 15 18 21 24 27 3
3 2.35734E-07 3.05902E-07 t

Also in this case the accuracy of Crank-Nicolson is better than the Euler Schemes, and there are
no oscillations, suggesting that it is stable. One may think, rightly, that it is the implicitness
of the formulation that makes the schemes unconditionally stable. We will see this more
precisely in the next sections.
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Remark C.9 (Derivation of the schemes from quadrature formulas). The derivation of the
studied one-step schemes can be effectively done from the point of view of integration, instead
of differentiation. Thus, we integrate the ODFE between t,, and t, .1, to obtain:

Y(ts1) = y(ta) + / "y dr

Now, the integral on the right-hand-side can be approrimated by a quadrature formula. The
Forward and Backward Fuler schemes are easily obtained by using a quadrature formula based
on piecewise constant interpolation using information on the endpoints of the interval. Thus we
build rectangles that have a base of h = t, .1 —t, a height of y(t,) and y(t,.1) for Forward and
Backward Euler, respectively. Crank-Nicolson method is obtained by means of the trapezoidal
rule. We have then:

y(tn-i-l) ~ y(tn) + hf(tna y(tn))v
y(tn—i-l) ~ y(tn) + hf(tn—Hv y(tn+1))a
Y(tin) 2 () + 2 [F(tarns 9(tnsn)) + (gt

2

The scheme are readily obtained by using y, in place of y(t,).

C.2.4 Explicit Runge-Kutta methods

The numerical schemes presented in the previous sections are part of the more general Runge-
Kutta family of methods for the solution of ODEs of higher order. In the m-stage Runge-Kutta
method the numerical solution of the Cauchy problem can be written as:

Yns1 = Yn w1 Y] + WYy 4+ .+ w,Y), (C.10)

where Y/,... Y/ are defined from the general expression:

m—1
}/;/:hf<t+ash,yj+25s’j1/;/>, s=1,...,m.

=1

It is simple to show that the forward difference scheme is obtained with m = 1 and imposing
w1 =1, a; =0, and $11=0. In a similar way, the backward difference is obtained with w; = 1,
o = 1, and 61’1:1.

In the explicit Runge-Kutta methods the coefficients Y, can be derived explicitly and have

192



the form:

)/1/ = hf(tn’ yn)
= hf(tn + aoh, yn + B2:1Y])
= hf(ty, + ash,y, + B31Y] + B52Y5)

Yn,1 = hf(tn + tha Un + Bm,ly’{ + Bm,Zyg + ...+ 5m,m71YnI¢_1)'

The coefficients wy, ..., Wy, ap,a1,... and P, P31, 832, ... are computed using the Taylor
series. In the following we derive the computation of these coefficients for m = 2:

Yntl = Yn T+ wlyvll + W2}/;- (Cll)

Let y(t) be the solution of the Cauchy problem. For the chain rule, the second derivative of
y(t) satisfies:

V(€)= /()] = LAt w0 = G0 + B O @),

Thus, the Taylor series of y(t, + h) can be written as:

b ) = Yt 1 F(tn 0+ 517 | St 5(0) + St 3 )|+ (€12

where Ry is the residual term. Now we write Yj using the Taylor series of f in (¢,,y(t,)):

Y] = | f(to y(ta)) + ash 2t

S tny(t) + BV (6 (0) + o

where Ry is the residual term, Ry = O (h?).
Eq.(C.11) becomes:

g(tn,yn) +WQhR2. (013)

0
Yn+1 = Yn + (wl + WQ)hf(tn7 yn)+w2a2h28_{(tm yn) + w252,1h2 ay

Imposing that (C.12) equals (C.13), we obtain the conditions for the parameters wy, wa, as
and 52’13

w1 twy =1
Aoy = 1/2 (014)
52,1w2 = 1/2

Since this system has four unknowns and three equations, it admits infinite solutions. For
example:
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e Heun formula: wy = wy =1/2, ag = o1 = 1.

e Runge formula (RK2): w1 =0, wy =1, ag = fo1 = 1/2.

The order of accuracy of the schemes with m = 2 can be derived as follows. Note that,
dividing (C.13) by h, the residual term is wy Ry, which is proportional to 22. Thus the schemes
with m = 2 are of the second order accuracy. We will see in the next section a more detailed
definition of order of accuracy.

Remark C.10. Heun and Runge formula are written explicitly as:

ur =+ 5 10 Flbn ) (b B+ B, 00)]

and
h h

respectively. The former can be interpreted as an explicit version of Crank-Nicolson, where
we have resolved the implicitness deriving by the use of the trapezoidal rule by estimating y,11
with one step of Forward Euler. Analogously, Runge’s scheme can be thought of as the use
of the mid-point quadrature rule (one-point Gaussian quadrature where the Gauss point is the
center of the integration interval) where y,y1/2 is again evaluated using Forward Euler with a
step-size h/2. Thus we have:

y;ﬁz—H =Y+ h f(tna yn)

) Heun (C.15)
Ynt1 = Yn + Eh [ f(tnayn) + f(tn + h7y;;+1)}

. h
Yng1/2 = Yn T 5 J(tn Yn)
Runge (C.16)

h
Ynt+1 = Yn + h f (tn + 57 yn+1/2)

The Runge-Kutta scheme (RK4) is largely used. It is obtained with an analogous procedure,
but with m =4 and w; = wy = 1/6, wy = w3= 2/6:
1 2 2 1
Yol =Yn + & |+ EYQ’ + EY?’/ + EYL{, (C.17)

and the coefficients Y/, Y], Y3 and Y] are:

Y{ = h f(tu, 1)

Yy =h f(tn+ Sh,yn + 3Y))

Yy =h f(tn+ 3 yn + 3Y3)

Yi=hf(ty+hy, +7Y3)
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The order of accuracy of RK4 is 4, equal to the number of stages.

It is intuitive to assume that the order of accuracy for a m-stage RK method is p = m. This is
true for m = 1, 2, 3,4, not not so anymore for m > 5. Runge-Kutta methods were extensively
analyzed by John Butcher, who demonstrated that the order of accuracy for RK methods
with m = 5,6,7,8,9 stages is p = 4, 5,6, 6, 7, respectively, and for m > 10 the highest order is
p < m — 2. The suboptimality of high order RK methods leads to the question whether it is
possible to find efficient high-order methods.

C.2.5 Adams methods

An intuitive idea to extend RK methods comes from the reinterpretation of RK schemes as
quadrature rules. In fact, we can write:

y(bois) = y(t) + h /0 J (1, + ah) da. (C.18)

Then we approximate y'(t) = f(¢,y(t)) by quadrature formula with weights w, and quadrature
nodes ;. We have:

Ynt1 = Yn T h Z wsYZ

s=1

}/;/ = f(tn + Oésh, }/;)

where Yy ~ y(t,, + ash). These intermediate values can be approximated with another quadra-
ture formula approximating the integral from ¢,, to ash;

leyn—O—hZﬁUY;, izl,...78.
j=1

Starting from (C.18), Adams methods replace the integrand with the interpolating polynomial
7, (t) passing through points (¢,_;, fn—j), 7 = 0,...,k, where we have simplified the writing
by setting f, = f(tn,yn). Using Newton interpolation formula with a constant stepsize h we
obtain readily:

k-1
Ynt1 = Yn + hfn + Z’Vivifm
i=1
where we have denoted with V f,, = (1 — E)f,, = f. — fu_1 the backward difference operator,
and Vif, = V71 f, — V1f,_1, defined in Section B. Note that the interpolating polynomial
is used in “extrapolation” mode, i.e., not with the interpolation interval. This is remedied by

adding the additional point (t,+1,y(t,+1)) and use a few iterations of a Picard iteration to
solve the nonlinearity.
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C.3 Errors and Convergence

In this section we want to study the convergence of the sequence of numerical approximates
Y, towards the real solution y(t,). Thus, we define the error as the difference between the
numerical and real solutions, e(t,) = y, — y(t,), and say that convergence requires that the
error tends to zero as h — 0. From the experiences collected in the previous practical
examples, we can pose the following questions given a numerical scheme:

1. does the numerical solution tend to the real solution (i.e., the error tends to zero) as
h — 07

2. How fast does the error go to zero?

3. what is the maximum value of A that returns a numerical solution close in some sense
to the real solution up to a prescribed tolerance?

The error is defined for all ¢,, € I, we can ask for example that the infinity norm of the error
(the maximum absolute value) tend to zero. In this case we would have:

Definition C.6 (Convergence). A numerical scheme for the solution of the Cauchy prob-
lem (C.1) is convergent if:

lim max | yn —y(tn) | =0

But we can use any equivalent functional norm:
li —y(t)|| =0
lim [|yn — y (@)

where yn = {yo,¥1,...,yn}. observing that y € C!(I), at least, we can use, for example, the
L2(I) norm given by:

looll = | [19t0) dtf

C.3.1 Experimental convergence

Before discussing theoretical convergence, we look at it experimentally. We consider the
following (relative) error norm, which assumes the use of a constant integration step h =

tn+1 — tn:

1
2

A0S = ylta) P
W it )

Chaox = ||yh - y(t)” ~

Y
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h ehFE €h.BE en.CN €h,FE €h,BE €h,CN
’ ’ ’ €h—1,FE €h—1,BE €h—1,CN

0.2 5.75E-02 | 7.42E-02 | 2.62E-03 | — - -

0.1 2.49E-02 | 3.62E-02 | 6.21E-04 | 2.31 2.05 4.23

0.05 | 1.16E-02 | 1.78E-02 | 1.51E-04 | 2.15 2.03 4.11

0.025 | 5.60E-03 | 8.28E-03 | 3.48E-05 | 2.07 2.15 4.33

TABLE C.1: Convergence of the methods Forward (FE) and Backward (BE) Euler and Crank-
Nicolson (CN) methods. The error norm and its ratio is shown for successively refined mesh
subdivisions h. The ratio between the error norms at consecutive refinements approaches 2 for
both Euler scheme and 4 for Crank-Nicolson, indicating linear (O (h)) and quadratic (O (h?)
convergence, respectively.

where zx = FE, BE, CN per Forward (Explicit) Euler, Backward (Implicit) Euler and
Crank-Nicolson. We compute this norm for different values of h, for example in a geometric
sequence h =0.2, 0.1, 0.05, 0.025. We obtain the following table:

Table C.1 shows the experimental results obtained on the test case of example C.3. From
the ratio between the error norms of two successively refined discretizations, we see that both
Euler schemes show first order convergence (O (h)) while Crank-Nicolson shows second order
convergence (O (h?)). We have learned by now that convergence rates typically depend on the
scheme and on the regularity of the real solution and we will need to justify theoretically the
experimental convergence rates.

C.3.2 Consistency and truncation error.

We observe first that, as expected, the experimental convergence rates follow the pattern of
the order of the terms that were neglected in the Taylor series expansion defining the different
methods. We say that the order convergence depends on the truncation error. However, we
need to distinguish between the truncation error, which occurs at each step, and its propa-
gation through the steps needed to evaluate the solution at a fixed time. More precisely, the
former is the error arising from a one-step calculation (from ¢, to t,,1), assuming that the
initial solution is exact (y, = y(t,)). The latter, is the propagation (or global) error arising
from the accumulation of the truncation errors at previous steps. Hence, we can write:

ent1 = Y(tns1) = Ynr1 = Y(tny1) — y:H-l + y:l+1 ~ Un+t1 = Tpt1 T En+1

where y_ | is the approximation calculated by the numerical scheme starting from the exact
solution y(t,). The accumulation (or propagation error) and the truncation error are embodied
by the concepts of stability and consistency, respectively. We analyze in this section the latter,
leaving the former for the next section.

Let us write the previous schemes in abstract form as (all the one-step methods can be written
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* y=e”
o—o Backward Euler

0.2

yn+ 1

FIGURE C.4: Geometric exemplification of the truncation error Tj11(h) for Forward Euler
applied to example C.4.

as in the following):
Yni1 = Yo + 0®(ty, yn;h),  0<j< N -1, (C.19)

where the function ®(-,-;h) identifies the particular scheme!! Substituting in the previous
equation the real solution y(t) we obtain:

y(tn—l-l) - y(tn) + hq)(tm y(tn); h) + €nt1, (020)
where €, is the residual at step n + 1. We can rewrite this residual as:
€nt1 = h7y(h)

where 7,,41(h) is the Truncation Error (TE), given formally by:

Plt) 2900 _ (3, y(t,); ). (C.21)

To(h) = -

The maximum value of the TE is denoted by 7(h):

7(h) = max 7,41(h). (C.22)

0<n<N—1

HFor example, Forward Euler is given by: ®(t,,yn;h) = f(tn, Yn)-
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Assume that the function ® is such that:
lim ®(t,,, y(t,); h) = f(tn, y(tn)) j=1,2,...,N.
h—0

Recalling the expression of the Taylor expansion by which y(¢,11) — y(t,) = hy/(t,) + O(h?),
we see immediately that the previous equation implies that 7,,1(h) — 0 for h that tends to
zero, from which we have immediately:

li h) =0

lim 7(h) = 0,

which implies that the scheme (C.19) is consistent, in the general sense already specified in
Section 2.1.4. We say that the scheme has order of convergence or of accuracy equal to p if:

7(h) = O(hP).
From eq. (C.21) we see then that the global (propagation) error is of order p.

Example C.11 (Error analysis of Forward Euler.). Assuming f sufficiently continuous in
both arguments so that we can assume y” to be bounded in the interval [ty, Ty|, using Tailor
series expansion of f and noting that ¥/ = f(x,y), subtracting equations (C.19) from (C.20)
we obtain:
h? h?

ent1(h) = Y(tn1) =Yog1 = Y(t) +hy () + 19" () | =y = B (@n, y(tn)) = | 47 () |
with £ € I an appropriate point (arising from application of Lagrange, or mean value, theo-
rem). We can define the truncation error for the Forward Euler scheme as:

y(tn—irl) - y(tn)

Tn(h> = h, - f(ajnay(xn))
so that we find:
h, ., hM
= — < — M - " .
[ 7alh) [ = S19"(©) [ < = dnax | y"(n) |

Thus, the Forward Euler scheme is first order accurate, as experimented in the test cases
shown in table C.1. Figure C.4 shows a geometrical exemplification of the differences between
the TE and the propagation error. In a similar fashion, it can be verified that both Euler
schemes are formally consistent and first order accurate, while Crank-Nicolson is second order
accurate, thus confirming the experimental observations reported in table C.1.

Convergence can be analyzed as follows. Define the total error e, = y(t,) — yn. Then, the
error equation becomes:

ent1 = en+ [ f(Tn,y(xn)) = f(Zn, Yn)] + h7u(h)
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Using the assumption of Lipschitz continuity of f with respect to the second argument we
have:

| eni1 | < (14 hL)| e, |+ htp. (C.23)

Letting 7 = maxo<,<(m—1) | 75 |, the solution of the above difference inequality is:
en | < ZI(L+ALY" =1+ (L+hL)"| e | < (M7 — 1) 4 P ¢ | (C.24)

Remark C.12. To find the solution of the above inequality (C.23) we can proceed either by
induction or using an approach similar to the technique for finding solutions to linear constant
coefficients ODFEs. Using the latter approach, using the equal sign in place of the < sign,
we add to the general solution of the homogeneous equation €, one particular solution of the
complete equation e*n. Thus, looking at the homogeneous equation, we let ), = \", to yield
immediately:

&, = Ci(1+hL)".

Now, we look for a particular solution of the form e} = An+ B. Substituting into the complete
equations we have:

An+ A+ B = (An+ B)(1+ hL) + hrt.

Equating the polynomials of same order in n we get A =0 and B = —71/L. Imposing e, = ey
forn =0, we obtain immediately (C.24).

Hence, the error of FE can be estimated by:

| en | < eL(tn—to)| ey | + T [(eL(tn—to) _ 1)} < eL(tn—to)’ eo |+ M_h [(eL(tn—to) _ 1>] 7

L 2L
which tells us that, if there is no round-off error so that the initial solution is represented exactly
(eo = 0), then the error tends to zero as h — 0 and n — oo so that ¢, = to + nh — t,
and the scheme converges to the exact solution. If we consider round-off errors, we can argue
that the accuracy with which the scheme approximate the solution is bound by the time-
propagation of the initial error, in this case bounded by the exponential of the Lipschitz
constant of f.

Example C.13 (the §-method). The Forward and Backward Euler and the Crank-Nicolson
methods can be grouped into one single method generally called the # method. In fact we
have:

Ynt1 = Yn + 0 [(1 = 0)f(tn, Yn) + (0)f (tns1, Yns1)] -
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For § = 0 we recover FE, for § = 1 BE, and 6 = 1/2 returns CN. Using the same technique as
before we see that the error behaves as:

tn—t h 1 -~
e | < TR | e | + 7 <| 10 |M+ th> [(eFtn=t0) —1)]

where M = maxcy, 1, | ¥ (t) |. From the previous equation we see that, in the case ey = 0,
the global error is | e, | < O(h?) for # = 1/2 and | e, | < O(h) for 6 # 1/2. Finally, we
note that if we use # = 1/2 and employ Forward Euler to render explicit the Crank-Nicolson
scheme (see Heun scheme (C.15)), we again obtain second order convergence | e, | < O (h?).

Explicit one-step methods. We can specialize precisely the above discussion for a general
one-step method of the form:

Yn+1 :yn+h¢)(tnayn;h)) n:Oa"'7N_ 17 (025)

where @ is assumed to be a continuous function of its arguments. We define the global error
and the truncation error as:

Definition C.7 (Global error and truncation error). Given the explicit one-step method (C.25),
the global error (GE) at time ¢, is given by:

def

and the truncation error (TE) is:

aer Y(tng1) — y(tn)
Tp = ;

— Dt y(ta):h).

We can bound GE in terms of TE as the following theorem states.

Theorem C.8. Given the explicit one-step method (C.25), assume the scheme function ® is
continuous and Lipschitz in the second argument, i.e. it satisfies the hypothesis of Picard’s
theorem:

Then, if | yn — yo | <Y we have forn=20,... N:

eL(tn*tO)
] .

L

e, | < eL(t”’tO)] eo | + [

where T = Ogrélgaz%ciJ To(h) |

201



Proof. The proof is a immediate extension of the proof given in Example C.11. O
We can now proceed and define what we mean by consistency. We have then:

Definition C.9 (Consistency). A one-step explicit method is consistent with the Cauchy
problem C.1 if for any ¢ > 0 there exists a step-size h(e) > 0 for which | 7,, | < € and
0 < h < h(e) and for every (t,,y(t,)) and (tpi1,Y(tni1))-

Assuming enough regularity of both y and ®, we can restate the consistency condition as:

lim 7, = y/(t,) — ®(tn, y(t,); h) =0
h—0

from which we obtain immediately the necessary and sufficient condition for consistency:

®(t, y;0) = f(t,y) (C.28)

We can now precisely specify the conditions for the convergence of the explicit one-step meth-
ods:

Theorem C.10. Given an explicit one-step method of the form (C.25), and assume that the
solutions of the Cauchy problem C.1 and of the one-step method both lies in the region R of
the Picard’s theorem for some 0 < h < hg. Moreover, assume the function ®(-,-;-) satisfies
the consistency condition (C.28), is uniformly continuous in R and satisfies the Lipschitz
condition (C.27) on R x [0, h].

Then the sequence (y,) of approzimates generated by the explicit one-step method (C.25) with
successively smaller values of h < hg converges to the solution of the Cauchy problem C.1 in
the sense that:

| y(tn) —yn | — 0 for h — 0,t,, — t € [to, T).

Proof. Let h = tO , with N > 0 and h < hg. We assume that there is no round-off error, so
that y(to) = yo and eo = 0. From Theorem C.8 we have:

eL(tn _tO)
= — < |— .
en | =Lyt =] <[] mag 17

We need to work now on 7,,(h). Using the consistency condition (C.28), and the continuity of
y and ¢/, we can write:

= Y020t y(60): 1)+ Bty (62):0) — ()

=y'(&) = ¥ (tn) + (tn, y(tn); 0) — f(tn, y(tn))

202



where & € [t,,, t,1] comes from the application of the mean value theorem. From the uniform
continuity of 3/ and ® we have that

VO -yt | <5 h< ()W
and

| Bty (12 0) — Bt y(1a)i D) | < g6 B < hofe), Y.
Hence we find:

Il <e

from which we can write:
eL(tn—to)
len | < [T}e—ﬂ)ash—)O.

Moreover, from the uniform continuity of y we have immediately:

|y(t)_yn|§|y(t)_y(tn)|+|y(tn)_yn|—>0a3h—>0'
]

We can now give a formal definition of order of convergence, coming directly from the previous
theorem.

Definition C.11 (Order of accuracy). The explicit one-step method (C.25) is said to have
order of accuracy p if there exist constants K and hg such that:

| 7, | < KhP for 0 < h < hy.

From this definition it is immediate to see that both Euler schemes are of order p = 1, while
Crank-Nicolson, Runge, and Heun are of order p = 2. With somewhat lengthy calculations,
it can be shown that the 4-stage Runge-Kutta scheme is of order p = 4.

C.3.3 Stability

The stability of a scheme is related to the well-posedness of the Cauchy problem as discussed
in Definition C.2 and its stability (Definition C.3). In practice, we need to understand how
the local errors, which we necessarily observe in any numerical scheme because of truncation,
behave under the different conditions. In other words, we require that local errors do not
grow with increasing applications of the numerical scheme. The number of times we apply
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the numerical scheme may increase because we increase time or because we decrease h. To
accommodate these two different views, we need to define different kinds of stability .
Assume we are looking for the solution in a bounded time interval I = [to, T, we concentrate
on a given time ¢, € I and look for small perturbations of the numerical solution as h tends
to zero. Since t,, =ty + nh, we let n tend to infinity so that

lim ¢, =t
h—0
n—oo

We can introduce the following definition:

Definition C.12 (Zero stability). A one-step scheme (eq. (C.19)) is zero stable if perturbations
of the solution remain bounded as h tends to zero.

Equivalently, the one step scheme (C.19) for the numerical solution of (C.1) is zero stable if
there exists by > 0 and a constant C' > 0 such that for each h € (0, hy] and € > 0, for | §,, | <€
we have that:

’yn_znlg‘g VOSnSN,

where ¥, is the numerical solution of Problem (C.1), and z, is the numerical solution of
Problem (C.5).

The explicit scheme (C.19) whenever ®(¢,y; h) is Lipschitz continuous, is zero stable. In fact,
a Lipschitz function ®(¢,y; h) is characterized by:

| D(tg, yp; h) — P(tg, 2k h) | < Al yr — 21 |-
Let wy, = yr — 21, then we obtain:

Wet1 = Wk + A [P(tk, Yn; h) — DLy, 24; h)] + hiy.
Summing for £k =0,1,...,n:

Wpi1 = Wo + hZékhZ (D (L, Yn; h) — P(tg, 2n; h)]
k=0 k=0

From the fact that & is Lipschitz we have:

’wnﬂ’S’wo’+hz5k+1+h/\2\wk’

k=0 k=0
Using the discrete version of Gronwall Lemma '? we readily find:
| wy, | < e (14 hn) et

The proof concludes noting that hn < T'.
A similar argument leads to the following:

12
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Theorem C.14 (Lax-Richtmeyer-Dahlquist Theorem). A scheme that is zero stable and con-
sistent is convergent.

Note that the Euler methods are zero stable because Problem (C.1) is well posed. Since they
are consistent, then they are also convergent.

Example C.14 (Convergence analysis of Forward Euler method). As done before, we define
the error at time ¢,41 as e,+1 = Y(tnt1) — Ynt1 and denote with y,; the solution obtained
after one step of FE starting from the exact solution:

y:wrl = y(tn) + hf<tm y(tn>)

Then we can write:

Ent1 = (y(tn—i-l) - y:url) + (y:L+1 - yn+1) :
The first term on the right-hand-side is the residual (h times the truncation error), while the
second term takes care of the accumulation of this error in time. Hence:

| eny1 | < h[ T [+ (1 +RL)| e, |

Noting that ey < 7(h) and bounding the truncation error with the global one, we obtain by

recurrence:

el(tnti—to) _ 1
L

since (1 + hL) < e and t,.1 = to + (n + 1)h. From the consistency of Forward Euler we
have:

leni1 | <14+ (1 4+hL)+...+ (1 +RL)" A 7(h) | < 7(h),

h

Tn+l(h) = §y//(€)> f € [tnatn-i-l]?

and using M = maxeer| y”(€) | we have convergence of the Forward Euler scheme with first-
order (p = 1) accuracy:
ebltnri=to) _ 1 M

|6”|ST h.

Lemma C.13 (Discrete Gronwall Lemma). Let K,, a non-negative sequence and v, a sequence such that,
gwen o < go:

n—1 n—1

on<go+ Y Pet > Kipn
k=0 k=0

If go > 0 and p, > 0 for every n > 0, then:
n—1
(90 + Zpk) (Sio &
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Remark C.15. Up to now our analysis assumed that no round-off error (finite precision)
occurs. Including this sort of errors in the analysis is straight forward, but if we do it we cannot
conclude that the error tends to zero as h tends to zero. In fact, an extra term proportional
to 1/h appears in the expression for the global error (generally with a small constant). Hence,
there will be an optimal value of h* that will minimize the global error, and below which the
error will start increasing, signaling the dominance of the round-off error over the truncation
error. In practice, most of the times h* is very small and the effects of round-off are negligible
for practical values of h.

C.3.4 Absolute stability

Zero stability does not explain the behavior of Forward Euler for the Example C.4, where the
scheme was stable for A < 0.2. To see this, we need to look at what is called absolute stability,
that emphasizes stability for fixed h and increasing t. However, this stability concept depends
strongly on f(¢,y(t)), and is customary checking stability against the so called test equation:

Y =y
y(0) =1

whose explicit solution is given by y(¢) = e*. Although in general A\ € C, we will assume
for simplicity A € R. It is clear that the solution will tend to zero for ¢ that tends to
infinity for A < 0, otherwise it will tend to infinity. Thus, for A < 0, stability implies that
perturbation must become smaller and smaller and tend to zero asymptotically. In the case
A > 0 the definition of stability will have to take into consideration the fact that the solution
is unbounded for ¢t — oo. Hence, it is sufficient to require that perturbations remain increase
in time but not too much, so that the accuracy of the numerical solution is not overshadowed.
We will consider in what follows only the case A < 0, and refer to more specialized textbooks
for in depth analysis.

We can then define:

(C.29)

At

Definition C.15 (Absolute stability). The one-step scheme (C.19) is absolutely stable if, when
applied to the test equation (C.29) with A < 0, the numerical solution y,, satisfies:
lim |y, |—0
tn—oo

Remark C.16. Note that the test equation resemble a linearized version of the general Cauchy
problem (C.1):

y (1) = %(t, y(®)y ()
y(0) =1
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Ficure C.5: Numerical solution of the test equation with X = —10 obtained with Forward
Fuler for different values of h compared with the real solution.

from which the test equation is obtained by setting \ = %(y, y(t)).

Absolute stability of Euler and Crank-Nicolson schemes We study now the absolute
stability for the one-step methods studied so far.

Forward Euler. Applying Forward Euler to the test equation (C.29) we obtain:
Ynt1 = Yn + Ayn = (1 4+ hA)y,.

By recursion, starting from n = 0, we have immediately:
yn = (1+hA)"yo,

that tends to zero only if:
|1+ hA| <1

Thus the condition for which the Forward Euler scheme is absolutely stable is:

O<h<_i)\ A< 0.

In the case A = —1 (Example C.3) the scheme is stable if h < 2. In the case A = =5
(Example C.4) the scheme is stable if A < 0.4. In this case the solution tends to zero, following
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the real solution. More precisely, the numerical solution will tend to zero monotonically for
0 < 14 hA < 1, which implies 0 < h < 0.2, while it will oscillate around the true solution
(overshooting and undershooting it at successive iterations) for —1 < (1 4+ hA) < 0), i.e,
0.2 < h < 0.4 In the case A = —10, the scheme is stable only if A < 0.2, and the numerical
solution oscillates if h < 0.1, as can be seen from Figure C.5, where the results obtained in
this last case for different values of h are shown.

Backward Euler. Application of this scheme to the test equation (C.29) yields:

1
1—hA

Ynt+1l = Yn + )\hyn+1 = Yn-

As done before, starting from n = 0, we obtain the stability condition:

| == 1< 1,

which is always verified for all values of h assuming, as before, A < 0. The scheme is thus
unconditionally absolutely stable. It is easy to see that the scheme will always be monotone.

Crank-Nicolson. As mentioned before, Crank-Nicolson is an implicit scheme and it should
be unconditionally absolutely stable. In fact:

2+ hA

Yn+1 = Yn 9 Yn+1 Yn) = 9 _ h)\yna

from which the absolute stability condition becomes:

24 hA
2 —hA

<1

always satisfied for all values of h > 0 (recall that a negative h would make no sense). On

the other hand, the monotonicity of the Crank-Nicolson scheme will be ensured only for
h<2/] A

C.3.5 Practical implementation of implicit schemes

We now look at the implementation of Backward Euler scheme. The algorithm is:

ALGORITHM IMPLICIT_EULER
Input: %o, yo, N, h;
FOR 57 =0,1,...,N—1
1ty =t,+h
2.S0lve Yni1 — Yn — Pf(tni1, Yny1) =0
END FOR
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Step # 2 requires the solution of a nonlinear equation for the unknown w,.;. This step
is typically implemented using a Newton-like scheme. For simplicity let x be our unknown
(x := Yns1). The problem becomes:

Find the zero of the function g(z), i.e., find the solution of the nonlinear equation g(x) = 0,
where:

9(x) =2 —yo — hf(tps1,2) = 0.

We can use for example the Newton or Picard methods. Let us study in details what happens
with the Picard method. To this aim, we indicate with r the nonlinear (Picard) iteration
index. Thus we can write:

x(H—l) = g(l,(r)) = m(r) —Yn — hf(tn-i-la :L,(r))

It is well known that this iterative scheme converges if | ¢’(z) | < 1 for « € I, where I, is a
neighborhood of the fixed point £&. The derivative of g is:

, B
9) =1 (1),

which entails the following convergence condition:

‘1 — hﬁ(tn_;'_l, $)

< 1.
ox

We see that this is equivalent to the restriction on h imposed by the absolute stability for the
Forward Euler scheme:

af

h ‘ O (tn+1,l') < 2.

If instead of the Picard method we use Newton’s scheme we have no restriction on A for the
convergence of the nonlinear iteration, assuming the initial guess is sufficiently close to the
final solution. This study can be repeated, with the appropriate adjustments, also for the
Crank-Nicolson scheme.

Remark C.17. For other schemes, such as Runge-Kutta, in general the rule is that explicit
schemes are conditionally stable, while implicit schemes are unconditionally stable.

Remark C.18. In practical applications, the restriction due to stability is often very strong,
and it is often preferable (i.e., computationally less expensive) to use an implicit scheme to-
gether with Newton’s methods. However, this conclusion must be verified case by case, and
depends strongly by the behavior of f(t, (y(t)).
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C.4 Linear multistep methods

The methods presented in the previous sections compute y,.; using only one previously-
computed point, (t,,y,). These methods are called single-step methods. It is intuitive that
multi-step methods can be obtained in an attempt to achieve higher accuracy of the approxi-
mate solution v, using m previously computed points. Indeed, for example, we can extend
eq.(C.18) on the interval [t,_1,t,.1] and use Simpson’s Rule to approximate the integral:

tni1
Y(tnrs) = y(tas) + B / J(t) dt,

>~ y(tn1) + g (1, y(tn1)) + 4, y(t) + (i1, y(tng)))

This procedure can be generalized to a general m-step method. This class of schemes are
called linear multistep method and have as particular case the one-step methods described
above, and can be implicit or explicit. A linear multistep method (LMM) can be written as:

amyn#»m_‘_amflynfl +...F agYn =
h (bmf(tn+m> yn+m) + bm—lf(tn-i-m—b yn-i-m—l) +.oF bOf(tna yn))

where aq, . .. a,, and by, . .., b,, are fixed coefficients. In a more compact form, an LMM scheme
can be written as:

Z rYn+k = h Z bkf(thrk; ynJrk)- (CSO)
k=0 k=0

Note that to apply a multistep method we need m initial points,

y(t()) = Yo, .- 7y(tmfl) = Yn—1-

Example C.19. e Backward Euler (implicit one-step method, m = 1): a; = 1, ap = —1;
bo = 0, bl =1:

Ynt1 = Yn + hf(tns1, Ynt1);

e Forward Euler (explicit one-step method, m = 1) a,, = 1, ay,1 = —1, @2 ... = ag = 0;
bo = 1, bl =0:

Ynt1 = Yn + hf(tna yn>§

e Crank-Nicolson (implicit one-step method, m = 1): a; = 1, apmo = —1; by = 1/2,
b1 = 1/2

h
Yn+1 = Yn + 5 [f(tna yn) + f(tn+1: ynJrl)] )
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e Adams-Bashforth (explicit four-step method, m =4): a4 =1, a3 = —1, as = a1 = ag =

0; by =0, by = 55/24, by = —59/24, by = 37/24, by = —9/24:

h
Yn+a = Yn+3 + ﬁ [55f<tn+37 yn+3) - 59f(tn+27 yn+2) + 37f(tn+1a yn-i—l) - gf(tm yn)]

Adams-Moulton (implicit four-step method): a4y = 1, a3 = —1, as = a1 = a9 = 0;

by = 9/24, by = 19/24, by = —5/24, by = —9/24, by = 0:

h
Yntd = Ynts + ﬂ [9f<tn+47 yn+4) + 19f(tn+37 Z/n+3) - 5f(tn+27 Z/n+2) - 9f(tn+17 yn+1)]

C.4.1 Convergence of LMMs

Truncation error and zero-stability. The definition of the truncation error for an LMM
is a straight forward generalization of the definition of TE for one=step methods.

Definition C.16 (Truncation error of LMM). Given the linear multistep method of eq. (C.30),
the truncation error (TE) is defined as:

_ ZZL:() ak;y<tn+k) —h ZZL:O bkf(tn+k7 y(tn+k))
h Z;cn:o bk

Tn

Again, this definition can be interpreted as the residual obtained by substituting the real
solution y(t,) in place of the numerical approximation in the expression of the LM scheme,
written in terms of direct approximation of y' = f(t,y). It coincides with the global error.
Hence we can state the following.

Definition C.17 (Consistency of LMM). A LMM of the form (C.30) is consistent with the
Cauchy Problem C.1 if the TE tends to zero in the limit for A that tends to zero:for all € > 0
there exists h(e) > 0 such that

| 7 | <€ for all 0 < h < h(e)

and for all m + 1 points (tna y(tn) (tn+17 y(tn-‘rl) B (tn-i-m—la y(tn-‘rm—l)'

We can define the zero-stability using the same concept as before, but taking now into account
that we have m initial solutions to start the full method.

Definition C.18 (Zero stability of LMM). An m-step LMM of the form (C.30) is zero-stable
if there exists a constant K such that, given the sequences {y,} and {g,} generated by the
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same scheme but for different starting conditions yo, y1,. .., Ym—1 and 4o, 91, - - ., Ym_1, then we
have:

’yn_:l)n’SKmaX{‘yO_gola‘yl_gl ’7'-->’ym71_:&m71 |}

for all ¢, <T and h — 0.

It is typical to define LMM characteristic polynomials as follows.

Definition C.19 (First and Second Characteristic Polynomials of LMM). Given the LMM
of (C.30), the first and second characteristic polynomials are given by:

p(z) = Zakzk Ay # 0;
k=0

o(z) = Zbkzk ag + by # 0
k=0

Consistency and the fact that the LMM has m — step requires that a,, # 0 and that ay and
bo be both nonzero at the same time.

We have the following theorem:

Theorem C.20 (LMM root condition). Given the LMM of (C.30), is zero-stable for the
Cauchy Problem C.1 (with Lipschitz f) is and only if the first characteristic polynomial has
roots that are all within the unit disk, and any root that is on the unit circle is simple.

Proof. The proof of the necessary condition of the theorem is easy. Not so the sufficiency.
Thus we prove only the former, and refer to the literature (e.g., [12]) for the proof.

= For zero stability we look at the solution of the equation ¢y’ = 0. In this case the m-step
LMM scheme is:

AmYntm + - .. + aoyn = 0.

Looking for the solution of the form y, = 2", z € C, we have:
Yn = ZPS(H)Z?7

where z; is a root of the first characteristic polynomial p(z) of the LMM and ps(n) is a
polynomial of degree r — 1, where r is the multiplicity of z;. Obviously, if | z; | > 1 there
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exist some starting points for which the solution explodes as | z5 |*. If | zs | = 1 and r > 1,
again there exist some starting points for which the solution grows as n"~!. In both cases, the
Yp —> 00 as n — oo and h — 0 with fixed nh, and the scheme is not zero-stable. O

Example C.20. Simple examples.

1. (Backward and Forward) Euler and Crank-Nicolson. All these schemes are zero
stable. Since they differ in the way the function on the RHS of Problem C.1, their first
characteristic polynomial is the same:

p(z) = (z = 1),
It has obviously a root z = 1 which is on the unit circle but is simple.

2. Adams-Bashforth and Adams-Moulton. Again Adams-Bashforth and Adams-
Moulton differ for the right-hand-side. Their first characteristic polynomial is:

p(z) = 2°(z—1)
and are both zero-stable

The following (order p = 6) LMM is not zero stable:

11Yng3 + 2TYnq2 — 27Ynq1 — 11y, = 30 (fn+3 +9fng2 + 9fnp1 + fn) .

Its first characteristic polynomial p(z) = 1123 + 2722 — 27z — 11 has roots given by: z; = 1;
~ —0.3189; z, ~ —3.1356.

To verify the consistency of any LMM scheme we can use Taylor series (assuming enough
regularity) to expand y(t,..,) and y'(t,+m) and evaluate the residual of the truncation error
T,. Lengthy (but easy) calculations show that:

Zk oaky( n+k) th obkf( ntk Y (tn+k))

Tn =

73 ko b (C.31)
1
:M [Coy(tn) + crhy (tn) + by (t,) + csh®y" (t,) + .. }
where the constants are given by:
o :Zak, a1 :Zkak—Zbk =/p'(1) —o(1)
+=0 (C.32)
m k}2 m m k,sfl
=) sraw— ) kb _ZQI b Z?l)b
k=1 k=1 k=1
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For the consistency of the scheme we require that ¢y = ¢; = 0. This results into p(1) = 0 and
p'(1) =0(1) # 0. Hence z;, = 1 is a root of the first characteristic polynomials that lies on the
unit circle, but it is simple, and thus it does not violate the root condition.

We are now in a position to define the order of accuracy, exactly as done in the case of one-step
methods.

Definition C.21 (Order of accuracy of LMM). An LMM (eq. (C.30)) is said to posses order
of accuracy p if the truncation error is O (h?), i.e., if there exists a hy > 0 such that

|7 | S Kh? 0<h<hg

for all m +1 Starting pOintS (tm y(tn))a (thrla y(tn+1>>7 ce (tn+m7 y<tn+m))'

Looking at eq. (C.31), we note that to have order of accuracy pweneed o =¢; = ... =¢, =0
and c,41 # 0. The constant ¢, is called the error constant and we have:

7o = 2Lyt (1) + O () |

o(1)

Example C.21. We want to build a m = 2-step LMM with maximum order and one free
parameter. A two-step LMM is written as:

0Yn+1 + A1Ynt1 + a2yn = h (bQ?J;LJrz + bly;+1 + boy:z)

where we need to impose the requirements ag # 0 and a3 + b3 # 0. Expanding in Taylor
series and substituting, or using directly the expressions of the constants ¢; given by (C.32),
we have:

1
(ay + ay + ag)y(t,) + (2as + a1)y'(t,) + (2a2 + §a1)y"(tn) + ...

=h [(bg + bl + bo)y/(tn> + (2[)2 + bl)y”(tn) + .. ] .

From the first consistency condition we obtain ¢y = as + a1 + ag = 0. Since we want one free
parameter, we take ao = 1 and we let ayg = « be the free parameter. From the last condition
we have thus a; = —1 — a. The remaining conditions needed for consistency are then:

1 1 1
Ccl = 2—|—a1—(b2+b1+b0) =0 Cy = §(a1+4)—(b1+2b2) =0 C3 = 5(@14—8)—5({)14‘4[)2) =0

leading to:

1 2 1
bOZ_E<1+5OC) blzg(l—@) 62:—2(5+Oé)
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The final scheme is then:

1 2 1
Yn+2 — (1 + Q)Yny1 +ayn = h 1_2<5 + Q)Y io + 5(1 — Q)1 — 1_2(1 + 50)y, 1

The error constants ¢, and c¢5 are:

_ 1 1 = ! 17+ 13
C4——E( —{—CY) 05__ﬁ( + Cl/).
We can see that we cannot have both ¢4 = ¢5 = 0. Hence, to have maximum order we choose
a = —1 so that ¢4, = 0 and we have order p = 4 and error constant ¢ = —4/3-5!. The wanted
scheme is:

h
Yntl = Yn T+ g [y;z-&-Q + 4y;+1 + yﬂ

which is Simpson rule.

We now look at the convergence of LMMs.

Definition C.22 (Convergence of LMM). An m-step LMM for the Cauchy Problem C.1 is
convergent for any initial value yq if

li = .
i, 3, =yt
nh—:t—tg
for all t € (to, T'] and for all solutions of the LMM difference equations with consistent starting
values, i.e., ys = ns(h), s=0,...,m — 1, and hlimo ns(h) = yo.
H

nh—t—tg

We state here without proof two important theorems due to Dahlquist.

Theorem C.23 (Dahlquist (Lax-Richtmeyer)). A consistent m-step LM scheme with con-
sistent starting values converges if and only if it is zero-stable. If y(t) € CP*([to,T]) and
7, = O (hP?) then the scheme has order of accuracy p and the global error is O (h?).

Theorem C.24 (Dahlquist I barrier). There are no zero-stable m-step LM methods with order
of accuracy larger than m + 2 if m is even or m + 1 is m is odd.

Absolute stability. We now look at the properties of absolute stability, i.e., how the scheme
behave when applied to the test equation:

Y =Xy AeC RelN)<O0

ylto) = (€39
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at a fixed h and as n — oo, i.e., t —> co. We note that since | y(t) | — 0 as t — oo, we
must have that y, — 0 as n — oo.
Applying the LMM (C.30) to (C.33) we obtain:

m

> (ak = hAby) yois = 0. (C.34)
k=0

The polynomial
Tm(2; hA) = p(2) — hAo(2)
is called the stability polynomial. Since the solution of the difference equation (C.34) is given

by y, = Zykzg, we have that | y, | — 0 if all the roots of the stability polynomials are
k=0
internal to the unit disk, | z; | < 1.

Definition C.25. The m-step LMM is absolutely stable if all roots of m,,(z; hA) are such that
|z | < 1, k=1,...,m. Otherwise, it is absolutely unstable.

The region A of the complex plane A\ for which LMM is absolutely stable is called the absolute
stability region.

We have the following.

Theorem C.26. For Re(hA) > 0, all linear multistep methods are absolutely unstable.

Example C.22. We report here some examples of stability regions.

Forward Euler The FE method for the test equation is an LMM with a; = 1, a9 = —1,
by =0, and by = 1:

Ynt1 = Yo = Iy

The stability polynomial is thus given by:
Tm(2, hA) = =1+ 2z — hA.

Its only root is given by z; = 1 4+ hA. The region of absolute stability is thus:
Apg={hA € C: |1+ hX| < 1,Re(N) <0}

which is the unit disk centered in -1 (Figure C.6, left).
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FIGURE C.6: Regions of absolute stability for Forward Euler (left) and Backward Euler (right)

Backward Euler The BE method for the test equation is an LMM with a; = 1, ag = —1,
by =1, and by = O:

Yn+1 — Yn = hy;wrr
The stability polynomial is thus given by:
Tm(2, AA) = =1 4 z(1 — hA).

Its only root is given by z; = 1/(1 — hA) whose absolute value is always smaller than
unity since Re(A) < 0. The region of absolute stability is thus:

Agp ={hA € C:|1—-hX|>1,Re(N) <0}
which is the region outside the unit disk centered in +1 (Figure C.6, right).

C.5 Systems of ODEs

We extend here the above results to the case of systems of ODEs of the first order. Hence, we
assume that y € R is an d-dimensional vector i.e., y(t) = (y1(t), ..., yq(t)) and the function
f:RxR?— R?is also an n-dimensional vector. The vector function y satisfies the following
system of ODEs of the first order:

{P(t)y’ = f(t,y), te€to,T) (C.35)
y(to) = Yo €R’,
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where matrix P is d-dimensional and non-singular, with coefficients that depend possibly on t,
' is the derivative of y, and g, is the vector of given initial conditions. The numerical methods
presented in section C can be applied also to Eq. (C.35). Note that, when the function f is
nonlinear, the use of implicit schemes implies the solution of a d-dimensional nonlinear system
of equations at each step of the scheme.

If f is a linear function of y, i.e., it can be written as f(t,y) = H(t)y + q(t), where H and q
are d-dimensional matrix and vector, respectively. Eq. (C.35) rewrites:

Pty + H(t)y + q(t) = 0. (C.36)

Assuming for simplicity that both P and H ar not dependent upon ¢ and that ¢ = 0, the
solution can be written explicitely as:

n

y(t) = et (C.37)

=1

where i, ..., A\, and uy, ..., u, are the eigenvalues and the eigenvectors of the matrix —P~1H.
The coefficients ¢4, . .. ¢, satisfy the initial condition:

Yo = C1U1 + ... + Cqugq.

Actually, solution (C.37) can be extended to the time-dependent case and for ¢ # 0, using
standard techniques. However, this approach at the solution is complicated as the computation
of the eigenvalues and eigenvectors of —P~'H is an expensive procedure, and is seldom done.
One typically resorts to numerical schemes also for linear equations.

Before applying the LMM to the system, we transform it in a more common form, by multi-
plying the above system by P~! to yield:

v = Ay +g A= —PilH, g= —Pilq.

Applying the LMM of eq (C.30) we get:

> (ar] = hbrA) ynyr = ho(1)g.
k=0

We need the hypothesis that A is diagonalizable, so that there exists a matrix U such that
UAU-! = A, where A is the d x d diagonal matrix containing the eigenvalues of A:

A1
UAU! = A

Ad
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Defining z = Uy and substituting we have immediately:

(a U — hbpUA) U i = he = ha(1)Uyg,

NE

>
Il

0

from which: Assuming for simplicity that P and H do not depend on ¢ and ¢ = 0, then
Eq. (C.36) admits an explicit solution:

NE

((ZkI — hbk/\) Zndk = hC,

i
o

or, for the component :
Z ak — hbk Zn—i—k i = hCZ (038)
k=0

We see that the stability polynomial can be defined in terms of the eigenvalues \; of A, and
we can state the following:

Definition C.27. An m-step LMM is absolutely stable in an open set A of the complex plane
if for all h\; € A the roots of the stability polynomial m,,(z; h\;) of (C.38) are such that
| zi| <1, k=1,...,m for all eigenvectors \; of A. The set A is called the region of absolute
stability of the LMM.
Example C.23. Consider the second order constant coefficient equation:

"Dy =0 y0)=1 y(0)=Ar-2
This equation can be easily solved by standard procedures to obtain:

y(z) = 27" — e,

We transform this into a system of first order equations by setting z = (u,v)?, where u = y
and v = 3. Then we have:

2(5 iZzo A= (—O)\ —()\_i 1)) %= (A 2 2)

The eigenvalues of matrix A are u; = —1 and pus = —A. The solution of the system is given

W) =2 e aft) = 2t e (c.3)
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20 I

FIGURE C.7: Functions u(t) and v(t) of eq. (C.39) of Example C.23 for A = 20

The stability polynomial of the Forward Euler method is:
TrEm(2hp) = =1 —2—hp,  for p=py =—1and p=py = -\

The root condition for stability explicitates into the following conditions that should be sat-
isfied simultaneously:

= |1-h|<1 O0<h<2
2

Obviously, the second equation is more stringent if A > 1.
Let us look at a concrete case, and take A = 20 (v(0) = 18). The solutions are shown in
Figure C.7. In this case, absolute stability of Forward Euler requires h < 1/10.

It is clear from the Example above that the two functions that solve the system behave
differently. In particular, u(t) is smooth and varies slowly in time, while v(t) displays a fast
initial transient, i.e., at small times v(t) shows a strong variations. This fast transient is
responsible for the strongest stability constraint of the time step size of Forward Euler. This
is a prototypical stiff system of equations.
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C.5.1 Stability of LMMs for stiff systems

If we apply Backward Euler to the problem of Example C.23, we find immediately that its
stability polynomial is:

TeEm(2; hp) = 2(1 — hp) — 1, for p=p1 =—1and pu = ps = —A.
and the region of absolute stability is given by:
A={hp:|1—hu|>1}.

In particular, A containes the entire negative complex half plane. We conclude that BE is
always absolutely stable independently of h. This motivates the following:

Definition C.28 (A-stability). An m-step LMM is A-stable if its region of absolute stability
A containes the negative complex half plane Re(h\) < 0.

Then, Backward Euler is A-stable. Unfortunately, there is Dahlquist’s II barrier to the order
of accuracy of A-stable LMMs, that we state without proof.

Theorem C.29 (Dahlquist II barrier). 1. There are no explicit LMMs that are A-stable.
2. The mazimum order of accuracy of an A-stable implicit LMM is 2.
3. The A-stable implicit LMM with smallest error constant is Crank-Nicolson.

In light of this theorem, we conclude that it is inconvenient to use explicit schemes for stiff
problems. But we are restricted with the order of accuracy that we can use.

In practice, the A-stability property is often too strong, and there are implicit schemes that
are not A-stable but that work well for most stiff problems. Thus we define the following
stability classes.

Definition C.30 (A(a)-stability). An m-step LMM is A(«a)-stable, for a € (0,7/2), if its
region of absolute stability 4 contains the wedge:

W ={h\:7m—a <arg(h\) <7+ a}

Definition C.31 (A(0)-stability). An m-step LMM is A(0)-stable if there exists a € (0,7/2)
for which it is A(«)-stable.

Figure C.8 gives a geometrical interpretation of the above definitions. If A\ belongs to the
shaded region, then the scheme is absolutely stable.

221



Im(hA) Im(h\)

Re(h)) Re(hA)

FIGURE C.8: A-stable region (left). A(a)-stable region (right)

C.5.2 Forward Euler
We apply the forward Euler scheme (explicit) to Eq. (C.36) with step h = At:

1 1
Ktptyt-‘rAt = (Ktpt - Ht) Yt — qi-

As seen in the previous section, this scheme is consistent and of the first order. Also in this
case the scheme is conditionally stable, in fact the error can be written as:

1 1
Ktpet-l-At = (Ktljt - Ht) €t
ie.,
e = Ekeo,

where t = kAt and E = AtP~! (ﬁP —H ) Stability of the method requires:
lim E* =0

k—o0

which is satisfied if and only if the spectral radius of E, p(E) is smaller than one. Note that
E =1 — AtP~'H, where I is the n-dimensional identity matrix. Assuming that P~'H has
positive real eigenvalues, the condition for the stability of the scheme is
2
At < ———.
p(P~'H)
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C.5.3 Backward Euler
The backward Euler scheme is:

1

1
(EPHAt + Ht+At> Yt+At = EPISJrAtyt — G+ At

The error matrix is:

1

E={P+AtH) ' P=(I+AtHP™ "),

with spectral radius that is always smaller than one under the hypothesis that P~'H has
positive real eigenvalues. For this reason, also in the multidimensional case the backward
Euler scheme is unconditionally stable.

C.5.4 Crank-Nicolson

The Crank-Nicolson scheme is:

1 1 1
(EPt-‘,—At + éHt-l-At) Yt+At = (EPH-At - Ht) Yt — qt+NAt-

Also in this case it is easy to see that the spectral radius of the error matrix is always smaller
than one under the hypothesis that P~ H has positive real eigenvalues.
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