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Chapter 1

Elliptic Equations

1.1 Boundary value problems

We are considering a second order differential equation of the form:

{Eu =f in (11)
Boundary Conditions (B.C.)  on 02
Where:
e O represents an open bounded domain in RY, with d = 2, 3.
e 00 is the boundary of €.
e f is a given function.
e The Boundary Conditions (B.C.) are to be prescribed according to L.
e L is a 2nd order differential operator.
Examples of £ include:
e Non-conservative form: Lu = —div(uVu) +b - Vu + ou.
e Conservative form: Lu = — div(uVu) + div(bu) + ou.
Example
Lu=—div(uVu)+b-Vu+ou=f inQ
ZVuO- n=g 22 ;]\)1 (12)
geL’(I'n), 9Q=TpUlx, TpNIn=10
Mo
'y
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1.2 Weak formulation

Weak form of Eq. (1.2):
Idea: v = suitable test function — multiply (1.2) by v : (Lu)v = fv

— integrate in 2 — apply integration by parts, product rule of divergence and
divergence theorem to obtain:

/uVu-Vv+/b-Vuv+/auv
Q Q Q

::(;(;,v)

:/fv+/ pwVu-nv+ uVu-nv
Q I'p Iy —~——
=g

=0 if U\FDZO
whence:
Find ue V = {u e HY(Q), vfp, = o} — H} (Q)
a(u,v) = (F,v) Yv eV
e a: V xV — R bilinear form.

e F:V — R linear form s.t. (F,v) = F(v) = [, flv+fFN gu-

1.3 Theorem (Lax-Milgram)

Assume that:
1. V is a Hilbert space with norm || - || and inner product (-, -).
2. Fis bounded, i.e., F' € V' such that |F(v)| < ||F|v/|v] YveV.
3. a is continuous, i.e., AM > 0: |a(u,v)| < M|ull/||v| VYu,v € V.
4. a is coercive, i.e., Ja > 0: a(v,v) > a|v||?> Vv eV.

Then, there exists a unique solution u of (1.2).

Remark: V' is the dual space of V', which consists of linear and bounded (i.e.,
continuous) maps from V' to R with norm:

F(v
T ic)
vevvioy Ivllv

Moreover, we have:
allul® < a(u,u) = F(u) < ||Fllv|u]

Hence, we can conclude that:
v

(67

lull <

This leads to stability or continuous dependence on data.
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1.4 Problem 1.3 - Generalization of problem 1.2

To formulate Necas Theorem, consider a slightly more general problem than (1.2):

{ FindueV (13)

a(u,w) = (F,w) YweW

Note: (F,w) is a different (equivalent) notation for F(w). a : VxW — R bilinear
form, F': W — R linear and continuous (that is F € W)

1.5 Necas Theorem

Assume that F' € W’. Consider the following conditions.
i) a continuous: M > 0: |a(u,w)| < M||u||lv||w|o Yu € V,w € W.
ii) inf-sup condition: Jar > 0: Vv € V sup,epn (o3 w > of|v]|v.
iii) YVw e W, w#0,3v € V : a(v,w) # 0.

These three conditions are necessary and sufficient for the existence and uniqueness
of a solution of (1.3), for any F' € W’. Moreover (continuous dependence on data):

1
lully < — 1l

Remark

If W =V, then the previous theorem provides necessary and sufficient conditions
for the existence and uniqueness of solutions of the weak formulation of the Example
problem(1.2).

Note that in this case:

e Condition i) is equivalent to continuity.
e Condition ii) yields:

Ja>0:YveV sup a(v,w)
weV\{0} [w|lv

= afvllv

e Condition iii) yields:
Vwe V,w#0,Fv eV :alv,w) #0
Conditions ii) and iii are more general and weaker conditions than coercivity. In-

deed, by taking w = v, Condition iv (coercitivity) of Lax Milgram implies Equations
ii) and iii) here.
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1.6 Approximation

Galerkin method (for problem (1.2))
Find uy € V}, such that
a(up,vp) = F(vp) Yo, €V

This is the Petrov-Galerkin method for problem (3). We want to find u, € Vj,
such that
a(up,wp) = F(wp) Vw, € Wy

where:
e {Vi,,h > 0} are finite dimensional subspaces of V,
e {Wp,h > 0} are finite dimensional subspaces of W,

e dim V), =dim W, = Nj, < 4o0.

Analysis of the Galerkin Problem

Existence and Uniqueness

This is a corollary of the Lax-Milgram Lemma, with V}, being a closed subspace of
V.

Stability

We have a uniform bound with respect to h:

[ER

lunll <

Consistency = Galerkin Orthogonality

This is equivalent to Galerkin orthogonality. By subtracting a (up,v) = F (vp,) from
a(u,vp) = F (vp), we obtain:

a(u—up,vp) =0 Yo, €V

The equation a(u — up,vp) = 0 means that the error v — uy, is orthogonal to the
subspace V}, with respect to the bilinear form a(-,-).

Convergence (Céa Lemma)

We hayve:

ollu —up|* < a(u— up, u—up) (1.4)

=a(u—up,u—uvp)+a(u—up v, —up)

=0, since (vp—up)€EVy

<M Hu — uhH Hu — UhH Yo, € Vp, (16)
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Hence:

M
lu—up|| < —|lu—wvi|| Vo, €V
o

Finally:

M
lu—upl| < — inf [lu— ol
Q vpEV)

Rate of Convergence

We start with the assumption of space saturation:

VoeV lim inf |[v—wv|| =0
h—0 v, €V)y

Then, we have convergence:
li — =0
lim [ — o
We consider the rate of convergence (for example, in Finite Elements). Let
Tr, = J K be a triangulation of Q (actually of ). We define v, as follows:

vy, = {vh € CO(Q) tuplg € PT(K) VK € Th, Uh‘FD = 0}, forr >1

We hayve:

e
Jnf = v < Jlu =]

where 1y, is a suitable choice. For example, %, = II;u is the Finite Element inter-
polant. Then, we have:

[l = anll < Ch"ulgrev(q)

provided u € V. N H™1(Q).

We define vy, as a function that is continuous over the closure of the domain €2,
denoted as C°(€2). For each element K in the triangulation Ty, vy, takes the form of
a polynomial of degree r, expressed as v|x € P"(K) for all K € T;,. Here, r is an
integer greater than or equal to 1, where a higher r provides a more refined approxi-
mation. Additionally, vy satisfies the Dirichlet boundary conditions, as indicated by
Uh|FD =0.

Regarding error estimation, we consider the inequality inf,, cv; ||u — vp|| < [Ju — @]
This compares the error between the true solution u and any function in the finite
element space V}, with the error between v and a particular approximation 4y, which
is often chosen as the finite element interpolant II} u. The selection of uy, is critical
for determining the error reduction rate.

Finally, the rate of convergence is described by [lu — ap|| < Ch"|u|gr+1(q). This
inequality shows that the error is proportional to h”, where h relates to the mesh
size in the triangulation, and C' is a constant. The condition u € V N H™T1(Q) is
essential, as it requires u to have sufficient smoothness (belonging to the Sobolev
space H™T1(Q)) for this error estimate to be valid.
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Examples of Polynomial Spaces
e For 1D (P"), we have:
= Z akmk
k=0
e For 2D (P"), we have:

p(x1,22) E akmx1$2

k=0,...,r
m=0,...,r
k+m<r

e For 3D tetrahedra (P"), we have:

p (1, 22,23) = Z akmnxlf:vg”xg
k=0,...,r
m=0,...,r
n=0,...,r
k+m+n<r

e For 3D hexahedra (Q"), we have:

p(x1, 2, 23) E akmn%l‘Q 333

07 T
07 T
07 T

33>
||H

Basis functions

Having defined a basis {qu(x)};.vzhl for the space V},, each function vy, € V}, can be
expanded as a hnear combination of elements of the basis, suitably weighted by the
coefficients {vj I

Np,
x) = vig;(x)
j=1

We will use the notation v = (vy,... ,th)T to denote a vector v € RVt collecting
all the basis coefficients (also called degrees of freedom). A basis is called lagrangian
if it satisfies the following property:

¢i(x5) =6;5 V1<1i,5 <N

for a suitable collection of points {x; }jV:’Ll called nodes. When the basis is lagrangian,
the following property holds:

’Uh(Xj):’Uj VlSjSNh

We will now prove the conditions of Theorem 2 (Lax-Milgram).



1.7. LAX-MILGRAM HYPOTHESIS FOR THE WEAK FORMULATION OF PROBLEM 1.211

1.7 Lax-Milgram hypothesis for the weak formulation of
problem 1.2

Condition I

We have a Hilbert space, as it is a closed subspace of the Hilbert space H'(£2). The
scalar product is defined as (u,v) = fQ uv + fQ Vu - Vv and the norm is defined as

ol = (Jo 0 + o IV0l?) 2.

Condition IT
We now check the condition F' € V’:

r<F,v>|—\/va+/FNgv

< N fllzllvllizz) + gl 2oy llvllc2ry)  (Cauchy-Schwarz inequality)
<[ fllz@llvllar + 119l 20y ) Crrace [0l g1 (definition of || - [| and trace ineq.)

= (IIfllz2(0) + Crrace lgll 2 yy) vl

Therefore, we have || F'[|y: = sup,« |<|i’)7|)|>| < fllz2(0) + Crace l9llL2(ry) < +o0.

Condition III

We hayve:

la(u, v)] <l [VullL2[[ Vol 2 + (bl Lee [Vl 2[|v]| 2
+llollallullpallvll s
< (llpllzee + [Pl Lo + lloll2) [[ullllv]l - Vu,v € V
M

Note: By Sobolev embedding, we have ||v][;4 < [[v| Vv e HL.

Estimation of the Term ||o|| 2| | p4||v|| z4:

e Hélder’s Inequality: Apply Holder’s inequality for o € L?(Q) and uv € L?(),
obtaining ||jouwv| 1 < ||lo||r2||uv| 2.

e Sobolev Embedding: Use Sobolev embedding to assert u,v € H'Y(Q) = u,v €
LA(9).

o Algebraic Closure in LP Spaces: Leverage the closure property of LP spaces
under multiplication for u,v € L*(Q), yielding ||uv||z2 < ||ul|za]|v]|za-

e Final Estimation: Combine the above to estimate ||o||z2]|ul|pa||v] 2 as part of
the overall bound for |a(u,v)|.



12 CHAPTER 1. ELLIPTIC EQUATIONS

Condition IV

This condition holds under the assumptions:

1
Given: a—§divb20inﬂ, b-n>0on Iy,

a(v,v):/qu\2+/b-;V(02)+/avz,
Q ) Q
—_—

Target Expression
Target Expression : /Qb : %V(zﬂ) = = /Qb -vVuv  (product rule)
Applying the Divergence Theorem:
F— %b(qﬂ) and V- F = %v  (b(1?)) = %zﬂv b+ %b VD),

1 1
a(v,v):/,u\VU\Q—i-/—2V-b02+2/ b-n1)2+/0v2
Q Q o0 Q

1 1
:/M’VUF—I—/ (U—divb) 112—1—/ b nv® > 1| Vo7,
Q Q 2 2 Jrx

If b is constant, divb =0, then o > 0.

po is a positive lower bound for the coefficient p throughout the domain 2. This
means that for all points in the domain, p(z) > po > 0.

Note: if b is constant, then divb = 0, and the first term o — % divb > 0 reduces
to o > 0.
1.8 Poincaré Inequality

The Poincaré inequality is a fundamental result in the theory of partial differential
equations and the calculus of variations. It provides a relationship between the norm
of a function and the norm of its derivatives.

If T'p is a set of positive measure (in 1D, it is sufficient that I'p contains a single
point), then there exists a constant Cp > 0 such that:

[0l r20) < CplIVollr2@) Vv € HE ()
From this, we have:
[oll? = lollZeqy + IVolZaq) < (1+CR) Vol 2

And hence:
—1
IV0lBay > (1+C3) " ol

In conclusion (coercivity), we have:

Ho 2
a(v,v) > v||”.
(00) > Tz 0
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1.9 Stiffness Matrix

As a reminder, if A is symmetric positive definite (spd), then the condition number
K5(A) is given by the ratio of the maximum to the minimum eigenvalues of A:

Amax(A)

K2(A) - )\min(A)

Proposition If the bilinear form a(-,-) is symmetric and coercive, then the matrix
A is symmetric positive definite.

Proof The symmetry of A is given by A;; = a (¢5, ¢i) = a(¢i, ¢5) = Ajs.

For any vector v € RVr | we have:

vIidv = ZAijvin = Za (¢4, i) viv;

i,J 1,

=a | S v Y vidi | =a(on o) > afjun]? >0

J %
Hence, A is positive definite.

A-Norm If A is spd, we define the A-norm of v as

IVla=+V(Av,v) = > aijviv;

l?]

Remark:

In the case the bilinear form a is symmetric, we have a stronger stability result. Since
a is symmetric, the finite element solution can be viewed as the element belonging
to V3, minimizing the distance to the exact solution u in the energy norm. Thus:

allu —upl|} < alu—up,u—up) < alu —vp,u—vy) < Mllu—vpl|3, Yo, €V

/M
= ||lu—uplly <\/— inf ||u—vhl|y.
a v eV

Conditioning of the Stiffness Matrix

We can prove that there exist constants C,Co > 0 such that for all eigenvalues A
of A:
aCihd <\, < MCy,h?2 d=1,2,3

From this, it follows that:

Amin (A) aCy
This is indeed an asymptotic estimate (also a lower bound, with a different constant).
Then:
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Implication: If we use the conjugate gradient method to solve Au = f, then:

u® ] <2 (%) [

The same holds for the gradient method, with /K2(A) replaced by Ko(A). This
leads to the need for preconditioners.

1.10 Interpolation Error Estimate

1. Estimate Formula:

r 2(r+1—m
o = Thol gy <C | D hit )|U’§—I7‘+1(K) (1.7)
KeT,

This formula provides an upper bound on the error between the actual function
v and its interpolant. The error is measured in the H™ norm.

2. Interpretation:

e The error is influenced by the size of each mesh element (hg) and the
degree of the polynomial (7) used for interpolation.

e The constant C' is dependent on the polynomial degree r, the semi-norm
m, and possibly other characteristics of the mesh (denoted as k).

3. Simplified Estimate:
[0 = I0,0] gy < CR™F1™ ol grea (1.8)

In this simplified version, the estimate assumes hx < h for all elements.

4. Special Case, m = 0

When m = 0, H°(Q) = L?(Q2), and the norm becomes the standard L? norm,
which is the square root of the integral of the square of the function over the
domain.

1.11 Finite Element Error Estimate

Recall that:

M M
lu = unll = llu = unll gy < 0f llu—ovnlge < —

—1II 1.
S & o lu = Myull g1y (1.9)



1.12. A MORE GENERAL FE ERROR ESTIMATE
Using (1.7):
1/2

M
lu = unll < C— > i lulfeig)
=

Using (1.8):

M
|u—up| < C—h"|u|gr+1(q)
(6%

1.12 A more general FE error estimate

Suppose u € HPYL(Q), with p > 0.
Convergence rate for ||u — upl|, :

‘sz p=1 p=2 p=3 p>3
r=1| conv. O(h) O(h) O(h) O(h)
r=2| conv. O(h) O(h?) O(h?) O(h?)
r=3| conv. O(h) O(h*) O()* O (h?)

15

e Optimal rate of convergence for p = r. If the polynomial degree p of the

function u matches the polynomial degree r of the finite element space, the
convergence rate is optimal.

Waste of computational power for p < r. If the polynomial degree p of the
function u is less than the polynomial degree r of the finite element space, the
convergence rate is suboptimal. This is because the finite element space has
more degrees of freedom than necessary to accurately approximate wu.

Suboptimal convergence rate for p > r. If the polynomial degree p of the
function u is greater than the polynomial degree r of the finite element space,
the convergence rate is still optimal for the given finite element space (since
the extra regularity of u does not penalize the convergence rate), but the finite
element method does not fully exploit the higher regularity of u. This means
that while the error still decreases at the optimal rate for r, it could potentially
decrease faster if a higher degree finite element space were used. However, it
is not a "waste of computational effort" because the computational resources
are still effectively used to achieve the best possible accuracy for the chosen r.

Remark

For ||u — up| 2, the convergence rates from the table should be increased by one
order. This is due to the less stringent nature of the L? norm compared to other
norms, such as the H' norm. The L? norm measures the error in an average sense
over the domain and does not consider the derivatives of the function, making it

more forgiving and resulting in higher apparent convergence rates.
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Chapter 2

Parabolic equations

Parabolic Equations

We consider parabolic equations of the form

%—l—Lu:f, xe,t>0 (2.1)

where:
e O is a domain of R%, d=1,2,3,
e f = f(x,t) is a given function,
e [ = L(x) is a generic elliptic operator acting on the unknown u = u(x,t).

When solved only for a bounded temporal interval, say for 0 < ¢ < T, the region
Qr = 2 x (0,T) is called cylinder in the space R? x RT.

r l
/ - “‘\\
\"\-\.
— B s
///' | - Y
s T —
s e ———
2 X > ¢ —
\\\H Q
— - Q

Figure 2.1: The cylinder Q7 = Q x (0,T),Q C R?

In the case where T' = +00,Q = {(x,t) : x € Q,¢t > 0} will be an infinite cylinder.
Equation (2.1) must be completed by assigning an initial condition

u(x,0) = up(x), x€Q (2.2)

17
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together with boundary conditions, which can take the following form:

u(x,t) = p(x,t), x€lpandt>0

2.3
8“((;;’0 = (x,t), xeTyandt>0 (23)

where ug, ¢ and 1 are given functions and {I'p, 'y} provides a boundary partition,

that is I'p U T'y = 09, f‘D N 12 ~N= 0. For obvious reasons, I'p is called Dirichlet
boundary and I'y Neumann boundary. In the one-dimensional case, the problem:

ou O*u
ot "oa?
u(z,0) =up(zr), 0<z<d
u(0,t) =u(d,t) =0, t>0

=f 0<zxz<d, t>0
(2.4)

describes the evolution of the temperature u(x,t) at point x and time ¢ of a metal
bar of length d occupying the interval [0, d], whose thermal conductivity is v and
whose endpoints are kept at a constant temperature of zero degrees.

The function ug describes the initial temperature, while f represents the heat
generated (per unit length) by the bar.

For this reason, (2.4) is called heat equation.

Weak Formulation and Its Approximation

We proceed formally, by multiplying for each ¢ > 0 the differential equation by a test
function v = v(x) and integrating on Q2. We set V = H%D(Q) and for each t > 0 we
seek u(t) € V such that

ou(t)
Y

vdQY + a(u(t),v) = /Qf(t)de YveV (2.5)

where
o u(0) = up;
e a(-,-) is the bilinear form associated to the elliptic operator L;

e we have supposed for simplicity ¢ = 0 and ¥ = 0.

2.1 Bilinear Forms
Weak Coercitivity A bilinear form af(-,-) is said weakly coercive if
IAN>0, Ja>0: a(v,v)+ )\HUH%Q(Q) > allv]|? Vv €,

yielding for A = 0 the standard definition of coercivity.
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Rationale for weak coercitivity

Before coming to the existence and uniqueness theorem, let us notice that, if we
introduce the change of variable uy(t,x) := e *u(t,x), where u is the solution of
(2.4), the new unknown w) satisfies

a;;/\ + Luy + Auy, = e”‘tf in Q.

If we have a weakly coercive bilinear form a(w,v), the modified bilinear form
a)(w,v) := a(w,v)+A(w, v) associated to this last problem is coercive, i.e., it satisfies
(11.1.6) with A\ = 0. Therefore, if we replace f with e f and L with L+ I, I being
the identity operator, without loosing generality we can assume that the bilinear form
associated to the initial-boundary value problem (2.4) satisfies the weak coercitivi
with A = 0.

This will be always assumed in the sequel of this chapter. However, it is worthy
to notice that the estimates we will prove are valid for the auxiliary unknown wy (¢, x)
(or its approximations), and that the corresponding estimates for the solution u(¢, x)
show an extra multiplicative factor e.

Let us now prove the existence theorem. We notice that hereafter all norms refer

to the space variables, i.e., || - ||x is the norm in the Sobolev space H*(Q) for k > 0.

2.2 Condition on the well-posedness of problem 2.5

Consider the following parabolic partial differential equation (PDE) which incorpo-
rates time-dependency:

Ou—V - (uVu)+b-Vu+ V- (cu)+ou=f inQx (0,77,

u=gp on I'p x (0,77,
(uVu —bu) -n+yu = gy on I'y x (0,77,
u(-,0) = up in Q.

Where ug is the initial condition and 7T is the final time.
To ensure the well-posedness of the problem, we assume the following regularity
and compatibility conditions:

o 1€ L®(2x(0,T)) with p(x,t) > uo > 0.

e 0 €L>®(Qx(0,7)).

b,c € [L=(Q x (0,7))]".
o div(b —c) € L=(Q x (0,T)).

feL2(Qx(0,7)).

gp € HY2(0Q x (0,T)).

gn € L2(09Q x (0,7)).

v € L*®(09) is a constant.
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e ug € L2(Q).
1. Weak Form: The weak form for the parabolic problem can be written as:
/Qo“’tfw dQ+ a(u,v) = F(v) Yv eV, for ae. t € (0,T],

where a(@,v) is the bilinear form from the elliptic case (See Chapters 5) and
F(v) is adjusted similarly:

F(v):/fde+/ ngdF—a(RgD,v)—/8thDde,
Q Ty Q

We consider the evolution of u over time. For the parabolic problem, we include
a time derivative term and seek u € L?(0,T;V) such that % € L?(0,T; V")
and the following equation holds for almost every ¢ € (0,7") and for all v € V:

(aalz,v) dQ + a(a(t),v) = f(v) — (a};iDﬂ)) Ve (0,7)

where f(v) represents external forces or source terms. The last term, is an
integration and since we assumed that gp € H/2(T'p x (0,T)) = Ryp €
HY(Q2x (0,T)) = the last term is well defined. The initial condition is given
by:

u(z,0) =ug(z) for x € Q.

We are considering a bilinear form af(-, -) associated with a boundary value problem,
assuming it meets the criteria of being continuous and weakly coercive. With the
given initial and boundary data where ug € L*(Q) and f € L*(Q x (0,7)), we
establish that problem (2.5) admits a unique solution, denoted by u. The solution u
possesses the following mathematical properties:

1. Continuity in Time with L? Spatial Regularity: The function u is con-
tinuous with respect to time when viewed in the L?(Q) space. This property
is mathematically denoted as u € C°(RT; L?(Q)), meaning that for any fixed
time ¢ € RT, the function u(t,-) belongs to L?(R2), and the mapping from time
to L%(Q) is continuous.

2. Square Integrability in VV Space: Over the real positive time domain R™,
the function u also resides in the space L?(R*; V). This implies that the integral
of the square of the norm of wu(¢,-) in the space V' over any finite interval of
time is finite.

3. Temporal Differentiability in a Weaker Sense: The temporal derivative of
u, denoted as 88—7;, exists in a weaker form. Specifically, it belongs to L?(R*; V'),
where V' is the dual space of V. This is further compactly expressed as u €
HY(R*;V, V"), indicating that u has weak derivatives with respect to time that
are square-integrable in V.
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These properties collectively suggest that the solution u not only adheres to the
necessary regularity conditions in space but also behaves well in time, both in terms
of continuity and derivative existence in an appropriate functional framework.

Now to prove weakly coercitivity of the bilinear forms we have two possible
approaches:

1. We prove it for A = 0, following the same approach in Chapter 5, imposing
thus stricter conditions on the coefficients and functions.

2. We prove the weakly coercitivity: In this case we require pu(x) > g > 0,0 €
L®(Q),y € L>®(09),and b, c € [L°(0)]*, gy € L2(T'y) and getting this weak
coercitivity A (QV NAPDE 11.1.1):

1 1
3> (Ib = cllzmiang, + lollzmia + €¢Il

Proof of weak coercitivity In the following step we will use the following
notation: [v]o.0 = o] z(@yand o]l = o)

a(v,0) > ol Vg~ [b—ell o= 0y | Vollollvllo—llol|Fo0 0y 10113 =Vl o< (@) 10115 00

(v, 0)+[b—c|l oo (@) VUllollvllo+H o1 e o 10 lI5+ 1] oo ) 10115 502 > 110l V011G

Using the following inequalities:
1
Ivellollvllo < el Vollg + 4 llvllg

The first inequality of the following step comes from this reference, on Mathe-
matics Stack Exchange: link

1
012400, < C'IVellolello < €’ (auwua n Mrwu%)

1
av,0) + 16 = el (0l + 1018 ) + ooyl +

1
HilzeioyC (€191 + 11918 ) ol 2 ol 7ol

Next steps, don’t get discouraged:

1 1
a(v,v) + (Hb - CHLOO(Q)@ + [lo]| oo (@) + C,%H')’HLOO(Q)) v]|§ >

(1o — €llb = cll () — C'€ 1Vl o)) IVVI5,

(1o — €lb = ¢l ooy — C'€ 1Yl Lo ()
1+ C3

a(v,v) + Alvllg > vl

Where we used in the last step the Poincaré inequality.


https://math.stackexchange.com/questions/4431637/the-trace-theorem-for-functions-in-h1-2-omega
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2.3 Galerkin Approximation

For each ¢ > 0, find uy(t) € V4, such that

Aup(t)
0 ot

vRdQY 4 a (up(t), vy) = /Qf(t)vth Yy, € vy, (2.6)

with up(0) = ugp, where Vi, C V is a suitable space of finite dimension and wugy, is a
convenient approximation of ug in the space V},.

Such problem is called semi-discretization of (2.5), as the temporal variable has
not yet been discretized.

2.4 Algebraic Formulation

We introduce a basis {¢;} for V}, and we observe that it suffices that (2.6) is verified
for the basis functions in order to be satisfied by all the functions of the subspace.

Moreover, since for each ¢ > 0 the solution to the Galerkin problem belongs to
the subspace as well, we will have

Np
un(x,8) =Y u;(t)p; (%) (2.7)
j=1

where the coefficients {u;(t)} represent the unknowns of problem (2.6).
Denoting by 4;(t) the derivatives of the function u;(t) with respect to time, (2.6)
becomes

Ny, N,
/Qzﬂj(t)%%dQJra > ui(t)es, e Z/Qf(t)@'dﬁ, i=1,2,..., N,

j=1 J=1
that is
> %‘(t)/ i PidQ+ 0w (t) a (s, i) Z/f(t)¢idﬂ, Vi < Np,
Q — Q (2.8)
—_— az —_—
mi; fi(t)

If we define the vector of unknowns u = (uy(t), uz(t), ..., un, (£))”, the mass ma-
trix M = [my;], the stiffness matrix A = [a;;] and the right-hand side vector

f = (A1), f2(t),..., fN, (t)", the system (2.7) can be rewritten in matrix form
as
Mu(t) + Au(t) = £(¢)

2.5 Time Discretization

For the numerical solution of this ODE system, many finite difference methods are
available. Here we limit ourselves to considering the so-called #-method.

The latter discretizes the temporal derivative by a simple difference quotient and
replaces the other terms with a linear combination of the value at time t* and of the

value at time t**1, depending on the real parameter 0(0<0<1),

uktl — yk
M=+ A gurt! 4+ (1 — 9)uk| = o 4 (1 — 9)f* (2.9)
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The real positive parameter At = t*+1 — ¥ & =0,1,..., denotes the discretization
step (here assumed to be constant), while the superscript k indicates that the quan-
tity under consideration refers to the time t*. Let us see some particular cases of

(2.8):
e For § = 0 we obtain the forward Euler (or explicit Euler) method

k+1 _ .,k
M% + AuF = £* (2.10)

which is accurate to order one with respect to At;

e For § =1 we have the backward Euler (or implicit Euler) method

E+1 ok
M% + Aubt! = fhHL (2.11)

also of first order with respect to At;

e For § = 1/2 we have the Crank-Nicolson (or trapezoidal) method

k+1 k
M% n % A (ukﬂ n uk) - % (f’““ + f’“) (2.12)
which is of second order in At. (More precisely, § = 1/2 is the only value for which
we obtain a second-order method.) Let us consider the two extremal cases, § = 0
and # = 1. For both, we obtain a system of linear equations: In the #-method for
solving ordinary differential equations (ODEs), the matrix that precedes u**! in the
system of linear equations depends on the choice of 6:

1. If 8 = 0, the system to solve has matrix %t

2. If 8 = 1, the system to solve has matrix % +A

We observe that the M matrix is invertible, being positive definite.

When 6 = 0, the scheme isn’t unconditionally stable. For a subspace V}, of finite
elements, the stability condition is given by: 3¢ > 0 : At < ch?® Vh > 0. This means
that the time step At depends on the mesh size h; it can’t be chosen independently.

If we make the matrix M diagonal, we decouple the system. This is achieved through
lumping’ of the mass matrix, which means transforming M into a diagonal matrix.

When # > 0, the system equation becomes: Ku**! = g. Here, g is the source
term, and K = % + #A. Since the spatial operator L and hence the matrix A are
time-independent, and assuming the spatial mesh is constant, K can be factorized
once at the start of the process.

If both M and A are symmetric, then K is also symmetric. This allows the use
of Cholesky factorization: K = HH”, where H is a lower triangular matrix. At
each time step, two triangular systems need to be solved with N, unknowns:

e Hy=g

° HTuk—l-l =y



24 CHAPTER 2. PARABOLIC EQUATIONS

2.6 A priori estimates

A priori estimates

Let us consider problem (2.5); since the corresponding equations must hold for each
v € V, it will be legitimate to set v = u(t) (¢ being given), solution of the problem
itself, yielding
Ju(t)
q Ot

w(t)dQ + alu /f £)dQ Wt > 0 (2.13)

Considering the individual terms, we have

Ou(t
Q 8(75) 2dt/’ thHu )H%?(Q) (2.14)

If we assume for simplicity that the bilinear form is coercive (with coercivity constant
equal to «), we obtain:

a(u(t), u(t)) > allu(®)|};
while thanks to the Cauchy-Schwarz inequality, we find

(f @), u(t)) < [[fO)llLz@lu®)lLz@) (2.15)

In the remainder, we will often use Young’s inequality
2, 1.9
Va,b e R, ab<cea —|—4—€b Ve >0
which descends from the elementary inequality

(ﬁa— 2\1/Eb>2 >0

Using first Poincaré inequality and Young’s inequality, we obtain

1d
5 g llut Mz + allVu®)z) < 1Oz w2 @) (2.16)

& 2 @ 2
< 5, W Ollz2(e) + 5 1Vu®)llze(q)-

The detailed steps are the following ones:

1d ) , Al1d

5%”“@)”1:2(9) +allVu®) 72 = 57 [u® 72 + allu@®]i
< 5 u@®) 72y + alu(t), u(t))
0
<N fOllz2@lu@®l 22

CQ 2 1 2
< 5, I Ollz2(q) + Wnu(t)HLQ(Q)

B] c2
2

2 « 2
< 7a||f(t)||L2(Q) + §HVU(75)||L2(Q)'
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is Poincaré, but V = H{, so for we take [[v||v := ||[Vv| 12(q) which is equiva-
lent to the H' norm on that space H& (that is, both upper and lower bounds). Then,
by integrating in time we obtain, for all ¢ > 0,

t C2 t
lu(®)1172() +a/0 IVu(s)lI72(yds < lluoll72iq) + ;/0 1£ ()| 720yds.  (2.17)

This is an a priori energy estimate. Different kinds of a priori estimates can be
obtained as follows. Note that:

1d 9 d

5 Oy = )l 220y 3 () 2o
Then from (5.14), using (2.14) and (2.15) we obtain (still using the Poincaré inequal-
ity)

d o
a2 (@) 7 w2 () + CTZHu(t)HLQ(Q)||vu(t)HL2(Q)

<|fOllz@llu®lz2@), t>0

The detailed steps are the following: Starting with the energy equality, applying the
time derivative property, coercivity, the Cauchy-Schwarz inequality, and the Poincaré
inequality, we derive the final inequality as follows:

1d
1£E) 2@ 1wt 20 /f £ d0 = 5 2 u(®) 30 + alu(t), u(?)
1d 1d 9 o 9
> 5 a0 ey [z + w2 5 Oz Ol + G 1) e

d Qo
= lu®)llz2 (@) g w2 ) + E”u(t)H%Q(Q) < fOll 2@ lu®) L2
Q

Remember that in this step we assume the space V = H{(Q), and so |[v||y =
ol g0 = [IVllz2,

If [|u(t)]|z2() # O (otherwise we should proceed differently, even though the final
result is still true) we can divide by |lu(t)||12(q) and integrate in time to obtain:

t
[u(®)llz2 (@) < lluollz2(q) +/0 1F ()2 (yds,  t>0 (2.18)

This is a further a priori estimate. Let us now use the first inequality in (2.16) and
integrate in time to yield:

t
) iy + 20 [ IV
t
< uollZz(q +2/0 1f () p2eo) lu(s)] L2 (q) ds
t s
<(equation 2.18) [0l Z2(q) +2/0 1£(s)l 20 <|Uo||L2(Q) +/0 ()l 220 dT) ds

t t s
:HUU||i2(Q)+2/O 1 ()l 22 luoll 2 (e d8+/0 2||f(8)||L2<m/0 1/ (T2 @) dT ds

t 2
=@wm@+ﬁnﬂwy@w)
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The latter equality follows upon noticing that:

s d s 2
N7z [ 15O lzzandr = 3 ([ 17 orir)

Therefore if we define F(s) = (f3 I/ (7)]| L2(0 )2, from the Fundamental The-
orem of Calculus we can derlve that:

/t iF(s)ds = F(t) — F(0) = F(0).
o ds

We finally conclude with the additional a priori estimate:

t 3 t
(umwnim 2 [ ||Vu<s>r|%z<mds) < uolzot | 1/ zzoyds, ¢ 0.
(2.19)
We have seen that we can formulate the Galerkin problem (2.6) for problem (2.5)
and that the latter, under suitable hypotheses, admits a unique solution. Similarly to
what we did for problem (2.5) we can prove the following a priori (stability) estimates
for the solution to problem (2.6):

t
e Ol 20y + [ 1V01(5) s
O
< luon ooy + 22 [ 176 xapds, ¢ 0

For its proof we can take, for every t > 0, v, = up(t) and proceed as we did to obtain
(2.16). Then, by recalling that the initial data is up(0) = wugp, we can deduce the
following discrete counterparts of (2.18 NMDP) and (2.19):

un (8 2y < Thton ()l 2y / 1) yds, ¢ >0

1
t 2
(Huhmuiz(m <20 [ 19 ds)

t
< lonll oy + / 1F) lzgds, ¢ 0

and

Convergence Analysis of the Semi-Discrete Problem

Theorem 1. There exists a constant C > 0 independent of both t and h such that:

t 1/2
{uu<t> Oz +a [ 190(5) = Vun(s) e ds}

t f du(s) |2 12
SChr{!quﬁp-(Q)-i-/o |U(S)@{T+1(Q)ds+/0 . ds} .

Os
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Stability Analysis of the §-Method

We now analyze the stability of the fully discretized problem. Applying the #-method
to the Galerkin problem (2.6) we obtain

ZH —uj k+1 k
—h____h 0 1-6
o | +a (Buf 4 (1= O)uf v ) 220

= 9Fk+1 (’Uh) + (1 — Q)Fk (’Uh) Yy, € vy,

for each k > 0, with ug = ugp. F¥ indicates that the functional is evaluated at time
tk. We will limit ourselves to the case where F' = 0 and start to consider the case of
the implicit Euler method (6 = 1) that is

ULk
hTth,vh +a (u';;“,vh) =0 VY, €vp (2.21)

: _ k¥l .
By choosing v, = u} ", we obtain:

(ui+1 k“) + At a( k1 uﬁ“) = (uﬁ,uﬁ“) . (2.22)
By exploiting the following inequalities:

a (uﬁ“ quH) >« HUZHH (2.23)

: (2.24)

1
(ui’uiﬂ) =5 H Z‘ L2(Q)

the former deriving from the coercivity of the bilinear form a(-,-), and the latter
from the Cauchy-Schwarz and Young inequalities, we obtain

k+1‘

oo 3

2

#2000 = o2

L2(Q)

Observing that k“ 2 ukHt , we deduce from the last equation that:
Pl

2 2
1+ 2aAt H ’f“” < H k) 596
(#2080 14 gy = e (2.26)
hence: )
5 ooy < s k] 2.27
Huh 120) ~ 1+ 2aAt Il i) (227)
which entails:
k 1 k
u N ) Ilu 9.98
H h)w(m ‘( 1—i—2aAt> luonllvz o) (2.28)
and therefore
O 1 2
kggo Un L2(Q) 0 ( 9)
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that is the backward Euler method is absolutely stable without any restriction on
the time step At. Assume now f # 0. We have

WFL ok
hTth W +a( kil §+1) :/f’f“uﬁﬂ (2.30)
(1) (ITT)

(1)

We can derive the following inequalities:

0 o (- ) -
(II) > « H iHHV (Coercivityofa(-,~)) (2.32)
T Bl Y PR Pt e

The first inequality derives from the fact that (a —b,a) > 1 ([la||* — [|b]|?) Va,b.
Then, after summation on &, for K =0,...,n — 1, we obtain:

n 9 1 n 2

2 k 2 k
o7 +a "t [uf]| < luoals + = > at ]
k=1 k=1 (2.34)

tn 2 tn
~a [y lun(®)lly dt ~2 [ @2 odt

This leads to unconditional stability (no restriction on At).

Before analyzing the general case where 6 is an arbitrary parameter ranging
between 0 and 1, we introduce the following definition.

We say that the scalar A is an eigenvalue of the bilinear form a(-,-) : V. xV — R
and that w € V is its corresponding eigenfunction if it turns out that:

a(w,v) = ANw,v) YveV

If the bilinear form a(-,-) is symmetric and coercive, it has positive, real eigenvalues
forming an infinite sequence; moreover, its eigenfunctions form a basis of the space
V. The eigenvalues and eigenfunctions of a(-,-) can be approximated by finding the
pairs Ay, € R and wy, € V}, which satisfy

a (wh, Uh) =\ (wh, Uh) Yoy, € Vy,. (2.35)
From an algebraic viewpoint, problem (2.35) can be formulated as follows:
Aw = 3 Mw

where A is the stiffness matrix and M the mass matrix. We are therefore dealing
with a generalized eigenvalue problem. Such eigenvalues are all positive and Ny, in
number (NN}, being as usual the dimension of the subspace V},); after ordering them
in ascending order, )\,11 < /\,21 <...< )\hNh, we have:

)\hNh%oo for N, — oo
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Moreover, the corresponding eigenfunctions form a basis for the subspace V} and can
be chosen to be orthonormal with respect to the scalar product of L2(£2). This means
that, denoting by w}l the eigenfunction corresponding to the eigenvalue i, we have

(wz, wfl) = 0;5 Vi, = 1,..., Nj. Thus, each function v;, € V}, can be represented as
follows:

Ny, ‘
x) = Z%"wi(X)

and, thanks to the eigenfunction orthonormality:

[vnllf () = Z v; (2.36)

Let us consider an arbitrary 6 € [0,1] and let us limit ourselves to the case where
the bilinear form a(-,-) is symmetric (otherwise, although the final stability result
holds in general, the following proof would not work, as the eigenfunctions would
not necessarily form a basis).

Since ufl € Vj, we can write

Np,
=3 ubu]
= ’LL]’LU
Jj=1

We observe that in this modal expansion, the uf

of uf. If we now set F' =0 in (2.20) and take v, = w?, we find:

no longer represent the nodal values

1. Original Equation (2.20):

uk:-i—l uk
hTth,vh +a <9u§+1 +(1— 9)u£,vh> = OF"  (0))+(1—=0)FF (vy) VYo, € Vi

Here, uh and ukJrl are the approximate solutions at time steps k and k£ + 1, vy,

is a test functlon from the finite element space V},, and a(-, -) is a bilinear form.

2. Discretization of uy: The solution uy, is approximated as a linear combination
of basis functions wy in the finite element space:

Np
w — i
h = Uj Wy,
=1
where N}, is the number of basis functions, and u; are the coefficients.

3. Substituting in Equation (2.20):

k+1 k

The term (U’L Atuh,vh> in (2.20) becomes:

Np,

1 k kY, J
At Z(U]‘Jrl - uj)wia Un,
j=1
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By choosing v, = wz, this term translates to:

Np

1 k & . .
At Z(%H - Uj)(w%, wh,)
j=1

where (wi, w}l) represents the inner product of the basis functions.
Similarly, the bilinear form (1((911?rl + (1 — 0)uf, v;,) becomes:

Np, Np
a |3 (0usT + (1= Oyl wp | =D (0ul + (1 - 0)ub)a(w], w))
j=1 j=1

4. Thus, the substitution leads to the equation:

Nh Nh
1 o o
A Z[u?“ - u?](wi, wy) + Z[Quf“ +(1- H)U;?]a(wi,wh) =0
j=1 j=1
L M ' N '
A Z [u?“ - uﬂ (wfl, wZ) + Z [9u§+1 +(1- Q)Uﬂ a (wi,wz) =0
j=1 j=1

foreachi=1,..., Nj.
For each pair 7,5 = 1,..., N; we have:

a (w{b, w}l) = )\i (wi,wz) = )\i(;ij
and thus, for each i =1,..., Ny,

u]?Jrl — uk

i i k+1 o El yi
Al —i—[&uz + (1 Q)UZ])\h 0.

Solving now for uf“, we find

! 140X}, At
Recalling (2.36), we can conclude that for the method to be absolutely stable, we
must impose the inequality
1—(1—0)\iAt
1+ 60X At

that is: ' ' '
—1 = 0N At <1— (1 —=0)\ At <14 6A]At.

Hence,
2

e p<h-1<0
NAr O SUTES




2.7. CONVERGENCE ANALYSIS OF THE 6-METHOD 31

The second inequality is always verified, while the first one can be rewritten as:

20 —1 > —

AL AL
If & > 1/2, the left-hand side is non-negative, while the right-hand side is negative,

so the inequality holds for each At. Instead, if § < 1/2, the inequality is satisfied
(hence the method is stable) only if:

2

At < ——
(1—20)\;

As such relation must hold for all the eigenvalues /\Z of the bilinear form, it will
suffice to require that it holds for the largest among them, which we have supposed
to be /\flvh.

To summarize, we have:

e if # > 1/2, the f-method is unconditionally absolutely stable, i.e. it is abso-
lutely stable for each At;
e if § < 1/2, the f-method is absolutely stable only for At < W.
- h
Thanks to the definition of eigenvalue (2.35) and to the continuity property of a(-,-),
we deduce )
N, a(th,th) < M||th||v

= - < - <M (1+C*h7?)
||th||L2(Q) ||thHL2(Q)

The constant C > 0 which appears in the latter step derives from the following
inverse inequality:

3C > 0: |[Vopllp2 () < Ch™1 lvnll2@)  VYon € vn

Hence, for h small enough, )\hNh < Ch~2. In fact, we can prove that )\hNh is indeed of
the order of h=2, that is

)\hNh = max Ai >~ ch™2.

Keeping this into account, we obtain that for < 1/2 the method is absolutely stable
only if

At < C(0)h?
where C'(0) denotes a positive constant depending on 6. The latter relation implies
that for # < 1/2, At cannot be chosen arbitrarily but is bound to the choice of h.

2.7 Convergence analysis of the #-method

Theorem 2. Under the hypothesis that ug, f and the exact solution are sufficiently
reqular, the following a priori error estimate holds: ¥Yn > 1,

lu (™) — UZH%%Q) + QaAti Hu (tk> - u’fLHi < C (ug, f,u) (Atp(g) + h2T> ,
k=1

where p(0) =2 if 0 # 1/2,p(1/2) = 4 and C depends on its arguments but not on h
and At.
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2.8 Parabolic ADR equation

Consider the parabolic PDE, where  C R? is an open bounded domain:

%—uAu+,3-Vu+au:f in Q x (0, T)
u=20 on 092 x (0, T), (2.37)
u(0) = ug in Q,
and where u, 3,0 and f are regular functions, satisfying:
O<po<pu<p ae inf

18] < by a.e. in Q
O<op<o<o; ae inf)

Introducing a finite dimensional space V;, C Hg(Q), the semi-discrete Galerkin for-
mulation reads: for all ¢t € (0,7 find up(t) € V3, such that:

fQ augt(t) vpdx + fQ uVup(t) - Vo, + fQ B - Vuy(t)v, + fQ oup(t)vp (2.38)
= fQ f’l)h Yup, € vy,

and such that up(0) = ugp, where ugj, is the projection of the initial condition into
V.

2.9 A semimplicit scheme

We consider a time-advancing scheme, where the diffusion and reaction terms are
treated implicitly, while the advection term is treated explicitly. Let us denote

tr = kAt, for k = 0,..., N, where At = T/N. Let uék) be the approximation of
u (tr). A fully discretized version of (2.37) reads:

L E+D ()
(h ae ,vh) + (nvuf, Ton) + (8- Vv

+ (ouf ) = (o) Von€w, k=0, N-1 (2.39)
U;lo) — uo’h

where (-, -) denotes the L?(£2) scalar product.

2.10 Stability analysis of the semimplicit scheme

Theorem 3. In the following derivations, the assumption of f = 0 will be made. If
the coefficients of the problem satisfy:

b% < 4“0 00,

then the semimplicit scheme (2.39) is absolutely stable for any choice of At. Consider
now the case o = 0. If the coefficients of the problem satisfy (Cp being the Poincaré
constant):

b1 < ,uo/Cp

then the scheme is absolutely stable for any choice of At.
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Proof. Let us choose v;, = u( H) We have:

(,11,V11,§Lk+1),Vu(k+1 ) HVuh 1 )H
(Gul(zk+1)’ (k+1) ) H (k+1) H

which entails, assuming f = 0, for every k

=0 + o[+ et <
() [+ aef (8- 9 )

The two right-hand side terms can be bounded by combining the Cauchy-Schwarz
and the Young inequalities:

O] < g [0+ 5
‘(uh U ) - 27]1 Ty

(5 ullule) | < g [l [+ 2

where the positive constants 771 and 7o will be later fixed according to our best
convenience. We end up with the following inequality:

2
[1+Awo_ mo At772b1:| H (k+1) H + Atug HVU(M)H
B

2
A

Atby k)|
+ o |75
2m2 h

——

1 2
< gr 4]
2m
~—~
A B

In order to prove stability, we need A > A’ and B > B’. Indeed, if this were true,
then we would have:

!/ /
Al ot <mas (5.5 ) (4 i+ 8w | ]
A’ B
which is the seeked stability result in the norm || - || 4,5 := (4] - ||*>+ B||V - H2)1/2,
equivalent to the standard Vj, norm. Therefore, we look for a suitable choice (if it
exists) of n; and 7o that ensures A > A’ and B > B’. The second inequality is
satifsied if and only if

by +e€
2410
for some € > 0. Hence, the first inequality reads
Atby (bl + 6) 1 m

14 Atgg — 24T o 2 T
° 4po 2m 2

N2 =

The right-hand side is minimized for n; = 1, thus leading to the condition:

Ho00o
f——m——>1 2.40
b1 (b1 + 6) ( )
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Clearly, it is possible to find € > 0 such that this holds if and only if:
b? < 4pgoo (2.41)

In conclusion, whenever the coefficients of the problem satisfy the condition (2.41),
the scheme (2.39) is absolutely stable, for any choice of At. Let us consider now the
case 0 = 0. Proceeding as before, we have:

SR | T RV e I T v L |
1B < -
{ 5 5 ] uy, + Atpyg Vu o uy, Ere Vu

Let us introduce a constant w € (0,1) (to be fixed later). By the Poincaré inequality,
we have:

e O ke e e |

1—
el B el |

Combining the latter inequalities, we have

2 2 C?

[1 m Atnaby n (1-— w)Atuo] Huékﬂ H + Wit Hvu k+1)”
P

B

[ S o]

2m 20
~— ——
A B

As in the previous point, we look for conditions on the coefficients such that A > A’
and B > B’. The second inequality is satifsied if and only if

b1 +¢€
2wiio

2 =

for some € > 0. Then, the first inequality reads

Atby (b 1 —w)At 1
A0 (- 1
4w C; 2m 2

The right-hand side is minimized for n; = 1. Rearranging the terms, we get

4413
Real solutions w € (0, 1) exists whenever the discriminant is positive, that is:
by (b1 + €) Cp <
The latter condition can be satisfied (by suitably choosing €) if and only if
by < po/C, (2.42)

In conclusion, if (2.42) is satisfied, the scheme is absolutely stable for any choice of
At.



Chapter 3

Domain Decomposition Methods

An elementary introduction in 1D Consider the 1D elliptic BVP:

{Lu =—u"=f a<z<b (3.1)

u(a) =u(b) =0

This is equivalent to:

YveV

{ Find u € V = H}(a,b) s.t.
a(u,v) = (f,v)

with

a(u,v):/abu’v’, (f,v):/abfv

Consider the domain splitting: Q@ = QU Q, 21N =0

a<~vy<b

Correspondingly, consider the following splitting of the space V :
V=VIoH,dV;
where

v = HE () == {v € Hi(Q): vlg, € H (), vlgq, = O} yi=1,2

H, = space of harmonic extensions of functions whose values at « is given =
{vm €V 1v(y) = vy, v, =vi,vf =0,i=1,2 Vv, € R}

Proposition 1. u is a solution to (3.1) if and only if:

—uf =f in

—Uy = f m QQ

up = U ony  Transmission condition (D) (3.2)
u) = ub on~y  Transmission condition (N)

ui(a) = 0,uz(b) =0 B.C.

35
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The converse is also true, that is: if uy,us are solutions to (3.1), then, setting u
such that ulg = u1, ulg, = uz, u is a solution to (3.2). Therefore, Problem (3.1) is
equivalent to Problem (3.2). Similar results hold in RY:

—Aul = f m Ql
—AUQ = f m QQ
{ —Au=f inQ ) m=u on I' (Transmission cond. (D))
u=0 on 082 % = % on I' (Transmission cond. (N))
up =0 on OQ\T
ug =0 on 0Q\T

Motivation

Domain Decomposition (DD) can be applied within any discretization method
for PDEs, such as Finite Element Method (FEM), Finite Volume (FV), Finite Differ-
ence (FD), and Spectral Element Method (SEM), to enhance the efficiency of their
algebraic solutions on parallel computing platforms. DD methods facilitate the di-
vision of a boundary-value problem across subdivided computational domains. This
approach offers a particularly advantageous framework for solving heterogeneous or
multiphysics problems, that is, those involving different types of differential equations
in various sections of the computational domain.

The Idea

The computational domain €2, where the boundary value problem (BVP) is estab-
lished, is partitioned into two or more subdomains. In these subdomains, problems
of reduced dimension are solved. Parallel solution algorithms are applicable here.
There are two methods for dividing the computational domain: using either disjoint
or overlapping subdomains.

3.1 Classical Iterative DD Methods

Model problem

Consider the model problem: Find u:  — R s.t.

Lu=f inQ
u=~0 on 0f)

L is a generic second order elliptic operator. The weak formulation reads:
finduecV =Hi(Q): a(uv)=(f,v) YWweV

where a(-,-) is the bilinear form associated with L.
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Non Overlapping Decomposition

We partition now the domain € in two disjoint subdomains:

The following equivalence result holds.

Theorem 4. The solution u of the model problem is such that up, = fori=1,2,

where u; is the solution to the problem

u; =0 on OQ\T
with interface conditions:
8U1 o aUQ

up = uy  and on T

onp  Ong

where 0/0ny, is the conormal derivative.

Dirichlet-Neumann Method
(0)

Given uy ~ on I', for k > 1 solve the problems:

[Lugk) =f in O
(k) _  (k=1)

Uy = Uy on I
ugk) =0 on O \I'
(Luék) =f in Q9
uld (P
ong = ong 0T
\ugk =0 on 0Q\I'

The equivalence theorem ensures that if the sequences {ugk)} and {ugk)} converge,
their limits will necessarily be the solution to the original problem. Thus, the
Dirichlet-Neumann (DN) algorithm is consistent. However, it’s important to note
that convergence of this algorithm is not always assured.

Example

Let Q = (a,b),v € (a,b),L = —d?/dz? and f = 0. At every k > 1 the DN algorithm
generates the two subproblems:
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A variant of the Dirichlet-Neumann (DN) algorithm can be implemented by modi-
fying the Dirichlet condition in the first subdomain to

ugk) = 9u§k_1) +(1- G)ugk_l) onT

using a relaxation parameter § > 0. This approach allows for a reduction in the error
between two subsequent iterates. In the aforementioned example, it can be easily

verified that by selecting
(k—1)
Oopt, = ———b—
oPt T T (k—1) _ (k—1)
U — U
the algorithm converges to the exact solution in a single iteration.
More generally, there exists an appropriate value for 0 < O < 1 such that the
DN algorithm converges for any choice of the relaxation parameter 6 in the interval

(07 Hmax)-

Neumann-Neumann Algorithm

Consider again a partition of € into two disjoint subdomains and denote by A the
(unknown) value of the solution u on their interface I :

A=u;onl (i=1,2)

Consider the following iterative algorithm: for any given A9 on I, for & > 0 and
1 = 1,2, solve the following problems:

Lugkﬂ) =f in$y

ul(-kﬂ) =A® onT

ugkﬂ) =0 on O\I'
Ly =0 in ©
8w§k+1) B 8u§k+1) B 8u;k+l)

onT

on - on on
HE — on O\

()
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with
\E) _ ) g (oWYfF” _ agwé’f;l)>

where 6 is a positive acceleration parameter, while o1 and o9 are two positive coef-
ficients.

3.2 The Steklov-Poincaré interface Equation

Multi-Domain Formulation of Poisson Problem and Interface Con-
ditions

We consider now the model problem:

—Au=f inQ
u=20 on 0f2

For a domain partitioned into two disjoint subdomains, we can write the equivalent
multi-domain formulation (ul =u),,i =1, 2) :

(Auy=f in Oy

u; =0 on O\
—Aug=f in Qs

uy =0 on 00Q\I'
UL = U9 onT’

% = % onT

Remark

e On the interface I' we have the normal unit vectors n; and ns :

// Q s | ] T ™

/ \ A

s n u

\ n}_" Q, i //
e There holds: ny = —nyon I'.

e We denote n = nj so that

o_9 __ 92 .o

% - 6n1 8n2

The Steklov-Poincaré Operator

Let A be the unknown value of the solution w on the interface I' :

/\IU|T
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Should we know a priori the value A on I', we could solve the following two indepen-
dent boundary-value problems with Dirichlet condition on I (i = 1,2) :

—Awi = f in Qz
w; =0 on OQ\I'

w; = A onI.
With the aim of obtaining the value A on I, let us split w; as follows
w; = w} + ud
where w; and u? represent the solutions of the following problems (i = 1,2) :

—Awr=f in Q

w = on 09; N O
w; =0 on I’
and
—Aud =0 inQ;
ud =0 on 0%); N ON
? =A on I

The functions w; depend solely on the source data f, thus we can express this as
w;‘ = Glf

where G; is a linear continuous operator.
Furthermore, ug depend solely on the value A on I, leading to the expression

ud = H;\

where H; is the so-called harmonic extension operator of A on the domain £2;.
We have that:

w; = wi +u) (i=1,2)

8w1 N 8102
“on ~on T

<:>2 (w} +uf) = 6;1 (ws+uy) onl

on
9 )
<:>87n (G1f+H1)\) = %(Ggf—i-HQ/\) on I
OH, OHy\ ., (0Gy G,
@@wwﬁ*(%‘%ﬁoﬂ

The equivalence between the decomposition w; = w} + uY and the equality of
normal derivatives is not a direct mathematical derivation but rather a condition for
the physical and mathematical consistency of the problem setup and its solution.
We have obtained the Steklov-Poincaré equation for the unknown A on the interface
I:

SA=x onTl
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e S is the Steklov-Poincaré pseudo-differential operator:

2
0 0 0

= —Hypu— —Hou= E —H;

Su an T g P on; K

e Y is a linear functional which depends on f :
2
0 0 0
= —Gof — —G1f =— E —G;
X= on 2f on if — on; /
e The operator

0
Si:u%Siu:%(Hi )

is called local Steklov-Poincaré operator (Dirichlet-to-Neumann) which operates be-
tween the trace space

i=1,2
I

A={p:eVst p= ’U|F} = H&éQ(F)

and its dual A’.

Example

To provide an example of the operator S, we consider a simple 1D problem.

Let Q = (a,b) C R as illustrated below. We split © in two nonoverlapping
subdomains. In this case the interface I' reduces to the point v € (a,b) and the
Steklov-Poincaré operator S becomes

_(dHy dHy\, (1 1
SA_(dZU d.%'>/\_<l1+l2>>\

where [y =v—aet Io =b— 7.

Equivalence Between the DD Schemes and Classical Iter-
ative Methods

The preconditioned Richardson method is an iterative technique for solving linear
systems Az = b, enhanced with a preconditioning operator P. It is formulated as:

Pz — 2Ry = g(b — Az¥) (3.3)

where z(®) is the k-th iteration approximation, and 6 is a relaxation parameter.
In the context of numerical methods for partial differential equations, specifically
domain decomposition (DD) methods, this concept is adapted as follows:
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e DN Method: The Dirichlet-Neumann (DN) method uses a preconditioning

operator Ppy = Sy = 8(%22“) The method’s iterative scheme can be seen as a

variant of the preconditioned Richardson method:
Ppoy(AF) — XE=Dy — gy — A=) (3.4)
where A(¥) represents the interface variable in the k-th iteration.

e NN Method: The Neumann-Neumann (NN) method is characterized by a
different preconditioning operator Pyy = (0157 1y 0255 D)=L Its equivalence
to the preconditioned Richardson method is reflected in its iterative formula:

Pyy(AR) — XE=1y — g(y — AR (3.5)

These formulations illustrate that both DN and NN methods in domain decom-

position can be viewed as specific applications of the preconditioned Richardson
method.

3.3 FEM: Multi-Domain Formulation

Consider the Poisson problem:

—Au=fin Q
u =0 on 0N

Its weak formulation reads
findueV: a(u,v)=F(v) YveV
where V = H}(Q),
a(v,w) = /QV’U -Vw Yv,weV
and
F(v):/ﬂfv YoeV

Suppose that €2 is split into two nonoverlapping subdomains and consider a uniform
triangulation 7, of €2, conforming on I :

N 7
|
‘ \ /\/ A
% | Kk
INATN N TN
\ 7 TR | [ 3
\ \ \
Qy N S
“ T ! _\\ “/
] DN NS N
'7 / f W /_ AT L \
r \VaN! LA/ NA
\ I\ |
\ = i \ i
! / \ |
! A | % AT 7 A /
I ™\ ! | <3 / L
Q2 NN d }
| S /
] Yy O 4P
N M v |
{ | |




3.3. FEM: MULTI-DOMAIN FORMULATION

The Galerkin finite element approximation of the Poisson problem reads:

findup, €V, : a (uh,vh) =F (’l)h)

Yo, € Vp,
where

Vi, = {vh € C’O(Q) tUp|, € P, r>1,VK € T,,v, =0o0n 89}
is the space of finite element functions of degree r with basis {gpl}fvzhl The Galerkin
approximation (1) is equivalent to:
find up, € Vj, :

a(un, i) = F(pi) Vi=1,.

We partition the nodes of the triangulation as follows:

1. {xg.l), 1<5< Nl} nodes in subdomain 4

.. N (3.7)

2. {x§-2), 1<5< Ng} nodes in subdomain 5

3. {x§r), 1<5< Np} nodes on the interface T,

and we split the basis functions accordingly:
1. (p§1) functions associated to the nodes 2"

J
2. cp§-2) functions associated to the nodes 2%

J
r)functions associated to the nodes x(r)

3. gog-

on the interface.

Example
L & ‘\ \\\ |
R l (1)
Ql “ | \ / L \ Xj
JI = J
/ / ! ““ \/ / \\
r \ /N SN
A “ ; ‘ '
3
\l ‘
92 . = , ‘> Xj(2)
PRI e
| |
We can reformulate a generic elliptic BVP in this way:
1 )
a uh,gpg) =F gol() Vi=1,...,N;
find up, € V3, : 2)

a uhn(pj

(3.8)
a uh,gpl(;)> =F (gol(cr)) Vk=1,...,Np

43



44 CHAPTER 3. DOMAIN DECOMPOSITION METHODS

We introduce the bilinear form on €2; :
a;(v,w) :/ Vv-Vw Yo,weV,i=1,2

the space .

Vg:{veHl(Qi):’U:OOnaQi\F} (22172)
and let ug)
u e Vil ul e V2 st

= up|q, (i = 1,2). Then, problem (3) can be written equivalently as: find

ay (ug),gpgl)) =F (%(1)) , Vi=1,...,Ny
a2 (u,(f),gof)) =F ( (-2)) , Vi=1,...,No
a1 (ué),gok | Ql) + as (uf),gpk \ Qg) =

— R <¢kF)\Ql)+FQ <¢k>\92), Vk=1,... Np

Remark

e Problem (3.8) corresponds to the finite element approximation of the multi-
domain formulation of the Poisson problem:

—Aup=f iny

u; =0 on O\’
—Aug=f in s

uo =0 on 9Q\T
UL = U9 onI
\% = % on I'.

(4)

e The condition u; = uz on I' is satisfied by definition of u,’.

We can write:

N N.
) =3 (1) e0w) + 3w (22 P 0
j=1

j=1

+Zuh( D) ¢ @)

and we substitute this expression in (3.7) to obtain:

) o (40617 s (1)
o () (o) 4 35 (1) (2, )

E;Vlluh x§1) ai cpgl),apgl) —|—Zj 1 Un 5') ay 905-),@51) =F tpgl) Vi=1,...
S un (257) az (08,0 ) + S0 w wg) ar (¢ e@) =By (7)) Vi=1,...
Zj:Fl“h 535

= <¢§F)’QI> + Fy (cpg )‘92 Vi=1,...



3.4. THE SCHUR COMPLEMENT SYSTEM

A bit of algebra...

A bit of algebra... [continued]

Zul A11 —|—Zup AH" —f1Vi:1,...,N1

=1
N1 N2

+> w (Ar);; + Y ug (Arg);
j=1 J=1

.. so that we obtain the algebraic form:
Apjug + AirA =1y
Agguy + Aor A = £
Ariu; + Arous + (Agp) + A(F2F)) A= fl(r) + fQ(F)

or
A 0 Air u; fi

0 Ay Aor w | = £

Ari Ara Arr A fr

where we denoted Arr = (A%z + A(Hz) and fr = f( ) + fQ(F).

3.4 The Schur Complement System

45

Since A represents the unknown value of u on I', its finite element correspondent is
the vector A of the values of uj, at the interface nodes. By Gaussian elimination, we

can obtain a new reduced system in the sole unknown A:

e Matrices A1 and Ass are invertible since they are associated with two homo-

geneous Dirichlet boundary-value problems for the Laplace operator:
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w = AN — AirA) and  ug = Ay (fy — Aor ). (3.10)
e From the third equation we obtain:
[(A(plp) - AF1A1_11A1F> + (A(F2F) — Ar2A2_21A2p>} A=

fr — ArlAﬁlfl — AF2A521f2.

Setting:
X=3X1+%y with X; = A%Z% — AFiAglAiF (Z =1, 2),

and
xr = fr — Ap1 A7 — AraAs)

we obtain the Schur complement system:
YA = xr.
e > and yr approximate S and x.
e Y is the so-called Schur complement of A with respect to u; and us.

e 3; are the Schur complements related to the subdomains ; (i = 1, 2).

Remark

After solving the Schur complement system in A, thanks to (3.8) we can compute u;
and uo. This is equivalent to solving two Poisson problems in the subdomains 2

and Q9 with the Dirichlet boundary condition ug)‘r = Mp(i = 1,2) on the interface

r.

Properties of the Schur Complement ¥

The Schur complement ¥ inherits some of the properties of A :
e if A is singular, so is 3;

o if A (respectively, A;; ) is symmetric, then 3 (respectively, ¥; ) is symmetric
too;

e if A is positive definite, so is X.
Moreover, concerning the condition number, we have
o k(A) ~Ch™2

o k(X)) ~Ch!
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Preconditioners for the Schur Complement System

The iterative methods that we have illustrated are equivalent to preconditioned
Richardson methods for the Schur complement system with preconditioners:

e for the DN algorithm: P, = 3o

e for the ND algorithm: P, = ¥
e for the NN algorithm: P, = (0121_1 + 0222_1)_1
o for the RR algorithm: Py = (y1 +72) " (n] + 1) (2] + L)

All these preconditioners are optimal in the sense of the following definition. We
must anticipate that these optimality results do not hold in the case of multiple
subdomains.

Definition

A preconditioner P is optimal for a matrix A € RY*N if the condition number
of P~1A is bounded uniformly with respect to the dimension N of A.
In particular, we have

e k(I7'%) =0(1) (fori=1,2)
o i ((Z]'+ 02251 2) = O(1)Voy,00 > 0

Subdomain iterations and parallelism

With the exception of the Neumann—Neumann method, the different iterative proce-
dures introduced thus far share the feature of generating at each step two boundary
value problems, the former set in 21, the latter in {29, to be solved sequentially.

A simple modification of this procedure making it more interesting in view of
parallel implementation is in order. As a matter of fact, when solving the boundary
value problem in €y at the new step k + 1 it is enough to use as data on I' those
generated by u¥ (rather than uf“).

For instance, following this approach, the Dirichlet-Neumann method should be
modified by simply replacing the Neumann condition on I' by the new one

k+1 k
Ouy ™™ Ouy

o — on onT.

On the other hand, the issue of parallelism is relevant in the case of partitions of {2
using many (more than two) subdomains.

3.5 Nonoverlapping Multiple Subdomains

Multi-Domain Formulation for M > 2 Subdomains

We generalize now the nonoverlapping methods to the case of a domain €2 split into
M > 2 subdomains:
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e O;(i=1,...,M) such that |JQ; = Q

Plotmesh
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—06F

—o8F

At the differential level, we have the equivalent multi-domain formulation:

—Aui = f n Ql
—Au=f inQ o Uj = U on g
u=0 on 90 Ju = 94 on Ty,

u; =0 on 09); N O

where T';, = 0€Q; N OQy, # 0.

Finite Element Approximation

Considering a conforming finite element approximation, we obtain the linear system:

A[[ A[F uys o fI
< Ar;  Arr A )\ fr (3:11)
where uy is the vector of unknowns in the internal nodes and A is the vector of
unknowns on I': A = up.

The submatrix Aj; associated with the internal nodes is block-diagonal:

A11 0 0
A = 9 - ‘ (3.12)
: 0

Ajr is a banded matrix (interactions with local interfaces).
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The Schur Complement System

Arrur + Ar A =f1
Arrur + ArrA =fr
These two equations imply:
ur =A7} (fr — Amr)
Arp (A7} (fr — Amr ) + Arr) =fr
Ar1 AL} fr — Arr Ay A + Ared =fr
(Arr — Ar1 A7 Am)AN =fr — ArAf}] fr

Denoting
Y = Arr — Arr A Apr

and
xr = fr — Ar1 A7,

we obtain the Schur complement system in the multi-domain case:

YA = Xr-

Remarks
The local Schur complements are defined as:
Si = Anr, — Ar Ay Air,
so that:

Y=X1+...+2y

A Simple Algorithm

To compute a Finite Element (FE) approximation of the solution w of the Poisson
problem:

—Au=f inQ
{u =0 on 0f)
we can follow these steps:
1. Solve the Schur complement system
YA =Xxr

to compute A on the whole interface I';

2. Solve
A[]ll[ = f[ — A|F)\

i.e., M independent problems of reduced dimension
A“uizgz (Zzl,,M)

possibly in parallel.
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Estimate of the Condition Number

The following estimate can be proved for the condition number of the Schur comple-
ment matrix X:
There exists a constant C' > 0, independent of h and H, such that:

H
H(Z) = ChHIan
where H and Hy,, are the maximal and minimal diameters of the subdomains,
respectively.
To elaborate further, the diameter of each subdomain €2 is denoted as Hj, defined
by:
Hj, = diam(€2)

We can also express the condition number of a matrix ¥ as:

hH?

min

cond(X) ~ O ( Himax )

In the specific case where all H; approximates to H, the condition number of X

cond(X;) ~ O <h;{>

Considering a scenario with two subdomains, we have:

is approximated as:

H = %diam(Q)

cond (%) ~ O <}1L>

When solving > X = Xr using the Richardson method without preconditioning, the
convergence rate p is given by:

cond(X) — 1

~ cond(¥) + 1
= p=p (h_l,H_l)

This result indicates that the method is not optimal or scalable, as evidenced by
the fact that increasing M leads to a decrease in H.

Therefore, to address these limitations, a parallel preconditioner is necessary.
The ideal preconditioner should be both optimal and scalable.

Scalability

Definition A preconditioner Pj, of ¥ is said to be scalable if the condition number
of the preconditioned matrix Py~ % is independent of the number of subdomains.

Iterative methods using scalable preconditioners allow henceforth to achieve con-
vergence rates independent of the subdomain number.
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Dirichlet-Neumann Preconditioner

The Dirichlet-Neumann preconditioner is not widely used for many subdomains due
to the necessity of a "black and white" subdivision. This subdivision requires al-
ternating between Dirichlet (prescribed values) and Neumann (prescribed normal
derivatives) boundary conditions on subdomain interfaces to ensure convergence.
However, this strict subdivision can be challenging for complex geometries or nu-
merous subdomains, leading to load imbalances and inefficiencies. As a result, al-
ternative domain decomposition methods like the additive Schwarz or Balancing
Neumann-Neumann techniques, which do not require this strict subdivision, are of-
ten preferred for problems with many subdomains or irregular decompositions. Any-
way we can define the following preconditioning strategy, I will cite word for word
the book by Quarteroni Valli Domain Decomposition Methods for Partial Differential
Equations.

The Dirichlet-Neumann iterative substructuring method introduced for the dif-
ferential boundary value problem can be formulated at the algebraic level as follows.
We use a superscript B (black) and W (white) to denote the colour of the subdomain.
Then the Schur complement matrix can be split as

2= 3 (RP) sERD + 3 (R) SR

i€l iEIW
and the Dirichlet-Neumann preconditioner is defined through
DNy WNT () ! pw
(Ph ) T Z (RFZ ) (Zi,h ) RF-L'
i€ly

Also for this preconditioner it is possible to include a global coarse problem.

Neumann-Neumann Preconditioner

The Neumann-Neumann preconditioner for more subdomains reads:

M
(P}ivN)_l = ZR%iDiE?DiRFi
i1

where X7 is either Z;l or an approximation of Z;l. D; is a diagonal matrix of
positive weights
dy
D, =
dn,

d; is the number of subdomains that share the j-th node. We have the following
estimate:

-1 _ H\?
(PN ') <con 2<1+10gh>

The presence of D; and Rr only entails matrix-matrix multiplications. On the other
hand, if ¥} = X L applying 3. Lto0 a given vector can be reconducted to the use
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of local inverses. As a matter of fact, let q be a vector whose components are the
nodal values on the local interface I';; then

2 tq = (0,114,710, 1" q.

In particular, [0,1]7q = [0,q]”, and the matrix-vector product

internal
nodes

ATt

corresponds to the solution on §2; of the Neumann boundary-value problem:

ow;

oL =4 on I

{—Awi =0 in Ql

In essence, the operation Z;lq (applying the inverse to vector ¢) can be inter-
preted as solving a Neumann boundary value problem in the subdomain €2; where
the boundary condition on I'; is given by the vector q. This provides a way to apply
the preconditioner by solving local PDE problems rather than explicitly inverting
the matrix X;.

Balanced Neumann-Neumann Preconditioner

The Neumann-Neumann preconditioner of the Schur complement system is not scal-
able. A substantial improvement can be achieved by adding a coarse grid correction:

(PPN = sl + (- S5'%) (BYN) T (1 - =551).

where E;{l = R%Aﬁl Rr. This is called balanced Neumann-Neumann preconditioner.
We can prove that:

-1 H\?

n (PPN Te) < (1 + log h) .

If the original matrix was symmetric positive definite this is an almost (except

for a logarithmic term) scalable and optimal preconditioner, which can be used also

with the conjugate gradient method if the original matrix satisfy the applicability
conditions.

Convergence Properties

For the two-subdomain cases of the Laplace problem with homogeneous Dirichlet
boundary conditions, both Dirichlet—-Neumann and Neumann—Neumann iterations
converge at a rate independent of A. The Neumann—Neumann algorithm has no
particular advantage over the Dirichlet—Neumann algorithm (and actually the former
requires more subdomain solves per iteration than the latter). The situation can,
however, be different in the case of many subdomains.
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The need of pseud-inverses in multiple-subdomains decomposition

In a domain decomposition method, when the computational domain is divided into
only two subdomains, each subdomain will indeed inherit part of the original prob-
lem’s boundary. Typically, the original problem has Dirichlet boundary conditions
(fixed values) on at least part of its boundary. Therefore, in a two-subdomain decom-
position, each subdomain ends up with a portion of the boundary where Dirichlet
conditions apply and the interface between the two subdomains, where Neumann con-
ditions (or, more precisely, continuity conditions that can be mathematically similar
to Neumann conditions) are enforced. This mixture of boundary conditions (Dirich-
let on the outer boundary and Neumann-like on the interface) helps ensure that each
subdomain problem remains well-posed, meaning that it has a unique solution.

However, when a domain is decomposed into more than two subdomains, espe-
cially in complex geometries or in 3D, some subdomains may end up without any
part of the original boundary. This means that they are entirely enclosed by inter-
faces with other subdomains and thus are only subject to Neumann-like conditions
derived from those interfaces. Such subdomains can lead to ill-posed problems be-
cause Neumann problems require additional conditions (like a fixed integral value
of the solution over the domain) to ensure uniqueness of the solution. Without any
Dirichlet boundary conditions (which help pin down the solution), these purely Neu-
mann subdomains can suffer from indeterminacy issues (e.g., the solution might be
determined only up to an additive constant).

The need for a pseudoinverse, rather than a straightforward matrix inverse, in
these cases stems from this potential lack of well-posedness. So in this context,
waht we indicated as inverse E;{l must be interpreted as a regularized inverse of the
origimal matrix, and not the strict inverse which might not even exist.

Concluding Remarks

From the numerical results that we have presented, we can conclude with the follow-
ing remarks:

e Even if better conditioned with respect to A, Y is ill-conditioned, and therefore
a suitable preconditioner must be applied.

e The Neumann-Neumann preconditioner can be satisfactorily applied using a
moderate number of subdomains, while for larger M, & ((P}JLVN)*1 E) > k(2).

e The balancing Neumann-Neumann preconditioner is almost optimally scalable
and therefore recommended for partitions with a large number of subdomains.
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Chapter 4

Navier Stokes

Navier-Stokes equations describe the motion of a fluid with constant density p in a
domain  C R? (with d = 2,3 ). They read as follows:

{%‘t‘—div[u(Vu—l—VuT)}+(U-V)U+Vp =f, xeQt>0 (4.1)

divua = 0, xeNt>0
where:

e u is the fluid’s velocity

p is the pressure divided by the density (which will simply be called "pressure")

v is the kinematic viscosity
o fcl? (R*; [LQ(Q)]d) is a forcing term per unit of mass

The first equation is that of conservation of linear momentum, the second one
that of conservation of mass, which is also called the continuity equation.

e The term (u- V)u describes the process of convective transport.
e The term — div [1/ (Vu + VuT)] describes the molecular diffusion process.
When v is constant, from the continuity equation we obtain:

div [v (Vu+ Vu®)] = v(Au+ Vdivu) = vAu

whence system (4.1) can be written in the equivalent form:

{%‘;—VAu—i—(u-V)u—l—Vp:f, x€N,t>0 (4.2)

divu = 0, xeN,t>0
which is the one that we will consider in the following.
Equations (4.2) are often called incompressible Navier-Stokes equations. More in

general, fluids satisfying the incompressibility condition divu = 0 are said to be
incompressible.

95
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Constant density fluids necessarily satisfy this condition, however there exist incom-
pressible fluids featuring variable density (e.g., stratified fluids) that are governed by
a different system of equations in which the density p explicitly shows up.

In order for problem (4.2) to be well posed it is necessary to assign the initial con-
dition:
u(x,0) =up(x) VxeQ (4.3)

where ug is a given divergence-free vector field, together with suitable boundary
conditions, such as, e.g., V¢ > 0,

{ u(x,t) = p(x,t) VxeTp, (4.4)

(1/% —pn) (x,1) =9(x,t) VxeTly,

where ¢ and v are given vector functions, while I'p and ' provide a partition
of the domain boundary 99, that is I'p UT'y = 0Q,I'}, N T, = 0.
Finally, as usual n is the outward unit normal vector to 0.

If we use the alternative formulation (4.1), the second equation in (4.4) must be
replaced by:
[v (Vu+ VuT) n—pn| (x,t) =(x,t) Vxely

Denoting with u;,7 = 1,...,d the components of the vector u with respect to
a Cartesian frame, and with f; the components of f, system (4.2) can be written
componentwise as

du; . d Oui | Op o
{ at*VAUlJFZjﬂ“Jan?Laxi—fu i=1,...,d

d Ouj _
Yi=1z =0

4.1 Well-posedness

In the two-dimensional case the Navier-Stokes equations with the boundary condi-
tions previously indicated yield well-posed problems. This means that if all data
(initial condition, forcing term, boundary data) are smooth enough, then the solu-
tion is continuous together with its derivatives and does not develop singularities in
time.

Things may go differently in three dimensions, where existence and uniqueness
of classical solutions have been proven only locally in time (that is for a sufficiently
small time interval). In the following slides we will introduce the weak formulation
of the Navier-Stokes equations, for which existence of a solution has been proven for
all times. However, the issue of uniqueness (which is related to that of regularity) is
still open, and is actually the central issue of Navier-Stokes theory.

4.2 Alternative formulations

The Navier-Stokes equations have been written in terms of the primitive variables
u and p, but other sets of variables may be used, too. For instance, in the two-
dimensional case it is common to see the vorticity w and the streamfunction ), that
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are related to the velocity as follows:

duy 0 i
w:rotu:ﬂ_ﬂ’ u= 8%2
81‘1 8x2

The various formulations are in fact equivalent from a mathematical standpoint,
although they give rise to different numerical methods.
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4.3 Weak formulation of Navier-Stokes equations
A weak formulation of problem (4.2) can be obtained by proceeding formally, as

follows. Let us multiply the first equation of (4.2) by a test function v belonging to
a suitable space V' that will be specified later on, and integrate in 2

au~ValQ—/1/Au.de+/
q Ot Q Q

:/f-de
Q

Using Green’s formulae [ref. NMDP, 3.16 & 3.17] we find:

—/VAu~VdQ:/uVu:VVdQ—/ ya—u-vch
Q Q an On

/Vp-de:—/pdivde—i—/ pv - ndy
Q Q o0

Using these relations in the first of (4.2), we obtain:

[(u-V)u] - vdQ +/QVp - vd)

8u-de—|—/ vVu: VVdQ—I—/[(u-V)u]-de
o Ot Q Q

—/pdivde:/f~de—l—/ <V8u—pn)-vd'y Vv eV
Q Q oo \ On
Remark

All boundary integrals should indeed be regarded as duality pairings between V' and
V.

Similarly, by multiplying the second equation of (4.2) by a test function ¢, belonging
to a suitable space @) to be specified, then integrating on € it follows:

(4.5)

/ gdivudQ =0 VqeQ. (4.6)
Q
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Customarily V' is chosen so that the test functions vanish on the boundary portion
where a Dirichlet data is prescribed on u, that is:

V= [HL, ()] = {v e [H'(Q)]": vip, = o} (4.7)

It will coincide with [H%)(Q)]d if I'p = 0Q. If I'y has positive measure, we can
choose Q = L2(Q). If I'p = 9, then the pressure space should be Lg to ensure
uniqueness for the pressure p.

Moreover, if ¢ > 0, then u(t) € [Hl(Q)}d7 with u(t) = ¢(t) on I'p, u(0) = ug
and p(t) € Q.

Notation Remark
For every function v € H!(Q), we denote by

; 1/2
[vlla (@ = (Z ||Uk||§{1(ﬂ)>
k=1

its norm and by

4 1/2
Vg () = (Z \Uk\?{l(sz)>
k=1

its seminorm.
The notation ||v|/zr),1 < p < oo, has a similar meaning. The same symbols
will be used in case of tensor functions. Thanks to Poincaré’s inequality, ]v]Hl(Q)

is equivalent to the norm ||v||y for all functions belonging to V/, provided that the
Dirichlet boundary has a positive measure.

Having chosen these functional spaces, we can note first of all that:

/ (yau—pn)-vah: Y-vdy VvevV
o0 On T'n

All the integrals involving bilinear terms are finite. More precisely, by using the
vector notation H*(Q) = [Hk(Q)]d JLP(Q) = [LP(Q)])4, k> 1,1 < p < oo, we find:

I// Vu - VVdQ‘ < V|u|H1(Q)|V|H1(Q),
Q

/QPV'VdQ‘ < |IpllLz@) vl @)

/ undﬂ\ < Nalluaen [l .

Also the integral involving the trilinear term is finite. To see how, let us start by
recalling the following result.
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Proposition 2. Ifd < 3, Vv € HY(Q), then v € L*(Q) and 3C > 0 s.t. [VilLao) <
C||V||H1(Q)-

Using the following three-term Hélder inequality:

\ / fghdsz] < 171wy 9l g 1l

valid for all p,q,7 > 1 such that p~! + ¢=! + ! = 1, we conclude by applying the
usual inclusion theorem that:

J) -vdﬂ] < 9 ullzzqen sy ¥ sy < C2 Ml sy

4.4 Solution Uniqueness

As for the solution’s uniqueness, let us consider again the Navier-Stokes equations
in strong form (4.2) (similar considerations can be made on the weak form).

If T'p = 09, when only boundary conditions of Dirichlet type are imposed, the
pressure appears merely in terms of its gradient; in such a case, if we call (u,p) a
solution of (4.2), for any possible constant ¢ the couple (u,p + ¢) is a solution too,
since V(p + ¢) = Vp.

To avoid such indeterminacy one can fix a priori the value of p at one given point
x¢ of the domain 2, that is set p (xo9) = po, or, alternatively, require the pressure to
have null average, i.e., fQ pd€Q) = 0.

The former condition requires to prescribe a pointwise value for the pressure, but this
is inconsistent with our ansatz that p € L2(2). (We anticipate, however, that this is
admissible at the numerical level when we look for a continuous finite-dimensional
pressure).

Prescribing a pointwise value for the pressure is therefore inconsistent with the as-
sumption that p is an L? function. This kind of pointwise condition is more appro-
priate for functions in spaces that include continuity (like continuous functions or,

in a numerical setting, continuous finite-dimensional approximations).

For this reason we assume from now on that the pressure is average-free. More
specifically, we will consider the following pressure space:

Q=12(Q) = {p c12(0) - /deﬂ - 0}

Further, we observe that if I'p = 02, the prescribed Dirichlet data ¢ must be
compatible with the incompressibility constraint; indeed,

/ gp-nd'y:/divuszo.
o0 Q
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If I'y is not empty, i.e. in presence of either Neumann or mixed Dirichlet-Neumann
boundary conditions, the problem of pressure indeterminacy (up to an additive con-
stant) no longer exists. In this case we can take Q = L2(€).

In conclusion, from now on we shall implicitly assume:
Q=1%Q) if Tn#0, Q=L}§Q) ifly=0 (4.8)

The weak formulation of the system (4.2), is therefore:
find u € L2 <R+; [Hl(Q)]d> nee <R+; [L2(Q)]d> ,p € L2 (RT; Q) such that:

0 vdQ+v [, Vu-VvdQ + [[(u- V)u] - vdQ
— JopdivvdQ = [, f-vdQ+ fFN Y-vdy Vvev, (4.9)
JoadivudQ =0 VqeQ,

with ulp ) = ¢p and u|,_y = up. The space V' is the one in (4.7) while @ is the
space introduced in (4.8). Let’s also keep in mind that we are requiring continuity
in time.

As we have already anticipated, existence of solutions can be proven for this problem

for both dimensions d = 2 and d = 3, whereas uniqueness has been proven only in
the case d = 2 for sufficiently small data.

4.5 The Reynolds number

Let us define the Reynolds number:

_ UL
- v

Re

where L is a representative length of the domain € (e.g. the length of a channel
where the fluid’s flow is studied) and U a representative fluid velocity.

The Reynolds number measures the extent to which convection dominates over dif-
fusion.

e When Re < 1 the convective term (u- V)u can be omitted, and the Navier-
Stokes equations reduce to the so-called Stokes equations, that will be investi-
gated later.

e On the other hand, if Re is large, problems may arise concerning uniqueness
of the solution, the existence of stationary and stable solutions, the possible
existence of strange attractors, the transition towards turbulent flows.
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4.6 Stokes equations and their approximation

In this section we will consider the following generalized Stokes problem with homo-
geneous Dirichlet boundary conditions:

cu—vAu+Vp=f inQ
divau=0 in Q2 (4.10)
u=20 on 0f2

for a given coefficient o > 0.

This problem describes the motion of an incompressible viscous flow in which the
(quadratic) convective term has been neglected, a simplification that is acceptable
when Re < 1.

Moreover, one can generate a problem like (4.10) also while using an implicit tem-
poral discretization of the Navier-Stokes equations and by neglecting the convective
term (i.e. (u-V)u).

We have indeed the following scheme, where k denotes the temporal index:

k k—1

uwou AU+ VPR = £ (tF), xeQt>0,
divu® =0, xeQ,t>0
+ B.C.

Hence, at each time step t* we need to solve the following Stokes-like system of
equations:
oub — vAUF + VpF =5 in Q,
divu* =0 in Q (4.11)
+ B.C.

uk—1

where 0 = (At)~! and ¥ = f (%) + 2.

The weak formulation of problem (4.10) reads:

Find u € V and p € @Q such that

{ Joou v+ VU TV fopdivvdQ = [of-vd Yy eV,

JoadivudQ =0 Vg € Q,
where V = [H}(2)]? and Q = L3(9).

In the weak formulation of fluid dynamics problems like the Stokes problem, a key
transformation occurs with the term Vp-v from the strong form. This term is mod-
ified to pV - v in the weak form through integration by parts. The process is as
follows:

Integrating the term Vp - v over the domain ). This step involves applying inte-
gration by parts, which transforms the integral into a different form. The integration
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by parts formula states that fQ Vp-vdQ = — prV -vdQ) + fagpv -ndS, where
0f) denotes the boundary of 2 and n is the outward unit normal on the boundary.
However, due to Dirichlet boundary conditions, the boundary term |, s PV ndS
vanishes. Thus, the result simplifies to [ Vp-vdQ = — [(pV - vdQ.

a(u,v) = /(Uu -v+vVu- Vv)do,

@ (4.13)

b(u,q) = —/ g div udQ.
Q

With these notations, problem (4.12) becomes: find (u,p) € V x @ such that:

(4.14)

a(u,v) +b(v,p) = (f,v) YveV,
b(u,q) =0 Vg e @,

where (£,v) = 2% | [, fividSQ,

If we consider non-homogeneous boundary conditions, as indicated in (4.4), the weak
formulation of the Stokes problem becomes: find (101, p) € V x @ such that:

u,v)+b(v,p) =F(v) Vvev,

{a( ’ (4.15)
b(u,q) = G(q) Vg € Q,

where V' and @) are the spaces introduced in (4.7) and (4.8), respectively.

Having denoted with Ry € [Hl(Q)] “a lifting of the boundary datum ¢, we have set

u= u—Rp, while the new terms on the right-hand side have the following expression:

F(v)=(f,v)+ g Yvdy —a(Rep,v), G(g) = —b(Rep,q) (4.16)

4.7 Galerkin Approximation

The Galerkin approximation of problem (4.14) has the following form: find (uy, pp) €
Vi, X Qp, such that
a (uh,vh) +b (Vh,ph) = (f,Vh) Vv € Vi (4 17)
b(up,qn) =0 Yan € Qn

where {V}, C V'} and {Q}, C Q} represent two families of finite-dimensional subspaces
depending on a real discretization parameter h.

If, instead, we consider problem corresponding to non-homogeneous boundary data,
the above formulation needs to be modified by using F (vj) on the right-hand side of
the first equation and G (gp) on that of the second equation. These new functionals
can be obtained from (4.16) by replacing Ry with Rp¢, and replacing v with its
interpolant at the nodes sitting on I'y, ¥p,.
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4.8 Existence and Uniqueness

The following celebrated theorem is due to F. Brezzi, and guarantees uniqueness and
existence for problem (4.17):

Theorem 5 (Existence and Uniqueness). The Galerkin approximation (4.17) admits
one and only one solution if the following conditions hold:

e The bilinear form a(-,-) is:

a) coercive, that is o > 0 (possibly depending on h ) such that

a(vh,vy) > a|valli, Vi € V),
where V' = {vy, € V}, 1 b(vh,qn) =0 Vg, € Qn};
b) continuous, that is 3y > 0 such that
la (an, vi)| < yllunllvlvallv Van, v € Vi

o The bilinear form b(-,-) is continuous, that is 3§ > 0 such that

b (i, an)l < dllvallvllanllg  Yvh € Vi, an € Qn

e Finally, there exists a positive constant B (possibly depending on h) such that

Van € Qn,3vi € Vi 1 b(va,an) = BlIvallg ) llanll 2o
Under the previous assumptions the discrete solution fulfills the following a-priori
estimates:

A

1
u —||f
ol <~ IElv

1 Y
Ipnllg < 5 (1+ 2 ) I

N

where V' is the dual space of V.
Moreover, the following convergence results hold:

1)
fawl, < (14 5) (14 2) it fu-vill,

vLEV,
)
+ — inf — ,
aqhthllp anllg

g Y Y\ .
I =pllg < 5 (1+3) (Hﬂ)vi‘éfvh”“ Vill

§ oy >
+(1+-+— ] inf |[p—alp-
(15 05) i o=l

It is worth noticing that condition on § is equivalent to the existence of a positive
constant 8 such that:

b
f sup (Vh, qn) >
@ €Qn,an 70 v, eV}, v £0 ||Vh||H1(Q) ||€IhHL2(Q)

For such a reason it is often called the inf-sup condition.
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4.9 Algebraic formulation of the Stokes problem

Let us investigate the structure of the algebraic system associated to the Galerkin
approximation (4.17) to the Stokes problem. Denote with:

{0j € Vb, {¢r € Qn}

the basis functions of the spaces V}, and @y, respectively.

Let us expand the discrete solutions uy, and p; with respect to such bases,

N M
up(x) = > uipi(x), pa(x) =D prodr(x) (4.18)
=1 k=1

having set N = dim V}, and M = dim Q.

By choosing as test functions in (4.18) the same basis functions we obtain the fol-

lowing block linear system:
{ AU+B'P=F

BU — 0 (4.19)

where A € RV*N and B € RM*¥ are the matrices related respectively to the bilinear
forms a(-,-) and b(-,-), whose elements are given by:

A =laig] = [a(pj )], B = [bkm] = [b(om, dr)]
while U and P are the vectors of the unknowns,
U =[y], P=lpj]

The (N 4 M) x (N + M) matrix:

S— [‘g Bﬂ (4.20)

is block symmetric (as A is symmetric) and indefinite, featuring real eigenvalues
with variable sign (either positive and negative).

Proposition 3. S is non-singular if and only if no eigenvalue is null, iff ker(BT) =
0.

Proof. Let’s remember that A is non-singular, since it is associated with the coercive
bilinear form a(-,-). From the first of (4.19) we can formally obtain U as:

U=AYF-B'P) (4.21)
Using (4.21) in the second equation of (4.19) yields:

RP =BA'F, where R=BA'B'
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This corresponds to having carried out a block Gaussian elimination on system
(4.20).

In this way, we obtain a reduced system for the sole unknown P (the pressure),
which admits a unique solution in case R is non-singular. Since A is non-singular
and positive definite, we want to prove that the latter condition is satisfied if and
only if BT has a null kernel, that is

ker(B") = {0} (4.22)
where ker(BT) = {x e RM : B'x = 0}.
We proceed as follows:
Rp=0 = p=0 (uniqueness)

that is
(BA™'BTp¢)=0 V¢ = p=0

Let us take q = p. We require:
(A7'BTp,BIp) =0 = p=0
Set w = BTp. Since A is spd, we have
(A7'w,w) =0 = w=0

Finally,
(w=BTp=0 = p=0) < kerB? = {0}

O]

Proposition 4. Equivalency between inf-sup condition and full rank condition of BT
Condition (4.22) is equivalent to the inf-sup condition.

Proof. Note that condition (4.22) is violated iff Ip* # 0 with p* € RM such that
BTp* = 0 or, equivalently, if 3p} € Qp, such that b (p,,p;) =0 Vn =1,...,N. This
is equivalent to b (vp,p;) =0 Vvy, € V},, which in turn is equivalent to violating the
inf-sup condition. Indeed:

b(vn,
3Bn > 0 Vg, € Qp, 3VhinXh1M25h
[vallvllasllg
is violated if
b (vy, pr
Vﬁh>03p;ﬁLEQhVVhinXh:(Vh—ph*)<ﬁh
vallv [pi ]
Take now —vy, :
b(—vp, p; b(vh, P’
(Cvpi) _ blwpi)
illolloille ~ Tvallollmillg

Then
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b (Vha pZ)

_ﬁh < T
vallvlpillg

< Bn

Because of the arbitrariness of 3, we conclude that b (vp, pj) = 0 Vvj, € Xj,. On
the other hand, since A is non-singular, from the existence and uniqueness of P we
infer that there exists a unique vector U which satisfies (4.21), and so the inf-sup
condition does hold. In conclusion, system (4.22) admits a unique solution (U, P) if
and only if condition (4.22) holds.
O

Remark We recall that, for an arbitrary matrix BT € RV*M  we have rank (BT) +
dimker (BT) = min(M, N).

Then, condition (4.22) is equivalent to asking that B” (and consequently B) has
full rank, i.e. that rank (BT) = min(NV, M), because rank (BT) is the maximum
number of linearly independent row vectors (or, equivalently, column vectors) of BT

Let us consider again the remark about spurious pressure modes concerning the
general saddle-point problem and suppose that the inf-sup condition does not hold.
Then:

g € Qn: b(vh,q) =0 Vvi € V. (4.23)

Consequently, if (uy, py) is a solution to the Stokes problem (4.17), then (uy, pr, + qj)
is a solution too, as:

a(up,vy) +b(vh,pn +q;) = a(up, vi) + b0 (Va, pr) + b (Vi q)
=a(up,vp) +0(vp,pr) = (£, vi) Vv € Vi

Functions g;; which fail to satisfy the inf-sup condition are invisible to the Galerkin
problem(4.17). For this reason, as already observed, they are called spurious pres-
sure modes, or even parasitic modes. Their presence inhibits the pressure solution
from being unique, yielding numerical instabilities. For this reason, those finite-
dimensional subspaces that violate the compatibility condition are said to be unsta-
ble, or incompatible.

Two strategies are generally adopted in order to guarantee well-posedness of the
numerical problem:

e choose spaces Vj, and @)y, that satisfy the inf-sup condition;

e stabilize (either a priori or a posteriori) the finite dimensional problem by
eliminating the spurious modes.

4.10 Compatible couples of spaces

Let us analyze the first type of strategy. To start with, we will consider the case of fi-
nite element spaces. To characterize QQ, and V}, it suffices to choose on every element
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of the triangulation their degrees of freedom. Since the weak formulation does not re-
quire a continuous pressure, we will consider first the case of discontinuous pressures.

As Stokes equations are of order one in p and order two in u, generally speaking
it makes sense to use piecewise polynomials of degree k > 1 for the velocity space
Vi, and of degree k — 1 for the space Q.

In particular, we might want to use piecewise linear finite elements P; for each
velocity component, and piecewise constant finite elements Py for the pressure. In
fact, this choice, although being quite natural, does not pass the inf-sup test (4.19).

When looking for a compatible couple of spaces, the larger the velocity space V},, the
more likely the inf-sup condition is satisfied. Otherwise said, the space V}, should be
"rich" enough compared to the space Qy,.

In the following pictures, by means of the symbol [ we indicate the degrees of
freedom for the pressure, whereas the symbol e identifies those for each velocity
component.

Figure 4.1: Case of discontinuous pressure: choices that do not satisfy the inf-sup
condition, on triangles (left), and on quadrilaterals (right)

In this figure we report three different choices of spaces that fulfill the inf-sup con-
dition, still in the case of continuous velocity and discontinuous pressure. Choice
(left) is made by P2 — Pg elements, (center) by Q2 — Py elements, while choice (right)
by piecewise linear discontinuous elements for the pressure, while the velocity com-
ponents are made by piecewise quadratic continuous elements enriched by a cubic
bubble function on each triangle - these are the so-called Crouzeix-Raviart elements.

A /N * A e
/N 7 \\ T A
] /'/ \'\ // & S ® @ ° O f/ 5 \'\. / \
/ \ / \'\ / A /o o\
¢ o » ® é o o

Figure 4.2: Case of discontinuous pressure: choices that do satisfy the inf-sup con-
dition: on triangles, (left), and on quadrilaterals, (center). Also the couple (right),
known as Crouzeix-Raviart elements, satisfies the inf-sup condition

In this figure, we report two choices of incompatible finite elements in the case of
continuous pressure. They consist of piecewise linear elements on triangles (respec-
tively, bilinear on quadrilaterals) for both velocity and pressure. More generally,
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finite elements of the same polynomial degree k > 1 for both velocity and pressure
are unstable (equal order interpolation).

/ \ / \
| \ / \
® o +— 17

a h

Figure 4.3: Case of continuous pressure: the couples displayed in this figure do not
satisfy the inf-sup condition.

In this figure, the elements displayed are instead stable. In both cases, pressure is a
piecewise linear continuous function, whereas velocities are piecewise linear polyno-
mials on each of the four sub-triangles (left), or piecewise linear polynomials enriched
by a cubic bubble function (right).

/"'.\ R\ /’.\._ /D\
/ \ / Y _,-ff. \'\ / S
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Figure 4.4: Case of continuous pressure: the elements used for the velocity compo-
nents in (left) are known as Pi-iso P2 finite elements, whereas couple (right) is called
mini-element

The pair P2 — P; (continuous piecewise quadratic velocities and continuous piecewise
linear pressure) is stable. This is the smallest degree representative of the family
of the so-called Taylor-Hood elements Py — Px_1,k > 2 (continuous velocities and
continuous pressure), that are inf-sup stable. They yield the following error estimate:

o =l e + 12 = Pall 2y < ORF <|“|[Hk+1m)]d + |p|[Hk(m]d>

4.11 Time discretization of Navier-Stokes equations

We consider the following semidiscretized formulation:

{ MEGE + Au(t) + Clu(h)u(t) + BTp() = (1) (4.24)

Bu(t)=0

with u(0) = ug. C(u(t)) is in fact a matrix depending on u(t), whose generic
coefficient is ¢, (t) = c(u(t), @;, @mm)-
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For the temporal discretization of this system let us use, for instance, the #-method,
that was introduced for parabolic equations. By setting:

u) ™ = u"t + (1 - o)u”

p’g"rl _ 9p7”L+1 + (1 . e)pn

£ = 0f (") + (1 — 0)Ff (")

Co (u™H™) w1 = 9C (u™) u™™ + (1 - 0)C (u") u”

we obtain the following system of algebraic equations:

Mun-&-i;un + Ag—H 4 C@ (un+1,n) un—l—l,n 4 BTpg-i—l _ fgl—i-l (425)
Bu"t!' =0

Except for the special case § = 0, which corresponds to the forward Euler method,
the solution of this system is quite involved.

A possible alternative is to use a semi-implicit scheme, in which the linear part
of the equation is advanced implicitly, while nonlinear terms explicitly.

By doing so, if & > 1/2, the resulting scheme is unconditionally stable, whereas
it must obey a stability restriction on the time step At (depending on h and v) in
all other cases.

4.12 Finite difference methods

We consider at first an explicit temporal discretization of the first equation in (4.24),
corresponding to the choice # = 0 in (4.25). If we suppose that all quantities are
known at the time t", we can write the associated problem at time " + 1 as follows:

(4.26)

Mu"*! = H (u", p", f")
Bu"t =0

where M is the mass matrix whose entries are

mij Z/SOz‘SDde
Q

This system does not allow the determination of the pressure p”*!. In particular,
there is no way to enforce the divergence free constraint on u”**.

However, if we replace p” by p"*! in the momentum equation, we obtain the
new linear system

ﬁMun-ﬁ—l + BTpn-H =G
Bu"tl =0

G being a suitable known vector.

This system corresponds to a semi-explicit discretization of (4.24). Since M is sym-
metric and positive definite, if condition (4.22) is satisfied, then the reduced system
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BM~! BTp"t! = BM~!'G is non-singular.

This discretization method is temporally stable provided the time step satisfies the
following limitation (of parabolic type):

2
AtSCmin(h h )

v maxxeq [u(x)|

Let us now consider an implicit discretization of (4.24), for instance the backward
Euler method, which corresponds to choosing § = 1 in (4.25). As already observed,
this scheme is unconditionally stable. It yields a nonlinear algebraic system which can
be regarded as the finite element space approximation to the steady Navier-Stokes
problem

divu™™ =0
The solution of such nonlinear algebraic system can be achieved by Newton-

Krylov techniques, that is by using a Krylov method (e.g. GMRES or BiCGStab)
for the solution of the linear system that is obtained at each Newton iteration step.

{ —vAu" ! 4 (0"t V) un 4 vprtt 4 B = f

We recall that Newton’s method is based on the full linearization of the convec-

. n+1 n+1 n+1 n+1
tive term, uy, Vu, o +ugly -V

A popular approach consists in starting Newton iterations after few Piccard iter-

ations in which the convective term is evaluated as follows: uZH . VuZIll.

This approach entails three nested cycles:
e temporal iteration: t" — t"+1;

. . . oon+1 n+1,
e Newton iteration: xp™ " — x;7;

e Krylov iteration: [XZH]]. — [XZH]].H;
for simplicity we have called x™ the couple (u"™, p™). Obviously, the goal is the
following convergence result:

lim lim [XZHL' = [

un+1
k—o0 j—00

anrl

Finally, let us operate a semi-implicit, temporal discretization, consisting in treating
explicitly the nonlinear convective term. The following algebraic linear system, whose
form is similar to (4.22), is obtained in this case

Bit g (4.27)

where G is a suitable known vector. In this case the stability restriction on the
time step takes the following form:

h
At<C (4.28)
maxxeq |u”(x)|

In all cases, optimal error estimates can be proven.
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4.13 Time dependent Generalized Stokes problem

Fully explicit discretization

The fully explicit discretization of the weak formulation of (Time Dependant Stokes)
using (FE) with time step At is

n+l__.n
Jo v+ a (U, vi) + b (va, pp) = F" (vi)  Vvy, € W,

b(upt g,) =0 Van € Qn,

110 = Uyp.

Which can be put in the form:

Mu™t = AtG (u™, p™, 1),
Bu"t! = 0.

The second equation is impossible to be satisfied, so this is not a functioning
numerical method.
Semi-implicit discretization

The semi-implicit discretization using (FE) and (BE) is in the same form as the fully
explicit one, except for the first equation, which is instead:

u’rH—l o uZ . )
/Q hTVh +a(up,vp) +b (VhapZJr ) =F"" (vy).

The problem can be put in the form:

% BT un+1 _ H(un’fn—i—l)
B 0 pn+1 0

The stability condition is the following one:

AT < —.

1%

We can also illustrate the semi-implicit © method:

For every n > 0, find u™ € V},, p™ € Qp, such that Vv, € Vj:

1
E(u”+1 —u", vp,) +a(u”,vy) +b(vp, 0"+ (1 - 0)p™) = (OF" T + (1 - 0)F", vy,)

b(Ou™ !, qp) = GMTH (1= 0)u", qn) Van € Qn
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Fully implicit discretization

The fully implicit discretization using (BE) is in the same form as the semi-implicit
one, except for the first equation, which is instead:

up ! — u;, 1 1 1
| e a () b () = B ().
Q

B 0 pn—H 0

S w

[&t(l\“ A) BT} [u”“] _ [H(u”,f”“)}

This method is unconditionally stable.
We can also illustrate the fully implicit © method:

For every n > 0, find u™ € V},, p™ € Qp, such that Vv, € Vj:

é(u"“—u",Vh)+a(9u"+1+(1—9)u",Vh)+b(vh,9p"+1+(l—9)p”) = (F" T (1-0)F", vy,)

b(u™t, gp) = G"TH (1= 0)u", qn) Van € Qs

4.14 Generalization of the Stokes problem to N-S

In this section we will revise the concept already presented in section 4.12, starting
from the generalization of the Stokes problem. Some of the information presented
will be redundant. There is also an inconsistent notation since here, fully/semi or
implicit /explicit refer just to the nonlinear ¢ term. In particular in this section the
approach followed in class will be presented, while section 4.12 followed the approach
presented in the reference textbook.

The terms in the semi-discretized formulation of (NS) in common with that of (Time-
GS) are discretized in time using fully implicit discretization, while the remaining
term c(up, up, vy) can be discretized in multiple ways. We start from the linear
system arising from the fully implicit Stokes discretization, Sw = G which has the
advantage of not having any stability restrictions. The cost would be similar to the
one starting from the semi-implicit discretization, so this last one is preferred.

Fully Explicit Discretization

The discretized term c using Forward Euler can be put in the form N (u”)u”. The
problem is still in the form Sw = G, with G := G — N (u”) u”. This method has
the following stability condition:
h
At<C (4.29)

T maxxeq ju™(x)]

An explicit treatment of the nonlinear term leads to this kind of algorithm:

(u*-V)u™ = (u" - V)u"
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corresponding to the following time discretization

n+1 n

% _ I/Aun—H + (un . v)un + vpn-i-l — fn-i-l’ in Q

diva™t! = 0.
The problem to solve at each time step reduces, in this case, to a generalized Stokes
problem characterized by a symmetric matrix which does not change at each time
step. This strong reduction of the computational complexity required at each time
step is, however, balanced by poorer stability properties. In particular, due to the ex-
plicit treatment of the convective term, the time step should satisfy a CFL (Courant-
Friedrichs-Lewy) condition given by

h
At <

= )
n
[u" |0

which may become too penalizing in presence of high velocities.

Semi-implicit discretization

The term ¢ can be discretized using (FE) and (BE) and put in two different forms,
c (uZ“, uZ,vh) and ¢ (uZ, uZ“,vh), resulting in two different matrices and linear
systems:
ﬁ(MJrA) +Cl/2 BT] |:u’n+1:| B [H(u",fnJrl)]
B 0 pn+1 0

The only difference from the original algebraic version of the Stokes system is
the fact that the resulting matrix is non symmetric. The stability conditions are the
following:

e At, < Kh in the case of (1, ¢ (uZH, uZ,vh) .

h : . n n+1
[ Atn < m in the case of 02, C (uh, uh ,Vh).

We can have thus 2 discretization schemes:
(u* - V)u* = (u" - V)u"t.
or
(u*-V)u*" = (u"+1-V)u"
The resulting time-discretization of the Navier-Stokes problem reads
un+1 —u”
A . VAunJrl + (un . V)un+1 + vpn+1 _ Fn+1’ in O

diva™t! = 0.

or alternativly:

n+1 n

% _ I/Aun+l + (un—i-l i v)un + Vpn-H _ Fn-&-l’ in O

diva™t! = 0.



74 CHAPTER 4. NAVIER STOKES

The advantage of this approach with respect to the fully implicit case relies on the
fact that, in this case, the system to be solved at each time step is linear. However,
the matrix depends on the solution u™ and needs to be recomputed each time and
is non-symmetric. The computational cost for one time step is equivalent to one
iteration of the fixed-point algorithm for steady state. (Parolini,N. Computational
Fluid Dynamics).

Fully implicit discretization

The discretized term ¢ using (BE) can be put in the form N (u"*!) u"*!, which is
a nonlinear term. The problem is in the form:

Sw 4 < N(un+01) unt! > _c

which is a nonlinear algebraic system. This method is unconditionally stable.
If we consider an implicit treatment for the nonlinear convective term, namely:

(u* . v)u* _ (un—l-l . v)un—l-l’
the resulting time-discretization reads:

u"t —u" - AtvAu™ 4 At(u™T V)un T 4 AtV = At i Q

divu™*! = 0.
In this case, the algebraic system to be solved at each time step is nonlinear, thus
requires for its solution a fixed-point or Newton iteration. The computational cost of
such approach is further incremented by the need of assembling matrix (and possibly
preconditioner) at each time step. On the other hand, the main advantage of an
implicit approach is that it is unconditionally stable regardless the time step used.
(Parolini, Computational Fluid Dynamycs).

Error analysis of fully discretized problems

If Taylor-Hood elements with degree k& and a time discretization method of order ¢
are used, we have the following error estimate:

vt > 0, [[u(t) = un(t) [ o) + () = Pr(t) |20y < € (D27 + B¥)

(’u(t)\mﬂ(ﬂ) + ()| r (o) + K (9puf(t), 3tp(t)))

for a certain C' € R, where the term K (0;u(t),0:p(t)) . represents a measure of
the time derivatives of the exact solutions at time ¢.

These prove, in particular, that the gradient of the discrete solution (as well as
that of the weak solution u) could be as large as pg is small.



Chapter 5

The ADR Boundary Value
Problem

5.1 Complete Case

In this chapter we consider the following general formulation for an Elliptic Boundary
value problem problems. By choosing some coefficient to be null, all the particular
cases can be recovered.
-V - (uVu)+V-(bu)+c-Vu+ou=f in(,
u=gp on I'p, (5.1)
(uWVu —bu) -n+~yu =gy on I'y,
where i, o, f, b and c are given functions or constants. In the most general case,
we will suppose that p € L®°() with u(x) > po > 0,0 € L=(Q), b,c € [L>®°(Q)]?
with div(b —c) € L®(Q), and f € L?(Q2). Moreover v € L>(95) is a constant and
gp € HY?(09) and gy € L?*(99), in order to have the continuity of the functional
on the right-hand side.
Weak problem formulation

We will expand the first terms using the Green Inequalities:
V- (pVuv) =V - (uVu)v + uVu - Vo

Applying Gauss theorem we get:

/ =V - (uVu)vdQ = uVu - Vodz — / uVu - ndl’
Q r

N

For the second term instead we get:
V- (buww) =ub-Vv+ V- (bu)v

Applying again Gauss theorem:

/V'(bu)v:—/ub'Vz}dQ+/ b - nuvdl’
Q Q 'n

75
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So we will get on the right hand side:

/ —(uVu — bu) - nvdQ
'y

which we will substitute with:

/ yuv — gyvdl’
'y

Let V = H{,(Q) such that V = {’U € HY(Q) : U, = gd}. By introducing the
bilinear form a: V x V — R:

a(u,v) = / uVu-Vde—/ ub-Vde—i—/
Q Q

vc-VudQ—i—/
9

oude+/ ~yuvdl' (5.2)
Q T'n

Introduce the lifting function R, such that R,, € H'(Q) and R,,, = gp on I'p.
The new unknown function is & = u — R, ,,, which satisfies & = 0 on I'p.
The weak form simplifies to:

9pD>

a(ﬁ,v):/fvd(l—i—/ gyvdl' —a(Ry,,,v)
Q I'n

where:
o V= H%D (Q) as the space of test functions.

e The bilinear form a(u,v) and the linear form F'(v) are defined by:

a(t,v) :/MVQ-Vde—/ be-Vde+/
Q Q

ve-Vi dQ+/
Q

ot dQ+ / ~yav dI’
Q I'n

F(v):/QfUdQ—l—/F gyvdl' —a(Ry,,v).

The weak formulation becomes :
Find © € V such that:

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

The actual solution u can be recovered by u = 4 + Ry,,.

In order to prove the existence and uniqueness of the solution of (5.12) we will
put ourselves in the condition to apply the Lax-Milgram lemma.

To verify the coercivity of the bilinear form a(-,-), we proceed separately on the
single terms:

For the first term we have:

/ uVo - VodQ > MOHVUH%;(Q) (5.3)
Q

As v € HE (), the Poincaré inequality holds (see (2.13 NMDP)); then
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[Vl 0y = [0lF2(0) + IVollFa) < (1+C8) [Volfzq)

and therefore it follows that

Ho 2

We now move to the convective term. Using Green’s formula (3.16 NMDE) yields

—/Qv(b—c)-Vde:—;/Q(b—c)-V(UQ)dQ:;/QUQV-(b—c)dQ—;/ (b c) - nvldy

'y

Then we can conclude another two conditions for the coercitivity, taking into
account also the term related to o and ~:

1 1
iv-(b—c)—l—JZO a.e. in £, 7—§(b—c)-n20 a.e. in I'y (5.4)

Consequently, the bilinear form a(-,-) is coercive, as

_ Mo
14+ C3

To prove that the bilinear form a(-,-) is continuous, that is it satisfies (2.6
NMDP), we bound the first term on the right-hand side of (5.11) as follows:

a(v,v) > alp|} Yo eV, with «

(5.5)

[ 500 < oo Fulbao Folhacey < Dl 6.0

We have used the Holder and Cauchy-Schwarz inequalities (see Sect. 2.5), as well
as the inequality [|[Vwl|i2(q) < [[w|lvq) Yw € V. For the second term, proceeding in
a similar way we find

| - vudg| < [blhsqollulyoo [ Vol < [Blus@llelviuly 6.7

| ve- vud| < lelhwo oz Vullz < leluslelvliuly — (6:3)

For the last term we have, thanks again to the Cauchy-Schwarz inequality:

\ /| auvcm' < ol luvllay < C3lollialullv ol (59)

Indeed, [luv[lL2) < [lullLyollviliag) < C*llullm@llvlla o), having applied in-
equality (2.18 NMDP) and exploited inclusions (2.19), with C' being the inclusion
constant. Remember that in Hj or equivalently in H} [, the || - || is equivalent to
the |- ||, H}  DOIMS, due to the Poincaré inequality.
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Finally, applying Cauchy Scharz on the boundary and the trace inequality we
get:

[ quwdr < e ulvlely
I'n
Summing all the terms we obtained, the continuity property (2.6 NMDP) follows
by taking, e.g.,
M = ||l o) + bl ooy + llell oo () + CPllollr2) +7C™ (5.10)

On the other hand, the right-hand side of (5.12) defines a bounded and linear
functional thanks to the Cauchy-Schwarz inequality and to the Poincaré inequality
(2.13 NMDP). This must be proved, let’s do it. We need Ryp, the extension of gp
to the whole domain, to be in H'(), thus we require that gp € H'/?(9), and then
we can apply the trace inequality:

[F)] < [1flz2@llvllzz) + lanll L2y [0z + M I1Rgp Iy llvllv

< (Il + Cllawllzaqry) + Mapllizaony ) ol = Kol
The Galerkin approximation of the problem is:

findup, € V1 a (uh,vh) = (f, ’Uh) Yup € Vp, (5.11)

where V}, is a suitable family of subspaces of V' = HllD. By replicating the proof
carried out above for the finite element formulation, the following estimates can be

proved:
\/ 14 C3
Vo

Ho

These prove, in particular, that the gradient of the discrete solution (as well as
that of the weak solution u) could be as large as pg is small.

Moreover, the Galerkin error inequality gives:

1
HuhHVh < aKa HvuhHL2(Q) <

M .
Ju=unlly < 5 it flu=vally (5.12)

By the definitions of o and M, the upper-bounding constant M/« becomes as
large (and, correspondingly, the estimate (5.12) meaningless) as the ratio ||b|| zeo )/ [l ll oo (@)
(resp. the ratio |lo|z2(q)/[lptllL>(@) ) grows, which happens when the convective
(resp. reactive) term dominates over diffusive one.
In such cases the Galerkin method can give inaccurate solutions, unless - as we
will see - an extremely small discretization step h is used.



Chapter 6

Stokes Equation

Let © C R®be a domain. Let us consider the stationary Stokes problem:

(—vAu+Vp =f inQ,

V-u =0 in €,

u =u;, on i, (6.1)
v(Vuin —pn = —poyn  on L'y,

(u =0 FD,

where u: Q — R3 and p : © — R are the velocity and pressure fields of a viscous,
incompressible fluid.

Derive the weak formulation of the problem.

Solution. Let us introduce the function spaces

V={ve Hl(Q)S:v:uin on Iy, v=v=0onTp},
Vo =A{v eHl(Q)B:v:O on iy, v=0onIp},
Q=L*Q).

/Vp-vd:c:—/pv-vdx+/ pn - vds,
Q Q INN

/V-Audm = —/ Vv : Vudm+/ v-(Vu)nds = —/ Vv : Vud:zH—/ v-a—uds.
Q Q I'nv Q I'n an

Thus, we get:

/VVu:Vvdx—/pv-vdx:/f-vdx+/ —Poutn - V da. (6.2)
Q Q Q r

I'n

We can write the velocity in terms of a lifting function for the boundary datum:

u=ug + R(uy,) (6.3)

79
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Where ug € Vy and R(uj,) € V such that R(uj,) = uin on T, and V- R(uy,) = 0.
Inserting equation (6.3) into equation (6.2), we obtain:

a(ug,v) +b(v,p) = F(v) — a(R(uin), v).

We proceed similarly for the second equation: we multiply by ¢ € @) and integrate

over €):
/ V. .qudzxr =0,
Q
/ qV -ugdr =0,
Q
b(llo,(]) =0.

Therefore, the weak formulation reads: find ug € Vj and p € @ such that, for all
v € Vj and g € @Q, the following holds:

a(ug,v) + b(v,p) = F(v) — a(R(uin), v),
b(u07 Q) = _b(R(uin)7 Q)'

Galerkin Formulation

Let us introduce a mesh over €2, and let Vg, = Vo N (X,’;(Q))?’ and Q, = QN X} (Q).
Then, the discrete weak formulation reads: find ug; € Vo, and pj, € Qp such that,
for all vi, € Vg5, and g, € @p, there holds

a(ugp, vy) +b(vy,pr) = F(vy) — a(Rn(Uin), Vp),

b(un, gn) = —b(Ru(Win, qn))-

Upon discretization, this leads to an algebraic system of the form

A BT [U] _[F

B 0 P| |0]’

where, denoting by {gbi}f\ill the basis functions for the velocity space and by {(bi}f\g’l
those for the pressure space,

Ai]’ = / V’lﬂl : V¢] dl’,
Q

Bij:_/¢i'¢jdxa
Q

Fiz/f-z,bidﬁ/ —pouin - t; o
Q Ty
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