Engineering Notes on Concepts )
of the Finite Element Method e
for Elliptic Problems

Jorg Schroder

Abstract In this contribution, we discuss some basic mechanical and mathemati-
cal features of the finite element technology for elliptic boundary value problems.
Originating from an engineering perspective, we will introduce step by step of some
basic mathematical concepts in order to set a basis for a deeper discussion of the
rigorous mathematical approaches. In this context, we consider the boundedness of
functions, the classification of the smoothness of functions, classical and mixed vari-
ational formulations as well as the H~!-FEM in linear elasticity. Another focus is
on the analysis of saddle point problems occurring in several mixed finite element
formulations, especially on the solvability and stability of the associated discretized
versions.

1 Introduction

This chapter deals with some fundamental concepts needed for the understanding of
the mathematical background of the finite element method (FEM). Starting from a
one-dimensional boundary value problem, we motivate the formulation of an abstract
minimization problem in order to generalize the problems occurring in the numerical
approximation of elliptic boundary value problems. The presented general explana-
tions originate from an engineering point of view and are consulted of the mathe-
matical framework needed for a deeper understanding. Of course, there are a variety
of excellent textbooks dealing with this topic, from the engineering as well as from
the mathematical point of view. Textbooks with a more mechanical motivation are
(amongst many others) e.g. Hughes (1987), Wriggers (2008), Auricchio et al. (2004),
Gockenbach (2006), Berdichevsky (2009), Becker et al. (1981), and Oden and Carey
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(1983); representatives with a mathematical background are e.g. Braess (1997), Boffi
etal. (2013), Oden and Reddy (1976), Brenner and Scott (2002), and Ern and Guer-
mond (2013).

2 Introductory Example and Propaedeutic Remarks

Let B c R? be the body of interest parametrized in x € RY with d = 1, 2, 3. The
boundary 9B of B is decomposed into 3By and d/5p, where Neumann and Dirichlet
boundary conditions are prescribed, respectively. They satisfy

dB=0ByUdBp and dByNoBp=9. (1)

The boundary value problem is typically defined by a set of partial differential equa-
tions (PDEs) on the open domain B and boundary conditions.
For simplicity we start with the simple one-dimensional (d = 1) boundary value
problem
— (EAW (x))' + Ku(x) =f(x) in xe B=(0,]), )

with Young’s modulus E > 0, cross section A > 0, and continuous elastic support
K, > 0, with units [E] = N/m?, [A] = m?, [K;] = N/m?, [u] = m, [f] = N/m, see
Fig. 1. At x = 0 a Dirichlet and at x = / a Neumann boundary condition is applied:

uw(0) =0 and EAW () =1, 3)

respectively. For the following explanations, we assume that the solution u(x) and
the distributed loading f (x) are sufficiently regular.

Analytical solution. The general solution of (2) for constant EA and f(x) =
fo + Af x/1 is based on the ansatz

u(x) = e ~ u'(x) =re ~ U (x) = A, “4)

Substituting these expressions into the homogeneous part of (2), denoted by u(x),
yields

Fig. 1 Bar with continuous
elastic support f(z)
—_— — > — > — > — > — > > —
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K,
(—EAM +K)e™ =0 ~ A==+ T +a, (5)

i.e., the solution is of the form

Wx) =cret™ +cre

. . e+otx + e ox . . e+ax — e
=C1+0) —F—+@C—¢) ———. (6)
N 2 —— 2
C1 " 2 .
cosh(ax) sinh(ax)

Adding the particular solution fy /K, + (Af - x)/ (K, 1) yields

A
u(x) = ¢; cosh(ax) 4 ¢, sinh(ax) + JI;—O + ?f ; . 7

Evaluating the boundary conditions yields the analytical expressions for the constants
¢y and c¢;:

u(0) = c1+f—0=0
K;
—fo
—)Cl=?,
’ Af 1 (8)
() = coacosh(wl) + —- =1
K, 1
Af 1\ 1 _,
- o=|—-—-]—-%{ +tanh(al)).
K, l) «

A weak formulation of the boundary value problem is obtained by multiplying
(2) with a test function §u and partial integration:

1 !
/ (EAW'Su' + Ky u Su)dx = / foudx+1t;8ul) YéueV, 9)
0 0

where V is a suitable space of functions, e.g., a Hilbert space. All test functions §u €
V have to vanish at the Dirichlet boundary condition 6u(0) = 0. In the variational
formulation u is an element of the class of trial functions V;,;;;. The collection of
both functions are denoted as admissible functions; in this simple case, V and V,y
coincide and have to satisfy

1
V= Vi = {u(x) : / (i + )?) dx < oo, u(0) = 0} . (10)
0

The idea of approximation methods is to compute an approximate solution u;, € V,,
in the finite-dimensional subspace V,, C V, based on
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Fig. 2 Linear ansatz functions of neighboring elements, £ € [—%, %]

1 1
/ (EA, 8u), + Ky, Sup)dx = / foupdx + 1, 8up(l) YoupeVy. (11
0 0

In order to do this within the finite element method, we have to subdivide the
domain in numj, subsections, here we choose individual finite elements with (for
simplicity reasons) unit length /° = [/numee. On this individual elements we define
a set of ansatz functions, i.e., shape functions N;|i = 1, ... k with local support. We
use piecewise polynomial functions which are globally C° continuous, as depicted
in Fig.2.

In this case, the continuity can be easily enforced by sharing the degrees of free-
dom at the interface between two neighboring elements. With this definitions we
approximate the individual fields on element level as follows:

up =N°d®, Su, =N°8d°, w,=B°d’, Su, =B°sd° (12)

with the matrix of shape functions N¢, the matrix containing the derivatives of the
shape functions B¢, and the vectors of nodal (virtual) degrees of freedom (8d¢) d° of
the element e € {1, 2, ..., numg}:

d¢ édf N N
d=|"1|, &= L, N°= , B°= ~ . 13
o-[d] w=GE] v-[R] e-[] @

After substituting these approximations equation (11) is reformulated into

NUMeje

> 8d" | (EABB® + KN N)dx d* =
e=1 r

ke

NuUMeje

Y 8T | f N dx+ 0 8d () (14)

e=1 e

3deTre
NUMee

— Z ﬂET{kede_Ze} —0.

e=1



Engineering Notes on Concepts of the Finite Element Method for Elliptic Problems 5

Assembling the element matrices,

K= A K. R= N . (1)

SD'{KD-R} =0 V4D — KD=R, (16)

yields

where K is the global element stiffness matrix, R the global right-hand side, D the
global vector of unknowns, and §D the global vector of virtual node displacements.
The FEM solution is depicted for a various number of elements numgj. based on a
constant K; in Fig. 3. Figure4 compares the approximation with numg = 16 to the
analytical solution considering different values of Kj.

Generalizations: In order to formulate an abstract minimization problem we
define a quadratic energy functional J (1), e.g., the total potential energy,

J() = %a(u, u) — L(u) , (17

with the symmetric form a(u, v) = a(v, u). We assume that a(u, u) is positive defi-
nite, i.€.,
a(v,v) >0 Vv #0. (18)

0.06
numee =1

0.05 | numee =2
numele =4 /
0.04 + nume, =8 o //
nume, =16 / 7/ d /
0.03
Vi d
/ /
0.02 4
//
0.01 e
| /
0

Fig. 3 Approximate FEM solution for numee = {1, 2,4, 8, 16} (K5 = 10* kN/m?, E = 210 - 10°
KN/m2, [ =4 m, ; = 250 kN, fo = Af = 10 kN/m)

IR R

w Iin m

1 2 3 4
beam length in m
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0.1+

0.08 |

0.06

u in m

0.04

0.02

0k i i i i
0 1 2 3 4

beam length in m

Fig. 4 Comparison of analytical and approximate FEM solution (numeje = 16) for various values
of Ks; = {103, 10%, 105,210 - 10°} kN/m2, E = 210 - 103 kN/m2, ; = 250 kN, fo = Af = 10°
kKN/m, [ =4 m

Abilinear forma : V x V — Riscalled H-elliptic (or simply elliptic) if there exists
a constant ¢, > 0 such that
a(,v) > ¢ vll; YveV. (19)
The H -elliptic bilinear form induces the so-called energy norm
Iolla = Va(, v). (20)

which is equivalent to a norm of the associated Hilbert space H. Under this assump-
tions the minimization problem

J(u) = néi\r/lJ(v) , 21

I
where the minimum is characterized by (J'(u), v) := / J' (1) vdx = 0, which is
0

equivalent to the variational problem
find u eV satisfying a(u,v) =L({v) VYveV. 22)

Identifying our model problem with the abstract formulation yields the quadratic
functional
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l 1
a(u, u)=/ EA(u’(x))zdx+/ K, (u(x))* dx (23)
0 0

and the linear functional

!
L(u) = / ulx) f(x)dx +t;u(l) 24)
0

with the Dirichlet boundary condition u(0) = 0, to be satisfied by the function u(x),
and the Neumann boundary condition EA u'(l) = t;, appearing as a natural boundary
condition in the functional.

Modus operandi. There are several direct methods for the computation of the
approximate solution. Beyond this, there are several mathematical frameworks
for the qualitative analysis of the existence and uniqueness of solutions. Beside
well-known direct methods for the treatment of established models, described by
partial differential equations, this topic is rather important for the derivation of new
models in continuum thermodynamics. In this contribution, we want to motivate the
main ideas of this scientific branch.
A functional is called bounded from below on the space V, if there exist a
constant ¢ € R, such that
Jw)>c YueV. (25)

This requirement can be violated if the functional is not bounded by below on V
or if it is bounded by below but its minimum is not reached on V, for a physical
interpretation see Berdichevsky (2009), Chap.5.

We assume that in the quadratic functional a(u, #) of our model problem (23)
u(x) is a differentiable function and that the integrals exists. We conclude with the
meaningful engineering constants

FA>0 and K; >0, (26)

that a(u, u) is obviously nonnegative and therefore bounded from below. A linear
functional L(u#) =< [, u > is bounded (from above) if for C; > 0

IL@)|| = [L(w)| < Crllull YueV. 27)
Now we have to answer the question, if the functional (17) is bounded from below or

not. Let us consider our model problem. Our functional (17) can now be estimated,
compare Braess (1997) Chap. 2.5, by
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1
S Callull® = 121 flul

J(u) >
[ , 2 e e
= 5Ca <||14|| — E”l“ [luell + ? - g) »
1 N> 2 (28)
= e [l = 22) - T&
2 Co( 2C0{
_

2¢y

Obviously, the functional is bounded from below.

Lax—Milgram Theorem (existence of classical solutions); Let V' be a Hilbert
space, a : V x V — R a continuous and H-elliptic bilinear form definedon V, L €
V' any continuous linear functional. Subject to these conditions there exists a unique
solution

ueV

such that
a(u,v) =Lw) VveV. |

Reminder, the properties of the bilinear and linear form are:

e the bilinear form has to be continuous (bounded from above), i.c., there exists a
constant C, € R*! such that

la(w, v)| < Cq |lwllvlvly Yw,veV,
e the bilinear form has to be H-elliptic, i.e., there exists a constant ¢, € RT such
that
a(,v) = ¢4 vlly YveV,
e the linear functional L is continuous, i.e., there exists a constant C; € R* such
that
L) = Crlvlly YveV.

Note: From the continuity of the bilinear form a(-, -), discussed in exercise 1, we
obtain |a(u, u)| < C, ||u||*>. The continuity of the linear form yields |L(x)| < Cy ||u].
From the H -ellipticity of the bilinear form a(-, -), see (19), we deduce

callull® < a(u,u) < Cq llull* . (29)

Exploiting the continuity of the linear form allows with C € R* for

ca llull* < a(u, u) < C, |lull* < C(l, u) (30)

Inonnegative real values ]Rg , positive real values RT = ]Ra’ \O.
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and we deduce from (/, u) < ||I|| |ju]|
2
Callull” = ClIN Null and cq flull < C 1] €29

and c
llull < c—lllll VveV. (32)

a

In this sense the bounded linear functional is generated by the continuity and H -
ellipticity of the bilinear form a(-, -).

Approximate solutions: In general it is cumbersome or even impossible to find
exactsolutionsu € V, therefore we are interested in approximate solution concepts.
Applying Ritz method we seek a solution u;, € Vj, with the discrete subspace V,, C V,
ie.,

J(uy) = minJ (vp) . (33)

vReVy

The Ritz approach, based on our technical assumptions, is equivalent to the Galerkin
method of the variational counterpart

find u, € V), satisfying a(up, vy) = I(vy) Yv, €V, (34)

where a(uy, vy) is a bilinear functional (linear in both arguments).

Exercise 1 Show that the bilinear form of our model problem in Eq. (9)

! I
a(u, v) =/ EA u’v/dx—l—/ K uvdx (35)
0 0

with EA € (0, 00) and K € (0, o0), is continuous!

Remark: Definition of continuous bilinear forms a : U x V — R on linear
normed spaces U and V: A bilinear form a(-, -) is a continuous bilinear form, if
there exists a constant C, € R™ such that

la(u, v)| < Callulllvll YueU,veV. (36)

In anticipation of the following chapters we introduce the norm

1
el = G, w0y =/ @ + )?) dx = llullfz + 14172 ; (37
0

obviously we obtain the inequalities

2 2 2 2
lullp < llullz and [lu'llz < llullg: - (38)
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Solution. In order to show that the bilinear form is continuous, consider

1 ! ¢
&(u,v):aa(u,v)zfu’v/dx—i—/E—;‘uvdx
0 0

! /7 l KY
=< u v dx + — Iu v|dx
0, (39)
< /uvdx‘ /|u||v|dx
0
= (', V)] + = (Iul oD -
Applying the Cauchy—Schwarz inequality yields
@', V) 2] + L (lul, oDz < o llz2 10" ll2 + K llaellz2 vl 2 (40)
» V)L EA D2 = L »t L L2 -

Using the inequalities (38) yields the final estimation

K,
a(u,v) < lullglvlle + — lullg ol
EA (41)

= (4 25 g o)
= EA ullg! (|V|g! -
For our bilinear form we write
a(u,v) < Cyllullgtllvllgr with C, = (EA +Kj) . (42)

Thus, a(u, v) is continuous, or in other words it is bounded by above. '

3 C(lassification of the Smoothness of Functions

In this section we discuss the classification of functions and their derivatives with
respect to Hilbert spaces. For this we first set a few notations, a more detailed summary
is given in Appendix A.

1*(B) = {u: il ) = /B julPdv < +oo} (43)

characterizes the space of square integrable functions on B. At this point, it seems
to be meaningful to give some remarks concerning the Riemann integral and the
Lebesgue integral. The Riemann integral has some disqualifications if we would like
to use it for a satisfactory theory of PDEs.

In order to obtain a satisfactory theory of PDEs, we must—for technical reasons—
integrate certain singular functions. If functions are regular enough to integrate them
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they are called Lebesgue measurable. An introduction to this topic is given in Royden
(1968). For m € INy? we define

H"B)={u:D*uec*(B) V |a| <m}, (44)

with the multi-index notation for the derivatives of u, with the 3-tuple of nonnegative
integers
o= (o, 00,03) and |a| = (a1 + o +a3). 45)

Thus the «-th derivative of u with respect to (x|, x;, x3) is defined by

Do guitertasy, olely, 46)
u= =
axy' 9x3> ... 0xy"  Ox)' 0x5’...0x%"

Explanatory examples:

D000, — p1.0.0), — 8_“ pOOD, — 3_“
X1 0x3
(1,1,0) 9u (3.2,1) 3%u “7)
DV Vu = ——; D™= ———.
dx1 9x2 0xy 0x5 0x3

The introduction of the Sobolev spaces H"(B3) allows for the quantification of the
smoothness (regularity) of functions. Let C"(B) be the linear space of functions
u with continuous derivatives D!®/y of the order 0 < || < m. The Sobolev spaces
H™(B) are related with the C*(BB) spaces by the Sobolev embedding theorem: Let
B =BU?dB be a bounded domain with a Lipschitz boundary. Every function in
H"(B) belongs to C¥(B) if

m>k+1 forBCR? m>k+3, forBc R, [ |
It should be noted that the embedding is continuous:
H"(B) € CB).
Furthermore we introduce the notation

Hy(B) :={u € H'(B), ulys = 0}, Hy ,(B) := {u € H'(B), uls5, =0}. (48)

2positive integers Ny = {1, 2, 3, ...}, nonnegative integers No = {0, 1,2, 3, ...} = IN; U {0}.
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(a) (b)

: € H?(B) € H(B)

I [ I T
0 1/2 l 0 1/2 !

! € H'(B) ) € HO(B)
X X

€ H°(B) ¢ L*(B)
X ' X

Fig. 5 Regularity of functions u and v and their derivatives on B = [0, /]

3.1 One-Dimensional Example

To discuss the smoothness of functions, we consider the two functions depicted in
Fig.5.
For the function u in Fig. 5a we observe

ueCXB), (49)

because u is twice continuously differentiable and u € H 2(B). In contrast, the func-
tion v depicted in Fig.5b is
veC'B), (50)

because already its first derivative is not continuous. Obviously, v € H 1(B), due to
the fact that its first derivative is square integrable,’ i.e., v’ € L?(3). Although the
classical derivative of v(x) does notexist atx = [/2 we can define the weak derivative
of v. Consider

3The derivatives occurring in H™(88) have to be interpreted as weak or generalized derivatives.
Classical derivatives are functions defined pointwise on an interval. A weak derivative need only to
be locally integrable. If the function is sufficiently smooth, e.g., v € C™(B), then its weak derivatives
D%u coincide with the classical ones for |«| < m.
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! 1/2 !
/vn'dx:f vn/dx+/ vy dx, (51)
0 0 12
with the infinitely differentiable function n, satisfying n(0) = n(l) = 0. Integration
by part, i.e.,
b , b
/ vn’dx:vn|a—/ v ndx, (52)
yields

1

I 12
/Ovn/dX=v(’/2)n(’/2)—f0 U/ﬂdX—ﬂ(’/2)U(l/2)—/l v’ ndx

12 I 2 (53)
:—{/ v’ndx+/ v’ndx}.
0 12

The function v/(x) in (53) is denoted as the weak derivative of v(x).

Let us now consider the function in Fig. 6 which is a delta function representing
a force acting at a point. This function (distribution) is not square integrable. Before
we are able to quantify its smoothness it has to be integrated. In order to generalize
the discussion we introduce the antiderivative D!, by means of

d
DD~ 'u) = ith D:=—. 54
D 'wy=u wi 5o 54
Fig. 6 Antiderivatives of (a)
function u Uu
l ¢ L*(B)
[ I [
0 1/2 [
(b)
—1 |
D™ u h(q’) i €L2(B)
T
(©
D2y
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The meaning of this operator becomes clear if we consider again the function Z(x)
in Fig. 5b: -
vV =Dv=hx).

The calculation of the antiderivative

D' =D ' (Dv) = fﬁ(x) dx

yields the hat function depicted in Fig.5b up to a constant. Switching back to our
function (distribution) shown in Fig. 6a: Evaluating the antiderivative of the delta
function §('/2) leads to

D 'u=hx), (55)

then we conclude that i(x) is a square integrable function. In other words its first
antiderivative, i.e., its “first integral”, is in L> (). Therefore we define

ueH'(B). (56)
The question is: What are negative Sobolev spaces?
Let m be a positive integer, then the negative Sobolev space H " (B) is defined as
the dual of Hy'(B), i.e.,
H™"™(B) = (Hy'(B))". (57)

The associated norm, exemplarily form = 1 is

(u, v)o,8

lulla-13) = llull-1,8 = Ue;;l}%\o T (58)
Based on the relations
H"B) c H™(B) c H'(B) = L*(B) (59)
we conclude the inclusion properties
H"(B) c H'(B) = L*(B) C H"(B). (60)

3.2 H(div, B) Hilbert Spaces

The introduction of special Hilbert spaces related to vector or tensor valued fields
is expedient for the suitable description of many engineering problems. A frequent
representative, which is especially of importance in the field of elasticity, heat conduc-
tion, flow problems, etc. is the H (div, B) space which demands a [*(B)-measurable
weak divergence. The corresponding space in introduced by
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H(div, B) = {u € (’(B)* Andivu € L*(B)} , (61)

whereas d denotes the dimension of vector u.

4 Variational Formulations of Linear Elasticity

In the following chapters, we concentrate on the formulation of elasticity. Let B C R?
be the body of interest, parametrized in x € R3, o the second-order stress tensor,
& = V,u the symmetric second-order strain tensor, u the displacement field, f the
given body force per unit volume, C the fourth-order elasticity tensor and # the
prescribed Neumann boundary conditions. Then the governing equations in linear
elasticity are given by*

balance of momentum: dive +f =0
constitutive law: oc=C:e¢
kinematical condition: e=Vau= %(grad u + grad” u)

62
balance of angular momentum: o = o7 (02)

Dirichlet boundary condition: # = 0 on a53p

Neumann boundary condition: o -n = on 3By

4.1 Classical (Bubnov-)Galerkin Formulation

A direct substitution of (62),—(62)4 into (62); leads to a variational formulation
where solely the displacements are solved in a weak form. Multiplication with a test
function du and integration over the domain leads to the problem of seeking u such
that

/ (div[C : Vsu] +f) - dudv =0  Vu. (63)
B

Integration by parts and the insertion of the important test function property u = 0
on dBp leads to the formulation of seeking u € Hy ,,(3) of

/(VSBu:C:VSu—(Suf)dv—/ Su-tda=0 V(SueHol’D(B). (64)
B By

It can be recognized, that for the latter weak formulation, the corresponding function
space of the trial function u and the test function du coincide, which is the classical

“Note that a restriction to homogeneous Dirichlet boundary conditions is only of technical nature
and does not constitute a loss of generality, see, e.g., Braess (1997).
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characteristic of the (Bubnov-)Galerkin method. The solution of (64) is equivalent
to the minimizer u € HOI’ p(B) of the potential energy

H(u)=/ %vsuzc:vsudu—fu.fdu—/ u-tda (65)
B B By

and constitutes the basis of the well-known displacement based FEM for linear
elasticity.

4.2 Alternative Methods

In the previously discussed approach, Green’s theorem has been applied to shift a
derivative from the trial to the test functions. Particularly in the framework of finite
elements, this is the prevalent approach. However, various alternative approxima-
tion techniques are available. In these formulations, the space of the approximative
solution is distinct to the space of test functions. A first example is represented by
the variational problem in Eq. (63) which is e.g. the basis of collocation methods.
In the corresponding discrete formulations, the approximative solution is sought in
a subspace of H?(BB) whereas the admissible test space corresponds to L (13).

In contrast to these formulations where broken (discontinuous) test spaces are
appropriate, both derivatives may be transferred to the test spaces. This is executed by
means of successive application of Green ‘s theorem. The corresponding formulation
is established as the so-called H ~'-method, proposed by Rachford et al. (1974).
In this H~'-Galerkin method different subspaces for the space of trial functions
(approximation functions) Uy and the space of test functions (weighting functions)
W), are used, i.e.,

Ux # Wh. (66)

In Kendall and Wheeler (1976), the authors adopted the procedure to a Crank—
Nicolson—H ~!-Galerkin procedure and investigates single space variables in
parabolic problems. The ansatz was recapitulated in Thomée (2006), Chap. 16. A
discussion of negative norm error estimates for semi-discrete Galerkin-type Finite
Element formulations for nonheterogenous parabolic equations is given in Thomée
(1980). A more recent approach can be found in Goebbels (2015).

The basis of the approach is the theory of distributional differential equations. Let
u be a distribution, v a test function and the equation of interest is the second-order
ordinary differential equation

DXu(x) =f(x) xeR (67)

with appropriate boundary conditions.
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Based on this assumptions we can set up a family of distributional differential equa-
tions, see Oden and Reddy (1976), page 365 ff:

— (D%u, v) ={(f,v) YveDR)
axt?v) =(f,v) YveDR) ©8)
— (u,D*v)  =(f,v) YveDMR)
(D7'u, D) = (f,v) Vv e DR)

with the space of distribution D(R). From the distributional point of view all equa-
tions can be interpreted as equivalent. Equation (68); is the basis for collocation
methods, (68), for the classical Galerkin method and (68); for the H ~!-method.

A descriptive explanation of the H~'-method on the basis of a one-dimensional
boundary value problem

— (u, D*v) = (f,v) onx e (0,0 (69)

with #(0) = u(l) = 0 is discussed in Sect.5.2.

4.3 Mixed Variational Frameworks for Linear Elasticity

Considering again the governing equations in linear elasticity in Eq. (62) it is apparent
that the direct substitution of (62),—(62), into (62); is not mandatory. Alternatively it
is possible to solve another set of equations of (62) in a weak sense. Here, especially
two common variants are considered in the following.

Hellinger—Reissner Formulation: The stress—displacement based formulation
solves (62); and (62), in a weak sense, seeking o € H(div, B) and u € HOI,D(B)
such that

/(diva +f)-dudv=0 Véu € L*(B),
B (70)
/ (Viu—0:C ") :80dv=0 Véo cL*B).
B

On this basis, two additional variational formulations can be achieved which differ
in their corresponding solution spaces.

Application of integration by parts in (70); leads to the so-called primal version of
the Hellinger—Reissner formulation. This yields a the saddle point problem seeking
foro € L>(B) andu € HOI‘D(B) such that

/(G:Vﬁu—fdu)dv—/ Su-tda=0 VYéueH],DB),
B 9By ’ (71)
/(Vsu—a:C_l):Sadv=0 Véo € LX(B).
B
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Equivalently, this problem can be described by the potential

MR, u) = /

1 _
(——G:C_l:a—i—a:Vsu—f-u)dv—/ u-tdA. (72)
B By

2

The expression
1
a:Vsu—Ea:C’I:a:a:Vsu—l/f*(a) (73)

represents the free energy ¥ (e) in terms of the complementary potential ¥* (o), i.e.,
V(&) =0 :Vau— (o).

In contrast, integration by parts may be applied to (70),, which yields the so-
called dual Hellinger—Reissner formulation, seeking the saddle point ¢ € H (div, B)
and u € L*(B) such that

/(diva +f)-dudv=0 Véu e L*(B),

7 (74)
/ (0:C":80+u-divée) dv=0 Vo € H(div,B).
B

It should be remarked, that in this formulation the traction boundary condition (62)g
has to be incorporated into the solution space of the stresses, since they do not appear
in the weak form. In addition the stress symmetry condition has to be enforced.

Hu-Washizu Functional — Three Field Formulation: A third option is the indepen-
dent interpolation of all variables entering the elasticity problem. This formulation
solves (62);—(62); in a weak sense. The optimization problem is: seek a saddle point
ecl?>(B),c e *(B)andu € HOI,D(B) such that

/(C:e—o):&sdv:O Ve € L2(B),

B

/ (Vau —€) :86dv =0 Vo € L2(B), (75)
B

/(G:V‘Yéu—f-Su)dv—f t-Suda=0 V(SueHol(B).
B B
An equivalent potential formulation can be given by

HHW(e,a,u)sz(l/f(s)—a:(Vsu—e)—uf)dv—/ u-tda. (76)
9

By

with ¢ (e) =6 : C:e.
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5 Finite Element Method

The finite element method constitutes the most prevalent discretization technique
for the approximation of boundary value problems in the field of computational
mechanics. As discussed in the previous chapters, the solution of the variational
equations are in their corresponding Sobolev space. For the numerical treatment this
solution space is restrained to a finite-dimensional space, in the following called
finite element space and is denoted by the subscript 4, e.g., Vj,.

5.1 Conforming and Non-conforming Finite Elements

In case of a conforming discretization, the finite element space is a discrete subspace
of the corresponding Sobolev space. Considering the problem of linear elasticity
with the displacements as the only unknown, we seek u € Hol, p(B)

/(Vséu:C:VSu—Su-f)dv—/ Su-tda=0 VéueHy,(B). (17
B B

A conforming discretization of u;, € V;, demands in this case

Vi C Hy p(B). (78)

It can be shown that u;, of a conforming finite element converges monotonically to
u with increasing mesh density, if it is in addition able to represent the rigid body
displacements and the constant strain states, see Bathe (1996).

Standard H'(B) conforming finite elements on triangles Py or quadrilaterals Qy
are assigned with k 4 1 nodes on each edge of the element, see Fig. 7. Continuity of
the approximated variable is enforced, when these nodes are shared with the adjacent
elements.

H (div, B) conforming elements can be constructed, for example, with help of
the Raviart-Thomas functions. In case of triangles the RT; elements have k + 1
vector-valued sampling points on each edge and in addition k (k + 1) vector-valued
sampling points in the interior of the element, as exemplary depicted in Fig. 8.

In contrast, the finite element space of non-conforming elements is not a subspace
of the appropriate Sobolev solution space and convergence is not obvious. Due to
the non-conforming discretization, an additional error is introduced and has to be
controlled. However, this leads to additional flexibility in the design of the finite
element. The simplest non-conforming element is the Crouzeix—Raviart element,
see Crouzeix and Raviart (1973). Here, we only assign k nodes on each edge and
generally do not have continuity across inter-element boundaries; thus, these are non-
conforming elements. The Crouzeix—Raviart finite elements are depicted in Fig.9.
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5.2 Example of H-'-FEM for 1D Elliptic Problem

In order to approach the H ~!-method we analyze a one-dimensional truss element,
in analogy to the one examined in Rachford et al. (1974):

Lu=(EAWu®') = —f(x), xeB=(0,1). (79)

where FA(x)u(x) characterize the normal force in the straight bar with the longitu-
dinal stiffness
EAX)=a '+ a(x—X? and o >0, (80)

where o and x are constant parameters and the right- hand side is given by
f(x) =21+ alx—Xx)(arctan ¢(x — x) + arctanax ) ) . (81)
The Dirichlet boundary conditions are defined by
u(0) =u(l) =0. (82)
The closed-form solution of this problem is given by
u(x) = (1 — x)(arctan o (x — X) + arctan ax) (83)

and is explicitly depicted for two different sets of o and x in Fig.10c and 1lc.
Considering the plots of the longitudinal stiffness and the applied load in Fig. 10,
where the parameter are chosenas o = 5and x = 0.5.1wouldlike to draw the reader’s
attention to the low stiffness in the middle of the domain. In the case « = 1000 the
domain responds to this with a rapid, jump like rising displacement.

Variational approach: The solution in terms of a variational weak form is
obtained via

/(EA(x)u/(x))/vdx—f-/f(x)vdx:o. (84)
B B

A reformulation using integration by parts and exploiting v(0) = v(1) = 0 yields
/ EA(x) v/ (x) v/ (x) dx — / f@vx)dx=0. (85)
B B

The classical FE discretization with u;, € Uj, C H(} and u;, € P or uy, € P,, yields an
approximation of the displacements as illustrated in Figs. 12 and 13. This standard
displacement FEM ansatz even with second-order interpolation is inaccurate in an
extreme edge case. It is also worth mentioning that the normal force computed from
these element are also very inaccurate in comparison to the analytical solution.
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Fig. 10 Distributions of a stiffness EA(x), b load f (x), ¢ analytical solution for the displacements
u(x), and d longitudinal force distribution EA (x)u’(x) over B for « = 1000 and X = 0.5

Repeated application of integration by parts leads to another weak form, which
constitutes the basis of the H~!-FE approach

/B EA(x) u(x) n" (x) dx + /Bf(x) n(x)dx = 0. (86)

In this case the natural discretization is of the form u;, € U, € H(B), i.e., it is
possible to choose discontinuous approximations of u;,, denoted by u;, € dP. This
reduces the coupling between the elements. The associated subspace consists of all
piecewise polynomial functions in C*. Simultaneously the continuity requirements
regarding the test space Vj, are increased. Let 3, denote the discretization of 3, with

By=|JB with B'=I[x 1,x5] and hj=2x —x ;. (87)

By setting r > 1 and —1 < k < r — 2 we define the trial space
U, = {u;, € Ck(B;,) D up|pe € P~ fore=1,..., numge } (88)

and the test space
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Fig. 11 Distributions of a stiffness EA(x), b load f (x), ¢ analytical solution for the displacements
u(x), and d longitudinal force distribution EA (x)u’(x) over B fora = 5 and X = 0.5

Vi={v, € C"2(By) t vplge € P fore =1, ..., numge, n(0) =n(1) =0}.
(89)
For k = —1 the trial space U, exhibits discontinuities at the node of the partition,
where the functions in the test space V), are continuously differentiable. Thus we
have
Uy ={u, € C'(By) : uylge € P~ fore=1,...,numge } , (90)

whereas C~!(3;) considers all functions whose antiderivative is in C°(3;), which
means we do not require continuity at the nodal points. For convenience we define
this space by

Uy={u, e dP" fore=1,..., numg } 1)

to enforce that the trial functions are discontinuous at the exterior nodes.
This leads to the corresponding space for the test functions as

Vi={neC' By :nlg P fore=1,...,numg }. (92)

The numerical results obtained from this discretization are given in Fig. 14 for the
displacements and for the stresses. The discontinuity in the displacements is clearly
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Fig. 12 Tllustration of numerical solutions for u(x) and EA(x)u'(x) with & = 1000 and x = 0.5
using classical finite elements with u € P (top) and u € PP, (bottom)

visible, especially for the coarse discretization. The method, however, shows signif-
icant advantage for this model problem in comparison to the standard FE method.
This is even more significant in terms of the normal force. The interested reader is
referred to the error plots of each solution space in Figs. 15, 16, 17 and 18, with
respect to both considered loading cases.

6 Analysis of Mixed Finite Elements

For the existence, uniqueness, and approximation of saddle point, problems arise
from Lagrangian multipliers see Brezzi (1974). The following explanations are
mainly based on the excellent treatises of Auricchio et al. (2004) and Boffi et al.

(2013).
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Fig. 13 Illustration of numerical solutions for u(x) and EA(x)u/(x) with @ = 5 and X = 0.5 using
classical finite elements with u € IP| (top) and u € [P, (bottom)

6.1 Theoretical Framework

The idea of mixed methods is based on the introduction of Lagrangian multipliers
in order to relax several constraints denoted by constr(v) = 0, e.g., the incompress-
ibility condition divu = 0. Let’s start from the constrained minimization problem

min {J(v) subjected to constr(v) = 0}. (93)
veV

This can be reformulated by means of a Lagrangian functional of the form

L(v,q) =J () +b(v, q)
= 3a(v,v) — L(v) + b(v, q) O

with
b(v, q) = / q constr(v) dv, 95)
B
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Fig. 14 Numerical solution of u(x) € dP; and of EA(x)u/(x) for @ = 1000, @ = 5 and x = 0.5

where g denotes the Lagrange multiplier. The solution of this abstract optimization
problem is (u, p) if the condition

L(u,q) < L(u,p) < L(v,p) VYveV, VgeX (96)
is fulfilled, V and X are suitable Hilbert spaces.

a:VxV—->R and b:VxEZ—->R )

are continuous bilinear forms, and L(v) : V — R is a continuous linear form. It
should be noted that the classical Lax—Milgram Lemma cannot be applied. In fact
we should apply the so-called Banach—-Necas—Babuska theorem also known as the
generalized Lax—Milgram theorem, see, e.g., Ern and Guermond (2013). In summary
the variational formulation has a unique solution if

1. The continuous linear form a(-, -) is coercive on

K={veV:b(gv)=0 Vge I},
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Fig. 15 Error plots for numerical solutions to displacements and longitudinal forces obtained by
finite element discretizations of solutions spaces [P, P, and dP; for « = 1000, using 51 elements
on each

i.e., there exist an &« € IR, such that
aw,v) = afvl;, Vvek,
and

2. the inf-sup condition, also known as LBB-condition (Ladyzhenskaya—Babuska—
Brezzi), is verified, i.e., there exists a 8 € R™, such that
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Fig. 16 Error plots for numerical solutions to displacements and longitudinal forces obtained by
finite element discretizations of solutions spaces IP;, P, and dP; for o = 5, using 51 elements on
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b(v,
in & > }3 .
7€x\0 yey\o llglls lvllv

Furthermore, there exists the a priori estimate for the solution

1 1 C
lully < Ellfllw + B (1 + ;) llglls (98)

and

1 C
Iplls < — (1 + —) il 99
B o
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Fig. 17 Error plots for numerical solutions to displacements and longitudinal forces obtained by
finite element discretizations of solutions spaces Py, P>, and dP; for & = 1000, using 5 elements
on each

6.2 Treatment of Saddle Point Problems, Sensitization

The discrete mixed problem is given by the matrix representation

AB"\ (d,)\ _(ru
(B 0 > <dp> B (rp) ’ (100)
_——— =

£ a 7
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Fig. 18 Error plots for numerical solutions to displacements and longitudinal forces obtained by
finite element discretizations of solutions spaces Py, P>, and dPP; for « = 5, using 5 elements on
each

with A e R™", B e R™n BT ¢ Rmm @dy,r) eR", d,,r,) eR", K e
R(n-km)x(n-‘rm)’ and (2”'.) c Rrtm,

For the solvability of (100) we postulate that the system has a unique solution
for every right-hand side r, and r,. Obviously, this condition is fulfilled if K is
nonsingular. In other words, we must have a continuous dependency of the solution
upon the right-hand side. Therefore, the existence of a constant ¢, satisfying

Idull + lidpll2 < ¢ (irull + lIrpll2) (101)
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is required. However, the existence of ¢ does not depend on the chosen norms,
because in finite dimensions all norms are equivalent. Indeed the numerical values
will depend on the dimension of the system. As examples consider u € R” with the

equivalent norms
lally == " lwi| and fuly = Y il (102)

For n < oo there exist the two positive constants ¢; and c¢; satisfying
cillully < llully < ca|lull, with optimal values ¢; = 1, ¢, = +/n. (103)

For n — oo the latter inequality becomes unbounded from above.

In addition to the solvability condition we are interested in an estimate of the
stability of (100): In general we consider a sequence of discrete saddle point problems
with increasing mesh densities # — 0 and therefore with increasing dimensions. Let
k =0,1,2,3,..denote a sequence of discretizations with increasing mesh densities,

i.e., we consider
Ay B d, _(r
(5% (@)= 4o

with A, € R%% B, € R™>*" _  where the dimensions ny, my; increase with the
sequence of k. In addition to the solvability condition we are interested in an estimate

a1l + Idkll> < e (bl + 11r% 1) (105)

with a constant ¢ independent on k, i.e., independent of the increasing mesh densities.
For a meaningful analysis we have to specify the norms entering (105) carefully. For
the stability requirement this choice is rather important, because constants appearing
in the relations between equivalent (discrete) norms depend on the dimension of the
problem, which goes to infinity with # — 0. Obviously, the stability is a concept
which has to be applied to a sequence of discretized boundary value problems.

Incidental remark: In order to get an impression on the well-known dependency of
some characteristic values of a discretized system on the mesh density we perform
an eigenvalue analysis of a one-dimensional elasticity problem, minimizing the

discrete energy potential functional on B € [0, 1] = B, = U B¢

1
() = Zf <§EA(M;,)2 —f uh> dx. (106)
Be 7B

In order to find the minimum we compute IT(uy, Su;) = 0, with
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ST (uy, Sup) = Z/ (8u), EA u}, — Sup,f) dx. (107)
Be VB

We investigate the evolution of the minimal eigenvalue A, for the eigenvalue

problems
Ky — MI)v*F =0 and (K, — M M)vk =0, (108)
where K| is the stiffness matrix, A; the associated eigenvalue to the eigenvector v¥,
I, the identity and M} the mass matrix. We consider a truss clamped at the edges,
i.e., the Dirichlet boundary conditions #(0) = u(1) = 0, a Young’s modulus £ = 1,
across section A = 1. Figure 19 shows the evolution of the minimal eigenvalues with
respect to mesh refinement.
Obviously, the eigenvalue problem (108); exhibits a decrease of the amplitude of
the lowest eigenvalue with increasing mesh density (from 7 = 1/2 — h = 1/500)
whereas the formulation (108), seems to offer a lower bound for min(Ay). |

6.3 A Saddle Point Problem-Finite-Dimensional Case

Let us concentrate on the saddle point problem for a linear incompressible material
behavior. Starting from the general strong form of elasticity given in (62) and sub-
stituting the pressure as an additional unknown field as p = A tr(e(u)) leads for the
incompressible case A — oo to

divQue@) +plh)+f =0,
tr(e(m)) =0,

u=0 on 0Bp,

o-n=1t on 9By.

(109)

The solution of this problem is similar to the saddle point of the potential
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I"I(u,p):/(uVsu:Vsu+pdiv(u)—f~u) dV—/f-udA (110)
B By

The variational approach and a finite element discretization leads to the finite-
dimensional saddle point problem

NuMeje
Z{ / 20 Viduy, : Vi, dv + / prdiv(Suy)dv }— £y dupdv =0
e=1 : B B
a(duy, u b(Suy, u
(Ouyp, up) ( hi};)ml S uy) (111)
Z f Spp div(uy)dv = 0.
e=1 aBe
b(uy, dpp)

The equivalent problem is the stationarity requirement of the discrete Lagrange func-
tional |

Lyd,,d,) = Edehdu—dffh—i—nghdu, (112)
i.e., 84,Ly = 0 and 84, L, = 0, which leads to

8a,Ln = 0d] {A4d, — f, +Bid,} Véd,,

8a,Ln = od] {Byd,} vad, (13
where the field quantities have been substituted by the approximations
up :]Nuduv Suy, :]Nuaduv Ph :]dip» 5Ph =]Np3dp’ (114)

with IN and d denoting the shape functions and nodal values corresponding to the dis-
placements, pressure and its virtual counterparts. The solution of this set of algebraic

equation follows from
Ay By | [d.] _ [fa
sl -]

with A, € R™", A, = A} and positive definite, B, € R™", f, € R" and m < n.
The physical interpretation of m < n is obvious, there must be less constraints than
“free” variables. Obviously, we have the “identical” structure as we obtain from
equation (111). Now we have to ensure that (115) is solvable for all right-hand
sides f, following the remarks of Devendran et al. (2009). This is of course the
fact if the whole matrix is invertible, i.e., nonsingular. Let us consider the congruent
transformation, known as Sylvester’s law of inertia

A, B! I 0][A, 0 IA;,'B!
= ~1 ~1pT § ; (116)
B, 0 BA' T1[|0 —BA,'Bl| [0 1
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this transformation preserves the number of positive and negative eigenvalues (but not
their numerical values). However, our system has full rank if the Schur complement

S, =-BA,'Bl (=SI) (117)

is nonsingular. In this case S, is invertible and we can solve system (115). The full
rank requirement is equivalent to

d B,A,'B;d,>0 Vd,<cR"\0, (118)

i.e., the Schur complement is negative definite. Due to the assumption that A; and
therefore A;' is positive definite we argue

Bid,=0 iff d,=0. (119)
This means that the kernel of BT, i.e.,
Ker(B)) := {d, € R" : Bjd, = 0}, (120)
is trivial, i.e., the image of BT is
Im(B]) = R", (121)

in other words B,{ € R™", with m < n has full column rank. If this conditions are
fulfilled the system (115) is invertible, i.e.,
Ay BI"' _[A;'a - BLS;'BiA;") A, 'BLS;! 122)
B, 0| — S, 'B,A;" s, ’

Let 8% > 0 denote the smallest singular value of Bj,. The condition that the smallest
eigenvalue g, is greater than zero is directly related to the inf-sup condition of saddle
point problems, which states

- d, B, d, £ 0 (123)
in sup ——— > p" >
d,eR™\0 g cr™M0 ”dp” ||du||
or equivalently
d' Bl'd
P Th TS B2y vd, € R" 124
4,k lld.ll z Bl : ' e

The independency of the mesh size, as discussed for Eq. (105), demands here S to
be bounded above zero for & — 0.
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Furthermore, we obtain the bounds

1
Idullay < Wfnllar = = Il
o

1 1
dpll < Ellfhﬂm = ﬁllfll,

IA

(125)

with the energy norm ||d, || = ,/dgA d,. Obviously, if f is small the bound for d,,
gets large.

Numerical Inf-Sup Test The numerical inf-sup test was proposed by Chapelle
and Bathe (1993). In order to evaluate the inf-sup constant we use the fact that it is
equivalent to the square root of the smallest eigenvalue of

(BiM, B} — AM,,;)d,=0. (126)

with the global mass matrices M, ;,, M, ;, as

NnuMeje numeje

My=Y / B/B,dv and M, =Y [ N'N,dv,  (127)
e=1 ¢ e=1 B

whereas, B, contains spatial derivatives of the shape functions such that it holds
e, = B, d,,. For exemplary purposes, the inf-sup stability is investigated by means
of an inf-sup test on the example of the well-known Q;Py and T,Py, representing
elements with a discontinuous pressure approximation, and the T,P;, representing
an element with a continuous pressure approximation, see Hood and Taylor (1974).
The considered boundary value problem is a simple supported rectangle in 2D and
brick in 3D, whereas a consecutive number of mesh refinements is considered. The
statement on the inf-sup criterium of the considered elements are well known and
the formal proofs can be found in the literature, e.g., Boffi et al. (2009). The T,P;
element is a famous representative of the Taylor—Hood family, which is well known
to be inf-sup stable. In contrast the QP formulation is a text book example for an
element which does not satisfy the inf-sup criterium neither in the two-dimensional
nor in the three-dimensional case. Interestingly the T,Py formulation fulfills the inf-
sup condition in the two-dimensional case but fails in three dimensions. The depicted
results in Fig.20 approve numerically the statements on the inf-sup stability of the
elements: In 2D the T,Py and the T,P; elements have an approximately constant
A > 0, whereas A tends to zero for the QP element. In 3D, only the T,P; seems
to have a bounded value for A. Of course, a purely numerical check of the LBB
condition is not sufficient, but it gives a first impression of the properties of the
solution. To be save, a rigorous mathematical proof is needed.
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Fig. 20 Inf-Sup test results in 2D (left) and 3D (right). The inf-sup test is satisfied if A is bounded
above zero, independent of the element size
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A Sobolev and Hilbert Spaces

In the following we will use the Sobolev and Hilbert Spaces, they are based on the
space of square integrable functions on B:

L*(B) = {u: |ul} =/B|u|2dv < +o0}. (128)

Let s > 0 be a real number, the standard notation for a Sobolev space is H*(3) and
H*(0B) with the inner products and norm

(u, s, (W, uw)sop and ullys, lullsos, (129)

respectively. For s = 0 the space H°(B) represents the Hilbert space L*(B) of all
square integrable functions, i.e.,

L*(B) = H(B) = {u € L*(B)}. (130)

If s is a positive integer the spaces H*(B) consist of all square integrable functions
whose derivatives up to the order s are also square integrable, i.e.,
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H'(B) = {u+ ) D'uel*(B)}. (131)

a=1

Here we shall use the semi-norms

lules = [> DUy, k=015, (132)
a=k
lulls.s = > ul? 5 (133)
k<s

Critism: This expression for the norm does not take into account a typical length scale
[ of the problem, i.e., we are adding, for example, a square integrable function |u |1%2

and the norm

B)
and its square integrable derivative |u/|22(3). Without any physically meaningful
parameters these expression is hardly to interpret. This could be avoided by using

the expression
lullss o= |y 1% |ul} 5, (134)
k<s

where d characterizes the dimension of B ¢ RY, Boffi et al. (2013).
With D¥ as the a-st weak differential operator. Thus the often used spaces H ' (B)
and H| (B) are defined by

H'(B) = {u+D'u e L*(B)}, (135)

and
HyB)={ueH'B) : u=0 on 3B}. (136)

For completeness we introduce the spaces H 2(B) and HO2 (B) defined by
H*B) = {u+D'u+Du e L*B)}, (137)

and
9
H2(B) = {u e HXB) : u=0 and a—” =0 on 9B,}. (138)
n

For negative superscripts, i.e., H *(B) with s > 0, the spaces are identified with
the duals of Hj(B):
H™*(B) = (Hy(B))'. (139)

For example, the norm associated to H ! (13), which is the dual of HO' (B), is defined
as
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(u,v)o.B
lul—15= min =2 (140)
veH BN\O [[v]l1,B
The norm associated to H~/2 (0B), the dual of H(; *(0B), is defined as
. (u, v)
lull-1,680= min ——— (141)

ver'2@Bno0 IV Iy,.08

The Hilbert space Hy'(B) is a closed subspace of H™ (B); furthermore is H(‘)) B) =
L(B).
. H2B)2HY(B) D Ly(B) 2 H}(B) 2 H}B) ...

(142)
ol < llull-1.5 < llullo.s < llulls < llul2s ...

A

For tensorial Sobolev spaces, e.g., the three-dimensional tensor product space
H*(B) x H*(B) x H*(B) (143)

we use the abbreviation
3 3
[H'B)P =[[H'(B) andanalogously [L*(B)F =] [L*(B). (144)
i=1 i=1

Let u € R? and set the Hilbert space
H(div; B) = {u € [L*(B)T : divv € L*(B)}, (145)
with the associated norm

1
ol = {1007 + [dive?} 2 (146)
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