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Abstract

In this thesis we prove the well-posedness of the viscoelastic wave equation for the
generalized standard linear solid under given initial values and certain homoge-
neous boundary conditions. Also we show, that the solution of this equation is
Fréchet-differentiable for the material parameters, the initial values and the ex-
ternal force density and stress rate. Finally, we derive the adjoint of the bounded
linear operator given by this derivative at some parameter point.

A key concept in these proofs is the application of a variable transformation.
It transforms the viscoelastic equation into an alternative form, which might be of
interest in its own right. All results are formulated in terms of the original as well
as the transformed variables.
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Chapter 1

Introduction

In this thesis we prove the unique solvability of the viscoelastic initial-boundary
value problem

p(x)opv(z,t) = dive(x,t) + f(z,t),

oo (x,t) = C(MH($) + Z/LMJ(l') , kp(x) + Z /@M,l(x)) e(v)(z,t)

L

+ iz, t) + gl t), (1.1)
=1

Toi(x)Omy(z,t) = —C(uM,l(x), /iM’l(l’)) e(v)(z,t) — my(z,t), 1=1,...,L,
x €D, tel0,t],
v(z,0) = vO(), 02,00 = o), 0 =n"@), (=1,...,L,
reD,

v(z,t) = 0, x € 0Dp, t €[0,t4], n(z) o(z,t) = 0, x €Dy, t €[0,t],

with ) # D C R? open, 0D = 0DpUODy and n denoting the outer unit normal
vector, for the velocity v, the stress o and the memory variables 1, in a weak sense
in space and a classical sense in time. The parameter functions will be explained
in detail later. To achieve this goal we interpret (1.1) as the evolution equation

u'(t) = —Au(t) + f(t), te[0,t],

w0 — (1.2)

with a linear operator A : X 2 D(A) — X on a Hilbert space (X, (.,.)x). The
crucial idea is the application of a variant of the Theorem of Hille-Yosida under

1



2 CHAPTER 1. INTRODUCTION

the premise that A is maximal monotone with respect to a certain weighted scalar
product (.,.)r on X. To determine this scalar product we perform the variable
transformation

\% v v
L
OH o O+ D To M
o = T| ™ = —To17 ,
O ML nr —To, LML

which converts (1.1) into the initial-boundary value problem

p(x)ov(x,t) = div (UH + Z 0'M7l> (z,t) + f(x,t),

On@.t) = Clun(a), k(@) «(v)(x.0) + gla,0).

hori(,t) = Clum(e), kaa(r)) e(v)(z,t) - ) oui(r,t),
[=1,....,L, (13)
r €D, te0,ty],
v(2,0) = vO@), oy@,0) = e (@), ou(z,0) = ag\?l(az), l=1,...,L,
r €D,
L
V(ZL’,t)ZO, JZG@DD, H(JI)T(O'H—FZO'MJ)(IJ):O, IE@DN,
=1
t € 10,t].

From an abstract, functional analytic point of view this variable transformation
can be considered as the application of the bounded and boundedly invertible linear
operator 1" € L£(X) which converts the evolution equation (1.2) into the evolution
equation

w'(t) = —Bw(t) + Tf(t), t €[0,t],
w(0) = Tuyg

on the basis of the linear operator B : X 2O D(B) — X with B =TAT . System
(1.3) in turn can easily physically be interpreted as a model for wave propagation
in the standard linear solid. Also the form of the corresponding physical energy
scalar product (.,.)g becomes evident.



The operator B is of the form —P,Q + P, where P, P, € £(X) are bounded
linear operators on X which depend on the material parameters of the medium,
whereas () : X D D(B) — X is an unbounded linear operator which is independent
of the material parameters. In addition P; is invertible. It turns out that (.,.)p =
(P'.,.)x and B is maximal monotone with respect to (.,.)s. On the other hand,
the appropriate energy scalar product (.,.)r with respect to which A is a maximal
monotone operator, is given by back transforming (.,.)g as (.,.)r = (T-,T")E.

Working with these two scalar products, that is the scalar product (.,.)r in
connection with the operator A and the scalar product (.,.)g in connection with
the operator B, has several benefits. Besides the property of turning A and B into
maximal monotone operators and therefore serving as the basis of our existence
and uniqueness result, it becomes also possible to quantify the exact energy loss
over time.

In a second part of this thesis we show that the solution (v, o, (nl)l)T of equa-
tion (1.1) is a Fréchet-differentiable function of its material parameters, initial

value und right-hand side. The same applies for the solution (V, ou, (o M,Z)Z)T of
(1.3).

For gradient based methods used in seismic imaging (see e.g. [17], [18] and
[19]) also the adjoint Fréchet derivative at any parameter point is needed, which
we derive, too. For its computation we need the adjoint operator A* of A or B*
of B. As a further advantage of the use of (.,.)7 and (.,.)g it turns out that P;Q
is skew symmetric and P, is symmetric with respect to (.,.)g. In the same way A
is the sum of a skew-symmetric and a symmetric operator with respect to (.,.)r
since A = —T7'P,QT + T 'P,T. Thus the adjoint operators only differ by some
minus signs from the original ones and the same numerical implementation can be
used to evaluate both of them.

The fundamental theoretical basis for this thesis is [14]. Concerning the ap-
plication of semigroups and maximal monotone operators to prove existence and
uniqueness of the solution of the evolution equation in question and also the meth-
ods to prove differentiability for parameters in the abstract setting of evolution
equations, this thesis can be considered as an application and slide variation of
the ideas and methods presented there.






Chapter 2

Viscoelasticity: The Model

In this section we list some common forms of viscoelastic equations and also explain
how they are related to each other. All calculations are done in an informal way
without mathematical rigor.

2.1 Formulation as an Integro-Differential Equa-
tion
To describe viscoelastic wave propagation in a material whose parameters do not

depend on time, [20] states the following equation. We use a slightly different
notation:

p(r) g (1) = ; oo (1) + filw1), (2.1)
o 2 ou
oij(z,t) = /Oogjl U,ins(x,t — t’)ax: (z,t')dt" + Gij(z, 1), (2.2)

i,j=1,23.

Here, the space variable x = (21, 9, x3) can be assumed to range over a subset
D of R? and the time variable t is assumed to be an element of the real axis R.

The solution of this equation consists of the pair (u, o), where u = (;);=123 :
D xR — R? denotes the displacement vector and o = (0y;); j=123 : D xR — RZ’YXH?
is the stress tensor.

As material parameters the equation contains the mass density p : D — R and
the rate-of-relaxation function ¥ = (W;;,)i jrs=123 : D X R — R¥>3*3%3_ Ingtead
of a function, ¥ can also be a distribution, in which case the integral in (2.2) has
to be formally interpreted as a convolution. Restrictions on W are causality, that

5



6 CHAPTER 2. VISCOELASTICITY: THE MODEL

is W(-,t) =0 for t < 0, and the symmetries
Wijrs = Wjirs = Yrsij = Vijor = Wjirs,

1,7,7,8 = 1,2,3, where the last two equalities are a consequence of the first two.
Finally, (2.1) and (2.2) contain the external volume force density f = (f;)i=12,3 :
D x R — R? and external stress § = (§ij)ij=123: D x R — R2*3.

sym*

2.2 Formulation for the Generalized Standard
Linear Solid

As a special case of system (2.1), (2.2) we derive the equation system describing
the generalized standard linear solid:

81}2- > ao_zr
PG ) = 3G ) + i), (23)
do; -
(;Tt] (x,t) = Z Qijrs (x,t) + anz] z,t) + gij(x,t), (2.4)
=1 k=1
8%‘;’ o
g0t = - — <rszlcl”m () + e, t)) (2.5)

with the external stress rate g = (gij)i =123 = 0g/0t and [ = 1,..., L with an
L € N. Tt is explained and used in [4], [1], [6], [12].

Its solution consists in the tuple (V,O‘ (M)1=1.... ), where (v;)i=123 = V =
OJu/0t is the time derivative of the displacement vector, also called “velocity”, and
M = (Mij)ij=123: D xR = RIS 1=1,..., L are so called memory tensors.

The parameters @ = (ijrs)ijrs=123, € = (Clijrs)ijrs=123 : D — R3*3x3x3
are elastic stiffness tensors and the parameters 7,; : D — R are so called stress
relaxation times for every index [ respectively.

To derive (2.3)—(2.5) from (2.1), (2.2) in an informal way, we choose

L
Wijrs(,1) = aijra(@)5(t) + D bigjrs(a, ) H(1) (2.6)
with (2)
L Clijrs\T —t/Te 1 ()
bisrs(x, ) = — LIS (@)
lij (.I ) Ta,l(I)e

In (2.6) (by an abuse of notation) §(¢) stands for the delta distribution on the real
axis.
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Equation (2.3) and equation (2.1) only differ in the notation on the left-hand
side. To get (2.4), we plug (2.6) and v, = Ju,. /0t into the time derivative of (2.2)
like

aO'w a\Ijz]rs / % / / %
z,t / Z z,t t)axs(x,t)dt + (@)

0y s=1

a
= ‘Pzrs - o 7t/ dt’ ij(x,t
[ 3 it = O30 + 0

L

3
8%
= Z ijrs(7) 7 (@, 1) + me r,t) + gij(z,t),

where we define

(%r
mij(x,t) = / Z biijrs(x,t — 8:5 (z,t')dt’ .

0 prs=1

And finally, 7;;; solves the initial value problem:

O
o t) = @ ( Z Clijrs(T) = (2, 1) + mgj (1, t))
o 3 ov
n(x,0) = mujolx) = /_OO gjlbujrs(% —t')ax: (z,t")dt’,

which can by proven by a direct calculation or via the intermediate step

3 t
z : Jrs 8 r
an](Jj’t) = 6_t/’ra’l(x)77[ij70(x) _ Cl] (x)/ e (t t)/To'l v (l‘,t,) dt/
0

rs=1 Ta’l(x) 81’8

So equation (2.5) holds, too.

2.3 Formulation for Isotropic Materials

In the isotropic case one can further simplify the elastic stiffness tensors a and ¢
by introducing pairs of Lamé-parameters jig, Aq and fic;, e, respectively, which
are functions D — R such that fig, fic; > 0, A\g > —(2/3)fiq and Aey > —(2/3)fic,
l=1,...,L. Then

aijrs(x) = /\a (x)éijdrs + ﬂa<x> (61'7'5]'3 + 5j7'5is>
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and

Clijrs (%) = A (%) 03505 + fiey () (0ir0;s + 05r05s)
l =1,...,L, where ¢;; = 1 for ¢« = j and 9;; = 0 otherwise, is the Kronecker-
symbol.

In three space dimensions Lamé’s First Parameter A\, and A.; can be expressed
as A\g = Ra — (2/3)fiq and A¢; = Rey — (2/3)fic,; by the shear modulus fig and fic,
and the bulk modulus &, and &, respectively (see [13] for example).

2.4 Formulation Using Scaling Variables

By additionally introducing scaling variables 7¢ and 7p for the shear and bulk
modulus respectively like done in [2] and setting fi, = (1l + L7s), Ay = R(1 +
Ltp) — (2/3)ii(1 + L7s) and fic; = fits, ey = k1 — (2/3)firs for [ € {1,..., L}
we arrive at the equation which has been the starting point for this thesis:

poyv = dive + f,
L
g0 = 2f(l+ Lrg)deve(v) + &(1+ Lrp)divvI + > n, + g, (2.7)
=1
Te 0, = —2frsdeve(v) — Rrpdivvl — ny, l=1,...,L.

Here and in the sequel, I is the constant unit matrix in R3*3. The differential
operators div and e on the right hand side of (2.7) are defined as follows:

3
divv(z,t) = Z@Iivi(x,t) ,  where v(z,t) = (v;i(2,1)),_1 55 »
i=1
3
dive(r,t) = Y 0n0oux,t) withoy(r,t) = (0y(@,1), .5, J=1,2,3,
j=1
1
e(v)(z,t) = 5 (Dyv(z,t) + (Dyv(z,t)) ") with the Jacobian D,v w.r.t. .

For any Matrix M € R3*3 the deviatoric part dev M is defined as

1
devM = M- 3 trace (M)I . (2.8)

2.5 Formulation Used in This Thesis

For the formulation for isotropic materials used in this thesis we introduce the
linear maps

C(m, k) : R¥>3 5 R¥3 Cm, k)M = mM+ ™ trace (M)I (2.9)
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depending on two real parameters m and k. So

trace (M)
3

Cm, k)M = mdevM + k I.

Note that C(m, k) maps R3%3 into R3x3

sym sym:®
Using this notation and the definition f := f/p and taking into account that
trace (e(v)) = divv, we can write equation (2.7) in the form

1 g
8tV = —diVO' + f,
p
L
do = 0(2,1(1+LTS), 3/%(1—0—LTP))€(V) + Y m + g, (2.10)
=1
1 . . 1
om, = ——C’(Q,m-s, 3;-@7'p>5(v) - —n, l=1,...,L.
Tol Tol
After rescaling i and & to
wooi= 2, k= 3K (2.11)
equation (2.10) takes the form
1 -
ov = —dive + f,
p
L
do = C(u(l—i—LTs), H(1+LTP))5(V) + Y m + e, (2.12)
=1
1 1
om = ——C(urs, wro)e(v) = =, I=1,...,L.
To,l To,l

Yet, we admit more degrees of freedom in the parameters than (2.7) by allowing
puts and k7p to depend on [ € {1,...,L}. Accordingly we denote them by g
and ks, respectively and replace Lurs by Zle pary and LeTtp by Zle K-
Furthermore we define

/“LH — M, Kyg — K, 19 = s Wa,l = ) 121,7[/
Then (2.12) reads
GtV = Jdive + f.,
L L L
Qo = O(MHvLZMM,l, /€H+ZI€MJ) ev) + > m + g, (213)
=1 =1 I=1

om, = —wmlC’(,uM’l, /ﬁM,l) (V) — weumy, l=1,...,L.
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For further use we abbreviate

n = (771’"'777L>T'

As before the solution (v,o,n)" of (2.13) depends on the space variable x =
(r1,79,23) € D C R? as well as the time variable ¢t € R which we restrict to
t € [0,1;] with some ¢; > 0 from now on. Also the inhomogeneity consisting of f
and g depends on x and ¢, whereas the material parameters 9, pm, pari, Ku, K,
we, only depend on z.

2.6 Formulation as an Evolution Equation

To treat equation (2.13) in a mathematically sound way we formulate it as an evo-
lution equation. This means we will interpret the solution (z,t) + (v,o,n) " (x,t)
as a function from the time interval [0,¢] into a Hilbert space X, which maps a
point ¢ in time to the function (v,o,n)" (-, t) in the space variable x € D. By an
abuse of notation we henceforth denote this function itself by (v,o,n)"(¢).

For every point ¢ in time the right-hand side of (2.13) can be seen as the sum
of the negative image of (v,o,n)"(t) under a linear operator A on X and the

inhomogeneity f(t) := (f‘(t), g(t), O)T. The operator A then has the form

v Ydive
o C(MH + Zle Mo s KE Zle ﬁM,l) e(v) + Zlel m

Al™ | = - —wa,1C(MM,1 ) fiM,1) e(v) — Wa,1Th . (2.14)
N —wa,LC(,uM,L ; /iM,L) e(V) — Wo,Lny,

By ' we denote the derivative of a function of one variable. With the notation
u(t) == (v,o,m)"(t) and by adding an initial-value uy = (v(?, @ )T which
is to be understood as a function in the space variable x, equation (2.13) takes on
the form of an evolution equation:

u'(t) = —Au(t) + f(¢t), te[0,t],

w(0) = . (2.15)

The following two sections recall some basic facts about the solvability of such an
equation.



Chapter 3

Basic Facts on Abstract Evolution
Equations

Throughout this chapter we assume (X (- )) to be a general real Hilbert space,
||l.]| the norm induced by the scalar product (.,.), R: X DO D(R) — X a linear
but not necessarily bounded operator with domain of definition D(R) and t; > 0
a real constant. By’ we denote the derivative of any function v : I — X on a real
interval I C R with values in X.

The purpose of this section is to collect some facts on abstract evolution equa-
tions of the form

Vv'(t) = —Ru(t) + f(t), t e 0,t],
v(0) = v

for the special case of R being maximal monotone (see Definition 1) and vy and
f having several degrees of regularity. At least we assume vy € X and f €
Ll((O,tl), X ) In particular we prove existence, uniqueness and regularity of a
function v : [0,¢;] — X solving (3.1). These results are needed in later chapters
and are especially presented to serve those purposes.

(3.1)

3.1 The Homogeneous Equation

To prove existence, uniqueness and stability of the solution of the homogeneous
evolution problem

V'(t) = —Ruo(t), t €10,00),
v(0) = vy
on the unrestricted interval [0,00) we are going to make use of Theorem 3 and

Theorem 4. Both statements are formulated and proven in [5] as Theorem 7.4
(Hille-Yosida). They are based on the following definition.

(3.2)

11



12 CHAPTER 3. BASIC FACTS ON ABSTRACT EVOLUTION EQUATIONS

Definition 1. A linear operator R : X O D(R) — X s called monotone, if

(Rv,v) > 0, v € D(R). (3.3)

If in addition
RId+R) = X, (3.4)
where 1d denotes the identity map on D(R) and 1d+ R is considered as an operator
from D(R) to X, it is called maximal monotone. O

Lemma 2. For a mazimal monotone operator R : X 2 D(R) — X it holds
(a) D(R) is dense in X.
(b) R is closed.

(c) For every a > 0, the operator 1d + aR : D(R) — X is bijective. Moreover
(Id+aR)™: (X, |lll) = (D(R),].) is bounded with ||(1d + aR)~}|| < 1.

Proof. This is proven in [5] as Proposition 7.1. O

Theorem 3. Let R: X O D(R) — X be a mazximal monotone linear operator and
vo € D(R). Then there exists a unique v € C*([0,00), X)NC([0, 00), D(R)), which
solves (3.2). Here, D(R) is equipped with the graph norm ||z||g = ||z|| + ||Rz],
xr € D(R).

Proof. For a proof we refer to [5], Theorem 7.4. O

Theorem 4. Let R : X D D(R) — X be maximal monotone, vy € D(R), I =
[0,00) or I =1[0,t1], and let v € CY(I,X)NC(I,D(R)) be a solution of

V'(t) = —Ruo(t), tel,
v(0) = vy
Then
%Hv(t)y\? = =2(Ru(t),v(t)) < O, tel. (3.5)
In particular it holds
@l < lvoll, tel. (3.6)

Proof. The simple proof is part of the proof of Theorem 3 in [5]:
d 2
%Hv(t)” = 2(0'1),v(t) = -2(Rv(®),v(®) < 0, tel,

since R is monotone. So t + ||v(t)|| is monotonically non-increasing on I, from
which (3.6) follows. O
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Theorem 3 guarantees the existence of a unique solution of (3.2) on the interval
[0,00). Such a solution can be restricted to yield a solution of (3.2) on the restricted
interval [0, t;], where we chose t; > 0 arbitrarily. That even on [0, ¢;] the solution
of (3.2) is unique, is the content of the following lemma.

Lemma 5. Let R : X D D(R) — X be mazimal monotone, vy € D(R), and let
v, 0 € C’l([O,tl],X) N C’([O,tl],D(R)) be solutions of

V'(t) = —Ro(t), t €[0,t],

o0) = o (3.7)

Then v = 0.

Proof. As v,0 € C'([0,#1], X) NC([0,#],D(R)) are solutions of (3.7) and R and

the derivative are linear, the function v — o € C*([0,,],X) NC([0,t1], D(R)) is a
solution of (3.7) with vy = 0. Thus by (3.6) we have ||v(t) — 0(t)| = t € [0,4].
So v = 7. ]

In the sequel the following definition will play a central role. It is taken from
[10] and [5].

Definition 6. A family of bounded linear operators (S(t))te[o o) O X which sat-
i1sfies

S(s+1t) = S(s)S(t), s,t € [0,00),
5(0) = 1d, (3.8)
lslgi S(s)vg = S(t)vo, te0,00), vo € X,

is called a strongly continuous semigroup or Cy-semigroup. If S(-) is de-
fined on all of R and (3.8) is satisfied for all s,t € R, it is called a strongly
continuous group or Cy-group.

If a Cy-semigroup (S(t)) satisfies

te[0,00)
HS(t)UoH < HU0H7 le [0,00), UU€X7
it 1s called a contraction semigroup. 0

Definition 7. For a mazimal monotone operator R : X O D(R) — X we define

the family of linear operators (SR(t))te[O 00) by

Sr(t) : (DR), ) = (X 1-1) vo > v(t) (3.9)
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for every t € [0,00), where v is the unique solution of the evolution equation

"(t) = —Ro(t), t €10,00),

V(1) = ~Ro(t) 0,%0) 510

v(0) = vy,

in the space C*([0,00), X) N C([0,00), D(R)), which by Theorem 3 exists. Due to

(3.6), each Sg(t) is bounded with |Sg(t)|| < 1, and according to Lemma 2(a) the
space D(R) is dense in X. Therefore we can continuously extend Sg(t) to

Sr(t) = (XL = (XL -
€ [0,00). O

Lemma 8. For a mazimal monotone operator R : X O D(R) — X, the fam-
ily (SR(t))tE[O 00) introduced in Definition 7 forms a contraction semigroup. In

particular it is
|Sr(®)vol| < lvoll, vo € X, tel0,00). (3.11)

Proof. In a first step let vg € D(R). Then Sg(0)vy = v follows from (3.10)
and lim,_,; Sr(s)vg = Sg(t)vg, t € [0,00) follows from Sg(-)vg € C’l([O, oo),X) N
C([0,00), D(R)) by definition. Also, for fixed s € [0,00), both Sg(-)Sr(s)ve and
Sr(+ 4 $)vg solve v = —Rw, v(0) = Sgr(s)vg. So they are equal. Finally we recall
(3.6) from which || Sg(t)vo|| < [Juo||, t € [0, 00) follows.

Now let vy € X. Since D(R) is dense in X there is (vp)nen in D(R) with
lim,, oo v,, = vg. For the family (S R(t)) 1€[0,00) of continuous extensions to X it
follows 7

SR(O)UO = lim SR(O)Un = lim Un = 9.
n—o00 n—o00

In the same way we prove Sg(s + t)vg = Sg(s)Sgr(t)vo, s,t € [0,00) and (3.11).

Finally we need to show that Sg(-)vg still is continuous. So let ¢ € [0, 00) and
e > 0. There is ug € D(R) with ||vg—ug|| < /3. Since Sg(+)uo is continuous there
is 0 > 0 such that HSR(S)UO — SR(t)uoH < €/3 whenever |s — t| < 0. Now from
(3.11) it follows that

||5R( Jvo — Sk( UoH

< || )(vg — ug || + HSR(S)uO—SR(t)uOH + HSR(t)(uo—vo)”
< QHUO—uOH + [|Sr(s)uo — Sr(t)uo|
< €

for |s —t] < 4. O
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Lemma 9. For a mazimal monotone operator R : X 2 D(R) — X it holds

o . . SR(h)Uo — SR(O)UO .
D(R) = {UO €eX : hlir& : exists. } . (3.12)
Proof. This is stated by Theorem 3.15 (Lumer, Phillips, 1961) in [10]. O

Lemma 10. For the semigroup (SR<t>)te[0 00) defined by a maximal monotone

operator R : X 2 D(R) — X on a real Hilbert space (X, (.,.)), the following holds
true:

(a) The map [0,00) x X — X, (t,v0) — Sr(t)vo s continuous.
(b) LSu(t)yvy = —RSp(t)vg, t€ [0,00), vo € D(R).

(¢c) Sg(t)Rvy = RSgr(t)vy, t€[0,00), v9 € D(R).

(d) ||RSr(t)vo|| < ||Rvoll, t € [0,00), vo € D(R).

Proof. To prove part (a) we fix ¢y € [0,00) and vy € X and use the continuity of
Sgr(+)ve, which is implied by Lemma 8, as well as (3.11). This yields

HSR(t)U — SR(t())U()” S HSR(t)(U — ’U())H + HSR<t)UO — SR(tO)UOH
< v —woll + || Sr(t)vo — Sk(to)vo
— 0, (t,v) — (to,v0) -

Part (b) directly follows from the definition of (Sg(t))
To prove (c), let v9 € D(R) and ¢ € [0,00). Then

te[0,00)°

1
lim —

Tim o (Sa(W)Sa(th — Sa(fhn) = Tim 1 (Sa(h-+ v — S(t)u)

h—0+
1 1

= Jlim > (Se()Sr(h)vo — S(tire) = lim SR(t)< = (Sr(h)vo —UO))

= SR(t) ( hligl-i- %(SR(}OUO — UQ)) = —SR(t)RUO

due to (b). So from (3.12) it follows that Sg(t)vy € D(R) and again by (b) it is
—RSR(O)SR(t)UQ = —SR(t)RU(), SO RSR(t)UO = SR(t)R"U().
Finally, (d) is a consequence of (c) and (3.11). O
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3.2 The Inhomogeneous Equation

In this section we study the inhomogeneous evolution equation (3.1), that is

V'(t) = —Ru(t) + f(t), te0,t],

50) = v (3.13)

with a maximal monotone operator R on the real Hilbert space (X (e )) and vg
and f having multiple degrees of regularity.

In the sequel we are going to need an integral notion for functions mapping a
real interval into a Hilbert space and also some basic facts on integrable functions
of this kind. To this end we refer to the appendix.

The most natural solution concept for (3.13) is the following.

Definition 11. For f € C([0,t], X) and vo € D(R) a function
v e CH[0,t:],X) N C([0,t:],D(R))
which satisfies (3.13) is called a classical solution of (3.13). O

To define a second notion of solutions of equation (3.13) we need the following
basic technical lemma.

Lemma 12. Let (SR<t))te[0 o)
for every t € [0,t1] it holds

be as in Definition 7 and f € L*((0,t1), X). Then

Sg(t—e)f € L'((0,1),X).

Proof. Let t € [0,t].

We need to prove that g .= Sgr(t — e)f is Bochner integrable as formulated in
Definition A.1.

Since f € Ll((07t1),X) by assumption, there is a sequence (f,,)nen of simple
functions converging pointwise to f almost everywhere on (0,t;) and also it is

fotl | f(s)|| ds < co. We define the functions

t
Tn = Z kﬁ 1 [k% , (k+1)%) ’

n € N, which have only finitely many values and map (0,¢) into itself. It is
lim, 00 Tn(s) = s, s € (0,t). Now g, = SR(t — Tn(0)>fn is a simple function for
every n € N and lim,,_,o, gn($) = g(s) for almost all s € (0,¢) because of Lemma
10(a). So g is measurable. With (3.11) it holds

lg(s) = gn()| < gl + g < [N + [ < 2[[f(s)]] +1
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for almost all s € (0, ¢) and n sufficiently large. Since 2|| f||+1 is integrable it follows
from the theorem of dominated convergence that lim,, . fot llg(s) — gn(s)]| ds = 0.
Thus ¢ is Bochner integrable. O]

Definition 13. For f € L*((0,t1),X) and vy € X the function

v(t) = Sgr(t)ve+ /Ot Sr(t—s)f(s)ds, te0,t], (3.14)

is called the mild solution of (3.13). O
By Lemma 12 the mild solution of (3.13) is well-defined.
Lemma 14. The mild solution v defined in (3.14) has the properties
v o€ C([0,t], X)

and
@l < flvoll + [ £l 0.0.x) » te0,t]. (3.15)

Proof. The continuity of the first summand in (3.14) follows from Lemma 10(a).
To prove the continuity of the second summand we assume ¢, s € [0, ¢;] and without
loss of generality s < t. Then

”/SRt—T )dT—/O SR(S—T)f(T)dTH

< H/ (Sg(t—7)— Sgr(s —7) f(T)dTH + H/StSR<t—T)f(T)dTH

<[] [ sl ar.

Now we apply the theorem of dominated convergence to see that for s — ¢ and
also for t — s both terms converge to 0.

Finally estimate (3.15) is proven by applying the triangle inequality to (3.14).

O

(Salt = 7) = Snls = 1) £(7)

< 2/

The concept of mild solutions generalizes the notion of classical solutions as
the following lemma shows.

Lemma 15. Let f € C([0,t1], X), vy € D(R) and let v be a classical solution of
(3.13). Then v also is a mild solution of (3.13).
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Proof. Let v be a classical solution of (3.13). For ¢ = 0, (3.14) holds because of
Sr(0) =Id. For fixed t € (0,¢;], we define an auxiliary function

o(s) = Snlt—s)(s). s €04,
and prove that g is differentiable with
g(s) = Srlt—s)f(s), s € [0,1]. (3.16)

Therefore we also fix s € [0,t]. For r € [0,¢] \ {s} we then have

L (o(s) - ()
= L (Snlt — 9)ols) — Silt — o)
= (ISlt — )~ Salt — )]els) + Slt —)os) ()]
= L [Salt — 5) — Salt — P)]o(s) + Salt )~ [o(s) — ()]

——  Sgr(t—s)Ru(s) + Sg(t—s)v'(s)

= Sg(t —s)Ru(s) + Sgr(t —s)[ — Ru(s) + f(s)]
= Sgr(t—s)f(s).

Here the first summand converges according to Lemma 10(b) and the second sum-
mand converges because of Lemma 10(a).
Now we integrate (3.16) to get

o(t) = Se)vo = g(t) — 9(0) = /09’(8)618 = /OSR(t—S)f(S)dS

which concludes the proof. O
Remark 16. By construction, a mild solution of (3.13) trivially is unique. 0J

Next we prove the existence of a classical solution of (3.13) provided the right-
hand side f is an element of W1((0,1), X).

Lemma 17. Let f € W ((0,¢1), X), vo € D(R) and let v be the mild solution
of (3.13). Then v also is a classical solution of (3.13).
Furthermore, with the graph norm

lellz =l + Rl v € D(R),
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of the operator R it holds

%v(t) = Sgr(t)[f(0) — Ru] +/ Sr(t—39)f'(s)ds, te[0,t], (3.17)
0
d
0] = 170 = Rool + 17l opny € 0,1], (3.18)
@l < lwla + Ceow +1) [flwiaomx . €D, (319)

with cow = max{1/t;,1} from (A.1).

Proof. First we show that v € C*([0,], X) NC([0,t1], D(R)) . As vy € D(R) the
first summand Sgp(e)vo of (3.14) is an element of C*([0,#],X) N C([0,t],D(R))
by definition of Sk, and with Lemma 10 (b) and (c) it holds
d

asR( ) = —SR(t)RU(), te [O,tl] . (320)
By applying the variable substitution s’ = ¢ — s, the second summand of (3.14) can
be written as [} Sg(s)f(t —s)ds. To show that [ Sg(s)f(e —s)ds is an element
of C*([0,#1], X) and that

(Z Sr(s)f(t—s)ds = Sg(t)f(0) + /0 Sr(s)f'(t —s)ds, (3.21)

t € [0, t1], holds, we approximate f in W1! ((07 t1), X) by smooth functions (¢, )nen
according to Lemma A.4. Then (3.21) holds for f being substituted by ¢,, for every
n € N. It is

i Sr(S)pn(t —s)ds — /0 Sr(8)pm(t —s)ds

IN

t
[ lentt =5 = outt =) as
< HSOn - SOmHLl((O,h),X) ’

€ [0,t1], and with Lemma A.2 it also holds
Hdt/ Sr(s)en(t —s)ds — %/0 SR(s)gpm(t—s)dsH
< [ISR(®)(#a(0) — em(0))]| + / 1(s) (@1t = ) = @1t = 9) | ds

< [Jen(0) = em(0)]] + /O |25 (t = 5) = @, (t — 5)| ds

< (ecew + 1) [|en — @mllwro,m),x) -
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t € [0,t1]. So ( [y Sr(s)en(e —s) ds)neN is a Cauchy sequence in C*([0,¢], X)
and therefore convergent with

(/0. Sr(s)f(e—s) ds)l = ( lim /. Sr(s)pn(e—s) d3>,

n—oo 0

= lim (/0. Sr(8)pn(e —s) ds)l

n—oo

_ J§1@%0m4®+—A3%QW““$“>

= SO + | " Su(s)f'(s — ) ds,

where the limits are taken with respect to the norm ||.||¢(jo,],x)- Hence we have
v € C*([0,#1], X) and (3.21) which in combination with the variable substitution
s' =t — s in the integrand and (3.20) yields (3.17).

Next we prove that for every ¢ € [0,¢;] the second summand of (3.14) is an
element of D(R). Because of (3.12) we calculate

%[SR(h)—Id}/O Sr(t —s)f(s)ds

_ %(/Ut+hSR(t+h—s)f(s)ds—/tSR(t—s)f(s)ds>

t+h
_ %/+ Sa(t +h — s)f(s)ds,

t € [0,t1], h > 0. For h — 0 the first summand converges to Sg(t)f(0) +
fot Sr(s)f'(t — s)ds due to (3.21).

The second summand converges as well which can be seen as follows. Let
e > 0. Because f and (s,z) — Sg(s)x are continuous there is 6 > 0 such that for
t<s<t+h<t+9 it holds

ISRt +h—3s)f(s) = fOI = [Srt+h—1s)f(s)=SrO)FH)] < e.
For those h < § it then also holds

[ s - aie - o)

- H% /tHh Sult+h = 5)f(s) = f(t) ds|

< %/ 1Sk(t+h—s)f(s) = fFB)]| ds
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1 t+h
S E / £ dS
t

= .

So also the second summand converges and its limit is — f(¢). Thus v(t) € D(R),
and Lemma 10(b), where ¢ = 0, together with Lemma 10(c) yield

CRu(t) = —Sa(t)Ruy+ Se(t)f(0) + / Sa(s)f'(t — s)ds — (1)

= SHO(0) = R+ [ Su(s) (¢ = 9)ds = 50
= V() - 1),

t € [0,t1], where the last equality follows from (3.17). From this equality and
v(0) = vy we see that v solves (3.13) and also that v € C([0,t1], (D(R), |.|[r)).
Hence v is a classical solution of (3.13).

Now estimate (3.18) is proven by using the triangle inequality together with
1Sr(s)lzx) < 1, s € [0,00). Estimate (3.19) is proven like this:

[v@llr = [Re@)] + [lv@)] < II%(t)ll + [IFOI + [lov@)]
< Hf(o)_RUOH + ”f/HLl((o,t),X)

+ 1f @O + llvoll + [1fllz20.),x)
< Nwllz + Qcew + 1) [ fllwriqon)x)

t € [0,1], where we used (3.15), (3.18) and (A.1). O

Corollary 18. Let f € W'((0,t1), X) and vy € D(R). Then the inhomogeneous
evolution equation (3.13) has a unique classical solution.

Proof. The statement of this corollary is a combination of the first part of Lemma
17 and Remark 16. O

Example 19. If we only have f € C([0,¢1], X) and vy € D(R), a classical solution
of (3.13) does not have to exist as this example will show. It can be found in [10],
Example 7.9.

Here we assume, that (SR(t))te]R even is a group, zop € X \ D(R) and f(t) ==
Sr(t)zg, t € R. Then f is continuous but not differentiable in any point ¢y, € R.
Otherwise Sg(+)zo would also be differentiable in ¢ = 0, which in the case o > 0

can be seen by time reversal since (SR(t)) 1er 1s a group. And this would be a
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contradiction to zy ¢ D(R) and (3.12). Now
/ Sult—s)f(s)ds = / Si(t — 5)Sk(s)z ds
0 0
= [ sumds = [ o = . tefo.t],
0 0

is the mild solution of
v’(t) = —Ru(t) + f(t), t€0,t], v(0) = 0.

And v is not differentiable at any point ¢ > 0. Otherwise also f(t) = tv(t) would
be differentiable as a function of ¢. But we have seen in the beginning of this
example, that it is not. O

Lemma 20. Let f € W*'((0,¢1),X), vo € D(R) and f(0) — Rvo € D(R). Then
for the mild solution v of (3.13), which by Lemma 17 is also classical, it even holds
v e C?([0,t1],X) NC*([0,t1],D(R)). Furthermore, we have

lvllerqogpry < llwollr + [1F(0) — Rugllr

3.22)
+ (deow +2) [fllw2r0m).x) (
with cow = max{1/ty,1} from (A.1).

Proof. With f == f', §y = f(0) — Ruy € D(R) a and ¥ := v" equation (3.17) can be
written in the form o(t) = Sg(t)0y + fo Sr(t—s)f(s)ds, t € [0,t;]. That means ©
is the mild solution of

¥ + Rv = f, 5(0) = 7. (3.23)

With f € W2’1((O,t1),X) it holds f € Wl’l((O,tl),X). So from Lemma 17 it
follows that

o € CY[0,t1],X) N C([0,t1], D(R)) (3.24)
and v is even a classical solution of (3.23).
Because © is the derivative of v with respect to the norm ||.|| it follows im-

mediately from (3.24) that v € C*([0,t], X). We need to prove that v is also
differentiable with respect to the norm ||.||g. Then it also follows from (3.24) that
v e C'([o, tl],D(R)). So we calculate

th—
[ tH

v(t+h) —v(t) Ru(t + h) — Ro(t)

- ﬁ(t)H + H — Ri(t)

Y



3.2. THE INHOMOGENEOUS EQUATION 23

t,t+h € [0,t;]. For h — 0 the first summand converges to 0 by the definition of

0. Using v = —Rv + f, the second summand can be written
t+h)— t
HR’U( + })L Ru(t) _Rﬁ@)H
(R ) f(E ) — £(0) (3.25)
- | . + . — Rrit)|).

t,t+h € [0,t1]. As f'€ WH((0,t1), X) — C([0,1],X) by Lemma A.2, it is
f € C'([0,#1], X). Taking furthermore into account v € C2([0, 4], X) we see that
for h — 0 the right-hand side of (3.25) tends to

| =o' +rw-ro@l = [-¥0+f@)-Re@)| = o,

t € [0,t1], where the last equality follows from (3.23).
Finally, (3.19) yields

'Ol = No@®)lr
< vollr + 2eew + 1) 1 fllwrroe.x)
< [If(0) = Ruollr + (2cew + 1) [|f lwrro,m).x)
t €[0,t1]. Again with (3.19) applied to v, estimate (3.22) follows. O]

A more general statement than Lemma 20 and its proof can be found in [14],
Theorem 2.6.






Chapter 4

Abstract Auxiliary Results

4.1 An Abstract Variable Transformation

Throughout this section let (X, (.,.)x) denote a real Hilbert space, ||.||x the norm
induced by (.,.)x and let ¢; > 0.
In section 3.1 we saw, that if R : X O D(R) — X is maximal monotone with

respect to a scalar product (.,.) on X with corresponding norm ||.||, the evolution
equation

V'(t) = —Ro(t), te[0,t],

v(0) = vy,

has a unique solution in the space C*! <[O, t], (X, ||||)> N C’([O,tl], (D(R), ||||R)>

To find a scalar product (., .) with this property for some given R, it can be helpful
to subject the unknown v to a variable transformation. What this means on an
abstract level, is what we would like to study in this section.

Definition 21. Let Ry : X D D(Ry) — X, Ry : X 2 D(R2) — X be not
necessarily bounded, linear operators with domain of definition D(Ry) and D(Rs)
respectively and S : X — X a bounded and boundedly invertible linear operator.
Furthermore, let (.,.); and (.,.)2 be two scalar products on X. We call the pairs

(Ri, (.,.)1) and (Rz, (.,.)2) similar (via S), iff

Ry, = SR;S7!
and  D(Rs) = S(D(R)) (4.1)
and (ur,uz); = (Suq, Suz)s, Uy, ug € X.

O

Lemma 22. Similarity as defined in Definition 21 is an equivalence relation.

25
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Proof. To check the reflexivity of this relation we take S = Id in the notation of
Definition 21. Symmetry holds because if (R, (.,.)1) and (Rs, (.,.)2) are similar
via S, then we easily calculate that (RQ, (., )2) and (Rl s (- )1) are similar via
S~ And finally, similarity is transitive because if (Ry, (.,.)1) and (Ra, (.,.)2)
are similar via S; and (Rs, (.,.)2) and (Rs, (.,.)3) are similar via S, it obviously
holds that (R, (.,.)1) and (Rs, (.,.)3) are similar via S55;. O

Throughout this section we assume the following.

Assumption 23. Let A: X D D(A) — X be a linear not necessarily bounded
operator with domain of definition D(A), T : X — X an invertible bounded linear
operator (then by the open mapping theorem also 77! € £(X)) and (.,.)g an
alternative scalar product on X which is equivalent to (., .)x. In addition we define
the linear operator B := TAT~! with domain of definition D(B) = T'(D(A)) and
the scalar product

(u,v)r = (Tu, Tv)g, u,v € X. (4.2)
So (A, (-,.)r) and (B, (.,.)g) are similar via 7. O

Lemma 24. (.,.)r defined in (4.2) actually is a scalar product on X which is
equivalent to (.,.)x. With ||.||g and ||.||r denoting the norms induced by (.,.)g

and (., .)r, respectively, also the pairs ||-||lpx = |- |lx+|B-llx and |- |pe =
I le+ Bz as well as ||-[lax = [-lIx+A-lx and [[-|az = [-|lo+[A-lr
of graph norms are equivalent.

Furthermore,

(10,12, (X, 1)) € ([0, 1], (D(B), 1 15.5))
= (0.6, (X, 1)) n € (10,12, (DB, 1 l1s.x) )
and
(10,2, (X, 1112)) 1 € (10,12, (DAY, 1))
= (0.6 (X 1)) 1 € ([0, 1], (DA, [HLax) )

Therefore we simply write C*([0,¢1], X) N C([0,t:],D(B)), etc. in this situa-
tion, since the specific norm does not matter.

Proof. As (-,-)g is a scalar product also (-,:)r is symmetric and positive semi-
definite, and its bilinearity follows from the linearity of 7. Now let u € X with
(u,u)r = 0. Then Tu = 0 and as by definition 7" is one-to-one, it follows that
u=20. So (-,-)r is definite and hence a scalar product.
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Since (.,.)g is equivalent to (.,.)x there are c¢g, Cg > 0 with
cglwllx < Juwle < Celw|x, weX.
Together with the boundedness of T and T—! with respect to || - ||x it follows
lullr = (Tulle < CelTulx < CellTllex s lullx
and
CE ||T_1||Z(1x,||_||x) lullx = c& ||T_1||Z(1x,||_||x) IT7' Tullx < cn||Tullx
< Tl = ullr,

u e X. So also (.,.)r is equivalent to (.,.)x.
All other statements are direct consequences. O

Lemma 25. The operator
T: (X, ) = (X, II.1Ie)
as well as its restriction
T: (D(A), |||l az) = (D(B),|.Il,E)
are isometries.

Proof. Since T': X — X is bijective the first statement holds due to the definition
of ||.||z. The second statement follows from the injectivity of 7', the definition of
D(B) and the definition of B since

[Tullpe = [Tulls + [|BTulls = |Tullp + |TAullz = |ullr + [|Aulr

[ullar,

u € D(A). O

Lemma 26. The linear map

e (o), (X)) (10t (DA llax))
= (0.6 (X e)) n € ([0, t2), (PB). L s5) ) - (43)
(Tu)t) = T(ult)), t€0,t],

is well-defined and isometric with respect to the pairs of norms

wes max ([[u@l] + [l @ll,)  and we max ()], + )] ,)
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as well as

u trer[l(%t}f] Hu(t)HAyT and w tg[l(%ff] Hw(t)”B,E’

The derivative of Tu with respect to t is given by
(Tw)'(t) = T'(), te0,t]. (4.4)

Proof. Since the statement of this lemma even holds true for unbounded transfor-
mations 7T', we give a proof for this more general case.

Let u € Cl([o,tl], (X, |y.||T)) N C([O,tl], (D(A), ||.||A,T)). We need to prove
that Tu € Cl([o,tl], (X, H-IIE)) N C([O,tl], (D(B), H.||B,E)).

First we prove the differentiability of Tu. Let ty € [0,%;]. From the differentia-
bility of u with respect to ||.||z and Lemma 25 it follows

li = lim
Iz e
u(t) — u(t
. LmT ( (t) —u( o))
t—to t — to
e

which in particular proves (4.4).
Furthermore this derivative is continuous: For ¢y € [0,¢;] we have

lim || (u'(t)) = T (¢ (to))||, = lim |7 (' (t) —u'(t0))]|, = 0

t—to t—to

by the continuity of u' with respect to ||.|; and Lemma 25 again. So Tu €
CH([0, ta], (X, [1I&))-
Secondly we prove Tu € C([O, t1], (D(B), ||||BE)> Let to € [0,%1]. Then

lim || (Tu) (t) — (Tu) (tO)HB,E = lim ||T(u(t) — u(to)) = 0,

t—to t—to | | B,E

which follows from u € C’([O,tl], (D(4), HHAT)) and the second statement of
Lemma 25.

Now by finally using Lemma 25 again we find that T is isometric with respect
to the two pairs of norms in question. O
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Theorem 27. Let ug € D(A) and f: [0,t1] = X. A function u € C*([0,#1],X) N
C([0,t1], D(A)) solves

u(t) = —Au®) + f(1), te0,t],

u(0) = g, (4.5)

iff w=Tu € CL([0,t1],X) N C([0,t1], D(B)) solves the transformed evolution
equation

w'(t) = =B(w(t) + T(f(#)), t €0, 4],

Proof. Let up € D(A) and u € C*([0,#1], X) N C([0,¢1],D(A)). On the one hand,
by (4.4), we have

(Tw)'(t) = T (), te0,t], (4.7)
and on the other hand, by the definition of B and T', we get
T(=A(u®)) = ~TA(u(t) = =BT (u(t) = —B((Tw)(®)),  (48)
t € [0,t1]. Furthermore, by the definition of T, it holds

(Tu)(0) = T(u(0)). (4.9)

So if u solves (4.5), then v’ = —Au+ f and u(0) = uy. Hence applying T for
every fixed t € [0,,] to both sides of (4.5) together with (4.7) — (4.9) yields that
Tu solves (4.6).

If vice versa Tu solves (4.6), then (Tw) (t) = —B(Tu)(t) + T(f(t)), t € [0,1],
and (Tu)(0) = Tuo. Thus by applying T~ for every fixed t € [0,t,] to (4.6)
together with (4.7) — (4.9), we find that u solves (4.5). O

Theorem 28. In the sense of Definition 1, the operator A : X O D(A) — X
is maximal monotone with respect to (.,.)r, iff B : X 2 D(B) — X is mazximal
monotone with respect to (.,.)g.

Proof. Let B : X D D(B) — X be maximal monotone with respect to (.,.)g.
Then

(Au,u)r = (TAu, Tu)E = (BTu, Tu)E > 0, ue D(A).

So A: X DD(A) — X is monotone with respect to (.,.)r.
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Furthermore for each f € X there is w € D(B) with w+ Bw = Tf. So
TT 'w+ BTT 'w = Tf and therefore TT'w + TAT 'w = T f. Application of
T yields T7'w + AT 'w = f, where T"'w € D(A). SoIld+ A : D(A) — X is
onto. Overall A: X D D(A) — X is maximal monotone with respect to (.,.)r.

The opposite direction follows from the symmetry of the similarity relation
which by Lemma 22 is an equivalence relation. O]

Remark 29. In our application the operator T will describe a transformation
of variables which transforms a concrete partial differential equation represented
by (4.5) into another one represented by (4.6). Both describe the same physical
process using different variables.

The physical energy of the state of the process corresponding to the solution
u of (4.5) at one point in time t is given by the expression ||u(t)||3. Described
in the other variables this physical process corresponds to the solution w = Tu of
(4.6). Here, the physical energy at time t has the form t||w(t)||%. Now Lemma 25
guarantees that . ,

Sle®l = Sl

So the physical energy of this state is well defined no matter which system of
variables we use. O

Also we will have to apply a variable transformation to the derivative of the
solution of an evolution equation for parameters contained in the equation. As
we will see such a derivative is represented by the mild solution of an evolution
equation. For this purpose we need the following two corollaries.

Corollary 30. If A is mazimal monotone with respect to (.,.)r in the sense of
Definition 1 and Sa(-) the contraction semigroup generated by it according to Def-
wnition 7, then

Srar—(t) = TSA(t)T", t€[0,00).

Proof. By Theorem 28 the operator TAT~! = B is maximal monotone with re-
spect to (.,.)g.
From Theorem 27 it follows that

(TSA(t)T ) (Tug) = TSa(t)ug = Srar-—1(t)(Tuo), t€[0,00), (4.10)

uyg € D(A). As a consequence of the maximal monotonicity of B with respect to
(.,.)E,itis TD(A) = D(B) dense in X. Together with the continuity of T'S4(¢)T "
and Spar-1(t) it therefore follows from (4.10), that

(TSA(t)T_l)U)O = STATfl (t)wo, t e [O, OO) s
Wq € X. ]
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Corollary 31. Let A be maximal monotone with respect to (., .)r, up € X and f €
Ll((O,tl),X). A function u € C([O,tl],X) 18 the mild solution of the evolution
equation

W(t) = —Aut)) + f(t), t€[0,t],

«(0) = . (4.11)

iff w="Tu¢€ C([O,tl],X) s the mild solution of the transformed evolution equa-
tion

W) = <B®) + TU0).  telnl
Proof. Let u be the mild solution of (4.11). Then u(t) = Sa(t)up + f(f Sa(t —
s)f(s)ds, t € [0,t;]. And with the continuity of 7" and Corollary 30 we get

(Tu)(t) = T(u(t))
= TS,(t)T 'Tuy + / TSa(t — )T 'T(f(s)) ds

= Sp(t)Tuy + /0 Sp(t—s)T(f(s)) ds,

t €[0,t]. So Tw is the mild solution of (4.12).
For the opposite direction we apply 7! to the mild solution of (4.12) and use
Corollary 30 with A, B and T, T~! interchanged, respectively. O]

Finally, we will derive adjoints of given bounded and unbounded linear oper-
ators in our application. In the remaining part of this section we therefore study
how a variable transformation affects the adjoint of an operator on an abstract
level.

Lemma 32. Let D(A) be dense in X and A* : X D D(A*) — X denote the adjoint
operator of A with respect to (.,.)r. Then also D(B) is dense in X, and the adjoint
of B with respect to (.,.)g is of the form B* = TA*T~! with D(B*) = TD(A*).

Proof. In our setting, ||.||x, ||.||z and ||.||r are equivalent. Yet, the following simple
proof for the density of D(B) in (X, |.|[g) provided D(A) is dense in (X, ].||7),
even holds for unbounded 7.

Let D(A) be dense in (X, |[.||r) and z € X be arbitrary. Then there is a
sequence (Y )nen in D(A), with lim,, o ||y, — T z||7 = 0. Hence, lim,, o | Ty, —
z||g = lim, o0 ||yn — T x||7 = 0, which proves, that D(B) = TD(A) is dense in
(X 1)
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Furthermore, for v € X it holds

v e D(AY) JyeX: (Au,v)r = (u,y)r, u€ D(A)
JyeX: (TAT 'Tu,Tv)g = (Tu,Ty)g, uc D(A)
dzeX: (Bw,Tv)p = (w,2)g, w € D(B)

Tv € D(B").

S I

If one of these equivalent statements holds true, then y and z are unique with this
property because of the density of D(A) and D(B) in X, and it is y = A*v and
z = B*Tv. So

BTv = z = Ty = TA*w = (TA*T Y)Twv.
Together with the bijectivity of T, the last statement of this lemma follows.  [J

Lemma 33. The operator A is symmetric with respect to (., .)r, iff B is symmetric
with respect to (.,.)g. Analogously, A is skew-symmetric with respect to (., .)r, iff
B is skew-symmetric with respect to (.,.)g.

Proof. At first let A be symmetric with respect to (.,.)7. Then

(Bu,w)g = (TAT ', TT 'w)g = (AT v, T w)y
= (T, AT 'w)p = (v,TAT 'w)g = (v, Bw)g,

v,w € D(B). The other direction follows from the symmetry of the similarity
relation.
The second statement is proven analogously. O

4.2 A Special Class of Operators

The following assumption is motivated by our application. The operator A of
section 4.1 will be of the form (2.14). Then B of section 4.1 will turn out to
have the form —P,Q + P, with two bounded linear operators P;, P, € £(X) with
additional beneficial properties, which depend on the material parameters, and an
unbounded operator @) : X O D(B) — X, which is independent of any material
parameter. We will see then that the energy scalar product (.,.)g corresponding
to the operator B is given by (P '-,-)x.

In this short section we prove the well-definedness of such a scalar product
under given assumptions on P; and also derive some norm estimates, which we
will apply to norms related to the operators B and A in later sections.
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Assumption 34. Throughout this section let (X () X) be a non-trivial real
Hilbert space and ||.||x the norm induced by (.,.)x.

Let P, Py, P, € £(X) and Q : X D D(Q) — X be a linear not necessarily
bounded operator with domain of definition D(Q). In addition let P, Py be bound-
edly invertible and P, self-adjoint and monotone, that is (f’lv,w) x = (U,F’lw) ¥
and (Pow,w)x >0, v,w € X.

We use the notation P := (P;, P,) and introduce the linear operator 5(P) =
“PQ+P: X DDQ) = X. O

Lemma 35. (Cauchy-Schwarz Inequality for Positive Semidefinite Symmetric Bi-
linear Forms)
Let (.,.) be a positive semidefinite symmetric bilinear form on X. Then

|(v,w)] < v (v,0)V/(w,w), v,we X . (4.13)

Proof. Let v,w € X. For every € > 0 it follows from the positive semidefiniteness,
bilinearity and symmetry of (.,.), that

(v, w) (v, w)
O T E M e
— (o) — 2 (v, w) (v, w)*(w,w)

(w,w) +e  ((w,w)+¢)°

which is equivalent to

\/2— ) o < Vo) Viwa) Te.

(w,w) +¢

For ¢ — 0, the right-hand side of this inequality tends to the right-hand side of
(4.13). If (w,w) # 0, also the left-hand side of this inequality tends to the left-
hand side of (4.13), which is therefore proven in this case. If on the other hand
(w,w) = 0, the left-hand side of the last inequality is equal to v/2|(v,w)|, from
where it follows that (v,w) = 0. So also in this case (4.13) is true. O

Lemma 36. The scalar product (v,w)p = (P7Yw,w)x, v,w € X, is well-defined.
For the norm ||.||p induced by it, it holds

1

. lollx < lels < VIB e Telx.
P 20

we X. So(.,.)p is equivalent to (.,.)x.

(4.14)
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Furthermore, for the graph norms || - |lo.x = |Q - [|x + |- |lx and || - HB(P),P —
1BCP) - Nlp+ 11 - || it holds

kpplullox < Nwlgpms < Kpplwlox, (4.15)

w € D(Q), with

kpp = ( 1P cx )

-1
maX{||Pf1||c(x,||.nx>, 1P e o | Pellecx o + 1}) )

Kpp = \/||Pf1||z:(x,u.||x> maX{||P1||c<X,H.||x)7 1 P2l 2,101 +1}-

For every d > 0 there is ¢ > 0 such that

1
Clwllox = llwligeyp = cllwllox, (4.16)

w € D(Q), holds for all Py, Py, Py as in Assumption 34 with
1Pl e > 1Palleci s 1P leaonie s 1P e < d-

Proof. Since P, is self-adjoint we have

(f’l_lv,w)x = (Pr'v, PP w)x = (PP}
= (P 'w,v)x,
v,we X. So (Pt .)x is symmetric.

As P! is linear, (P ))) x_is bilinear.
From the monotonicity of P; it follows

(]51_1w7 w)X - (pl_lw7 Plpl_lw)X Z 07 weX.

To prove the definiteness of (151_1.3.) x we apply Lemma 35 to the positive
semidefinite symmetric bilinear form (P, ., .)x and calculate

lwllyx = (PflpllU, w>X < \/(f’flﬁw, Pnu)x \/(f’flw,w)x . (4.17)
w € X, and by again using the Cauchy-Schwarz inequality we get
(PP, Prw) e = (w, Pw)y < fulx [Pw]x

5 ) (4.18)
< NPllecx g lwllx
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w € X. By plugging (4.18) into (4.17) we get

ol < VP e llwllx o/ (P w, w)x weX.  (419)

From this inequality it follows that whenever (P w, w)x = 0 for one w € X also
|lw||% = 0 and therefore w = 0. So (P;'.,.)x actually is a scalar product.

The norm ||.| 5 induced by (PL.,.)x has the form ||w|s = \/ (P w,w)x,

w € X. So we simply need to divide (4.19) by ||w| x and 4/ ||]51||E(X,H.|Ix) # 0 to

arrive at the left inequality of (4.14).
The right inequality of (4.14) follows with the Cauchy-Schwarz inequality from

ol = (Frlww), < [P wlxllwlx < 1P leeepo ol

w € X, by taking the root of both sides.
To prove (4.15), let w € X. With (4.14) we get

[wllox = [Qulx + [lwlx
|PTH [(—PQ + Po)w — Pl + [lwllx

< NPT e |B(P)w = Pawl|, + [wllx
< B ecano (BP0 + [Palecxiolwlx) + lellx
< APl e (||P1_1||L(X,.||X)<HB(P>7~UH15
FlPeccaollul) + )
1
< FHwHB(P),P'
PP

On the other hand we have

Hng(P),P
= [|BP)w]|s + wlz

< V1P Necxaao (18Pl + lwilx)
VI e (|(-R@+ Pl + )

VIB e (I\PlHaX,u.nx)HQwa + 1Pl ecepnollwllx + IIwa)

< Kpplwlox-

IN

Finally, a direct estimate yields (4.16) for ¢ == v/d (d + 1)2. O






Chapter 5

Viscoelasticity: Unique Existence,
Energy

In this chapter we apply the abstract theory developed in chapters 3 and 4 to
the initial-boundary value problem given by the viscoelastic partial differential
equation

ov(z,t) = Iz)dive(z,t) + f(z, 1),

o (at) = € (ne) 4+ S mani)  walo) + Y maale) ) ) o1

L
+ ) oy t) + glat), (5.1)
I=1
Om,) =~ (D) (asa(0)  mra(a)) (),
— we(x)my(z,t), l=1,...,L,
x € D, t €[0,t], introduced in (2.13), together with initial values
v(z,0) = vO(x), o(z,0) = o(x), n,(z,0) = nl(o)(x) , l=1,...,L,
x € D, and boundary values
v(z,t) = 0, x € 0Dp, t €0,t4], n(z) o(r,t) =0, 2 €0Dy, t €[0,1].

Here, D C R? denotes a non-empty open set with its boundary decomposed as
0D = 0DpUODy, n is the outer unit normal vector and t; > 0. We recall that
f = of.
According to section 2.6, we interpret problem (5.1) as an evolution equation
!/
u'(t) = —Au(t) + f(t), te|0,t4], (5.2)
u(0) = wo

37
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with u = (v,e,n)T and n = (n,,....,n;)", vy = V9, © )T and n© =
(nl ONT. f=(f,g,0)7, and the linear operator A : X D D(4) — X,

Mg
v Jddive
o Cn + Sl oy s + S0 wana) 2(v) + Sy
Al™ | = — —wmlC(,uMJ ) KM,l) E(V) - Woei1Th ’ (5'3)
N _WG,LC(MM,La HM,L) e(v) — worny

(v,o,m)" € D(A), on a suitable Hilbert space X and domain of definition D(A).
The purpose of the next section is to define these spaces.

5.1 Function Spaces

Notation 37. We assume D C R3 to be any non-empty open set. Furthermore
let 9Dp C OD be an arbitrary subset of its boundary 9D and 0Dy = 0D \ 0Dp.
On the vector space R?® we make use of the canonical scalar product

a-b = Zaibm a=(a)ic123, b= (b)icias € R’.

On the spaces R and R2%? we use the Frobenius inner product which is defined
as

3
M:N = Z MmN , M = (mij)i,j:1,2,37 N = (nij)i,j:1,2,3 e R,

,j=1

Having these scalar products we can define the vector spaces

L*(D,R%) = {V : D — R*: v is measurable and /

D

v(z) -v(z)dr < oo }
and
L*(D, R3S = {a’ : D — RS : o is measurable and/D o(x):o(x)dr < oo }

together with scalar products

CRRE) B /Dv(l)(x) ~O(2) da, viD v® e L2(D,R?)
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(e, o)

Sym

= / oW(z): o (z) dz, oW o® e L2(D,R3?)
D

L2(DREE)

respectively.
Now for the Hilbert space on which A in (5.3) acts we choose

72 3 2 3x3 2 3x3
X = L*D,R%) x L*(D,RJ3) x L*(D,RI3H)* (5.4)
with
2
(ur, ug)x = (V(1)7V(2))L2(D,R3) + (o, (2))L2(D R3S +Z ’771( ))LQ(D,RSyXIE)’
I=1
(5.5)

up = (v, 6 nM) uy = (v®@,6? n?) € X. The norm on X induced by the
scalar product (-,-)y is denoted by ||.||x-

Also we make use of spaces of k-times continuously differentiable functions with
compact support

CEHOLRY) = {peC"QR’): supp(p) C Qis compact.},
CH(Q, RIS = {¢e CH(Q, R23) . supp(yp) C Q is compact. }

where Q C R3 is any open set, k € Ny U {oo} and C°(, ...) stands for merely
continuous functions. O

Lemma 38.
(a) The space C°(D,R3) is dense in L*(D,R?).
(b) The space C>(D,R3X3) is dense in L*(D,R3*3).

sym sym

Proof. We demonstrate the proof for (b). Let o = (0i;)ij=123 € L*(D,R3X3).

sym
Then o;; € L*(D,R), 4,5 = 1,2,3. By the analogous result for scalar valued
functions which is a special case of Corollary 3.5 in [15] there is (O'i(;-z))n oy €
C=(D,R)N with lim,, ||cr§;7) — 0ijllr2(pry = 0 for each (4,7) € {1,2,3}* with

j>i With o’ =0, n e Nfor j <iand o™ = (001); ;2123 n € N, it holds

Jv v

o™ e Cx(D R3X3) n € N, and

sym

: _ : (n) -
J o = olewsgs = Jumy Dl —oulpn =0
,J=

In the same way, (a) can be shown. O
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Notation 39. For v = (v;)i—123 € CHQ, R?) and o € CL(Q, Rfyxri) we define

g(v), divv and diveo as done in section 2.4 by e(v) = (Dv + (Dv)")/2 with the
Jacobian matrix Dv, divv =37 d;v; and dive = 25;1 0;0.;j - O

Lemma 40. (Partial Integration)
Let Q C R3 be a Lipschitz domain, n its exterior unit normal vector field,
v € CHR3 R?) and o € CHR3 R3%3). Then

sym

/Qa:dv) + div(o) -vdr = /BQ(nTJ)Vds, (5.6)

where ds indicates integration with respect to the two-dimensional surface measure.

PT'OOf. For v = (Ui)izl’z’g, g = (Uij)i,j:1,2,3 and dive = (di)i:LQ’g we use the
symmetry of o to calculate

div(ev) = Z (Zawv]>

]:
3

= ) 0y(0y) + (0o

i,j=1 6j=1
1, - -
= i(Eazjav] Z 3U]> ;(aajz)a
1,]= Jj=1 LI=
3
B 8 divj + Oju;i —1— 0;v;

= o:e(v) + div(e )-V.

On the other hand with n = (n;);—1 23 it is

(ov) n = Zaijvjni = (n'o)v.

1,j=1

Now (5.6) follows from the Gauf divergence theorem, which can be found as The-
orem 3.34 in [15]. O

Notation 41. Motivated by (5.6) we can define € and div in a weak sense in the
usual way.

More precisely, for any v € L?(D,R?) we say, £(v) exists in the weak sense, iff
there is g € L?(D,R3X3) such that

Sym

/v-div(\If)d:c _ —/g:\Ilda:, Ve (DR, (5.7)
D D
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If it exists, g is unique with this property because by Lemma 38, the space
C>(D,R2%3) is dense in L*(D,R3X3) . In this case, g is denoted by &(v).

Sym sym
In this way we introduce the set

H(e,D,R?) = { v € L*(D,R?) : e(v) exists in the weak sense. } .
It forms a vector space and can be equipped with the scalar product

(v(l),v@))v — (V(l)’v(z))L2(D,R3) + (E(V(l))’E(V(Q)))LQ(D,RB’XS 7 (5.8)

syrn)

v v® € H(e, D,R3). The norm induced by it is denoted by ||.||v .
In the same way for any o € LZ(D,RS},XH?;) we say, divo exists in the weak
sense, iff there is h € L*(D,R?) such that

/a:e(go)d:v = —/h-cpdx, ¢ € C*(D,RY).
D D

In this case h is unique, since C2°(D,R3) is dense in L*(D,R?) due to Lemma 38,
and we denote h by dive.
In this way we define the vector space

H(div,D,R¥3) = { o € L*(D,R¥3) . diveo exists in the weak sense. } :

sym Sym
It can be equipped with the scalar product

(@0, 0®) . = (oW, o®)

5 + (div o div 0'(2))

L2(D,R3E) L2(D,R3)

oW, o® ¢ H(div, D,R3*?). The norm induced by (.,.)s is denoted by ||.|[s. O

Sym

Lemma 42. The spaces (H(e, D, R?),(.,.)v) and (H(div,D, R¥3) (.,.)s) are
Hilbert spaces.

Proof. Let (v,)nen be a Cauchy sequence in (H(e, D, R?), (.,.)y). Since

2
Ve = Vil F2pmey s [le(vn = Vm)HL?(D,RSerS’)
2
< vn — VmH%%D,RB‘) + HE(Vn - Vm)HL?(D,Ré”yxrﬁ)

= ||V7L _Vm”%/7

n,m € N, the sequences (v;,)nen and (E(Vn))n are also Cauchy with respect

eN
to [|.z2(pre) and ||| p2(p gaxz), respectively. Since (L*(D,R3), ||.|[r2(pr#) and

(L*(D,RED), |1 z2(p pegz)) are complete, there are both v € L*(D,R?) and g €

Sym
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L*(D,R%:3) such that ||v, —v||r2(prs) — 0, n — oo and [|e(v,

Sym

>—gHL2<D,R§;,§ — 0,

n — oo. Now for any fixed ¥ € C°(D, RS;H?;) we can apply the Cauchy-Schwarz
inequality to prove

/V-div(\lf) +g:Vdr = /(lim vy,) - div (U) + (lim g(v,)) : ¥ do

n—oo n—o0

= lim V- div (V) + e(vy,) : U dx

n—oo D

= 0.

So by definition, v € H(e, D,R?), and (H(e, D, R®), (.,.)y) is complete.
The same argument applies to (H(div, D, RY3), (., .)s). O

Sym

Notation 43. Let

[l-llv
Vo= {Lp e O=(D,R* N H(s,D,R3) : 9Dp C R\ supp(¢p) } . (5.9)
where the bar stands for closure in (H(g, D,R?), ||.|lv). Furthermore, let

S = {a’EH(diV,D,R3X3): chEV:/Ds(go):a+g0~divadx:0}.

sym
(5.10)
Now, for the domain of definition of A in (5.3) we choose
D(A) = VxSxL* DRI (5.11)
This linear subspace of X can be equipped with the graph norm
Jullax = lullx + [[Aullx, u € D(A) (5.12)
of A. O

Lemma 44. The space V together with the scalar product (. ,.)y is a Hilbert space.

Proof. The set shown in (5.9) which the closure is taken of, is a vector space.
Because for two elements u and v and a scalar « € R it holds

supp(au—l—v) C  supp(au) U supp(v) <€ supp(u) U supp(v)
C R*\dDp.

So also au + v is contained. Furthermore 0 is an element. Thus it is nonempty.
The closure of a linear subspace of any normed space is a vector space again.

Finally, by construction and Lemma 42, V is a closed subspace of the complete

space (H(g,D,IR?), ||.|lv). So it is a Hilbert space on its own. O
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Lemma 45. The space (S, (., )S) 1s a Hilbert space.
Proof. For fixed ¢ € V let

sym

l, . H(div,D,R¥3) — R, o — /5(90):0'+go- dive dz.
D

Then ¢, obviously is linear. Furthermore it is bounded with respect to |.||s,
because with the Cauchy-Schwarz inequality it follows

(o) < /D}e(cp):cr‘ dx + /D}cp~ divo| dz
< le(@llmaz ||a||L2<DRg;g) + llllz2men|l div e oz
< Il mn + 1@ m) 10120z 114V 0220 g
= lelvlols.
o € H(div,D,R:3).
Now

S = [0},

weV
which is an intersection of closed normed subspaces of the complete normed space
(H(div,D,R33), |.]ls) and therefore a closed and hence complete normed sub-
space 1tself. n

Lemma 46. The space V is dense in L*(D,R3?).

Proof. Since
C2(D,R) < {weC™(DR)NHE DR : 9Dy C R\ supp(y) |
this follows from Lemma 38(a). O

In the same way, S is dense in L*(D, R3%}). To prove this we could use Lemma
38 together with Lemma 40. Instead we postpone this result to Lemma 76 where

we will have an elegant method at hand to prove it.

Remark 47. With a look at (5.6) and the property v|sp, = 0 of every v in the
dense subspace {@ € C~(D,R*) N H(e, D,R?) : 0Dp C R*\ supp(e)} of V used
in the definition (5.9), we see that the defining condition on the elements o of the
subspace S of H(div,D,R3*%) formulated in (5.10) is a variational interpretation
of the boundary condition n" o |sp, = 0.

It is worth noting that besides D being an open set, this construction does not
need any further assumptions on the regularity of D, the boundary 0D of D as
well as the subsets ODp and 0Dy of OD. Of course the degenerate case D = ()

does not matter in applications. 0
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Remark 48. We further mention the space H'(D,R3) consisting of all v €
L*(D,R3) for which there is g € L*(D,R3*3) such that

/\vafds = -i/gwdm p € CX(D,R).
D D

If it exists, g is denoted by Dv. The vector space H'(D,R3) is endowed with the
norm

Wlmnwes =\ IVI2a0ms) + 1DVIEap g
v e H'(D,R%).

In the special case where D is a bounded, connected Lipschitz domain, it is
stated in [7] (pp. 291-292) that

H(s,D,R®) = H'(D,R%.

To prove this theorem one shows that ||.|| g prs) and ||.| g (prs) are equivalent,
where one side is easily verified via the calculation

r —H?vZ (Ov;) 81}1
lle(v )HLQ(DRsxg = / Z \Givj T dj0i)” /Z i) )? dx

,5=1 ,j=1
-/ SO e = DV e
1,7=1

v = (v1,ve,v3) € HY(D,R*) C H(e,D,R?). The other follows from Korn’s in-
equality, a proof of which can be found in [16] and which states that there is ¢ > 0
such that also

DV |z2prexsy < clleM)2ppae)

v € HY(D,R?). O
Finally, we choose spaces for the parameters in (5.3).

Assumption 49. We assume all material parameters to be positive, measurable
real-valued functions on D which are essentially bounded from above and below,
ie.

19, ,uHa ,LLM,17' .. 7,UM,L7 K, KM,l,- . -aK'M,La (-"-)0',17' .. ,w,,}L

€ L¥(DD) = {a e L>*(D): a>0, éE LOO(D)} . (5.13)
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For better readability we introduce the notation

1 1 1
Yo = g HHO = 71— KHO = T4 7>
151 zo= (D) [l P00 I Iz ()
1 1 1
HAio = 17> KMo = 71> Weld = T
HNM,Z”LOO(D) "HA471‘|LOO(D) HKJHLOO(D)

l=1,...,L. Then

19(:[‘) > 190 > O, MH(I) Z 25240 > 0, IiH(ZE) KH,0 > 0,
>

> >
pari(x) > pago > 0, Kag(x) >

Kago > 0, wa,l(l’) Weio > 0,

for almost all x € D and all [ € {1,...,L}.

Furthermore, we consider an initial value uy = (v(@, @ nO)T ¢ D(A)
with D(A) as in (5.11), and inhomogeneities £ € W((0,t,), L*(D,R?)) and
g € WH((0,1), L2(D,R2%3)). Then also f = vf € W ((0,4,), L*(D,R%). O

Sym

5.2 The Elastic Stiffness Tensor

Many of the following calculations will involve the elastic stiffness tensors, which
we defined by

C(m,k): R¥>? - R¥>3 Cim, k)M = mM + ™ trace (M)I  (5.14)

for m,k € R in (2.9), where I € R®*® denotes the unit matrix. Therefore we need
some algebraic properties as well as estimates of these maps.
First we recall that

trace (M) I

3 )
m,k € R, M € R33 where the deviatoric part dev M = M — (trace (M)/3) T of
M € R3*3 has been introduced in (2.8).

Cim,k)M = mdevM + k

Lemma 50. The set {C(m,k): m,k € R} forms a commutative subalgebra with
unity of L(R3*3) and L(R3X3), respectively, and the maps

Sym

n: R — LR, (m,k) — C(m,k),
L R — LREE), (m, k) — C(m,k)

sym

(5.15)

are injective algebra homomorphisms. This follows from the following properties.
For m, mi, ma, k, k1, ko, X € R, M, N € R¥3 it is
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(a) C(ma, k1) +C(ma, k) = Clma+my, k4 k),

(b) C0,0) = Ogmaxs),

(c) C(ma, k1)C(ma, ka) = Clmamy, kiks)

(d) C(1,1) = Idgmsxs),

(e) AC(m, k) = C(Am, \k),

(f) Clma, k1)C(ma, ko) = Clma, ky)Cmy, k)

(9) Cim, k)™ = O %) provided m,k # 0,
(h) [C(m,k)M]: N = M:[C(m, k) N],

(i) [C(m,k)M]: M > min{m,k} M: M,

(3) [C(m,k)M]: M < max{m,k} M: M.

(k) C(m, k) is diagonalizable. Its spectrum is {m,k}. The one-dimensional
ergenspace corresponding to the eigenvalue k is spanned by I. The eigenspace
corresponding to the eigenvalue m is given by {I}* with respect to the Frobe-
nius inner product on R3*3 or ngxn?; This is the set of all matrices M with
trace (M) = 0.

(1)
.- VIC(m, k)M] : [C(m, k)M] — max {ml, [k}
MeR3X2, M#£0 vM: M ’

and analogously for M € R3*3.
Proof. Let m,k € R, M;, M, € R332 and A € R. Then
C(m, k)(M; + AMy)

= m(M; + A\My) + — ™ trace (M; + AM;)I

_ L
™ trace (M)I+ A(ml\/[g +
= C(m,k)M; + XC(m, k)M, .

k
= mM; + ™ trace (M2)1>

So C(m,k) € LIR*?). If M € RS we also have C(m, k)M € R3S, so it even
holds C'(m, k) € L(R3*3).

Sym

In the sequel let m, mq, ma, k, k1, ks, A € R and M, N € R3*3,
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(a)
(C(mh k1) + C(my, k?2)) M
= C(my, ki)M + C(mg, k2)M

by —

= mM+ = ™ trace (M)I

ko —
+ moM + 2 T2 trace (M)I
ki + ko) —

= (mi+mg)M + U 1 o) 3(m1 ) trace (M)I

= C(ml + ma, k‘l + kg) M.
(b)

c(0,0M = O0M-+ trace(M)I = 0.

C(ml, k:l)C(mg, k’z) M

= C(my, k) (mgM + k2 —3m2 trace (M)I)

ko —my

= m <m21\/[ + trace (M)I>

ky —my ko —my

+ trace (mgM + trace (M)I> I
by —
= mmM+ w trace (M)I

ko —
L <m2 trace (M) + (ko — my) trace (M)) I

3
k1ky —
= mmoM+ 12#77117712 trace (M)I

= C(m1m2 s /{31]{?2)1\/1

C(L1))M = 1M+ traceM)I = M.
()
AC(m, k)M = )\(ml\/I+ _mtrace(M)I>
Ak — Am

= mM + Ttraee (M)I
—  C(nm, \E)M.
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According to part (c),

C’(mhkl)C’(mg,kg)M == C(m1m2 3 kll{?g)M,

which is symmetric in (mq, k1) and (maq, ko).

(g) Let m,k # 0. We use (c¢) and (d). Because of (f) it suffices to calculate

c(i 1) Clm, k) —

m’ k

1 1
C(Em, Ek> = C(l, 1) = Idc(RSXS) .

(h) Using the bilinearity of the Frobenius scalar product M : N and alsoI: N =

trace (N), we get

[C(m, k)M] : N

As the Frobenius scalar
in M and N and if we

_ (mM+ mtrace(M)I):N

= mM:N+ ™ trace (M) trace (N) .

product is symmetric the last term is symmetric
interchange M and N the first term is equal to

M : [C(m, k) N]. This proves the statement.

and ()

[C(m,k)M]: M =

(mM + ™ trace (M)I) : M

mM : M +

™ trace (M)?

1 k
m (M M — 3 trace (M)2> + 3 trace (M)?.

We will show that M : M — & trace (M)? > 0. Then [C(m,k)M] : M is
nondecreasing in m for fixed £ and nondecreasing in £k for fixed m. So

[C(m, k)M] : M

which proves (i) and

[C(m, k)M] : M

1
> min{m, k} <M M — 3 trace (M)2>

min{m k} (M)?
3

= min{m,k} M : M,

1
< max{m, k} (M M — 3 trace (M)2>

max{m, k}

5 trace (M)?
= max{m,k} M: M,
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which proves (j).

We are left with the proof of M : M — & trace (M)? > 0. The Cauchy-
Schwarz inequality yields

trace (M)? = (gMZZY = (211\4”)2

3 3 3
< (ZP)(ZM?) = 3> M.
i=1 i=1 i=1
Therefore
1 3 3
1\/1:1\4—§trace(1\/1)2 > M:M-) M; = > M, > 0
i=1 ij=1
ijij
(k)
Cim,k)I = mI+ _mtrace(I)I = mI+ (k—m)I = kI

As M : T = trace(M) it is M € {I}* equivalent to trace (M) =0. And
for M € R3*3 with trace (M) = 0 it holds

kE—m

Cm, k)M = mM + trace MM = mM.

(1) It is C'(m, k)I = kI. And for an eigenvector M € Rg;rg corresponding to the
eigenvalue m it is C'(m, k)M = mM. So
/AN (O RN
NeR3%E, N#£0 vN:N

> max
= Ne{LM} VNN
= max {|m|, |k|}.

And from part (h), (c) and (j) it follows
[C(m, k)N] : [C(m,k)N] = [C(m* k*)N]: N
< max{m? k*} N: N
= max {|ml|, [k}’ N: N,

N € R3*3, Therefore also

e VIO EN OO N] T

NER3%3, N£0 vVN: N
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Finally, that ¢1, t5 from (5.15) are algebra homomorphisms and that the respective
image {C(m, k) : m,k € R} of these maps forms a commutative subalgebra with
unity of L(R3*3) and L(R3X3), respectively, follows from (a), (c), (d) and (e).

sym
Furthermore, with (1) the statement ¢;(m, k) = 0 implies (m, k) = 0 for ¢ = 1, 2.
So (1, L2 actually are injective. m

Lemma 51. For «, 5 € L>®(D) the linear map

C(a,B) : L*(D,R33)  —  L*(D,R¥3),

Cla,8)$](r) = Clalw), flw) pa). reD,
is well-defined and bounded with
IC( Alleeprsey = max{[lallzew), 15w} - (5.16)
Proof. For any ¢ € L*(D,R3%3), Lemma 50 (h), (c) and (j) yield
G D) Blapayyy = [ [Clam)w]: [Ca )] o

= [ [Csp v da
- [ [e@ ) )
< /max{a2752}¢:¢dx
D
< max {|lall=m), I8lz=m)} /D¢ pdo.
Thus

IC(, ) ¥l p2ppaxsy < max {llallep) . |Bll=mn)} 19l r2ppes)

Sym sym

and therefore

Hé(aa@)HL(L%D,RS;,S)) < max{||a\|Loo(D), H/B”LM(D)}'

To show that even equality holds, we proceed as follows.

In the case: max {||o||re(p), |Bll=p)} = llellr=(p) we choose a constant
functiony : D — ngxn? such that for every € D the matrix ¢ (z) is an eigenvector

of C(a(z), B(x)) corresponding to the eigenvalue a(z). According to Lemma 50(k)
that means ¢ (x) € {I}*. A possible choice for 1 (z) =: (¢(x);;)i ;123 would be:
Y(x)13 = Y(2)31 = 1 and ¢(z);; = 0 for (4,7) ¢ {(1,3),(3,1)}. Let D, ={z € D
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lo(2)|? > ||O‘||2°°(D) — 2}N B(6,,0), n € N, where B(d,,0) is a ball around 0 with
a radius &, which is big enough for the Lebesgue measure A\*(D,,) > 0. Let 1p,

denote the characteristic function of D,, and ¢, = oo al 12 — 1p, ¥, n € N.
n LA (D, Ryym )

Then ||¢n||L2(D,R§er§) =1 and

||a1Dn¢||iz(D,R§er3)

1C(a, B) Onllz2pmsze)

Han?/f”;(D,Rnyﬁ)

; 1 Hlpn?/inz(D,RSyer)
> <||Oé||L°°(D) - _> :
n ||1Dn¢||L2(D,R§’yX£’)
1
= HO‘H%‘X’(D)_Ea n € N.

So

sym)

Slelg |C(ev, B) ¢nHL2(D,R3X3 > lallrem)
and therefore

IC(, Bl creprazzy = lalliemy = max{|lal=m), [Bllr=m)} -

In the case: max {||a||=(p), [|B]lz=(p)} = |8]|L=(p) We repeat this calculation
with ¢ substituted by z +— I, since due to Lemma 50(k), for every z € D the
matrix I is an eigenvector of C'(a(z), (x)) corresponding to the eigenvalue S(z).

O

Notation 52. Henceforth we drop the ~ in the notation of the maps C’(a, B)
defined in Lemma 51 and use the same notation for C'(m, k) with m,k € R and
C’(oz, B) with «, 8 € L*(D). Tt should be possible to distinguish the two kinds of
mathematical objects by the surrounding context. O

Lemma 53.

(a) The bounded linear maps C(pm, k), Clpnry, kag) € L(L*(D,RE:E)) are in-
vertible with

Clpm, ku)™" = C(ﬂ%7$>’
C’(pJM,l,KM,l)_l - C(ﬁ”‘%\/[)

forl=1,... L.
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(b) Forp € L*(D,R3%3) the following estimates hold:

Sym

min{ g < [Cluar )] <o

HH KRH

< max{i, i}¢:¢, (5.17)

. 1 1 _
mm{—, —} P < [C(MMJ, fiM,l) ll/f} cP
Ky K
1 1
< max{—, —}1/):1/), (5.18)
Harg K

l=1,..., L, pointwise almost everywhere on D.

Proof. (a) Asdueto (5.13), pm, tasas - - -, i, and K, Kagas - - -, K,z are greater

than 0 almost everywhere, this follows from Lemma 50(g) with (m, k) substi-
tuted by (um(x), kr(z)) and (uari(x), kari(x)), respectively, for any z € D.

(b) This is the statement of Lemma 50(i) and (j) with (m,k) substituted by
(1/pu(z),1/kg(z)) and (1/parg(z), 1/ka(x)) respectively for z € D.
[

3><3)'.

Lemma 54. The following expressions define scalar products on LQ(D,]RSym

(C(MH, /fH)*lU(l) ) 0(2)) ) <C(MM,17 /iM,z)flo'(l) ) 0'(2))

L2(DR3}E) L2(DR3}3)

for all o™, 0@ ¢ L2(D,R>*3) andl=1,...,L.

sym

They are equivalent to (-, -)L2(D7R§yx£), i.e.

01 (0.0) 2ppsy < (Cluns kn) "0, 0) sy < Qu (0,0) 2 pss) -

sym)

o € L*(D,R3X3) with

sym
1 1
ar = min{ , b (5.19)
ey |kl e (D)
1 1
Qu = max{—, —} (5.20)
HHO KHO

and

IN

(Cluary, kay) "', o) L2(D,RESS

o,0 3x3
Qi (0, >L2(D,R ¢ 3x3)

sym)

< Qumyl(o, U)L2(D,R§yxr3) )
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o € L*(D,R3%3) with

Sym

) 1 1
amy = mln{ : }, (5.21)
lenrillzee o)™ Rarall o (o)

Qui = max{ ! ! } (5.22)

MM,Z,O’ R0
forl=1,... L.
Proof. Bilinearity follows from the linearity of the respective maps C(jug, k)™
and C(uprg, i)™, L =1,..., L. Symmetry follows from Lemma 50(h), and the
estimates concerning the equivalence of the scalar products hold because of our

parameter restrictions (5.13) together with (5.17) and (5.18). This also proves the
positive definiteness of the newly defined scalar products. m

Remark 55. We recall that in (2.11) we rescaled the physical shear modulus fi
and bulk modulus & as p = 2i and kK = 3k. FExpressed in physical variables, the
elastic stiffness tensor therefore reads C(p, k) = C(2[1, 3R).

Furthermore in section 2.3 we mentioned another material parameter: Lamé’s
First Parameter A\ = k — (2/3)i. Equivalently it holds 3k = 3\ + 2. Hence
Cu, k) = C(201, 3N+ 2[1).

Widely spread in literature is the definition of the elastic stiffness tensor as
a function C' = {(fi,\): i >0, X\ >—(2/3)i} — L(RES]) depending on the two
material parameters fi and \. That s,

C'(i, M == C(2, 3\ + 2i)M
20) — 20
= 2uM + (BA+ ;) P trace (M)I

= 2aM + Atrace (M)I,

M € R3%3 where we used (5.14).

Sym’
In this parametrization, however, the concatenation of two such linear maps
reads

O (i, \)C (i )M = C"(/ll,)\l)(2ﬂ21\/l+/\2trace(M)I>

= 2(2,&1,&2)1\/.[ + (2/11/\2 + 2,[]2)\1 + 3)\1)\2) trace (M)I
= C'(2mfia , 2/us + 2\ + 3N A0) M.

Also it is .
dogss, = C(1,1) = c’(§,o).

Sym
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Consequently
1 A
C'(p Nt = C/(—~7—%>-
(72, A) 4" 20(20a + 3X)
With a look at Lemma 50 (c), (d) and (g) we see that in this parametrization
calculations are much more tedious than with the use of definition (5.14).! U

5.3 Transformation of Variables

To prove existence, uniqueness and stability of the solution (v,o,n)" of the initial-
boundary value problem (5.1),

V/(t) = Odive(t) + f(t),

o'0) = €+ Y+ 3w ) 2(v0) + ) + ),

n,(t) = —wa,zC(MM,z, /ﬁ?MJ)S(V(t)) — wemy(t), l=1,...,L, (5.23)
v(0) = v, a(0) = @, nO) =12,
T
V(t>‘8DD =0, n a(t)}aDN =0,

t € [0,t1], which we interpret as the evolution equation (5.2) on the spaces X as
n (5.4) and D(A) as in (5.11), we are going to apply Theorem 3 of section 3.1.

To find a suitable scalar product (.,.)r, for which the operator A in (5.3) is
monotone in the sense of (3.3), that is (Au,u)r > 0, u € D(A), we apply a variable
transformation 7" to (5.23) in a first step in this section. This transformation is a
concrete instance of the abstract transformation 7' in section 4.1. As we will see,
the new variables will have a physical meaning and also the mechanical energy of
the system and its decline over time can be clearly specified.

Definition 56. The linear transformation T : X — X is defined as

v Vv
L
o o+ Zl:l t'rll
T|lm| = M . (5.24)
;
nL T ooz

O

!Many thanks to Johann Bitzenbauer. As an expert in mechanics he told me about i and &
being the physically natural pair of material parameters. It turned out to be a good choice.
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Lemma 57. The linear operator T : (X, |.|x) = (X, |.|x) defined in (5.24) is
bounded and boundedly invertible with T~ given by

v \%
L
on OH + 21:1 O M,
TV oma = —We, 10 M,1 ) (5.25)
OM,L —Wo,LO M, L

Proof. First we prove that 7T is invertible. For u = (v,o,m)" € X we have

Vv
L
o+ t”?l
T'Tu = T oM

1
v L

v

L L
<0’ + > ﬁnz) +30 (- ﬁ"?z)

= —Wa,l( - wileh)

_wa,L( B w;L T'L)

= (Vv o, M -+ T’L)T
= u.

And for w = (v,0,0,)" € X it holds

v
L
o+l M
TT 'w = T —We,10 M,1

—We,LO M,L

A%

(UH +30 UM,Z) +30 t( — Wo 1O 1,1)

= —L< _Wo',lo'M,l)

Wo,1

1

Yo L ( - WU,LO'M,L)

= (v, O, OM1,y - O'M,L)T
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= w.

Next we prove that T is bounded. For v = (v,o,n)" € X we have

1Tl %
1 1 T
— Vv 0'+ _— P — g eeey T >
‘ ( ; walm %,1771 %Lm N
= ||V||L2 DR3) T HU + Z _’71 DRSS Z I = 77ZHLQ (DR

sym

3x3
Rsym )

S Y <L+1>(HauL2DR3x3 v ZH—m

Wal
+ Z [ 771||Lz (D.R3S
Lo
< IVIEwms + LA Dlloliapmg + E+2 D0 ——lmlap g
=1 O',Z,O
L+2 L+2
< max{L+1, 5= Sl
Wo.1,0 Wo L0

Here the first estimate has been done by applying the Cauchy-Schwarz inequality
to the second summand.

Finally, the boundedness of 7~ follows from the open mapping theorem. Alter-
natively it can be proven in an elementary way as follows. For w = (v, oy, 0)" €
X we get

1T~ wl%
L TI12
= (V7 oqH +ZUM,17 —Weg 1OM1, -+ —wa,LO'M,L>
=1 X
2 2
= ||V||L2 D,R3) + HUH"‘Z ‘L2( ngxngf + ZH _wo,lUM,l||L2(D7R§yXI§)
< IVBapge + B+ 1) (lonlZapps +Z loalapasss))
=1
L
+ Z 1@ tll700 () ; (DR
=1
< ||V||%2(D,R3) + (L+1)||0H||L2 (D,R3X3
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L
+ > (LA 1+ |wotllZ () loarallZa e
=1

< (L1 max (el o Wl }) Tol
O

Proposition 58. With A, D(A) and T from (5.3), (5.11) and (5.24), respectively,
we define

B = TAT™! (5.26)

and
D(B) = TD(A). (5.27)

in analogy to the abstract definitions in section 4.1. Then

DB) = {(v.onou) € Vx IADRE) x (D RED" -
L (5.28)
oy + Z S VARS S}
=1
with V' from (5.9) and S from (5.10) and
v 19le <0'H + Zlel UM,l)
7 i, o) =(v)
Blomr| = —| Clumy,kmg)e(v) —woiong | (5.29)
OM.L C(MM,L; f‘GM,L) (V) — Wo, 1O M L
(v,om,00)" € D(B). Here and in the sequel we use the abbreviation
o) = (O'M71,...70'M7L)T.
Proof. First we prove (5.28).
“C”: Foru = (v,o,m)" € D(A) =V x S x L*(D,R¥3)E,
v v
oy o+, t"?z
oui | = Tu = oM € V x L*(D,R¥3) x L*(D,R¥3)

1
O ML —
) UJU,LT’L
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and oy + Zlel oy, =0 €85, soTu is an element of the set on the right-hand

side of (5.28).
“D”: Vice versa, for w = (v,0,0))" being an element of the set on the

right-hand side of (5.28) it holds

A%

on+ Zlel I M,
T7'w = —We, 10 M,1 € VxSxL*DRYH" = D).

—We,LO M,L

Sow =TT 'w € D(B).
Now we show (5.29). With w = (v,o5,0)" € D(B) and the formula for A
in (5.3), for 77! in (5.25) and for T in (5.24) we simply calculate

TAT ' w
v
oy + ZZL:I oM

= TA —We 10 M1

—We,LO M,L

¥ div (a’H + Zle O'MJ)
C(MH 3 s B Y 'fM,l) e(v) — YL Weio
= -7 ~wo1C (pary s k) (V) + wiiowm
—WU,LC(NM,L ) HM,L) e(v) + w?,-,LO'M,L
¥ div (GH + Zlel UM,Z)
Clps, ) £(¥)
= - C(,UM,la FGM,l) e(V) = Wo10 M1 )
C(MM@ K'M,L) €(V) — We,LO M, L
which is the expression on the right-hand side of (5.29). [

Lemma 59. The linear operator B : X 2 D(B) — X defined in (5.26) can be
decomposed into

B - —P1Q+P2,
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where Py, Py : X — X,

Jv 0
C(ILLH, /iH) oy 0
Pw = | Clua, k) o || Pow = | Wo10u,1 (5.30)
C(MM,L, RM,L) OM,L Wo,LO M,L

and Q : X D D(B) = X,

div (UH -+ Zlel UM,Z)

e(v)
Quw = g(v) , (5.31)

(v
w=(v,oq,0y) €D(B).

Proof. For w = (v,op,0y) € D(B) we simply compare Bw in (5.29) with
(—PiQ + P2) w by a direct calculation. m

Lemma 60. The linear operators Py, P : (X, |.||x) — (X,||.||x) defined in (5.30)
are bounded.

Proof. This follows from Lemma 51 together with ¥, ..., ws 1 € L>(D) as assumed
n (5.13). O

Lemma 61. The operator Py defined in (5.30) is self-adjoint, monotone and
boundedly invertible with respect to (.,.)x.

Proof. The symmetry of P; follows from Lemma 50(h), the monotonicity from
Lemma 50(i), the invertibility from Lemma 50(g), and the boundedness of P,

from Lemma 50(j). Throughout we make use of (5.13). O
Lemma 62. The scalar product
1 1 1
= (Zv® (2)) C<_ _) (EORc)
(wlaw2)E <19V y V L2(D.R3) + ( HH’ K Oy ,0pg (D, Rg‘fn‘?
- 1
(1) (2)
+ (. ol .o ) ,
lz:l: ( MMI /{Ml Mt Ml L2 (D,ngxn?

(5.32)

w; = (v(i),ag),ag\?)T € X, i=1,2, is well-defined and provides a norm ||.|g
on X which is equivalent to ||.| x.
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Proof. Since (w1, ws)g = (P 'wy, ws)x, wi,ws € X, with Py as defined in (5.30),
this statement follows from Lemma 61 and Lemma 36. O

Lemma 63. In analogy to section 4.1 we define the scalar product

(Ul,uz)T
= (Tul,TUQ)E
1
_ (1,0 <2>) 5.33
(19V v L2(D,R3) (5.33)
1 1) @ L
Ol e o) o
( i’ K Zwalnl chlm L2(DR3%3)
L
1 1 1
e (ol )
=1 oJU-J Harg K LQ(D,RS;H?,’)

for u; = (v(i),o'("),n("))T € X, i=1,2. Thenorm ||.|r induced by it is equiva-

Proof. That (.,.)r and (.,.)x are equivalent is stated in Lemma 24. O
Notation 64. Again like in section 4.1 we endow D(A) and D(B) with the graph
norms [ullaz = [jullr + [[Aullr, u € D(A), and [[w]pp = [lwls + |Bwls,
w € D(B). 0

Theorem 65. (Stress Decomposition)
Let (v, 0'(0),7](0))T e D(A), f : [0,t] = L*D,R% and g : [0,t1] —
L*(D,R3%3). A function (v,o,m)" € C'([0,4], X)NC([0, 1], D(A)) solves (5.23),

Sym
iff (v,om, o) € C’l([O,tl],X)ﬂC’([O,tl],D(B)) with oy = a’—l—Zl > "7z and
oM = —tm, Il =1,..., L, solves the transformed initial-boundary Ualue prob-
lem
L
Vi) = ddiv (aH+ZaM,Z)(t) +
oy(t) = Clum, HH)5(V(t)) + g(t),
o) = Clumg, Kuyg) ( ) — We o i(t) (5.34)
0) — v EC) LIR(0 _ L o
V( ) =V R O‘H(O) = O +Zw_lnl s O'M,l(0> = —w l’l’]l
L
Vt)|BDD = 0, nT<UH+ZUM’l><t)‘8DN = O,
=1
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Proof. With u = (v,o,n)", = (v(9, 6@ nOnHT,
- (0) RO
TuO - ( +ZE"71 ) _w_7h y ety T ng, ) )

f = (i g,0)" and w="Tu= (v,o4,0y)", where (Tu)(t) = T(u(t)), t € [0,t],

(4.3), we can write (5.34) as the evolution equation
w'(t) = —Bw(t) + f(t), t€0,t], w(0) = Tuy.
Since by definition of 7" in (5.24) it holds

T

T(f(t>) = T(F(t>7g(t)v 0) = f(t) , t e [O,tl] ,

this theorem is an application of Theorem 27. O

Remark 66. The rheological model behind (5.23) is the Generalized Mazwell body
with one Hooke and L Maxwell elements connected in parallel which is also known
as Mazwell-Wiechert model (see [13] for example). It is diagrammatically illus-
trated in Figure 5.1.

A Hooke element can be thought of as an ideal spring. A Mazxwell element
consists of a Hooke element and a Newton element, which is also called a dashpot,
connected in series.

For two such elements connected in series the strains of both sum up whereas
the stresses are equal in each element. For two elements connected in parallel in
turn the stresses sum up whereas the strains are equal.

As in chapter 2 we denote the overall displacement vector by u, such that the
overall velocity v is given by Ou/dt. Then the overall strain is described by £(u).

By ugy,...,ug and uyy,...,unyp and Vygi,..., VgL and Vyi,...,VN We

denote the displacements and velocities of the Hooke and Newton parts of the in-

dwidual Mazwell elements, respectively. The variables oy, ..., 06 denote the
oy OM,1 O M2 OM,L

s(j ) e(ups) a(j )
SN i

L_H e(un,1) L_H e(un,2) e(un,r) L_H
| | |

Figure 5.1: Generalized Maxwell Model
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stresses of the Maxwell elements, the variable oy denotes the sum of the stress
of the single Hooke element and the external stress g. (Note, that g = 0g/0t, as
introduced in section 2.2.) Furthermore, pari,...,Hmo and K, ..., KL are
the shear and the bulk moduli of the Hooke elements which are part of the Maxwell
elements. The shear and bulk modulus of the material related to the single Hooke
element is given by pug and Ky .

For a Hooke element, stress depends linearly on strain. More precisely, the
Hooke elements which are part of the individual Maxwell elements, are character-
1zed by

oMl = C(,uM,l, HMJ) 8(11H,l) R = 1,...,L. (535)

For a Newton element in turn, stress depends linearly on strain velocity. That
18, the Newton element parts of the individual Maxwell elements have the property

1
UM,Z = W—C(,uM,l, HMJ) E(VNJ), l = 1,...,L. (536)

o,l

Moreover, the stress arising from the single Hooke element and the external
stress g are subsumed to

oy = Clug,kp)e(u) + g. (5.37)

From (5.35) — (5.37) we derive the second and third through (2+L)th equation of
(5.34) in the following way: The second equation of (5.34) is the time derivative
of (5.37). For each |l € {1,...,L}, the corresponding equation of (5.34) is the
sum of the time derivative of (5.35) with wy; times (5.36). Here, we also use the
connections mentioned above,

u:uHJ—i—uNJ, lzl,,L

Finally, the first equation of (5.34) is Newton’s second law:

L
pV/ = diV(O‘H—FZGM’l) + f,

=1

which reads

v = Jdiv (JH—I—XL:O'MJ> + f

=1

in our notation ¥ =1/p and f =f£/p. O

Remark 67. With a look at Lemma 50(k) we see* that it would also be possible to
incorporate different stress relazation times 7,5, and T, p; with reciprocals Wy g

2Many thanks to Elena Cherkaev for a very inspiring discussion which led to this idea.
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and wgp, for the shear and the bulk parts of the stress components, respectively,
by substituting the last equation in (5.34) by

o (t) = Clunrg, k) e(v(t) — Clwosy, Wopa) oar(t), l=1,...,L,
t€[0,t4]. O

Remark 68. For each state w = (v, o, 0)" € D(B) of (5.34), the value of the
mechanical energy of the physical system described by (5.34) is given by

1 1/1 1
ol = 5 (5 ) sy + 3 (Clmrn) om o)

L
1
+ 5 ; <C<,UM,I> /iM,l)ila'M,la 0'M,l>

L2(D RIS

In the case g = 0, this is the sum of the kinetic energy and the strain energy stored
within the individual Hooke elements.

In the original variables, the mechanical energy of a state u = (v,o,m)" €
D(A) of the physical system described by the initial-boundary value problem (5.23)
has the form

iz = 5 (Gv)
—||u = —(=v,v
2T 2 \9 7/ 2(DR?)
1 Lo |
+ - | C(pn, ’1(0'4— — >,0'+ — )
2( (s Kmr) ;wo’,lnl ;Wa,lnl (DRSS
#5320 (g e )i m)
— — K .
9 2 w(gﬂ Mai, Kag) “Mps Ty 12(DRES)
For w=T"'w, Lemma 25 assures that both are equal. ([l

5.4 Existence, Uniqueness, Energy Balance

To prove existence and uniqueness of the solution of (5.23) in the function space
Cl([O, t1], X) N C([O, t1], D(A)), we use Theorem 65 and apply the results of sec-
tions 3.1 and 3.2 to (5.34).

To show that the operator B in (5.29) generates a contraction semigroup, we
make use of Lemma 8 in Section 3.1, which is a consequence of the Theorem of
Hille-Yosida (Theorem 3 and Theorem 4). Consequently we are going to prove
that B is maximal monotone in the sense of Definition 1 with respect to the scalar
product (.,.)g defined in (5.32).
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Proposition 69. The operator B from (5.29) is monotone in the sense of (3.3)
with respect to the scalar product (.,.)g defined in (5.32). That is, (Bw,w)g > 0,
w € D(B), where D(B) is of the form (5.28).

Proof. For w = (v,om,0y) € D(B) itis v € V and (og + Y0, o) € S. So
from (5.10) and Lemma 50 (g) and (i) it follows

(Bw,w)g = /D—div (UH—FiUM,z) v — g(v):oy

L 11
_ Z (5(V) - wmlC(—, —)O'MJ) coyy do
—1 Harg K
L L
= —/S(V) <0'H+ZO'M,Z)+V le(UH—i-ZUMl)
D =1 =1
L
1 1
- Zwo’lo<_> —>0'Mz oy d
=1 My K
L
1 1
= / Zwa,lc<_a_>UMl oy dx
D 1 Ky K
L 11
> / Zwmlmm{—, —}O'MJ coay dx
D tarr Kl

Vv
o

Proposition 70. With B from (5.29) and D(B) as in (5.28), the operator
Id+B : DB) » X
s onto.

Proof. Let f € X. We need to prove the existence of an element w € D(B) such
that (Id + B)w = f. With f = (fl:anf3,17~-.7f3,L)T and w = (v,0n,0u)"
this explicitly reads

v—ﬂdiv(a’H—l-iO'M,l) = fi,
1=1

on — Clpu,ka)e(v) = fo,

oMl — C(ﬂM,la KM,Z)€<V) + We oM = f3,17 [=1,...,L.
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Solving the second equation for oy and the equations in the third line for o,
yields the equivalent system

L
v — ddiv <0'H n ZUM,Q - f,, (5.38)
=1
oy = fo+ Clum,km)e(v), (5.39)
1
oMi =TT ool (F31+ Clparg s karg) e(v)),  (5.40)
I =1,...,L. To derive the weak formulation of the first equation, we multiply

both sides by 1/ and a test function ¢ € V' and integrate over D. This gives

L
1 : 1
/D@v-go — div (a‘H+lE:1 O'MJ)‘CPdiU = /DgerOd% (5.41)

@ € V. Because V is dense in L?(D,R3), which was proven in Lemma 46, equation
(5.38) and equation (5.41) are equivalent.

Since we assumed (@, o, o) " € D(B), it follows from (5.28) and (5.10) that
a partial integration of the second summand on the left-hand side of (5.41) results

1mn
L
1 1
/DEV*PJF <0H+lE:1UM,l>-5(SO)d95 = /l)5f1'90d$7

pelV.
Now we plug in the second equation and the equations in the third line into
this weak form of the first one and get

/Dé""f’ t <(f2 + Clpn, k) e(v))

T Z %(f?:,l + C(pary s ki) €(V))> ce(p) do (5.42)

w
=1 o,l

1
= _.f : d.l',
/;,19 1 P

p € V. After rearranging the terms, this equation takes the form

L
1 1
[ gve+ (cmﬂ,ww}lle%’lowM,z, iai) )e(v)  <(p) de

L

= [ Ge - (Pt ) e i,

=1

(5.43)
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peV.

In order to prove the existence of a unique solution of this equation, we are
going to use the Lax-Milgram theorem (see [11], section 6.2.1, Theorem 1 for
example).

The left-hand side of (5.43) can be understood as a bounded bilinearform
V x V — R in the variables v and ¢ with respect to the scalar product (.,.)y
defined in (5.8), since with Lemma 50 (a) and (e), Lemma 51, the parameter
bounds prescribed in Assumption 49 and the Cauchy-Schwarz inequality, it holds

L
1 1
/DEV o+ (C(/LH,HH) + ZEI 1 —i—wa,zc(uM’l’ KM,Z)>€(V) ce(p) do

< HﬁH |VHL2(DR3 el L2(p,r3)
L i .
M, M,
" maX{HMH+ =1 1+WU,IHL°° ’ /{HJFZ 1+wazHL°° )}

”5 HL2(DR§’an? }5 HLQ(D,RS;S;

L
1 K K
55 5]y i+ T ey o+ 2
{HﬁHLw(D) HMH — 1 + we g L= (D) " lz:; 14+ we i llL=(D)

IN

[vllv llllv,

v, € V. This bilinearform is even bounded from below, since with Lemma 50
(a), (e), (i) and the parameter bounds given by Assumption 49, it holds

L
1 1
/DEV vV + (C(MH,fiH) + ;1 1 +wale(MM’l’ KM,Z)>€(V) ce(v) dx
()
> g (V. V)2(prs
1912~ o) o

L
| HM.LO
+ min {,LLH,O + zz1 L+ [lwoallzoo(p)

L
I€H70 + Z K:MJ’O } (g(v), 8<V))L2(D,]R3X3
=

1 1 —|— ||wc,,l||Loo(D) Sym)

1
>  min {— )
19| o< ()

L L
Har,0 KM,L0
:LLH,0+ E ) I{H,O—i_ E (V7V)V7
I= =

< 1+ [[wo il o< (D) “ 1+ [lwo | 2oo(D)
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velV.
The right-hand side of (5.43) in turn can be interpreted as a bounded linear
functional on (V/ ||.||v) in the variable ¢, since

L

‘/ fi-e f2+;1+0f31>3()dx

1
< glfillezomslelzory
0

L
1
+ Hf2+zl+walf3,z‘
=1 ’

L2(D7R§§<n§) HE;(QO) HLZ(D’RS;IS)

IN

lsellv

L 1 )
R Bmsy + £+ > P s
peV.

So by the Lax-Milgram theorem, there exists a unique solution v of (5.43).
With this distinct v, we define oy by (5.39) and oy by (5.40), [ =1,..., L.

To see that (v, o, 0))" is an element of D(B), we consider equation (5.42),
which is equivalent to equation (5.43). In (5.42) we reversely substitute the terms
on the right-hand sides of (5.39) and (5.40) by oy and o, respectively. After
subtraction of the first term on the left-hand side, this yields

/D<0'H+iO'M,l> ce(p)de = _/Dé(v_fl)"/’dl’, (5.44)

@ € V. Since this statement in particular holds for all ¢ € C>®(D,R3), the
term (1/9) (v — f,) € L*(D,R®) by definition is div (oy + 3/, oary) in weak
form. Now (5.44) explicitly assures, that o H—I—Zle o, satisfies the variationally
formulated boundary condition in (5.10).

Thus oy +Yr oM €5, wi=(v,oy,0y)" € D(B) and (Id+ B)w = f.
This completes the proof. n

Corollary 71. The operator B : X D D(B) — X from (5.29) with D(B) from
(5.28) is maximal monotone in the sense of Definition 1 in section 3.1 with respect
to the scalar product (., .)g from (5.32).

Proof. This corollary only subsumes Proposition 69 and Proposition 70. O

Now we are able to prove existence and uniqueness of the solution of the trans-
formed initial-boundary value problem (5.34). For the convenience of the reader,
we repeat the spaces in use.
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Theorem 72. Let U, iy, ku, foni, K, Woy € LY(D), 1 =1,..., L, where
1
LY (D) = {a € L*(D) : a>0, - € LOO(D)} (5.45)

as defined in (5.13), and let

X = L*D,R% x L*(D,R¥3) x L*(D,R3X3)~ (5.46)

Sym Sym

be the Hilbert space from (5.4). Let

D(B) = {(v,aH,ch)T € V x L*(D,R¥3) x L*(D,R¥3)L

Sym sym
o+ Z [ BVRNS S}
=1

as in (5.28), with

I-{lv

|
V= { ¢ e C=(D, RN H(e,D,R3) :  9Dp C R3\ supp(¢p) } (5.47)
as in (5.9), where the closure is taken in H(e, D,R3), and
S = { o € H(div,D,R¥3): VoV : /Dg(go) Lo+ p-divedr =0 } (5.48)
as in (5.10), and let D(B) be equipped with the graph norm ||-||p = ||B-|lx +1- || x-
Furthermore, let (v(® ag),aﬁw)) € D(B), t; >0, f € W' ((0,t,), L*(D,R?)),

f=0f andg e Wt 1((0,41), L*(D,R3*3)). Then the initial-boundary value prob-
lem

vi(t) = ddiv (UH + ZUMZ>

oyt) = Cluu, ffH)ﬁ(V(t)) + g(t),
O-/M,l(t> = C(parg, k) ( ) — Weoa(t), l=1,...,L, (5.49)
v(0) = v on(0) = 0'53), on(0) = 0'5&),
_ T _
Vt)|aDD =0, n (UH+ZUM,l)<t)‘aD =0,
= N

€ [0,t1], has a unique solution (v,ou,on)" € CH([0,4:], X) NC([0,4],D(B)).
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Proof. This theorem is a direct application of Corollary 18 in section 3.2 together
with Corollary 71. O

Theorem 73. The energy of the solution w = (v,om, o))" of the homogeneous
version of (5.49) with £ = 0 and g = 0 has the time derivative

_ _/Diwml(g;)q CH Jonale,t) s or(w, ) da (5.50)

=1 (@) K ()

IA

0,
t € [0,t1]. In particular it holds

lw@®lle < llwolle, te0,4],

where wy = (V(O),ag),ag\?)T.

Proof. This is an application of Theorem 4 in section 3.1, since according to the
calculation in the proof of Proposition 69, the right-hand side of (5.50) is equal to
—(Bw(t),w(t))g. [

Remark 74. With a look at (5.50), for a solution w = (v,om, o) of the

homogeneous version of (5.49) with f =0 and g = 0, the expression

L
1 1
Zwa,l0<_7 —>0'M,l COMI

=1

Ky K
can be interpreted as the spatial density of the energy dissipation rate. 0

Next, we turn to the original initial-boundary value problem (5.23).

Proposition 75. The operator A : X O D(A) — X from (5.3) with D(A) from
(5.11) 4is maximal monotone in the sense of Definition 1 in section 3.1 with respect
to the scalar product (., .)r from (5.33).

Proof. This is a consequence of Corollary 71 and Theorem 28 in section 4.1. [

Lemma 76. The subspace D(A) defined in (5.11) is dense in X. In particular, S
from (5.10) is dense in L*(D,R3%3) in analogy to the denseness of V' from (5.9)

in L?(D,R3), which has already been proven in Lemma /6.

Proof. This follows from Proposition 75 and Lemma 2(a) in section 3.1. O
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Theorem 77. Let U, pip, K, arg, Ky wWoy € L(D), L =1,...,L, as in (5.45),
and let X be the Hilbert space (5.46). Let

D(A) = VxS xL*D,R¥3HL

Sym

from (5.11) with V and S as in (5.47) and (5.48) be endowed with the graph norm
l-lla=1A|x+]"|x, and let (V(O),U(O),T’)(O))T € D(A). Finally, let t; > 0,
f € WH((0,t1), L2(D,R%)), £ = 9f, and g € W' ((0,t1), L*(D,R23)). Then the

Sym
initial-boundary value problem

Vi) = ddive(t) + f(t),
L L L
o0 = (Y st 3w () + om) + g0,
=1 =1 =1
’I];(t) = —w,,,lC'(,uMJ y IiMJ) E(V(t)) — wa,ml(t) s = 1, ey L, (551)
v(0) = v, o(0) = @, nO) = n?,
V(t>‘8DD =0, nTa(t)}aDN =0,
t € [0,t1], from (5.23), has a unique solution
(vio,m)' € C'([0,t:],X) NC([0,t:],D(A)) . (5.52)

Proof. According to Theorem 72, the initial-boundary value problem (5.34) has a
unique solution (v,og,0)" € Cl([O, t1], X) N C([O, t1], D(B)). By Theorem 65,
this is equivalent to

(V70'a77)T = T'_l(Vao-Hao-M)—r
L T
= <V; oy + Z OMl, —Wag1OM1, --- _WU,LUM,L>
1=1
being the unique solution of (5.51) with the property (5.52).
Alternatively, we could also prove this result directly, using Corollary 18 in

section 3.2 together with Proposition 75. [
Theorem 78. The energy of the solution u = (v,o,m)" of the homogeneous
version of (5.51) with £ =0 and g = 0 has the time derivative

d 1

— ()2

= Sl

para(z) - k()
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t €[0,t1]. In particular it holds

lu@lz < luollr, te0,t],

where uy == (V(O),U(O)’T’(O))T'

Proof. For w = (v,op,0y)" = Tu, from Lemma 25 in section 4.1 it follows
L u(t) |3 = Ll|lw(t)||%, t € [0,t1], and the right-hand side of this equation has
the explicit form (5.50). So we can simply use the definition (5.24) of T" and plug
the explicit form of w = T into that term. ]

Remark 79. Again, equation (5.53) allows the interpretation of the term

Zwllc< ! ’ ! )77%771

— Yo Harr Bl

to be the spatial density of the energy dissipation rate of a solution u = (v,o,m)"

of the homogeneous version of (5.51) with £ =0 and g = 0. O

Corollary 80. Let uy = (V(O),U(O),’l’](o))T € D(A), and let w = (v,o,m)" €
CH([0,41], X) NC([0,t1], D(A)) be the unique solution of the homogeneous version

of our original initial-boundary value problem (5.51) with f=0andg=0. Then
there is M > 1, such that

[u®)llx < Mluollx , te0,t]. (5.54)
Proof. This directly follows from Theorem 78 and Lemma 63, since
fu®llx < Mu@lr < luolle S luollx,
t € 10,4]. O
Theorem 81. The constant M in (5.54) cannot be chosen equal to 1.

Proof. Let u be the unique solution of the homogeneous version of (5.51) with
f=0and

v 0
0 L
U((O)) 2<Zl:1 HWGJHLOO(D))@

u0) = wu = ™ = o ;

n; ¢
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where 0 #£ ® € S C L*(D,R2*3). Then uy € D(A), and

Sym

.
Aug = (—2 ZH%,HLW )i div @ | L@,wa@(b,...,me(I))
and
d , d ,
S| = S0 = 2(0),.u0),
t=0 t=0

(0),U(0))X = —2(Aug,uo)x
L L
(Z Hwa,lHLoo(D)><I> P — Zwml@ O dx
=1 —1

L

L
D wollie )@ @ = D lwoillimio)® : @ da
=1

=1

v

2 (Au
s
22

L
- / (2L —1) <Z||Wa,l||Loo(D)>(I)fCI’d$

=1
> 0,

as L > 1. Hence there is t € (0, ;] with ||u(t)||x > ||u(0)||x = |Juol|x- O



Chapter 6

The Parameter-to-Solution-Map

6.1 The Abstract Case

Throughout this section let (X, (.,.)x) be a real Hilbert space, ||.|x the norm

induced by (.,.)x and ¢; > 0.

The following assumption is motivated by the properties of the operator B
from (5.29). Of particular interest is its decomposition B = —P,@Q) + P» derived in

Lemma 59.

Assumption 82. In the sequel let §) £ U C L(X, ||||X)2 denote a set of pairs P =
(P, Py) of bounded linear operators P;, P, € E(X, HHX) and Q@ : X ODD(Q) — X
a not necessarily bounded linear operator with domain of definition D(Q), such

that the following holds true:

e For P = (P, P,) € U, the operator P, is self-adjoint, monotone and bound-

edly invertible with respect to the scalar product (.,.)x.

e With ||.||z(x,.jx) denoting the operator norm on £(X, ||.|x), there exists a

normed subspace (TU, ||.|7v,x) of L(X, H”X)2 equipped with the norm

IPlrvx = maX{||P1||£(X,||'Hx)7 ||P2||£<X,||-Hx)}v
P = (P, P,) € TU, such that U C TU and U is open in (TU, ||.||l7v.x)-

e For P= (P, ) € U, the operator
B(P) = -PQ+P: X2D@Q) — X

with domain of definition D(3(P)) = D(Q) is maximal monotone in the

sense of Definition 1 with respect to the scalar product

(wy,wa)pp = (Pflwla W) x wy,wy € X,

73
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which by Lemma 36 is well-defined.

The additional index £ in the notation (.,.)g p is added, to indicate that the
scalar product (.,.)g p plays the role of the scalar product (.,.)g in section 4.1.
By ||.||lg.p we denote the norm induced by (.,.)gp. The graph norm of () with
respect to ||.||x is denoted by

lwllex = lQullx + flwlx, w e D(@Q).

The graph norm of an operator 3(P) corresponding to parameters P € U with
respect to the norm ||.[|; 5 corresponding to parameters P € U is denoted by

lwllgpyep = 8(PIwlgp + llwlgs, weD@).

The space TU can also be equipped with the norm

IPlrves = maX{\IPﬂI/:(X,H.||E,p>» HPsz:(X,H.nE,p)}v PeTU,

for any fixed P € U.
Although U is no vector space, we still use the notation (U, .|| x), etc. to
indicate that we consider the restriction of the metric of (7U, ||.||7v,x) onto U. O

The next lemma is an adaptation of Lemma 36.

Lemma 83. For any P € U, we have
1

|w||x
VP 2 %0

w € X. It also holds

< wler < AP oo Tl

kplwllox < wlsper < Kplwlox, (6.2)
w € D(Q), with

kp = (\/HPlllz:(X,.nX)

-1
max { P e 1P el Pallec i + 1}) :

Kp = \/HP1_1||C(X=||-HX) max{lenﬁ(Xall-Hx)’HP?Hﬁ(X»H-lIX)—i_l}‘

Furthermore, for fixed P € U there is a neighborhood 2 C U of P and a
constant ¢ > 0, such that

1
EHWHQ,X < Nwlgpyer < clwlox, PeQ, weD@). (63)
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Proof. The first two estimates are applications of Lemma 36 with P =P. We
prove (6.3). A

Let P € U. Since U is open in (TU, ||.||7v), there is an open ball B(P,d;) C
L(X, HHX)2 round P with radus d; > 0, such that B(P,8,)NTU C U. Since the
map B(P,8)NTU — L(X, [-lx); (Pr, P2) = Prlis continuous, there is § > 0
with 0; > d, such that Pt € B(P[',6,) for every (P, P,) € B(P,0)NTU. So if
we define Q .= B(P,§)NTU and

d = max {||Prllccx o 17 e, [Pllecenio } + 01
we get
1Prllzcene 1P lecenn » 1Pllece <0 d

for (P, P,) € Q. Now, from the last part of Lemma 36, estimate (6.3) follows. [

Throughout this section we make use of the equivalence of these norms and
switch between them whenever one norm seems more useful or more natural than
the other.

Lemma 84. For P € U it is
Cl<[0’t1], (X, H.HE,P)) N C([O,tl], (D(ﬁ(P)), H-HB(P),E,P)>
_ Cl<[0,t1], (X, |y.\|X)> n C([o,tl], (D(@Q), H-HQ,x))

and
Wk’l((ovtl)v(X7||'“X)) = Wk’l((oatl)v(Xv ||||E,P)> )

k € Ng. Therefore we can drop the norm symbols in the notation of these spaces.

Proof. By definition, it is D(B(P)) = D(Q). So this statement is a consequence
of the norm equivalences proven in Lemma 83. O

Definition 85. The abstract parameter-to-solution-map is defined as
G (Ul lrux) x (D@ [lox) x W0, 4), (X, ]|.]Ix))
= (10,6, (X 1)) ne([0.6] (D@, lex) ), (6.4)
(Pywo, f) = w,
where w is the classical solution of the inhomogeneous evolution equation

w'(t) + BP)w(t) = f(1), te[0,t],

w(0) = wp. (6.5)



76 CHAPTER 6. THE PARAMETER-TO-SOLUTION-MAP

Notation 86. In a canonical way, we regard the vector space (TU, |.|7v x) X
(D), ||-lg.x) x WHH((0,¢1), (X, ||.|lx)) , which contains the domain of G as a
subset, to be endowed with the norm

[(Powo, l, = IPllrvx + llwollox + Ifllwom.cxpix (6.6)
for every (P, wo, f). O

6.1.1 Fréchet-Differentiability

In this section we will prove the Fréchet-differentiability of G considered as a map-
ping into the bigger space C([0,¢1], (X, ||| x)). The methods we use to accomplish
this are slight adaptations of the ideas developed in [14].

Lemma 87. In this lemma we consider the map G defined in (6.4) with the bigger

codomain C([0,t1], (D(Q), ||llo.x))-
For every P € U, the map

G(Po.#): (D(Q)Hla.x) x W ((0.12), (X, |11x)
= (10t (D@ llex) )
(w0, f) = G(Puo, )

15 linear.
As usual, the space (D(Q), ||.lo.x) x WH((0,t1), (X, ].[x)) is assumed to be
equipped with any norm which is equivalent to

[(wo, Al = lwollg.x + IIfllwrrom)xix))

for each (wy, f). For any ¢ > 0 there is . > 0, such that for every element P of
the set

{PeUr\W%uxAW?MWMm < C}’ (6.7)
G(P, e, e) is bounded by ~..

Proof. Let P = (P, Py) € U, wo,wy € D(Q), f,g € W"((0,1),X), and o € R.
By definition of G, it is

G(Pwo, f)'(t) + B(P)G(Pwo, f)(t) = f(t), t€[0,t],
G<P7 wva)(O) = Wo,
and
G(Pwy,g)(t) + B(P)G(Pwy,g)(t) = g(t), t€[0,t],

G(P,w,9)(0) = w.
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So by multiplication of the second evolution equation by a and subsequent addition
of both equations, we find that w = G(P,wy, f) + aG(P, w1, g) classically solves

w'(t) + BPw(t) = (f+ag)t), t€[0,t],
w(0) = wy+ aw.

Since this solution is unique, it follows again from the definition of G, that w =
G(P,wo + aws, f + ag). Hence, G(P, e, e) is linear.

To prove the second statement, let ¢ > 0, P be an element of the set (6.7),
and (wo, f) € D(Q) x WH((0,t1), X) . Since by Lemma 15, the classical solution
of (6.5) coincides with the mild solution, it is

t
G(P,wo, [)(t) = Spwp)(t)wo + / Spp)(t —5)f(s)ds,
0
t € [0,t1]. And according to Lemma 83 and estimate (3.19),

HG(R wo, f) "C([O,tl],(D(Q)vH~||Q,X))

1
< = G (P wo, )| o1, 0@ 50e .00

< é(llwo\lmm,]g,p + (2ccw +1) Hf|!wm((o,t1>,(x,u.||E,p>>)

< é(KprollQ,x + (2cow + 1)\/HPlec<x7||.nx> HfHWl’l((07t1)7(X:||~||X)))
< é max {Kp , (2cow + 1)\/||P1_1||£(X,||.||x)} [[(wo, )1

< Vcmax{c,c+ 1} max {\/Emax{c, c+ 1}, 2cow + 1)\/5} | (wo, )l -

]

Lemma 88. For any fixed P eU, the space

{(wo, f) € D@Q) x W2 ((0,2),X) © BPwo—f(0)€D@Q)}  (6.8)

1s dense in
(D(Q), [Ilg.x) x WH((0, t1), (X, |-]lx)) -

Proof. We adapt the proof given in [14].

For P € U, the space D(B(P)?) = {wy € D(Q) : B(P)wy € D(Q)} is dense
in (D(Q), ]|.H5(15)7E715). This is the statement of Lemma 7.2 in [5]. Because of
(6.2), it is also dense in (D(Q), ||.|lg,x). Furthermore, by Lemma 2(a) in section
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3.1, D(Q) is dense in (X, |.|[x). And as a consequence of Lemma A.4, the space
W2L((0,t1), X) is dense in W ((0,¢1), (X, ||.||x)). In the sequel we also make use
of Lemma A.2.

Now let (wy, f) € D(Q) x WH((0,¢1), X) be arbitrary. Then there are wy,, €
D(ﬁ(ﬁ)2), z, € D(Q) and g, € W21((0,%1), X), n € N, with [[wo, —wollo,x — 0,
2o — f(O)[[x = 0 and [|gn — fllwri(0,0),(x,.1x)) — O for n — oco. Define f,(t) =
9n(t) + (20 — 9n(0)), t € (0,¢1), n € N. Then f, € W2((0,t1),X), n € N, and
||fn — f”Wl’l((0,t1)7(X7||~HX)) — 0, n — oc. Furthermore, fn(O) = Zn € D(Q) and
B(P)wo, € D(Q). So also B(P)wp, — fn(0) € D(Q). This means, (wo,, f,) is an
element of the space (6.8), n € N, and (won, fn) = (wo, ) in (P(Q), |.lo.x) X
WEL((0,81), (X, ||.]lx)) for n — oo. O

Proposition 89. The map G from (6.4) considered with the bigger codomain,

G: (U7 H'HTU,X) X (D<Q)7 ||'||Q7X) X Wl’l((07t1)7 <X7 HHX))
— C([Ovtl] ) (D(Q)v H||Q7X)) )

18 continuous.

Proof. In a first step, let I = (P, 4y, f) € U x D(Q) X WEL((0,¢1), X), such
that (i, f) is an clement of the space defined in (6.8). For II = (P,wo, f) €
TU x D(Q) x WH((0,¢1), X) with P+ P € U, we have

d . N .
%G(HJFH)(t) + B(P+P)GAI+10)(t) = f(t) + f(t), (6.9)
GUII+I(0) = by + wo
and
d . . . .
G + s GG = f), (6.10)

t € 10,t1]. Thus for all ¢t € [0, t]:

% [GAI+10) — G(ID)] () + B(P+ P) [GI+1I) — G(IT)]

A

[GII+1I) - GAD](0) = wp.

Along with G(IT + IT) and G(ﬂ)Abeing the classical solutions of (6.9) and (6.10),
respectively, also G(IT411) — G(II) is the classical solution of (6.11). So according
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to Lemma 15, this function is also a mild solution and has the form
[G(IT+10) — G(ID)] (t) t
= Sypen®u0 + [ Sypnt=9) (1) = BPIGD()] ds.
€ [0,#1]. As (o, f) is an element of the space (6.8), Lemma 20 states that

o) e ((0.t) (D@1l xper) = (0.4 (PQ) I lex))-
So
BPGI) = -RQGUD) + RGI) € C'([0.t:].(X,]./lx))

and
f=BP)GI) e WH((0,4), (X, [I1x)) -

Now Lemma 83 and Lemma 17 allow us to make the following estimate:

H[G<H+H> G(ID) (1)

Q.X
< H (IT 4 11) — G(ID)] (¢) H
B(P+P),E,P+P
< P )(”wOHBPJrP)EPJrP + ||f - B(P )G(H)le!l((o,h),(X,ll.Ep+p)))
< (P )(HwOIIQX + || f-8P)G )HWLl((o,tl),(xn-x>>)
= c(P) (||w0||QX + |f - PlQ+PQ)G(HMWLl((o,m),(X,-||x)))
< «3(P) (Hwo\lczx + [[fllwraoe,xiix)

+ 1Pl |G HW“ ((0,t1),(D (Q):||~|Q,X)))
for each ¢ € [0, t;], with
1
Cl(P) = s
kP+P
ca(P) = (P)(2cew + 1),
a(P) = aP)max{Kp o, P+ P e )

= a(P)Kpp.
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So

|G+ 11) — G(1T)

|C([Ovtl]v(D(Q)vn-HQ,X))

< «(P) (IlonQ,X + I llwrro.0),0@).I1Hlo.x))

+ 1Pllrvx HG(ﬂ)||W1v1((0,t1)7(D(Q)7|-||Q,X)))

— 0, II=(P,wy,f) — 0.

In a second step, let (P, 1y, f) be arbitrary in U x D(Q) x WE((0,¢1), X) and
e > 0. For P having the properties

A 1
P € TU, P+P € U, HPHTU,X < =~ =: (51, (612)
2P eex e
it is
. R . . 1
|P+ Pllrux, [[(P+ P) ||L"(X7H-||X) < maX{||P||TU,X+517 51} = c.

Indeed, the term || P+ P||7v x is simply estimated by using the triangle inequality,
whereas for the term |[(Py + P1) ™% z(x,|x), this estimate can be achieved by
applying the Neumann series in the following way.

1P+ P) e <0 1P Hleeioll(Id 4+ PrPrh) =M e

= ||131_1||L(X,\\.||X)H > (=P
n=0

0611 x)
< B e Y (P Heociio P leeo i)
n=0

1P| 2x 0

1= Pull e o I PTH e iz
< 2P ey
1
51’

since || Py|| < &, by (6.12) and therefore also || Py | zox g0 | Pr M ey < 1/2 < 1.
Due to Lemma 87, for all P satisfying (6.12) and all (wo, f), (w1, g) € D(Q) X
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Wl’l((O,tl),X) with |[(wo, f)|l1, || (w1, 9)||l1 < 62 ==¢/(67.), it is
HG(p+Pal@o+wo,f+f) —~G(P+ Py +wi, f+g
HG(.FA)—FP/(UO

) ||C([Ovtl]v(D(Q)v||'”Q,X))

—wi, f = g) ”C([o,tl],(D(Q%II-IIQ,X))

< Yell(wo —wi, f = g)[l

< Y (||(w07f)||1+H(wlag)Hl)
< 27652

_ £

= 3

Because of Lemma 88, there exists (i1,9) € D(Q) x W((0,¢), X) with
(101, §)|l1 < 82 such that (g + by, f + §) is an element of the space (6.8). And as
we showed in the first step of this proof, there is d3 > 0 such that || P||7v x < d3
implies
€

HG<P+P7 wO‘i‘wa‘i‘g) _G(P’UA}O+w1’f+g)}}C([O,tl],(D(Q),H.HQﬁx)) < g

So for (P,wy, f) € TU x D(Q) x WH1((0,¢1), X) fulfilling P+PeU, |Plrux <
min{él,ég} and ||(WQ,f)||1 < (52, it is
|G(P + Pyibg + wo, f + f) = G0, )| 0,011,000l
< || G(P+ Py +wo, f+ f) — G(P + Pavg + i, f +§
+ ||G(P + Pyavg + i, f + §) — G(P, g + i, f + §
+ HG(p,ﬁ)O +7i}1,]?+§) - G(p7w07f)Hc([07tl

< g,

) HC([Ontl],(D(Q),H~|IQ,X))
) ”C([07t1L(D(Q)7H-IIQ,x))

L(D@)-lle.x))

which concludes the proof. O
Theorem 90. The interpretation of G defined in (6.4) with the bigger codomain,

G: (U l-lrvx) x (D@), [l llox) x WH((0, t0), (X, [-]1x))
- C([O’tl]v (Xv ||HX)) ’

1s Fréchet-differentiable, and the Fréchet-derivative
DG : (U |lrvx) x (D@), -lex) x WHH((0,t), (X, [1x))
— E((TUa ||'||TU,X) X (D(Q)v ||'||Q7X) X Wl’l((oatl)’ (Xv ||||X)) )

(6.13)

(0.6 (X 1))



82 CHAPTER 6. THE PARAMETER-TO-SOLUTION-MAP
1S given by
t
[DG(INIT](t) = Sy py(t) wo +/0 Sapy(t —s) [f(s) = B(P)G(I)(s)] ds, (6.14)

t € [0,1], with the notation I1 = (P, 1y, f) and II = (P,wy, f). This is the mild
solution of

W'(t) + BP)w(t) = f(t) = BP)GAN(E),  telot],

w(0) = wy.

Proof. Let I1 = (P, 1y, f) € U x D(Q) x WH((0,11), X) and let IT = (P, wy, f) €

TU x D(Q) x W ((0,41), X) such that P+ P € U. Our aim is to estimate the

norm of the function G(T:I + 1) — G(IT) — DG(ID)II. X
As G(IT 4+ IT) and G(II) classically solve (6.9) and (6.10), respectively, G(II 4+

~

IT) — G(II) is the classical solution of

CIG+T1) — G (@) + A(P) [GOT+11) — G (1)
= (1) = BP) G+ (),
[GIT+11) — GAD](0) = w,

t € [0,t;]. By Lemma 15 it is also the mild solution of this equation. So we can
write

G+ 1) — G (1)
t . (6.15)
= Syp®u [ Syplt=9) [£:) = APIGT + 5] ds,

t € [0,t1]. Then, subtracting (6.14) from (6.15), we get
[G(IT +11) — G(II) — DG(IDTT] (t)
= — /Ot Syt — ) B(P)[G(IT+1IT) — G(ID)] (s) ds,
t € [0,t1]. Tt follows

| [+ - G - peamm) )|

< ¢ H [G(ﬂ +1I) — G(ﬂ) — DG(ﬂ)H] (t)H

¢
Scl/
0

E.P

Sy (t — ) B(P)[G(IT +11) — G(ID)] (5) H ds

E,P
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< o /O ey [G(I1 + 1T) — G(IT)] (S)HEJS ds
< o /Ot B(P) [G(f[ +1II) — G(ID)](s) N ds
= /Ot (—PQ + Py) [G(IT+1T) — G(ﬂ)](s)Hde

~

[G(IT+11) — G(ID)] (s) HQ’X ds

IN

t
2 | Pllrux /
0

& 1] / (G(IT+11) - G(1I1)] (5)

< te|I||; |G(IT + IT) — G(IT)

IN

ds
QX

C([0,t], (P(Q)l-lo.x))

for all t € [0, ¢4], with

a = \VIPlei (6.16)

o = eI e (6.17)

and ||.]]; as in (6.6). So

1G4+ 1) = GO = DD g 01 10

<t |G+ = G| oo m@)1 e

Now we divide by ||TI||; and take the limit IT — 0 which by Proposition 89 exists
and is equal to O. )
[t remains to prove that DG(IT) is bounded. Therefore we estimate

| (DG ) o)

X

- H Spp)(t) wo + /Ot Sae(t = 5) [f(s) = BIP)G(IT)(5)] ds Hx

< ol Sunwe + [ Sunli— 9 [16) - sEIGMOE] i |,

< a(lwles + [ 156pds + [ 15O, )

< el + [ 156lds + [ 15EGOE], @)

< o (Hwollx + I lwrr e xiixy + /Otl IGAD ()] x ds HPHTU,X)
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for every t € [0, 1] and every element IT = (P, wy, f) of the domain of DG(II), and
where ¢; and ¢y have been defined in (6.16) and (6.17). So

t .
HDG(H)HHC([O,tl],(X,H.HX)) S o max{l,/o HG(H)(S)HQ,X‘Z‘S} | (P,wo, £,

for every element II = (P, wy, f) of the domain of DG(II). X
Thus DG(II) actually is the Fréchet-derivative of G at point II. O

Although for any I = (P, 1y, f) € U x D(Q) x W ((0,4),X), the classical
solution G(II) of

W'(t) + B w(t) = f(t), t€0,t],
w(0) =y

is an element of the space C’l([O,tl], X) N C([O,tl],D(Q)), we cannot expect the
function DG(IDIT with IT € TU x D(Q) x W ((0,#), X) to lie in this space,
too, as Example 92 will show. That is why the map G has to be interpreted with
codomain C([0,%], X) in (6.13).

To formulate this example, we need the following lemma.

Lemma 91. Let P € U and wy € D(Q). Then there is 6 € (0,1), such that
aP €U for every a € (1 —6,1+9), and

G(aP,wy, 0)(t) = G(P,wo,0)(at), te[O,min{tl,%}]. (6.18)

Proof. For P € U and every a € R, it is aP € TU, since U C TU and TU
is a vector space. Furthermore, U is open in (TU , H-HTU,X)7 and the mapping
(0,00) = TU, a — aP is continuous. So {a € (0,00) : aP € U} is open and
contains 1, which proves the existence of a § with the properties mentioned above.

To prove the second statement, we fix wy € D(Q) and o € (1 — 6,1+ J) and
define w(t) = G(P,wy,0)(at), t € [0, t1/a]. Since G(P,wy,0) satisfies

G(P, w070)/(t) = —B(P)G(P,wy,0)(t), te]l0,t], G(P,wp,0)(0) = wo,
it is
w'(t) = aG(Pwy,0)(at) = —apB(P)G(P,wgy,0)(at)
— —aBP)ult) = —BaP)ult), (0:19)

t €0, t;/al, and
w(0) = G(P,wp,0)(0) = wp. (6.20)

According to Lemma 5 with ¢; substituted by min{t, t;/a}, the classical solution
of (6.19), (6.20) is unique on [0, min{¢y, t1/a}]. Thus (6.18) holds true. O
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Example 92. Let P € U and wy € D(Q). Then for A > —1, it holds

1
HX [G((1 + \) P, wp, 0) — G(P, w, 0)] — DG(P,w,0)(P,0,0)
C([OvtIL(X:”'HX))

1
|(P,0,0)||, TR0, 0], G(P + AP, wg,0) — G(P,wy,0)
— DG(P,wy,0)(AP,0,0)
C([0,t1],(X|I-11x))
— 0, A—0.

So in particular for any fixed t € [0, 1] it is

lim H%[G((l + A) P, wp,0)(t) — G(P, wo,O)(t)] — [DG(P,wy,0)(P,0,0)] ()

A—0

= 0.

X

Hence g;(«) == G(aP,wq,0)(t), a € (1 —0,1+0), where ¢ is like in Lemma 91, is
differentiable in o = 1 with the derivative g,(1) = [DG(P,w,,0)(P,0,0)](t). By
(6.18) we have gi(a) = G(P,wp,0)(at), a € (1 —=0,1+0)N (0, t;/t]. Therefore we
can conclude

[DG(P,wo,0)(P,0,0)](t) = g,(1) = tG(P,wpy,0)(at)

= tG(P,wy,0)'(t),

a=1

t € [0,¢1]. Thus if the initial value wy € D(Q) \ D(B(P)?), where D(B(P)?) =
{wy € D(Q) : B(P)wo € D(Q)}, it is G(P,wp,0) € C'([0, 1], X)NC([0, 1], D(Q))-
But if we consider the case where 3(P) even generates a group (instead of merely
a semi-group) for example, the function G(P,wy,0) = —p(P)G(P,wy,0) is not
differentiable in any ¢y € [0,%;]. Otherwise it would also be differentiable in ¢ = 0,
which in the case o > 0 can be seen by time reversal since (Sgp)(t)), g 18 assumed
to be a group. And this contradicts 5(P)wy ¢ D(Q). Tt follows that the function
DG(P,wy,0)(P,0,0) is continuous on [0, ¢1] but not differentiable in any ¢, € (0, 4]
either. U

6.1.2 Back Transformation

In section 6.1.1 we proved, that the solution w of the evolution equation (6.5),
which we write as

w'(t) = —BP)w(t) + g(t), t €04,

o) = . (6.21)
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where we denote the inhomogeneity by g now, can be differentiated for the mate-
rial parameters P, the initial value wy and the right-hand side g. Motivated by
our application we assume now, that (6.21) is the result of an abstract variable
transformation 7" € L£(X) as studied in section 4.1. More precisely, there is a
second evolution equation

Zl((é; z ;Ojilu(t) + f(1), t€0,t], (6.22)
such that B(P) = TAT™!, D(Q) = TD(A) g(t) t1], and wy =

=Tf(t), t €0
Tug. By Theorem 27, a function v € C*([0,#1], X) NC([0, 1], D(A)) solves (6.22),
if and only if T'u solves (6.21).

In our application, the variable transformation 7T depends on the material
parameters P € U. So we are going to denote it by 7'(P). Furthermore, in our
application, the map P +— T(P) is differentiable. Now the question arises, how
the solution u of (6.22) can be differentiated for the triple (P, ug, f). The answer

to this question is given in this section.

Assumption 93. In addition to Assumption 82 we assume the following in this
section.

Let T : (U,|.l7v) — L£(X,].]lx) be Fréchet-differentiable and such that
for every P € U the bounded linear operator T'(P) is invertible with inverse
T(P)™ € L(X,||.|x). Then the map U — L(X,].|[x), P — T(P)" is Fréchet-
differentiable, too.

Moreover, we assume that the set-valued map U — 2%, P+ T(P)™'D(Q) is
constant, and that there exists a linear operator Q : X D D(Q) — X with domain
of definition D(Q), such that D(Q) = T(P)~'D(Q) for all P € U, furthermore
[DT(?)*P]D(Q) C D(Q), P € U, P € TU, and that for every P € U there
is a neighborhood W C U and constants ¢,C' > 0 such that for the graph norms
g = 1Q- I+ I-x and I lrgey-sseoyreen, x = IT(P)BPYT(P) - 1x+ [-Lx
on D(Q) it holds

clullox < lullrey-spyre),.x < Cllulgx, ©weD@), PeW.

We assume D(Q) to be endowed with the graph norm |1l g,x» analogously to D(Q)
being equipped with ||.|lo.x = ||Q - |lx + ||-]|x- O

Notation 94. To simplify our notation, we do not distinguish between the two
maps T(P) € £(X) and T(P) € L(C([0,t,], X)) with (T(P)u)(t) = T(P)(u(t)),
where P € U, any more, in contrast to section 4.1. In this section, both shall be
denoted by T'(P). O
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From Lemma 26 together with Lemma 24, Lemma 83, and the statement on
norm equivalences in Assumption 93, it follows that

T(P)'w € CY[0,t],X)nC(0,4],D(Q))
for every w € C*([0,¢1], X) N C([0,t1], D(Q)).

Definition 95. As the back-transformed abstract parameter-to-solution-
map (with respect to T), we denote the map

H: UxD@Q) x WH((0,41),X) —  C'([0,t:],X) nC([0,t],D(Q)) ,
H(P.uo, f)(t) = T(P)" G(P. T(Pyuo, T(P)f) (1),

where G is the abstract parameter-to-solution-map defined in (6.4). ([l
We recall that for any I1 := (P, iy, §) € U x D(Q) x WH1((0,t1), X), it holds
G(IT) € C'([0, 1], X) N C([0,t:], D(Q)) and

A ~ ~

GAD'(t) = —pP)GAD() + g(t),  te0,t],
G (0) = .

So according to Theorem 27, for any IT :== (P, 4, f) € UxD(Q) x Wh! ((0,t1), X),

~

the function H(II) satisfies
H(I)'(t) = —T(P)'8(OT(PYH(I)(E) + f(t),  teot],
H©O) = g

in the classical sense.

Furthermore, G : (U, |.||l7v) X (D(Q), ||-[lo.x) x W ((0, 1), X) — C([0, 1], X)
is Fréchet-differentiable, and for II == (P,y,§) € U x D(Q) x WH1((0,1), X)
and II := (P,wo, g) € TU x D(Q) x WH((0,%1), X), it is

[DG(IHT] () = Sgepy(t) wo + /0 Sgpy(t — 9) [9(s) — B(P)G(II)(s)] ds,
t € [0, 1], which is the mild solution of

W(t) + BP w(t) = g(t) — BIP)GID(),  teon],

w(0) = wp.

The following two lemmas are useful auxiliaries for differentiating functions,
which are compositions of several other functions.
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Lemma 96. (Product Rule) Let (Y, |.|ly), (Z,|.|z) be normed spaces, V. C Y
open and T : V. — L(Z), v : V — Z Fréchet-differentiable. Then also the map
V — Z,y— 1(y)v(y) is Fréchet-differentiable, and its derivative at a point y € V
evaluated in a direction y € Y is of the form [D7(9)y|v(9) + 7(9)[Dv(9)y].

Proof. For fixed g € V and every y € Y with gy +y € V, it is

|7+ +v) =@ @) - [Dr@lv) - @) [Dr@)y] |

Z
lylly
7 +y) = 7(§) = DT(@)y| 2,
< ol v+ w)ll,
. |v(§+y) —v(G) — Dv(9)y|,
@l ol
HDT<Q)H£ Y.z ||yHYHV<Q+y) - I/(]J) z
(Y,2)
lylly 7

which tends to 0 for y — 0, since 7 and v are differentiable and therefore also
continuous. ]

Lemma 97. Let J, K be finite sets, (Y}, ||.|lv;), (Z.||.|lz,) denote normed spaces
and V; CY; open sets for j € J and k € K, and let v : K — 27 be a (set valued)
map. Let vy : Xj@(k) Vi = Zi for k € K be Fréchet-differentiable maps. Then
also the map

1 X ) = X (Zellz) . @er = (w(@)iew))

jeJd keK keK

is Fréchet-differentiable, and its derivative at a point (y;)jes € XJEJ Vi in a direc-

tion (Z/j)jeJ S XjGJYj is given by (D’Yk((yj)jeb(k))(Z/j)ja(k))keK-

Proof. Let (4;)es € X eJV and (y;)jes € X. EJYJ, such that (9;)jes + (yj)jes €

X]eJV Then
1

[(wi)selly

rer (% ((?J )JEL(k)))

— (ka ((F)jeum) (yj>j6L(k)>

<7k((§j)j6L(k) + <yj)J€L(k))) keK

ek ||

B ZEJH%HY ZH”’“ I ey + Wiiew) — 1 ((95)jew)
J i keK
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— Dy ((8) jeutry) (Y) jeutry .

k

1 . N
< WH%((%%W) + (W) jeun) — (@) jem)
wer 2ejeuk) 1Y311Y;
— D ((@j)jeb(k)) (yj)jeb(k) HZ
k
1 . .
— Z —H’Yk((l/j)jeb(k) + (Ui)jeun) — () jem)
= 1 wseam |,
— Dy, ((%)ja(k)) (yJ)JEL(k)
k
—>07 (yj)jGJ_>0?
since - is differentiable, k € K. —~

Lemma 98. The map

G: (U lrv.x) x (P@Q)lllox) x WH((0,41),X) = C([0,t:], X)
(Puo, f) =  G(P, T(P)uo, T(P)f)

is Fréchet-differentiable with derivative

[Dé(f),ao,f)(P,uo,f)] (t)
= Syp®) ([DT(ﬁ)p] o + T(ﬁ)u0>

+ /O sﬁ(p)(t—s)([DT@)P] f(s) +T(P)f(s)
~ B(P)G(P, o, f)(s)) ds.

t € [0,t1], which is the mild solution of

w'(t) = —=B(P)w(t) = B(P)it) + [DT(P)P]f(t) + T(P)f(t), te[0,],
w(0) = [DT(P)PJig+ T(P)uo,
where W satisfies

W) = —B(P)a(t) + T(P)f(t),  teoh],

w(0) = T(P)ig

i the classical sense.

Proof. This is proven by applying Lemma 96 to the arguments of G and using
Lemma 97, the differentiability of G and the chain rule. m
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Theorem 99. Interpreted with the bigger codomain C’([O,tﬂ),X), the map H 1is
Fréchet-differentiable. For fived 11 := (P, g, f) € U x D(Q) x W ((0,1,), X)
and T1 == (P,uo, f) € TU x D(Q) x WEL((0,t1), X), we abbreviate T = T(P),
T-':=T(P)"', T, = DT(P)"'P,

A = T'B(P)T
and
A = TB(P)T — AT + T'B(P)T.
Then
[DH(ﬂ)H}(t) = Si(tuy + /0 Sit—s)(— Aa(s) + f(s)) ds,

t € [0,t1], where @ is the classical solution of

~

) = —Au®) + f(), tel0,t],

a0) = .

£

A

In other words, DH (I1)II is the mild solution of

() = —Au(t) — Aut) + f(t), te[0,t],

w(0) = .

Proof. That H is differentiable, can be shown by applying Lemma 96 together
with Lemma 97 and Lemma 98. Let II := (P, 4, ) € U x D(Q) x W ((0,%), X)
and II :== (P, ug, f) € TU x D(Q) x WEL((0,21), X). According to Lemma 96, it

1S

~ A

[DH(IDI](t) = [DT(P)'P|GAL)(t) + T(P)'[DGIDI](t), (6.23)

t € [0,t,], with G from Lemma 98.
For better readability we use the abbreviations

s N

S5

T7'B(P)T,

GAI),  w:= DG(III,

H) = T4, u = DH(IDIT = Ty + T w,
= HID)(0),  wuy = u(0) = Ty(0) + T 'w(0),

[DT(P)P)f +Tf.
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In the sequel, we use (6.23), Lemma 98 and Corollary 30, which verifies the
formula Tflsﬂ(ﬁ,)(-)T = S4(+), to find

[DH(IDI](t) = Tio(t) + T w(t)
= Ty(t) + T (sﬁ(p)(t)w(())

/S (t—s) [g(s) — B(P)w(s)] ds)
Tod(t) + T Syp) ()T T w(0)
N /0 1S, (t = $)T T [g(s) — B(P)id(s)] ds
— Tat) + S;(0 T w(0)
+ / S5t —5) T [g(s) — B(P)io(s)] ds
= Ty(t) — Sy(t)Tyw(0) + S4(t)uo
+ /O Si(t—s) [T g(s) = T~ B(P)iv(s)] ds,

telo, tl] In the following, we focus on the first two summands of this result. With
S4(0) = 48t = =S ;(t)Av for t € [0,00) and v € D(Q), TyD(Q) C D(Q),

d, 3
and the fundamental theorem of calculus, it is

Tyi(t) — S4(t) Tvi(0)
= Si(t—tTa(t) — S;(t — 0) Ti(0)

= /O%SA(t—s)le(s)ds
_ /0 S4(t — 8)ATyib(s) + S;(t — )Tra! (s) ds
= [ site =9 (Atits) - TP + BTF) ds,

t € [0,t1]. Altogether, we get

[DH(I)II ()
= Si(t)uo
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+ /Ot St — 5)< — T\B(P)Tu(s) + ATyTa(s) — T~ B(P)T(s)

+ (s)) ds
€ [0,t1]. In the last step, we applied Lemma 96 again by calculating
TTf + T = [DT(P ] T(P)f + T(P)" ([DT(P)P]] +T(P)f)
- ([D PIT(P) +T(P) [DT(P)P))f +
= [D(T( 'T(P)Pf + f
= [Dldc(x } + f
= 0+ f
= I
]

6.2 Viscoelasticity

In this section we prove the differentiability of the solution of (5.23), that is

vi(t) = Jddive(t) + 9f(t),
L L L
o'(t) = C(uH + Z’uM’l , kg + ZKMJ> e(v(t)) + Zm(t) + g(t),
=1 1=1 =1
"7;(15> = _wU,lC(/*LM,l ) ’%M,l) €(V<t)) - Wa,l"h(t) ) [ = 17 BRI L7
(6.24)
v(0) = v, o0 =, n0) =19,
T
t)‘aDD =0, n U(t)}aDN =0,
t € [0,t1], with respect to the material parameters ¥,...,w,  as well as the
inhomogeneity f, g and the initial values v(?, o 1n®  As we have seen before,

we can write this initial-boundary value problem as the evolution equation

u'(t) = —Au(t) + f(t), t € 0,t],
u(0) = wy
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with right-hand side f = (9f,g,0)T, initial value vy = (v(®,o© n®)T and gen-
erator

Jdive
v O n + Sl o s s + S0 wang) 2(v) + S0y
Alo ) = - _wa,lc(ﬂM,la KvM,l) e(v) — woum , (6.25)
n :

_WU,LC(MM,Lu HM,L) €(V) — We,LMNp,

(v,o,n)" € D(A), on the domain of definition

D(A) = V xS8xL*D RN (6.26)
from (5.11) with
[I-llv
vV = { p€eC®D,R)NH(E,D,R?) : 9Dp CR3\ supp(ep) }

and

S = {UGH(diV,D,Rgxg): VgoEV:/s(go):a'+go-divadx:0}.
D

sym

We are going to derive the differentiability of the solution of (6.24) indirectly
by transforming (6.24) to

L
vi(t) = ddiv (a’H +Za’M75>(t) + Jf(1),
=1
oy(t) = Cluw, ku)e(v(t)) + g,
0J]\4,l<t> = O(,MM,[ s IiMJ) €(V(t)) — w(,’la'MJ(t) s [ = 1, Ce 7L, (627)
Lo
v(0) = v, ou(0) = o +Zw_lm(0)’
=1 %
1
O'MJ(O) = __nl(0)7 lzl,...,L,
We 1

L
v(t){aDD =0, nT<0-H+ZGMJ>(t>‘8D =0,
=1 N
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t € [0,t1] via Theorem 65 and studying the latter initial-boundary value problem.
As in the proof of Theorem 65, problem (6.27) can be written as the evolution
equation

W'(t) = —Buw(t) + f(t), teot], w(0) = wo,
where
v Y div <0'H +30 0'M,l>
oy C(MH7I{H)€<V)
Bl oM = — C(,“M,la KM,1 €(V) — We 10 M1 )
oML C(MM,Ly /<;M,L) £(V) — W LOML

(v,omg,on)" € D(B), as in (5.29),

D(B) = {(v,aH,aM)T € V x L¥(D,R¥®) x L*(D,R¥3)E

Sym sym

L
O'H—FZO'MJGS}

=1

as in (5.28), f = (¥f,g,0)" and wy = Tuy with uy = (v(?, 6@ 9T and T
defined as in (5.24). That is,

\% Z )
o o+ ol [
1
T|™ = werh ,
/r’ — 1
L “o L ne
(v,o,n)" € X, and
% \%
L
oH o+l oM
T 1l om = ~We 10 M 1 , (6.28)
OM,L —We,LO M,L

(v,og,on)" € X, as stated in (5.25).
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We further recall that by Lemma 59, the operator B can be decomposed as
B=—-PQ+ P, with P,,P,: X — X,

Jv 0
v C(pm, k) on v 0
P oy = C(,UM,1, HM,1) oM , P oy = We,10 M,1 (6.29)
oM : oM :
C(MM,L, RM,L) OM,L We,LO M,L

and @ : X D D(B) — X,

div (O’H + Zle O'MJ)

v e(v)
Qlonw | = g(v)

c(v)

To apply Theorem 90, which guarantees the differentiability of the abstract
parameter-to-solution-map from Definition 85, we need to assure the preliminaries
listed in Assumption 82. This is done in the next paragraph on notation and the
following lemmas up to Corollary 103.

Notation 100. The operator B will take the role from §(P) in Assumption 82,
and we will also denote it this way. Its domain of definition is independent of P;
and P», so we can define D(Q) = D(B(P)).

Next we need concrete instances of U and TU from Assumption 82. To this
end, we introduce the material parameter set

P = LY(DPF C L¥(D,R*F),
where .
(D) = {a eL=(D): a>0, € LOO(D)}
has been defined in (5.13). The space L>(D,R3"3F) is assumed to have the norm
H(ﬁ’""wU’L)||L°°(D,R3+3L) = maX{HﬁHLoc(D),...,||wa’LHLoo(D)}, (630)

(0, wor)T € L=(D,RH3L),
Since by Lemma 60 it holds Py, P, € L(X) for (9,...,ws ) € L>®(D,R¥"3E)
we can define the map
I: P - L(X)?,

(0, ..., wer) = (P, P), (6.31)
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and extend it to a linear map DT : L®(D,R33L) — £(X)? by using the same
formal definition.

The set I'(P) will take the role from U in Assumption 82, and the set 7 I'(P) :=
DU L>*(D,R33L) will take the role from TU.

For (P, P,) € I'(P), Lemma 61 states that P, is self-adjoint, monotone and
boundedly invertible with respect to (.,.)x. So we again have the scalar product

(W, we)pp = (P1_1w1,w2)x, wy, wy € X,

which we simply denoted by (.,.)g in (5.32).
As in Assumption 82, we endow D(Q) with the graph norms

lwlle.x = [lQullx + [lwllx,

and
lwllspymp = IB(P)wllgp+ lwlg s,

w € D(Q), where P, P € T'(P) are arbitrary. In further analogy to Assumption 82
the space 7 I'(P) is normed by

(P, Po)llrreyx = max{||Pillecxi s 1PNz} (6.32)

and
1P Po)llrrpyer = max{[Pllecxig z 0 1P2lecxig )

(P, P,) € TT(P), where Pec [(P) is arbitrary.
Due to Corollary 71, f(P) is maximal monotone with respect to (.,.)g p for
every P € I'(P). O

It remains to assure that I'(P) is open in (T T'(P), ||.|l7re).x). This will be
the statement of Corollary 103. To prove it, we need the subsequent two lemmas.

Lemma 101. The material parameter set P is an open subset of the normed space
(LOO(D, R3+3L), H . ||L°°(D,R3+3L)) .

Proof. Let p = (p1, ..., ps+sr) € P. Then there are ¢; > 0 with p;(x) > ¢; for
almost all z € D and all i =1, ..., 3+ 3L. Let 6 .= min{cy, ..., c343.}/2 > 0.
Then for every p = (p1,...,ps+30) € L2(D,R¥*3E) with [|p — p|l po(pra+szy <6,
it holds

pi(x) = pi(z) — (ﬁz(x) —pi(:z:)) > 20 —0 = 0, faa. z€D,

1=1,...,3+3L. SopeP. H



6.2. VISCOELASTICITY 97

Lemma 102. The map DI is an isometry onto its image with respect to the norms
||| Lo (D r3+32) like in (6.30) and ||.||7repyx like in (6.32).

Proof. Let (¥,...,wy ) € L®(D,R3*3L) and (P, P) = DI'(Y,...,wsr). Then
for every I = 1,..., L, the bounded linear operator L*(D,RZ<?) — L*(D,R2x3),
O+ We oy has norm ||wWe || ze(py. After applying Lemma 50 (d) and (e)
and rewriting wgy ;0 7, in the form C’(wml, We )0 M, this is stated in (5.16). With
the same methods used in the proof of Lemma 51, we also prove that the linear
operator L*(D,R*) — L*(D,R*), v + v has norm ||| e(p). Furthermore,

with Lemma 51, it follows

1Pl e 101x)

= max { 9] o< (D), ||C (st KH)H:(L?(D,JI@”

sym ) ’

1€ (pars KMJ)HE(L%D,Rfyﬁ))’ o 1O ar e KMvL)HE(LQ(D,RS;nﬁ’))}

= maX{WHLoO(D), st | ooy, 16m || Loy larallLoe (o), - - H/‘éM,LHLw(D)}-
In the same way we find

|Pollecxyy = max{0, 0, [|weillzemy, -- -, |wo,LllLe)} -

So from the form of ||.||fe(prs+szy and ||.||7pepyx given in (6.30) and (6.32), the
statement follows. O

Corollary 103. The setT(P) is a (relatively) open subset of (T T(P), ||.|l7r@).x)-
Proof. This is a consequence of Lemma 101 and Lemma 102. O

Remark 104. Lemma 102 allows us to identify the material parameters in P
with the corresponding pairs of bounded linear operators in I'(P), which in turn
corresponds to U in Assumption 82. In the same way, the tangential vectors in
L= (D, R33L) can be identified with the corresponding pairs of bounded linear op-
erators in T I'(P), which corresponds to TU in Assumption 82. O

As an additional result, the following lemma derives the connection between
the inverse P, ' of any P; and the corresponding parameters p € P.

Lemma 105. For P = (P, P,) = T'(p) with p = (9, ... ,wer) € P it holds

(Pl_laPQ)
F(l 1 1 1 1 1 1

ey , e
V' pE K Mar1 HmL Kuma Km,L

) wa,h RN wa’,L) .
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Proof. This is proven by using Lemma 50(g). O

Now that Assumption 82 is completely assured, we prepare the formulation of
the central Definition 108 of this section.
We begin by recalling the abstract parameter-to-solution-map

G (CP), [rreyx) x (D@):lllex) x WH((0,1), (X, ].]lx))

S (00 (5 10) 1 (0. (D@ o))
(Powo, f) = w,

defined in (6.4), where (P, wy, ) = ((Py, P»), (V(O),Ug),ag\(}))T, (Vf,g,0)") with
Py, Py as in (6.29), and w = (v,0,0,)" is the solution of (6.27) in this appli-
cation.

After having assured the conditions in Assumption 82, Theorem 90 states that
G is differentiable when interpreted with the bigger codomain C([0, ¢1], (X, |.|[x)).
Along with the material parameters encoded in the pair of operators (P, P») and
the scaled external force density Jf and external stress rate g, it relates the ini-
tial values v(®, 0'33), 0'5\2) of the transformed variables to the resulting wave field
(v,o,0)", which is also expressed in the new variables. To get this relation
in terms of the original variables v, o and n, we concatenate G with the variable
transformation 7.

Here, a technical difficulty arises, since the variable transformation T itself
depends on the material parameters 9, ..., w1, which we differentiate for in par-
ticular. On an abstract level, this problem was studied in section 6.1.2. In the
sequel we therefore show, that the preliminaries listed in Assumption 93 are satis-
fied for the viscoelastic wave equation.

Lemma 106. For the variable transformation T in (6.28) it holds

Til == (I) - PQ
with Py as in (6.29) and
v v
on on +ZZL:1 oMy
d: X X, oMy | — 0
OM,L 0

Therefore we consider T™', T € L(X,||.||x) as functions of (P, P,) € T'(P) and
from now on write T(P)™' and T(P), respectively, in accordance with the notation
in Assumption 93.
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P+ T(P) and P — T(P)~! are Fréchet-differentiable, and their derivatives at

~

a point P = T(p) with p = (9,...,001) € P in a direction P = (Py, Py) = DT'p
with p= (9, ... ,wsr) € L®(D,R33L) are given by

0
L Wa,1
v =1 (:)2 b ,r’l
TP (o) = | Em |, DI(P)'P = —P.
n
Wo, L
""c2r,L L
Proof. This can be verified via straight forward calculations. O
Furthermore,
T(P)'DQ) = T(P)'D(B(P)) = T(P)'T(P)D(A) = D(A)

due to the definition D(B) = TD(A) of D(B) in (5.27) with D(A) as in (6.26),
which is independent of P € T'(P). Also

[DT(P)"'P]D(Q) = —BD(Q) C {0} x {0} x L*(D,RY)" € D(A),
PeT(P), PeTI(P).

Finally, Assumption 93 requires an operator norm ||||Q + on D(A) correspond-
ing to an operator Q with D(Q) = D(A), which is independent of the material
parameters and locally equivalent to the material parameter dependent operator

norm ||.|lax = [|[4.||lx + |lllx. This last premise is provided by the following
lemma.

Lemma 107. To indicate the dependence of the operator A in (6.25) on the param-
eters p=(V,...,ws1) € P, we denote A by a(p) in this lemma. We furthermore
introduce the operator @ : D(A) — X with

dive
v e(v)
Q o = | —e(v)
n

Since the domain of definition D(A) = D(a(p)) does not depend on p € P, we use
the definition
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throughout this section. For the graph norms ||.||ap),x = |la(p).||x + ||-||x with
peP and |.|lgx = Q. llx + |-lx, the following statement holds true.

For every fired p € P, there is a neighborhood 0 C P of p and a constant
c >0, such that

1 -
“lullgx < llullagyx = ellullgx weD@), peq.

Proof. Tt is A = —]51Q~ + Pg, where ﬁ’l, Py : X — X with

v
v O + S0, s, w1 + S pang )
hlo| = W 1C (fiar 1, Kara)my ,
n )
We, L. C(Har.Ls Kar,L)Mp,
0
A - ZlL:1 m
BPlo]| = We 171
n )
We, LM

Now let p = (p1,...,P343z) € P. There are c¢y,...,c303, > 0 with p; > ¢,
i=1,...,3+3L. We define § := min{ci,...,c3130}/2, di = ||p|| poo(pra+ary — 0
and dy = HﬁHLoo(D,RZH-BL) +0.

For (¥,...,wsr) € B(p,0) = Q, which is the open ball round p with ra-
dius 8, it is [[V[leep) < da, 11/0)lzo) < 1/dy, lua + Sy parilloep) <
(14 L)ds, |1/ (e + 30y para)lpoe(y < 1/ (14 L)dy), [|5m + 30, karallz(py <
(L+ L)da, 11/ (ki + 3oy oa)ll(my < 1/((1 + L)), llwogiarill o) < di,
11/ (woutrr) Iy < 1/df, llwoukiarillew) < di, 11/ (wWourirrd) =) < 1/di,
||w,,,l||Loo(D) S d27 = ]., e ,L.

With d == max {(1 + L)ds,d3,1/d1,1/d?,\/L + d3 } we find that

1Pl e » 1Pallecnie s 1P e s Mdllecong <0 d-
So we can apply estimate (4.16), where we plug in Py, P, and Q from this lemma
for P, P and @ in Lemma 36, respectively, and the identity operator Id € L(X)
for P, in Lemma 36. O

Now we turn to the central definition of this section.
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Definition 108. As the parameter-to-solution-map

Fi (Pl e(prsssny) x (D@Q), Illg.x) x WH((0,t1), L*(D,R? x R®3))
—  C([0,t1], L*(D,R* x R2Y))

Sym

we denote the map, which maps every tuple of parameters

(@, ), (V0,0 ), (£,8)T)

to the pair (v, )", where (v,o,m)" is the unique solution of the initial-boundary
value problem

viit) = ddive(t) + J9f(t),

L L L
o'(t) = C(MH+ZMM,Z7 FJH+ZHJM,Z) e(v(t) + Z"?z(ﬂ + g(t),

I=1 I=1 I=1
mt) = —wouC(pary, karg) e(V(E) — woum(t), l=1,...,L,

v(0) = v, o(0) =@, nO) =07,

t)}aDD =0, nTU(maDN =0,

€ [0,t1], in the function space C*([0,t1], X) N C ([0, 4], D(Q)). O

To express F' in terms of the back-transformed abstract parameter-to-solution-
map H introduced in Definition 95, we define two additional functions.

Notation 109. By

m o C([0.t], (X, |Ix) — C([0,t:], L*(D,R* x R¥:3))

sym
(v.o.m)' = (v,o)'

we denote the canonical projection onto the first two components. Furthermore,
we introduce the map

v (Pl leepston) X (PQ), [llgx) x WHH((0,t1), L*(D,R? x RY:))
= (O(P), [lllrre).x) x (D(@), [ llg,x) x WH((0,41), (X, |-x)) -
(0, wor), (V2,0 0)T, (£,8)7)
o (rw,...,wm, (v, 5@ pONT, (ﬁf,g,O)T> . (6.33)

O
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Lemma 110. [t is
F = 79 O Ho v,
where H denotes the map formally defined in Definition 95 as the back-transformed

abstract parameter-to-solution-map.

Proof. This follows directly from the definition of the four functions involved,
together with Theorem 65 about the variable transformation. O

In the remainder of this section we will prove the Fréchet-differentiability of F
and derive explicit forms of its derivative in terms of the original variables v, o,
1 as well as the transformed ones v, o, 0. These results are mainly based on
Lemma 98 and Theorem 99, which in turn can be seen as corollaries of Theorem
90 on the differentiability of the abstract parameter-to-solution-map G.

Lemma 111. The map v from (6.33) is Fréchet-differentiable and the Fréchet-
derivative at any point p = ((19, Do), (VO LA ﬁ(o))T, (f, g)T) of its domain
1s given by the bounded linear map

Sym

— (TF(P), ||'||TF(73),X) X (D(Q)7 ”HQ,X) X W171(<07t1)> (X7 ||HX)) )
((79, ey W L), (V(O), o, n(o))T, (f, g)T>

> (DF(Q?, ey W L) (V(O), o, n(o))T, (9f + Uf, g, 0)T> .

Dy(p): LD x (D(Q). [lgx) x W ((0.0), (DB x BY:Y))

Furthermore, it is

mT(T(p) " UVH - ( M )

L
og+),_,0
o H 21_1 Ml

(V70-H70-M)T S C([07t1]7 X); pE P.

Proof. Since the map DI is linear and is the extension of I" onto the whole of
L>=(D,R3*3L) it is DT'p the Fréchet-derivative of I" at any point p € P in direction
p € L>®(D,R33E),

That the map

L¥(D) x WHH((0,t1), L*(D,R%) — W ((0,t1), L*(D,R?))
(0, f) — of
has derivative 9f + Of at any point (J,f) in any direction (9, f), follows from

Lemma 96. Now Lemma 97 yields the first statement of this lemma.
The second one is verified by a direct calculation. O]
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Theorem 112. The parameter-to-solution-map F is Fréchet-differentiable, and
the Fréchet-derivative

DF : (P7 ||‘||L°°(D,R3+3L)) X (D(Q)) ||||Q,X) X Wl?l((oatl)v L2(D RB X Rg;rg))
- ﬁ(LOO(D,R3+3L) X (D(Q); [1lg,x) x WH((0,t1), LA(D,R* x RE:Y))
C(10,ts], L*(D, R® x YD)

at a point (0, ..., @r), @, 6§07, (F, 8)T) € P x D(Q) x Wh((0,41),
L*(D,R3 x R3X3)) in a direction ((9, ..., wor), (v, a@ nNT (£ g)7) €

sym
L>(D, R¥*3L) x D(Q) x WL ((0, 1), LQ(D R3 xR¥:3)) is given by the pair (v, o) ",
where (v,o,n)" € C([0,t,], X) is the mild solution of

V() = ddive(t) + 9dive(t) + If(t) + 9f(t),
L L
U’(t) = C(ﬂH‘f‘ZﬂM,l; /%H"‘Z/%M,l)f v(t
=1 =1
L L
+ O(,LLH + Z’UM’Z , kg + ZHMJ) 8(\7(15))

=1 =1

+ > () + &),

mt) = = 0eiC(fnrss karg) e(V(E)) — @oaC(piary, kinra) e(V(1))
— W C(finy, Faay) €(V(1))
- (;}alnl(t) - (Uo-l’r’l(t) lzl,...,L7
v(0) = v, o(0) = a9, m0) = 17,
v(t }8DD =0, na' |8D =0,
t €10,t4], and ( ,N) " is the classical solution of
vit) = ve(t) + JE(),
L L L
&'t) = C<QH+Z;1M,Z, ’%H+Z*%M»l) (V) + Y m(t) + 8(t),
I=1 =1 =1
mt) =  —0ouC(finrs, fary) €(¥(1) — Qoui(t), l=1,....L,
V(o) = v, a(0) =6, @) = 2",
T A
t)}aDD =0, n a(t)|aDN = 0,

t €[0,t4].
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Proof. This follows from Theorem 99, Lemma 111, the linearity of 7, and the
chain rule.
We only have to calculate the form of the operator called A in Theorem 99.
With the notation P = I'(J,..., &), P = (P, Py) = DI(9,...,wer), A =
T(P)~'B(P)T(P), and the formula DT(P)"'P = —P,, we evaluate

A = —PB(P)T(P) + ART(P) + T(P)"'B(P)T(P).

For i = (v,6,7)" € D(Q), a direct calculation shows

—Jddive
R R _O(IELHal%H) (‘A/)
—-PB(PYT(P)t = —P| — C(fnra, ko) (V) —

— C(ﬂM,L, f%M,L) 8(‘7) -1
0
0
= wa,lC(ﬂM,l, "%M,l) e(V) + w1y

Y

wa,LC@M,L, ’%M,L) (V) + we LNy,

0 0
- a w91 . Zl 1 Z:i f
ART(P)ia = A| "&u'™ _ —worty |
_WZ§ un —We. L],
—Jdive
—C(pn, k) e(V)
s » A ol Wo,1
T(P)'BP)T(P)a =T(P)" — C(par, Finn) €(V) = ]
— C(parr, kinr) (V) — ZZi N

—ddive
= (i + Sy sy i+ Sy wan ) £(9) = S 224
= Cffa,lc'(/ﬁM,b fiM,l) (V) + we 1My

d}a,LC(MM,La HM,L) (V) + we LMy,
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So

—Jddive
- C(,MH + Zle Ml s ke + ZZL:I ﬁM,z) e(v)
Ad = o1 C(ar1, ki) €(V) + wo 1 C (finr, R ) €(V) + wo 1y

CDG',LC(/JM,L; KM,L) e(v) + wa,LO(ﬂMLa ’%M,L> (V) + we LNy,

]

How the derivative of the parameter-to-solution-map can be computed using
the transformed system of equations (6.27) is shown in the next theorem.

Theorem 113. The Fréchet-derivative of the parameter-to-solution-map F at
some point ((1§ L Qer), (VO &0 HONT () g)') ePx D(Q) x WEL((0,t1),
L*(D,R3 x Rg;rg)) in some direction (9, ..., wyr), (v, @, nO)T (f g)T) €
L™ (D, R3¥3L) x D(Q) x WEL((0,81), L*(D,R? x R3X3)) is given by the pair of

sym
functions (v, oy + Zlel O'MJ)T, where (v,og, o) € C’([O,tl],X) 15 the mild
solution of

v(t) = Jdiv (O'H + EL:O'MJ)(t) + ¢ div <&H + EL:&M,Z)(t)
=1 I=1
+ 9f(t) + JVE(t),

oy(t) = Clin,kn)e(v(t) + Clun, kr)e(v(t) + glt),
oh(t) = Ol k) e(v(E) + Cluars, iarn) e(V(1))
— Wouoa(t) — Woida(t), l=1,...,L,
L 1 w
ol A
V(O) = V(O)7 O-H(O) = U(O)+Z (A . l(O) - (2)2 771(0)>>
=1 % ol
1 Weol .
UM,I(O> = _A_nl(O) A27l 1(0)7 l:1> 7L>
wa,l ol
L
] nT(aH—i—ZaM’l)(t)‘aD ~ 0,
N
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t €[0,t1], and (Vv,05,6)" is the classical solution of

L
St = 1§d1v<aH+Zé'Ml>(t) O,
=1
&'y (t) C(/lH,'%Hﬁ(‘A’(t)) + g(t),
() = Cling fag) e(V(E) — Gouoarn(t), l=1,...,L,
Lo
¥(0) = vO ou(0) = o+ 3 —nl”,
=1 ol
. 1
O'Ml(()):_A 'l’]l(o), lzl, ..,L,
Wa 1
L
V()lop, = 0 nT<&H+Z&M’l><t)‘aDN =0
=1

t €10,t].

Proof. Since by Definition 95, which introduces the function H, it is
1 ~
F(p,uo,(f.8)") = mT(T(p)) G(’y(p, uo, (£, g)T)>

for all (p, o, (f, g)T) in the domain of F, with G from Lemma 98, this statement
follows from Lemma 98, Lemma 111, and the chain rule. We note that

T(P)(f,g0)" = (f,g,0)" and [DIT(P)P](f,g,0)" = 0,

(f, )T € W ((0,t1), L*(D,R? x R¥3)), P € T(P), P € TT(P). ]

Sym



Chapter 7

Adjoint Operators

The goal of this chapter is the derivation of the adjoint operator of the bounded lin-
ear operator, which is given by the Fréchet-derivative of the parameter-to-solution-
map F' from the previous chapter at a fixed point of its domain.

7.1 The Abstract Case

7.1.1 Auxiliaries

Throughout this section, let (X, (.,.)) denote a real Hilbert space, ||.|| the norm
induced by (.,.), and let t; > 0.

Lemma 114. Let R : X O D(R) — X be a mazimal monotone operator. Then
the adjoint operator R* : X O D(R*) — X is mazimal monotone, too.

Proof. We adopt the argumentation in the proof of Lemma 3.1 in [14].

By Lemma 2(c) in section 3.1, the operator Id+aR : (D(R), |.||) = (X, ].]]) is
boundedly invertible for every o > 0. Consequently, also ald+R = a(Id+(1 / a)R)
is boundedly invertible between these spaces for a« > 0. So the adjoint operator
((eld+ R)™')" € L(X) exists. In the sequel we fix one arbitrary a > 0.

It is

D(R*) = {veX: uw (Ru,v)is continuous on D(R)}
{veX: ur (Ru,v)+ (au,v) is continuous on D(R)}
= D((ald+ R)"),
and
DR) — R
u o = ((aId + R)u, ((old+ R)_l)*v> = (u,v)

107
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is continuous for every v € X. So ((ald + R)*l)*v € D(R*) for every v € X and
furthermore

(u, (ald + R*)((ald+R)*1)*v> —  (u0),
v € X, u € D(R). Since D(R) is dense in X by Lemma 2(a), it follows
(ald+ R*)((eld+R)™)" = I1d onX. (7.1)

Next we prove that ald + R* : D(R*) — X is injective. Therefore we assume
that (ald + R*)v = 0 for some v € D(R*). Then

0 = ((eld+Rv,u) = (v, (ald+ R)u)

for every u € D(R). As ald + R is onto, it follows v = 0. So ald + R* is injective.
From (7.1) it follows

(ald + RY) <((aId +R)™)(ald + R*)v — v) — (ald + R*)v — (ald + R*)v
=0
for all v € D(R*). So the injectivity of ald + R* implies
(eld+R)™M)(ald+R*) = Id  onD(RY).
Together with (7.1), we have that ald + R* : D(R*) — X is bijective with
(ald+ R = ((ald+R)™)".

In particular this holds for @ = 1.
So it remains to prove the monotonicity of R*. For every v € D(R*) it is

")

ald + R)v , (ald + R*) " (ald + R*)v)

<(aId + R*

ald + R) " ald + R*)v , (ald + R*)v)

v,
(
(ald + R*)v, ((ald+ R)™")"(ald + B)o)
(
((

(ald + R)~Y(ald + R*)v) , (ald+ R)((ald + R)(ald + R*)v))

I
S M~~~

>

Since a > 0 was arbitrary, we conclude (R*v,v) > 0, v € D(R*). O
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The following lemma constitutes the core part of the proofs of Theorem 117
and Theorem 119 on adjoint operators to the derivatives of G and H from section
6.1.2. The idea of its proof is taken from [14] again.

Lemma 115. Let R : X O D(R) — X be a mazimal monotone operator, vy € X,
g€ Ll((O,tl),X), and

t
v(t) = Sgr(t)ve + / Sgr(t —s)g(s)ds, t €[0,t], (7.2)
0
which is the mild solution of

V() = —Ro(t) + g(t), t €[0,t],
v(0) = .

Then for any ¢ € L*((0,t1), X), it holds

/01 (v(t),o(t))dt = /O1 (g(t),v(t)) dt + (v, 0(0)),

where
t1—t
o) = / e (b1 — £ — 8)o(ts — s) ds, relotl.  (73)
0
So .
o=t = [ Swt- ot s)ds, telon,
0
which means, that v(t; — -) satisfies
d .
Ev(tl —t) = —RO(t1i—t) + ¢(t1 —1), t€10,t],
@(tl) - 0

i the mild sense.

Proof. First, we note that (7.3) is well-defined, since by Lemma 114, the operator
R* is maximal monotone.

Let ¢ € L'((0,t1),X) be arbitrary. To be able to interpret both occurring
evolution equations in the classical sense, we approximate g by a sequence (g, )nen
and ¢ by a sequence (©,)nen, such that g,,p, € C’SO((O,tl),X), n € N, and
90 — 9llLr0.00),x) [on — @l L1 (0,0),x) —+ 0, m — oo, which is possible according
to Lemma A.3. Furthermore, due to Lemma 2(a), there is (vg 5 )nen in D(R) with
lvo.n — vol| = 0, n — oo.
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Then for the functions v,, satisfying

"(t) = —Ruv,(t) + gn(t), t€[0,tq],
(1) 0(t) + gult) 0. -
v, (0) = v,
in the classical sense, it is
t
[on® = v® < o=l + [ flgats) g0 .
0
t€0,t1], n € N. So ||, — v|le(o,n),x) = 0, n— oo.
And analogously, for v,, satisfying
45 (t1 —t) Rv,(t; —t) + pu(ty — 1) t €[0,t]
—Un - = - n - n - 5 ) )
o 1 1 ¥nll1 1 (7.5)
classically, it holds
t
[oa(ts — 8) —o(t: — )] < / lon(ts — ) — o(ts — 5)|| ds.
0
t e [O,tl], n € N. So HQ_)n — TJHC([O,tl],X) — 0, n — oco.
We now use ¢, = —0!, + R*v,, and v,(t;) = 0, which are equivalent to (7.5),

and also (7.4) to calculate

[ ntey att) a
= [ttt 0+ Ra0)
_ /O " (W) & Ron(t), 5u(0)) dt + (voms 5n(0))
= [ o m0) e+ on0).

n € N. With n — oo, it follows

/01 (olt), o)) dt = /0 (g(t), o)) dt + (vo,(0)).
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7.1.2 Adjoints of the Derivatives

This section is to be understood in the context of section 6.1.2. In particular we
suppose that Assumption 93 holds.
First we recall the map G introduced in Lemma 98:

G (U o) < (D@ o) X WH(0.6),X) = (0.4 X)
(Pug, f) G(P, T(P)uy, T(P)f)
with
G (Ullrvx) x (D@ [1ax) x WH((0,4), (X, ]I]Ix))
> (i0.0). (% 1)) n (10,1, (P(@), 1 lex))
(Pwo, f) = w,
defined in (6.4), where w classically solves
w'(t) + B(P)w(t) = f(), tel0t], w(0) = wp.

According to Lemma 98, G is Fréchet-differentiable, and its derivative is of the
form

[Dé(pa lAL[), f)(P7 Up, f)j| (t>
S (1) ([DT(P)P} o + T(ﬁ)uo)
t
+ / Sppy(t —s) ([DT(P)P}f(s) +T(P)f(s)
0
— B(P)G(P, i, f)(s)) ds.
Assumption 116. In the following, we interpret G with the bigger codomain
L2((0,t1), X). Since C([0,t], X) continuously embeds into L?((0,t), X), the
differentiability of G is preserved under this modification.
Moreover, for fixed II = (P, o, f) € U x D(Q) x W((0,1), X), we endow
L2((0,1), X) with the scalar product fotl (v(t),w(t)) , pdt, v,w e L*((0,4), X),
which is equivalent to the canonical scalar product fot ! (v(t) ,w(t)) ppdt, v,w €

L2((0,¢1),X). Here, (., Jpp = (Pt )x is the scalar product on X, with respect

to which S(P) is maximal monotone (see Assumption 82).
The Fréchet-derivative of G' at point II is a bounded linear operator

DGz (TU. [llrv.x) x (PQ): Illg.x) x WH (10,0, (X, (.. )x))

= L2<(O,t1), (X, (., .)Evp)) . 7
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Yet, we make use of formula (7.6) to extend it to a bounded linear operator

DGIT) . (TU, | l7vx) x (X, (., )x) x L ((O,tl), (X, (., .)X))

. L2<(0,t1),(Xa('v')E,P)>

with respect to a weaker norm in the domain.
Its adjoint then is an operator

(7.8)

DG L2((0.4), (X, (-, )pp))

= (TU ) > (5, )x) x L=((0.8), (X (L )x) )
where we used the notation (TU, ||.||7v, X)/ for the dual space of the normed space
(TU, Ilru.x). .

To clarify the connection between the adjoint of the extended operator (7.8)
and the adjoint of the original one (7.7), we argue as follows.

If we denote the operator (7.7) by R; and the operator (7.8) by Rs, then
for any fixed w € L?((0,t,), X), the value Riw is a triple (P, up, f') € TU' x
X x LOO((O,tl),X) with the property that for every Il = (P, ug, f) € TU x X X
L((0,t1), X), it is

/Ol(w,Rgl'I)EPdt — PUP) + (duo)x + /0 (F(6), £(1))  dt

On the other hand, the value Rjw is a triple (P”,ug, f”) in the dual space of
TU x D(Q) x WH((0,t1), X), such that for every II = (P, ug, f) € TU x D(Q) x
WEL((0,81), X) it is

/O (. Ry pdt = P'(P) + ulw) + ().

Since RyIl = RyII for all IT € TU x D(Q) X WEL((0,11), X), it follows P" = P’,

t
ug = (U6 ) )XlD(Q) and f,/ = Ql (f/(t) )" (t))X dt|W171((0,t1),X) .
We turn to our first main result of this subsection.

Theorem 117. The adjoint operator

DG(P, o, f)* - L2<(0,t1), (X, (.. .)Eﬁp))
= (TU o) % (X (%) % 22((0,40), (X, (,)x))
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of the Fréchet-derivative
DG(P, i, f) - (TUJHHMX)x(Xxw)X)x[FOQm)(XAW)X»
= L2((0,0), (X, )p.p))

A ~

of G at some point ( A,ﬂo,f) € U x D(Q) x Wl’l((O,tl),X) with respect to the
scalar product fgl (v(t), w(t )Epdt, v, W E L2((O,t1),X), has the representation

[Dé(p, o, f)*go} (P, ug, )

- /01 <_ B(P)w(t) + [DT(P)P]f(t) + T(P)f(t) @(t)> it (1)

E.P

+ <[DT(FA’)P}{LO + T(P)Uo ; w<0)>

E,P

for every o € LQ((O,tl),X) and every (P,ug, f) € TU x X X Ll((O,tl),X), where

w satisfies

Coti—t) = —BEPYwlt —t) + ot 1), te ot

dt

in the mild sense with the adjoint B(P)* of B(P) with respect to (., Jp.ps and W
satisfies

W) = —B(Py(t) + T(P)(1), t€0,t],
w(0) = T(P)ig
in the classical sense.

Proof. According to Lemma 115, with the role of v in (7.2) taken by the function
DG(P, 1y, f)(P,ug, f) in the form (7.6), the right-hand side of (7.9) is equal to

[ (106t o, P D0 o(0) it

E.P

Next, we turn to the map

H:UxD@Q) xWH((0,t),X) —  C([0,t], X),
H(P.uo, f)(©) = T(P)"G(P. T(Pyuo, T(P)F) (1)
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from Definition 95 with the codomain C’([O, t], X ) as considered in Theorem 99.
According to this theorem, it is differentiable, and its derivative is given by

DH(I): (TU, Illrvax) x (D@1 lg.x) x W (0.4, (X, (. )x))

— L2<(0,t1)7 (X, (., -)T(P))> ,
[DH(P, o, f)(P,uo, )] (t)

t (7.10)
= Si(Huy + / St —s)(— Aa(s) + f(s)) ds,
0
€ [0, 4], where
A = TpP)T (7.11)
with 7 .= T(P), T-':=T(P)~', Ty .= DT(P)~
A = TB(P)T — ATVT + T '8(P)T (7.12)
and @ is the classical solution of
W) = —Aat) + f(t), t € [0,t],

Assumption 118. Let I = (P, 1, f) € U x D(Q) x WH'((0,t1), X) be arbi-
trary and fixed. As done in the case of G, we interpret H and DH (f[) as maps
with codomain LZ((O,tl),X). This time, however, we endow L*((0,1),X) with
the scalar product [;* (u(t),v(t )) oy dt, w0 € L?((0,t1), X), where (., .)pp) =
(T(P).,T(P).) 5
operator A in (7.11) is maximal monotone (see Theorem 28).

In further analogy to the case of G, we use formula (7.10) to extend DH (II)
to the bounded linear operator

is the energy scalar product on X, with respect to which the

DH() . (TU, | lrvx) x (X, (., )x) % L1<(O,t1), (X, (., .)X))
= 1200, (X, dn))

with respect to a weaker norm in the domain. O

Theorem 119. The adjoint operator
DH(P i, f)*: L*((0,2), ( )

- (TU.]I HTUX) < (X, (., )x) xLOO(<o,t1),(X,(.,.)X))
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of the Fréchet-derivative
DH(P,io, f): (TU, |l llrvx) x (X, (., )x) x L1<(O,t1), (X, (., .)X))
- L?((o,tl), (X,(.,.)T(ﬁ)))

of H at some point (P, i, f) € U x D(Q) x WH'((0,t1), X) with respect to the
scalar product fg ( (t),v(t ))T(P dt, u,v € LQ( (0,t1), ) has the representation

(7.13)
/ — Au(t) + f(t), Q) p dt + (uo, ©(0)) )
for every o € LQ((O,tl),X) and every (P, ug, f) € TU x X X Ll((O,tl),X), with
A from (7.12) and where @ satisfies
d
dt

~ /\

(tl — t) = —A* (tl — t) -+ (p(tl — t) R te [O,tl] s

in the mild sense, where A* is the adjoint of A from (7.11) with respect to (., .)T(p),
and u satisfies

Wty = —Aul) + f(), t€0,t],

i the classical sense.

Proof. Analogously to the proof of the previous theorem, it follows from Lemma
115, where the role of v in (7.2) is taken by DH (P, g, f)(P, uo, f) in the form
(7.10) this time, that the expression on the right-hand side of (7.13) is equal to

/ ([DHP. b0, )P0 N](0), 0(0), , di.

T(P)

7.2 Viscoelasticity

7.2.1 Adjoint Generators

In this section we derive the adjoint operators to B as in (5.29) and A introduced
in (2.14) with respect to their corresponding energy scalar products. By X we still
denote the function space defined in (5.4),

X = IL*D,R% x L3(D,R¥?) x L*(D,R¥3L.

Ssym Sym
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First, we recall B : X O D(B) — X with

—¥div (O'H + Zlel UM,Z)

- C(MH, HH) €(V)
Bw = - C(MM,h IiM,1) €(V) + W10 M1 ) (7-14)

- C(UM,L, K'M,L) €(V) + Wo,LO M,L

w=(v,on,0y) €D(B), and

DB) = {(v.omou) € Vx IAD,RE) x XD, Rg;n%)
(7.15)
o+ Z oS VARS S}
=1
as stated in (5.28), where V' was defined in (5.9) as
II-llv
Vo= { ¢ € O=(D,R¥ N H(e,D,R3) : 9Dy C R\ supp(p) } (7.16)

with |||}y denoting the canonical norm in H (e, D,R?), and S was defined in (5.10)
as

S = {O'EH(dlv D, R3>*3) chEV:/a(cp):a+cp-diva’d:r;—()}.
D

Sym
(7.17)
The corresponding energy scalar product was defined in (5.32) and is of the form
1 1 1
S
v L2(D,R3) U Ko LD
L
(1) (2)
+ ( )0‘ , O ) ,
Z ( pagg” kagg/ A L2(DR3D)
(7.18)

w; = (v, 0'%),0'5\14) cX, i=12

Theorem 120. The adjoint of the operator B : X D D(B) — X in (7.14) with
D(B) as in (7.15), with respect to the scalar product (.,.)g in (7.18) is given by
B*: X D D(B*) — X, where

D(B") = {(v,aH,aM) € V x L*(D,R¥3) x L*(D,R¥3)L

Sym Sym

L
UH—FZO'MJGS}

=1
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with
Vo= {VGH(&DREYXH?) V¢ES:/5(V):¢+V-diV¢dx:0} (7.19)
D
and
’l9d1V (UH + Zlel UM,l)

C(MH, /‘iH) €(V)
C(para s, k1) (V) + wei 0 (7.20)

Clumr, kmL)e(V) + Wo Lo
forw = (v,og,0n)" € D(B*).
Proof. By the definition of the domain of an adjoint operator, the following state-

ment holds true. For any wy, = (v(?, ag), (@ )) € X it is wy € D(B*), iff there
is z = (f,g,h)" (= B*w,) € X, such that for all w; = (v(V) ol Sw)) € D(B) it

) H >
holds
L L
[0 (o o) i (o o) v
D =1 =1
+ We C(— —) W @ dy
Z ! Hnmi Kamg T M

(7.21)

So in particular, we € D(B*) implies, that this statement holds for ag) = 0,
0'5\14)71 =0,1=1,...,L, and vl € C=(D,R?). According to the definition of div
in weak form in Notation 41, this means that a'g) +3 1 ol (2) , € H(div, D,R3%3),

sym
and (1/9)f = div (ag) +30 GE\QJ)J). Hence,

L
/ e(viY) ( +ZJM,>+V - div <ag)+205\?l> de = 0
D =1

for all v(!) € V| which by (7.17) is equivalent to O'H 30 a ,ES.
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Analogously, wy € D(B*) implies, that this statement holds true for the special
case v = 0, GS\Z =0,0l=1,...,L, and ag) € C(D,R3%}). From the defini-
tion of ¢ in weak form in Notation 41 it therefore follows, that v(?) € H (e, D,R?),

and C(1/pup,1/km)g = e(v?). Hence,

/ e(v?) ag) +v® . div ag) dr = 0
D

for all ag) € S, which is equivalent to v®® € V.

Finally, wo € D(B*) implies, that this statement holds true for the special
case vl = 0, ag) =0, 0'5\14)’1 =0,1le{l,...,L} \{k} forone k € {1,...,L},
and 0'5\14)1@ € C(D,R%%3). Again, the definition of ¢ in weak form implies, that

sym
O/ taris 1/ karp) (g, — wo o', = e(v®).
So

9 div <0'g) + Zle ag\%

f C(MHa HH)g(V(Z))
B*’LUQ = g = C(/LMJ,HMJ)E(V(Q)) +wa,1o'§\24)’1
h .

Cunrp, karn)e(v®) + WG,LUS\Q/[),L

O
Next we turn to A: X O D(A) — X with
—Y9dive
- C(NH + Zle Mg s KE + Zlel “M,l) e(v) — ZZL:1 m
Au = Wa,lc(,uM,l, /<~'M,1) e(v) + weamy , (7.22)
WJ,LC(,UM,La KvM,L) e(V) + wermyp
u=(v,o,n)" € D(A), and

D(A) = Vx8xL*D,RIH" (7.23)

as defined in (5.11) where V' is defined in (5.9) and S is defined in (5.10). The
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corresponding energy scalar product has been defined in (5.33) and is of the form

(Ul, UQ)T

1
_ (i, <2))
(19V v L2(D,R3)
1 Lo
S CEECES D RS ety
< ,MH KH Zwaz : lzlwa,l :

1 1 1
(L Yy

DI

ol Harp Kmg

L2(D,R3X3

)L2(D,R§y§§ ’
(7.24)
w= (e n®) ex, =12

Theorem 121. The adjoint of the operator A : X D D(A) — X in (7.22) with
D(A) as in (7.23), with respect to the scalar product (.,.)r in (7.24) is given by
A*: X D D(A*) — X, where

D(A*) = V xSxL*D R

Sym

with V from (7.19) and S as in (7.17), and

Ydivo
C<MH + Zlel Ha s KH + Zlel “M,l> e(v) — Zlel m
A'u = —Wa,1C(uM,1, /iM,1) €(V) + Wo 1My ) (7'25)

—wo,.C (L, kan) (V) + wormy
= (v,o,m)" € D(AY).

Proof. Due to Lemma 32, it is D(A*) = T~'D(B*) and A* = T~!'B*T, where in
this case

A%

v M v v
1 L
o o+ woq OH o+, 1 0Mmy
1 _
T |l™m| = Toeah , T lom1 | = —Weg,10 M,1 ,
1
— o _
ne el 7 M,L We,LO M,L

as introduced and calculated in (5.24) and (5.25), respectively. O
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Remark 122. [t follows from the definition of S in (7.17), that for V in (7.16)
and V in (7.19), it is V C V. We leave the question open at this point, under
which reqularity assumptions on the boundary of D, it even holds V = V. Either
way, with a look at (5.6) and Remark 47, we see that for v € H(e, D,R3), the
condition v € V can be interpreted as V‘BD = 0 in a variational sense.

If we compare the form of B in (7. 14) and B* in (7.20), we see that these
operators only differ by some minus signs. Also A in (7.22) and A* in (7.25) only
differ by some minus signs. For numerical calculations this can be of advantage,
since any numerical algorithm implemented to evaluate one of these operators can
after only small adjustments be reused to evaluate the respective adjoint operator,
too. It turns out that the key idea to accomplish this, consists in the choice of the
natural energy scalar products (.,.)g and (.,.)r. O

7.2.2 Adjoint of the Derivative

In this section we derive representations of the adjoint operator of the deriva-
tive DF (ﬁ, g, (f,g)T) of the parameter-to-solution-map F' at any fixed point
(13, U, (f ,g)T) of its domain. We express it in terms of the original variables
v, o, n as well as the transformed ones v, oy, o);. Concerning the notation and
any preliminary assumptions, this section is to be understood in the context of
section 6.2.

First we recall the structure of the parameter-to-solution-map. It is

F o (P lpeopsesey) x (D(@Q), Illg.x) x WHH((0,41), L*(D,R® x RI))

—  C([0,t1], L*(D,R® x R2%))

Sym

F(p,uo,(f,g)T) = WQ(H<7<an07(f g) )))
(¥,

where here and in the following, we abbreviate p =
we are going to use the notation p = (¥,...,0s 1), P = I‘(A) and P = DI'p.
For any (p, o, (f,8)") € P x D(Q) x WH((0,41), L*(D,R? x R%%3)), the
derivative of the parameter-to-solution-map has the form
DF(ﬁa aﬂ?(ﬂ g)T) = WQDH<7(}37 ’&O><f.> g)T))D’y(]i ﬁ07<f.7g)T) :
Equivalently, we also wrote F' as

Flpu (£.8)T) = mT(T(r) G (3w (f.8)7))
for all (p,uo, (f,g)") € P x D(Q) x WEL((0,81), L*(D,R® x R3%3)), where p —

Sym

., Wg.1). Furthermore,

mo T (T(p))_1 is constant. So its derivative has the alternative form

DF(pio, £.8)7) = mT(T()" DG(3(5 0. (£,:8)7)) Dy (b, (£.8)T)
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Using these two representations of the derivative, we get the two different rep-
resentations of the adjoint derivative. The crucial parts of them are given by
Theorem 117 on the adjoint of DG(P) with respect to the energy scalar product
(»)gp on X and Theorem 119 on the adjoint of DH(P) with respect to the
energy scalar product (.,.)p on X, where P = T(p) is the pair of parameter
operators at the material parameter coordinate p € P, where we take the deriva-
tive of F'. The remaining parts, that is the adjoints of my, D~y (ﬁ, g, (f, g)T) and
WQT(F(]B))A, are provided by the following lemma. Before we formulate it, we
make several adjustments to the domains and codomains of these maps in the
subsequent assumption.

Assumption 123. In this section, we consider F' to be a map with the bigger
codomain L*(D x (0,t;), R® x R3x3).
Furthermore, we extend

Ty : L2((0,t1),(X,(.,.)T(15))> & L2(D x (0,1), R® x RS

sym (7.26)
(V7 a?n)T '—> (V7 0->T b

7T2T(F(ﬁ))71 : L2<(0>t1)7 (Xa ( ) ')E,P)) - LQ(D X (0>t1)7 R3 X Rg;n?) )

L T (7.27)
(V,O'HJTM)T = <V7 0H+ZUM,Z>
=1
and

Dy(p,to, (£,8)") :  L¥(D,R*™F) x X x L'((0,t1), L*(D,R® x R3))

— TI(P)x X x Ll((O,tl),X) , (7.28)

(pu Ug, (f’ g)T) = (DFpu Ug, (Q?f—f—’[éf,g,())—r) ’

and note that all three operators are bounded with respect to the new norms again.
Using these operators together with the extensions of DG (7(]5, g, (f, g)T))
and DH (7 (]5, o, (ﬁ g)T)) introduced in Assumption 116 and Assumption 118,
respectively, we can consider the operator DF (}5, U, (f', g)T) to be extended to
the bounded linear operator
DF (p,to, (£,8)7) 1 L®(D,R*™) x X x L((0,t1), L*(D,R? x RY:Y))
—  L*(Dx (0,t),R* x RYY).

Sym
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Lemma 124. The adjoint of (7.26) is given by

m5 o L*(Dx (0,t), R x R¥3) - LQ((O,tl),(X,(.,.)T(p))),

Sym

~

Jv
C(ﬂH + ZlL:1 ﬂM,l , K+ ZZL:I ’%Mal)o'
s . . .
< ) = —wa,1C(MM,1, %M,l)o' : <7'29)

—@a,LC(ﬂM,L, ’%M,L)o'

The adjoint of (7.27) is of the form
[@T(F(ﬁ))_l} . L2(Dx (0,t)), R® x RES3) L2<(0,t1), (X, (.. .)E,p)> ,
v
v Clin, kn)o
( ) — Clinn, kvp)o | . (7.30)
C(ﬂM,b "%M,L)o'
And for the adjoint of (7.28), we have

Dy (p,iio, (£,6)7)" = TT(P) x X x L=((0, 1), X)
—  L®(D,R**Y) x X x L*®((0,t1), L*(D,R® x R2*%))

Sym
t1 ~
(P/a Up, <f7 g, h>T) = ((19/ + / f(t) ’ f(t) dt? /'LlHa ce 7w;-,L)7u07 (ﬁf7 g)T) )
0
(7.31)

where (V' Wy, ..., w, ) = DI*P" with the adjoint DT of DT, which is an isom-
etry, since DI' is an isometry by Lemma 102.

Proof. These claims can be verified via direct calculations. To compute the first
two of these three adjoints, we need the explicit form of the scalar products (., .) B
from (5.32) and (.,.)pp from (5.33), which are repeated here for the convenience
of the reader. It is

1 1 1
= (ZyW (2)) ( ) (1) <2>>
Wi, w v v + | C , oy, 0
(wr 2)p,p (19 L2(D.RS) ( ATAS: H RS

sym)
L
L1y o @ )
+ O<_ ) _>0- , O )
; < Harg Kl Ml Ml LQ(D,Rg;n?,’
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wi:(v(i),ag),a'g\?)TeX, i=1,2, and

(w1, U?)T(P)

1
_ (it <2)>
<19V v L2(D,R3)
1 o
(e ) e S L)
( ,UH Ry Zwozm ;wa’,lnl

1 1 1
O Ly g

S

ol Ky K

L2(DR3}3

?

)L?(D,Ri’;ﬁ)
w= (v, o0 g e X, i=1.2. -

The following two theorems constitute the main result of this section. The first
one shows how the adjoint of DF(ﬁ, Uo, (f', g)T) for some point (ﬁ, o, (f’, g)T) of
the domain of F' can be computed using the transformed variables v, oy, o).
The second one derives an analogous result in terms of the original variables v, o
and 7.

Theorem 125. The adjoint
DF (p, o, (f,8)")

*

0 L*(D x (0,41),R® x R23)

sym
— L®(D,R*?HY % X x L=((0,t1), L*(D,R* x RYY))
of the derivative of the parameter-to-solution-map F at a point (]5 U ,(f g)" )
L=(D,R*31) x D(Q) x WH((0,1), L2(D,R x R33)), where p = (V,...,dq.1)
and Gy = (v, 6'(0),77(0))T, is of the form
A A PN * [V
DF(p> Uo, (fa g)T) (0.) = ((19/7 s 7w;-,L)> (V(O)a U(O)a n(O))T7 (f7 g)T)

with

9 =
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t1 1
"{/M,l = /C<07A )5(‘7)35'1\/1710#, l=1,...,L,
0 R
1 1 1\ 1 1\
Wy = = n§°>;(o<A ) eual0) = O )aH(O))
Wo 1 Ul Kl g Ry
. 11\, B
- C<A ) = >0'M,110'M,ldt, l=1,...,L,
0 My Kwm
1
0 _ <
\% = TVO,
5 (0)
o0 _ C(},Al )aH(o),
H RH
1 1 1 1 1
0 (ol o0l o) o1
Wer,l HH KH farg Ry
f = v,
1 1
g - C<A )~ )&Ha
W KH

where (V, @y, 0 ) satisfies

L
d co (- _ -
ZV(h—t) = —ddiv (aH + ; 0'M7l> (t,—t) + Ov(ty —t),
d . _ .
E(}H(tl — t) = - C(/LH, liH) €(V(t1 — t)) + C(/LH, HH)G'(tl — t) s (732)
d . _ .
St —t) = = Clfar, Rary) e(V(th = 1) — Woudan(ti —1)
+ C(ﬂMJ,I%M’l)O'(tl—t), lzl,...,L,

() =0, eut) =0, &) =0,

_ . T/( = _ .
vt —1)],p, = 0. n (aH+lzlaM,l>(t1—t)‘aDN — 0,
t € [0,t1], in the mild sense and (V, &, 0)" satisfies
A L A A
Vit) = ddiv(en+ Y au)t) + i),
I=1
6’y (1) Clm, ku)e(¥(t) + g(t),
) = Clinng, farg) e(V(1) — Gopoan(t), 1=1,...,L,
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. . . . 1.
v(0) = v\0, on(0) = 0(0)+ZA—Z771(0),
=1 %
. I PN ()
O-Ml<0) N mn o, l_lv 7L7
Wo 1
L
v t)|8DD =0, nT(&H+Z&M’l>(t>‘aDN =0
=1

€ [0,t1], in the classical sense.

Proof. 1t is

~ *

DF (p, i, (£,8)")
(5o, (£,8)7) DG (1(p. o, (£,8)) ) [T (02) '] -

*
Y

To find DG (v(p, o, (f, g)") [mT(L(p))~*]", we use Theorem 117 and evaluate
the expression

~

[DG(P, i, '] (P o, )
= [ (= syt + [DTRIPI O+ TR 0)

+ ([DT(P)PYiy + T(P)uy . 0(0))

E,P
for arbitrary P = DI'(9,...,ws1) € TI(P), up = (V(O), @ )T € X and
f=(fgh)" e L'((0,),X), and with P = T'(J,...,001), f = (If,8,0)7,
Gy = (V0,60 5ONT o, — [WgT(l"(ﬂ Wor)) ] v,o)" from (7.30), w =
(V,0,0)" satisfying

d

0t =1 = =Pyt 1) + et —1), tefo.n],

in the mild sense, and w = (V, 6y, )" satisfying

A

W) = =BP)t) + T(P)f(1), te0hl,
w(0) = T(P)ay

in the classical sense. Afterwards we concatenate (7.31) with the derived repre-
sentation of DG (v(p, to, (£,8)") [mT(L(p)) 7]
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It should be mentioned, that in the statement of the theorem, the symbols v(?
o® n© f and g have a different meaning than here in the proof

In the sequel, we display the intermediate results of the first step
t1
/0 (= BP)b(t), (1)), 5 dt
daiv (6 + X1, o) v
t1 O(MH,HH) 5(\7) _a-H
= / ( C(MM,l, HM,l) (V) —Wo10n1 || TM > dt
0 ) : EP

C(,UM,L> FJM,L) (V) — Wo, 1O ML T M,L

th bH oy
-/ ( O ) e) —woaC (i Jouna | [ o0 ) g
0 :
. b's
' OM,L
BML KM, - 1 1 \a ;
C(/ﬁ’ %) €(V> N wU’LC<ﬂM,L’ FiM,L)‘TM’L
t1 19 L
/ /—AdiV<OA'H+ZOA'M7l)'Vd$dt
// “H “H e(V): Gy drdt
#H HH
Mg Bl N
+ C’(A’,A’>6V:a dx dt
Z/ / K K (%) Taa
- Z/ /walc
MMz Kle
// —Adiv<&H+Z&M7l)-\7dtdx
// <NHC )—FHHC(
+2/ (o

S L[ e
,LLMz

> Ml:6ledxdt

! ))5(\7):agdtdx

R

)—i-/iMlC( ! >>5(0):&M,ldtdx

fiMz

) oM, 6’M7ldtd$

KMZ
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9 [ -
— /7 div (&H—kZ&MJ)-\?dtdx
0

p U

Furthermore, we recall that with 7'(P) from (5.24), that is

v v
o o+ ElL:1 ﬁﬁh
T(p) Tll == _@0-1,1/’71 )
1
nL T s ne
and
0
L We 1
v =1 QQ;lnl
[DT(P)P] (0| = ] ,
I’/’ .
Wo, L
w1
from Lemma 106, it is
f
L
Of f g+ 21:1 ihl
[DT(P)P] | g | =0, TP g] = | —as
0 h
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and
t1 . f v
/ (T<) gl.lon ) dt
0 h oM E,P
o t 1 1
- /—A\‘/-fdmdt + /c( - )&H:gdxdt
o Jpv o Jp “MH KH
L t1
+ / / h; dz dt
121: i D( ) hy
Finally,

([PT(P)P]ig , (0))

E,P

1 1
= ~v(0 v(0>+C<A ,—)& 0):o®
/1719 © HH KH #(0)
L
1 11 11
#3(C()au - (o Yol o
=1 Wl HH KH Ml K
0

How the adjoint of DF(ﬁ, g, (f', g)T) for some point (]5, g, (f', g)T) of the do-
main of F' can be computed using the original equation in the variables v, o, 7,
is shown in the following theorem.

Theorem 126. The adjoint
DF (.o, (£,8)7)": L*(D x (0,1:), R® x RY:Y)
— L®(D,R*™) % X x L=((0,1), L*(D,R® x R33))

sym

of the derivative of the parameter-to-solution-map F at a point (ﬁ, g, (f,g)T) €

L®(D,R¥*3L) x D(Q) x WH((0,£1), L*(D,R x RE:3)), where p = (9,...,00.1)
and g = (v, 60 7T is of the form

~ A~ oA * [V
DF(p7 Uo, (fa g)T) (O’) - ((19/7 s ,W;-’L), (V(O)a 0(0)7 n(O))TJ (f7 g)T)
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with
I .
v = 7/ (dive +f) - vdt,
¥ Jo
, hooo1 Lo
- of- ,o)w ;(&+ _ ﬁ)dt,
12024 /0 o (V) ;wml l
, h 1 Lo
K = C’(O,A )5\7 :<&+ - _>dt,
w = [ (o) >
, 1M 1
W, = —-= O(A ,0>€€fsz7dt, I=1,... L.
M wal/o M () :
Ky, = ! /tlc(o 1)5(\7)-‘dt I=1,...,L
M, @0-71 0 ’/%M,l ~771 ) ) ) )
1 [h
Wey = == /(C(ﬂM,l,/%M,l)e(v)er)
wa’,l 0
1 1 1 N\
(A O<A ) A )"71
We i Hnmi Kam
L
1 1 1
NTENRRTEN S
HH KH o Wok
l=1,...,L,
1
0) _ <
A% = —AVO7
5 (0)
L
1 1 1
o = (=) (60 +> ),
HEH R llwcr,l
L
1 1 1 N 1 _
e G CORD SEe AO)
We i HH KH 1 Wo K
1 1 1
+=—C(=—5
We 1 Hal R
l=1,...,L,
f = v,
L
1 1 1
- (D)oY ).
& HH KH lz;wa,zm
where (v, a,m)" satisfies
d . .

dt
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L
d
—o(ti—t) = (MH+ZMMJ, nH+Zan) vt =) + 3 omt )
+C<,UH+Z/LM1,K,H—|—ZK,MZ> (t, — 1), (7.33)
d _ . . . _ o
Tt =1) = QouClares Rar) (vt = 1)) = oyt — 1)
- (IJO-JC([LMJ,/%M’[)O'(tl —t), = 1,...,L,
v(t1) =0, &) =0, ) =0,
V(ti =), =0, n'a(ti—t)],, =0,
t €10,t1], in the mild sense and (Vv,6,1)" satisfies
V() = ddive(t) + (),
L L L
(1) = C(MH+ZMM17 %H+Z/%Ml> (V) + Y _om(t) + &),
=1 I=1 I=1
) = —0eCling, fa)e(V(t)) — @oumy(t), l=1,...,L,
V) = v, a0) =6, #(0) =7,
V(t)|pp, = 0. n'e(t)|,, =0,
€ [0,t1], in the classical sense.
Proof. 1t is
DF(ﬁa aOa (fv g)—r)* = D’V(ﬁa 7:1'07 (ﬁ g)T)*DH (7(15’ aOa (fa g)T)) ﬂ-; :

In a first step we derive a representation of DH(v(ﬁ, o, (f,g)T))*n; by using
Theorem 119 and evaluating the expression

[ ](Pu07f)

o, f)"

(7.34)
/ t)+ f(t), alt)) ppydt + (o, ©(0)) 7p,
for arbitrary P = DI(¥,...,wsr) € TT(P), up = (v, nO)7T € X and
f=(f,g,h)7 € L'((0,t),X), and with P = T'(J,...,0,1), f = (0f,8,0)T,
Gy = (V.69 5ONT “and ¢ = wi(v,o)" from (7.29). The operator A has
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already been computed in the proof of proposition 112 on the derivative of F
expressed in the original variables. It is

—ddive
= (a4 Sl ang o+ S0 k) £(9)
@0,10(,&1\4,1, ffM,1) 5(\7) + wa,lc(ﬂM,h "%M,l) 5(‘7) + wa’,l’fh

N
S Q <
Il

@a,LC(MM,b HM,L) e(v) + wo-,LC<,[LM,L7 "%M,L> (V) + Wo, 1M1,

Furthermore, @& = (v, ,7)" satisfies

~ ~

W = —Ault) + f(), te0,h],
a0) = g

>

in the classical sense with the original differential operator

Jdiv o
R L - . L . L
R C(ﬂH + > by, R YL %M,z) e(V) + DL M
Aﬁ = — —(2}0.710(,[1]\/[71 s I%MJ) 8(\7) — @0,1771

—@a,LC(ﬂM,L, "%M,L) e(v) — Wo, LN,

containing the parameters 9, . . . ,Wor, and U = (v,5,7n)" satisfies
d _ Y
%u(tl —t) = =A'u(ti—t) + ot —1), t€10,t1],

in the mild sense, where

—Jdive
A —C (g + S0y faag » o+ Sy Bt ) €(9) + S
Au = — WorC(finr , Faa) (V) — @oay

@U,LC(ﬂM,L7 RM,L) (V) — W,y

has been computed in (7.25).

In a second step we concatenate (7.31) with the derived representation of
DH (y(p, o, (£,8)7)) 5.

Again we note that in the statement of the theorem, the symbols v(?, &(©),
1n®, f and g have a different meaning than here in the proof.
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In the sequel we display the intermediate results of the first step. We begin
with

/0 (= Auft), a(®) gy dt = /0 (= T(P)AQ), T(PYa(L) , pdt. (7.35)

It is

Jdive
Clum, km)e(¥) — S0 1%”( (finga; Rard)e(V) + 1)
~T(P)Ai = Clpar, Fara)e(v )+m(C(MM,17RM1 e(v) + 1)

C(parL, iar)e(V) + 525 (Cfiarn, Ra)e(V) + 11,

o,L

So if we abbreviate w = (V, &, &) = P T(P)i, the integrand of the iterated
integral in (7.35) has the form

ddive : v + Cluy,kp)e(V): oy + ZC(,LLMJ,&MJ)&?(\?) DOy
=1

L
Z Clfineg, ) e(V) + 1) + (Gmy — om).

€>

For the Second term in (7.34) it holds

t1 t1 N ~ N
[ G0 = [T (@) (0] prrean) a
0 0 0 X
f
L 1
t1 & T lezl Weo 1 hl \N/'(t)
= ( _‘-:)0',1 hl &H (t) ) dt
’ : ou(t)) /X
1
‘:}o',L L
with v, oy, o) as above.
Finally, the last term of (7.34) has the form
(w0, @(0)ppy = (T(P)uo, PIT(P)a(0))
)
L 0
0+ p ﬁ"’l( ) v(0)
_ ( —5-mny” | &u(0) ) .
: on(0)) /X
B

Wo L
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]

Remark 127. We remark again at this point, that up to the inhomogeneities,
the adjoint backwards in time equations (7.32) and (7.33) only differ by some
minus signs from the related wave equations, which describe the forward problem.
Therefore for each pair of equations, only one numerical solver is needed.

We achieved this by using the natural weighted energy scalar products (. .) B
and (. -)T(P) at the parameter point, where we take the derivative. Yet we would like
to point out explicitly here, that in both cases the adjoint of the derivative of the
parameter-to-solution-map is still taken with respect to the canonical unweighted
scalar product f;l(. »r2(prexrize) At in the codomain L*(D x (0,t), R? x R3X3)

sym

of F. O






Appendix

Bochner Integrable Functions on
the Line

This section is included to clarify the notion of integrability of Hilbert space valued
functions which we base our argumentations on. Since the main focus of this thesis
does not lie in this field, we only briefly sketch some definitions and further omit
some basic facts which are needed in our calculations. More details can be found
in [10], [9] and [8] for example.

Throughout this section let (X, ||.||) denote a Banch space.

Among the numerous notions of measurability around [3], we pick the following.

Definition A.1. Let (I,B N ],)\1|Bm) be the measure space consisting in an in-
terval I C R, the trace o-algebra B N I of the Borel o-algebra B on R and the
one-dimensional Lebesque-measure X' on I. A function I — X of the form
Yo agla,, withn € N, ap € X, Qp C I Borel measurable and pairwise dis-
joint with Al(Qk) < oo for k = 1,...,n and 1_ denoting the respective char-
acteristic function, is called a stmple function. A function f : I — X is
called (strongly) measurable, iff there is a sequence (fu)nen of simple func-
tions such that ||f(t) — fu(t)|| — 0, n — oo for almost every t € I. A mea-
surable function f : I — X 1is called Bochner integrable, iff there is a se-
quence of simple functions (fn)nen such that [, ||f.(t) — f(t)||dt — 0, n — oo.
In this case its Bochner integral over any measurable set 0 C I 1s defined as
[o F) dt = Tim, sy [o, fu(t)dt and [, fo(t) dt = S5 o A(QNQM), where we
assume f, to be of the form f, = ;" a’(“n)lﬂz(cn)’ n € N.

The space of equivalence classes of Bochner integrable functions which are equal
almost everywhere on I is denoted by L*(I,X). It is equipped with the norm
1fllerx) = [ 1 @) dt for every f.

Inductively we define the spaces of weakly differentiable functions by setting

135
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WONI, X) = LYI,X) and
WL X) = {f e L'(I,X) :

t
Ftoel,ue X, ge WH(I,X): f(t)= u+/ g(s)ds fa.a. te I}

to
for k € Ng. In this notation g is called the derivative of f and denoted by f’.
Furthermore for k € Ny and f € W*Y(I, X) we denote f© = f and fUY) =
(f(kj))' fij =0,....,k—1. On WY1, X) we consider the norm | fllwwra(r x) =
S DNy, f € WHYILX), k € N,. O

In the context of Definition A.1 the theorem of Pettis states that a function
f I — X is strongly measurable, if and only if it is weakly measurable and there
is a separable subspace Y C X such that f(¢) € Y for almost all ¢ € I (see [8] for
example). In our application X is a separable Hilbert space either way.

Furthermore, with the help of the Lebesgue differentiation theorem for vec-
tor valued functions one can verify that the weak derivatives of an element of
WHL(I, X) are unique in L'(I, X).

Lemma A.2. (Sobolev Embedding Theorem) Every f € W'((0,t,), X) contains
a continuous representative f, and the embedding

v WRH(0,4),X) = C([0,t], X)
fo= f

15 bounded with ]

Ll < cow = max{a, 1}. (A.1)
Proof. Let f € W'((0,t;), X). By definition there is to € (0,¢;), v € X and
g(=[) € Ll((O,tl),X) such that f can be represented by the function f(t) =
u+ fti f'(s)ds, t € (0,t;). We extend f to [0,#] by arbitrarily extending f’ to
[0,¢1]. For s,t € (0,;) with s <t it holds

ifo-iol = | [row] < [iron

which by the theorem of dominated convergence and the integrability of f’ on
[0,t1] tends to zero for s — ¢t and t — s. So f is continuous.
Furthermore,

f) = u+ /t:f'(r)dr + /:f'(r)dr = f(s) + /:f’(r)dr
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for every s € [0,#]. So

B 1 t1 max{s,t}
oI / 1Folds < / 1Fs)l + / 1) dr ds

min{s,t}

< A fllevoey.x) + tllf o)X
t € [0,t4]. It follows

~ 1
Iflleqonx)y < maX{Ea 1} 1 fllwao.0),x) -

[
Lemma A.3. The space C°((0,t1), X) is dense in LP((0,t1), X) for 1 < p < oo.

Proof. Let f € L? ((O, t1), X ) In a first step we prove, that f can be approximated
by simple functions with respect to the norm ||| zr((0,4,),x). Since f is measurable,
there is a sequence (f,,)nen of simple functions converging to f pointwise almost
everywhere. Also the sequence of simple functions

an(t) = {fn@% 1501 < 21£0,

te (0,t1),
0, otherwise , (0.41)

converges to f pointwise almost everywhere and has the property, that ||g,(t)|| <
2||f(t)]| for almost all ¢t € (0,¢1) and all n € N. So ||g.(t) — f(®)||? — 0, n — o0
for almost all ¢ € (0,41), and [lg(t) = FOI” < (lga()I + [FO)" < 37IF )7
almost everywhere, and fg "If@)|IP dt < oo. Hence, by the theorem of dominated
convergence, f[fl lgn(t) — f()]|P dt — 0, n — oc.

In a second step we prove that any simple function can be approximated by
smooth functions with respect to the norm ||.||zr((0,1,),x). Therefore let Q C (0,;)
be some measurable set and let @« € X. Due to [15], Corollary 3.5 there is a
sequence (@ )nen in 030((0,751),1[@) with lim, e [|¢n — Lallzr(0,),®) = 0. Then
Onpa € Cgo((O,tl),X), n € N, and

t1
lim |gpo — Loa|r041),x) =  lim |en(t)a — 1a(t)a|” dt

t1
~  lim |ya||p/ [oult) — 1a(t)|? dt
= 0.

By taking the sum over functions ¢, « with this property we can approximate any
simple function Zle alq, in LP((0,11), X).
Finally, we complete the proof by combining step one and step two. O]
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Lemma A.4. The space C*([0,11], X) is dense in W*'((0,t1),X), k € No.

Proof. Let k € No, f € WP((0,¢1),X) and ty € (0,¢;). Then it is f® €
Ll((O,tl),X). Hence by Lemma A.3 there exists a sequence (¢gn)nen in the
space C2°((0, 1), X) with limy, oo [|0kn — f®]l21(0,0),x) = 0. For k = 0 there is
nothing more to show. For k > 0 we define 1, (t) == fE 1 (t) + ftz Orn(s) ds.
Then @p = ) 10> Pe-1n € COO([O, tﬂ,X), n € N, and

/ Nokral®) = SV e = / i /tsok,n<s>—f<k><s>dslldt

N t
< i [ o) - 1900
— 0, O n — 00.
In this way we proceed inductively and eventually define ¢,, := ¢y, n € N. Thus

On € C’OO([O,tl],X), n € N, and

k
lon = Fllwrroeyxy = D lein— fPlomx = 0,  n—oo.
=0



Bibliography

1]

2]

Joakim O. Blanch, Johan O. A. Robertsson, and William W. Symes. Vis-
coelastic finite-difference modeling. GEOPHYSICS, 59(9):1444-1456, 01 1994.

Joakim O. Blanch, Johan O. A. Robertsson, and William W. Symes. Modeling
of a constant q: Methodology and algorithm for an efficient and optimally
inexpensive viscoelastic technique. GEOPHYSICS, 60(1):176-184, 1995.

Oscar Blasco and Ismael Garcia-Bayona.  Remarks on measurability

of operator-valued functions. Mediterranean Journal of Mathematics,
13(6):5147-5162, Dec 2016.

T. Bohlen. Viskoelastische FD-Modellierung seismischer Wellen zur In-
terpretation gemessener Seismogramme. PhD thesis, Christian-Albrechts-
Universitat zu Kiel, 1998.

Haim Brézis. Functional analysis, Sobolev spaces and partial differential equa-
tions. Universitext Mathematics. Springer, New York, NY, 2011.

Jose M Carcione, Dan Kosloff, and Ronnie Kosloff. Viscoacoustic wave prop-
agation simulation in the earth. Geophysics, 53:769-777, 1988.

Philippe G. Ciarlet. Mathematical elasticity, volume 1: Three-dimensional
elasticity of Studies in mathematics and its applications ; 20. North-Holland,
Amsterdam, 1988.

Joseph Diestel and John Jerry Uhl. Vector measures. Mathematical surveys
; 15. American Math. Soc., Providence, R.I.; 2. print. edition, 1979.

Nelson Dunford and Jacob T. Schwartz. Linear operators, volume 1: General
theory. Wiley Interscience Publ., New York, 1988.

Klaus-Jochen Engel and Rainer Nagel. One-parameter semigroups for linear
evolution equations. Graduate texts in mathematics ; 194. Springer, New
York, 2000.

139



140

[11]

[12]

[15]

[16]

[17]

[18]

[19]

[20]

BIBLIOGRAPHY

Lawrence C. Evans. Partial differential equations. Graduate studies in math-
ematics ; 19. American Mathematical Society, Providence, Rhode Island,
reprint. with corr. edition, 2002.

Gabriel Fabien-Ouellet, Erwan Gloaguen, and Bernard Giroux. Time do-
main viscoelastic full waveform inversion. Geophysical Journal International,
209(3):1718-1734, 2017.

Danton Gutierrez-Lemini. Engineering Viscoelasticity. SpringerLink : Biicher.
Springer, Boston, MA, 2014.

Andreas Kirsch and Andreas Rieder. Inverse problems for abstract evolu-
tion equations with applications in electrodynamics and elasticity. Inverse
Problems, 32(8):085001, 24, 2016.

William McLean. Strongly elliptic systems and boundary integral equations.
Cambridge University Press, Cambridge [u.a.], 1. publ. edition, 2000.

J. A. Nitsche. On Korn’s second inequality. RAIRO Anal. Numér., 15(3):237—
248, 1981.

Andreas Rieder. On the regularization of nonlinear ill-posed problems via
inexact newton iterations. Inverse Problems, 15(1):309, 1999.

Andreas Rieder. On convergence rates of inexact newton regularizations.
Numerische Mathematik, 88(2):347-365, Apr 2001.

Andreas Rieder. Inexact Newton regularization using conjugate gradients as
inner iteration. SIAM J. Numer. Anal., 43(2):604-622, 2005.

Albert Tarantola. Theoretical background for the inversion of seismic wave-

forms including elasticity and attenuation. pure and applied geophysics,
128(1):365-399, Mar 1988.



