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Introduction

The present thesis is mainly focused on the Hille-Yosida theorem, which is a very powerful tool
in solving evolution partial differential equations.

This work is meant to be a sort of connection between the mathematical theory of partial
differential equations and its applications to physics and engineering, being the conclusion of a
Master Degree in Mathematical Engineering at Politecnico di Torino. The treated topics can
be well related to mechanics, thermodynamics and in general in all applied sciences which make
full use such kind of problems. Some of the first definitions and theorems will be just cited and
theorems will not be proved, but relevant references are present when needed.

The first chapter will be devoted to the preliminary knowledge about functional analysis, and in
particular concerning the theory of linear operators, focusing on the unbounded ones and their
properties which will be useful in the following pages.

The main theoretical topic of this thesis will be presented in the second chapter, in which
the Hille-Yosida theorem will be treated, together with some mentions about regularity of the
solutions and the case of self-adjoint operators, which are often found, for instance, in quantum
mechanics. A mention of the Cauchy-Lipschitz-Picard theorem is added at the beginning, being
it a very relevant and classic result about the solutions of ordinary differential equations.

In the third chapter, some of the most relevant equations from different fields of applications will
be derived and then solved by means of the results achieved in the previous pages. In particular,
the heat equation, the wave equation and the linearized equations of coupled sound and heat flow
will be analyzed and the existence of a unique solution of this kind of problems will be proved .
The fourth and final chapter contains some results of recent studies about the so-called Hille-
Yosida operators and the related Cauchy problems. This last chapter will refer mainly to a
scientific article [1], and it is dedicated to the proof of the existence of different types of solutions
taking advantage of the properties of the Hille-Yosida operators.






Chapter 1

Linear operators

Dealing with phisics, engineering, economy, finance or any other field requiring a certain math-
ematical background means to deal with functions, which represent basically relations between
sets of objects. A function can represent for instance the evolution of the speed of a car in time,
the oscillations of the financial value of bonds or many other things, and it comes into play, from
a more general point of view, when it is necessary to describe the variation of a certain quantity
with respect to another one.

When it comes to functional analysis, and even more when dealing with partial differential equa-
tions, the concept of function has to be generalized a bit. The idea of operator is indeed an
extension of the one of function. An operator is an application between sets, which in turn can
be normed, Banach, Hilbert and similar (an operator can easily be a "function of functions").
The theory of operators deals with these mathematical objects, trying to classify them according
to their properties, which may vary depending on the sets they are defined on, the dimension of
the "environment" spaces and so on. Many properties turn out to be very useful when it comes
to differential equations, and provide effective tools to proove the existence and uniqueness of
the solutions of problems coming from different fields of mathematics.

Although this chapter is not meant to be a thorough dissertation concerning the theory of op-
erators, it is presented in order to give some hints about the most relevant aspects that have to
be considered when trying to study evolution problems.

1.1 Linear operators

Here we are going to provide the basic definitions which are necessary to understand the following
chapters. We start from the definition of linear operator (see [2]):

Definition 1.1.1. Let X and Y be two Banach spaces. An unbounded linear operator from X
toY is a linear application A : D(A) C X =Y defined on a subspace D(A) C X, with values in
Y. D(A) is the domain of A.

Moreover, A is said to be bounded (or continuous) if there exists a constant ¢ > 0 such that

[Aully < cllullx  Vu e D(A)
If the operator takes values in a scalar field, it is called functional.

Definition 1.1.2. Let X be a normed space on R. We define the dual space of X (denoted with
X') as the vector space:

X' ={f:X =R : f linear and bounded}.
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1 — Linear operators

A simple but effective example of functional is the so-called integral function. Given, for
instance, f € C([0,1]) and z € [0,1], it is given by:

F(z) = / " ft)dt
o

which means that it gives, for all = € [0,1] the value of the area (with sign) under the graph of
f. Other important definitions:

o Graph of A: G(4) = U,epa)(u, Au) C X x Y

+ Range of A: R(A) =U,cpayAuCY

o Kernel of A: N(A) ={ue D(A): Au=0} C X
Definition 1.1.3. An operator A is said to be closed if G(A) is closed in X x Y.

Definition 1.1.4. We define L(X,Y) as:
LIX,Y)={A: X =Y, A linear and continuous}.

Definition 1.1.5. The norm of an operator is defined by:

[[Au]|
1Al = sup
L 0

To clarify the equivalence between boundedness and continuity of an operator, a classical result
is the following one (see for instance [3]):

Theorem 1.1.1. Let X and Y be normed spaces, A: X =Y a linear operator. The following
are equivalent:

e (1) 3c > 0 such that
|Aally < clizll, Vo e X

(2) e > 0 such that
[Azlly <c Vo e X, |[afly <1

e (3) A is uniformly continuous

(4) A is continuous
e (5) A is continuous at 0

Proof. The implications (3) = (4),(4) = (5) and (5) = (1) are obvious.
(1) = (2). Given z € X, ||z]|y <1 we have:

[Az|y <cllzllyx <e

(2) = (1). Take z € X, © # 0. This means that ‘

LH < 1, therefore:
lzllx || x

o = (i)
4

<ec.
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1.2 — Linear operators on Hilbert spaces

Therefore

1
W [A(z)]ly <c
X

[A@) [y < ellzllx -

If z = 0, then [|A(0)|ly, = 0 < ¢||0]| x. Finally we proove that (1) and (2) are equivalent.
(1) = (3). Since A is a linear application,

[Az — Aylly = [[A(z = y)lly <cllz—ylx Ve,yeX.
Let € > 0 and let 6 = €. Then when 2,y € X and ||z —y||y <0
€
Az — Aylly < cllz —ylx <e” =e

therefore A is uniformly continuous.
(5) = (1). A is continuous in 0, that means:

30>0:ife=1,[|z -0y <0 = |[Azr — A0[, < 1.

Thus, let € X, 2 # 0, then:

6 =« 0 6 x
= :<5:>HA<) <1
H2||$||XHX 2 2||xHX v

6 1

—— ||Az|l, < 1

5
lAz]ly <3 llllx

which means that A is bounded with ¢ = %. If x = 0, A0 = 0 and the boundedness is immediate.

Definition 1.1.6. Let XY be normed spaces. We define the vector space

B(X,Y):={A: X =Y linear, bounded}.

Definition 1.1.7. Let X, Y be normed spaces. A € B(X,Y) is said to be invertible if S €

B(Y,X) such that So A=1x, AoS =1Iy.
S = A=Y is called inverse of A.

There are several invertibility criteria, but we are not going to treat these topics in this

dissertation, for a detailed study see [3].

1.2 Linear operators on Hilbert spaces

When dealing with Hilbert spaces, the scalar product structure allows us to define a new type

of "inverse" operator, that is the adjoint.

Theorem 1.2.1. Let H, K be Hilbert spaces and let A € B(H, K). Then 3!A* € B(K, H) such

that

A* is called the adjoint operator of A.



1 — Linear operators

Definition 1.2.1. Let H be an Hilbert space, A € B(H). A is said to be self-adjoint if A* = A.

Now we are going to present a crucial theorem of Functional Analysis, very important when
dealing with weak formulation of evolution problems. This theorem gives a result about existence
and uniqueness of solutions of problems of the type:

a(u,v) = F(v)

where a : H x H — R is a bilinear, symmetric, continuous and coercive form, whereas F' : H — R
is a linear form.

Theorem 1.2.2 (Lax-Milgram). Let H be a Hilbert space, ¢ : Hx H — R a bilinear, symmetric,
continuous and coercive form. Then Vf € H' 3y € H such that

f(z) = é(x,y) VaeH.

Proof. The bilinear form ¢ : H x H — R is a scalar product on H. Indeed, linearity is verified,
then:

o ¢(z,y) = ¢(y, ) true by hypothesis
« Thanks to coercivity, ¢(x,z) > m|z||* with m > 0
— $(z,2) >0 = ¢z, z)=0 = 0>m|z|* = z=0.

The new scalar product induces a norm, which is in turn equivalent with the original norm

llz|| = v/(z,x). The new norm is:
lzlly = Vo(x, )

Now, thanks to continuity and coercivity:
2 2
m x| < [lzfl, = ¢z, 2,) < cllz|

vzl < [, < Vel

Given f : H — R linear and continuous,
1
F @) < A f g Nl < 1A e T lzlly VeeH
which means that f is bounded aso with the new norm. This finally means that (H, [-[|,) is a
Hilbert space and f belongs to its dual space. We can apply Riesz-Frechet to the new space:
ly € H such that f(z) = ¢(x,y) Vo € H.
O

Remark 1.2.1. We stress out the fact that these theorem is actually a generalization of Riesz-
Frechét theorem, which is applied to scalar products that are a particular case of bilinear forms.
Indeed, if ¢ = (-,+), Laz-Milgram is immediately verified.

Definition 1.2.2. Let H be a Hilbert space on the complez field C, A € B(H). We define the
spectrum of A as:
o(A) ={X e C: A— X is not invertible}.

On the other hand we define the resolvent of A as:
p(A) =C~o(A)={re C:A— A is invertible}.

6



1.3 — Unbounded operators

1.3 Unbounded operators

In this section we are going to introduce operators which are not necessarily bounded (or con-
tinuous), thus we will refer to them as linear maps between Hilbert spaces with no additional
properties involved. As an example of unbounded operator we take the following from [3].

Let P be the linear subspace of Cc[0,1] consisting of all polynomial functions. If A: P — P is
the linear transformation defined by

T(p) =7,

where p’ is the derivative of p, then T is not continuous.
To prove this, we need to negate the definition of boundedness.
To do this, we consider the sequence:

pn(t) =t".
‘We notice that:
[pnll = sup{lp(t)| : t € [0,1]} =1

whereas
ITpull = o, || = sup{|p;, ()] : t € [0,1]} = sup{|nt"~'| : ¢t € [0,1]} = n.

Therefore there does not exist ¢ > 0 such that [|Tp|| < c¢||p| for all p € P.
Now we are going to introduce very important definitions taken from [2].
Let H be a Hilbert space.

Definition 1.3.1. Let A : D(A) C H — H be a linear unbounded operator. A is said to be
monotone if

(Av,v) >0 Yv € D(A).

Moreover, A is said to be mazimal monotone if R(I + A) = H which means
Vfe HIue D(A) :u+ Au = f.

Monotone operators are also referred to as "positive", because their definition is substantially
a generalization of the one of monotonically increasing functions. Indeed, taking u,v € H we
have:

(A(u —v),u —v) = (Au — Av,u —v) >0

The same applies if we consider a linear f : R — R. Here, the writing:
fly—2)y—2)=[fly) - f@)ly—2) =20 Ve,yeR
means that the function is monotonically increasing.
Theorem 1.3.1. Let A be a maximal monotone operator. Then:
(a) D(A) is dense in H
(b) A is closed
(c) for all X > 0, (I + \A) is bijective on H, (I + NA)~! is a bounded operator and

(T + 24 1.

)_1H/:(H) S

7



1 — Linear operators

Proof. (a) Let f € H such that (f,v) = 0 Vv € D(A). There exists vg € D(A) such that
vg + Avg = f. It holds:

0= (f,v0) = [lvol* + (Avo, vo) > [[voll*-
Thus, vg = 0 and therefore f = 0.

(b) We have that Vf € H there exists a unique u € D(A) such that v + Au = f. Indeed, if @
is another solution, then it holds:

(u—u)+ A(u —u) = 0.

Taking the scalar product with (u — @), the fact that A is monotone leads to u — u = 0.
On the other hand it holds:

2
[ull < [lull” + (Au,u) = (f,w) < [If] lul]l = llul < [1£]
and therefore the operator f — u indicated by (I + A)~! is linear and bounded with
I+ 7] gy < 1.

To verify that A is closed, let {u,} be a sequence such that u, € D(A) Vn, u, — u and
Au,, — f. It holds u,, + Au,, — u + f therefore

Uy = (I +A) " uy + Auy) — (I + A) " Hu+ f).
Therefore u = (I + A) ' (u + f), that is u € D(A) and u + Au = u + f.

(¢) Suppose that there exists Ao > 0 such that R(I + \gA) = H. We want to prove that
VA > 20 it holds R(I + AA) = H. Like in (b), we have that:

Ve HIue D(A):u+ AAu = f,

and the operator f — u indicated by (I + A)~! is bounded with [|(1 + )\OA)*lHE(H) <1
Let’s try to solve
u+ Au=f with A >0, (1.1)

which can be written as:
_1] 2o Ao
= (T4 XA 11— 22 ul.
w= (200 301+ (1222 )]

Therefore if |1 — 32| < 1, that is A > 22, then (1.1) admits a solution thanks to the Banach
fixed point theorem (see appendix A). A is maximal monotone, therefore I+ A is surjective.
Due to the previous passages, I + AA is surjective for A > %, therefore by recurrence it
holds that I + AA is surjective for all A > 0.

O

Definition 1.3.2. Let A be a maximal monotone operator. We set, for all A > 0,
Ja=(T+XA)7!

and 1
A)\ == X(I - J)\)

Jx is the resolvent operator of A (|[Jx|l gy < 1), whereas Ay is the Yosida regularized of A.

8



1.3 — Unbounded operators

Remark 1.3.1. We notice that {Ax}r>o0 @s a family of bounded operators that approzimate A
for A = 0.

Now we will list some important properties of monotone operators and their approximants,
which will be very useful in the following chapters.

Theorem 1.3.2. Let A be a monotone operator. It holds:

(a)
Ayv=A(Jyw) YveH and YA>0
(b)
Ayv = J\(Av) Yve D(A) and YA >0
(c)
[[Axv|| < |Av|| Yv e D(A) and YA >0
(d)
lim J,v=v YveH
A—0
(¢)
lim Ayv = Av Vv € D(A)
A—0
(f)
(Ayv,v) 20 Yve H and YA >0
(9)

1
[[Axv| < X lvl Yve H and VA>D0.

Proof.  (a) It is equivalent to
v =Jyv+ AA(Jy\v)

and this follows from the definition of Jy.

(b) Tt holds

Av=—[1+XA)v—v] = = (1 4+ XA)(v — Jyv)

> =
>| =

and therefore

1
JAv = X(U — JJyv) = Ayw.

(c) It follows from the previous point, since ||J,|| < 1.
(d) Let v € D(A), then

A
(T = Ja0)[| = [l = Tl = A Aol < A Av]| == 0.
Thus limy_,q Jyv = v.
Now let v € H and € > 0. Since D(A) = H, there exists v; € D(A) such that ||v —v1]| < e.
It holds:
|Jav — v < ||Jav = Javr || + |[Javy — o1 + o1 — |

9



1 — Linear operators

< 2||lv —wvp]] + || Javy — v < 2+ || Javy — o1 |

where the second term goes to 0 as A — 0. Therefore we have

limsup ||Jyv —v]| < 2e Ve >0,
A—=0

and finally
lim ||Jyv —v|| = 0.
A—0
(e) Thanks to (b) and (d) we have:

[[Ayv — Av|| = [|Jx(Av) — Av| 222 0.

(f) We have:
(Axv,v) = (Ayv,v — Jyv) + (Axv, Jhv)
= X Axv|)? + (A(Jaw), Jyv) > 0.
(9) Tt follows from the previous point, namely:
A Anol|* < (Axv,v) < [[Axo]l|Jv]

therefore .
4ol < Il

O

Since now we are dealing with unbounded operators, some details about the self-adjoint case
have to be clarified. In particular, we have to introduce an additional definition. Being H a

Hilbert space, we can identify H with its dual space and consider A* as an unbounded operator
on H.

Definition 1.3.3. Let A: D(A) C H — H a linear unbounded operator with D(A) = H. We
say that A is symmetric if

(Au,v) = (u, Av) Yu,v € D(A),

instead we say that A is self-adjoint if
A=A

and this implies D(A*) = D(A).

It is evident that if A is self-adjoint, then it is also symmetric. On the other hand, if A is
symmetric, it can happen that A # A*, as the following example (taken from [4]) shows.
Example 1. Let H = L? = L?(0,1). We define operators Ty, Ty and T3 as follows:

e D(Ty) consists of all absolutely continuous functions f on [0,1] with derivative f' € L?,

« D(Tz) = D(Ty) n{f: £(0) = f(1)},

« D(Ts) = D(Th) N{f : f(0) = f(1) = 0}.

10



1.3 — Unbounded operators

These are dense in L?. We define
Tof =if' VfeD(Ty), k=123
and claim that
T =T5, T5=T, T;=T.

We have that T3 C To C T3, therefore Ts is a self-adjoint extension of the symmetric (but
not self-adjoint) operator 75 and that the extension 7; of T3 is not symmetric. Notice that

(Tef,g) = / (if )5 = / fGig) = (f.Tmg)

if f € D(Ty), g € D(T},) and m + k = 4, since then f(1)g(1) = f(0)g(0). This means that
T C T, namely:
T1CT§<7 TQCTQ*, TgCTl*.

Now take g € D(T};) and ¢ = T} g. Let ®(z) = [, ¢. We have, for f € D(Ty),
1 . 1
| ira=@se) = (.0 = )300) - [ 10,
0 0

When k£ = 1,2, D(T}) contains nonzero constants, so the last equation implies ®(1) = 0. When
k=3, f(1) =0. In each of these cases it yields:

ig— ® € R(Ty)".

We have R(Ty) = L?, therefore ig = ® if k = 1, and since ®(1) = 0 in that case, g € D(T3).
Thus 77 C Ts.
If k = 2,3, R(T}) consists of all u € L? such that fol u = 0. Therefore

R(T) = R(T3) = Y+,

where Y is the one-dimensional subspace of L? that contains the constants.

Hence ig — ® is constant, therefore g is absolutely continuous and ¢’ € L?, that is g € D(T}).
Thus T3 C T5.

If k = 2, then ®(1) = 0, therefore g(0) = g(1), which means g € D(T3), thus T5 C T3 and this
completes the proof of the claim.

The following result shows that, in case the operator A is maximal monotone, then A is symmetric
if and only if A is self-adjoint.

Theorem 1.3.3. Let A be a mazximal monotone and symmetric operator. Then A is self-adjoint.

Proof. Let J; = (I+ A)~! and let’s prove that J; is self-adjoint. Since J; € L(H), it is sufficient
to prove that
(Jiu,v) = (u, Jyv) Vu,v € H.

We set uy = Jyu, v1 = Jyv so that
up + Auy = Jyu+ AJyu = J1(I + A)u = u,
v+ Avy = o+ AJyv = J1 (I 4+ A)v =w.

11



1 — Linear operators

We now take the scalar products:
(w1, v1) + (Aug, v1) = (u,v1)

(uy,v1) + (ug, Avy) = (ug,v)
and then take the difference, which thanks to the fact that A is symmetric leads to:

(u1,v) = (u, v1)
meaning that J; is self-adjoint. Now let u € D(A*) and f = u+ A*u. Given v € D(A), it holds:
(f,v) = (u+ A%u,v) = (u,v) + (A%u,v) = (u,v) + (u, Av) = (u,v + Av).
We define w := v + Av = (I + A)v, thus v = Jyw and:
(f, Jaw) = (u,w) Yw e H.

Finally, since Jj is self-adjoint, we get u = Jy1f and therefore u € D(A). This means that
D(A*) = D(A), that is A is self-adjoint. O

12



Chapter 2

Evolution problems

The following chapter will be devoted mainly to a crucial theorem when dealing with evolution
problems, and it takes advantage of the theory of operators, presented in the previous chapter.
Before that, first of all it is important to recall the main result concerning the solution of systems
of ordinary differential equations, which is hardly extendable to systems of partial differential
equations, but still remains the reference one when dealing with Cauchy (initial value) problems.
We stress out the fact that the variables are named x and t just to have a sort of "physical"
reference, in order to give a meaning to the name of "evolution problems". Obviously it could be
possible to include the ¢ variable in a sort of n 4+ 1 dimensional space, but this way of presenting
the equations is more intuitive.

The variable x will in some way refer to the "spatial" coordinates of a certain space Q@ C R™ where
n is the dimension of the space (tipically 2 or 3) and ¢ will refer to the time variable. Thus,
the solutions of these problems will have to respect some regularity requirements, typically with
respect to time. Hence, for example, the writing "u € C([0, +oo[, H)" means that u : [0, +00[— H
is continuous. We’ll say that "u is continuous in ¢, and Vi > 0 it takes values in H". Another
example is "u € L*([0,T[, H)", that means:

T
u:[0,T[— H , t+— u(t) is measurable and / ||u(t)||?{dt < 4o00.
0

2.1 The Cauchy-Lipschitz-Picard theorem

The following is a classical theorem, very useful when dealing with ordinary differential equations,
but practically useless to solve partial differential ones. It is based on an extended concept of
Lipschitzianity for applications between Banach spaces.

We recall that, given (X,dx) and (Y, dy) metric spaces, a function f : X — Y is called a
Lipschitz continuous function if the distance (in Y') between the images of any two points in X
does not exceed a certain value, quantified by the Lipschitz constant.

In symbols, this means that:

dK > 0: dy(f(xl),f(l‘g)) < de($1,$2) V.l?l,JUQ cX

From a graphical point of view it is possible to visualize very effectively this condition if we
consider f : R — R. In this case, the definition of Lipschitzianity involves the first derivative,

13



2 — Evolution problems

stating that the latter is bounded by the Lipschitz constant; therefore, for a Lipschitz continuous
function, for all the values in the domain there exists a double cone, whose vertex lies on the
graph of the function, so that the latter always stays outside of it.

2

* sinixoosi4x)

D]| TeR—— e R e L L e

-2 —1.‘ 5 —ll —0.; ] lU UI‘ 9 l:l. 1: 5 2
Figure 2.1: A Lipschitz continuous function ([5])

With the help of the first (and more general) definition it is possible to move to the next theorem.

Theorem 2.1.1 (Cauchy,Lipshitz,Picard). Let E be a Banach space and F : E — E be an
application such that

|Fu—Follzp <L|u—v|z VYuveE (L>0)."
Then Yug € E Ju € C([0, 00|, E) unique such that

d
di; =Fu on[0,00]
u(0) =up (initial datum).

(2.1)
Proof. The solution of problem 2.1 is such that:

t
u(t) = u(0) —l—/ F(u(s))ds. (2.2)

0

Let k € R (it will be specified later), we introduce:

X = {u € C([0,00[; E) : igge*kt lu®)| 7 < oo}

According to its definition, space X presents some important properties, which we are going to
prove as in [6].

L1Being E a Banach space, the norm of the difference between two vectors is the distance bewtween them,
induced by the norm ||.|| 5.

14



2.1 — The Cauchy-Lipschitz-Picard theorem

e X is a Banach space with respect to the norm

ull x = supe™ ||u(t)||
t>0

To verify this statement, we are going to verify the definition of completeness, therefore we start
from a Cauchy sequence in X. Let {u,} C X be a Cauchy sequence, which means that:

Ve >0 dN.:Vm,n > N, [t — um| x <€

By definition, fix t > 0

AN = Ney i : Vm,n > Ny lun — Um| x < cetk

which is:
sup e *F [lu, () — um(s)|| 5 < ee ™.
s>0

By eliminating the sup symbol and taking any value of ¢ > 0, we can simplify the exponential
term and get:
tn () = um(t)||p <€ YE>0

meaning that {u,(t)} is a Cauchy sequence in E, which is a Banach space. In turn, this means
that u,(t) converges to a certain element in E, and we shall call it:

u(t) = lm wuy,(t).

n—oo

Now we have to prove that v € X. First, we verify that u € C([0, 00[; E). To do this, we observe

that:
€

dNy: Vn>N; [ut) —un ()| g < 3

and, since {un(to)} — u(to) as well,

€
ANy : Vn > N, lu(to) — un(to)ll g < 3

and finally, since u,, is continuous,
Ve>0 36>0:  Jlun(t) — un(to)lp < g for |t — to| < 0.
By taking n > maz{N1, N2} and |t — to| < ¢:

[u(t) = ulto)llp < lu(t) = un(®)l| g + [[un(t) = un(to)ll g + [un(to) = ulto)llp < e

Taking € > 0 large enough, we have [[u(t) — u,(t)]| ; < € and since {u, } € X it holds sup;sq e~ |lu, (t)|| 5 <
co. The latter means that:

IM>0: e Fllu,(t)|y <M, Vt>0

and therefore:
lun ()] g < Met* vt > 0.

Now:
la@)l < u(t) = wallp + lun(®)ll g < e+ M < Me'* Ve > 0.
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Thus, due to the arbitrary choice of t, it yelds:
dM > 0: supe " |Ju(t)||; < M
t>0
and this means that u € X. Now there’s left to show that ||u,(t) — u(t)||y — 0.
We restart from the Cauchy sequence in X:
Ye>0 IN.>0: Vm,n> N, lun — um|l x <€

therefore:
lun(t) — um ()| g < ee*, Vvt >0.

Taking the limit for m — 0 and sup on the left hand side, we get finally:

lun —ully <€  VYe>0

which means:
[un —ullxy — 0

and X is Banach with its defined norm.
e Yu € X the function .
(pu)(t) = ug —|—/0 F(u(s))ds
belongs to X.

Again, to prove this statement we have to verify that both ¢u € C([0, +o0[, E) and sup,~q e~ || (pu)(t)| 5 <
0o. We start from the latter, using the triangle inequality in the definition of ¢u:

[(@uw) (Bl p < ||u0HE+/O ”F(u(s))_F(u(O))'|Ed8+/o 1E (o)l p ds

and thanks to the Lipschitzianity of F:
¢
[(@w) (Dl < lluollz + L/ [u(s) = uoll g ds + ¢ F'(uo)l
0

t
< Jluoll g + Lt Juoll 5 + L/O [u(s)ll g ds + | F(uo)l (2:3)

and this last inequality will be the reference one. We need other passages in order to obtain
some inequalities, namely:

t t i otk _q
L[ lulpds <L [ et fulgds < LJully
therefore: . "
_ 1—e" L
L [ u(s)lpds < Ll *—f— <l
0
leading to:
t L
L[ lulpds < 5l (24)
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2.1 — The Cauchy-Lipschitz-Picard theorem

The second inequality is:
e luollp < lluoll - (2.5)
Moreover, since e~** < 1/tk, it holds:

_ L
™MLt fJuol| < - lluollp (2.6)

and
—tk 1
e Tt[Fuo)llp < ¢ lluollg - (2.7)

Finally, we multiply equation (2.3) by e ~** and substitute (2.4), (2.5), (2.6), (2.7) in it, obtaining:
_ L L 1
M) Ol < luollg + 7 luoll s + 3 llullx +  [F(wo)l ¥¢>0

which finally means exactly:
supe™** [[(¢u) ()] < oo.

To prove that ¢u € C([0, +oc[, E), we observe that ¢t — fot F(u(s))ds is continuous and there-

fore:
to
§))ds — / Flu(s)ds| =0 Vg >0
0

Jisy (6)(0)~ (@10l = Jim|

so we finally proved that ¢u € X.

e ¢ is a Lipschitz continuous function in X:
L
lpu —dovlly < 2 llu—vllx, VuveX.

We have just to write down the X norm. Let u,v € X, then:

—tk

/0 (F(u(s)) — F(v(s)))ds

<supe tkL/ lu(s) —v(s)|| g ds

lpu — ¢v| x = supe
t>0 t>0

etk — 1
k

¢
< supeftkL/ eFllu— vl ds < supe L |ju— vy
t>0 0 t>0

and finally, as expected:
L
lgu— gl < 7 lu—vllx-

We are ready to conclude the proof of the theorem. From the last property of space X it is easy
to notice that if k < L, ¢ admits a fixed point (see appendix A), which is solution of (2.2). Thus,
the existence of a solution is proved.

About the uniqueness of the solution, let v and @ be two solutions of (2.1). We define

h(t) = [lu(t) —u@®)| g
and it holds thanks to (2.2
/ |1 F(u F(a(s))||pds < L/O h(s)ds Vi >0

therefore, using Gronwall lemma, we obtain h = 0. O
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2 — Evolution problems

We observe that this theorem has been much studied, and it is possible to demonstrate that
the lipschitzianity of F' is in general not necessary for the existence of the solution of a Cauchy
problem, whereas it comes strongly into play when dealing with uniqueness. Various examples
of this phenomenon could be brought here, we give just a hint of what could happen in case that
condition is not respected.

For instance, consider the Cauchy problem:

Wiy 2@ mE
y(1) =0.

The problem can be easily solved by separation of variables when ¢ # 0, while in that point the
field F(y) = %{*/@ does not respect the lipschitzianity condition anymore. The solutions of the

problem are (if k& > 1):
() = 0 ift <k
=L =R it >k
This means that, once fixed the parameter k, the solution is unique on the interval [—oo, k], but
once the graph reaches point ¢ = k, the curve branches out in infinite other solutions, in a way

similar to the bristles of a brush (indeed, this phenomenon is referred to as the "Peano’s brush",
or "Peano’s mustache").

Figure 2.2: Solutions of problem 2.1 with k € N, k > 1 ("Peano’s mustache").

2.2 The Hille-Yosida theorem

The next theorem, despite its quite long and technical demonstration, turns out to be a very
useful tool and allows to assess the existence and uniqueness of the solution of certain types of
evolution problems.

Theorem 2.2.1 (Hille-Yosida). Let A be a mazimal monotone operator in o Hilbert space H.
Then, for every ug € D(A) there exists a unique function

u € C*([0, +oo[; H) N C([0, +o00[; D(A))
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2.2 — The Hille-Yosida theorem

satisfying
dfu—&-Au—O in [0, +oo[
dt B ' (2.8)
u(0) = up.
Moreover it holds
du
@l < Juoll — and |5 ) = 14wl < 4wl Ve 0.

Proof. Tt will be presented in six steps. First of all we will discuss about the uniqueness of the
solution, then the remaining five steps will be dealing with the existence and the two inequalities.
Step 1.

Let u and @ be two solutions of (2.8). Then, by taking the scalar product (in H) of the difference
between the two equations and the difference between the solutions, it yields:

(;t(uu),uu) — (A(u—T),u—u) <0

where the last inequality holds because A is maximal monotone.
It is useful to recall that, if f € C1([0, 400, H), then:

|f|?> € C*([0, 4+00[, R) and i|f2:2(£, )

Therefore:
1d

24"
Thus, the function ¢t — |u(t) — u(t)| is decreasing on [0, +00|.
Since |u(0) — @(0)| = 0 because the initial datum is unique, it follows:

() —at)? = —(A(u — @), u — @) < 0.

() —a(t) =0  Vt>o0.

The latter, together with the fact that the same function is decreasing, means that u(t) =
u(t) vt > 0.

The following part of this demonstration will use the results concerning maximal monotone
operators, namely the ones about the sequence of bounded operators Ay (Yosida approximants)
that approximate the unbounded operator A when A — 0. We observe that, thanks to Cauchy-
Lipshitz-Picard Theorem 2.1, we know that there exists a unique solution of the problem:

du,\
— 4+ A =0 in [0
gt + Axuy in [0, +o0] (2.9)
ux(0) = ug € D(A).
Moreover, it will be useful to recall this:
Lemma 2.2.2. Let ¢ € C'([0,+00[; H) a function satisfying
dy .
a +Ap=0 in [0, +o0l. (2.10)
Then the functions t — ||¢(t)]| and t — H‘Z—f(t)H = ||Axp(t)|| are decreasing on [0, +00].
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2 — Evolution problems

Proof. We take the scalar product of (2.10) with ¢ and get:

dyo
-~ A = 0.
(dt,so)ﬂ Ap, ) =0

Thanks to theorem 1.3.2, we know that (Axp, ) > 0, therefore

1d, .,
18 2 <o
P

namely ||o(t)]| is a decreasing function.
Finally, being A, a bounded operator, (2.10) gives that ¢ € C* and

d (dy de\
dt(dt) +A)\(dt> =0.

and with the same argument as before, we get that ||‘fi—f(t)|\ is a decreasing function as well. [

Step 2.
Due to the previous lemma, starting from (2.9), it holds:
dU)\
W(t) = [[Aaur(®)|| < |JAuo|| VE>0, VYA >0. (2.11)

Step 3.
We are going to prove that ¥Vt > 0, u) converges (uniformly in ¢, for A\ — 0) to a limit, we shall
call it u(t), on every limited interval [0, T]. Let A,u be real positive numbers. The following

relation holds: J J
U\ _ Uy, A _A _
 a + Ajuy uwty = 0.

We now take the scalar product of the latter with uy — u,, and get:

du du
that is:
1d 9
Sdl Jur — w4+ (Axux — Apuy, ux —uy) = 0. (2.12)

Thanks to the properties of the Yosida Regularized (A)) and of the Resolvent (Jy) as defined in
the previous chapter, it is possible to derive the following inequality:

(Anux — Apugy,un —uy) = (Axux — Apug, un — Hhus + Hhus — Ju, + Juu, —uy)
= (Anux — Apuy, AMyuy — pAyuy,) + (A(Dus — Juuy), Jauy — Juuy,)
> (Axuy — Apuy, Myuy — pAyuy,)
namely:
(Axux — Apug, uy —uy) > (Axux — Apug, Myuy — pAuy). (2.13)
From (2.12) and (2.13) it follows:

1d
T [lun — “u”Q + (Anux — Apuy, Myuy — pA,u,) <0
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2.2 — The Hille-Yosida theorem

and expanding, due to the Cauchy-Schwarz inequality:

1d 2 2 2
5 7z lex = wull” + A Avuall” = Ml AuuulH [ Axvuxll = g LAz Al = ol A < 0.

Finally we use (2.11):
57 lux —wl® < 200 + ) [| Auo|®

and integrating:
Jux(t) — uu ()] < /(A + )t || Auol| -
This last result shows that ¥t > 0 , the sequence uy is a Cauchy sequence. Being H a Hilbert

space by definition, it is complete and the sequence is therefore converging towards a limit, we
shall call it u(t). Taking the limit for u — 0, we get:

lun(t) = w(®)]] < 2vA¢ || Augl| (2.14)

meaning that the convergence is uniform 2 in ¢ on every limited interval [0, T'], and u € C([0, +-oc[, H).
Step 4.
With this step we’re going to obtain the same convergence results of step 3, but related to the

first derivative with respect to time. If uy € D(A2%)3, then it is possible to prove that ‘Z‘—t* con-

verges for A — 0, V¢ > 0 uniformly on every bounded interval [0, T]. Indeed, let vy = ‘ZL—? SO
that vy verifies (2.8). Following the same procedure of step 3 we get:
1d 2
37z 1vx = vl < (lAvoall + [[Auou D Axoall + p [ Ao, (2.15)
Due to the lemma, ||vx(t)| is decreasing, which means:
du
40l < 40 O] = |43 %520)| = 143 A5 @) = [ rdsuoll . (210
and analogously:
[Apvull < [Au0u(0)[| = [[ApApuuoll (2.17)

Now we use some properties that were presented in the previous chapter, namely theorem 1.3.2,
therefore since Aug € D(A) we can write:

AyAyug = JNAJyAug = JyJyAAug = J; A%uy,
therefore, since ||Jx|| < 1,
[[AxAruol] < HA2u0|| , | AL A u0] < ||A2u0||. (2.18)
Taking the two expressions in (2.18) an substituting in (2.15), we get:

1d

BYT ox = vull> < 200 + p) HA2U0H2 .

2With "uniform convergence' we mean the convergence in the "uniform' (or 'sup') norm | f|l,, =
sup {|f(z)| : = € D(f)}

3Here the symbol A2 means A o A, therefore ug € D(A2) means that both ug and Aug belong to D(A). The
definition is well-posed, since the range of A sill lies inside H.
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2 — Evolution problems

By integration, it is immediate to state that vy(¢) is converging for A — 0, V¢ > 0 uniformly
in t on every bounded interval, and this is the convergence of the first derivative of u(t) that we
expected.

Step 5.

We proved that a solution of (2.8) exists with the more restrlctive hypotheses of step 4, that is
Uy € D(A2) The convergence results on both uy () and 9% guarantee that u € C*([0, +oo[ H)

and % —s 92U for \ —; 0, uniformly on [0,77]. Let’s wrlte (2.9) in the form:

dU)\

— (O + AL (b)) =0. (2.19)

We observe that:
[Sxux(t) —u@) < [[Jaux(t) — auw@)]| + [[Iault) — u@)]]

< (Il lua () = w() | + [|Txu(t) — u(@)]| — 0
the latter going to 0 because of the properties of the operator Jy as A — 0, and this means
that:
Jaun(t) — ul(t).

Therefore, since A is a closed operator, from (2.19) we deduce that u(t) € D(A) and it holds:

du

S (E) + Au(t) =

We know that u € C1([0,+oc[; H), therefore t — Au(t) is continuous on [0,+oo[ (in H)
and consequently u € C([0,+oo[, D(A)). We finally got a solution of (2.8) satisfying |lu(t)|| <
luol| ¥Vt >0 and

du

S0 < | Auo]

Before going on with the last step, it is necessary to prove that D(A?) is dense in D(A).

Lemma 2.2.3. D(A?) is dense in D(A).

Proof. We remark that D(A) is a normed space with the graph norm ||v|| + ||Av||, therefore it
will be necessary to obtain convergence of sequences of both v and Av in D(A).

Let ug = Jyup, so that ug € D(A) and ug + AAUg = ug. This in turn means that Aug € D(A),
that is wg € D(A?).

Thanks to the properties of operators Jy and Ay, it holds:

Aug = Adyug = Ayug = JyAug

and consequenlly
lim — = lim ||J — =0
)\1 ||u0 u0|| /\1 H AUQ UQH

ilirb |A%g — uo|| = ;11% lIxAug — Aug|| =0
which proves the thesis. O

22



2.2 — The Hille-Yosida theorem

Step 6.
Let ug € D(A). Thanks to lemma 2.2.3 there exists a sequence (ug,) € D(A?%) such that
ug, — u and Aug —> Aug. From step 5 we know about the existence of a solution for the
problem:

du
n A — O . O
o T Aun in [0, +oo[ (2.20)
Un(0) = ugn.
Moreover it holds:
[un (t) — um (&) < lluon — tom|| — 0 for m,n — o
duy, dum,
Ly — Zm )| < || Augn — Augm|| — 0 for  m,n — 00
dt dt
with u € C1([0, +-o00[, H). Taking the limit in (2.20), thanks to the fact that A is closed, it follows
that u € C([0, 4+o0[, D(A)) and that u satisfies (2.8). O

The great importance of this last result is that it allows to define an entire class of problems
according to the related operator A. In fact, let ¢t > 0 and S4(t) : D(A) — D(A) such that it
takes the initial datum up and associates to it u(t), i.e. the solution of (2.8) already obtained.
Since ||Sa(t)uo|| < ||uol|, the application S4(t) can be extended by continuity and density to a
linear and continuous operator from H in itself. The following properties can be easily prooved:

o V¥t >0, Sa(t): H— H isalinear and continuous operator and
[Sa®llgem) <1

SA(tl +t2) = SA(tl) o SA(tQ) Vi1 >0, Vi, >0
S4(0) = I

o lim;_,q ||SA(t)’U,0 — UQH =0 Yug € H.

The family of operators S(t) in £(H), defined for all values of the parameter ¢ > 0 and satis-
fying the tre already mentioned properties is by definition a continuous contractions semigroup.
Conversely, it can be prooved that given a continuous contractions semigroup, there exists one
and only one maximal monotone operator A such that S(t) = Sa(t) Vt > 0. Therefore, there is
a one-to-one correspondence between maximal monotone operators and continuous contractions
semigroups. This turns out to be the starting point of the theory of semigroups, since each
semigroup corresponds to a maximal monotone operator, and in turn to an evolution problem of
the type (2.8) and its solution.

In addition it is obvious that, once solved problem (2.8), it is possible to solve problems like the
following:

d
d—?+Au+)\u:O in [0, +o0[, A€R
u(0) = ug

just by substituting:
v(t) = eMu(t).

Then v(t) satisfies:

d
CT:—I—AU:O in [0, +00]
v(0) = ug.
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2.3 Hille-Yosida: regularity of the solutions

It is possible, by adding more hypotheses to the theorem, to obtain solutions which are more
regular in the variable ¢. Referring to the way the proof of Hille-Yosida theorem was presented,
we define by recurrence the space:

D(Ak) ={ve D(Ak_l); Av € D(Ak_l)}, k integer > 2.
In other words, u € D(A*) means that u, Au, A%u, ..., A*¥"1lu € D(A).

Lemma 2.3.1. D(A*) is a Hilbert space with respect to the scalar product:

k

(uav)D(Ak) = Z(Ajua Ajv)a
j=0
and the corresponding norm is:
k ‘ ‘ 1/2 k S\ /2
follogary = ( Sotatuan) = (X 4l
j=0 j=0

Proof. Since (U,'U)D(Ak) is a finite sum of scalar products, it is a scalar product itself. Thus,
it will be sufficient to proove the completeness of the space. Let {u,} € D(AF) be a Cauchy
sequence. That is, Ve >0 dN.>0: Vm,n > N,

llun — “mHD(Ak) <€

meaning that:
k ' L\ /2
(ZHAJ(un—um)H ) <e€
j=o

2

ltn — tm|® + | Aty — A ||® + - -+ + ||Akun - AkumH <é Ym,n > N
[l — umHQ <é
[l — um] <e.

We prooved that {u,} is also a Cauchy sequence in H, which is a Hilbert space and in particular
complete. Therefore, u,, converges to a limit, say wug, in H, as well as Au,, A%u,,...,A*u,, that
converge respectively to some limits, say w1, ug,...,ux. Since A is maximal monotone, it is also a
closed operator. The fact that {u,} C D(A¥) implies that {u,} C D(A7) for j =0,...,k. Now
{un} € D(A), up, — ug € H, Au,, — uy € H. Since A is closed, this means that uy € D(A) and
up = Aug. Again, {u,} C D(A?) and we saw that Au, — Aug. Also, A(Au,) = A%u, — us
and since A is closed, it follows that Aug € D(A) and u; = Auy.

Repeating this argument in an inductive way it is evident that u; = A7ug and Aug € D(A) for
j =0,..., k. This in turn implies that ug € D(A*) and the Cauchy sequence {u,} converges to
ug in D(AF), hence D(AF) is complete with the norm induced by the scalar product above. [

The space already defined allows to classify the solutions of the evolution problem according
to the exponent k of the space D(A*) to which they belong. In other words, the higher the
exponent, the more regular the solution will be in time.
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2.3 — Hille-Yosida: regularity of the solutions

Theorem 2.3.2. Let uy € D(AF), with k > 2.Then the solution of problem 2.8 satisfies:

u € C*I([0, 400, D(A?))  for j=0,1,...,k.

Proof. Let’s begin with k = 2. Let Hy = D(A) be the Hilbert space equipped with the already
defined scalar product (u,v)pa). The operator A; : D(A;) C Hy — H; defined as

{D(Al) = D(A?) (2.21)
Aju= Au for uw € D(4,) .

which is basically A, but restricted to D(A%) C D(A), is maximal monotone in Hy, being A
maximal monotone.

Hence it is possible to apply Theorem 2.2.1 to A; in the space H;, meaning that it exists a
function

u € C*([0, 00[; Hy) N C([0, 00[; D(Ay))
that means
u € C'([0,00[; D(A)) N C([0, 00[; D(A?))
such that

d
ditl +Aju=0 on [0,400]
u(0) = wp.

There is only left to prove that u € C?([0,+oo[; H), being H = D(A°). We know that A is
a linear operator from H; to H, and u € C([0,00[; Hy), therefore thanks to linearity we get

Au € CH([0,+00[; H) and
d du

Due to equation 2.8,

(2—? =—Au with  Au € C*([0, 4-o0[; H)
and therefore 4% € C*([0, +oo[; H), that is u € C2([0,+o0[; H) and
d (du du
% (dt) + A(dt) =0 on [0, +OO[ (2.22)

Now let k > 3. We will use an induction argument: let’s say the theorem is valid until order k —1
and let ug € D(A¥). We have already prooved that u € C2([0, +oo[; H) N C([0, +-00[, D(A)) and
that (2.22) is satisfied. Let v = 9%, then it holds:

Ve Ol([O, +OO[,H) N C([()? +OO[7D(A))a

%—FAU:O on [0, 4o0[
U(O) = —AUo.

Now, since vy € D(A¥~1) we know, thanks to the recurrence hypothesis, that
v e CF179([0, +oof, D(AY)) for j=0,1,...,k—1,
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du.
dt *

which means that if considering u, the order has to be increased by 1 because v =
u € C*I([0,400[, D(AT))  for j=0,1,...,k—1.
The only order left to check is j = k itself, so we apply (2.3) with j = k — 1 and get:

du 1
v= € C([0, +oo[; D(AF1Y)

and since by (2.8) we have that 4% = —Au we have that
Au € C([0,+oo[; D(AF1))

which means that
u € C([O,Jroo[;D(Ak))

and the theorem is proved. O

2.4 The self-adjoint case

An additional condition imposed to operator A allows to obtain an existence and uniqueness
result for problem 2.8, but with less restrictive hypotheses on the initial datum. In particular,
this is the case when A is self-adjoint. We recall that, being A maximal monotone, it is sufficient
for it to be symmetric in order to be self-adjoint too (see chapter 1). This specific case is very
common when dealing with partial differential equations derived from engineering models [7].

Theorem 2.4.1. Let A be a maximal monotone and self-adjoint operator. Then, for all ug € H
it exists a unique function

u € C([0, +oo[; H) N C*([0, +o0[; H) N C([0, +o0[; D(A))

such that p
d—?—l—Au:O in 10, +o00[
u(0) = ug
Morover, it holds:
du 1
lu(®)] < lluoll  and 7 O S 4wl < 2 lluoll - ¥¢>0 (2.23)

As anticipated, we can notice that now ug has not necessarily to belong to D(A), and the
conclusion is weaker than the one in 2.2.1, since here 4%(¢) might even "explode" when ¢ — 0.

Proof. As concerning the uniqueness of the solution, we proceed just as we did for theorem 2.2.1.
Actually there is no difference with the previously described procedure, since the coincidence
between two solutions of the problem is given by the fact that A is monotone.

To prove the existence, we will follow two main steps. The first will use a restricted hypothesis
on ug, then the second will use the results obtained in the previous pages.

Step 1.

Let ug € D(A?) and let u be the solution of (2.8), given by Theorem 2.2.1. We already know
that Ji, as defined in the previous chapter, is self-adjoint. Moreover, being the scalar product
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homogeneus with respect to scalars, Jy is symmetric as well and therefore self-adjoint, because

it is a bounded operator. We claim that Ay is self-adjoint, indeed:

1

(Aru, v) = ( L= ), v> = %(u, v) — %(JAu,v) - <u %(v - m)) = (u, Ayv).

We now use the approximation used to prove theorem 2.2.1, namely:

d

ﬂ—&—A)\u)\:O in [0+OO[
dt

ux(0) = ug

We multiply by uy and integrate on [0, 7], getting:

du
(dt/\’UA) + (Axur,ux) =0

1 9 T 1 )
S I + [ (Avus u)dt = 2 o
0

Starting again from (2.24), we multiply it by t%(t) and integrate on [0, T, thus:

) + (A)\’u,,\ﬂfdﬂ) =0

dU)\ du,\
dt

dt’dt

d’LL)\
T (t)

r

Morevover, since A} = Ay, it holds:

i(AW/\aU/\) = <A/\CZL£\,U,\> + (A,\U,\, du/\) = 2<A,\ux, du'\)

dt
Therefore we take the second term of (2.26):

r duy 1 ("d
/0 (A)\U)\(t),ﬁ(t))tdt—i/o %(A)\U,\,U,\)tdt

and integrate by parts:

1 d 1 1

2 2

Thanks to lemma 2.2.2 we know that ¢ — %% (¢) is decreasing, therefore:

/

Now we take (2.28) and (2.27) and substitute in (2.26), getting:

2T2

2

du,\
& D)

du,\

2
—(t tdt >
() |

du,\T2T2 1 1
2 "2 2

T
= D 5+ 3@, wa(D)T ~ 7/0 (Axux, upy)dt <0
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T T
7/ J(AAUA,UA)tdt = *(A)\U)\(T),U)\(T))T - */ (A)\’U,)\,U)\)dt.
o dt 2 0

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)
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thus:

dU)\

T 2
/ (Axuy, uy)dt > ’ W(T) T2 4+ (Axux(T),ux(T))T
0

and substituting this last into (2.25):

W)

2
1
p T? + (Ayux(T),ux(T))T < 3 [luol|?

1
a1+

we simplify the non negative terms, which yields to:

2

d’LL)\ 1 2
’ H(T) < Tz [luol|
which means that:
Tl < Lo v >0 (2.29)
dt =70 ' '

Now, in step 5 of the proof of theorem 2.2.1 we got that:

duy, du
EHE as A—0

therefore (2.23) is prooved.
Step 2.
Now we extend the result to the hypotheses of the theorem. Therefore, let ug € H and {u,} in
D(A) be a sequence, such that ug, — ug. Let u, be the solution of the problem:
dsTn + Au, =0 in [0, 4o00]
Unp (O) = Uon

Thanks to theorem 2.2.1 and to the result of the previous step, it holds:

[un(t) = um ()] < [[uon — toml| vm,n vt =0
and d d 1
U, U
2N - m < = _ ]
‘ o (t) o (t)H <7 lwon — wom|] VYm,n t>0

uniformly converge to the limits u(t) and %‘(t), the former on

Thus, both u,(t) and = (t)
, ool with § > 0. Therefore:

[0, +00[ and the latter on [d
u € C([0, +oof; H) N C(]0, +oo[; H).
Being A maximal monotone, it is also closed. This means that u(t) € D(A) and verifies:

d
d—?—i—Au:O in 10, +o00]

which prooves the theorem. O
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Chapter 3

Some applications

In this chapter we are going to use all the existence and uniqueness results of the previous
chapters in order to solve some of the most relevant and famous evolution problems.

As already anticipated, a large amount of phenomena in nature can be modelled with partial
differential equations, and the first part of this chapter will be devoted to the deduction, starting
from some basic assumptions, of equations that come from physics or engineering. Then, each
problem will be reformulated in order to be able to apply in a correct way the Hille-Yosida
theorem. This will be enough to state whether there is a solution for a problem or not and, if it
exists, whether it is the only one.

In this chapter we will extensively make use of integration by parts and Green formulas in R"”
(see appendix B for a short summary).

3.1 Partial differential equations arising from physics

3.1.1 Diffusion equation: heat conduction

When dealing with thermodynamics, the main quantities which come into play are basically
scalar fields like temperature, pressure and density of the considered substance. It is known
from physics that heat is a form of energy which can be exchanged among gases, fluids and
rigid bodies. The mechanisms of this exchange are generally classified into three categories:
conduction, convection and radiation. We are now interested in deriving a mathematical model
able to describe the conduction of heat in a rigid body, and we are going to follow the procedure
described in [8].

Partial differential equations that govern fluid mechanics, thermodynamics, mechanics of the
continua and other fields of physics are generally descending from balance laws. This is true
also for the heat equation, which basically comes out from the balance of energy of a system.
Therefore, we’re going to separately define each quantity that plays a role, and then put them
togethyer to derive the model.

Specifically, we will use the conservation law that states that the rate of variation of internal
energy in an arbitrary unit volume V is equal to the net heat flux through the boundaries, plus
the contribution of an external heat source (if present). To this aim, first of all let r be the
rate of heat per unit mass that comes from outside the rigid body, and let’s say the body has a
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3 — Some applications

constant density p. If e = e(%, )" is the internal energy per unit mass, the total energy in V is:

/ pedr
1%

and, assuming the differentiation under the integral sign to be allowed, its rate of variation is:

d Oe
— dz = —dZ.
;[ pedE /p oLl

Now let’s introduce the heat flux vector ¢. It contains information about the direction of the
flux and its intensity (in terms of speed) per unit surface it passes through. Therefore, if do is
the unit element of the boundary 0V with (external) unit normal vector 7, the entering heat

flux through OV is given by:
— / qndo = — / divgd®
oV 1%

and the equality is given by the Gauss theorem (or divergence theorem, see appendix B). The
contribution of the external source is instead:

/ prdZ.
v

Thus, we are now able to write down the full energy balance law, which is:

p% = —/ divqﬂf—l—/ prdZ.
v ot v v

Since this equation has to be satisfied for any arbitrary volume V', the integrand function has to
be null, and this yields:

pa—i — —div§+ pr (3.1)
which is the fundamental law of heat conduction. It is necessary, however, to define both ¢ and
e in a more explicit way, so as to derive a single scalar equation in the unknown 7T, which is
the temperature of the rigid body. This goal is usually reached with the help of constitutive
equations, in this case meaning the Fourier’s law and the proportionality of the internal energy
of the system with respect to its absolute temperature. Fourier’s law states that:

§=—kVT

where k > 0 is the thermal conductivity of the body, and the minus sign represents the fact that
the heat flows in the opposite direction of the temperature gradients.
Instead, the second constitutive law is:

e = c,T

where ¢, is the specific heat at constant volume of the material. Both ¢, and k& in most of
the applications can be considered to be constant, since their variations are usually negligible.
Finally, with these additions, (3.1) becomes:

oT k r
— = AT + — 2
ot Cop + Co (3.2)

1Here & refers to a generic point in space, therefore it is a vector of R™, with n = 1,2 or 3.
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3.1 — Partial differential equations arising from physics

which is the diffusion equations with the coefficients D = k/(c,p) and f = r/c,. We observe
that, if we define A = —A, the equation in this form is the non homogeneous version of equation
(2.8), the latter being valid once no external heat sources are considered.?

3.1.2 Wave equation: oscillations of a string

Another common example of evolution problem is given by the wave equation, generally coming
out when dealing with mechanics or electromagnetism. The usual deduction of the equation
(found in [8]), in the mono-dimensional case, concerns the study of the transversal vibrations of
a string, the latter satisfying the following requirements:

o Oscillations are small, in a way that these are much smaller than the string length
o Vibration is considered to be vertical

o The displacement of a single point can be considered to be depending on time and on the
position along the string

e The string is perfectly flexible, meaning that it does not resist bending
o Friction is negligible.

Then, to derive the model it is necessary again to refer to balance laws. In particular, now we will
consider the conservation® of mass and the balance of linear momentum. We define pg = po ()
and p = p(x,t) as the linear mass density respectively at rest and at time t. Then we consider
the string element As corresponding to the interval [z, + Az] (figure 3.1). The conservation of

T(x+Ax,r1)

v

x x+Ax
Figure 3.1: String segment with tensions at the extrema([8]).

mass states that:
po(z) Az = p(x,t)As (3.3)

2This means that the system is isolated only from a thermal point of view. In case also no external mass
sources were present, then the system is said to be ¢solated in its very physical meaning.

31t is "conservation" rather than "balance" of mass, because the latter does not present source terms in its
balance law.
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whereas to derive the balance of momentum it is necessary to balance the forces. For the
horizontal component, since the motion is assumed to be vertical, it holds:

T(x 4+ Az, t) cosa(x + Az, t) — 7(x, t) cos a(x,t) = 0.
We now divide by Az and take the limit:

7(z + Az, t) cosa(x + Az, t) — 7(x,t) cos a(x, t)

li —
Az Az 0
which is:
—[7(z,t) cosa(x,t)] =0
x
meaning that:
7(z,t) cos a(x,t) = 19(t) > 0. (3.4)

To make the full balance, we need to take into account all the forces which play a role in the
system. To do this, we consider f(x,t) as the resultant, per unit mass, of all external forces,
being them either concentrated loads or distributed loads. Therefore, on a single string element
acts a force equal to:

p(w,t)f(x,t)As = Po(f)f(fﬂ»t)AfU
As concerning the vertical component of the tension, it holds:

To(x,t) = 7(x,t) sina(z,t) = 79 tan a(z, t) = 7o(x, t)u.(x,t)

being u, the tangent, point by point, of angle a(z,t). Therefore, the vertical component of the
tension is:
To(x + Az, t) — 7y (2, 1) = 70(8)[uz(x + Az, t) — ug(x, t)].

Now it is sufficient to write down Newton’s second law, being u;; the acceleration of the points
of the string. Therefore, by considering all the forces:

po(z)Azuge = 70(t)[uz (@ + Az, t) — ug(z,t)] + po(z) f(x,t)Ax

which is:

"y — 70 (%) {ux(x + Az, t) — ug(z,t)

i 0 ] T )

and for Az — 0 we get:
Ut — CQUmz =f (35)

which is the mono-dimensional wave equation, where:

0(t)

0= pote)

is the wave propagation speed. In particular, the latter is constant when both 74(¢) and po(z)
are constant, meaning that the string is perfectly elastic and homogeneous.
Again, if no external forces are present (f = 0) we are back to the homogeneous evolution

2 9% 4

problem, which can be approached with theorem 2.2.1 once defined the operator A = —c* 55"

4In R™ the equation assumes the same form, except for the operator, which becomes A = —c2A
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3.1 — Partial differential equations arising from physics

3.1.3 Wave equation: free axial vibrations of rectilinear rods

When it comes to applied mechanics and vibration mechanics, a lot of systems are modeled in a
discrete way, i.e. they are treated as they were constituted by a finite number of points or rigid
bodies. In the majority of cases this approach is more than sufficient to describe the behaviour
of mechanisms or structures, even if it is evidently a simplification.

A different approach consists in modeling the structures as distributed parameters systems, and
this leads to partial differential equations. Here we present an interesting example of equation
describing the axial vibrations of a rod®, as it is deduced in [7].

Let’s consider a constant cross-section rod clamped to an end, made by linear, elastic and isotropic
material and let’s suppose each section behaves as a rigid body. We are going to describe the
axial displacement of each cross-section as a function u of the axial coordinate x and of time ¢.
According to figure 3.2, section S; starting from position & will move towards position = + u,

while section S5 will move from x + dz to = + dx + u + %dz.

\ E > x

PANRRRNNN

Figure 3.2: The clamped rod subjected to axial vibrations ([7])

Now let p be the mass per unit length (linear mass density) of the rod. We balance the forces
6 acting on a rod element, namely the two axial reactions due to the motion plus the inertia,
the latter being proportional to the linear mass density and to the second derivative of the
displacement with respect to time (Newton’s law, figure 3.3).

Thus, we get with the dynamic balance:

ON 0%u
N + %dx—N—,uda:w =0
which is:
oN _ o
or Moz

5Typically, in mechanics, "rods", "shafts", and "beams" are classified according to the way they are loaded. So,
respectively, they undergo axial, torsional and flexural vibrations.

SThis approach to derive the equations of motion of a system is called "Newtonian approach", and it is opposite
to the Lagrangian, or "energetic" one, which has its origins in the calculus of variations ([9]).
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0%u oN
dx —= N+—d
i H ot> ox x

Figure 3.3: External forces on a single rod element due to axial vibrations. ([7])

Now, we want an equation in the unknown u, therefore we need, as in the previously described
heat equation, constitutive equations expressing N in terms of u or its derivatives. In particular,
being:
ou
‘T o

we hark back to Hooke’s law, which states that”:
o= Fe

where F is the Young modulus of the considered material, which describes its behaviour in the
linear range, and this in turn leads to:

ou
N = AE%.

Taking the first derivative, supposing both A and E are constant:
ON 0%u
AR
Ox Ox?

which gives, if substituted in the balance equation:

0%u 0%u
E— =pu—. 3.6
oz~ or (3.6)
The deduced one is already a wave equation, but defining p = u/a and ¢ = /E/p we get:
Pu 0%
=22 3.7
o2~ 0a? (3.7)

where c is the speed at which the waves are propagated along the rod.

We observe that the heat equation, as it was deduced, represents a diffusion phenomenon, thus
only the first derivative of the unknown quantity with respect to time appears. Instead, when
dealing with mechanics, due to Newton’s law the derivatives of the quantity with respect to time
are present up to the second order and the wave equation is obtained. This is just an example
of how the mathematical description of a phenomenon is strongly affected by its physical origin.

"Here 0 = N/A is the axial force per unit area, also called "normal stress".
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3.2 — Heat equation

These two examples of partial differential equations (heat and wave equation) cover a large variety
of physical models. It is worthy to outline that, in case stationary® processes are considered, the
derivatives with respect to time can be neglected from the equations. Thus, starting from (3.5),
we get:

Au=f

which is the Poisson equation, that is the stationary part of the problem. This equation is
obtained both from the heat equation and from the wave one, and in case, respectively, no
external heat source or external load are considered, we obtain the Laplace equation:

Au = 0.

These equations, with suitable boundary and initial conditions, have been deeply studied and
there are many results concerning existence and uniqueness of the solutions under certain as-
sumptions.

Besides the physical interpretation of the problems, partial differential equations are usually
classified into elliptic, parabolic and hyperbolic ones. The heat equation is the classical example
of parabolic problem, whereas the wave equation is a hyperbolic one. To examine in depth the
mathematical aspects of this classification, see [10].

3.2 Heat equation

In this section, we are going to apply mainly the Hille-Yosida theorem in order to get results
about existence, uniqueness and regularity of the solutions of the heat equation. First of all, it
is necessary to define the domain, which is a bounded subset 2 C R™, being I" its boundary.
The idea is to impose equation (3.2) on this domain defining the unknown function w as its
temperature point by point, and imposing boundary conditions which can be:

e Dirichlet boundary conditions: the value of the unknown w is imposed on I', meaning that
we suppose to know the exact value of the temperature of the body on its boundaries. This
could be the case in which the body is in contact with a fixed temperature heat source, or
thermostat.

e Neumann boundary conditions: here, instead of the value of w, it is imposed the value of
the normal derivative of u on I', which represents the heat flux exiting from (2.

e Robin boundary conditions: this is the mixed case, i.e. we impose a value of the temperature
at the boundary plus a certain amount of heat flux.

All these b.c. (boundary conditions) can be homogeneous or not, depending on whether the
assumed value for u (or g—Z) is null or not.

Then, since we are interested in an evolution problem, we need to define an interval for the
variable ¢, which is ]0, +oc[. Therefore, the global domain will be a cilynder? @, defined as:

Q = Qx]0, +o0]

8For instance, in fluid dynamics a stationary process could be a flux in a pipe, where the velocity profiles do
not change in time.

9We stress out the fact that if Q C R?, Q is effectively a 3-dimensional cylinder, whereas if n > 2, it is a
n + 1-dimensional one, but the meaning of the equation remains unchanged.
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and with lateral boundary:
¥ =Tx]0,+o0].

Finally initial conditions are imposed, meaning that we are supposed to know the initial value
of the temperature of the body.
We are going to use also the following:

Lemma 3.2.1. For all f € L?(), there exists a unique weak solution u € H'(Q) of the equation
—Au+tu=f mn Q
with any of the previously presented boundary conditions.

Proof. To proof this lemma it is sufficient to apply Lax-Milgram Theorem 1.2.2 defining suitable
Hilbert spaces and bilinear forms. In particular, for the problem:

—Au+u=f inQ
3.8
{uO onI' =90 (38)

we use H = H}(Q). Given p € HE (), we multiply (3.8) by ¢ and integrate on Q, obtaining:

/VuV(p—&-/wp /fso Vi € Hy ().

The latter always has a unique solution, given by Lax-Milgram theorem with the bilinear form:

a(u,gp):/QVquo—i—/Qucp

= / fe.
Q
Instead, when considering the problem:
—Au+u=f inQ

and the linear form:

g—z =0 onI’
it is sufficient to consider the Hilbert space H'(Q2) and the same forms as before. O

Another result concerning regularity of problem (3.8) is the following:

Theorem 3.2.2 (Regularity for Dirichlet problem). Let  be an open set, of class C?, with
bounded T', or @ =RY 9. Let f € L?(Q) and let u € H () satisfying:

/Vchp+/u30:/fgo Vo € Hi(Q).
Q Q Q

Then uw € H2(Q) and 3C = C(Q) such that ||ul| g2 < C||f|l;2. Moreover, if 2 is C™%2 and if
f e H™(Q), then
we H™2(Q) with  [ull gmizg) < cllfllgm o)

in particular, if m > N/2, then u € C?(Q). Finally, if Q is C and if f € C*(), then
u € C>(Q)

10 Here with R? we mean R™~1 x [0, +o0], where the last dimension could reasonably represent time.
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3.2 — Heat equation

The theorem states that a certain regularity of the solution is achieved when Dirichlet bound-
ary conditions are considered. Instead of proving it, we just give a short and simple example in
the monodimensional case of problem (3.8).

Let Q = [0,1], f € L?(0,1) and u € HZ(0,1).Thus, the weak formulation of (3.8) is:

1 1 1
u€ Hy(0,1) : / u’v’—i—/ uw :/ fv Vv e Hy(0,1).
0 0 0

Since we are considering the monodimensional case, the solution w is also continuous on (0,1)
and the boundary conditions are satisfied in a classical way. It is possible to write the same
problem in the following form:

1 1
u € H}(0,1) : / u' = / (f —u)v Yo e H}0,1)
0 0

Being u € H}(0,1), its first derivative is still in L2(0,1), meaning that it can be derived (in
general as a distribution), therefore the last equation says that:

—(u’,v)r201) = (f —u,0)201) Yv € D0, 1)

and this leads to:
u' =u—f inD'(0,1)

where the right hand side belongs to L?(0,1). This in turn implies that the second derivative of
w is in L?(0,1), therefore u € H?(0,1) C C1([0,1]). Moreover, if f € C([0,1]), then u € C?([0,1])
and it is also a classical solution. For a complete proof of the theorem, including the continuous
dependence of the solution from data, see [2].

Now it comes to the resolution of the heat equation by means of the tools we presented.

Theorem 3.2.3. Let ug € L?(Q2). Then there exists a unique function u(z,t) : Qx [0, +00[— R
satisfying:

% —Au=0 in
u=0 onT (3.9)
u(z,0) = ug(x) in Q
and
u € C([0, +oof, L*(R2)) N C(J0, +o0[; H*(Q) N Hy (Q)) (3.10)
u € C*(]0,+o0[; L*(92)). (3.11)
Moreover
u € C®(Q x [e,+a]) Ve > 0.
Finally u € L*((0,+00), H}(2)) and it holds:
L ] ' 2 o dt =+ [lup)? VT 12
B ()l z20) + ) [Vu) |2 dt = 5 l[woll 720 > 0. (3.12)

H'We recall that D(Q2) = {¢ € C(Q) : suppp = K C Q compact}, whereas D’(Q) is its dual space, i.e. the set
of all linear and bounded functionals on D(£2).
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Proof. In order to apply Hille-Yosida Theorem, we consider the Hilbert space L?(f), and define
the unbounded operator A : D(A) C H — H with D(A) = H?(Q) N H}(Q) and Au = —Au.
Now, it is sufficient to verify the hypotheses of the theorem.

e A is monotone:
(A0} ) = [ (<D= [ [V =0
Q Q
e A is maximal monotone. Indeed, thanks to lemma 3.2.1,
Ve L?(Q),3 u € H*(Q) N H(Q) solution of

u—Au=f
or, in other words, R(A+I) = H = L?(Q).
e A is self-adjoint. Since it is maximal monotone, it is sufficient to verify its simmetry, that
is:
(Au,v)2(0) = /(—Au)v = / VuVu
Q Q
and
(u, Av)2(0) = / u(—Av) = / VuVu
Q Q
From theorem 3.2.2 it comes that D(A!) ¢ H?(Q) with continuous embedding, specifically:
DAY ={uec H¥ Q) :u=Au=...= A"y =0o0nT}.
Thanks to theorem 2.4.1 we know that
u € C*(]0, 4+o00[, D(A"))  Vk,VI

therefore
u € C*(]0, +o0[, H*(Q)) VE,VI

and finally this means that:
u € C*(J0, +00[,C*(Q)) VE,VI

where the last equation comes from the Sobolev embedding theorems (see [2]).
To prove 3.12, we consider the function

1
p(t) = 5 ||U(t)||iz(sz)
which, thanks to (3.11) is C! on ]0, +oo[ and:
’ _ du - A . 2 2
¢'(t) = (u(?), d—(t) = (u, Au)rzq) = — | [Vul* = —[[Vu@®)[[72(q) -
L2(Q) Q
Letting 0 < e < T < o0 it holds:
T T ,
o(0) =)= [ Ot == [ VOl it

The last expression becomes (3.12) as € — 0, so that ¢(e) — ||u0Hiz(Q). O
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3.2 — Heat equation

We remark that the heat equation has a strong regularizing effect, i.e.:
u € C(Q x [e, +00]) Ve > 0,

even if ug is only an L? function.

Unlike in the previous chapter, as a consequence of additional hypotheses on the initial datum
ug, the solution becomes more regular only in a neighbourhood of ¢ = 0, whereas in ¢t = 0 it
can still be discontinuous. To show these properties, we consider three different cases, each one
respecting the hypotheses of the Hille-Yosida theorem.

Theorem 3.2.4. Let ug € H} (), then the solution of (3.9) satisfies
u € C([0, +oof; Hy (2)) N L2((0, +00); H*(2))

and 5
S € L((0,+00); ().

Moreover it holds
2

ou
a(t)

/

Proof. In this case the Hilbert space we consider is H; = Hj(£2) with the scalar product:

(u,v)m, :/VquJr/uv.
Q Q

The unbouded operator is A; : D(A;) C Hy — H; defined as

1 2 1 2
dt + 3 IVu(T)|| 20y = 3 Vuol[72(q) -
L2(Q)

D(A) ={ue H3(Q) N Hé(Q) : Au € Hé(Q)}
Aju = —Au.

Let’s verify the properties of operator A;:

e A; is monotone:

(Ayu,u)p, :/QV(—AU)VU—F/(—Au)u

Q
:/AuAu+/ |Vu|2:/ |Au|2+/ |Vul|?> >0
Q Q Q Q

o A; is maximal monotone: thanks to lemma 3.2.1, Vf € H!(Q) it exists a unique u €
H3(Q) N HE(Q) solution of u — Au = f. If f € H}(Q), then

Au € Hi(Q)

therefore
u € D(Al ) .

o A; is symmetric and therefore self-adjoint:

(u, A1v)m, :/QVUV(fAv)Jr/Qu(fAv):/QAuAer/QVqu

(v, o), :/QV(—Au)Vv—&—/(—Au)v:/QAvAu—i—/QVuVU.

39



3 — Some applications

Then, thanks to theorem 2.4.1, when ug € H{(£2) we have that u € C([0, +oo[, H}(Q2)). Again,
to prove Theorem 3.2.4 we consider the function

1
p(t) = 5 IVu(®) 72

which is C° on ]0, co[ and satisfies:

0= <W(t)’vcﬂl;(t)>mm - (_ Au(t), Cclzz(t)> @ ’

the last passage being justified by the heat equation itself. When 0 < € < T < oo, it holds:

du 2

E(t)

L2(©)

T 2
du
o) -l =- [ |G|
€ L2(Q)

that is: ,

T du

o(T) — p(e) + E(t) dt = 0.

€ L2(Q)

As before, it is sufficient to send ¢ — 0. O

Theorem 3.2.5. Let ug € H?(Q) N HE(Q), then it holds
u € C([0, 400, H*(Q2) N L*(Q2)) N L*((0, +o0), H*(2))

and 5
5 € L2((0,+00), H' ().

Proof. We now consider the Hilbert space Hy = H?(Q) N HZ () with the scalar product
(u, ), = (Au, Av)r2(q) + (u, v)Lz(Q).
The unbouded operator is As : D(As) C Hy — Hs defined as:
{D(Ag) ={ue HYQ):ue HY(Q) and Au € H} (Q)}
Asu = —Au

which is maximal monotone and self adjoint in Hs.
We can apply theorem 2.4.1 to Ay in Hs.
Now we consider the function:

1 2
p(t) = 3 [Au®) |72
which is C*° on ]0, co[ and it holds:

’ du 2
o) = (200 8%0) | = Q.8 u0) i =~ VA0

Given 0 < € < T < 00, we integrate and get:

1 1 T
3 1AW(T) 172 ) — 3 1Au()| 720y = —/E IV Au(t)[|72 0 dt
that is:
1 2 1 2 r 2
3 AUz (0) = 5 1AwEL20) + [ IVAU)l[72(q) dt = 0.

Considering the limit for e —s 0, it turns out that u € L?(0, 00, H3(£2)) and, thanks to the heat

equation itself, 24 € L?((0, +o00), H'(R)). O
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3.3 Wave equation

This section is devoted to the solution of the wave equation with  C R"™, which is a generalization
of the ones previously deduced starting from physical considerations. Again, the Hille-Yosida
theorem turns out to be very effective when dealing with this kind of problems.

Let 2 C R™ be an open set and let I' be its boundary. Like in the previous section, we define:

Q = Qx]0,00]

and
¥ =T'x]0, o0

Now we are ready to state and proof the following:

Theorem 3.3.1. Let ug € H*(Q)NH(Q) and vg € H (). Then there exists a unique solution
of the problem

0%u ,
22 Au=0 in Q
u=20 on T’
(3.13)
u(z,0) = ug(z)  inQ
Ju .
a(x,O) =vo(z) in
with
u € O([0,00[; H*(2) N Hy (€2)) N CH([0, 00f; Hy (2)) N C*([0, 00[; L*(R2)).
Moreover it holds ¥Vt > 0
Ou | Vu®)[2s00 = [vol? Va2 14
E(t) o) + [Vu(®)|z20) = llvollz2) + [[Vuollz2(q) - (3.14)

We observe that (3.14) represents the conservation of mechanical energy if, for example, the
unknown u(z, t) represents the position of a massive particle.

Proof. To proof this theorem we need first of all to bring back the problem to a first order one,
in order to be able to properly apply the Hille-Yosida theory. To do this, we rewrite (3.13) in
the following way:

v = @ in Q
o ot (3.15)
% Au=0 inQ

and defining U = <Z) the problem becomes:

du
— + AU =0
dt+

(s 0)v=(Ca 0) ()= (pertan) :
w= ()= 0) = (i) 216

with
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Now we consider the Hilbert space H = H{(2) x L?(Q) equipped with the scalar product

(U17U2)H=/Vu1vu2+/uluz+/v1vz
Q Q Q

(w1 [ u2
() ()

with uy,up € HE(Q2) and vy, ve € L2(2) so that Uy, Uy € H. The unbounded operator is defined
like in (3.16), and its domain is:

where we considered

D(A) = (H*(Q) N Hy () N Hy(Q)
Now we verify that the operator A + I is maximal monotone.

e A+ 1 is monotone. Indeed, given U = (Z) € D(A):

(AU, U)g + (U, U)yg = — VvVu—/uv+/(—Au)v+/u2+/ |Vu|2—|—/v2
Q Q Q Q Q Q

The first term cancels out with the third one, due to the second Green’s identity, thus:

—/uv+/u2+/v2+/\Vu\220.
Q Q Q Q

The inequality is immediately verified by evaluating the discriminant of the quadratic
equation:
—ab+a®>+b+c>0 , with ¢>0.

e A+ I is maximal monotone. It is sufficient to prove that A + 2I is surjective. Given

F= (5) € H, the system that has to be considered is:

—v4+2u=f inQ
—Au+2v=g inQ

with U = <:j) € D(A), ie. ue€ H*(Q)NHIQ) and v € HL(Q). We multiply by 2 the

first equation, then sum with the second one and get:
—Au+4du=2f+g.

The latter, due to lemma 3.2.1, has a unique solution u. Then v is obtained by difference:
v="2u—f.

Now we can apply Hille-Yosida theorem, and therefore we can state that the problem:

au

AU =0 i

7 + AU =0 in [0,400] (3.17)
U(0) = Uy
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3.4 — Coupled sound and heat flow

has the unique solution

U € CH([0, 4+oo[, H) N C([0, +o0[, D(A)).

u

To prove the conservation of energy, we multiply the wave equation by % and integrate on (2.

We get:
0%u Ou 10 ou 2
91 ot T =55 a(x,t) Hdm
and
/Q( Au) —dx—/Vu— (Vu) dm—§§/ |Vu|*dz.
Finally, integrating on [0, ], we get (3.14). O

3.4 Coupled sound and heat flow

In this section we are going to make use of the Hille-Yosida Theorem when dealing with equa-
tions deriving from fluid-dynamics. In particular, when considering infinitesimal motions of a
compressible fluid, energy can be transfered not only thanks to the motion of the fluid itself, but
also due to thermal conduction. The system we are going to consider comes out from the lin-
earized equations for conservation of mass, momentum and energy of the fluid, i.e. the linearized
Navier-Stokes equations.

Let © C R™ be a fixed domain, with I' = 92 bounded and smooth. The linearized equations, as
formulated in [11] are:

88—1: = cdivid
%; =cVw — cVe
Oe

where ¢ is the isothermal sound speed, v > 1 is the ratio of specific heats and o > 0 is the
thermal conductivity. We assume e = w = 0 on I', V¢ > 0. By taking the divergence of the
second equation, like in [6], we get a system composed by two equations only. If we consider a
more general problem and we add proper initial conditions we get:

2
a—w = AAw — ?Ae + mPw in 2 x (0, 00),

ot?

Oe ow .

E_UAG_( vy—1)— T in 2 x (0, 00), (3.18)
e=w=0 on I' x [0, 00),

w(x,0) = wo(x), %—T(LO) =vg(x),e(x,0) =eg(z) on

witho >0,y>1,¢>0and m € R.
Now we can apply the Hille-Yosida Theorem, like in [12]. First, we will state the following

Theorem 3.4.1 (Existence and uniqueness). Suppose wo,eq € H?(Q)NH () and vy € HE ().
Then there exists a unique solution (w,e) of (3.18) satisfying:

w € C([0,00); H*(Q2) N Hy(Q)) N C([0, 00); Hy (2)) N C2([0, 00); L*(2)),
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e € C([0, 00); H(Q) N H3 () 1 ([0, 00); HY () N C2([0, 00): L2()).

Furthermore, for some a > 0 the following estimates hold:

2 1 2 1 2
lw(®)[I g (o) + o) o)z + P lle@) Iz

) . (3.19)
« 2 2 2
< & (ol + 2 lollqoy + — ool ) 220,
1 2
[0 510y + o5 € Aw(®) + mPw(t) — EAe(t) [
1 2
+ﬁ [(v = Do(t) — cAe(t) |71
(3.20)

a 1 2
S 62 t(UOHiII(Q) + 672 ||62A’LU0 —+ m2w0 — CQAQOHLQ(Q)
1 2
L 10— Do+ oBaalfgg) ) W20

Proof. To prove the theorem, we have to write the system as a system of first order equations,
so as to able to identify a suitable operator A, that is:

ow _,
ot
@ _ 2 2. 2 21
at—cAw—me c“Ae (3.21)
0
a—(z =ocAe— (y—1)v.
We now define a new variable:
w
U=1|wv
e

thanks to which we can write the system above as:

au

—_— A =

7 +AU =0 on (0,400) (3.22)
U(0) =Ug

where the operator A : D(A) C H — H is defined as follows:

0 —I 0
A= | —(c2A +m?I) 0 A
0 (v—1DI —-cA
with
D(A) = (H*(Q) N Hy () x Hy () x (H*(Q) N Hy ()
and

H = H}(Q) x L*(Q) x H}(Q).
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3.4 — Coupled sound and heat flow

w;
The space H is a Hilbert space with scalar product: if U; = | v; | then we get
€
1
(Ul,UQ) = / Vwi - Vwsg —‘r/ w1 ws + 72/ V1V2 + 7/ Vei - Ves + 6162
Q Q ¢ Ja -1

1 1
= (w1, w2) g1 + g(”lav2)L2(Q) + - 1(61,62)111(9)
and induced norm:
1
U1 = Il + = =2 ||v||L2(Q> + 7 lle ell%q -

Now that the space is correctly defined, it is sufficient to verify the hypotheses of the Hille-Yosida
Theorem in order to show the existence and uniqueness of problem (3.22), i.e. of (3.18).

e A+ al is a monotone operator for any positive constant
S im| 1 n m? 51 n m2\ y—1
a>maxs|ml, |-+ |,c |+, — -
\2  2¢2) 2 2¢2) 2

(AU,U) = / V(—v) - Vw + / —vw + 1 (=2 Aw — mPw + 2 Ae)v
Q Q

C2Q

Indeed, we have:

1 1
+— V —1v—0cAe)-Ve+ —— —1)v—ocAe)e
[ V- 1r—0ng) - Ver — [ (- 1p-aae)

1
:/vAw—/vw—l——Q (=2 Aw — mPw + 2 Ae)v
Q Q < Ja
1

1
_ﬁ Q((’Y — v —ocAe)Ae+ 71 Q(('y — v —ocAe)e

m2
_—(1+2)/vw—|—/|Ae|2 /ve—&—i eAe
c Q
2
<1+mQ>/vw+/Ae|2 /ve+7/|Ve\2
c Q
<1+2>/vw+/ve.
c Q Q

and since

2 2 9 )
vw§|v||w|§v tw and vez—|v|\e\2_v ;—e
we get:
1 m? 1
AU U) > — m 2 2 _7/ 2 | 2
(AU,U) = <2+202)/ﬂ(1’ + w”) 29(11 +e%)
<1+mg)/v2(+mQ>/w2/62.
2¢2 ) Ja 2 2¢2) Jq 2 Jo
Since now

1 m? o1 m?\ v-1
a > max ‘m‘, §+@ ,C 54’2762 ,72 s
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we get:

m? 9 1 m? 5 1 9
> _ i _(Z 4 _ -

(A+al)U,U) > (1+262>/Qv <2+202)/ﬂw 2/Qe

2 o 1 2 1 2 1 2

+a Vwl+ [ w'+ < [ v°+—— [ |[Ve["+ — [ e

Q Q c Ja v—1Ja v—1Jg

1 m? 9 le’ m?2 le} 1

= _ — _— - 1 -y 2 - 5 2>

- ()| [ (5 (e gm) | [ [0 220

and therefore the first property of A is prooved.

For a positive constant 8 > |m|, R(A+ 8I) = H, i.e.

VFeH3UeDA):(A+pIHU =F.

f w
As a proof, we take a generic F' = | g | and search for U = | v | € D(A) such that:
h e
—o+ fuw = |

—Aw —mPw+ PAe+fo=yg
(y=1)v—0cAe+ Be=h.

We state v = fw — f, obtaining;:

2 _ 02
—Aw—l—(W)w—l—Ae:ﬁgﬁ-%
c c c
. ) ; (3.23)
—Ae—l—ée—i—ﬁ(’y_ )w:fy_ f+-.
o o o o

We now want to make use of lemma 3.2.1, therefore we try to express 3.23 in the form
—A¢ + k¢ = p, where ¢ is a linear combination of w and e. Then, thanks to the lemma,
we have a unique solution of the system and the property of A is proved.

We set

8% —m? B8 Bly -1 B, 9 -1, h
71:72372:7773:¥7f1:7f+723f2:77f+7
C (o g C C g (o2

and (3.23) becomes:

—Aw+ 1w+ Ae =
M fi (3.24)
—Ae +y2e + 3w = fo.
We sum the second equation with the first multiplied by a and it yields:
— Alaw + (1 —a)e) + [(ay1 + v3)w + €] = afi + fo. (3.25)

We search now for two positive constants a and k such that:
p=aw+ (1—a)e and k¢ = (ay1 + v3)w + 1ee.
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3.4 — Coupled sound and heat flow

Actually these constants exists, and are given by:

—(e+v—7)+ V02t — )2+ 4ns
2")/1

(et ) Vet )2 A
2’)/1

a; =

a1y + 3
a1
a271 + 3
a2

ky =
ky =

(for the detailed derivation, see [6]).
Therefore, thanks to Lemma 3.2.1, equations

—Ap1+ ki1 =arfr + fo

—A¢pa + koo = as fi + fo

have unique solutions. In addition, thanks to (3.25), also a;w+(1—aq)e and agw+(1—az)e
satisfy those equations, and due to uniqueness it holds:

01 =aw+ (1 —aj)e

P2 = asw + (1 — ag)e

leading to:
o (=)o — (1= )
(1—ag)a; — (1 —ay)as (3.26)
. azp1 — a1 )
(1 — al)ag — (1 — a2)a1
w
Thus, w,e € H2(Q)NH}(Q) and v = Bw—fsothat U = [ v | € D(A) with (A+81)U = F.
e
Thanks to the previous considerations we are now able to define the problem:
av
— 4+ Av=0 0, ,
ar T on [0, +o0) (3.27)

V(0) = U(0) € D(A1) = D(4)

where A1 = A+ al.
If the constant « respects the above conditions that make operator A; maximal monotone, then
we can apply Hille-Yosida Theorem and state that (3.27) has a unique solution

V € CH([0, +00); H) N C([0, +00); D(A)).

To derive the estimates (3.19) and (3.20) , we need to recall what was proved during the proof
of Theorem 2.2.1 in chapter 2, namely:
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Remark 3.4.1. If w satisfies

dw
Y A w =
qt + Ayxw =0

than t — |w(t)| is non-increasing, and moreover it holds:

d [ dw dw
dt(dt) +AA(dt) =0

d (dw dw

J— — A — =

dt<dt+aw>+ )\(dt +aw> 0
with t — |%2(t) + aw(t)| non-increasing as well.

If we follow the proof of Theorem 2.2.1, we get:
[ =Au(t) + au(t)]| < [|—Auo + auo|

and thanks to the observation:
V@I < Ul (3.28)

and
=41V () + aV (@) < [|[-A1Uo + aUo|

AV < [|AUol| - (3.29)
We now take U (t) = e*'V(t), getting:

dU(t)zeat{ t) +aV(t ]
)]

dt
M [-AV(t
— —AU(t)

which finally means that U(t) = e*'V (¢) is the unique solution of the problem:

d
d—lt]—FAU—O on [0, +00),
U(0) = Up.

Finally, from 3.28 and 3.29 we get:
U@ = > |V (O)* < e [|To|?

JAU@)II* = > JAV(#)||* < | AT, |
which are (3.19) and (3.20) respectively. O
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Chapter 4

Recent studies

This chapter will be devoted to the presentation of a new kind of proof of existence and uniqueness
of solutions for more general non-homogeneous Cauchy problems, together with new temporal
regularity results. The following is a recent study, found in [1], and requires only the fundamental
properties of the Yosida approximants, without involving neither Hille-Yosida Theorem nor the
semigroup theory (see [13]).

The main tools these results are based on are a Banach space X and a linear operator A : D(A) C
X — X. We write A € HY (M, w) and say that A is a "Hille-Yosida operator" if there exist
M,w € R such that if A > w then (A—A)~! € £(X) and Vn € N it holds ||[(A —w)*(A — A)7"|| <
M (see [14]).

With these assumptions, the following Cauchy problem has been much studied:

{Z((Ot)):: iu(t) +ft), telo,T] 1)

(for a more detailed discussion, see the introduction of [1]).
First some new types of solutions are introduced, then the existence and uniqueness theorem is
presented, together with the consequence on other types of solutions

4.1 Different types of solutions

The following definitions are reported from [1] and are meant just to give the basis for the next
section. The first one was introduced in [15].

Definition 4.1.1 (Integral solution). Let f € L'(0,T;X) and ug € X. A function u €
C(0,T; X) is called and integral solution of (4.1) if fot u(s)ds € D(A),t € [0,T] and

u(t) = ug + A/O u(s)ds —l—/o f(s)ds, te]0,T). (4.2)

Notice that, as a consequence, we deduce u(0) = ug.

By considering the limit of the solutions of problems approximating (4.1), other solutions are
defined, called Friedrichs solutions in [16],which in [17] are connected to a functional interpreta-
tion of (4.1).
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Definition 4.1.2 (LP-solution). Let f € LP(0,t;X) and up € X. A function v € C(0,T;X) is
called an LP-solution of (4.1) if there exists {uy} such that

up, € WHP(0,T; X) N LP(0,T; D(A)), k€N, (4.3)
klggo [Juj, — Aug, — f“Lp(o,t;X) =0, (4.4)
i lur =l o4 x) = 0, (4.5)
lim |luk(0) — up|| = 0. (4.6)
k—o00

Remark 4.1.1. We stress out the fact that an LP-solution is actually a continuous function
which is not a solution of (4.1), but is the limit of the solutions of the approzimated problems in
LP norm.

Definition 4.1.3 (C-solution). Let f € C(0,t; X) and ugp € X. A function u € C(0,T;X) is
called an C-solution of (4.1) if there exists {ux} such that

up € CH0,T; X)NC(0,T; D(A)), keN, (4.7)
. / -
klgr;o [|uk — Aug — f||c(0,t;x) =0, (4.8)
klgl(}lo [|ug — u||c(07t;X) =0, (4.9)
lim |Jug(0) — ug|| = 0. (4.10)
k—o0

We deduce u(0) = ug.

Definition 4.1.4 (Strict solution in C). Let f : [0,T] — X and uop € X. A function u €
CY0,T;X) N C(0,T; D(A)) is called a strict solution in C of (4.1) if (4.1) holds for every
t € [0,T] and uw(0) = ug. If such a solution exists then f € C(0,T;X) and ug € D(A).

Definition 4.1.5 (Strict solution in LP). Let f : [0,T] — X and up € X. A function u €
WP(0,T; X) N LP(0,T; D(A)) is called a strict solution in LP of (4.1) if (4.1) holds for every
t €]0,T] a.e. and u(0) = ug. If such a solution exists then f € LP(0,T;X).

It is possible to deduce, from the previous definitions, that the more restrictive is the strict
C solution, followed in turn by the C-solution, the strict LPsolution and the LP-solution, being
the latter the weakest in terms of integrability conditions. In particular, it is possible to prove
(see [sinestrari]) that a solution of each type is an integral solution, and an integral solution is
L? or C-solution if f € LP(0,T;X) or f € C(0,T; X).
To proceed further we need also another lemma, concerning a correspondence between integral
and strict solutions.

Lemma 4.1.1. Let f € L*(0,T; X) and ug € D(A). If u is an integral solution of problem (4.1)
then v(t) = fot u(s)ds, t € [0,T) is a strict solution in C of the problem
t
V() = Av(t) + ug +/ F(s)ds, te€[0,T]
0
v(0) = 0.

Conversely if v is a strict solution in C of problem (4.1.1) then u := v’ is an integral solution of
problem (4.1).
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4.2 Uniqueness and temporal regularity

Referring to [15sinestrari], we now list some properties of the Yosida approximants of a Hille-
Yosida operator A : D(A) C X — X of type (M,w), and these will be useful to deduce a
uniqueness theorem for the solutions of (4.1).

Theorem 4.2.1. Given A € HY (M,w) the following properties hold:

(a) imy_ 00 A(A — A)7lz =z if v € D(A).

(b) Setting for n > w, A, = nA(n — A)~' we have lim,,_,o, A,v = Az if v € D(A) and
Az € D(A).

(C) HeA"t

(d) eArtz € D(A) forn >w,t>0andxz € X.

< Menss fort>0 andn > w and ||eA”tH < Me2lt fort >0 and n > 2w.

(e) Given X\ > w there exists ny € N such that ny > w and (A — A,)™! € L(X) forn > ny. In
addition lim, o [|(A — An) ™' — (A= A)7!| = 0.

(f) There exists T(t)z = lim, o etz uniformly for x € K a compact set of D(A) and
t€0,T7].

(9) Given X\ > w, we have T(t)(A — A) "'z = lim,, o et (X — A,)) "'z uniformly for x € H a
compact set of X and t € [0,T].
The next lemma will be the intermediate step necessary to get the uniqueness result.
Lemma 4.2.2. Ifu € WH1(0,T; X) and is such that u(t) € D(A) for t €]0,T| a.e. and
u'(t) = Au(t), fora.e.t€]0,T], u(0)=0 (4.11)
then u(t) = 0.
To prove it, we are going to follow [1].

Proof. Fix n > w, t €]0,T] and define ¢ : [0,¢] — X as ¢(s) = eAn(=*)y(s), 0 < s < t.
We have ¢ € WH1(0,¢; X) and for a.e. t €]0, T, thanks to (4.11), it holds:

¢ (s) = —Ape =y (s) 4 eAn =9/ (5) = eAn =) (A — A,)u(s).
Moreover, since:
A—A,=A—nAn—A)'=-A[-T+nn—A)"=—-An—-A) A

we get:
¢'(s) = —e =D A(n — A)~ Au(s)

hence , ,
)= o) = [ $ops = — [ MO0 ) Au(s)is
0 0
We now take \ € p(A), so that (A — A)~! is well defined, and n > 2w. Thus, we get:

(A= A) ()| = ’ /O et (N — A) 71 A(n — A) " Au(s)ds
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/t e =N — A) 7' = I](n— A)~ W/ (s)ds

0
< M AN — A~ - M /[l 110750y —— 0.
< n—w L1(0,T;X)
Therefore, since A € p(A), u(t) =0Vt € [0,T]. O

Now it comes to the uniqueness result:
Theorem 4.2.3. A solution of each type of problem (4.1) is unique when it exists.

Proof. We stated that a solution of each type is an integral solution, therefore it is sufficient to
prove its uniqueness. If v € C(0,T; X) satisfies (4.2) with up = 0 and f(t) = 0 then ¢(¢) :=
fg u(s)ds, t € [0,T] is a strict solution in C of (4.11) and so ¢ = 0, hence u = 0. O

The next theorem is the main result of [sinestrari] and it is about existence of a strict solution
in C of problem (4.1), together with its temporal regularity. The proof follows an approximation
procedure which is a generalization of the Hille-Yosida Theorem, and here it will be reported as
in [sinestrari].

Theorem 4.2.4. Given ug € D(A) and f € WHY(0,T; X) such that
uy = Aug + f(0) € D(A) (4.12)

there exists a unique u strict solution in C of problem (4.1) and for t € [0,T] we have

ut) | < Me“f(won s [l ds)7 (4.13)
I @]l < Mewt(mln + [l ds), (4.14)

Proof. First of all, suppose f € C%(0,T; X). We fix A > w and for n > n) we define
Ugn = (A — A) T = Dug = (A — A,) " Aug — ug + £(0)). (4.15)
We know that A,, € £L(X), therefore the problem
un () = Ayu, () + f(t), te[0,T); U, (0) = ugp (4.16)
has the unique solution
Uy (t) = e tug, + /Ot e f(t —s)ds, tel0,T). (4.17)

We want to prove that {u,} converges in C1(0,T; X) to a solution of (4.1) verifying (4.13) and
(4.14).
It surely holds:

t
un(t) = uon + / o (s)ds, € [0,T]
0
and in addition we have, thanks to 4.2.1:
||’U,0n — U()H = H()\ — An)_l()\ — A)UO — UOH = H[()\ — An)_l()\ — A) — I]’LL()H
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<[ =An) A= A) = I fluoll < A= A [(A = An) ™ = (A=A~ Juoll,

therefore

lim ug, = up.
n—oo

Thus, thanks to the last two considerations, it will be sufficient to prove that {u/,} converges in
C(0,T; X).
We put (4.17) in (4.16) getting:
t
ul (t) = et Apug, + / Ape s f(t — s)ds + f(t). (4.18)
0
We now consider the integral term and integrate by parts two times, obtaining:

/t Apen f(t — s)ds = et f(0) — f(t) + /t eMAn=NsAs f1(4 _ g)ds
0 0

= e f(0) = f(1) — e (A = 4)T1F(0)
HA= A0 + [ o0 — AT = 8) — 17— s,

0
therefore:
up (t) = e (Apuon + f(0)) — e (A = A) 7 F(0) + (A — An) 1 (1)
—I-/t enS (N — A) TN (t = 5) — f(t — s)]ds. (4.19)
0
We have:

Apion + f(0) = An(A = A2)HA = A)ug + £(0)
=—(A—Aug+AA— A,) (A = A)ug + f(0)
= —dug +ur + A\ — A) 7T = A)ug
=AMA =4 N = A) = Nug +uy
=AM\ —A4,)"P A= A) — Tug +wy
= AN = AN = A4 = (A=A Hug + uy,
and therefore, thanks to 4.2.1:
nhﬁrrolo Anuon + f(0) = uy.
From Theorem 4.2.1 (points (¢),(e),(f)), we get:

lim ! (A, uon + £(0)) = lim (Apugn + £(0) —up) + lim e?ntuy = T(t)uy,
n— 00 n—oo

n— 00

lim et — A,)"1f(0) = lim et (N — A,) 7 — (A= A)THf(0)

n—oQ
+ lim et(\ — A)~Lf(0)
n—oo
=Tt)(A—A)""f(0)
uniformly for ¢ € [0,7T]. Finally we have:

lim ), (t) = T(t)u; — T(t)(A — A) 7L/ (0) + (A — A)~Lf/ (1)

+ / T(s)(A — A) UMt — 5) — (¢ — 5)]ds
0
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meaning that {u, } converges in C*(0,7; X) to a function u. Still, it has to be proved that u is
a strict solution of problem (4.1).

We know that u(t) = limy, oo un(t) and o' (t) = lim, oo ul, (t) = limy, 00 Anun(t) + f(¢) uni-
formly for ¢ € [0,T]. Therefore, given A > w:

lim (A — Ap)un(t) = du(t) — o' (8) + f(1). (4.20)

If n > ny, it holds:
[[un () + (A = A) M ' (8) = Mu(t) — F(B)]]
< O = A) 7O = An)un(t) + 4/ (8) = Mu(t) = f(B)]]
H=O = A) T+ (A= AT (1) = u(t) = )] -
and this means that, by taking the limit for n — oo:
ut) = —(A = A) 7w/ (1) = u(t) — £(t)]-

Applying A — A we deduce v/ (t) = Au(t) + f(t) and since u(0) = lim,,— 00 un(0) = ug this finally
means that u is a strict solution in C' of problem (4.1).
Now, to get the estimates, we take (4.17) with n > w, and thanks to 4.2.1 (¢) we have:

t
hmeSM(wwhmm+Aewwwu—ﬂmﬁ

which gives (4.13) for n — co. If we, instead, take (4.18) and integrate by parts:
t
ul (t) = efnt (Anuon + f(0) + / ens 1 (t — s)ds)
0

and again taking the limit we get (4.14).
Now suppose f € W1(0,T; X) and let {g,} C C1(0,T;X) be a sequence approximating f’,
that is:

nli_r>noo llgn — f/HLl(O»T%X) =0

Given n € N, t € [0,T], we define:

t
£a(0) 1= FO) + [ gnls)ds.
0
We have that f € C%(0,7; X) and hold both the limits:
7}1_{20 £ = fHC(O,T;X) =0, nh_{r;o HfT/L - leLl(O,T;X) =0. (4.21)

Since by hypothesis Aug 4+ f,(0) = u; € D(A), proceeding as the first part of the proof we can
deduce the existence of u,, strict solution in C' of the problem

{Zfzgé)):izn(t) +fu(t) te€0,T] (4.22)

In addition, thanks to the temporal regularity inequalities, given m,n € N:
sy (8) = wm (O] < M (17 = frall o,
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hence, thanks to (4.21), {u/,} converges in C(0,T; X).

Moreover, since u,(0) = ug, n € N it is possible to deduce the existence of u € C*(0,T; X) such
that u = lim,, o u, in C*(0,T; X).

Since (4.22) implies lim,, o, Au,(t) = «'(t) — f(t) and A is closed, this means that u(t) € D(A)
and Au(t) = v/ (t) — f(¢). Finally, given that w(0) = lim,,_, o un,(0) = ug, u is a strict solution in
C of problem (4.1).

Again, since {u,} converges to u in C1(0,T;X) and lim,, o Anug + fn(0) = lim, o v, (0) =
Aug + f(0) = uq, the same estimates for the solution u of (4.1) can be obtained by applying
(4.13) and (4.14) to (4.22). O

4.3 [P, C' and integral solutions

Here we will report mainly three theorems concerning existence of other types of solutions,
which come as a consequence of Theorem 4.2.4. Essentially the idea is to use 4.2.4 to solve
approximations of the problems, and then to take the limit for n — oo. All these results are
found in [1].

Theorem 4.3.1. Given ug € D(A) and f € LP(0,T; X) there exists a unique LP-solution u of
problem (4.1) and

MMM§Mw{Mﬂ+AeWWﬂMMQ,temﬂ. (4.23)

Proof. We define
Uy :=n(n — A)"tug, neN.

It holds wo, € D(A), Aug, € D(A) and, thanks to 4.2.1 (a),

lim wo, = ug. (4.24)
n—oo
Moreover, we consider {f,} C C*(0,T; X) such that
nh_{{.lo [ fn — f||Lp(o,T;X) =0 (4.25)

Thanks to Theorem 4.2.4, there exists u,, strict solution in C' of problem

Taking m, n, € N, t € [0, 7] it holds the inequality:

IWNFWMOKAMW<WM—WM+46wWﬁ@—h@M%> (4.27)

therefore {u,} converges in C'(0,7;X) to a function v € C(0,T; X). Additionally it holds, due
to (4.24) and (4.25):

nlggo ([, — Auy, — f||Lp(o7T;X) = nlggo | frn — fHLp((LT;X) =0.

lim ||u,(0) — up|| = lm |Jug, —ugl| =0
n— oo n— oo

and the latter completes the set of equalities which make uw a LP-solution of problem (4.1).
Estimate (4.23) is a consequence of the corresponding estimate applied to the approximated
problems. O
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Theorem 4.3.2. Given ug € D(A) and f € C(0,T;X) there exists a unique C-solution u of
problem (4.1) and

Ju(®)]| < Mem(llﬂoll +/O e |f($)||d8>, te[0,T]. (4.28)

Proof. We fix A € p(A) and, for n > w, define
uon = n(n— A) " uo — (A = A) T F(0)] + (A = A)71(0).
Since
Augy, = —nfug — (A — A) 7 f(0)]
—n2(n— A) M uop — (A — A) " £(0)]
—f(0) +AA = A) T £(0)

this means that ug, € D(A), Aug, + f(0) € D(A) and

lim ugy, = uo. (4.29)

n— oo

Moreover, if {g,} € C1(0,T; X) is such that lim,, . ||gn — fHC(QT;X) = 0 then setting

fn(t) == gn(t) —g.(0) + f(0), neN, te [OvT]

we have {f,} C C'(0,T; X), fu(0) = f(0), Augn + fn(0) € D(A) and
nh—{%o 1 fn — f”C(O,T;X) =0. (4.30)
Thanks to Theorem 4.2.4 there exists a unique u,, strict solution in C' of problem

{u;(t) = Au,(t) + fo(t), t€[0,T)

u(0) = (4.31)

and given m,n € N it holds:

i (£) — e (£)] < Ml ( i = ol + [ 14a(5) = fn(o)] ds)

therefore {u,} converges in C0,T; X) to a function u € C(0,T; X).
Finally, thanks to (4.29) and (4.30):

. 12 _ . _ _
nhjgo l[uz — Aup, f||c(o,T;X) = nlglgo [ fn f||c(o,T;X) 0

lim |lu,(0) —uol = lim |Jug, — ugl| =0
n—oo n—oo

which means that u is a C-solution of problem (4.1). Again, (4.28) is a consequence of the

estimate applied to each approximated problem. O

Theorem 4.3.3. If ug € D(A) and f € L*(0,T;X) then problem (4.1) has a unique integral
solution u verifying estimate (4.23). In addition, if f € LP(0,T;X) or f € C(0,T; X) then u is
an LP-solution or a C-solution.
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Proof. Thanks to Theorem 4.3.1, (4.1) has a unique LP-solution if f € LP(0,T; X), which is an
integral solution as well. The same holds if f € C'(0,7; X). In both cases (4.23) holds.
From another point of view, we can directly use Theorem 4.2.4 for the problem

v'(t) = Av(t) + ug +/ f(s)ds, tel0,T)
0
v(0) =0

whose strict solution in C satisfies
t
ool < a1 (ol + [ 15lds ). e€ 0.7
0

Finally, thanks to 4.1.1, u := ¢’ is the integral solution of (4.1). O
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Appendix A

The fixed-point theorem

The following is a very important theorem that has been used in chapter 2. It concerns contrac-
tions, which are particular lipschitz-continuous functions on metric spaces. Before it, we have to
state some definitions.

Definition A.1l. A metric space is a couple (X,d) such that X is a set andd: X x X — R is
such that:

e d(z,y) >0 Vr,yeX
e d(v,y) =d(y,x) Vr,yeX
o d(z,y) <d(z,z) +d(z,y) Va,y,2€X

e d(z,y) =0<= 2z =y.

The latter is a more general case than a normed space, since the function d is not necessarily
induced by a norm.

Definition A.2. Let X be a set. A sequence {x,} C X is called a Cauchy sequence if
Ve > 03N, : d(zp, Tm) < € ¥Yn,m > N..
A sequence is said to be converging to x (or lim, oo T, = x) if

lim d(xy,,z) =0.

n—oo
Definition A.3. A metric space X is said to be complete if all its Cauchy sequences are
CONVErging.

Theorem A.1 (fixed-point). Let X be a complete metric space, X #0 and let f : X — X be a
lipschitz-continuous function with constant ¢ € [0,1[*. Then there exists one and only one n € X
such that f(n) =n.

LIn this case f can be referred to as a contraction. Indeed, being d(f(z) — f(y)) < cd(z,y) Vo,y € X, it
"shrinks" the distance between any couple of points of X.
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Proof. Let zg € X and {xp} the sequence defined as xp1 = f(ap).
We want to prove, by induction, that

d(zpi1,2n) < ld(x1,0) Vh > 0. (A1)

If h =0, (A.1) is verified. Using the lipschitz-continuity of f and assuming (A.1) to be true for
a certain h > 0 we have:

d(@nyo,Thi) = d(f(xns1), f(2n)) < cd(nir, on) < (), 20),

therefore (A.1) is true fot h + 1, and by induction for all h > 0.
We want now to prove that Vh > 0 and Vj > 1 it holds:

J—1

d(zhyj,xn) < ch<Zci> d(z1,x0). (A.2)

=0

If j =1, (A.2) is equivalent to (A.1) and therefore it is true. We assume it to be true for a
certain j > 1, and take:

d(Thtji1,7n) < d(Thijr1, Theg) + dA(Thj, Th)

which thanks to (A.1) leads to:

j—1 i
d(@psjirs Thag) + d@nr, 2n) < M Hd(w,w0) + ch<z Cl) d(z1,z0) = ¢ ( > ) d(@1, o).

=0 =0

Thus, (A.2) is valid for j + 1 and therefore by induction for all j > 1.
We now observe that, since ¢ € [0,1], we have:

therefore, in particular it holds:

c
d(Thyj,Tn) < ﬁd(ml,xo).

We now want to prove that {zj} is a Cauchy sequence (and therefore converges, since X is
complete by hypothesis). Let ¢ > 0 and h € N such that
ol
1-c¢

d(z1,20) < €.

Let h,k > h with k > h, so that k = h + j. This leads to:

h h
c c
d <
1—c¢ (w1,0) < 1—c¢

d(zg, xn) = d(xhyj, on) < d(z1,20) < €,

which means that {z;} is a Cauchy sequence. Thus, there exists 7 > 0 such that

lim xp = 7.
h—o0
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Being {xp11} a subsequence of {x}, we have:

lim f(zp) = lim xp41 =10,
h—o00 h—o0

and due to the continuity of f:
Jm f(zn) = f(),

which leads to f(n) = n because the limit is unique.
Finally, assuming the existence of another element ¢ € X such that f(o) = o, this would mean
that:

d(n,0) = d(f(n), f(0)) < cd(n,0)

and therefore
(1 - )d(n, o) <0

which means that n = o, and the theorem is proved. O
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Appendix B

Integration by parts in R" and
Green’s identities

The integration formulas in n dimensions can be derived in a straightforward way starting from
the divergence theorem, which we shall only state without proof.

Theorem B.1 (Divergence). Let 2 C R™ be an open and bounded set, with 9 € C* and let
F:Q CR" — R" defined as

z— F(z) = (Fi(x), ..., F.(x))

be a vector field such that F; € C*(Q) Vi =1,...,n. Then it holds:

/div(ﬁ(m))dx: Fiids (B.1)
Q o0

where i = 7i(x) is the unitary normal vector pointing outwards of 082, and

is the divergence operator applied to F.

The essential meaning of this theorem is that the divergence of a vector field can be interpreted
as an "infinitesimal flux", being the term on the right hand side the flux of F' through the boundary
09Q. It has many important applications, for instance consider the integral form of Gauss’s fluz

theorem! in R3, which states that:
Lo 1
/ E~ndS:—/pda:
o9 €0 Jao

where E is the electrostatic vector field ([V]), p the density of electric charge per unit volume

(:%]) and €y the permittivity of free space ([£] = [;2-]). The divergence theorem allows to

Tt is essentially the first of the four Maxwell’s equations for electromagnetism.

65



B — Integration by parts in R™ and Green’s identities

express the term on the left as a volume integral instead a surface one, leading to the local
formulation of the equation:

divE = 1
€0
Starting from this, we can demonstrate the following:

Corollary B.1.1 (Integration by parts in R™). Under the same hypotheses of the divergence
theorem, let u,v € C*(Q). It Holds:

ou / ov /
vdr=— | u dx + uvn;dS B.2
o Or; o Oz N ( )

where n; is the i-th component of 7.

Iiroof. Let’s consider the vector field F' with all null entries but the i-th component, equal to uv.
F € C1(Q2), and its divergence is given by:

d(uv)  Ou vt v

divﬁ(x) = oz, Oz, ox;

Thanks to (B.1) we get:
/ divF(z)dz = / (auv + uav>dx = / F-idS = uvn;dS
Q o \0z; Ox; o0 o9

We stress out the fact that the boundary term usually can be simplified due to the properties
of the solutions of the considered problems.

O

Theorem B.2 (Green’s identities). Under the hypotheses of the divergence theorem, consider
u,v, € CY(Q).Then the following three expressions hold:

ou
Audx = —dS, B.3
/Q o0 On (B:3)
v
/ VuVudr = —/ Avudzx + —=udS, (B.4)
Q Q o0 01

/Q(uAv — vAu)dz :/ (ugz — gZ)dS (B.5)

Proof. To get (B.3), we apply the divergence theorem to the field F = Vu, reminding that

Ay = divVu: 5
/ Aude = | Vu-7ds = | ZLds.
Q 9 aq 01

To get (B.4), we write (B.2) substituting v with %’i:
ou v 0% )
dex = —d id
/Q 0x; 0x; e / u@x x+/39u8xln o

- ou Ov
;/anié)xz Z/ Yor 261934'22/Q 8xlmdS
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and thanks to the linearity of the integral we get (B.4).
To get the last expression, we write (B.4) switching u and v:

/Vqudx: —/ vAudx + Ua—q_{ds
Q Q oo O

and subtract (B.2) from the latter, obtaining:

Ov ou
0= /Q(Auv — Avu)dz + /asz (aﬁu — aﬁv>d5.

O

Under the assumption that the domain €2 is bounded, the validity of the above formulas can
be proved also in Sobolev spaces like H!(£2), making use of the embedding theorems that are
not treated in this dissertation. Roughly speaking, the idea is that the terms Vu and Au "make
sense' if, respectively, u € H'(2) or u € H?(2). In this appendix, we just give a hint about
integration by parts in the mono-dimensional case, with u,w € H(I), with I = (a,b) C R.

Theorem B.3 (Integration by parts in H'(I)). Let I = (a,b) C R. Then it holds:
/wv' = w(b)v(b) — w(a)v(a) — /w'v Yw,v € H(I) (B.6)
I I

Proof. We recall that, since H'(I) € C°(I), the term w(b)v(b) — w(a)v(a) is well defined. More-
over, the formula holds V¢ € D(I), the latter begin dense in H*(I). Thus, we shall extend the
result by density. B
First of all, we know that given w,v € H(I), Jw,, v, € D(I) such that

vy — v and  w, —w in HY(I)
It holds:

[ = w0, ) = wa@)ene) = [ i

I

Since the embedding H*(I) C C°(I) is continuous, this means that the convergence is uniform,
therefore:
wp (D)o, (b)) — w(b)v(b) and  wy(a)v,(a) — w(a)v(a) (B.7)

Now we evaluate:
/wnv; — /wv’ /wnv; — /wnv' /wnv' — /wv’
I I I I I I
< [1walleh =1+ [ wn — wl’
I I

< Mlwnllpzcry 1vn = vl 2y + 10 L2 ry lwn = wll g2y — 0.

/wnvil — /wv’ (B.8)
I I

/w;vn — /w'v. (B.9)
I I
Finally (B.6) is prooved thanks to (B.7), (B.8), (B.9)

< +

Therefore it yields:

and analogously as before, it follows:
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Appendix C

The Galerkin method

When dealing with partial differential equations, the existence of a theorem which guarantees
existence and uniqueness of solutions has not to be taken for granted. Lax-Milgram or Hille-
Yosida Theorems can be really helpful in several circumstances, but in others it may be necessary
to search for a solution by means of approximation procedures, with a more numeric approach.
This is the case of the Galerkin method, whose idea is to "project" the considered problem,
which is in general set in an infinite dimensional space, on a finite dimensional subspace of the
latter, leading to a system of ordinary differential equations (that can be solved in an easier way
with numeric procedures). The main difference with the other approaches is that while the cited
theorems just confirm or not the existence and uniqueness of the solution, here we directly search
for it.

This fundamental idea allowed the arising of numerical schemes like the Finite Elements Method
or FEM, widely used in structural engineering !, and the Finite Volumes Methods or FVM,
more utilized for thermo-fluid-dynamics and in general conservation laws2. A good reference for
this kind of topics is [18], here we are just going to give a hint, for completeness, about their
mathematical principle.

Let © C R™ be bounded. We consider the generic initial and boundary value parabolic problem:

%(x,t) — Au(z,t) = f(a,t), (x,t) € Qx(0,T)
u(z,t) =0, zEN, t>0 (C.1)
u(z,0) = g(z), z €N

where f, g and u are considered to respect all the constraints in order give sense to the problem.
We want to write the weak formulation of the problem. To do this, we take v € D(Q) and take
the scalar product in L?(Q):

ou

; a(x,t),v(z)dm - /QAu(Jc,t)v(:c)dz = /Qf(x,t)v(:z:)dx, Yv € D(Q)

ou

QE(m,t),v(;v)dm—i—/QVU(%t)Vv(x)dx:/Qf(x,t)v(x)dx, Yv € D(Q)

Very often FEM is used to characterize mechanical structures in the frequency domain.

2For instance, to study and predict the velocity profile of a flux in a pipe, or to study its temperature field.
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which in turn is, since D(2) is dense in HJ():
ou
(Gr@0.0@) o+ (ulwt) oDy = U, ey, o € HHE)
L2(Q)

Now let ¢ € D(0,T). By taking the scalar product in time and integrating by parts, we get the
weak formulation:

T T
- [ e o)z Bt + [ Gt 0,0y

T
:/O (F(@, ), 0(@)) ep(dt, Yo e HIQ, Ve D(0,T).

Now we want to explicitly determine the solution of the problem, or at least estimate it. We
consider {wy} as the Hilbert basis of L?() constituted by eigenfunctions of operator —A with
Dirichlet boundary conditions, i.e.:

( e 1 if k= j
WD =N 0 i k4
( | (N k=
ORI T 0 itk 4

where A; is the eigenvalue of —A corresponding to the j-th eigenfunction. We set:

=Y auile) |, fulet) =3 il
k=1

k=1
with fi(t) = (f(x,t), wr) 20y, m € N.
The following step is to consider the approximated problem, i.e. the projection of (C.1) on
span{wy, ..., wny}:
Oum, 1
5 @1 v(@) + (um(2,8),0(2) my ) = (fm(2, 1), v(2))20) Vv € Hg ()
L2(Q)
which is:

%(t)(wk(l‘),v(l‘))lg(g) + ch(t)(wk(x Dui@) = Z (@) L2 (6) -
k=1 k=1

Now, by taking v = w; we get:
Jc;

8t()+)\ ci(t)=f;t) Vi=1,...,m. (C.2)
Therefore, (C.2) is a system of ordinary differential equations of the first order with the m un-
knowns ¢, .. ., ¢y, which can be solved with a numerical procedure; instead, hyperbolic problems

lead to systems of the second order. The idea is that wu,, is an approximation of the solution,
and

lim u,, =u
m—0o0

solves (C.1).
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