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Introduction

The purpose of this course is to present the one-parameter semigroup theory in
relation with the resolution of several standard linear partial differential equa-
tions, like the heat equation and the Klein-Gordon equation. The last three
Chapters present applications of this theory to nonlinear variants of these equa-
tions together with some qualitative results on the long time behavior of the
solutions.

The present text is largely inspired by the books [6, 12] and by the first
Chapters of the book [7], with several simplifications and omissions to make
the content more adequate to our goals and to the expected knowledge of the
students. The author has also used [5, 8, 10] to prepare this course.

Several appendices, listed below, give a summary on some prerequisites to
follow the course. This may be useful to refresh memory on specific issues, but
it is strongly advised to study other references, for instance the ones mentionned
below.

A. Elements of topology and functional analysis. See [3, 4, 14, 15].
B. Lebesgue integral and L? spaces. See [1, 2].
C. Sobolev spaces. See [1, 8, 9, 11, 13].

D. Ordinary differential equations. See [15].
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Chapter 1

The finite-dimensional case

A large part of this course is devoted to the study of applications S(t) for ¢ > 0
satisfying the equation

{S(t—i—s) =5(t)S(s) forallt,s>0, (11)

S(0) = 1.

In this Chapter, we concentrate on the scalar case S : [0,00) — C and the
matrix case S : [0,00) = M, (C).

1.1 Scalar case

It is obvious that for any a € C, the exponential function ¢ — e'® satisfies (1.1).
Conversely, the following result states that exponential functions are the only
continuous maps [0, 00) — C satisfying (1.1).

Theorem 1.1. Let S : [0,00) — C be a continuous function satisfying (1.1).
Then there exists a unique a € C such that S(t) = €' for all t > 0.

Remark 1.2. Recall that exponential functions are differentiable and satisfy
the differential equation

%S(t) =aS(t) fort>0,

S(0) = 1.

(1.2)

The fact that a continuous function satisfying (1.1) has to be differentiable and
to satisfy (1.2) is actually a part of the proof of the Theorem.

Proof. Reduction to (1.2). Let S satisfy the assumptions of the Theorem. The
function V' defined by

V(t) = /OtS(s)ds, t>0

is differentiable and satisfies -V (¢) = S(t). This implies

V() d B B
ltlﬁ)lT = EV(O) =5(0) =1.



Therefore, for some tg > 0, V(t9) # 0. We use the assumption (1.1) to write,
for any t > 0,

S(t) = V(te) 'V (tg)S(t) = V(te)* /Oto S(t+ s)ds

= V(to)~! /MO S(s)ds = V(te) " (V(t+ to) — V(1))

Hence, S is differentiable, with derivative

d . . St+h) - S
L S(h)-58(0), . d
= lim =L 5 (1) = 5 S(O)S().

This shows that S satisfies (1.2) with a = -3.5(0).
Uniqueness of the solution of (1.2). Define T : [0,t] — C by

T(s)=e*S(t—s) for0<s<t,

for some fixed ¢ > 0. Then, T is differentiable and satisfies %T(s) = 0. This
implies that T'(t) = T(0) and thus e'® = S(t). O

1.2 Matrix semigroup

1.2.1 Matrix-valued exponential

We denote by M,,(C) the space of complex n X n matrices with complex entries.
A linear dynamical system on M,,(C), or matriz semigroup is a function

S :]0,00) = M, (C)

satisfying the equation

{S(t +5)=S5(t)S(s) forallt,s>0, (1.3)

S(0) = 1.

Given any initial state g € M, (C), the evolution of this state through this
system is given by u(t) = S(t)g and {S(t)g : t > 0} is called the orbit of g under
S. As a key consequence of (1.3) on the evolution, we observe that an initial
state g arrives after time ¢ + s at the same state as the initial state h = S(s)g
after time ¢.

We wish to extend Theorem 1.1 to this context. First, we recall the notion
of matrix-valued exponential function.

Definition 1.3. For any A € M,,(C) and t € R, the matriz exponential et is
defined by
e tk‘Ak
et = : (1.4)

k!
k=0



As a finite dimensional vector space, all norms on M, (C) are equivalent,
and we may equip it with any norm || - ||. It is also clear that the partial sums
of the series in (1.4) form a Cauchy sequence for any ¢ > 0, and M,,(C) being
complete, the series converges and satisfies the inequality, for all ¢ > 0,

HetAH < etlAl
Here, || - || denotes the norm for matrices corresponding to the norm || - |:
[All = sup  [|Ag]|.
geC™ llgll=1

Moreover, we have the following properties.
Proposition 1.4. For any A € M,,(C), the map

t € [0,00) et € M,,(C)
is continuous and satisfies

e(t+s)A _ (tA sA for allt,s >0,
i, (1.5)

Proof. By the convergence of the series Y.~ 2t*||A||*, one justifies the follow-
ing computation (using the binomial expansion)

Z . (Z ) ZZ SIS 24 2! ENCYY

4!
j=0 1=0 n=0 k= 0 n=0

This proves (1.5).
Next, we see that for any ¢,h € R,

C(t+h)A _ CtA — CtA (ChA _ I)

and thus

le*+M4 — | < [le4|fle" 4 — 1.

To prove the continuity, we only have to prove that limj_q ||e"4 — I|| = 0. This
follows from the bound

o0 o0
h+ AP Y
hA R|||A
et — 1| = ZT < T:ell\ll I_q
k=1 k=1
and the continuity of x — e®. O
Remark 1.5. More generally, if A and B commute, then e85 = e4eB.

We can rephrase these properties as follows: the map t € [0,00) + et4 €
M,,(C) is a homomorphism from the additive semigroup ([0,00),+) into the
multiplicative semigroup (M, (C),-). In particular, we introduce the following
terminology.

Definition 1.6. We call (e!);>( the (one-parameter) semigroup generated by
the matrix A € M,,(C).

Remark 1.7. In this definition, there is no need to restrict the time to ¢t €
[0,00). We call the (e*4);cr the one-parameter group generated by the matrix
A e M,(C).



1.2.2 Examples
1. The semigroup generated by the diagonal matrix A = diag(aq,...,a,) is

given by
et = diag (elt‘11 yenn ,e“”) .
2. Define the k x k Jordan block

A1 0 0

0o X 1
JgA=1: - - -
: " -1
0O ... ... 0 X

with eigenvalue A € C. Decompose A into the sum A = D + N, where
D = \. Note that N*¥ =0, and

t2 tk—l
Lot 2 (k—1)!
0 1 ¢ A
(=)
otN )
: . t
0O ... ... 0 1
Since D and N commute, we obtain e*4 = et et

3. Recall that any matrix A € M,,(C) is similar to a block diagonal matrix

Jkl,)\l 0 0
S| 0 T :
: .0

0 0 Jk,a

called the Jordan normal form of A. In the formula above, several A; can
have the same value.

4. The Jordan normal form and the next lemma relating the exponentials
of similar matrices allow to reduce to cases (1) and (2) starting with any
matrix.

Lemma 1.8. Let A € M, (C) and take an invertible matriz P € M,,(C).
Then, the semigroup generated by the matrix B = P~ AP is given by

!B = pletdp,
Proof. Observe that for any k, B¥ = P~'A*P and thus
B ~thBF N thpTlAkp

K k!
k=0 k=0
o tkAk
_ p-1 _ p—1_tA
=P (E k!)P_P e P.
k=0



1.2.3 Differential equation

Proposition 1.9. Let S(t) = e for some A € M,,(C). Then the function
S :]0,00) = M, (C) is differentiable and satisfies the differential equation

d
aS(t) = AS(t) fort>0,

S(0) = 1.

(1.6)

Conversely, every differentiable function S : [0,00) — M,,(C) satisfying (1.6) is
of the form S(t) = e' for some A € M,,(C). Finally, it holds -S(0) =

Proof. We start by showing that S(t) = e* satisfies (1.6). By (1.5), it holds,

for any ¢t,0 € R,
S(t+6)—-S(t) St

) —
= S t).
5 5 (t)
Thus, it is sufficient to prove that lims_,o S(¢ ) = A. This follows from the
estimate
S(t)—1 o 0~ 114'“ |85~ 1||A||k
[0 - 4] = | =
k=2
|5|HAH ~1
_GT—HAH—M) as & — 0.

The remaining assertions are proved as in Theorem 1.1, replacing the complex
number a by the matrix A. O

1.2.4 Characterization of continuous semigroups on C"

Theorem 1.10. Let S : [0,00) — M,,(C) be a continuous function satisfying
(1.3). Then, there exists A € M,,(C) such that

S(t) =e forallt > 0.

Proof. Since S is continuous and S(0) = I is invertible, the matrices

to
V(t(]) = S(S) ds
0
are invertible for sufficiently small ¢ > 0. Now, we follow the computations of
the proof of Theorem 1.1. O

1.2.5 Asymptotic and spectral properties

Definition 1.11. We say that a continuous one-parameter semigroup (ef4)
is bounded if there exists M > 1 such that for all t > 0, [e!| < M.

We say that a continuous one-parameter semigroup (e'4);>q is stable if

t>0

lim |[e'4|| = 0.
t—o0

The stability property is directly related to the spectral properties of A.



Theorem 1.12. The following assertions are equivalent.
1. The semigroup (e!?);>¢ is stable.
2. All eigenvalues of A have negative real part.
We also have the following related result.

Theorem 1.13. The following assertions are equivalent.
1. The semigroup (e');>¢ is bounded.

2. All eigenvalues of A have nonpositive real part and all eigenvalues with
zero real part have trivial Jordan blocks (kj =1).

1.3 Exercises for Chapter 1

Exercise 1.1. Compute the exponential of the following matrices

=) m= (o) e ()

Exercise 1.2. Prove Theorem 1.12.
Exercise 1.3. Prove Theorem 1.13.

Exercise 1.4. A semigroup (e*4);>q for A € M,,(C) is said to be hyperbolic if
there exists a direct decomposition C” = X, ® X,, where X and X, are vector
subspaces invariant by A, and constants M > 1 and « > 0 such that

Vo e X, t>0, |z < Me x|,
Vy € Xuy >0, e yll > Me|y]|.
Prove the equivalence of the following assertions:
1. The semigroup (e*4);>¢ is hyperbolic.
2. Any eigenvalue of A has a non zero real part.

Exercise 1.5. For ¢ > 0, we consider the time-dependent matrix A(t) defined

by
wo=(3 1)

1. Compute explicitly exp (fot A(s)ds).

2. Compute explicitly the solution U(t) of

U'(ty=A)U(t) t>0,
U)=1.

3. Compare.



Chapter 2

Uniformly continuous
versus strongly continuous
semigroups

Let (X, || - ||) be a Banach space over K =R or C.

2.1 Uniformly continuous operator semigroups

2.1.1 Definitions

Definition 2.1. A family (S(t))>0 of bounded linear operators on a Banach
space X is called a (one-parameter) semigroup on X if it satisfies

{S(t +5)=S5(t)S(s) forallt,s >0, (2.1)

5(0) = 1.

If (2.1) holds for all t,s € R, (S(t))ter is called a (one-parameter) group on X.

The interpretation of (2.1) as the property of a dynamical system is the
same as in §1.2.1.

As in the previous chapter, the typical examples of (one-parameter) semi-
groups of operators are operator-valued exponential functions, as defined in the
following proposition.

Proposition 2.2. For any A € L(X) the series ;- A" defines a bounded
linear operator, denoted by e, which satisfies ||e?| < elAll. Moreover,

1. If A, B € L(X) commute, then eAT5 = efel.

2. For fivzed A € L(X), the function t — e belongs to C*(R, L(X)) and we
have

ie“‘ = A = At
dt

forallt € R.



3. For any T > 0 and any g € X, u(t) = etg is the unique solution in
CY([0,T],X) of the following problem:

%u(t) = Au(t), forallte0,T],

u(0) = g.

Proof. The proofs of (1) and (2) are the same as the ones of Proposition 1.9.
We prove (3). We know by (2) that u(t) = e'g is a solution. Let v be another
solution on some time interval [0,7] where T > 0, and set z(t) = e *4u(t).
Then, we have

2 (t) = e (Av(t)) — A(e (1)) = 0,
which implies z(t) = z(0) = g, and so v(t) = e'4yg. O

Now, we ask whether the analogue of the characterization Theorem 1.10
holds for continuous semigroups of bounded linear operators. The answer de-
pends on the notion of continuity.

Definition 2.3. A one-parameter semigroup (S(t));>0 on a Banach space X is
called uniformly continuous if

t € ]0,00) — S(t) € L(X)
is continuous with respect to the uniform operator topology on L(X).

With this rather restrictive notion of continuity, we have the following ana-
logue of Theorem 1.10.

Theorem 2.4. Every uniformly continuous semigroup (S(t))i>0 on a Banach
space X is of the form S(t) = et4, t > 0, for some bounded operator A € L(X),
called the generator of S.

Proof. The proof follows the same arguments as in the scalar and matrix-valued
cases. Define for ¢ > 0,

Since

V(t):/o S(s)ds.

V(0 =50 = 1 [ (8(:) - S(0)) s,

tJo

we see that 1V (t) converges in norm to S(0) = I as ¢ | 0. In particular, using
Lemma A.39, the operator V (¢) is invertible for ¢ > 0 small enough. As in the
proof of Theorem 1.1, we compute

S(t) =V (to) " (V(t +to) = V(1))
In particular, ¢t — S(t) is differentiable and using

S(t+ h})b — 8t _ S(h) . SO ) oS (jtS(m) S(t)

it satisfies -45(t) = AS(t), where A = -$£5(0). By Proposition 2.2, it follows

that S(t) = et4. O



2.1.2 Asymptotic behavior

Definition 2.5. A semigroup (S(¢)):>0 on a Banach space X is called uniformly
exponentially stable if there exist constants v > 0 and M > 1 such that ||S(¢)|| <
Me™t, for all t > 0.

Proposition 2.6. For uniformly continuous semigroup (S(t))i>o the following
assertions are equivalent.

1. (S(t))e>0 is uniformly exponentially stable.
2. limy_,o0 |S(t)]] = 0.
3. There exists tg > 0 such that ||S(to)|| < 1.

4. There exists t1 > 0 such that v(S(t1)) < 1, where r(S(t)) is the spectral
radius of S(t) (see (A.2)).

Proof. The implications (1) = (2) == (3) are obvious. Moreover, r(S(t)) <
[IS(t0)|| says that (3) = (4).

Since 1(S(t1)) = lim, o ||S(nt)||= (see Proposition A.41), we see that (4)
implies (3).

Now, we prove (3) = (1). Let a = [|S(to)|| < 1 and M = supg< <y, [|S(s)]]-
For any t > 0, decompose t = ktg + s with s € [0, ¢g]. Then,

IS < 1Sl - 1S (kto)l| < MIIS(to)]*

t:ﬁloga M tloga

0 = —e¢ fo’
(0%

< MaF < Me

where we have used k > % O

For the reader information, we state without proof the spectral mapping
theorem.

Theorem 2.7. For every uniformly continuous semigroup (S(t))i>0, with gen-
erator A € L(X), it holds, for all t > 0,

a(S(t)) = e = {e: X eo(A)}.
In particular, this implies the following result.

Theorem 2.8. For the uniformly continuous semigroup (S(t))i>0 with gener-
ator A, assertions (1)-(4) of Proposition 2.6 are equivalent to RN < 0 for all
Aea(A).

2.2 Strongly continuous semigroups

2.2.1 Definition and examples

Example 2.9. Let X = L?(R) and for all t > 0, define the translation semi-
group S(t) = 74, where for all g € X,

Ty9(x) = gz —y) forall z,y € R.



We check that S is indeed a semigroup on X in the sense of Definition 2.1.
Now, for any t > 0, x € R, let

ge(x) = f%l[t,Qt] (x)
so that
lgele =1, 1S(t)ge — gellz> = V2 andso ||S(t) = I|lgr2y > V2.

This shows that the map ¢ € [0,00) — S(t) € (L(L?), |||l z(r2)) is not continuous
at t = 0. However, it is known that given g € L*(R) (see Proposition B.27)

li — =0.
tlﬁ}HTtg gllz

This leads us to the following definition of strongly continuous semigroup.

Definition 2.10. A strongly continuous (one-parameter) semigroup of linear
operators on X is a map
S :[0,00) = L(X)

satisfying the following properties

1. for all t,s € [0,00), S(t +s) = S(t)S(s);

2. 5(0)=1;

3. for all g € X, the function ¢t € [0, 00) — S(t)g € X is continuous.
Remark 2.11. Example 2.9 illustrates that property (3) of Definition 2.10 does

not imply in general that S : [0,00) — (L(X),]| - [l z(x)) is continuous.

2.2.2 Basic properties of strongly continuous semigroups
Proposition 2.12. Let S be a strongly continuous semigroup on X.

1. For all tg > 0, there exists My > 1 such that

sup [|S(¢)]| < Mo.
t€(0,to]

2. There exist M > 1 and v > 0 such that for all t € [0, 00),

ISl < Me™.

Proof. (1) From (3) of Definition 2.10, for all g € X, it holds

sup [|S(t)g]| < oo.
t€[0,to]

Using the Uniform Boundedness Principle (Theorem A.34), there exists My > 1
such that

sup [|S(t)]| < Mo.
t€0,to]

10



(2) Let M > 1 be such that supycpo 1) [[S(¢)|| < M. Let any t € [0,00). Let
n = |t| be the integer part of t and s =t —n € [0,1). Then, by Definition 2.1,
it holds

In particular, using n < ¢,
ISOI < ISEIISM™ < MM < MetlosM,
which implies the desired estimate with v = log M. O

Definition 2.13. A contraction semigroup S on X is a semigroup satisfying
the additional condition: for all ¢ > 0, ||S(¢)| < 1.

The Hille-Yosida-Phillips theory in the next Chapter is stated for contraction
semigroups, which does not restrict the generality thanks to the following result.

Proposition 2.14. Let S be a strongly continuous semigroup on X. There exist
v >0 and a norm || - |4 on X, equivalent to || - ||, such that S,(t) = e 7 S(t) is
a contraction semigroup on (X, | -|+)-

Proof. By Proposition 2.12, there exist M > 1 and v > 0 such that S,(t) =
e VS (t) satisfies sup, [|Sy(t)|| < M. For all g € X, set

lglly = sup S, (t)gll.
t>0

We check that | - || is a norm on X. Moreover, || - || and || - ||, are equivalent:
for any g € X, ||glly > |lg]| is clear from S,(0) = I and ||g|, < M||g| follows

from sup, > ||, (t)] < M.
Last, for any s > 0, we see that ||S,(s)glly = sup;>q [55(s + t)gll < [lgll+
which proves that S, (s) is a contraction. O

Now, we claim that the strong continuity of a semigroup is equivalent to an
apparently weaker property.

Proposition 2.15. Let (S(t))¢>0 be a semigroup on a Banach space X. Assume
that the following two properties hold

1. There exists tg > 0 and M > 1 such that for allt € [0,to], ||S(t)|| < M;
2. There exists a dense set D C X such that lim;)o S(t)g = g for all g € D.
Then (S(t))i>0 s a strongly continuous semigroup.

Proof. See Exercise 2.9. O

2.3 Generator of strongly continuous semigroup

Definition 2.16. Let S be a strongly continuous semigroup on X. We call
infinitesimal generator of S (or simply generator) the couple (D(A), A), where
D(A) is the set of vectors g € X such that

% has a limit in X as d | 0,
and for all g € D(A),
Ag = lim 75(5)g —9
510

11



Remark 2.17. The condition defining the set D(A) in the above definition is
exactly the right-differentiability of the function ¢t — S(t)g at ¢ = 0, and for
g € D(A),

= L (5(09)=o:-

Observe that A : D(A) — X is a linear map. The above result motivates the
introduction of the notion of linear unbounded operator in the next Chapter.

Ag

Example 2.18. The generator of the translation semigroup introduced in Ex-
ample 2.9 is given by

d

D(A) = H'Y(R), Ag=—
(4) (R), Ag=—g
where d%c g is the derivative of ¢ in the distributional sense. See Exercise 2.10.

Proposition 2.19. Let S be a semigroup on X and (A, D(A)) be its generator.
Then, for allt > 0, D(A) is stable by S(t) and for all g € D(A),

AS(t)g = S(t)Ag.
Moreover,
1. The domain D(A) is dense in X;
2. The graph of A defined by
G(A) ={(g,w) € X x X : g € D(A) and w = Ag}
is closed in X x X.
Proof. Let t > 0 and g € D(A). For all § > 0, it holds

5(52; Tty — S0 52 - s,
=502,y 50040,

by continuity of S(t). This implies that S(t)g € D(A) and AS(t)g = S(t)Ag.
We need the following lemma to prove the second part of Proposition 2.19.

Lemma 2.20. For alle >0, for all g € X, let

1 1>
Jeg = 7/ S(t)gdt.
€Jo

Then, J. : X — X is a bounded linear map and lim. o J.g = g. Moreover, it
holds

1. Forany d >0, e >0,

S() I
5

S(e)

-1 -1
J. = 6 J(;:Jé&.

(2.2)

2. Foranye >0 and g € X,

/ES(t)gdt € D(A);

12



3. Foranye >0 and g€ X,

S -g=4 [ swgds
4. For anye >0 and g € D(A),

Se)g—g= /OE S(t)Agdt.

Proof of Lemma 2.20. The fact that lim. o J.g = g follows from S(0)g = g and
the continuity of ¢t — S(t)g at ¢ = 0. The map J. is clearly linear since S(¢) is
a linear map. The inequality

1 €
2.9 < 2 [ ISttt
0

and Proposition 2.12 (1) implies the bound ||J-g|| < C¢||g]-
(1) For § > 0, it holds

e :5(5) /0 S(t)gdt—/os S(t)gdt}

=35 :/:S(é—l—t)gdt—/OES(t)gdt]

1 o+ €
- = /5 S(t)gdt—/o S(t)gdt]

[ ro4e g
:5% / S(t)gdt—/o S(t)gdtl,

where the last equality is deduced from Chasles relation: f(f e = fos + fjﬁ =

f(f + 55+5. This computation shows that the roles of § and € can be changed.
We deduce from this computation the identity
S(0) -1 Se)—1
€
The last identity in (2.2) follows from the fact that Js and S(¢) commute.
(2)-(3). Let g € X and £ > 0. Passing to the limit ¢ | 0 in the identity given
by Lemma 2.2, we obtain

S@0)—1_.  Se)—1I S(e)—1
5 9= Jagm P
It follows that J.g € D(A), with
-1
Adeg = %g-

(4) Note that the second part of (2.2) and the continuity of J5 then yield,
for all g € D(A),

S(6) — T
JsAg = AJsg = %9

This completes the proof of the lemma. O

13



We continue the proof of Proposition 2.19. Proof of (1). Since lim. o J.g = g,
it follows that D(A) is dense in X.

Proof of (2). We use the sequential characterization of closed sets. Let
(gn,wn) € G(A) be such that

lim g, =g¢, lim w, =w,
n—oo n—o0

where (g,w) € X x X. Passing to the limit as n — oo in the identity

S0)—1
Jswy = JﬁAgn = %gn
we obtain $(5)
Jsw = Lg.
1)
Passing to the limit in ¢ | 0, this shows that ¢ € D(A) and w = Ag. Thus,
G(A) is closed in X x X. O

2.4 Generators of contraction semigroups

Definition 2.21. A contraction semigroup (S(t)):>0 on X is a strongly contin-
uous semigroup of linear operators on X satisfying in addition

[St)]| <1 forallt>0.

Remark 2.22. Recall that by Proposition 2.14, there is no loss of generality
to restrict to contraction semigroups.

Proposition 2.23. Let S be a contraction semigroup on X and let A be its
generator. Then, A satisfies the following properties

1. For all g € D(A) and A > 0, it holds
llg — AAgll = llgll-

2. For all h € X, there exists g € D(A) such that
g—Ag =h.
Remark 2.24. The above remarkable properties of the generator associated to

a contraction semigroup motivates the introduction of the notion of mazimal
dissipative unbounded operators in the next Chapter.

Proof. Proof of (1). For all g € D(A), A > 0 and § > 0, using ||S(J)|| < 1, the
homogeneity property of the norm || -|| and the triangle inequality, one sees that

R

A A
> (143 ) lall - 5150l = ll.
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Passing to the limit as d | 0, since lims o L =Agin X, for g € D(A), w
obtain [lg — AAgl| > |lg]|-

Proof of (2). We define a bounded linear operator R on X by setting, for all
helX,

Rh:/ e 'S(t)hdt.
0

ES(t)h|| < e t||h]|, the integral above has a sense as

Since |le~

0 T
/ e 'S(t)hdt = lim e 'S(t)hdt,
0

T—oo Jo

and ||Rh|| < [;Fe7(|S(t)h[|dt < ||h||. It follows that R is indeed a bounded
linear operator with ||R|| < 1.
Now, we compute, for h € X and § > 0,

L 5/ S(t+ 6)h — S(H)h) dt

1 o0
_7/ e~ =08 (t)h — f/ e tS(t)hdt
o Js 0 Jo
5 _ 1 o0 ) )
=2 / et S(t)hdt — (i/ et S(t)hdt
o Jo 0 Jo

=

—1 ed [0 ‘
= h— — ~*S(t)hdt.
5 R 6/0 e 'S(t)

L —1 and

e [0
lim 7/ e 'S(t)hdt = h.
d Jo
Therefore, we have proved that Rh € D(A) and
ARh=Ah—h = (I — A)Rh =h,
which means that I — A : D(A) — X is bijective and R = (I — A)~L. O

2.5 Exercises for Chapter 2

Exercise 2.1. Let A, B be continuous operators on a Banach space X. Prove
that Y, ) A" defines a continuous linear operator on X which satisfies [[e?|| <
ellAl Prove that if A and B commute, then A5 = e4ef. Moreover, for a

given A, prove that the function ¢~ e*4 belongs to C*°(R, £(X)) and satisfies

ietA — etAA — 14615.»47
dt

for all t € R.

Exercise 2.2. Let A, B be continuous operators on a Banach space X. Show
that if for all t € R,
ot(A+B) _ (tAtB

then A and B commute.
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Exercise 2.3. Let A be a continuous operator on a Banach space X. We
suppose that there exists to > 0 such that ||e?°|| < 1. Prove that the semigroup
(e1);>0 is uniformly exponentially stable, i.e. there exists M > 1 and v > 0
such that, for all ¢ > 0,

et4]| < Me .

Exercise 2.4. We consider X = ¢?(C) pour 1 < p < oo, and the right shift
operator, represented by the infinite matrix (a; ;)i j>0,

1 ifj=i+1
a; 5 =
7 0 otherwise.

Compute the spectrum of A. Compute et for all t > 0.

Exercise 2.5 (Uniformly continuous semigroups on a Hilbert space). Let H be
a Hilbert space, with associated scalar product (- | -). For A € L(H), we denote
A* the adjoint of A, i.e. the unique operator satisfying (Ag|h) = (g|A*h), for
any g,h € H.

Let S(t) = e'4 for t € R be the uniformly continuous group associated to A.

1. Prove that S(¢)* defines a uniformly continuous group and for all ¢t € R,
S(t)* =et.

An operator T' € L(H) is unitary if T~! = T*. An operator A € L(H) is
skew-adjoint if A* = —A.

2. Prove that S(t) is unitary for all ¢ € R if, and only if A is skew-adjoint.

Exercise 2.6. Let X be a Banach space. Let ¢ € [0,00) — A(t) € L(X) be a
C! function with values in £(X). Prove that

1
dam / A0 (L4 e1-940 g
at 0 dt

Exercise 2.7 (Multiplication semigroups on Co(R”)). Let

N n. forall € >0, there exists a compact K. C RY
Co(RY)=qf€CRY):

“such that |f(z)] < e for all z € RV \ K.,
We equip Co(RY) with the sup-norm on RV

Il = sup [f(z)].

zeRN
1. Justify that (Co(RY),|| - ||) is a Banach space.

Let ¢ : RN — C be a continuous function and define for all ¢ > 0,
f € CO(RN)7

S(t)f =e'%f in the sense that for all z € RN, [S(t)f](x) = @) f(2).
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2. Prove that for t > 0, S(t) is a bounded linear operator on Co(RY) if and
only if
sup Rg(z) < . (%)
zeRN

3. Prove that (S(t));>0 defines a uniformly continuous semigroup on Co(RY)
if and only if ¢ is bounded on R .

4. Prove that under assumption (%), (S(t));>0 defines a strongly continuous
semigroup on Co(RY).

Exercise 2.8. Let X be a Banach space. Let L be a compact set of R and let
F:L — £(X). Assume that F' is uniformly bounded on L, and assume that
there exists a dense set D C X such that for any g € D, t € L+— F(t)g € X is
continuous.

Prove that for any compact set K of X, the map

(t,g) eLx K— F(t)ge X
is uniformly continuous.

Exercise 2.9 (Application of the previous exercise). Let (S(¢))i>0 be a semi-
group on a Banach space X. Assume that the following two properties hold

1. There exists to > 0 and M > 1 such that for all ¢ € [0, 0], [|S(t)]| < M;
2. There exists a dense set D C X such that lim; g S(¢t)g = ¢ for all g € D.
Prove the following:
(a) limy0 S(t)g =g, for all g € X,
(b) (S(t))e>0 is a strongly continuous semigroup.

Exercise 2.10 (Translation semigroup). On L?*(R), define the (right-) trans-
lation semigroup
S(t)=m7, Yt>0

where
Ty9(x) = g(x —y) forall z,y € R.

1. Prove that (S(t));>0 is a strongly continuous semigroup on L?(R).
2. Prove that the generator (D(A), A) of (S(t))i>0 is
D(A)=H'(R), Ag=g'
Hint: use Exercises C.2-C.4.

Exercise 2.11. Let (D, A) be the generator of a contraction semigroup denoted
by (S(t))t>0 on X. Define

D(A*)={ge D: Ag € D}.
1. Prove that for all g € D(A?),
14g]* < 4] A%]lllg]]-

(Hint: Justify and use the formula S(t)g = g—i—tAg—i—fOt(t—s)S(s)A2g ds.)
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2. If in addition (S(t))ier is a group of isometries then for all g € D(A?),

1Agll* < 2] A%g]l]|g]]-

Exercise 2.12. Consider the Banach space (Co(R), || - [|o0). Let (S(t))i>0 be a
strongly continuous semigroup on X with generator (D, A). Prove the equiva-
lence of the following statements.

1. For all f,g € X, and allt >0, S#)(f-g) =S(t)f-S(t)g.
2. D is a subalgebra of X and for all f,g € D,

A(f-9)=Af-g+f Ag.
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Chapter 3

Unbounded operators

3.1 Unbounded operators in Banach spaces

Definition 3.1. A linear unbounded operator in X is a pair (D, A), where D
is a linear subspace of X and A is a linear mapping D — X.
We say that A is bounded if there exists C' > 0 such that

[Agll < C,
for all g € {h € D : ||h|| < 1}. Otherwise, A is not bounded.

Remark 3.2. The terminology unbounded operator is unfortunate, but it is of
general use. In what follows, for simplicity, a linear unbounded operator is just
called linear operator or operator. Note that when one defines an operator, it is
absolutely necessary to define its domain.

An element of £(X) will still be called a bounded linear operator.

Definition 3.3. Let (D, A) be an operator. We set

G(A)={(9,h) e X x X : g€ D and h = Ag},
A[D] = {h € X : there exists g € D such that h = Ag},

respectively called the graph and the range of A.

Remark 3.4. When D = X, from the Closed Graph Theorem A.35, A € £L(X)
if and only if G(A) is closed in X x X.

Definition 3.5. An operator (D, A) is said to be closed if G(A) is closed in
X xX.
3.2 Maximal dissipative operators

Definition 3.6. Let (D, A) be an operator.

1. We say that A is dissipative if for all g € D and all A > 0,

(I = AA)gll = [lgll-
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2. We say that A is mazimal dissipative if it is dissipative and for all h € X,
there exists g € D such that (I — A)g = h.

Remark 3.7. If A is maximal dissipative, it is clear from the definition that,
for any h, there exists a unique solution g of g — Ag = h. Indeed, if g and g are
two such solutions, then (g — g) — A(g — g) = 0 and by (1), ||lg — g|| = 0 so that
g = §. Moreover, the operator A being dissipative, it holds

IRl = (I = A)gll = llgll,
and thus, denoting R = (I — A)™!, we have R € £(X) and ||R| < 1.
Proposition 3.8. Let (D, A) be a mazimal dissipative operator on X. Then,
1. for any A > 0, the operator AA is maximal dissipative;
2. A is closed.

Remark 3.9. In practice, assertion (1) of Proposition 3.8 can greatly simplify
the verification that a given operator is maximal dissipative.

Proof. Proof of (1). It is clear for any A > 0 that AA is dissipative. Given A > 0
and h € X, the equation (I — AA)g = h is equivalent to

1 1
g—Ag=/\h+(1—/\>g = g=F(g),

F@):R(iw(l—i)g).

1
Plon) = Floa)| < [1 = 3| 1o = g2l < Hlo el

where we have set

For A > %, we have

where 0 < k < 1. Applying the Banach Fixed-Point Theorem A.26, there
exists a solution g € X of g = F(g). Thus, for any A\ > %, the operator AA
is maximal dissipative. Iterating this argument n times, the operator \A is
maximal dissipative for any A > 27™. Since n is arbitrary, the operator AA is
maximal dissipative for any A > 0.

Proof of (2). Let {g,}52, be a sequence of D such that lim,_,ec gn = ¢
and lim, ,., Ag, = h. We need to check that ¢ € D and Ag = h. We have
lim, 00 gn — Agn, = g — h. Since R € L(X) and g, = R(g, — Agn), we obtain
by passing to the limit n — oo, ¢ = R(g — h), which means that g € D and
g— Ag =g — h and thus Ag = h. O

Corollary 3.10. Let (D, A) be a mazimal dissipative operator on X. For any
u € D, let

lullp = fJul] + | Aw]-
Then, (D, | - ||p) is a Banach space and A € L(D, X).

Remark 3.11. From Proposition 3.8, if A is a maximal dissipative operator, for
any A > 0, AA is also a maximal dissipative operator. As a consequence, using
Remark 3.7 on AA, one can define the operators Ry € £(X) and Ay € L(X) as
in the next definition.
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Definition 3.12. Let (D, A) be a maximal dissipative operator on X. For any
A > 0, we set

1
A

respectively called the resolvent of A and the Yosida approximation of A.

Ry=(I—-XA)"" and Ay =—(Ry—1),

Remark 3.13. From Remarks 3.7 and 3.11, it follows that Ry € L(X), Ax €
L(X) and ||Rx|| < 1. Moreover, for any A,y > 0, since I — AA and I — pA
commute, Ry, Ay, R, and A, all commute. We also observe that

Ay = ARy = RyA. (3.1)

Proposition 3.14. Let (D, A) be a mazimal dissipative operator with dense
domain D on X. Then,

1. For all g € X, limy o ||[Rxg — g|| = 0.
2. For all g € D, limy g ||[Arg — Ag|| = 0.
Proof. Proof of (1). Let u € D. We have
Ryu—u= Ry(u— (I —AA)u) = AR)Au.

Thus, ||Rau — u|| = A||RrAu|| < A||Au|] — 0 as A L 0. For any u € X, since
IR — I|| < ||Rall +||I]| <1, we argue by density.
Proof of (2). Let u € D. From (1), we have

lim || Ry Au — Aul| = 0.
AL0

By the definition of Ay, we have Ay = ARy = R)\A and thus,
lAxu — ul| = ||RyAu — Aul|,

which implies the desired result. O

3.3 Extrapolation

The next result shows that any maximal dissipative operator (D, A) with dense
domain D on X can be extended to a maximal dissipative operator (Dp, B) on
a larger space Y, with domain Dg = X. This will be useful to formulate the
notion of weak solution in the next Chapters.

Proposition 3.15. Let (D, A) be an mazimal dissipative operator with dense
domain D on X. There exists a Banach space (Y, || - ||y) and a maximal dissi-
pative operator (Dg, B) on'Y such that

1. X C Y with dense embedding;
2. forallg € X, ||glly = ||Rgl|, with R= (I — A)~;
3. Dp = X with equivalent norms;

4. for allg € D, Bg = Ag;
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5. if g € X satisfies Bg € X, then g € D and Bg = Ag.

Proof. We define a norm on X by setting, for any g € X,

glll = 1zgll < llgll-

In general, the norm |||-]|| is not equivalent to || -||. We define Y as the (Banach)
completion of the normed space (X, |||-]||) (see §A.4). Then (Y, ]||-|l|) is a Banach
space containing a dense subspace that is isometric with X, which we denote
by X C Y with dense embedding.

For all g € D, by definition of R we have RAg = Rg — g, which implies the
bound

1Aglll = [[Rg — gl < I Rglll + [lgll < 2[u]-

This means that A can be extended to a linear map A € £(X,Y). We define
the linear operator (Dp, B) on Y by

Dp =X, Bg=Ag forallge Dg.

All the properties (1)-(4) are checked.
Now, we prove that B is maximal dissipative for (Y, |||-|||). Let A >0, g € D
and h = Rg, so that
h —XAh = R(g — MAg).

Since A is dissipative, we have
lllg = AAglll = [I1h — XAR|[ = [[R]| = [llg]ll

By density, and continuity of A, we obtain, for all g € X, ||lg — ABgll| > |llgll,
which means that B is dissipative for (Y,]|| - |I])-

Let f € Y and a sequence {f,}2, of X such that lim, o f, = fin Y.
Let u, = Rf,. Since {f,}52,is a Cauchy sequence in Y, {u,}72, is a Cauchy
sequence in X, which implies the existence of a limit » in X. Since Ae L(X,Y),
passing to the limit in f, = u, — Au, proves that f = u — Au = v — Bu. In
particular, B is maximal dissipative.

Finally, we prove (5). Let g € X and assume Bg € X so that f = g—Bg € X.
Since A is maximal dissipative, there exists h € D with h — Bh=h — Ah = f.
Thus, (g — h) — B(g — h) = 0 and since B is maximal dissipative, we have
g=heD. O

3.4 Unbounded operators in Hilbert spaces

In this section, we work on a real Hilbert space (H, (- | -)).

3.4.1 Adjoint
Two (unbounded) operators (D, A), (D, A) on H are said to be adjoint if
forallge D, he D, (Ag|h)=(g|Ah).

Without any additional condition on A, it may admit several adjoint operators.
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Definition 3.16. Let (D, A) be an operator on G with dense domain. We
define a subspace of H by setting

D* = {h € H : there exists f € H such that for all g € D, (Ag | h) = (g | f)}.
For h € D*, set A*h = f where f is given above.
Note by density of D in H that only one vector f is associated to a given h.

Proposition 3.17. For (D, A) an operator on H with dense domain, the above
definition defines an operator (D*, A*), called the adjoint of (D, A).

Remark 3.18. From the Riesz Representation Theorem, the domain of A* is
given by

D* ={h € H : there exists C > 0, for all g € D, |(Ag | h)| < Cg|}-
Moreover, from the definition it holds
forallge D, he D*, (Ag|h)=(g|A*h).
Note that the domain D* of A* is not necessarily dense. See Exercises.

We equip H x H of the natural scalar product and we define J : H x H —
H x H by

J(gv h) = (7hag)

Observe that J is isometric and satisfies J? = —I. In particular, we check that
for all A C H x H, it holds J(AL) = (J(A)) .

Lemma 3.19. For (D, A) an operator on H with dense domain, it holds
G(A") = J(G(A)*,  J(G(AM))*F = G(A).
In particular, the graph of A* is closed.
Proof. We see that
(9,h) € JIG(A)Y <= VfeD, (9| -Af)+(h|f)=0

< VfeD, (Af[g)=(f1h)
< geD*, h=A% < (g,h) € G(A").

Since G(A)* is a vector space and J? = —1I, it follows that J(G(A4*)) = G(A)*
and thus J(G(A4%))* = G(A). O

Lemma 3.20. For (D, A) an operator on H with dense domain, it holds
(A[D])* = {h € D*: A*h = 0}.
Proof. Indeed,
he (AD))t < Vge D, (Ag|h) =0 < (h,0) € G(A").

The last property means h € D* and A*h = 0. O
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3.4.2 Maximal dissipative operators in the Hilbert case

Proposition 3.21. An operator (D, A) is dissipative on H if, and only if for
allg € D, (Ag | g) <0. This property is also written A < 0.

Proof. First, we see that if (D, A) is dissipative, then for all A > 0, for all g € D,
0 < [lg — AAgll® = llgll* = A*[|Ag]|* — 2A(Ag | 9)-

Dividing by A and passing to the limit as A | 0, we obtain (Ag | g) < 0.
Second, if A >0, g € D and (Ag | g) <0 then

lg — Mgl* = llglI* + X[ Ag||* — 2A(Ag | 9) = llg]1%,
which proves that (D, A) is dissipative. O

Proposition 3.22. The domain of a maximal dissipative operator (D, A) is
dense in H. In particular, Proposition 3.14 applies to any mazimal dissipative
operator on a Hilbert space H.

Proof. Let h € D+ and g = Rh € D. Then
0=(g9|h)=(g]g—Ag) andthus ||g|*>=(Ag|g)<0.
It follows that g = 0 and thus h = 0. Thus, D+ = {0} and D is dense in X. [

Proposition 3.23. Let (D, A) be a dissipative operator on H with dense do-
main. Then, (D, A) is mazimal dissipative if, and only if (D*, A*) is dissipative
and G(A) is closed.

Proof. First, assume that A is maximal dissipative. By Proposition 3.8 (2), A
is closed. For h € D* and X\ > 0, we have

(A*h | Rah) = (h | AR\R) = (h | Ah)
= %(h | Rxh— h) = % {(h|RxR) — |[R]I*} <O0.

Passing to the limit A | 0 and using Proposition 3.21, we have proved that
(D*, A*) is dissipative.

Second, we assume that (D*, A*) is dissipative and G(A) is closed. Then,
(I — A)[D] is closed in H. Indeed, consider a sequence {z, — Ax,}°,, where
x, € D, converging to some y € X. Since A is dissipative, ||z, — zp| <
(@n — xm) — A(xn — 2m)|| and thus {x,}52, is a Cauchy sequence in X. Thus
xn — x. Since G(A) is closed, we have z € D and Az, — Az, so that
Ty — Az, > x— Az =y.

By Proposition 3.20, we have

(I — A)[DJ* ={h e D*:h— A*h =0} = {0},

since (D*, A*) is dissipative. Therefore, (I — A)[H] = H which means that A is
maximal dissipative. O

Definition 3.24. Let (D, A) be an operator with dense domain.

1. We say that A is self-adjoint if D* = D and A* = A;
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2. We say that A is skew-adjoint if D* = D and A* = —A.
Proposition 3.25. Let (D, A) be an operator with dense domain.

1. If A is self-adjoint and dissipative, then A is mazximal dissipative.

2. If A is maximal dissipative and G(A) C G(A*), then A is self-adjoint.

Proof. (1) We know that G(A*) is closed by Proposition 3.19. Since A = A*,
G(A) is closed and the conclusion is deduced from Proposition 3.23.

(2) Let (g,h) € G(A*) and f = g —h = g — A*g. Since A is maximal
dissipative, f = § — Ag, for some § € D, and since G(A) C G(A*), we have
g € D* and f = g — A*g. Since A* is dissipative (see Proposition 3.23), it
follows that g = g. Thus, (g,h) € G(A) and A = A*. O

Proposition 3.26. Let (D, A) be an operator with dense domain. Then A and
—A are maximal dissipative if, and only if A is skew-adjoint.

Proof. First, assume that A is skew-adjoint. Let g € D. We have

(Aglg)=(g9]A%g9) =—(g9]Ag).

Thus, (Ag | g) = 0 and by Proposition 3.21, both A and — A are dissipative. We
prove that A and — A are maximal dissipative as in the proof of Proposition 3.25.

Second, assume that A and — A are maximal dissipative. By Proposition 3.21
applied to A and —A, we have (Ag | g) =0 for all g € D. Now, for all g,h € D,
we compute

(Ag | h)+ (AR | g) = (A(g+h) | g+h)—(Ag|g) — (Ah|h) =0.

Therefore, G(—A) C G(A*). It remains to show that G(A*) C G(A). Let
(9,f) € G(A*) and h = g — A*g = g — f. Since —A is maximal dissipative,
there exists ¢ such that h = g+ Ag, and since G(—A) C G(A*), we have § € D*
and h = g — A*g. Since A* is dissipative (by Proposition 3.23), it follows that
g =g. Thus, (g, f) € G(A*) and A = —A*. O

3.5 Complex Hilbert spaces

In this section, we show how from a complex Hilbert space, we can reduce to
the case of a real Hilbert space. Let (H,{- | -)) be a complex Hilbert space,
which means that (- | -) satisfies

(Ag|h) =X(g|h), forall A€ C,forall g,h€c H;

(g| h)y=(h]|g), forallghecH;
(9] 9)=llgl|*, forallgeH.

Define
(g [h)=R{g|h).
One can check that (- | -) is a real scalar product on H and that (H, (- |-)) is a
real Hilbert space. In this course, we will systematically work in this framework.
Let A be a linear operator on the real Hilbert space (H,(- | -)). If A is
C-linear, then one can define iA as a linear operator on the real Hilbert space

(H(-[-))-
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Proposition 3.27. Assume that (D, A) is an operator with dense domain on
(H,(-]-)). Assume that A is C-linear. Then, A* is also C-linear and

(iA)* = —1A4*.
In particular, if A is self-adjoint, then iA is skew-adjoint.

Proof. Let g € D, h = A*g and let z € C. For all f € D, one has

(zh [ f)=(n]2f) = (9| AGZS)) = (9| 2ZAf) = (29 | Af).

Thus, zg € D* and zh = A*(zg). It follows that A* is C-linear.
In addition,

(=ih | 1) = (g | AGP)) = (g | i47).
for all (g, h) € G(A*) and all f € D. Thus, G(—14*) C G((iA)*). Applying this
result to the operator iA, it follows that

G(—i(1A)") C G((i-1A)*) = G(—A").

Therefore, G((1A)*) C G(—iA*), and so G((14)*) = G(—i4*).
If A is self-adjoint, then (iA)* = —iA* = —iA, which means that iA is
skew-adjoint. O

3.6 Examples in PDE theory

We focus here on second order differential operators. We refer to Exercises 3.4-
3.6 for examples with first order differential operators (see also Exercise 2.10),
and to Exercise 3.8 for a third order operator.

3.6.1 The Laplacian with Dirichlet condition in L?
In this section, H = L?(U) equipped with the canonical scalar product. Define

D= {ge HiU): Ag € L2U)}
Ag=Ag forallge D.

Proposition 3.28. The operator (D, A) is self-adjoint and maximal dissipative
with dense domain in H.

Proof. We recall that for all g € H}(U) with Ag € L?*(U) and all h € H}(U), it
holds

/hAgdx:—/V/%ngm. (3.2)
u u

(This is proved by density, see §C.3.) It is well-known that C°(U) is dense in
L? (see §B.9.1-B.9.3), so D is also dense in L?. Applying (3.2) to h = g, we find

(g,Ag) - 7(Vgav.g) S 07

and thus (D, A) is dissipative.
To prove that (D, A) is maximal dissipative, we apply Lax-Milgram Theo-
rem A.58. Let

a(p,¥) = /(sow + Vo - Vi) da.
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The coercivity of the bilinear mapping a for the norm of H{ is clear. Given
f € L*(U), it is clear that ¢ — (f | ») is a linear form on H}. Thus, there
exists a unique h € H{ such that for all p € H{,

/(<ph+w.Vh)dx = /fhd:c.

In particular, h — Ah = f holds in the sense of distributions. By this identity,
and since h, f € L?, we deduce that Ah € L2, and thus h € D. It follows that
h — Ah = f and this proves that (D, A) is maximal dissipative.

Formula (3.2) also proves that for all g,h € D,

(Ag [ h) = (g | Ah),
but this means that G(A) C G(A*), which is enough to say that A is self-adjoint
using (2) of Proposition 3.25. O

3.6.2 The Laplacian in Cy

We suppose that U is a bounded domain of RY, with C' boundary (see §C.3).
Let X = Co(U) equipped with the norm || - ||fe. Define

D={ge XNHJU):Age X}
Ag=Ag forallge D.

Proposition 3.29. The operator (D, A) is maximal dissipative with dense do-
main in X.

Remark 3.30. We will admit the following fact, for &/ with C! boundary,
{ge Hy(U)NL®WU) : Ag € L=U)} C Co(U).

Proof. Let A > 0, f € L*°(U) and M = || f||. Since the domain U is bounded,
f e L) c L?(U). We consider the (unique) solution g € H}(U) of
g—Ng=f

given by the proof of Proposition 3.28.
Now, we show that g € L™ and ||g||p~ < M. We fix a function G € C*(R)
such that

e |[G'|<1onR;
e G is increasing on (0, 00);
e G=0on (—00,0].

Let h = G(g— M). Then, h € L? and Vh = G'(9— M)Vg € L?, so that h € H!.
Moreover, since g|gy, = 0 almost everywhere on OU, we have hlgy = G(—M) =0
almost everywhere on U, which means h € H} (U). By the weak formulation,
we have

[Ivalcto -+ [ oG- a0 = [ 6,
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which rewrites
/ Vgl2Gl(g - M) + / (9 M)Glg — M) = / (f — M)Gl(g — M),

Observe that f — M <0, G(g— M) > 0 and and G'(u— M) > 0 so that it holds

/(Q*M)G(Q*M) <0.

The function s — sG(s) being non negative, it follows that (9—M)G(g—M) =0
almost everywhere on Y. Thus g < M almost everywhere. Changing ¢ in
—g, one proves that ¢ > —M. In particular, it follows that for any g € D,
llg — AAgllLe~ = [lglle-

Moreover, we have just seen that any f € L>(U), there exists a solution g €
HYU)YNL®(U) of g— Ag = f, which satisfies in addition Ag = g— f € L>®(U).
By Remark 3.30, it follows that g € Co(U) and thus Ag € Co(U), which implies
that g € D. This proves that (D, A) is maximal dissipative.

Finally, note that the domain is dense in X since it contains C°(Uf). O

3.6.3 The Schrodinger operator with Dirichlet condition
in L?
Let H = L?(U; C), considered as a real Hilbert space. Define

D={ge HyU): Ag e L*U)}
Ag=1iAg forall g€ D.
Proposition 3.31. The operator (D, A) is skew-adjoint and mazimal dissipa-

tive with dense domain in H.

Proof. Using the abstract general statement in Proposition 3.27, the result is a
direct consequence of Proposition 3.28. O

3.6.4 The Klein-Gordon operator in Hj x L?

In this section, I is any open subset of RY. Let H = Hg(U) x L*(U). We equip
H with the scalar product

(.h) | @) = / (V- V§+ g5+ hh) da.

Define
{D ={(g,h) € H: Ag e L*(U),h € HXU)}

A(g,h) = (h,Ag —g) forall (g,h) € D.

Proposition 3.32. The operator (D, A) is skew-adjoint and mazimal dissipa-
tive with dense domain in H.

Proof. As before, since C°(U) x C°(U) is contained in D and dense in H, D is
indeed dense in H. Next, we see that for (g, h) € D, it holds

(A(g, 1) | (g, 1) = / (Vh-Vg+hg+ (Ag—g)h} du.
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By (3.2), we find (A(g, h) | (g9, h)) = 0, which proves that (D, A) is dissipative.
Let a,b € H. The equation (g, h) — A(g, h) = (a,b) is equivalent to

{g—hza {2g—Ag:a+b
—

h—(Ag—g)=5b h=g-—a.

Proceeding as in the proof of Proposition 3.28, there exists a solution g € Hg (U)
such that Ag € L? of the first line of the above system. By the second line, we
obtain h € H}(U), which means that (D, A) is maximal dissipative. We check
similarly that (D, —A) is maximal dissipative. By Proposition 3.26, this proves
that A is skew-adjoint. O

3.7 Exercises for Chapter 3
Exercise 3.1. Prove Corollary 3.10.
Exercise 3.2. 1. Let A, B € L(X). Prove by contradiction that it holds
AB — BA#1.
2. Prove that the operator A on L?([0,1]) defined by
(Ag)(z) = zg()
is a linear bounded operator on L?([0, 1]).
3. Prove that the operator (D, B) on L?([0,1]) defined by
D=c'([0,1]), (Bg)(z)=g'(x)
cannot be extended as a bounded operator on L?([0,1]).

Exercise 3.3. Let f be a measurable function, bounded on R and vg € L?(R),
Vo # 0.

1. Justify that we define an (unbounded) operator (D, A) on L*(R) by

D= {u cL?: / |f (z)u(z)| dz < oo},
for all uw € D(A), Au= g - [ f(z)u(z)dz.

2. Assume that f € L?(R). Prove that A is continuous and compute its
adjoint.

3. Assume that f ¢ L%(R). Prove that the domain of A is dense and compute
(D*, A¥).

Exercise 3.4. Let X = C,(R) the space of continuous, bounded functions on
R, equipped with the sup norm. Define the operator A in X by

D={geC'R)NX:¢ € X}
Ag=g forallge D.
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1. Prove that A and —A are maximal monotone. Hint: for A € X, define
Lh(z) =% [7 "> h(s)ds and prove ||Lh| L= < ||h]| .
2. Is the domain of A dense? Hint: use the function ¢ defined on R by
g(z) = sin(z?).
Exercise 3.5. Denote by Cyo(R) the closure of D(R) in L*°(R). Answer the
same questions as in the previous exercise for Y = Cyp(R) and
D={geC'R)NY :¢ €Y}
Bg=g forallge D.

Exercise 3.6. Consider X = {g € C([0,1]) : u(0) = 0) equipped with the sup
norm. Define the operator A in X by

{D ={g€€'((0,1)) : 9(0) = ¢'(0) = 0}

Ag=g forallge D.

Prove that A is maximal monotone with dense domain.

Exercise 3.7. Let U be an open subset of R™. Let H = H}(U) x L?>(U). Let
Xo = inf{||Vgll72 : g € Hy W), llgllz2 =1} > 0,

and let m > —X\g. We equip H with the scalar product

((g,h) | (g, h)) = /(Vg -V§ + mgg + hh) dz.

Define
{D ={(g,h) e H:Age L*(U),h € H (U)}

A(g,h) = (h,Ag —mg) for all (g,h) € D.

Prove that (D, A) is skew-adjoint and maximal dissipative with dense domain
in H.

Exercise 3.8. Let X = L?(R). Prove that the operator A defined by

{D:H3(R)

Au=u" foralue D

is skew-adjoint. In particular, both A and —A are maximal monotone with
dense domain. Hint: use the Fourier transform.

Exercise 3.9. Let N > 2 and consider the real Hilbert space
H = (L*(RM)N.
A vector of H is denoted by u = (uq,...,uy). We denote

N
. a'LLj
V. -u=divu = jg_l @7 Au = (Auy, ..., Auy).

Let

X={ueH:V u=0}

where the condition V - u = 0 is understood in the sense of distributions.
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1. Prove that X is a Hilbert space with the scalar product of E:

N
= v, de.
(] v) g/Ru :

2. Prove that the Stokes operator A defined by

D={uc (R NX:Auc X}
Au = Au for all uw € D,

is self-adjoint and maximal monotone with dense domain.
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Chapter 4

The Hille-Yosida-Phillips
Theorem

4.1 Construction of the semigroup generated by
a maximal dissipative operator

Let (D, A) be a maximal dissipative operator on X, with dense domain. For
A > 0, we consider Ry and Ay as defined in Definition 3.12. We set

S\(t) =e!x forall t >0,

so that (Sx(t))¢>o0 is the uniformly continuous semigroup generated by Ay.
In the next result, we construct a semigroup generated by A by a compact-
ness argument using the sequence of approximate uniformly continuous semi-

groups {(Sx(t))i>0}r>0-

Theorem 4.1. For all g € X, the sequence {Sx(t)g}aso converges as A | 0
uniformly on any bounded interval [0,T] to a function u € C([0,00), X). Setting
S(t)g = u(t), (S(t))t>0 is a contraction semigroup on X.

Moreover, if g € D then u is the unique solution of the problem

u € C([0,00), D) N C ([0, 0), X),
%(t) = Au(t), for allt >0, (4.1)
u(0) = g.
Last, for all g € D and t > 0, it holds
S(t)Ag = AS(t)g.
Proof. First, by definition, for all A > 0 and all ¢ > 0, one has
Sa(t) = ex(Fa=D) — ¢~ XX

and thus using | Ry|| < 1,

1Sx(8)]| < e FeXlBal < 1.
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In particular, for any g € X, uy(t) = Sx(t)g satisfies
lux(@®)] < lg]| for all A > 0, and all ¢ > 0. (4.2)

Second, consider any g € D and any A, u > 0. Recall from Remark 3.13 that
Ay and A, commute. In particular, for any ¢ > 0, we have

Sa(t) = S, (1) = etn (etm—A,,,) _ 1)

t
= etAn / eS(A**A“)(A,\ —A,)ds

0
/Ot Sa(8)S,(t —s)(Ax — Ap) ds.

Using || S]] < 1, we obtain the inequality, for any g € D,

t
lux(t) = uu (D)l < /O [Sx(IISu(t = $)[Axg — Augllds < t][Axg — Apgl|-

It follows from (2) of Proposition 3.14 that {ux}r>o is a Cauchy sequence in
C([0,T),X), for any T > 0. Denote by u € C([0,00), X) its limit.

Setting u(t) = S(t)g, by passing to the limit A | 0 in the inequality (4.2), we
have ||S(t)g|| < 1lforallt > 0andall g € D. It follows that S(¢) can be extended
to a unique linear continuous operator S(t) € L(X) satisfying ||S(¢)|| < 1 for all
t > 0. To prove the properties of S(t), we use a density argument. Let g € X
and consider {g,}52, a sequence of D converging to g. We have

[1Sx(t)g — S@)gll < [[Sx(t)g — Sx(E)gnll + 1S()gn — S(t)gnll
+ 152 (t)gn — S(t)gll
< 2[lgn — gl + 152 (£)gn — S(B)gnl,

and so S)(t)g converges to S(t)g as A | 0 uniformly on [0,77], for all T > 0. In
particular, S(0) = I. Now, we check that S(¢)S(s) = S(t + s) using the same
property on S)y:
15()S(s)g = S(t + s)gll < [IS5(#)S(s)g — S(#)Sx(s)gll
T IS(155(5)g — Sx(1)Sx ()9l
IS5+ s)g — S0+ )l

and passing to the limit as A | 0.
Now, we prove that u(t) = S(t)g satisfies (4.1) in the case where g € D. Set

0r(1) = Ax$a(1)g = SrAx(1)g = < ur (1)
We have by the triangle inequality and [|S(¢)|| < 1,
[oa(t) = S()Agll < [I(Sx(t) — S(£))Axgll + [[Axg — Agl|.
Thus, limy o va(t) = S(¢)Ag, uniformly on [0,T1], for all T > 0. Passing to the
limit A | O in the identity

u,\(t):g—i—/o ua(s)ds
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we obtain

t
u(t) =g +/ S(t)Agds. (4.3)
0
This means that u € C*([0, 00), X) and, for all ¢ > 0,
d
—u(t) = S(t)Ag. 4.4
Lt = 5049 (1.0

By (3.1), we have vy (t) = AR)S\(t)g. Moreover, by ||RA|| <1,
[RASA(t)g — S()gll < [1Sx(t)g — S(t)gll + [[RAS(t)g — S(t)gl|-

Therefore
lx\ig)l(R,\S,\(t)g, A(RxSA(t)g) = (S(t)g, 5(t)Ag)

in X x X. Since the graph of A is closed, S(t)g € D for all t > 0 and AS(t)g =
S(t)Ag. In particular u € C([0,00), D) (see Corollary 3.10) and by (4.4), u
satisfies (4.1).
Finally, we justify the uniqueness statement. Let v be a solution of (4.1)
and let s > 0. Set
w(t) = S(s — t)v(t),

(
for any t € [0, s]. We have w € C([0,0), D) NC!([0,0), X) and

dit

for all ¢ € [0, s]. Tt follows that w(s) = w(0) and so v(s) = S(s)g. Since s > 0
is arbitrary, the uniqueness statement is proved. O

%w(t) =—AS(s —t)v(t) + S(s — t)iv(t) =S(s—1t) [dv(t) - Av(t)] =0,
)

4.2 Hille-Yosida-Phillips theorem

We have already proved the main parts of the following theorem.

Theorem 4.2. A linear operator (D, A) on X is the generator of a contraction
semigroup on X if and only if A is maximal dissipative with dense domain.

Proof. On the one hand, if (D, A) is the generator of a contraction semigroup
in X then Proposition 2.23 shows that A is maximal dissipative with dense
domain.

On the other hand, let A be a maximal dissipative operator with dense
domain and let (S(¢))i>0 be the contraction semigroup associated to A given
by Theorem 4.1. Denote by (D(B), B) the generator of (S(t))i>0 as given by
Definition 2.16. We only have to prove that (D(B),B) = (D, A).

Recall from (4.3) that for g € D and § > 0, we have

)
S@g=g+ | StAgat,
0
and thus g € D(B) with Bg = Ag. Thus, G(4) C G(B). Conversely, let
h € D(B). Since A is maximal dissipative, there exists g € D such that
g— Ag=h— Bh.

Since G(A) C G(B), we have (g — h) — B(g — h) = 0 and B being dissipative,
we conclude g = h, which implies G(B) C G(A). O
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Finally, for completeness, we prove the uniqueness of the semigroup gener-
ated by a given maximal dissipative operator with dense domain.

Proposition 4.3. Let (D, A) be a mazimal dissipative operator on X with
dense domain. Assume that (D, A) is the generator of a contraction semigroup
(T(t))e>0. Then, (T'(t))i>0 is the semigroup corresponding to (D, A) constructed
in Theorem 4.1.

Proof. Let (S(t))i>0 be the semigroup corresponding to (D, A) constructed in
Theorem 4.1. Let g € D and u(t) = T(t)g. For all t > 0 and § > 0, we have

ult+08) —u(t) T()—1I
; = () = T() ==~ T(1)Ag.

d+
AT (t)g =T(t)Ag = EU(t),

It follows that u € C([0,00), D) N C!([0,00), X) and Lu = Au, for all t > 0.
Therefore, by Theorem 4.1, we obtain T'(t)g = S(t)g. By density of D in X,
the operators T'(t) and S(t) coincide on X. O

4.3 Isometry group of operators
Definition 4.4. A isometry group of linear operators on X is a map
S:R— L(X)
satisfying the following properties.
1. For all g € X and all t € R, ||S(®)gll = llgll;
2. Forallt,s e R, S(t+s) = S(t)S(s);
3. 5(0) =1
4. For all g € X, the function ¢t € R +— S(t)g € X is continuous.

Theorem 4.5. Let (D, A) be a maximal dissipative operator with dense domain
and let (S(t))t>0 be the contraction semigroup generated by A. Then (S(t))i>0
is the restriction to [0,00) of an isometry group (S(t))ter if and only if (D, —A)
is maximal dissipative. In this case, for all g € D, the function u(t) = S(t)g
satisfies u € C(R, D) NC*(R, X) and the equation

d
Eu(t) = Au(t),

for allt € R.

Proof. First, we check that the condition (D, A) and (D, —A) maximal dissi-
pative is sufficient to construct an isometry group. Denote by (S(¢)):>0 the

semigroup generated by A and (S(¢)):>o the semigroup generated by —A. For

g € D, u(t) = S(t)g is solution of Lu = Au. Let @(t) = S(t)g be solution of
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i = —Aq, 4(0) = g. It is thus natural to extend the definition of S(t) by

“dt
setting

S0

S(t) = é’(t) ?ft_(),

S(—t) ift<o0.

We check that (S(t)):er is indeed a strongly continuous group of linear opera-
tors. Continuity is clear by the properties of S and S. Now, we observe that,
for all £ > 0,

S(t)S(—t) = S(t)S(t) = S(=t)S(t) = S(t)S(t) = I.

~—

Indeed, set v(t) = S(t)S(t)g, for some g € D. Then,

%v(t) = AS(t)S(t)g — S(t)AS(t)g = 0.

In particular, S(t) is invertible for any ¢t € R and S(¢) = (S(—t))~!. It is now
easy to check that for any t,s € R, S(t+s) = S(¢)S(s). Indeed, for example, if
s < 0 <t are such that s + ¢ > 0, then

S(t) = S(t+s)S(—s) = S(t+s)(S(s)) "

We also see that [[S(t)g]l < llgll and [lg]l = [S@®)S(—t)g]l < |S()gl| implies
IS#)gll = |lgll. Concerning the C! regularity of u(t) = S(t)g, we observe that
setting @(t) = u(—t),

d+ d+

—u(0)=A

3 u(0) = 4y,
and thus 4-u(0) = —9-4(0) = 4 u(0).

Second, we assume that (S(t)):>0 is the restriction to [0, 00) of an isometry

group (S(t))ier, and we set T'(t) = S(—t), for t > 0. Then T'(¢) is a contraction
semigroup. We denote by (D(B), B) its generator. For all § > 0 and g € X, we

have S@) T
_ _ S0 -1,
59 59 (0)——5—9
Thus, passing to the limit ¢ | 0, we obtain B = — A, which proves the result. [

TE)—1  S(=0)—1

4.4 Hilbert case

We consider in this section a real Hilbert space (H, (- | -)).

4.4.1 Skew-adjoint case

Let (D, A) be a skew-adjoint operator with dense domain. By Proposition 3.26,
the operators (D, A) and (D, —A) are maximal dissipative. In particular, (D, A)
generates an isometry group, see Definition 4.4 and Theorem 4.5.
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4.4.2 Self-adjoint case

Theorem 4.6. Assume that (D, A) is a self-adjoint non positive operator. Let
(S(t)i>0 be the semigroup generated by (D, A). Let g € H and u(t) = S(t)g,
for any t > 0. Then, u is the unique solution of the following problem

u € C([0,00), H) N C((0,00), D) N C((0,00), H),

%(ﬁ) = Au(t), for allt >0, (4.5)

u(0) = g.
Moreover, it holds, for allt > 0,
4w < =gl
tv2

~ (Au(t) | u(t)) < o ol

Finally, if g € D, it holds, for allt > 0,
1
[Au(t)|* < —5;(Ag19).

Remark 4.7. This result means that S(t) has a smoothing effect: the solution
at time ¢t > 0 belongs to D even if ¢ ¢ D. This effect is antagonist with
any reversibility of the equation, in contrast with the case of isometry group
generated by skew-adjoint operators.

Proof. First, we check that for all A > 0, the bounded operator Ay introduced in
Definition 3.12 is self-adjoint and satisfies Ay < 0. Indeed, it is easy to see that
if A is self-adjoint, then the bounded operator R) is also self-adjoint and thus
Ay = %(RA — I) is self-adjoint. Moreover, since Ay = RyA, g = Ryg — MR\g
and A < 0, we have, for any g € D,
(Axg | 9) = (ARxg | 9) = (ARxg | Rag — AAR\g)
= (ARxg | Rrg) — M|ARyg|* < 0.
Let A > 0, g € X and uy(t) = Sx(t), where (Sx(t))i>0 is the semigroup associ-
ated to Ay. We have
d
EHUA(UHZ = (Axux(®) [ ua(®)) + (ux(t) | Axua(t)) = 2(Axua(t) [ ua(t)) <0,

which means that ¢ — |luy(¢)]|? is non increasing. We check similarly that
t— | %U)\ (t)]|? is non increasing. Using that A, is self-adjoint, we also compute

A Anun(®) [ua(®) = (ArLun(t) | un() + (Arua(t) | Lur(t))

dt
= 2|| Frua ()|,

which implies that ¢ — (A ux(t) | ux(t)) is non decreasing.
By integration on (0,t), we obtain

lgl* = lux(®)]* — 2/0 (Axux(s) | ua(s)) ds = =2t(Axur(t) [ ur(t)).  (4.6)
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We also obtain by the previous observations and integration on (0,t)

—(Axg [ 9) = =(Axur(t) [ur(t)) + 2/0 ISrun()1* ds = 2t Fua(®)]|*, (4.7)

and by integration by parts
¢
ol = o O =2 | (Arur(s) | ua(5) ds
tod
= |lux(®)]|* — 2t (Axux(t) | ur(t)) + 2/ SE(A)\’U,)\(S) | ux(s))ds
0

t
= Jus(®)[? = 2t (Asua(t) [ ua(t)) +4/ s [|grua ()l ds,
0
which proves the estimate
gl > 26| -gux (t)]I*. (4.8)

By (4.8), the equation uy = Ayuy = AR\uy (see (3.1)), it follows that for
any t > 0, ||ARxux(t)| is bounded as A | 0. Moreover, Ryuy(t) — w(t) in H
as A J 0. Since G(A) is closed in H x H, it is also weakly closed in H x H.
This implies that u(t) € D and Au(t) is the weak limit of (ARxux(t))x as A | 0.
Now, to prove the estimates stated in the proposition, we only have to pass to
the limit as A | 0 in (4.6), (4.7) (for g € D) and (4.8).

Finally, we prove the uniqueness of u as solution of % = Au in the class
specified in (4.1). Let u be as in (4.1). Let ¢t > 0 and 0 < § < ¢t. By the
uniqueness statement in Theorem 4.1, we know that u(t) = S(t — 0)u(d). Thus,

[[u(t) = S()gll < [|1S(t = 6)(w(d) —g)ll + 1St = 6)(S()g — 9)ll
< lu(d) =gl +115(6)g — gll.
Passing to the limit 0 | 0, it follows that u(t) = S(t)g. O

4.5 Extrapolation and weak solutions

From Theorem 4.1, we know that if g € D, then S(t)g is solution of (4.1). If
g € X, then S(t)g is still well-defined in X but in general it is not differentiable
in X. However, the extrapolation Proposition 3.15 allows us to identify S(t)g
as a solution of the same equation involving the extended operator (X, B) in
the space (Y, ||| - |||). We follow the notation of Proposition 3.15. Let (T'(¢))¢>0
be the semigroup generated by the (maximal dissipative) operator (X, B) with
dense domain in (Y, || - |I).

Proposition 4.8. Let g € X. Then u(t) = S(t)g is the unique solution of the
problem
u € C([0,00), X) NC([0,00),Y),
d
é‘(t) — Bu(t), forallt>0, (4.9)
u(0) = g.
Proof. It follows from Theorem 4.1 that T'(¢)g is the unique solution of (4.9).

Now, since for g € D, T'(t)g = S(t)g, it follows by density and continuity that
T(t)g = S(t)g for all g € X. O
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4.6 Exercises for Chapter 4

Exercise 4.1. Let (D, A) be a maximal dissipative operator with dense domain
in a Banach space (X, || - ||).

1. Prove that the following defines a norm on D, for any g € D,
gl = Vllgll* + [[Agll*.

2. Prove that (D, | - ||1) is a Banach space.
3. More generally, we define by induction on k > 2, the space D(A*) by
D(AF) = {g € D(A*"1): Ag € D(A* 1)}

Justify that for k£ > 2,

k
lglls = | lgll? + D | 47912

j=1
defines a norm on D(AF) and that (D(AF),|| - ||») is a Banach space.
In what follows, we denote
D(AYY =D and D(A°) = X.
4. Set
Dy = D(Az), Agg = Ag for g € Ds.

Prove that (Ds, As) is a maximal dissipative operator with dense domain
in (D, - [lr)-

5. We denote by (S(t));>0 the contraction semigroupe generated by (D, A).
Prove that if g € D(A¥), for a certain k > 2, then u defined by u(t) = S(t)
for all £ > 0, satisfies

u € C*7([0,00), D(A7))
forall j =0,...,k.

6. For T > 0 and k > 2, we consider a function b € C¥=9([0, 7], D(AY)) for
all j =1,..., k. We define

o(t) = /0 S(t — $)b(s)ds.

Prove that ‘ ‘
v € (0,11, D(AT))
forall j =0,...,k.
Exercise 4.2. Product Semigroup.
Let (X, ||-]|) be a Banach space on K =R or C. Let (S(t)):>0 and (T(¢))¢>0

be two strongly continuous contraction semigroups on X. Assume that for all
t > 0, it holds



1. Prove that for all s,t >0, S(s)T'(t) =T(t)S(s).

2. For any t > 0, let U(t) = S(t)T'(t). Prove that (U(t)):>0 is a strongly
continuous contraction semigroup on X.

We denote by (D(A), A) and (D(B), B), respectively, the generators of
the two semigroups (S(t))i>0 and (T'(t))¢>0. We denote by (D(C),C),
the generator of the semigroup (U(t)):>o.

3. Prove that D(A) is invariant by the semigroup (T'(t))¢>o .e. for all ¢ > 0,
if g € D(A), then T(t)g € D(A). Prove also that all t > 0 and g € D(A),
AT (t)g = T'(t)Ag.

4. Prove that D(A) N D(B) is invariant by U(t).

5. Prove that D(A) N D(B) C D(C) and that the restriction of C to D(A)N
D(B) is A+ B.

6. For any A > 0, we denote Ry = (I —AA)~! on X. Recall why this operator
is well-defined and satisfies | Ry|| < 1. Prove that if h € D(B) and A > 0,
then Ryh € D(A) N D(B).

7. Prove that D(A) N D(B) is dense in X.

Exercise 4.3. Apply Theorem 4.1 or Theorem 4.6 to the examples given in
§3.6 and Exercises 3.4-3.8.
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Chapter 5

Inhomogeneous equations

In this Chapter, (D, A) is a maximal dissipative operator with dense domain on
X and (S(t))s>0 is the semigroup generated by A.

Let T > 0. Let g € D and b € C([0,T],X). The objective is to solve the
inhomogeneous problem

u € C([0,7], D)nC*([0,T], X),
du
dt
u(0) = g.

() = Au(t) +b(t), for all ¢ € [0, T], (5.1)

5.1 Necessary condition

Proposition 5.1. Let g € D and b € C([0,T], X). If u is a solution of (5.1),
then for all t € [0,T),

t
u(t) = S(t)g + / S(t — 5)b(s) ds. (5.2)
0
Remark 5.2. We check that for any b € C([0,T], X), the function v : [0,T] — X
defined by
t
o(t) = / S(t — 8)b(s) ds
0

belongs to C([0,7],X). It can be seen as a consequence of the Dominated
Convergence Theorem, but in the case b € C([0,T], X), there is an elementary
way to justify it, saying that the map

(t,s) € {(t',s"):t' €0, T], s €[0,t]} — S(t —s)b(s) € X
being continuous on a compact set, is uniformly continuous.

Remark 5.3. The assumptions g € D and b € C([0,T], X) may seem exactly
what is needed to provide a solution u of (5.1) by the formula (5.2). However,
such assumptions garantee that v € C([0,7], X) but not that v € C([0,T], D)
in general as shown by the following example. Assume that (S(¢)):er is an
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isometry group and take h € X \ D. In particular, we know that for all ¢t € R,
S(t)h € X \ D. Take b(t) = S(t)h and g = 0. Then, formula (5.2) defines

u(t) = /Ot S(t—s)S(s)hds = tS(t)h.

But for ¢ # 0, we see that u(t) ¢ D.
Proof. Let ¢t € [0,T] and for s € [0,t] set
w(s) = S(t — s)u(s).

Now, let s € [0,¢). For § € (0,t — 5], we have

w(s+0) —w(s) u(s+98)—u(s) S@)—1I
5—S(t—8—5){ 5 — 5 u(s)},
and thus
. w(s+9) —w(s) d
lgﬁ)l — = S(t—s) {dtu(s) — Au(s)} = S(t — s)b(s).

Note that the function s — S(t — s)b(s) belongs to C([0,¢], X). We deduce that
w € CY([0,t), X) with, for all s € [0,1),

d

aw(s) = S(t — s)b(s).

Integrating in s € [0, 7], for some 7 € (0,t), we obtain

S(t—1)u(t) = S(t)g + /OT S(t— s)b(s)ds.

Passing to the limit 7 1 ¢, we find the desired formula for u(t). O

5.2 Sufficient condition

Proposition 5.4. Let g € D and b € C([0,T],D). Then, u given by (5.2) is
the unique solution of (5.1).

Proof. As before .
v(t) = / S(t— s)b(s)ds.
0

Since b € C([0,T1], D), it follows from Remark 5.2 that v € C([0,7], D) and

Av(t) = /0 AS(t — s)b(s)ds = /0 S(t — s)Ab(s)ds.

Now, we prove that v € C*([0,T], X). Indeed, for t € [0,T) and § € (0,T —t),
we have
_ t . 1 t+0
M:/ S(t—s)%b(s)ds—i—g/ S(t+6—s)b(s)ds.
0 ¢
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First, we observe that

t _SMSS_M t — S Ss)das = —v
/OS(t )Ty a5 = 2 /OS(t Jo(s) ds = 2= L),

Thus, passing to the limit as § — 0,

! S(8) —1 B
%1%1 ; S(t— S)Tb(s) ds = Av(t).

Second, by continuity,

1 t+0
t 5 /t S(t+ 6 — 5)b(s) ds = b(t).

It follows that v is left-differentiable on [0,T"), and

d+
EU@) = Av(t) + b(t).

We check similarly that v is right-differentiable on (0,7] and so v € C*([0, 7], X)
with

d

av(t) = Av(t) + b(t).
Setting u(t) as in (5.2), we have obtained u € C*([0, 7], X) N C([0,7], D) and u
solves Lu(t) = Au(t) 4+ b(t), u(0) = g. O

5.3 Weak solution

Corollary 5.5. Let g € X, b € C([0,T],X) and let u be given by (5.2) on [0,T].
Using the notation of Propositions 3.15 and 4.8, u is the unique solution of the

problem
u € C([0,T],X)NC([0,T],Y),
%(t) = Bu(t) + b(t), forallte[0,T], (5.3)
u(0) = g.

Remark 5.6. This remark allows us to see u defined by (5.2) as the unique
weak solution of %(t) = Au(t) + b(t) when only g € X, b € C([0,T], X).

The following result is deduced immediately from (5.3).

Corollary 5.7. Let g € X, b€ C([0,T],X) and let u be given by (5.2) on [0,T].
Then,
u € C([0,T],D) < u € C([0,T],X).

Moreover, in this case, u is solution of (5.1) on [0,T].
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5.4 Exercises for Chapter 5

Exercise 5.1. Let (D, A) be a maximal dissipative operator with dense domain
in a Banach space (X, || - ||). For b € C*([0,T], X), we define

v(t) :/0 S(t— s)b(s)ds.

Prove that v is solution of

v e C([0,T],D)nc([0,T], X),
%(t) = Av(t) + b(¢), forallte[0,T],
v(0) = 0.

Exercise 5.2. Let (D, A) be a skew-adjoint operator in a Hilbert space H with
scalar product (- | -). Let (S(t)):er be the isometry group generated by (D, A).
Let T>0,g€ H and b€ C([0,T],H). Let u € C([0,T], X) be defined by

t
u(t) = S(t)g —I—/ S(t — s)b(s)ds.
0
Prove that the real-valued function ¢ — |lu(t)||? belongs to C*([0,T] and

d
EIIU(t)ll2 =2(b(t) | u(t)),
for all t € [0,7]. Hint: use a density argument on g and b.

Exercise 5.3. Apply Proposition 5.1 and Proposition 5.4 to the examples given
in §3.6 and Exercises 3.4-3.8.
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Chapter 6

Nonlinear evolution
equations

6.1 Assumption on the nonlinearity

Let Bjys denote the closed ball of X of center 0 and radius M > 0.

Definition 6.1. A function f : X — X is Lipschitz continuous on bounded
subsets of X if for all M > 0, there exists a constant Lj; > 0 such that, for all
u,v € By it holds

1f(u) = () < Lalw—vl]. (6.1)
Remark 6.2. Let a function f : X — X be Lipschitz continuous on bounded
subsets of X, we set

L(M) =inf{L > 0: (6.1) holds for all u,v € By},
In particular, M — L(M) is a non-decreasing function of M.

Remark 6.3. Let I/ be an open subset of R" with C' boundary. We consider
a continuous function f : R — R such that there exists « > 0 and C' > 0 such
that
f0) =0, [f(u) = f(v)] < C(|* + |v[*)u—v],
for all u,v € R.
1. If N > 3, assume that

0< <
SYSN T

(no assumption on « if N = 1 or 2). Then f is Lipschitz continuous
from bounded subsets of H} (U) to H=*(U). A common abuse of notation
consists in using the same notation for the real-valued function f : R - R
chosen as above and the corresponding map f : H}(U) — H~Y(U).

2. If N > 3, assume that
0<a<L

N -2
(no assumption on « if N =1 or 2). Then, f is Lipschitz continuous from
bounded subsets of H}(U) to L*(U).

See Exercice 6.1.
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6.2 Weak formulation of the nonlinear problem

In this Chapter, (D, A) is a maximal dissipative operator with dense domain
on X and (S(¢))¢>o is the semigroup generated by A. The function f: X — X
is Lipschitz continuous on bounded subsets of X. We denote L(M) > 0 the
corresponding constant in (6.1).

Let T'> 0. For g € D, a natural objective is to solve the nonlinear problem

u € C([0,T], D)NC*([0,T], X),
St = Aut) + f(u(t), forall 1€ 0,7, (62
u(0) = g.

Actually, we will rather look for a weaker form of the above problem. From
Proposition 5.1, a solution of (6.2) is also a solution of

uweC(0,T),X
g+/St—s (s))ds. (6.3)

For g € X, using Corollary 5.5 and the notation of Propositions 3.15 and 4.8,
we know that (6.3) is equivalent to solving the problem

u e C([0,7]), X)nc([0,T],Y),
4 = Bult) + f(u(t)), forall t€[0,7], (6.4)
u(0) = g.

In this chapter, we will focus on the resolution of (6.3).

6.3 Local existence and uniqueness
6.3.1 Uniqueness
We start with a general uniqueness result for (6.3).

Proposition 6.4. LetT > 0 and g € X. Then there exists at most one solution
of (6.3).

Proof. Let u,v be two solutions of (6.3). Set

M = sup max{]lu(®)];[[o()]}-

t€[0,T]

We have by (6.3) and [|S(t)]| < 1,

lu(t) - v(t)] < / 1 £(u(s)) — F(o(s))]| ds < L(M) / lu(s) — v(s)]| ds.

It follows from the Gronwall Lemma D.4 (with C; =0, Co = L(M) and a = 1)
that ||u(t) —v(t)|| = 0, for all ¢ € [0, T]. O
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6.3.2 Existence of a local solution by contraction
Here we prove a version of the Cauchy-Lipschitz theorem.
Theorem 6.5. Let M > 0 and fix

1

= e o Y

(6.5)

For any g € X such that ||g|| < M, there exists a unique solution u of (6.2) on
[0,T].

Proof. The uniqueness statement is proved by Proposition 6.4. Let M > 0 and
let g € X be such that ||g|| < M. Fix K =2M + || f(0)|]. We introduce

E={ueC(0,Tn],X) : |Jul®)] < K, for all t € [0,Tr]}

We equip E with the distance generated by norm of C([0, Th], X), i.e., for any
u,v € E,

d(u,v) = sup [lu(t) —v(t)]].
tE[O,TAj]

Since C([0, Ta], X) is a Banach space and F is closed in C([0, Ty/], X), (E,d) is
a complete metric space. For all u € E, we define ®(u) € C([0, Tn], X) by

D(u)(t) = S(t)g + / S(t — 5) f(u(s)) ds

for all t € [0, Tas].

First, we prove that ® : F — FE. Indeed, for any s € [0,7T)], one has
fu(s)) = f(0) + f(u(s)) — f(0), and thus by the triangle inequality and the
assumption on f,

[1f (DI < 1F O + [1.f (u(s)) = (O]
< IO + LE)[Juls)[| < [1FO)] + LK) K.

It follows from | S(¢)|] < 1 and the definition of Ths in (6.5) that for any ¢t €
[0, T'a],

() H<Hg\|+/IIF )llds

<M+ Tu((IF(0)] + LK) K)

£ O)]| + L(K)K
2+ 2L(K)

1 1

Second we prove that ® is a contraction on (E,d). Indeed, for any u,v € E,
and for any t € [0, T],

[ (u)(t) = @ (v)(B)]] </ 1/ (u (v(®))]l ds

< Ty L(K)d(u,v) < =d(u,v).

N | =

By the Banach Fixed-Point Theorem A.26, ® has a (unique) fixed-point u € E,
which is a solution of (6.3). O
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6.3.3 Maximal solution

Theorem 6.6. There exists a function Tmax : X — (0, 00] with the following
properties. For any g € X, there exists u € C([0, Tmax(9)), X), such that for
all T € (0, Tmax(9)), u is the unique solution of (6.3). Moreover, the following
alternative holds:

1. FEither Tiax(g) = oo;
2. Or Tax(g) < 00 and then limyq, (g) [Ju(t)| = oo.

Remark 6.7. When property (1) holds, one says that the solution is globally
defined, or global. When property (2) holds, one says that the solution blows
up in finite time.

To prove that a solution is global, it is enough to prove the existence of a
priori bounds on the solution, preventing ||u(t)|| to become arbitrarily large in
finite time.

The fact that when the solution ceases to exist in finite time Ti,ax(g), the
norm of u becomes infinite as ¢t 1 Tihax(g) is related to the assumptions made on
the nonlinearity. It may fail in some other contexts, notably when the notion of
critical nonlinearity arises.

Proof. Let g € X and M = ||g||. We define
Tinax(g) = sup{T > 0 : there exists a solution u of (6.3) on [0,7T]}.

By Theorem 6.5, we know that Ti,ax is well-defined and Tiax > Ty > 0. Now,
we define a function u € C([0, Tmax(g)), X) which is solution of (6.3) on [0,T]
for any T € (0, Timax(g)). Let t € [0, Tmax(g)). Let T € [t,Tmax(g)). By the
definition of Ti,ax(g) as a supremum, there exists a solution ur of (6.3) on
[0,T]. Then, we set u(t) = ur(t) on [0, T]. By the general uniqueness statement
Proposition 6.4, this definition does not depend on the choice of T' € [t, Tinax(g))-
Thus, it provides a function u € C([0, Tmax(g)), X) which is indeed a solution
of (6.3) on [0,7T] for any T € (0, Timax(g)).- Last, note that by the definition of
Timax, this solution cannot be extended beyond Ty,.x. This solution is called the
mazimal solution of (6.3).

Now, we prove the second statement of the Theorem, called the blowup
alternative. Fix 7 € [0, Timax(9g)), set M = ||u(7)| and consider Th; > 0 given
by (6.5). By Theorem 6.5, there exists a solution v of

DS C([O,T]u],X),

t 6.6
v(t) = S(t)u(r) +/0 S(t—s)f(v(s))ds. (66)

We define a function w € C([0, 7 + T], X) by setting

wit) = {u(t) if t € [0,7],

ot —71) ifte|r,T+ Tyl

We see that w is a solution of the problem (6.3) on the interval [0,7], for
T = 7+ Tys. By the definition of Tihax(g), this shows that

T+ Ty < Tmax(g)-
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Assume Tinax(g) < co. By the general definition of Ty in (6.5) and the value of
M = ||u(7)|| in the present context, we obtain
1
2+ 2L2[u(r)ll + £ (O)]]

) S Tmax(g) - T.

This is equivalent to

1
L2|lu(D)||+ I f0)]) > === —1, 6.7
I+ 1O > 57— (67)
which proves that in the case Timax(g) < 00, limyq,, () [lu(t)| = oo. O

Remark 6.8. The proof of Theorem 6.6 actually provides a qualitative infor-
mation (6.7) on the size of ||u(t)|| as t T Tmax in the case where Tinax < 00.

In particular, we see that if the function f is (globally) Lipschitz on X (i.e.
there exists C' > 0 such that L(M) < C for all M > 0), then necessarily
Tnax(g) = oo.

6.4 Continuous dependence on the initial data
Proposition 6.9. In the context of Theorem 6.6, the following properties hold.
1. The function Tax : X — (0,00] is lower semi-continuous;

2. If go» > g asn — oo in X, then for any T € (0, Tmax(9)), un — u
in C([0,T],X) as n — oo, where u, and w are the solutions of (6.3)
corresponding respectively to g, and g.

Proof. Let T € (0, Tiax(g)). To prove (1)-(2), it suffices to show that if g, — ¢
then for n large enough Tiax(gn) > T and u,, — w in C([0,T], X).
Set M =1+ 2supycpo 1) [lu(?)|| and define

Tn = sup{t € [0, Thax(9)) : ||un(s)]| < 2M for all s € [0,¢]}.

Since |lgn|| < M for n large enough, 7, > 0 is well-defined. Moreover, by
Theorem 6.5, 7, > Thy. For any ¢ € [0, min(T’;7,)], we have

t
o) = un ()] < llg = gull -+ £200) [ u(s) = 0,3} s,
and thus by the Gronwall Lemma D.4, for any ¢ € [0, min(T;7,)],
[u(t) = un @) < llg — gnll exp (L2M)T) . (6.8)
This proves that for any ¢ € [0, min(T’;7,)],
M
lun (DI < Nlu@l] + l[u(t) = un (] < 5 +1lg = gnll exp (LE2M)T) < 2M,

for n large enough. Therefore, 7,, > T', which also justifies that Ty ax(gn) > T
Last, we see that estimate (6.8) proves u, — u in C([0, 7], X). O

Remark 6.10. Even in the case where Tyyax(g) = 00, the uniform convergence
u, — u is obtained only on compact sets of time [0, T7].
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6.5 Exercises for Chapter 6

Exercise 6.1. Let U be an open subset of RY with C! boundary. We recall
that if p > 2 satisfies (N — 2)p < 2N then it holds for a constant C' > 0,

I lzeeny < Cl - llarens - la-r@ < Cl- e @y (6.9)

where 1/p+1/p’ = 1.
We consider a continuous function f : R — R such that there exists a > 0
and C' > 0 such that

F0) =0, [f(u) = f()] < C(lul® + [v|*)|u =],
for all u,v € R.
1. Let p € [ + 1, 00]. Prove that for some constant C' > 0,
1f(w) = F)l, 2 < Clullfe + 0IEs) lu— vl e
for all u,v € LP(U).

2. We assume in this question that if N > 3,

0<a<
=Y=N 2

(no assumption on « if N =1 or 2). Prove that f is Lipschitz continuous
from bounded subsets of H}(U) to H=*(U).

3. We assume in this question that if N > 3,

0<a<L

N -2

(no assumption on « if N =1 or 2). Prove that f is Lipschitz continuous
from bounded subsets of H}(U) to L*(U).

Exercise 6.2. Consider the equation
O*u — Au = f(u,0u,Vu) (t,2) € R x RN,
u(0,2) = g(z), Ou(0,z) = h(z) 2 <€ RN.

Assume that the function f : R x R x RN — R is globally Lipschitz and
satisfies f(0) = 0. Write a global existence result for any initial data (g,h) €
H?2(RYN) x HY(RY). Hint: use the space X = H'(RY) x L2(R") and a first
order formulation of the equation involving the function

F(g,h) = (0, f(g,h,Vg) +g).
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Chapter 7

The nonlinear
Klein-Gordon equation

In this Chapter, we are interested in solving the local Cauchy problem and
establishing global results for the nonlinear Klein-Gordon equation

O*u—Au+u—eu/u=0 (t,r) € RxU, (7.1)

where U is a domain of RY with C' boundary, e = &1, and « > 0.
We rewrite the nonlinear Klein-Gordon equation (7.1) as a system in the
unknown u = (u,v),

Ou=wv
o =Au—u+ f(u),
where f(u) = |u|*u. This system also writes
O = Au + f(u) (7.2)

where

Au=(v,Au—u) and f(u)= (6 f?u)) . (7.3)

7.1 The linear Klein-Gordon equation

Let H = H}(U) x L?(U). We denote by g = (g, h) an element of H. We equip
H with the scalar product

(9|§)=/(V9~V§+g§+h7z)dx.

We also define by || - || the corresponding norm. Define

D={g=(9;h) € H:Age L*U),h € HyU)}
Ag = (h,Ag—g) forallge D.

Recall from Proposition 3.32 that the operator (D, A) is skew-adjoint and max-
imal dissipative with dense domain in H. We denote by (S(t))ier the corre-
sponding group of isometries given by Theorem 4.5. It follows from Theorem 4.1
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and Theorem 4.5 that for any g € D, u(t) = S(t)g € C(R, D)NCY(R, H) is the
solution of the linear problem

d
—u=A A4
U= Aw (7.4)

Moreover, for any g € H, u(t) = S(t)g € C(R, H) can be seen as the weak
solution of the linear problem (7.4) (see Proposition 4.8).

The identity ||S(¢)g|| = ||g|| is interpreted as the conservation of energy for
the solution u(t) = S(t)g of the linear problem (7.4)

J AP + 1900 + [u®} do = [ {17 + Vgl + 19} d.

7.2 Local Cauchy theory for NLKG

If N > 3, assume that
0<a<L

N (7.5)
(no assumption is to be made on « if N = 1 or 2). Then, it follows from
Remark 6.3 that u € H} — f(u) € L? is well-defined and Lipschitz continuous
on bounded sets of H}, as a function from H} to L?. As a consequence, the map
u € H — f(u) € H defined in (7.3) is well-defined and Lipschitz continuous
on the bounded sets of H to H, as introduced in Definition 6.1.

This is precisely the condition of applicability of the local nonlinear Cauchy
theory developed in Chapter 6. We write the weak formulation of the prob-
lem (7.2) as follows: for g € H and T > 0,

u € C([0, T, H
g+/St—s (s)) ds. (7.6)

In particular, the following result is a direct application of Theorems 6.5 and 6.6.

Theorem 7.1. There exists a function Tyax : H — (0,00] with the following
properties. For any g € H, there exists u € C([0, Tax(g)), H) such that for all
T € (0, Tmax(g)), u is the unique solution of (7.6). Moreover, for any g € H,
the following alternative holds:

1. Fither Tiax(g) = oo;
2. Or Tax(g) < 0o and then limy,  (g) [|g(t)] = o0

In the next sections, we identify conditions on «, the sign € in the definition
of the nonlinearity f in (7.3) and possibly on the initial data g such that the
solution u given the above theorem is global, or on the contrary has a finite
time of existence and thus blows up in finite time.
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7.3 Conservation of energy and other identities

Let g = (g,h) € H and let u = (u,v) € C([0, Tmax(g), H) be the corresponding
maximal solution of (7.6) provided by Theorem 7.1. We define the following
quantities

W) = %(u(t) u(®) = 5 [ (o +[Vu(OP + Ju(0)P} dz,

V(t) = /|u (t)|*2 da,

E(t) =
M(t) = /uz(t) dz.

Proposition 7.2. Let any T € [0, Tyax(g)). The functionst — W (t), t — V(t),
t — E(t) are in Cl([O T)). The function t — M(t) is in C2([0,T]). Moreover,
for all t € [0, Timax(g)), it holds

7W _g/f (7.7)

/f (7.8)

th() 0, (7.9)

%M(t) = 2/v(t)u(t) de, (7.10)
;—;M(t) =—2(a+2)E(t)

+a/{\Vu(t)\2+u2(t)} dx+(a+4)/v2(t) dz. (7.11)

Proof. Let T € [0, Tmax(g))- All the quantities appearing in these identities are
well- deﬁned (for example, f(u(t)) € L? and v(t) € L? for all t € [0,T), so that
[ fu t) dz is well-defined). However, we need to use density arguments to
Justlfy them rigorously.

We introduce a sequence {g,,}°, of functions of D such that g, — g in
H as n — oo, and a sequence {b,}>2, of functions of C([0,T], D) such that
b, — f(u) in C([0,T], H). The existence of such sequences follows directly
from the density of D in H. Moreover, we define

U (t) :S(t)gn—i-/o S(t — s)b,(s)ds

Using ||S(?)|| < 1, it is elementary to check that
lim sup ||u,(t) —u(t)|| =0. (7.12)

0 ¢ [0,T)
By Proposition 5.4, u,, is the unique solution of
u, € C([0,T],D)NC*([0,T], H),

d;;" (t) = Aun(t) + b, (t), for all £ € [0, 7], (7.13)
un(0) =g,
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We denote by W,,, V,, and M,, the analogue for each u,, of the quantities intro-
duced above for wu.

It follows from the regularity of w,, that t — W, () is of class C' and, using
the fact that the operator A is skew-adjoint,

d d

Hence,

Wy (t) = W,(0) +/O (b, (s) | un(s))ds.

Passing to the limit n — oo, using (7.12), we find

t
WO = WO+ [ (Ful) [ u()ds
This proves that W is C* on [0,7] and that (7.7) holds.
To prove the identity concerning V', we first observe that for any w, z € R,

1

g (o 21772 = i) =21 = [ (o) = f(w)) don,

and thus

1 [e3% e} e} (e
g (b 752 = ul*) = 2 w)] < Ol + o+ 4.

From this, it follows using the Holder inequality that

/(\wHIa“ — Jw|**?) d:z:—/zf(w) dz

< [lzlZose (lwllfore + w + 2l|Fare)

a+2

Applying this inequality to w = u,(t) and z = u,(t + 0) — u,(t), one gets

Vot +96) = Vo (t) — e/(un(t +9) —un(t)) flun(t)) de

< Cllun(t +8) = wn (Ol Far2 ([Va(t +8)[55= + [Va()| 7).

This shows that V,, is of class C* and

%Vn(t) = 6/%un(t)f(un(t))dg;,

By the first line of the equation of u,,, one obtains

V0 = [ Fun®)u,0)da.

We proceed as for W, to obtain the identity (7.8) for u.
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The identity (7.9) is obtained directly on u since u € C'([0,T], L?). To
prove (7.10), we first work on the sequence {u, }° . Since w, € C'([0,T], H,
we know that v, € C1([0, 7], L?) and using the equation and next (3.2),

M7’1’Z2/<§tvn) undx+2/vidx

:2/(Aun—un+bn)u,de+2/vadm
= —2/(\Vun|2+ui+bnu") dx+2/1}idx.

Integrating this identity on [0,¢], and passing to the limit as n — oo in the
integral form, we find

M'(t) = M'(0) — 2/;/{|Vu|2 +u® — ef(wu—v*} dzds.
This means that M is of class C? on [0, T] and
M"(t) = 72/ {IVul® + v — ef (u)u — v*} da.
Using f(u)u = |u|*"2 and the expression of the energy, we find
M"(t) = =2(a+2)E(t) + (o — 2) / {IVul* +u*} dz + (a + 4) /v2 du,

which is (7.10). O
Corollary 7.3. For anyt € [0, Tax(g)), it holds

7.4 Global existence in the defocusing case

When € = —1, we say that the nonlinearity is defocusing. It follows directly
from the energy conservation that the following hold.

Proposition 7.4. Let e = —1. Then, for all g € H, the mazimal solution u of
(7.6) given by Theorem 7.1 is global, i.e. Tiax(g) = o0.

Proof. When € = —1, it is clear that V(¢t) < 0. Thus, by the conservation of
energy, for all ¢t € [0, Thax(9)),

Sl =W () < Bt = B()

This a priori bound prevent the norm of u(t) to become large and thus the
solution is global. O
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7.5 Global existence for small data

In this section, we consider the focusing case e = 1.

Theorem 7.5. There exists p > 0 such that for any g € H with ||g|| < p, the
solution w of (7.6) given by given by Theorem 7.1 is global, i.e. Trax(g) = o0.

Proof. From (6.9) and the assumption on « (in the case N > 3), it follows that
1
VO <0 [ < @i+ C [umper?

< Slu®lze + Clu@®F7 < %W(t) +CW (BT

Thus, using the conservation of energy (Corollary 7.3)
1
W(t)=E(t)+V(t) < E(0) + 5W(t) + oW ()Tt
1
< W(0) + 5 W(t) + CIW (t)]* .

Thus, W (t) satisfies

2
O(W(t)) > -W(0) > *% where 0(w) = Cw*H! — %
We denote m > 0 and z,, > 0 such that

Tm ={2C(a+ 1)}, 0 () =0

m=— inf §=—0(m)= (2C(a+1)} "%

o«
(0,00) 2(a+1)

If we assume that W(0) = 1u? < min(z,,;m), then for all t € [0, Thax(g)),

(W (t)) > —m. By continuity of ¢t — W (¢), it follows that W (t) < x,,, for all
t € [0, Tmax(g)), and thus W(¢) is uniformly bounded, which proves that the
solution w is global. O

7.6 Blowup in finite time
Theorem 7.6. If g € H is such that
E(0) <0

then the solution uw of (7.6) given by given by Theorem 7.1 blows up in finite
time, i.e. Thmax(g) < 0.

Remark 7.7. We note that it is easy to generate initial data g such that
E(0) < 0. Indeed, we check that for any g # 0, there exists A > 0 large enough
such that the energy of Ag is negative.

Proof. The proof is by contradiction. We assume that the solution is global
Tmax(g) = 00, and we perform estimates for all ¢ > 0. We know that E(t) =
E(0), and thus from (7.11), we have

M"(t) > —2(a+ 2)E(0) > 0.
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In particular, lims, M’ = oo and lim,, M = oo. Estimate (7.11) also implies
that
M"(t) = (a+ 4)[Jo(t)]| 22

Moreover, from (7.10), we have
[M'(8)]* < AM (1) [|o(¢]Z-

Therefore, we obtain for all £ > 0,

MM = (1+ ) M (1)

This implies directly that for all t > 0,
M)(8) < 0.

Since lims, M’ = oo, one has lim,, M~
that -2 [M~%(t1)] <0, and for all t > #,

= 0. Thus, there exists t; > 0 such

0<M™3(t) < M~ (t) + (t —ta)[M ] (1),

which is absurd for t > t; large enough. This contradiction implies that
Tinax(g) < oo. O

7.7 Exercises for Chapter 7

Exercise 7.1. The damped linear Klein-Gordon equation.
Let H = H' (RYN) x L2(R") for N > 1. We denote by g = (g, h) an element
of H. We equip H with the scalar product (all functions are real-valued)

(919) = [ (V9-V3+ 5+ hh)d.

RN

We denote by || - || the corresponding norm on H. Let a > 0. Define
D={g=(g,h) € H:Age L*(R"),h e H'(R")}
Ag = (h,Ag— g —2ah) forall g =(g,h) € D.

1. Prove that the operator (D, A) is maximal dissipative with dense domain
in H. Hint: we recall the identity, for g,§ € H*(R") with Ag € L?,

Jrny Agg dz = — [gn Vg - Vg da.
2. Is the operator (D, A) skew-adjoint ?

3. Denote by (S(t))i>0 the semigroup of contractions on H generated by
(D, A). For g € D, what is the equation satisfied by w(t) = (u(t),v(t)) =
S(t)g 7 What is the corresponding second-order equation for u(t), the
first component of w(t)?

4. For any g € H, let u(t) = (u(t),v(t)) = S(t)g and
E(t) = /RN {l@ + [Vu)? + [u(®)*} do = (u(t), u(t)).

dE(t)
dt °

Prove that the map t € [0,00) — E(t) is of class C! and compute
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Exercise 7.2. The damped cubic Klein-Gordon equation in one space
dimension.

We follow the framework and notation of the previous Exercise in space
dimension N = 1. Consider the following nonlinear equation in space dimension
one, for a > 0,

0Pu = 0%u — u — 200;u + u. (DNLKG)

1. For any initial data (u(0),9;u(0)) = g € H, suggest a weak formulation
of the equation (DNLKG). State and justify a local well-posedness result
for this weak formulation.

For a maximal solution u = (u, dyu) of (DNLKG), we introduce

P = [ {10w®P + [9u0P + o - Gt} .

M(©) = 5luOl: +o [ (o) ds.

The goal of the remaining questions is to prove that if F(0) < 0 then the
solution @ blows up in finite time. From now on, we assume F(0) < 0 and,
for the sake of contradiction, we assume that the solution  is global for
t>0.

2. Check the following relations, for ¢ > 0,
F'(t) = 7404/ |0u(t)]? da,
R

t
M(t) = / w(®)yu(t) dz + 2 / / u(s)dyu(s) dz ds + au(0)|%s,
R 0 R
M"(t) = 3[|0pu(t) |72 + 10u(t) |72 + lu(t) |72 — 2F(#).
3. Prove that lim;_,, M'(t) = oo and lim;_, o, M (t) = 0.

4. Prove that

¢ 3 t 3
M| < a2 @eu] = + 20 ( / ||u<s>||%zds) ( / ||atu<s>|%2ds)

+afu(0)]|7-.
Deduce the following estimate
4 t
M < 3 (200l + 4 [ 10 ds] + 40O
0
5. Prove that for all ¢ large enough, “2[M’(t)]> < M"(t)M(t) and conclude.

Exercise 7.3. In the framework of the previous exercise, prove that for an
initial data g € H sufficiently small in the norm || - ||, the solution of (DNLKG)
is global and converges to 0 in norm || - | when ¢ — co. Hint: for p > 0 small
and p = 2« — p, use the functional

6(0) = [ {10t wul) + 0,00 + (01 = p)lu(o) = Flu)1} .

58



Chapter 8

The nonlinear heat equation

In this Chapter, we study the local and global Cauchy problem for the nonlinear
heat equation
Ou— Au —elu|*u=0 (t,2) e R XU, (8.1)

where I/ is a bounded domain of RY with C! boundary, e = £1, and a > 0. We
consider the case of homogeneous Dirichlet boundary condition on dU.

8.1 The linear heat equation

8.1.1 General setting

We follow the setting of Section 3.6.2. Let X = Co(U) be equipped with the
norm || - [|p=. Define

D={ge XNHJU):Age X}
Ag=Ag forallge D.

From Proposition 3.29, the operator (D, A) is maximal dissipative with dense
domain in X. We denote by (S(t));>0 the semigroup generated by (D, A) given
Theorem 4.1. For any g € D, u(t) = S(t)g € C([0, 00), D) NC*(]0, 00), X) is the
solution of the linear problem

d

U= Au. (8.2)
Moreover, for any g € X, u(t) = S(t)g € C(R, X) is a weak solution of the
linear problem (8.2). This framework is suitable to study both the linear and
nonlinear heat equations.

However, recall that Section 3.6.1 provides another framework to study the
linear heat equation in the Hilbert space L?(U). Since U is bounded, Co(U) C
L2MU) and || - ||z2 < /U] - ||, where |U] is the Lebesgue measure of U. In
particular, we can see the semigroup (S(t));>0 as a restriction to L* of the
semigroup (S(t));>0 on L?(U) given by the setting of Section 3.6.1. In this
setting, we can enjoy the reqularizing effect (see Theorem 4.6) due to the fact
that the Laplacian is a self-adjoint operator operator on the Hilbert space L?(U).
This framework will be used in Section 8.2.2 to study the regularizing effects of
the nonlinear heat equation.
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8.1.2 Exponential estimates in large time
Let Mg > 0 be defined by

Xo = inf {||[Vul|7; u € Hy(U) with ||ufz2 =1}.

It is known (Poincaré inequality, Theorem C.9) that Ay > 0 for a bounded
domain.

Lemma 8.1. For all g € L?(U),

IS®)gllzz < e gl L2
Proof. By density, it suffices to consider the case g € H} () N H*(U). Then,

551808l = [G09)8Gwg) do = - [ 1909 da

< =XollS(t)gl7--
We obtain the result by integrating this differential inequality on [0, ¢]. O

Lemma 8.2. There exists M > 1 such that, for all g € Co(U), for all t > 0,
I15(#)glle < Me™"|g] Lo

Proof. First, we prove that for some constant C' > 0, for any g € Co(U), it holds,
for all t > 0,

_N

[S@®)gll= < Ct™ % igll 2 (8.3)
Proof of (8.3). When ¢ = R, this inequality is deduced from the explicit
expression of the heat kernel

jz/?

Ki(z) = (47t)~ > exp ( "

)7 1Ko (@)l = 0t %,

and the representation of the solution v of d;v = Av with initial v(0) = h as a
convolution product
v(t,x) = (K¢ x h)(z).

Indeed, the Young inequality implies for ¢t > 0 that
_N
[o@)]|e < [[Kellz2[IAl[L2 < Ot [[R]| >

Now, in the case of a bounded domain U of R, we use a comparison argument.
(See the same technique in the proof of Proposition 3.29.) Let g € Co(U)
and define h € C.(RN) by h = |g| on 4 and h = 0 on R \ 4. Denote
v(t) = Ky % h > 0 as before. Set z(t) = v(t)|yy — S(t)g. It is clear that z|g > 0
and 2(0) = 0 on Y. We introduce a function G € C*(R) such that

e G'<1lonR;
e (G is increasing on (0, 00);

e G=0on (—o0,0];
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and we set H (s fo o)do. Define m(t) = [ H(—z(t)) dz. Then,
/G )(O2) do = /G Y(Az)dx = /G’ 2)|Vz)* dz < 0.

Since m(0) = 0 and m > 0, we obtain m(t) = 0, for all ¢ > 0. This justifies that
z(t) > 0 holds for all ¢ > 0. Thus, S(t)g < v(¢t). Proceeding similarly with —g,
it holds S(t)g > —wv(t). Thus, on U, for any t > 0, it holds

1S(t)g] < v(t).

The estimate (8.3) on U thus follows.

Second, by the contraction property, ||S(t)g||L~ < ||gllL=~ < Moe=!||g]| o,
for t € (0,1], with My = e*. For t € (1,00), we write S(t)g = S(1)S(t — 1)g,
and we use (8.3) for ¢t = 1 and next (8.1) for ¢ — 1, which provides the estimate

1S(#)gllz= < CS(t = 1)gllzz < Ce Vg2

< Cetoe™g||z: < Ceov/[Ule™ g -

Therefore, estimate (8.1) is proved for all ¢ > 0. O

8.2 Local Cauchy theory for the nonlinear heat
equation

8.2.1 General local existence result

We denote f(u) = €elu|*u. The Co(U) framework is quite favorable regarding
the Lipschitz continuity condition to be checked on the nonlinearity. Indeed, for
any « > 0 and for any space dimension N > 1,

|f(w) = f()] < Clu— ol (Ju]* + [v]*),
and thus
[ f(w) = f(0)llLe < Cllu = v|[Le (Jul|Ze + [[V]|Z) -

Thus, f:u € X — f(u) € X is Lipschitz continuous on bounded sets of X. The
weak formulation of the problem (8.1) is the following: for g € X and T > 0,
solve

ueC([0,T),X
g+/St—s (s)) ds. &4

The following result is a direct application of Theorems 6.5 and 6.6.

Theorem 8.3. There exists a function Tiax 1 X — (0,00] with the following
properties. For any g € X, there exists u € C([0, Thnax(g)), X) such that for all
T € (0, Tmax(9)), u is the unique solution of (8.4). Moreover, for any g € X,
the following alternative holds:

1. Either Thyax(g) = o0;

2. Or Tax(g) < 00 and then limyr,, . (g) [|9()|| L = 0.
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8.2.2 Regularizing effect

Theorem 8.4. Let g € X. In the framework of Theorem 8.3, for any T €
(Oaﬂnax(g)), it hOldS

u € C((0,T], HX(U)) nC*((0,T), L*(U)) and Au e C((0,T),L*U)).
Moreover, u solves (8.1) on (0,T].

Proof. Using Theorem 4.6, for any g € L*(U), w(t) = S(t)g is the unique
solution of the following problem
w € C([0,00), L*U)) N C((0, 00), Hy (U)) N CH((0, 00), L*U)),
Aw € C((0,00), L*(U)),

(8.5)
Jw(t) = Aw(t), for allt >0,
w(0) =g,
and it holds, for ¢t > 0,
[w®)[z2 < llgll [Vw(t)|| 2 < ! lgll [Aw(t)]| 2 < ! gl
w 2 2, w 2 S —F= 2, w 2 S —= 2.
L2 > (|9]lL L \/27 gllL L t\/§ gllL

For g € Co(U), we recall that ||g|lr2z < +/|U||lg]|Le, where |U] is the Lebesgue
measure of U, and the desired regularizing properties are obtained on the linear

part w(t) = S(t)g = S(t)g of u(t) as defined in (8.4). For the nonlinear part,
we set

v(t):/o S(t—s)f(u(s))ds.

Using Theorem 4.6, we know that s € [0,t) — S(t — s)f(u(s)) belongs to
C([0,t), HE(U)), with the following estimate

1
\2(t—s)

By these properties, for any n > 1, the formula

15t =) f (u(s))l[mr < (1 + ) I1f ()l 2

ni,lt

on(t) = /0 TS — ) f(u(s)) ds

defines a function in C([0, T, H} (U)). Moreover, for any n < m, it holds for any
te€0,17],

—1
m +

Joa®) = oa(®lln < [ 718 = )15y 05

oy .
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Therefore, {v,}5°, is a Cauchy sequence in C([0,T], H}(U)). Since its limit in
C([0,T], L*(U)) is exactly v, we obtain that in addition v € C([0,T], H}(U)).
Moreover, for t € [0,T], we deduce from the previous estimates that

@l <0 (122 Io)lm < (14

Using again the regularizing effect, we deduce that

JAS(E - 5) fu()lz2 < C (1 n }) (1 n WL) |

Proceeding as before, we obtain that Av € C([0,7T], L2()), and thus Au €
C((0, 7], L*U)).
For any § € (0,T) and ¢t € (0,7 — 0), let 4(t) = u(t + 0). Then, & writes

at) = /St—s (s))ds.

Using Corollary 5.7, we obtain @ € C1([0, T — 6], L?) and @ satisfies the equation
(8.1). Thus, also u satisfies (8.1) on (0,T). O

8.3 The maximum principle for the nonlinear
heat equation

Theorem 8.5. In the context of Theorems 8.8 and 8.4, if g > 0 then for all
t € [0, Tmax(g)), it holds u(t) > 0.

Proof. We fix a function G € C!(R) such that
e G'<lonR;
e ( is increasing on (0, 00);
e G(s)=3s%on [0,1];
e G=0on (—oo O]'
and we set H(s) = [; G(o)do. We set m(t) = [ H(—u(t)) dz. Then,

/G ) (D) d /G )(Au+ f(u)) dz

/G' |Vu|2dac—/G u) dx

<C’/G |u|0‘+1<C’/G u)|u| < Cm.

We have used that sG(s) < CH(s) for s > 0 (the proof is easier if € = 1).
Note that the above computation makes sense for ¢t € (0, Tiax(g)). Using
the Gronwall lemma D.4, it follows that for 0 < s < t < Tiax(9),

m(t) < m(s)e?t=*),
Passing to the limit s | 0, using m(0) = 0, we find m(t) = 0 for all ¢ €
[0, Tmax(9g)), which means that u(t) > 0. O
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8.4 Global existence

Theorem 8.6. There exists > 0 and C' > 1 such that if ||g||L < p, then
the corresponding mazimal solution of (8.4) given by Theorem 8.3 is global and
satisfies, for allt >0,

[u(t)llz < Cllgllze "

Proof. Let u be a maximal solution of (8.4) with initial data g € X as given by
Theorem 8.3. Define, for any ¢ € [0, Timax(9)),

N(t) = sup {e)‘05||u(s)||Loo}.

s€[0,t]

Multiplying (8.4) by e*o!, taking the L> norm, and then using Lemma 8.2, we
obtain

t

A fu(t)]| L= < e[S (t)gl| +/ |S(t — 5) f(u(s)) ]| L ds
0
¢
< Mlgllp~ + M / ote 0= [y (5)| |10 ds

t
< Mgl + M/ eAOte_’\O(t‘s)e‘(Ha)/\os[N(s)]1+a ds
0

M
<M o+ —[N(@®)] .
< Mlgllz~ + 3-[N ()]

Thus, for all ¢ € [0, Thax(g)), N(t) satisfies the inequality

N(t) < Mjgllz~ + O%O[N(twa.

Setting

_ M 1+«
O(w) = a}\ow w,

we conclude as in the proof of Theorem 7.5. Let
m = —miny ) 0 and x,, > m be such that 0(z,,) = m.

If M|\gllpe < m < &y, then N(0) < x,,, and for all ¢t € [0, Tiyax(g)), it holds
O(N(t)) > —M||g||L> > —m, and so by continuity, N(t) < z,,. In particular,
the solution is global in time.

Now, we prove the exponential bound. For any a € (0, m), there exists a <
Zq < &y, such that 0(z,) = —a, with z, < Ca for some constant C' > 1. Since
O(N(t)) > —M||g||L>=, we have for all t > 0, N(t) < xpr)g0c < CMl|glLoe,
which completes the proof. O

8.5 Blowup in finite time

We consider the (normalized) eigenfunction o € H2(U) N Hg (U) of the Lapla-
cian on the domain U, i.e. the unique positive solution of

A\IJO+)\0\IIOZO7 Uy >0o0nU, /\IfodLL’:l.
u
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Theorem 8.7. Let g € X be such that g > 0 on U. Assume that
1
/ g(x)To(x)dx > A§ -
u

Then, the corresponding mazimal solution of (8.4) given by Theorem 8.3 blows
up in finite time.

Proof. We consider a non negative initial data, and thus by Theorem 8.5, the
solution itself is non negative for all ¢t € [0, Timax(g)). We define

I(t):/uu(t7x)\llo(x) dz.

Then, using the equation of u for ¢ > 0, and next the Jensen inequality, we
compute and estimate

I’:/u(?tu‘lfod:c:/u(Au—i—f(u))\Ilodx

:/uA‘IIOda?—&—/uaH\I/odx
u u

a—+1
> —)\0/ u\IIde—l— (/ u\IIOda:> .
u u

This means that I satisfies
I' > =X\l + 1oL,

By a standard argument, we prove that I’ > 0 on [0, Tyax(g)). Let § > 0 be
such that
(1= HIO)]" = Xo.

Then, for all t € [0, Tiax(9)), (1 —&)[I(£)]* > (1 — &)[I(0)]* > Xo.
I'> g1t
Integrating this on [0, ¢], we find
O™ =[] = bat,

which proves that Thax(g) < (6a)~L[I(0)]~. =

8.6 Exercises for Chapter 8
Exercise 8.1. Let & be a bounded smooth domain of RY. Let p > 1. Let
0 € Co(U)NHEU) and let u € C([0,T,,), Co(U)NHEU))NC((0,T,,), H*(U))N
C((0,Ty), L?(U)) be the maximal solution of

ug — Au=uP in (0,T,) x U, u(0)=¢ inU.

For all t € [0,T,,), define
Bu(t)) = 1/ IVt o) de — L/ Wt 2) da
2 Ju 7 p+1Jy ’
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1. Prove that E(u(t)) € C([0,T»)) N C*((0,T,,)), and

d 2
EE(u(t)) = —/uut (t,z)dx.

(Hint: for 0 < s < t < Ty, compute 7 [E(u(t)) — E(u(s))] and pass to
the limit as s — ¢.)
2. What can be said about E(u(t)) in the case where only ¢ € Co(U) ?

Exercise 8.2. (A simple blow up criterium)
We consider the following problem

ur — Au = u + uP, reU, t>0,
u=0, x €U, t>0, (P)
(0, z) = ug(z), x €U,
for p > 1 and U a bounded domain of RY with C! boundary.

1. Let ug, vo € Co(U) and let u, v be the corresponding solutions of (P)
on their maximal interval of existence [0, Tinax(¢0), [0, Tmax(vo)). Assume
that ug > avg > 0 for some « > 1. Prove that Tiax(uo) < Tmax(vo) and
that for all ¢ € [0, Tipax(uo)), u(t) > av(t).

2. Assume that problem (P) has a stationary solution w > 0, i.e, a positive

classical solution of

—Aw = w + wP, reU,
w =0, x € OU.
Prove that if ug > aw on U, for some « > 1, then Tyax(ug) < +00.
Exercise 8.3. (Unbounded solution) Find explicitly the solution (¢, z) of
ug — Au = 2u in (0,00) x (0,7), u(0) = sin(z) in (0, ).

Exercise 8.4. (Interior regularity) Let @ = (—1,0) x B, where B is the unit
ball of RN. Let u € C(Q) N C*°(Q) and assume u; — Au = 0. The goal of this
exercise is to prove that, for all « € RY, ¥p > 0,

10707 u(0,0)] < CllullL=(q)-

1. Let p € C§°(R4*1) be such that ¢(0,0) = 1, suppp C (—1,1) x B. Set
w = @*|Vul? + Kluf?, for some K > 0.

Prove that for K > 0 large enough, w; — Aw > 0 on (. The constant K
is now fixed to such value.

2. Deduce from the previous question the following estimate
[V (0,0)]* < KJul|oe ()

3. Conclude.
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Exercise 8.5. (Blow up rate) Let u € C([0,T5,), Co(Ud)) N C((0,T,,), H*(U) N
HYU)) N CL((0,T},), L*>(U)) be the maximal solution of

ug — Au=uP in (0,T,) xU, u(0)=¢ >0inU.
Assume that T, < 400 (blow up in finite time). Prove that
Ve [0,Th), |u@®|i~ >k(Tn —t) 77 where k= (p—1)"77.

Exercise 8.6. In this exercise, B denotes the open unit ball of R3, and S
denotes the boundary of B, i.e. the unit sphere of R3. For z = (21,72, 23), we

1
3 2 . . .
set as usual |x| = <Z =1 x?) . For notational reasons, we recall the integration-

by-parts formula in the particular case of B (note that v = x is the outward
pointing unit normal vector field at the boundary S of B): for u,v € C'(B),
J=123,

/ (Og;u)vde = —/ u(0g,;v) dx + / woz;do(z),
B B s
where o(z) denotes the Lebesgue measure on S.

We denote by A; and ¢, the first eigenvalue and normalized eigenfunction
of —A in B with zero boundary condition : ¢; >0 on B and [, 1 = 1.

Part I. Non existence results for a nonlinear elliptic equation

1. The goal of this question is to prove that there is no nonzero classical
solution of the nonlinear elliptic problem

(E)

Aw+w’" =0, z€B,
w=0, z€S§.

Let w € C%(B) satisfy (E).
(a) Multiply (E) by w and integrate by parts to find a relation between
[ |Vw|? and [ w®.

(b) Multiply (E) by = - Vw and integrate by parts to find a relation
between [, |[Vw|*dz, [, w®dz and [ [Vw - z[*do(z).

(c¢) Conclude that w =0 on B.

2. The goal of this question is to prove that there exists no radially symmetric
positive solution of

{Aw+w70, x € B\ {0}, (SE)

w=0, ze€S§.

Note that we allow a possible singularity at 0. Let w(z) = W(|x|) satisfy
(E) and w > 0 on B\ {0}. We assume that W € C?((0, 1]).

(a) Derive the equation satisfied by W on (0, 1].
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(b) For all s > 1, we consider Z(s) defined by
Z(s) = s_%W(s_l).

Show that Z satisfies the following equation

Z
(SZ,)/ + Z7 _

=0, s>1,
s
Z(s) >0, s>1, (ODE)
Z(1) = 0.

(¢) Prove that Z’(1) > 0.

(d) Prove that s — Z(s) cannot be monotone nondecreasing on [1, 4+00).
Hint: argue by contradiction: assume that Z is monotone nonde-
creasing and show that there exists s; > 1 such that for any s > s,
(sZ")(s) < —3Z"(s1). Conclude.

We denote by sg > 1, the first zero of Z’ on [1, 4+00).

(e) Let any 1 < s9 < s3; multiplying the equation (ODE) by sZ’, inte-
grating on [sq, s3], prove the identity

/83 Z8(s)ds = 5275 (s3) — 31.7%(s1) — [Z%(s2) — Z%(s1)]

+4[(522'(52))* = (12'(s1))°] . ()

(f) Prove that Z is monotone nonincreasing on [sg, +00). Hint: argue
by contradiction, using the identity () for suitable 1 < s5 < s3.

(g) Show that there exists s,, — oo such that lim, . $,2'(s,) = 0.

(h) Using again the identity (x), reach a contradiction and conclude.
Part II. Global radial solutions of a nonlinear heat equation

du—Au—u’"=0, t>0, z€B,
u=0, zx€S, (P)
u(0,z) = uo(z), =z € B.

We assume that ug € C?(B), up > 0 on B and that ug is a radially symmetric
decreasing function on B, i.e.

ug(z) = Up(|z|) where Ul(r) <0 forr e [0,1]. (H)

We also assume that the corresponding classical solution u € C([0, +00), C?(B))
of (P) is global in time. The goal of this exercice is to prove that

t_l}inoo u(t,z) =0 for all z € B\ {0}, (C1)
and
i [ul)]11 ) = 0. ()
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. Prove that for all ¢ > 0, the function z € B — wu(t,z) is also a radially
symmetric decreasing function, i.e., for all x € B, u(t,z) = U(t, |z|) and
for all » € [0,1], 0, U(¢,r) < 0.

. We define the energy of u(t) as follows

E(t) = %/B|Vu(t,x)|2dxfé/Bus(t,x)dx.

Prove that for all ¢ > 0, 0 < E(¢) < Cy, for some constant Cy > 0. Deduce
that, for some C}, > 0,

+oo
/ / |0pu(t, z)|* dz dt < C.
0 B

. Let I(t) = [gu(t,z)p1(z) dz. Prove that there exists a constant Cy > 0
such that
vVt >0, I(t)<C.

. Deduce from the previous question that there exists a constant Cy > 0
such that

vt >0, / u(t,z)dz < Cs.
B

. Let R € (0,1). Let Ug = {z € R®, R < |z| < 1}. Prove that there exists
C3(R) > 0 such that

VE >0, Ju@)llLewn) < Cs(R).
In view of the next questions, we recall the following parabolic regularity

result in LP. Let 0 < R < %, 1 < p < oo and let f € LP((0,1) x Ur). Let
h = h(t,z) be solution of

Oth—Ah=f, te(0,1), z €Up,
h=0, x€bS.

There exists a constant C(p, R) > 0 such that, for all j, k =1,2,3,

10ehll Lo (12 1) xttar) T 1102, Pl Lo (13 1) xtar) + 1022 All Lo (2 11 x04ar)
<O, R)|| fllze (0,11 xttm) -

. Prove that there exists Cy(R) > 0 such that, for any 1 < p < oo, for any
T>1,
107ull Lo (17, 741 xu) < Ca(R).

. Show that for any R € (0,1),

lim |0;u(t)]? = 0.
Ur

t——+oo
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8. Let t, — +o00. Prove that there exists a subsequence of {t,}72, denoted
by {tn, }30, and w € C?(B \ {0}), w solution of (SE) on B\ {0} such
that

lim u(t,,) = w in L®(Ug) for all R € (0,1).
k—+o00

9. Prove (C1).

10. Using again the functional I(¢), prove (C2).

Exercise 8.7 (Continuity of the blow up time for a nonlinear heat equation).
In this text, C'(K) denotes a constant depending on K, which may change from
one line to another. Possible dependency on the domain I/ is not specified.

1. Preliminary. Let §p > 0 and ¢y > 0. Prove that if a positive function
g € CL([0,60]) satisfies g’ > cpg? on [0, 8], then g(0) <

doco

Let §; > 0 and ¢y, co > 0. Prove that if a positive function g € C*([0,41])
satisfies ¢’ > —ca + c19% on [0, 1], then g(0) < max (, /26%, 612@)'

Let U be a smooth bounded domain of R?. We consider the following
nonlinear heat equation

up — Au = u? (t,x) € (0,T) x U,
u(t)‘t?l/l =0 te (OaT)v (86)
u(0,z) = () rEU.

Recall that for any ¢ € Co(U), there exist 0 < Thax(p) < 400 and a
unique maximal solution u of (8.6), satisfying u € C([0,T]),Co(U)) N
C((0, 70, H*(U) N Hy (U)) N CH((0,T], L*(U)) for any 0 < T' < Tinax()-

Let K > 0. In questions 2-10, we consider ¢ € Co(U) such that ||¢|| L~ <
K. Recall that in this case Tax(p) > Tk where Tk > 0 depends only on
K. In questions 2-10, we also assume that u blows up in finite time, i.e.

Tax(p) < +o0.
For all ¢t € [0, Tinax()), define
Aﬂﬂ:/m@@PM

and for all t € (0, Tinax(p)), define
1 2 1 4
Et)== [ |[Vu(t,z)|"de — = [ v*(¢t, x)dx.
2/, 4

2. Recall why E(t) € C*((0, Tmax())), and check that

d 2
EE@Z—Lw@@m.

3. Comparing u with the solution of the equation b’ = h* with h(0) = K,
justify the existence of 0 < 7 < TTK, depending only on K, such that
SUPyeo, ] ()| < 2K. Such 7 is now fixed.
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10.

11.

Prove that there exists C'(K) > 0 such that

vt € [TKmiax((p))a E(t) S O(K)

Let 0 <6 < % and define Ts = Tax(p) — 0.

Prove that there exists C'(K,§) > 0 such that

Yt € [tk,Ts], M(t) < C(K,9).
Hint: study the evolution of the quantity M () and use question 1.
Prove that there exists C(K,0) > 0 such that

Vi€ i Ty, E(t) > —C(K, ).

Prove that there exists C'(K,d) > 0 such that

Ts
/ /uf<C’K5

Prove that there exists C(K,§) > 0 such that

lw)l|Ls(z,L2@y) < C(K,0),

for any interval I C (7x,Ts) such that |[I] < 1.

Hint: use the expression of % Ju?(t) in terms of E(t) and [u*(t

Deduce that
Yt € [T, Ts], ||U(t)||LQ < C(K,9).
Hint: use the inequality (we admit it)
1A 0.2).2.%2 0y < C(T)(I1fell 20,y + I1F | 20,7y <)
+ 1 fllesom) o)
Deduce from the previous question that
vt e [0, 5], [lu(t)||lpew) < C(K, ).

Hint: use the Duhamel formula for u(¢) and estimates for the heat semi-
group.

Conclusion. Prove that the function
@ € Co(U) = Tmax(p) € (0, 00]

is continuous for the ||.||z= topology.
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Exercise 8.8 (Construction of positive solutions to a linear heat equation with
singular potential). Let U be a bounded smooth convex domain of RY, where
N > 3. We denote by f the function distance to the boundary, i.e.

Ve elU, f(x)=dist(x,dU).

Recall the so-called Hardy inequality

1 ¢*(x) 2
Yo € HYU), 7/ dxg/w. 8.7
0( ) 4 y fQ(JJ) y | I ( )
We study the existence problem for the following linear heat equation
vt—Av:%v (t,x) € (0,00) x U,
o(t) o =0 te (0,00), (8.8)
o(0,2) = () vel,

for p € CoU)NH{U), ¢ > 0and 0 < o < 7.

Forn > 1, let
(x) = min ( -
ap(xz) =min | ——,n | .
' f2 ()

1. For any n > 1, prove the existence of a global solution
v € C([0,00), Co(U)) N C([0, 00), Hy(U))
of the problem

(vn)t — Avy, = an(x)vy, (t,z) € (0,00) X U,
Un(t)|3u =0 te (O7T)a (89)
v (0,2) = ¢(z) reU.

Hint: use the Duhamel formulation of the equation and a fixed point
argument in a suitable space on a short interval of time. Then iterate the
argument to obtain a global solution.

2. For all n > 1, prove that v, (t) > 0, for all ¢ > 0.
3. For all n > 1, prove that v,11(¢t) > v,(t), for all t > 0.

For t > 0, define
E,(t) = 1/ |V, (t,z) > de — 1/ an(x)v2(t, ) da.
2 Ju 2 Ju

4. Prove that the function E, is C* on [0, +00) and compute - E,,(¢).

5. Deduce from the previous question and (8.7) the following uniform bound
: there exists C'(«) > 0 such that

Wn > 1, V>0, /\an(t,x)|2dx < C(a)/|V<p|2.

6. Construct a global weak solution v of (8.8) in a sense to specify.

Hint: obtain the solution v as the limit of the sequence {v, }52 ;.
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Appendix A

Elements of topology and
functional analysis

A.1 Metric spaces

Let FE be a non empty set.

Definition A.1. A distance on FE is a mapping d : E x E — [0, c0) satisfying,
for all z,y,z € E:

1. Separation: d(z,y) =0 <= = =y;
2. Symmetry: d(z,y) = d(y,z);
3. Triangle inequality: d(x,y) + d(y, z) > d(z, z).
A set E equipped with a distance d is called a metric space, denoted by (E,d).

Let A be a subset of E. Equipped with the (restriction of the) distance d,
(A, d) is a metric subspace of F.
Let (E1,dy),...,(EN,dN) be N metric spaces and let E be the product set

Then,

defined for any X = (21,...,2n), Y = (y1,...,yn) in E, is a distance on E.
One can also consider the distances
N
doo(X,Y) = Sudej(‘Tj>yj)7 dl(X7Y):Zdj(xj7yj)'

J=1,..., j=1

Unless otherwise indicated, for N > 1, R is equipped of the Euclidian distance




A.2 Normed vector spaces

Let X denote a K-linear space, where K = R or C.

Definition A.2. A mapping |- || : X — [0,00) is called a norm if
1. for all g,h € X, ||g+ Al < |lg|| + [|h]| (triangle inequality);
2. for all g € X, a € K, [lag| = lalllgl;
3. |lgll = 0 if and only if g = 0.

A normed space (X, ||-||) has a metric structure for the distance d associated
to || - ||, defined by d(g,h) = ||g — h||, for any two elements g,h € X.

Two norms on X, denoted by ||+ ||; and || - ||2 are say to be equivalent if there
exists a constant C' > 0 such that

Vge X, gl <Cllgllz and |[lglla < Cliglls-

We recall that on a finite dimensional space, all norms are equivalent.

A.3 Topology of metric spaces

A.3.1 Open sets
Let (E,d) be a metric space.

Definition A.3. We call open ball of center g € E and radius r > 0 the set
B(g,r)={h € E:d(g,h) <r}.

The closed ball of center g € E and radius r > 0 is the set
B'(g,r)={h € E:d(g,h) <r}.

Definition A.4. We say that a subset U of E is open if for any point g € U
there exists an open ball centered at g and included in U. A subset of F is said
to be closed if its complement in E' is open.

By convention, the empty set is open. Any union of open subsets of F is
open. Any finite intersection of open subsets of E is open. Any intersection of
closed subsets of F is closed. Any finite union of closed subsets of F is closed.

For any g € E, we call neighborhood of g a subset of E containing an open
subset containing g. A subset U of E is open if, and only if it is a neighborhood
of each of its points.

If D is a subset of E, the union of all open subsets included in D is called the
interior of D, denoted by D. Note that g€ D if and only if D is a neighborhood
of g. The intersection of all closed sets containing D is called the closure of D,
denoted by D. Note that g € D if and only if any neighborhood of D has a
non empty intersection with D. The complement of D is the interior of the
complement of D. The set D\ D is called the boundary of D denoted by dD.

Definition A.5. We say that a sequence {gi}7>, of (E,d) converges to g € E,
written limy, gr, = ¢, if limg 00 d(gx,g) = 0.
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Remark A.6. Let {gx}r>0 be a family of elements in E, defined for all A > 0
small. We will say that {gx}a>0 converges to g as A — 0, written limyjogr = ¢
if for any sequence {A;}32, of positive numbers converging to 0, the sequence
{9, }32, converges to g.

Definition A.7. A subsequence {g,)}re, of a sequence {gx}32; is character-
ized by a strictly increasing mapping ¢ : N — N.

Definition A.8. We say that g is an accumulation point of a sequence {gy }72
if there exists a subsequence of {gx};2, converging to g.

If a sequence {gx } 32, converges to g, then g is the unique accumulation point
of this sequence. In particular, the limit of a sequence, if it exists, is unique.

Definition A.9. Let (E,d) be a metric space and A be a subset of £. We say
that A is dense in F if its closure A is E. Equivalently, for all f € E, there
exists a sequence {a;}32; of elements of A such that lim; . a; = f.

A.3.2 Continuity

Let (E1,d1) and (Es,ds) be two metric spaces. Let A be a subset of £y and
F: A— Fs be a function. Let gy € A and h € E;. We say that

lim  F(g)=h

g—9go;g€A

if for all neighborhood V5 of h in Fs, there exists a neighborhood V; of gg in Ey
such that F(V; N A) C V5. The limit, if it exists, is unique.

Definition A.10. We say that F': A — Fs is continuous at gy € A if

lim  F(g) = F(g0)-

g—go;g€A
We say that F' is continuous on A if it is continuous at any point of A.
The composition of two continuous functions is continuous.

Theorem A.11. The application F : A — Ey is continuous at g € A if, and
only if for any sequence {gi}52, of A converging to g, the sequence {F(gx)}32,
converges to F(g).

A.3.3 Compactness

Definition A.12. We say that a metric space (E,d) is compact if any sequence
of F admits a subsequence that converges to an element of F.

A subset A of a metric space (E,d) is compact if the metric space (4, d) is
compact.

Proposition A.13. Let A be a subset of a metric space (E,d). If A is compact,
then A is closed in'Y . If E is compact and A is closed in E, then A is compact.

Theorem A.14. Let X be a finite dimensional vector space. Then, A C X is
compact if and only if A is closed and bounded.
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In a vector space with infinite dimension, any compact set is closed and
bounded, but the converse is false in general.

Theorem A.15. Let (F1,ds) and (Eq,ds) be two metric spaces. Let F : By —
Es be continuous. If E1 is compact then F(E4), the image of E1 by F, is a
compact set of Es.

Definition A.16. Let (X,]| - ||) and (Y| - ||y) be two normed spaces. Let
D cC X and F: D — Y. We say that F' is uniformly continuous if the function
w : [0,00) — [0,00) defined by
w(0) = sup ||F(g) = F(h)|y (A1)
g,heD
llg—hll<é

converges to 0 as § converges to 0.

Theorem A.17. Let (Eq,dy) and (Es,ds) be two metric spaces. Let F': Fy —
E5 be continuous. If Eq is compact then F is uniformly continuous.

A.4 Complete metric spaces and Banach spaces

Let (E,d) be a metric space.

Definition A.18. We call Cauchy sequence on E a sequence {gx}7> ; such that

lim d(gj,9x) =0.

j,k—o0
In any metric space, a converging sequence is a Cauchy sequence.

Definition A.19. We say that a (F,d) is complete if any Cauchy sequence is
convergent.

Definition A.20. We say that a normed vector space (X, || - ||) is a Banach
space if any Cauchy sequence is convergent.

Theorem A.21. Any finite dimensional normed vector space is a Banach space.

Theorem A.22. The metric space (E,d) is complete if and only if any sequence
{gr}72 satisfying > pe o d(gr+1,9k) < o0 has a limit.

Corollary A.23. Let > .2, gr be a series of elements gy of a Banach space
(X, [[-11). Suppose that Y1 o |lgkl| < co. Then the series Y oo gr is convergent
m X.

Proposition A.24. Let A be a subset of a metric space (E,d). If A is complete,
then A is closed in E. If E is complete and A is closed in E, then A is complete.

Proposition A.25. A compact metric space is complete.

Theorem A.26 (The Banach Fixed-Point Theorem). Let (E,d) be a complete
metric space. Let ® : E — E be a mapping such that there exists k € [0,1)
satisfying

forallg,h € E, d(®(g),®(h)) < kd(g,h).

Then, there ezists a unique fized point go € E of @, i.e. satisfying ®(go) = go-
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Definition A.27. A map f: (E1,d1) — (E2,ds2) between two metric spaces is
an isometry if for all g, h € E1, da(f(g), f(h)) = di(g, h).

Theorem A.28 (Completion of a metric space). Let (E,d) be a metric space.
There exists a unique (up to isometries) complete metric space (E, CZ), contain-
ing E as a dense subset and such that the restriction of d to E is d.

Any uniformly continuous application f : E — 'Y, where (Y,dy) is a com-
plete metric space, extends uniquely as a continuous application f: E—Y.

The complete metric space (E,J) is called the completion of (E,d). The
completion of a complete metric space is itself. Moreover, if A is a dense subset
of a complete metric space (E,d), then E is the completion of A.

A.5 Space of continuous functions

Let (E1,d1) and (E9,ds) be two metric spaces. An application F' : By — Ej is
bounded if there exists C' > 0 such that d2(F(g), F(h)) < C for all g,h € E5.
We denote by C(E1, Es) the set of continuous mappings from F; to Es and
by Cy(E1, E2) the subset of bounded continuous mappings from E; to Es.
If F; is compact, then C(E1, E2) = Cy(E1, E»).

Definition A.29. The formula

D(F,G) = sup da2(F(9),G(9)),

for F,G € Cp(F1, E2) defines a distance on Cy(E1, Es), called the uniform dis-
tance.

Proposition A.30. Suppose that (F2,d) is complete. Then, (Cy(E1, E2), D) is
a complete metric space.

In particular, for any metric space (F, d), the normed space (Cp(E,R), |- ||),
where the norm || - || is defined by

IF]| = sup [F(g)],
geX

is a Banach space.

A.6 Bounded linear operators

Let (X, - |lx) and (Y,] - ||y) be two normed vector spaces on R.

Definition A.31. A map A : X — Y is called a linear operator if for all
g,he X, a,BeR,
A(ag + Bh) = aAg + BAh.

The range of Ais R(A) ={v €Y : v = Ag for some g € X}. The null space of
Ais N(A) ={g € X : Ag = 0}. The graph of A is the set

G(A) ={(g9,v) e X xY :v = Ag}.
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Theorem A.32. Let A : X — Y be a linear operator. The following three
properties are equivalent.

1. A is continuous at 0;
2. A is continuous on X;
3. there exists a constant C > 0 such that

forallge X, |Aglly <Clgllx-

We denote by L(X,Y) the vector space of linear continuous operators from X
to Y equipped with the norm

Al zcx,y) = sup {llAglly 5 llgllx =1}

Theorem A.33. Let (X,||-||) be a normed vector space, D be a dense subspace
of X, and Y a Banach space. Any linear continuous linear map from D toY
can be uniquely extended to a continuous linear map from X to Y.

We recall the uniform boundedness principle (or Banach-Steinhaus theorem).

Theorem A.34. Let X be a Banach space, Y be a normed vector space, and
Ajjej be a family of linear operators from X to Y satisfying, for all g € X,

sup [|[4;9]ly < oo.
JjeJ

Then, the bound is uniform on the unit ball of X, i.e.
sup [|4;l c(x,v) < oo
jeJ

A linear operator A : X — Y is called closed if its graph is closed, which
means that for any sequence {gx}3>, of X such that lim, g = ¢ in X and
lims Agry = v in Y, one has Ag = v.

Theorem A.35 (The Closed Graph Theorem). Let X andY be Banach spaces
and let A: X =Y be a linear mapping. Then, A € L(X,Y) if and only if the
graph of A is a closed subspace of X XY .

Corollary A.36. Let X be a Banach space and Y be a normed vector space.
Then, the pointwise limit of a sequence in L(X,Y) belongs to L(X,Y).

When Y = X, we denote £(X) instead of £(X, X) the vector space of the
bounded linear operators on X. Equipped with the composition product of
applications A o B, denoted simply by AB, £(X) is a unitary algebra, with
identity element I. The norm on £(X), defined by

[Alle(x) = sup [|Agl||

lgll<1
will also be denoted by || - || when there is no risk of confusion. It is easily
checked that for all A, B € L(X),
IAB|| < [[A[[|B]]-

An element A of £(X) is said to be invertible if it admits an inverse in £(X),
i.e. if there exists B € £(X) such that AB = BA = I. We recall the following
consequence of the open mapping theorem.
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Theorem A.37. Let X be a Banach space. Let A € L(X) be bijective. Then
the inverse of A, denoted by A=1, belongs to L(X).

Recall that if A and B are invertible, then AB is also invertible and it holds
(AB)™! = B7'A~1. We will use the convention A° = I.

Definition A.38. Let A € L(X).

1. The resolvent set of A is

p(A) ={X € R: (A — AI) is invertible with continuous inverse}.

2. The spectrum of Ais o(A) =R\ p(A).

3. We say that A € 0(A) is an eigenvalue of A if N(A—XI) # {0}. We write
op(A) the set of eigenvalues (point spectrum).

4. If A € 0p(A) and g € X, g # 0 satisfies Ag = Ag, then g is an associated
etgenvector.

Note that by Theorem A.37, when X is a Banach space, for A € R such that
(A — \I) is invertible, its inverse (A — AI)~! is automatically continuous.

Lemma A.39. Suppose that X is a Banach space. Let A € L(X) be such that
II —A|l < 1. Then, A is invertible and

o0

AT =3 (T - A

k=0
Proposition A.40. Suppose that X is a Banach space. Let A € L(X).
1. The resolvant set of A is open in R.
2. The spectrum of A is a non empty compact set of R.

The spectral radius is then defined by
r(A) =sup{|A\| : A € o (A)}. (A.2)

Proposition A.41. Suppose that X is a Banach space. Let A € L(X). The
sequence {||A™||Y/™}e2, is convergent and

r(4) = lim ||A" .

n—oo

A.7 The dual space

When Y = K, £L(X,Y) is denoted by X* and called the dual or topological dual
space of X; it is the space of continuous linear forms on X. Equipped with the
norm

|Allzcx)y = sup |Ag],
llgll<1

it is a Banach space.
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A.8 Continuously differentiable functions

Let (X, | -]) and (Y,] - ||y) be two normed vector spaces and let & be an open
set of X.

Definition A.42. For a function f : U — R, where 0 € U, we denote f(h) =
o(h), if for any € > 0, there exists 6 > 0 such that for any h € U with ||h|| < 9,
[f(R)] < ellA].

Definition A.43. We say that an application F' : U — Y is differentiable at
g € X if there exists a continuous linear map, dFy : X — Y such that

1F(g + h) = F(g) — dFy(h)]ly = o(h).

If it exists, this linear map is unique and called the differential of F' at g.
We say that F' is differentiable on U if it is differentiable at any point of U.
We say that F is of class C' on U if it is differentiable at any point of & and
if the application
dF : U — L(X,)Y), g— dF,

is continuous.

A linear combinaison of differentiable functions is differentiable, and the
differential is linear. A composition of differentiable functions is differentiable.

Remark A.44. Let I be an open interval of R and (X, ||-||) be a normed vector
space. Let F': I — X be differentiable at to € I, so that dF}, € L(R,X). Since
L(R, X) is isomorphic to X, we may identify dFy, with a vector of X, and the
real dFy,(1) is denoted by F’(to) or L F(to).

Theorem A.45. Let a,b € R with a < b and (X, | - ||) be a normed vector
space. Let F : [a,b] = X and ¢ : [a,b] = R two continuous mappings on
[a,b], differentiable on (a,b). If for all t € (a,b), it holds || -SF(t)[| < ¢'(t) then
[F(b) = F(a)|| < ¢ (b) — ¢(a).

A.9 Integral of regulated functions with values
in a Banach space
Let (X, || - ||) be a Banach space and let I = [a,b] be a compact interval of R.

The vector space B(I, X) of bounded functions from I to X, equipped with the
norm

[flloc = sup [[£(®)]]
tel
is a Banach space.

Definition A.46. We say that a function f : [a,b] — X is a step function if
there exists zg = a < t; < -+ < ty+1 = b and cg,c1,...,cy € X such that
f(t) = ci on (t,try1) for any k=0,...,N.

We define the integral of f by

/Iflbf<t>dtlfz()ck.

We denote by D be the subspace of step functions in B(I, X)
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This definition yields a linear map

b

fe | f)de,

a

such that, for any step function g : I — R and any z € X

bg(t)wdt: bg(t)dt .
[oma= ([ o)

In this framework, the following inequalities are elementary

\ /a”m)dt

By definition, we say that a function f € B(I,X) is regulated if it belongs
to the closure of D in B(I,X). It can be proved (Exercise) that a function
f I — X is regulated if and only if it admits left and right limits at any
point of /. Using the extension theorem (see Theorem A.33), we deduce that
T extends uniquely to the closure of D in B(I, X). This procedure defines, for
any regulated function f : I — X its integral fj f(t)dt € X. Morever, the
inequalities (A.3) extend to such functions.

In this course, we often use this notion of integral for continuous functions,
which are a particular case of regulated functions.

Another possibility is to extend the notions of measurability and integrability
reviewed in Appendix B to mappings f : [a,b] — X using the Bochner integral.
See [8, Appendix E.5] or [6, Chapter 1].

b
< / £ dt < (b—a)[| ]l (A3)

A.10 Real and complex Hilbert spaces

Definition A.47. Let H be a linear vector space on R. A (real) scalar product
on H is a map (f,g9) — (f | g) from H x H to R satisfying the following
properties

1. Bilinearity: for all f1, f2,91,92 € H, A € R,

Afi+falg) =A(f1 1)+ (f2] 1),
(fi [ Ag1+9g2) = A(f1 | g1) + (f1 ] g2);

2. Symmetry: (f | g) = (g | f), for all f,g € H;
3. Positivity: for all f € H, (f | f) > 0 and
(f1f)=0 = f=0.
Definition A.48. Let H be a linear vector space on C. A hermitian scalar

product on H is amap (f,g) — (f | g) from H x H to C satisfying the following
properties
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1. Linearity and antilinearity: for all f1, f2,91,92 € H, A € C,

M+ falg) = A1l g1) + (f2 | 91),
(fi [ Ag1+9g2) = A(f1 | g1) + (f1 ] g2);

2. Hermitian symmetry: (f | g) = (9| f), for all f,g € H;
3. Positivity: for all f € H, (f| f) >0 and

(f1f)=0 = f=0.

A real or complex vector space equipped with a scalar product has a natural
normed space structure, by setting

LF = (f | Y2

Moreover, the Cauchy-Schwarz inequality holds

I(F IO 19l

Definition A.49. We say that (H, (- | -)) is a Hilbert space if it is complete for
the associated norm.

We recall the Riesz Theorem.

Theorem A.50. Let (H,(- | -)) be a Hilbert space. To any element h € H, we
associate the continuous linear form Ly on H defined by, for any f € H,

Lin(f) = (b | f).

Conversely, for any continuous linear form L on H, there ezists a unique h € H
such that L = Ly,.

Definition A.51. For any subset A of a Hilbert space H, we set
At ={feH:VacH, (a| f) =0}
The set AL is a closed subspace of H.

Definition A.52. We say that a subset A of a Hilbert space H is total if the
subpace spanned by A, denoted by span(A), is dense in H. Equivalently, A is
total if and only if A+ = {0}.

Definition A.53. We say that a Hilbert space is separable if there exists a
finite or infinite sequence of elements of H that form a total set in H.

Definition A.54. Let H be a separable Hilbert space. We call Hilbert basis
of H a finite or infinite sequence {e;};=1,2,... of H that is a total set of H and

satisfies the relations
1 forj=k
(ej | ex) = .
0 forj #k.

In any separable Hilbert space, there exist Hilbert basis.
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Theorem A.55. Let H be a separable Hilbert space and {ej }i=1,2,... be a Hilbert
basis of H.

1. Any element f € H decomposes uniquely as a convergent series in H
f:chej, CjGC.
J
The components ¢; are given by c; = (e; | f) and it holds
IfI? = Z le; () (Bessel-Parseval)
J

2. Conversely, being given complex numbers ~y; satisfying Zj ’yjz < 00, the
series Zj v;e; is convergent in H and its sum f satisfies (f | e;) = ;,
for all j.

A.11 Weak convergence in Hilbert spaces

In Hilbert spaces of infinite dimension, bounded sets are not in general of com-
pact closure (See Exercice A.7). Thus, it is relevant to weaken the notion of
convergence in such spaces.

Definition A.56. Let {f;}32, be a sequence of elements of a separable Hilbert
space H and let f be an element of H. The sequence { f;}32, is said to weakly
converge to f, which is denoted by f; — f if

vhe H, lim (hlf;) = ()

It is easy to see that if the weak limit exists, then it is unique.
Proposition A.57. Let {f;};en be a sequence of elements of a separable Hilbert
space H and f € H. Then

Lm [|f; = f| =0 = f; = f
j—o0
and
fi = = {fj}3%0 is bounded and | f|| < liminf || f;]. (A.4)

The first statement is easy to prove, using the Cauchy-Schwartz inequality

Vhe H, |(hlf; = NI <IlIL = fI-

The second result is a consequence of the Banach-Steinhaus Theorem A.34: for
any integer j, define the map L; on H by

Lj(h) = (hlf;)-

This map is clearly linear and continuous. Moreover, for a fixed h € H, the
sequence {L;(h)}32, is convergent and thus bounded. The Banach-Steinhaus
Theorem implies that the sequence {L; };-’0:0 is bounded and that the limiting
linear map defined by

L:hw— (hlf)
is continuous. Moreover, its norm is bounded by liminf [|L;||zzy. Since it
holds || Lj|| ccay = |1fj]l and ||L||z¢ay = || f]|, the result follows.
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A.12 The Lax-Milgram theorem

Let (H, (-] -)) be a real Hilbert space. We denote by (-, ) the pairing of H with
its dual space H*.

Theorem A.58 (Lax-Milgram theorem). Assume that

a:HxH—R

is a bilinear mapping, for which there exist positive constants «, 8 such that
1. Continuity: for all (¢,v) € H, |a(e,¥)| < Bl
2. Coercivity: for all ¢ € H, a(p, ) > al|e|*.

Then, for every £ € H*, there exists a unique g € H such that

a(g,p) = (t,) for any p € H.

A.13 Exercises

Exercise A.1. Let X and Y be two normed vector spaces and £(X,Y’) be the
set of continuous linear applications from X to Y, equipped with the operator
norm. Show that if Y is complete then £(X,Y") is complete.

Exercise A.2. Let A be a continuous operator on a Banach space X such that
| A| < 1. Prove that I — A is invertible with inverse > p- j A",

Exercise A.3. Prove that the set of inversible operators is open in £(X).

Exercise A.4. Prove that spectrum o(A) of a continuous operator is compact
and included in the disk of centre 0 and radius || A].

Exercise A.5. Prove Theorem A.33.

Exercise A.6. Let (X,| - |x) and (Y,]| - |ly) be normed vector and D be a
dense subspace of X. Let {A,}52, be a sequence of £(X,Y). Suppose that
there exists a constant C' > 0 such that

V>0, [Tulcxy) <C

and that for any g € D, the sequence {A,g}>2 , has a finite limit Ag as n — oo.
Prove that A : D — Y defines a linear and continuous map. Prove that if A
extends to A € L(X,Y), then for any g € X,

lim A,g = Ag.
n—oo

Exercise A.7. Let H be a separable Hilbert space of infinite dimension and
let (ej)jen be a Hilbert basis of H. Assume that the sequence {e;}%2, has a
limiting point £. Montrer que pour tout z € H, la suite de terme général (e;|z)
tend vers zéro. En déduire que £ = 0 et conclure au fait que la boule unité d’un
espace de Hilbert séparable de dimension infinie n’est pas d’adhérence compacte.

Exercise A.8. Show that weak convergence does not imply strong convergence.
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Exercise A.9. Let {f; 720 be a sequence in a separable Hilbert space H which
weakly converges to f, and satisfying in addition

lim [ £5]] = [|f]].
j—oo

Prove that the sequence { f; }3?';0 converges strongly to f in H.

Exercise A.10. Let {f; 520 be a bounded sequence in a separable Hilbert
space H. The goal of this exercise is to prove that there exist f € H and a
subsequence of {f; };-”;0 converging weakly to f. For any Hilbert basis (e, )n>1
of H, we will consider the sequence {(f;|en)}32, and apply a diagonal extraction.

1. Prove that there exists a subsequence {fy, (;y}; such that {fy le1)};
converges to a scalar v; (¢1 : N — N strictly increasing).

2. Prove that one can extract from {fy, ;) }; a subsequence { fy, oy, (j)}; telle
que {fy,0u,(j)le2)}; that converges to some ;. Continue and construct
for any n a subsequence {fy,o...0u,(j)}; extracted from the previous ones
and such that {(fy,o. .op;(j)len)}; converges to a scalar ;.

3. We define for any j € N, ¢(j) =41 0...0;(j). Prove that for any n,

li iVI€n) = Tn

].Hlinoo(f«p(jﬂe ) Y

Last, prove that )" ~ne, defines an element of H to which the subse-
quence { f,;)}; weakly converges.

Exercise A.11. 1. Let {g,}>2, be a sequence of a Hilbert space (H, (- | -)).
Suppose that {g,}52; converges weakly to g € H. Prove that there ex-
ists a subsequence of (g,), denoted by {g,(x)}zZ; such that the sequence
{hn}52; defined by

1

hy = %(gap(l) + o+ G

converges strongly to g.

Hint: prove that one can reduce to the case g = 0 and construct the
subsequence (g, (x))x>0 by induction.

2. Let C be a convex subset of H. Prove that C is weakly closed if and only
if C' is strongly closed.
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Appendix B

Lebesgue integral on RY
and LP spaces

B.1 Lebesgue measure

Definition B.1. We say that a collection B of subsets of RY is a o-algebra
on RV if

1. The empty set ) and R belong to B;

2. A € B implies RV \ A € B;

3. For any sequence {A;}32, of elements of B, it holds
J4,eB and (4B
j=1 j=1

Definition B.2. The Borel o-algebra Bor(RY) is the o-algebra generated by
the open subsets of RY, i.e. the coarsest o-algebra on R that contains all
open subsets of RY.

Definition B.3. We call a measure on (R™,B) a function  on B such that
L p(®) = 0;
2. For any A,B € B,

ANB=0 = u(AUB) = u(A) + u(B).

3. For any non decreasing sequence {4;}72, of elements of B, it holds

(UA ) = supu(A;) = limu(4;),

Now, we introduce the N-dimensional Lebesque measure Ay on RY.
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Theorem B.4. There evists a unique measure Ay on Bor(R™) such that for
all box B =T[_,(a;,b;) of RN

N
AN(B) = H(bj —aj).

A subset A of RV (belonging to Bor(R”) or not) is said negligible if there
exists B € Bor(R") with A C B and A\(B) = 0.

A property P(r) depending on 2 € R is satisfied almost everywhere if it is
satisfied everywhere on R™ except possibly on a negligible set.

B.2 Measurable functions

Definition B.5. Let f: RY — R. We say that f is a measurable function if
for any open subset U of R,

fYU) = {z e RN : f(x) eU} € Bor(RN).

Recall in particular that any continuous function f : RN — R is measurable.
The sum and the product of two measurable functions is measurable. If { fr}32,
are measurable functions, then so are limsup f; and liminf f.

Let 14 the characteristic function of A € Bor(R”) be defined by

1,4(38)2{1 ifzeA

0 otherwise.

Then, 14 : RV — R is measurable.

B.3 Lebesgue integral for positive functions

Using approximation of positive measurable functions f : RY — [0,00) by
simple functions, one defines the Lebesgue integral for positive measurable func-
tions as a map f — [~ f(2)dx € [0,00] (also denoted by [, f or simply [ f)
satisfying the following four fundamental properties.

1. Linearity: for f,g, two positive measurable functions, and «a, 8 € [0, 00),

| er<sn=al e8] o

2. Comparison: if f < g on RV then fRN < fRN g.
3. Normalisation: for any box B = vazl(bj — a;), one has

N
/RN 15() de = Aw(B) = [[(b; — ay)-

j=1

4. The Beppo-Levi monotone convergence theorem
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Theorem B.6. Let {f,}°2, be a non decreasing sequence of positive
measurable functions. Define f(x) = sup,, fu(x) for allxz € X. Then f is
measurable and

/RN fdx = lim fndx.

n—oo RN

Note that more generally, for any A € Bor(RY), [14(x)dz = Ay (A).
We also recall the following result.

Proposition B.7. Let f be a positive measurable function on RN. Then

fdr =0 < f =0 almost everywhere on X.
RN

B.4 Integral of summable functions

Definition B.8. An application f: R"” — R or C is said to be summable (or
integrable) if it is measurable and [y | f]dz < co.

Definition B.9. Real-valued case. For f : RY — R summable, the integral
of f is defined by

/RNfdx: RNf+dx—/RNf_dx,

where
f+:sup(f,0), f_zsup(—f,O), ngigl.ﬂa f:f+_f_-

Complex-valued case. For f : RY — C summable, the integral of f is de-

fined by
fdx = ﬂ?fdx—l—i/ Sfde.
RN RN RN
Proposition B.10. 1. The space of summable functions is a vector space

on R or C, denoted by LL(RY,Bor(RY), \n) or simply L*(RY).

2. The application f +— fRN fdz is a linear form on L'. Moreover, for any

f €Lt it holds
‘/ fdx S/ |f] d.
RN RN

3. Let f1 and fo be two measurable functions that are equal almost every-
where. Then, f1 is summable if and only if fo is summable. In this case,
they have equal integral.

B.5 Integration on a subset of X

Let M € Bor(R”) and g be a function from M to C. We define the function
gnr on RV that is equal to g on M and equal to 0 on RY \ M. Then, g is
summable on M if, and only if gj; is summable on RY and we define

/gdm:/ g dex.
M RN
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It is equivalent to define directly the integral on M, by considering the o-algebra
Bor(M) of elements of Bor(RY) that are contained in M and the restriction
Ay of the Lebesgue measure Ay to Bor(M). Then, we can use the general
integration theory to give a sense to || v 9dw.

B.6 The dominated convergence theorem

Theorem B.11. Let {f;}72, be a sequence of measurable functions. We as-
sume that

o The sequence {fir}72, converges almost everywhere to a measurable func-
tion f;

e There exists a function g € L' such that for any k > 1, |fr| < g almost
everywhere.

Then f € L' and
lim |fx — fldz = 0.
RN

k—o0
In particular,

lim fedr = fdx.
RN

k—o0 RN

Now, we state applications of the dominated convergence theorem to func-
tions defined by integrals depending on a parameter.

Theorem B.12. Let U be an open set of RN. Letto € U. Let f :U x X — C
satisfying

1. For allt € U, the function x — f(t,xz) is measurable.
2. For almost all x € X, the function t — f(t,x) is continuous at to.

3. There exists a non negative summable function h such that, for allt € U
and almost all x € X, we have

£ (&, )| < h(z).
Then, the function F: U — C
F(t)= ft,z)dz.
RN
is well-defined on U and continuous at tg.

Theorem B.13. Let I be an interval of R and let f : IXRN — C. Assume that
there exists a subset Z of RN of measure zero such that, setting X = RN\ Z,
it holds

1. For allt € I, the function x — f(t,x) is summable.

2. The partial derivative %’:(t,x) exists at all point of I x X.
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3. There exists a non negative summable function h such that for any point

(t,x) e I x X,
15)
a{(t,m] < h(a).

Then, the function F : t — fRN f(t,x) dx is differentiable on I and

B.7 Lebesgue spaces

B.7.1 The Lebesgue space L!

Let U be any open set of RV equipped with the Borel o-algebra and the
Lebesgue measure. In the space £! = L£1(U,Bor(U), \), the application f
I fller = [1f]da is a semi-norm:

o Forany f € L' and a € C, |la fl|: = |a] || f] -

o Forany f,g € L', |f +glls <1 fllzs + llgllze-

However,
Il =0 < f =0 almost everywhere.

This property is weaker than the separation property of a norm. Thus, we are
led to modify the space £! to define a norm related to || - ||z1. On £, we define
a equivalence relation ~ (reflexive, symmetric and transitive binary relation) by

f~g < f =g almost everywhere.
For f € L', we denote [f] the equivalence class of f
[f] :== {g e L' f =g almost everywhere}.

Definition B.14. The Lebesgue space L' is defined by L' = {[f] : fe€ L'}.
The Lebesgue integral of [f] is defined by [f] — [[f]dz = [ fdz, and this
definition is independent of f chosen in [f].

The semi-norm || - ||z1 on £! now defines a norm || - |1 on the space L1,
Al = [ 114 where 1€ (1]
Indeed,
Al =0 = [Iflds=0 = f=0ae. = [1]= 0]

In practice, we will identify [f] € L' with any representative in £! of this
equivalence class, denoted by f, of [f] and we denote ||[f]||r: = ||f|lL:-

Theorem B.15 (Fischer-Riesz). The vector space L, equipped with the norm
|| “1lz1 is @ Banach space.
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Corollary B.16. Let {fi}7°, be a sequence that converges to f in L'. Then
there exists a subsequence of {fi}7°, that converges almost everywhere to f.

For continuous functions, the notion of support is well-known.

Definition B.17. Let f : RV — C be a continuous function. We call support
of f the closure of the open set {x € R™ : f(x) # 0}. The support of f is
denoted by supp f.

We denote by C.(U) the space of continuous functions with compact support
in U. Equivalently, it is the space of continuous functions &/ — C that vanish
outside a compact set of RY included in U.

Theorem B.18. The space C.(U) is dense in L*(U), which means that for any
function f € L*U) and any € > 0, there exists f- € C.(U) such that

/\f—fa\dxﬁe-
U

Proposition B.19 (Continuity of translations in L'). Let f € LY(RY). Let
7t L2RY) — L2RY) be defined by

™wf(x) = f(z —h).

Then,
7 f = fllzr = 0.

Now, we introduce the notion of locally integrable functions.

lim
h—0

Definition B.20. We say that a mesurable function f : &/ — R belongs to
LL (U)if f-1x € LY(U) for any compact K C U.

loc

Remark B.21. Recall that if f € L{, () and [, fu = 0 for all u € C.(U),
then f = 0 almost everywhere on U.

B.7.2 The Lebesgue space L?

Let U be any open set of RV.

Definition B.22. A function f : U — C is said to be square integrable if it is
measurable and [, |f|* < co.

The space £? of square integrable functions is stable by multiplication by a
scalar and by sum since

If+g1* <21f1” + 2|9/

It is thus a vector space. Moreover, if f and g belong to £2, then fg is integrable
since | fg| < 3(|f|* + |g/*). Thus, one can define

| g :/?g

(note the convention for the hermitian scalar product) and

1/2
£l = (f | F)Y2 = ( / | f|2) .
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We recall the equivalence relation
f~g < f =g almost everywhere.
For f € £?, we denote by [f] the equivalence class of f
[f] :=={g € £?: f = g almost everywhere} .
Definition B.23. The Lebesgue space L? is defined by L? = {[f]: f € £?}.

Theorem B.24. The space L? equipped with the hermitian scalar product

(192 = [T

is a Hilbert space, with corresponding norm || fllrz = (f | f}i/f

Proposition B.25. Let {f,}52, be a sequence of L? functions that converges
to f in L. Then there exists a subsequence of {f,}2%, that converges almost
everywhere to f.

Theorem B.26. The space C.(U) is dense in L*(U): for any function f €
L*(U) and any € > 0, there exists f. € C.(U) such that

If = fellee@ < e

Proposition B.27. Let f € L2(RY). Then
tim |17, f — fll12 = 0.

where T, s defined in Proposition B.19.

B.7.3 The space of essentially bounded functions L*°

Definition B.28. A measurable function f on R is said to be essentially
bounded if there exists M € R and a negligible subset Z of RY such that
|f(x)| < M, for all z € RV \ Z.

Definition B.29. If f is essentially bounded, we define its essential upper bound
by

|| fllL = inf{M : there exists a negligible set Z
such that |f(z)] < M, for all z € RN \ Z}.

Remark B.30. We observe that with this definition, there exists a negligible
subset Z of R so that |f(z)| < ||f]|z~, Vo € RV \ Z.

Definition B.31. The space L>=(R") of classes of essentially bounded func-
tions for the equivalence relation f = g almost everywhere, equipped with the
norm || - ||~ is a Banach space.
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B.7.4 The Lebesgue spaces LP
Let 1 <p < oo.

Definition B.32. The space LP(R",Bor(R"), A\y) (or simply £P(RY)) is the
space of measurable functions f : RV — C such that |f|P is summable. We
define

1

Il = ([ 1@rac)”.

Proposition B.33 (Minkowski inequality). For any f,g € LP, it holds

If +glle < 1Fllze + llgllzr-

Definition B.34. The space LP(R™) of classes of functions of LP(RY) for the
equivalence relation f = g almost everywhere, equipped with the norm || - ||z»,
is a Banach space.

Theorem B.35. 1. Let u and v be non negative summable functions on RY
and let 0 € (0,1). Then, uv'=% € LY(R") and

0 1-0
/ wol = dx < (/ udx) (/ vdac) .
RN RN RN

2. Let 1 < p<oo. Let p be the conjugate exponent of p defined by

+
p P
If f € LP(RN) and g € LP (RYN), then fg € LY(RN) and

Ifglley < [ fllzellgll Lo -

B.7.5 Support

We extend the notion of support to measurable functions and to (classes of)
functions in L.

Definition B.36. Let f : i/ — R be a measurable function. Let (w;);cs the
family of all open sets of U such that f = 0 almost everywhere on w;. Define
w = Ujeswj. Then, f = 0 almost everywhere on w and the support of f is
defined by
supp f = Q\ w.

Note that for two measurable functions f and g, if f = g almost everywhere
on U, then supp f = supp g. Thus, the notion of support for a (class of) function
in L', or more generally in LP, makes sense.

B.8 Multiple integrals

B.8.1 Product o-algebra and product measure

The product o-algebra Bor(R?) ® Bor(R?) is Bor(RP™?). Let A, be Lebesgue
measure on RP. Then, the product measure A\, ® A\ is Ap4q.
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B.8.2 Fubini theorems
Theorem B.37 (Fubini theorem for borelians). Let S € Bor(RPT).

1. For each x € RP, the vertical slice S, = {y € R9: (z,y) € S} belongs to
Bor(R?).

2. The application x € RP — A\, (S;) € [0, 00] is measurable.

3. It holds
)‘p+q(S):/ Aq(Sz) da.
Rr
Theorem B.38 (Non negative functions: Tonelli theorem). Let f : RPT? —

[0, 00] be measurable. Then,

1. For all x € RP, the partial function y € R? — f(x,y) is measurable and
the function from R? to [0, 00] defined by x — qu f(x,y) dy is mesurable;

2. The same property holds exchanging x and y;
3. The following identity holds:

/Wf: m{ - f(z,y)dy} dz—/Rq{ . f(z,y)d:z:} dy. (B.1)

In particular, f € £L*(RP*9) if, and only if y pr f(z,y) dx is integrable
on RAY.

Theorem B.39 (Real or complex-valued functions : Fubini theorem). Let f
be a summable function on RPT4. There exist two sets Zx € RP and Zy € RY
with \p(Zx) = A\g(Zy) = 0 such that:

e For all x & Zx, the function y — f(z,y) is summable on R? and the
function x qu f(z,y)dy is summable on RP.

o For all y € Zy, the function x — f(x,y) is summable on RP and the
function y — [g, f(z,y)dz is summable on RA.

o The identity (B.1) holds.

B.9 The Fourier transform

B.9.1 Convolution product in L!

Theorem B.40. Let f,g € L'(RY) and r : RN x RN — R be defined by
T(IL‘,y) = f(I - y)g(y) Then;

e For almost all x € RN, the function y +— r(x,y) is summable on RY.

e Defining, for almost all z € RV,
(J‘*g)(%):/R (z,y) dy—/ f(@—y)g(y) dy,

the function f * g is summable on RN a

If % gl < 1 F Nz llgllee-
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e For any f,g,h € LY(RY),
fxg=gxf and (f*g)*h:f*(g*h)'

The function f * g is called convolution product of f and g.

Theorem B.41 (Convolution product and differentiation). Let f € L'(RY)
and let g be a bounded continuous function on R™. Then, the function f % g
defined at any point of RN by the formula

(Feoe) = [ se=vato) du= [ o= d

is continuous and bounded.
If, moreover for some p > 1, the partial derivatives of g up to order p exist,
are continuous and bounded, then the same is true for f g and it holds

ofrg) _, 99 I (fxg) Py

—f R i - —
oz, oz, Db - OEN 9zt - - OEN

:f*

Theorem B.42 (Convolution product in L?). It holds

1. Let f € LY(RYN), g € L2RN). Then, (f «g)(z) is well-defined for almost
all z € RN. The function f g belongs to L>(RY) and

If % gl < I flleellgll L2

2. Let f € L2(RY), g € L2 (RY). Then, (f x g)(x) is well-defined for all
x. The function f x g is continuous, bounded, converges to 0 at infinity.
Moreover,

If * gl < [[fllr2llgllLe-
Theorem B.43 (Approximation of the identity). Let h € L'*(RY) be such that
Jrw h(x) dz =1. We set
hn(x) = nNh(nz) forn > 1.
o If f € LY(RN) then fxh, converges to f in L*(RY) as n — co.
o If f € L2(RN) then f x h, converges to f in L>(RN) as n — co.

Remark B.44. For instance, consider on RY the function h(z) = 7~ % e~ l2I"
which is summable, of class C* and of integral 1. Any function of L? is limit
in L? of the sequence of functions {f x h,, }32; where each f * h,, is of class C*
by the differentiation theorem of convolution product.

B.9.2 Support and convolution

Proposition B.45. Let f,g: RY — C be two continuous functions, summable
on RN. Then,
supp (f * g) C supp f + suppg.

In particular, if two continuous f, g have compact support, then f x g also
has a compact support.
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B.9.3 Convolution and density : continuous functions

Recall that we denote C.(R™) the space of continuous functions R — C with
compact support. More generally, for all p > 1, we denote CP(RY) the space of
functions of class C? with compact support.

Lemma B.46. For any p > 1, the space CP(RY) is dense in C.(R™) for the
uniform norm. More precisely, for any g € C.(RY), there exists a sequence of
function g, € CR(RY) such that, for alln > 1,

lg — gnllz= <1/n and suppg, Csuppg+ B(0,1/n).
We denote by h : R — [0, +oo] the function defined on B(0, 1) by
N

$2
h(z) = ay exp ( : b :xP) L 2= e,

j=1

and extended by 0 outside B(0,1). We choose the constant ay > 0 so that
lP]l L1 (m~y = 1. We check that the function h is of class C*°. For all n > 1, we
denote

ho(x) = n™ h(nz).
The function h,, is of class C*° and supp h,, C B(0,1/n). Moreover, ||hy||p: =
[hllr: = 1.

Proposition B.47. For any p > 1, the space CP(RY) is dense in the space
(L2RY); | - [lz2)-

B.9.4 Fourier transform in L'

Definition B.48. For any f € L'(RY), the Fourier transform of f is the
function denoted by f or F(f) and defined for all ¢ € RY by

~

fo= [ e an

Theorem B.49. Let f € LY(RY) and let f be the Fourier transform of f.

Then, the function f is continuous and satisfies ||f||Loo < N fllzr- Moreover,

~

lim f(&) =0.

|€] =00

B.9.5 Properties of the Fourier transform

Proposition B.50. o If f is real-valued then f has the hermitian symme-

~

try: F(—€) = f(€).

If f has the hermitian symmetry then f is real-valued. More generally,

FU@) = F |79 .

o If f is even (resp. odd) then fis even (resp. odd).

If f is real-valued and even, then J? 1s real-valued and even.
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e Translation:
Flfl@—wo)] = e Cf(€),  Fle™f(x)] = F(€ - &)
o Dilation: for X > 0, R
Flf(@/N] =AY F().

Theorem B.51. If (1 + |z|) f € LY(RY) then fe CYRN) and for all j =
1 N

PR 5

S0 = i [0, @) de = 1 Py )(6)

More generally, for p>1, if (1 + |z|P)f € LY(RY) then fe CP(RN).

Theorem B.52. If f € C}(RN) N L*RY) and for j = 1,...,N, 2 €

al‘j
LYRYN), then
8f o 7i§'lL’ af . ] -
FaZ)©= [ e gt a=ig fe.

More generally, forp > 1, if f € CP(RN)NLY(RYN) and all the partial derivatives
of f up to order p belong to L*(RY), then

am €] 1F©1=o0.

Theorem B.53 (Convolution and Fourier transform in L1). Let f,g € L*(RY).
Then,

F(fx9)=Ffg

Theorem B.54 (Fourier inversion in L'). Let f € L*(RY) be such that f €
LY(RN). Then, for almost all z € RN, it holds

1 o
W/}{Nemff(f)d@

B.9.6 Fourier transform in L2

fz) =

Define the normalized Fourier transform of f by
GO = s [ ¢ €7 To)da
- 27T)N/2 RN
and the inverse normalized Fourier transform of ]?by

G(P)) = Gyas |, e Fl0) e

Theorem B.55. The maps G and G extend to bijective isometries from L?(RN)
to itself and their extensions, still denoted G and G, satisfy

gc@:@og:Isz,
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B.10 Exercises

Exercise B.1. Let ¢ € L>*(R"). For g € L*>(R"), we define Ag = pg. Prove
that A is a continuous operator on L?(R"), with norm [|A|| = ||¢]| -

Exercise B.2. Prove Proposition B.27.
Exercise B.3. Compute the following classical Fourier transforms.
1. Indicator function of an interval [a, b]:

in (b=a
2sm(§ 52€) exp <_ia—2|—b> ‘

F (L) =

2. Gaussian functions: on RY, for o > 0,

P = (3 e (),

3. Rational fractions: in R, for a > 0,

2a
_ —alg]
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Appendix C

Sobolev spaces

C.1 Distribution theory

Let U be a nonempty open set of RY. We denote by D(U) the space of infinitely
differentiable functions on U with compact support on U. If ¢ € D(U) and
a=(a,...,ay) € NV is a multi-index, we set

8% = i al... i o ,L
Y= Oz OxrN C'Oi@x?l...ax?\,fv’

o] = a1+ ...+ an.

with

We equip the space D(U) with a pseudo-topology, defining the notion of conver-
gence for sequences in D(U).

Definition C.1. We say that a sequence {¢,}22, of D(U) converges to ¢ €
D) if

1. The support of ¢, is included in a fixed compact set K of U for any n € N;

2. For any a € N¥| the sequence {9%p,,}°°, converges to 0% uniformly
in K.

Next, we introduce the space D'(U) of distributions on U as the space of
linear forms on D(U) with a suitable continuity property: for T a distribution
on D(U) and (T, ¢) denoting the duality product D’ (U), D(U), for any sequence
{on}5Ly of D(U) converging to p € D(U), the sequence {(T’, v,)}72, converges
to (T, p).

The space D' (U) itself can be given a pseudo-topology.

Theorem C.2. If {T,,}52, is a sequence in D' (U) such that for any ¢ € D(U)
the real sequence {(Th,, p)}°2, converges in R to a limit denoted by (T, ), then
T is a distribution and we say that the sequence {T),}5>, converges to T in the
sense of distributions.

Example C.3. The following are standard examples of distributions.
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1. Locally summable functions. To any f € Llloc(U), we associate a distribu-
tion, still denoted by f, defined by

(fip) = /uf(ﬂc)w(x) da.

The identification between f and the corresponding distribution is justi-
fied by the fact that if two locally summable functions define the same
distribution, then they are equal almost everywhere by Remark B.21.

2. Point masses. The Dirac distribution at the point a € R is defined by
(0a, ) = p(a).
More generally, for any oo € NV,
(T, ) = 0%(a)
defines a distribution.

Now, we introduce the differentiation in sense of distributions. If T is a distri-
bution on U, we define another distribution % on U by the formula
J

T
for any ¢ € D(U), <gx_,g0> =— <T 890> .
j

)
ij

We denote by D(U) the space of of infinitely differentiable functions on u
with compact support on ¢. In particular, a function ¢ belongs to D(U) if there
exist an open set O of RY containing ¢ and a function ¢ € D(O) such that
p=¢onlU.

C.2 The Sobolev space H' (i)

A given function g € L?(U) is locally summable and so can be viewed as a
distribution on /. In particular, one can define its first order partial derivatives
;ng for any 7 =1,..., N as distributions on /. In general, ;791_ does not belong

to L?(U), which motivates the introduction of the following function space.

Definition C.4. We call the Sobolev space of order one on U C RN the space
1 2 99 2 .
H' U)=<4g€lL (Z/{):a7€L (U) for any j=1,...,N ;.
J

We equip H'(U) with the real scalar product

dg Oh
(9, 1) _/u 9h+za767j de,
j=1

and we denote by ||g| g1 the associated norm.

Theorem C.5. The space (H'(U), (-,-)g1) is a separable Hilbert space.
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Recall that the space D(U) is dense in (L?(U), || - ||z2). In general, the space
D(U) is not dense in (H'(U),|| - ||g1). This justifies the following definition.

Definition C.6. We denote by H{(U) the closure of DU) in (H*(U), | - || z1)-

Theorem C.7. The space D(RY) is dense in H*(RY). In particular,
Hy(RY)=H'(R").

Theorem C.8. Let g € HE(U). We define

. Jg onl,
770 on RN\ U.

Then, § belongs to H'(RY).

Theorem C.9 (Poincaré inequality). If the open subset U of RN is bounded
then there exists a constant C = C(U) > 0 such that

8g2

N
for any g € B, lgllien < O\ S| 5
j=1

L2(U)

For specific properties of H' function in one dimension, see Exercises C.2,
C.3 and C.4.

C.3 Integration on surfaces

C.3.1 Case of a local graph

We denote by = (2/, 2x) € RY a point of R, where 2/ € RV "1 and 2y € R.
We consider an open set w of RV =1, (a,b) an open interval of R and a function
® :w — (a,b) of class C'. We set

U={recwx(ab):xzy > ()}
U={zecwx(a,b):zy > ()}
U ={recwx(ab):xy =)}

The outer unit normal vector at a point (x’, ®(z')) of the surface OU is defined
by

2%
o1
1 : (1)
V= —-——""7 . .
14 |[V'®(a")|? fokis
oxrN_1
-1

where V' denotes the N — 1-dimension gradient of ®. Next, for any function f
defined on OU, continuous and with compact support on U, we set

(@) do(z) = / £ B )T+ VB A, (C.2)

ou
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Note that the above defines a positive linear form on the space of continuous,
compactly supported functions on dU. Actually, the above integral can be
defined in the more general setting of measurable functions defined on 9U.

Recall that X of class C! on U means that X; is continuous on U, of class
C' on U, and all its first partial derivatives extend continuously to U. Recall
also the notation

N OX N
divX =) —"2 and X-v=>) X;u;.
j=1

8$j

j=1
We recall the Stokes formula in the present context.
Theorem C.10. Let X = (Xq,...,Xn) be a vector field defined on 1/7, such

that the support is a compact subset of U. Suppose that the components X; of
X are of class C* onU. Then

X -vdo = / div X dz.
ou 17

C.3.2 Definition of an open set with C! boundary

We continue with the definition of a C!' boundary. Let U be any open set of
R”. Recall that the boundary 0U of U is defined by oU = U \ U.

Definition C.11. We say that the boundary U is C! if for any point m € U,
there exist

1. An orthonormal system (y) of coordinates (y1,-..,yn);

2. An open set w of RV~! containing m’ and an interval (a,b) containing
my, where (m’,my) are the components of m in the system (y);

3. An application ® : w — (a,b) of class C! such that in the system (y)
UNC={yeC:yny >3y},
where C' = w x (a,b).

In this framework, at a given point m € OU, we associate the outer unit
normal vector defined by (C.1). Its definition is proved to be independent of
the choice of coordinate system (y).

If U is bounded with C! boundary, its boundary AU can be covered by a
finite number of cylinders Cy, = wy X (ag,br) (k =1,..., K) such as in Definition
C.11, corresponding to choices of coordinates (y); and applications ®5. By the
compactness of OU and partition of unity, one can find K functions (xx)k=1,... k
of class C*° such that Zgzl Xk = 1 in a neighbourhood of OU and each xj has
compact support in C.

Now, let f : 0U — C be a continuous function. Then, for any k =1,..., K,
the integral [, f(z)xx(x)do(z) being defined as in (C.2), the sum

N
> /a J@@)do()
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is independent of the choice of Cy, the coordinates (y), the functions ¢ and xy,
for any k£ = 1,..., K. This sum is denoted by [, f(z)do(z). The Stokes
formula in T heorem C.10 then extends to this case. In p.eurtlcular7 we deduce
the following calculus formulas.

Theorem C.12. Let U be a bounded open set of RN with C' boundary.

1. Integration by parts. For any f,g € C*(U), j=1,...,N,
of
= do(
Lo@ 5t @as= | j@op,dot /f S (@) da,
where vj = cos(v,e;), for j =1,...,N, are the components of the outer

unit normal vector.

2. Green formula. For any f,g € C2(U),

_ 99  Of
/u(ng—gAf) dx—/au( % ay)

where =Vg-v.

Remark C.13. Now that we have defined an integral on sufficiently regular
surfaces, we allow ourselves to define the set of summable or square summable
functions on U denoted by L'(dU) and L?(0U). A rigorous definition would
require the notion of measurable functions on 9.

C.4 Trace theorem

The properties of H' functions may depend strongly on the dimension of the
space. For instance, in dimension one, H! functions are continuous (see Exer-
cise C.3). It is not true in dimension N > 2, for example, the function

v(z) = [log |||

belongs to Hl(Bl)7 where Bj is the unit ball of R?. In concrete situations, one
may wish to impose some condition on functions on the boundary of an open
domain ¢/ of RV . In dimension one, the continuity gives sense to the value of an
H' function at a given point. In higher dimension, it is necessary to introduce
the notion of trace.

Theorem C.14. Let N > 2. Let U be an open set of RN with C' boundary.
Then

1. The space C*(U) is dense in H(U):
2. The map
Y 2 CU) — CHou)
v = vlay

satisfies
vl 2oy < Cllvllar @y-

for some constant C > 0.
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3. The map vy extends by continuity as a continuous linear map from H*(U)
to L*(9U).

This result means that whereas an H' function in dimension higher than or
equal to 2 is not necessarily continuous, its value on the boundary I/ makes sense
as an L? function on the boundary. In particular, this allows to characterize
functions in Hg (U).

Theorem C.15. Let N > 2 Let U be an open set of RY with C' boundary.
Then,

Hy(U) = {ve H'U) : yu(v) = 0}.

Theorem C.16 (The Green formula). Let N > 2. Let U be a bounded open
subset of RN with C' boundary. For any g,h € H*(U), it holds, for any j =

1 N
dg / oh /
—hde=—- [ g-—dz+ ghv;do.
/u O u Ox; ou~

C.5 Higher order Sobolev spaces

PR 5

Definition C.17. For any integer s > 1, we denote

dg .
S — 2. —
H(Z/I)—{geL : j,j—l,...,N}.

We equip the space H*(U) with the real scalar product

N
(g,h)m:/ S 979 0°hdz |,
u

laj<m
and we denote by ||g|| g+ the associated norm.

Theorem C.18. For any integer s > 1, (H*(U), (-, )u=) is a separable Hilbert
space.

Theorem C.19. Let N > 2. Let U be an open set of RN with C' boundary.
Then

1. The space C*(U) is dense in H*(U):

2. The map
vy, 2 C(U) — Ct(au)
— @\
v o ou
satisfies

vl 2wy < Cllvllaze-

for some constant C > 0.

3. The map 7y, extends by continuity as a continuous linear map from H (U
to L*(9U).
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Theorem C.20. Let N > 2. Let U be an open set of RN with C' boundary.
For any g € H*(U) and h € HY(U), it holds, for any j =1,...,N,

— / (Ag)hdx = / (Vg-Vh)dx + @hda.
u u ou v
In particular, if h € HY(U), it holds
—/(Ag)hdx = /(Vg -Vh)dz.
u u

Theorem C.21. Let N > 2. LetU be an open set of RY with C* boundary. If
s> &, then H*(U) C CO(U).

C.6 Sobolev spaces via the Fourier transform

Let Y = RY. For f € L>(R"™) and s € [0, +00[, we can equivalently define

1/2

= ([ <£>25f<£)|2d£>1/2 where (€)= (1+ 27, ¢})

and
H*(RN) = {f € L2(R) ¢ |||l < oo}

C.7 Exercises

Exercise C.1. We denote by S(R™) the spaces of functions ¢ of class C* on
R™ satisfying

Yo, 5 € N™, sup |2°0%¢(x)| < oo,
zeR"™

where the following notation is used ® = z{* ... 2% and 0°¢ = 951 ... 05 ¢.
For f € L*(R") and s € [0, +oc[, we define

||f||Hs=(/R n<f>28|f<f>|2df)l/2 shere () = (14 57,¢) "

and H*(R") = {f € L*R") | | f]lu- < oo}.

1. Prove that H*(R™) is a hilbert space equipped with the scalar product
associated to the norm || - || g.

2. Prove that for f € S(R"™), the Fourier transform of f is well-defined and
also belongs to S(R™).

3. Prove that if f € S(R™) then f € H*(R"™) for all s > 0.

4. We consider the trace map 7 defined (for now) from S(R") to S(R"1)
by
ru(z’) = u(0,2), ¥ = (x2,...,1p).

Prove that for any v € S(R") and all ¢ € R" 1,

FU(E) = 5 /R a6, €)der.
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5. Prove that for any s > 1/2, there exists C' = C(s) > 0 such that for any
u € S(R™),
||Tu||H571/2(Rn—1) < C’||u||Hs(Rd).

Hint: use the estimate :

AP < o ([ @R ) [ @)

and express [ (€)7?*d&; in terms of (¢) (we denote £ = (&1,¢)).

6. Let s > 1/2. Using that S(R") is dense in H*(R") for the norm || - || g=,
prove that 7 can be extended uniquely to a continuous linear map from
Hs(Rn) to H571/2(Rn71).

7. Let s > 1/2 and g € H*~'/2(R""!). Define v by

<€l>2(s—1/2)
(€)%

Prove that v € H*(R™) and v(0,2') = Cg(z') for a constant C # 0.
Deduce that the extension of the trace map defined above is surjective.

5(¢) =39(¢)

Exercise C.2. Let I C R be an open interval. Define
HY(I)={ge L*(I): ¢’ € L* (1)},

where ¢’ denotes the derivative of g in the sense of distributions. Alternatively,
HY(I) = {g € L*(I) : v € L*(I) with /g¢’ = f/w, Vo € Cg(l)} :
I I

1. Prove that H'(I) equipped with

(9P =(g[h)r2 + (g [ h) L2
is a (separable) Hilbert space.
2. Let g € L%(I). Prove that g € H'(I) if and only if there exists C' > 0 such

that
‘ / 99’
I

Exercise C.3. 1. Let f € L{ (I) be such that

loc

< Cl@llez, Vo e ().

b
/ f¢' dz =0, Vo € C°(I).

Prove that there exists C' € R such that f = C' almost everywhere on I.
Hint: Let x € C>°(I) be such that fab x(xz)dz = 1. For ¢ € C(I), we

define ¢ and ® by
b T
d(z) = o(a) - x(2) / o(t)dt, B(x) = / d(t)dt.

Prove that ® € C°(I).
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2. Let g € HY(I) and ¢’ € L?(I) be its weak derivative. Let 2o € I. Set

Gla) = / " bt

0

Prove that G’ = ¢'.

3. If I is bounded, deduce that H'(I) C C(I) with compact embedding i.e.
any bounded subset of H*(I) is relatively compact in C(I).

4. Assume that b = +o0o. Prove that lim g(z) = 0.
Tr—r0o0

(Similarly, if a = —oo, then EIP g(x) =0.)

Exercise C.4. Let g € L?>(R). Prove that g € H'(R) if and only if there exists
a constant C' > 0 such that for all § € R, it holds

1759 — gllz> < €],

where
759(x) = g(x — ) for all z,0 € R.

Moreover, in this case, one can choose C' = ||¢'|| 2.
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Appendix D

Ordinary differential
equations

D.1 Inequality

Here, R is equipped with the norm associated to the absolute value | -| and R
is equipped with any norm also denoted by | - |.

Let g : [a,b] — RY be a function of class C'. Let ¢'(t) = (g1 (t), ..., g (1))
Then,

b
l9(b) — g(a)| < / /()]s < (0~ @) suply'|

In the more general case where V is an open set of R™ and G : V — RV is a
function of class C!, we denote by Jg the Jacobian matrix of G and we define

Ja(X)| = l}b;l‘lp |[Ja(X) - hl.
=1

Then, for any X,Y € V such that the segment joining X to Y is included in V,
we have

G(Y) = GX) < sup [Ja(X +0(Y - X)) -[Y = X].

D.2 The Cauchy-Lipschitz Theorem

Let § be a positive real number and (to,zo) € R x RY. We set
A={(t,x) e Rx RN : [t —to| <4, [z — 0| < 6}.
We suppose that f: A — RY is continuous and satisfies

e There exists M > 0 such that, for all (¢,z) € A,
|f(t,2)| < M;
e There exists C' > 0 such that, for all (¢,2) € A, (t,y) € A,

|f(t, ) — f(t,y)] < Clz —yl.
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We say that f is continuous on (t,x) and Lipschitz continuous with respect to
its second variable on A.

Theorem D.1. Under the above assumptions, there exists one and only one
solution (J,x) of the equation & = f(t,x) such that

e Time of existence: J = [to — T,to + T| with
. d 1
7= min(3, 537 56
o Initial condition: x(ty) = xo;
o Forallte J, (t,z(t)) € A.

Corollary D.2. Suppose that the function f: I xU — RY is of class C'. Let
(to, o) € I x U. Then, the following hold.

e Local existence: there exists T > 0 and a solution (J,x) of & = f(t,x)
such that J = [to — T, to + T] and x(to) = xo.

e Uniqueness: let J C J be an interval containing to, let (j, Z) a solution of
& = f(t,z) with initial data (to, o), then T coincides with the restriction
of x to J.

A solution (J, z) is said to mazimal if it does not admit any extension.

Theorem D.3. Suppose that the function f : I x U — RY is of class C'. Let
(to,xo) € I x U. There exists an interval J C I containing to and open in I,
and a solution x of & = f(t,x) on J with initial data (to,xo) that is maximal,
in the sense that it cannot be extended by a solution on a larger time interval.

D.3 Gronwall lemma

Lemma D.4 (Gronwall Lemma). Let T > 0 and C1,Cy > 0. We consider two
continuous functions a : [0,T] — [0,00) and ¢ : [0,T] — [0,00) such that for all
t€[0,T],

o) <Cr+ 02/0 a(s)p(s)ds.

Then, for all t € [0,T],

o(t) < Cyexp <02 /0 t a(s) ds> .

Lemma D.5. Let p,q: I — R be two continuous functions. Suppose that p has
positive values. Let tog € I. Consider a function x : I — RN of class C' such
that, for allt > tg, t € I,

[2()] < p()|(t)] + q(b)-
Let 1) be a solution on I N [ty, +0oo| of the equation
¥ =p(t)y + q(t)
such that ¥(to) > |z(to)|. Then, for allt > to, t € I,
|z(8)] < (1)
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D.4 Exercises

Exercise D.1. Prove Theorem D.1.

Exercise D.2. Prove Lemma D .4.
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