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CHAPTER 1

Introduction

The aim of this course is to study the linear and the semilinear heat equa-

tions
u —Au=f
and
up— Au+ f(u) =0
on an open subset of R™. The theory which we will develop in order to study
existence and uniqueness of solutions, their regularity, positivity and asymp-
totic properties (shortly: their qualitative behaviour) serves in fact to study
more general parabolic evolution equations. We cite for example
e the semilinear diffusion equation

where L is an elliptic partial differential operator,
e the Navier-Stokes equation

u—Au+ (u-V)Yu+Vp=Ff,
e free boundary problems, and
e geometric evolution equations.

These partial differential evolution equations can be abstractly rewritten in
the form
U+ Au+ F(u) =0,
where A and F' are linear (resp. nonlinear) operators on a Banach space X
which is often a Banach function space. The latter problem is an ordinary
differential equation with the disadvantage that A and F' may be unbounded
(= not continuous).

In this course, we will study abstract linear Cauchy problems of the form
U+ Au=f, u(0)=uy,

and associated abstract nonlinear Cauchy problems, and we will show that the
above partial differential equations are examples to which that abstract theory
applies.






CHAPTER 2

Linear parabolic equations

Throughout we denote by X and Y Banach spaces and by H, K, V Hilbert
spaces. The norm on a Banach space X is usually denoted by || -||x or |||, and
the inner product on a Hilbert space H is usually denoted by (-,)g or (-, ).

Recall that a linear operator 7' : X — Y is continuous if and only if it is
bounded, i.e. if and only if ||T'|z(x,y) = sup, < [|[Tz]]y is finite. Instead
of speaking of continuous linear operators we will in the following speak of
bounded linear operators. The space of all bounded linear operators from X
into Y is denoted by £(X,Y"). It is a Banach space for the norm || - ||z(x,v).-

1. Closed linear operators

For the following, we will have to consider a larger class of linear operators.
Whenever X and Y are two Banach spaces, a linear operator is a linear mapping
A : D(A) — Y defined on a linear subspace D(A) of X. The space D(A) is
called domain of A. Note that the domain D(A) need not be a closed linear
subspace of X.

DEFINITION 1.1. Let X and Y be two Banach spaces. A linear operator
A:D(A) — Y is called closed if its graph

G(A) :={(z,Az) :x € D(A)} C X xY
is closed in the product space X x Y.

LEMMA 1.2. A linear operator A : D(A) — Y is closed if and only if the
following property holds:

D(A) >z, — x in X and

. =z € D(A) and Az = y.
Ax, -y inY

PRrROOF. It suffices to note that D(A) 5 x, — z in X and Az, — y in
Y if and only if G(A) > (x,, Az,) — (z,y) in the product space X x Y, by
definition of the product topology.

If Ais closed and if G(A) > (z,, Az,) — (z,y) then (x,y) € G(A) by the
closedness of A and thus x € D(A) and y = Ax.

Conversely, if G(A) 3 (x,, Az,) — (z,y) implies necessarily x € D(A) and
y = Az, then (z,y) € G(A), i.e. G(A) is closed, and thus A is closed. O

7



8 2. LINEAR PARABOLIC EQUATIONS

LEMMA 1.3. A linear operator A : D(A) — Y s closed if and only if its

domain D(A) equipped with the graph norm
2]l peay = [lz]lx + [|Az]ly, =€ D(A),
18 a Banach space.

PROOF. If A is closed, then, by definition, G(A) is a closed subspace of
the product space X x Y. Since X x Y is a Banach space, the graph G(A)
is a Banach space. Now note that D(A) equipped with the graph norm and
G(A) equipped with the product norm are isometrically isomorphic under the
isometry D(A) — G(A), x — (z, Az). Hence D(A) equipped with the graph
norm is a Banach space.

Conversely, assume that D(A) equipped with the graph norm is a Banach
space. Then G(A) (equipped with the product norm from X x V') is a Banach

space by the same argument as before. In particular, G(A) is a closed subspace
of X x Y. Hence, A is closed. O

LEMMA 1.4. Every bounded linear operator T : X — Y (with domain
D(T) = X) is closed.

PROOF. Let T' € L(X,Y). The norms || - |[x and || - ||p(r) are equivalent
norms on X which is a Banach space for the norm || - ||x. Hence X = D(T) is
a Banach space for the norm || - || p¢r). By Lemma 1.3, T"is closed. U

The following theorem is a fundamental theorem in functional analysis. It
is a consequence of Baire’s theorem, but it will not be proved here.

THEOREM 1.5 (Closed graph theorem). Let X andY be Banach spaces and
let T: X —Y (with domain D(T) = X ) be closed. Then T is bounded.

EXAMPLE 1.6. Let X =Y = C([0, 1]) be the space of continuous functions
on [0, 1] with norm || f|loc 1= sup,ejo 1 |f(x)|. Define the derivation operator D
by
D(D) := C*([0,1]) and Df := f’ for f € D(D).
Then D is closed. In fact, the space C'([0,1]) is a Banach space for the graph
norm || f|[ppy = [[fllec + [1/'lloo (exercice).

EXAMPLE 1.7. Let X =Y = LP(R) (1 < p < o0) with norm || - ||,. Define
the multiplication operator M by

D(M):={fe L’(R) :zf(z) € LP(R)} and (M f) := zf(x) for f € D(M).
Then M is closed. In fact,
D(M) = LP(R; (1 + |z[") dx),

and the graph norm || - [|p(a) is equivalent to the norm

1/p
Vi stor) o = ( s iae) dx) ,

which makes LP(R; (1 + |z|P) dz) a Banach space.
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2. Operators associated with bilinear forms
In this section, V' will be a real Hilbert space.

DEFINITION 2.1 (Bilinear form). A function a : V x V — K is called a
bilinear form if it is linear in each variable, i.e.

alou + fv,w) = aa(u,w)+ fa(v,w) and
a(u,av + pw) = aalu,v)+ fa(u,w)
for every u, v, w € V and every a, § € K.
There are some simple but important examples of bilinear forms.

EXAMPLE 2.2. Every inner product on V' is a bilinear form!

EXAMPLE 2.3. Let V = H}(Q) (Q C R" open) be the Sobolev space which
is obtained by taking the closure of D(Q) (the test functions on ) in H' ().
The space V' is equipped with the inner product

(u,v) g ::/uv+/VUVU,
° Q Q

and the corresponding norm

1
lull iy = (lellZz + 1Vullzz)? -

On this Sobolev space the equality
a(u,v) = / VuVuv, wu,veV,
Q

defines a bilinear form.

EXAMPLE 2.4. More generally, if A € L*(2;R™ ™) is a bounded, measur-
able, matrix valued function, then the equality

a(u,v) = / A(z)VuVv, u,ve,
Q

defines a bilinear form on the Sobolev space V' = Hj ().

DEFINITION 2.5 (Boundedness, coercivity). Let a be a bilinear form on a
Hilbert space V.

(a) We say that a is bounded if there exists a constant C' > 0 such that
la(u,v)| < Clully ||v]|v for every u, v e V.
(b) We say that a is coercive if there exists a constant > 0 such that
Rea(u,u) > n ||ull} for every u € V.

In the following, we denote by V'’ the dual space of V, i.e. V' = L(V,R).
The duality between V' and V' is denoted by the bracket (-, )y y.
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DEFINITION 2.6 (Operator associated with a bilinear form). Given a
bounded, bilinear form a on V, we define the linear operator A : V. — V'
associated with this form by

<AU, SO>V’,V = CL(’LL, @)7 u, p € V.

It follows from the boundedness of a that the operator A is well-defined and
bounded. In fact, let C' > 0 be the constant from Definition 2.5 (a). Then

|Aully: = sup [(Au, o)y v
llellv <1

= sup |a(u, )|
llellv<1

< sup Cllully [[ellv = Cllullv.
llellv<1

The following theorem says something about the solvability of the equation
Au = f for given f € V’'. As one can see from the statement, coercivity of a
implies invertibility of A.

THEOREM 2.7 (Lax-Milgram). Let a be a bounded, coercive, bilinear form
on V. Then for every f € V' there exists a unique u € V' such that

a(u, ) = (f,o)vv for every ¢ € V.

PROOF. We have to prove that the bounded linear operator A € L(V, V)
associated with a is bijective. By coercivity, for every u € V' \ {0},

|Aullv: = sup [(Au,v)vr v
llv]lv <1
U
> [(Au, ——)v'.v|
[Jullv
1
= ——a(u,u)
[[wllv
> nllully.

This proves on the one hand injectivity of A, but also that Rg A is closed.

It is easy to verify that the adjoint A" € L(V", V') = L(V, V") of the operator
A is associated with the bilinear form o’ : V' xV — R given by a'(u,v) = a(v, u).
Clearly, a’ is also bounded and coercive. In particular, by the preceeding argu-
ment, A’ is injective. This implies that Rg A is dense in V’. Since Rg A is also
closed, the operator A must be surjective. O

For the rest of this section, we let H be a second Hilbert space and we
suppose that V' is continuously and densely embedded into H. By this we mean
that there exists an injective bounded linear operator J : V — H with dense
range. Via this injective bounded linear operator, we may actually consider V'
as a dense subspace of H, and there exists a constant C' > 0 such that

|ullg < C |lul|y for every u € V.
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We write shortly V' — H if V' is densely embedded into H.

Moreover, in the following we will identify the dual H’' with the Hilbert
space H, using the Riesz-Fréchet representation theorem, i.e. we say that
every bounded linear functional comes from a unique element in H. Since V is
continuously and densely embedded into H, via the adjoint of this embedding,
we see that H' is continuously and densely embedded into V'. Since, moreover,
H = H' by convention, we have the following picture

(2.1) V—H=H <V,
and
(2.2) (u,v)vr.v = (u,v)y for every u € H, v € V.

Note that in this situation V' is also continuously and densely embedded
into its dual V', and in particular it is a linear subspace of V".

Hence, given a bounded, bilinear form a on V, the operator A : V. — V’
associated with V' may be seen as an unbounded operator on V'’ with domain
D(A) =V C V'. If we consider A as a linear operator on V' and if a is coercive,
then A is in fact a closed linear operator on V’'. Indeed, by the Lax-Milgram
theorem, A is boundedly invertible on V', i.e. A~! is bounded and in particular
closed, and therefore A is closed.

We define a second operator associated with the form a.

DEFINITION 2.8 (Operator associated with a bilinear form). Let a be a
bounded, bilinear form on V', and let H be a second Hilbert space such that
(2.1) holds. We define the operator Ay : H D D(A) — H associated with a by

D(Ay) = {ueV:IweHVp eV : alu,¢) = (v,0)u},
Au = .

The operator A is well-defined in the sense that the element v € H is
uniquely determined if it exists. Indeed, assume that there are two elements
v1, Uy € H such that

(v1, 0) = a(u, ) = (vz, o)y for every p € V.

Then (v; — vg, 9)g = 0 for every ¢ € V', and since V' is dense in H (here the
density of the embedding is used!), this already implies v; = vs.

LEMMA 2.9. The operator Ay is the restriction of A to the space H, i.e.
D(Ag)={ueV :Au € H} and Agu = Au for u € D(Ap).

PRrROOF. Exercise. U
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3. Vector-valued L” spaces

As before X denotes a Banach space. In this section (2, A, ) is a measure
space.

DEFINITION 3.1. (a) A function f: Q — X is called step function, if there
exists a sequence (A,) C A of mutually disjoint measurable sets and a sequence
(z,) C X such that f =) 14, x,.

(b) A function f: Q — X is called mesurable, if there exists a sequence (f,,) of
step functions f, : 2 — X such that f, — f pointwise p-almost everywhere.

REMARK 3.2. Note that there may be a difference to the definition of
mesurability of a scalar valued functions. Measurability of a function is here
depending on the measure . However, if the measure space (2,4, 1) is com-
plete in the sense that pu(A) = 0 and B C A implies B € A, then the above
definition of measurability and the classical definition of measurability coincide.
Note that one may always consider complete measure spaces.

LEMMA 3.3. If f: Q — X is measurable, then || f]| : @ — R is measurable.
More generally, if f : Q — X 1is measurable and if g : X — Y is continuous,
then go f : Q0 — 'Y s measurable.

PRrOOF. This is an easy consequence of the definition of measurability and
the continuity of g. Note that in particular the norm ||-|| : X — R is continous.
O

LEMMA 3.4. If f : Q) — X and g : Q2 — K are measurable, then fg:Q — X
1s measurable.

Similarly, if f :Q — X and g : Q@ — X' are measurable, then (g, f)x/ x :
2 — K is measurable.

THEOREM 3.5 (Pettis). A function f:Q — X is measurable if and only if
(@', f) is measurable for every ' € X' (we say that f is weakly measurable)
and if there exists a p-null set N € A such that f(2\ N) is separable.

For a proof of Pettis’ theorem, see HILLE & PHILLIPS [11].

COROLLARY 3.6. If (f.) is a sequence of measurable functions Q@ — X such
that f, — [ pointwise p-almost everywhere, then f is measurable.

Proor. We assume that this corollary is known in the scalar case, i.e. when
X =K.

By Pettis’s theorem, for all n there exists a p null set N, € A such that
fn(©2\ N,) is separable. Moreover there exists a p null set Ny € Q such that
fn(t) — f(t) for all t € Q\ Ny. Let N :=J,,>q Va; as a countable union of
null sets, N is a u null set. -

Then f (restricted to Q\ V) is the pointwise limit everywhere of the sequence
(fn). In particular f is weakly measurable. Moreover, f(€2\ ) is separable
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since

FQAN) € ([ fa@\ M),

and since f,(2\ N) is separable. The claim follows from Pettis’ theorem. [

DEFINITION 3.7. A measurable function f : Q — X is called integrable if
Jo If Il dp < oo.

LEMMA 3.8. For every integrable step function f:Q — X, f =" 14,2,
the series Y xpi(A,) converges absolutely and it is independent of the repre-
sentation of f.

PROOF. Let f =) 14,x, be an integrable step function. The sets (A4,) C
A are mutually disjoint and (z,,) C X. Then

S [lall p(An) = / 11| dpt < oo,

g

DEFINITION 3.9 (Bochner integral for integrable step functions). Let f :
) — X be an integrable step function, f =" 14,2,. We define

/Qf dp = x, p(Ay).

LEMMA 3.10. (a) For every integrable function f : Q — X there exists a
sequence (f,) of integrable step functions @ — X such that || f.| < || f|| and
fn — f pointwise p-almost everywhere.

(b) Let f : Q — X be integrable. Let (f,) be a sequence of integrable step
functions such that ||f.|| < ||fIl and f. — f pointwise p-almost everywhere.
Then

x:= lim [ f,du exists
Q

n—oo

and

] < / 171l d

PROOF. (a) Let f: Q — X be integrable. Then ||f]| : © — R is integrable.
Therefore there exists a sequence (g,) of integrable step functions such that
0 < g, <|/f[l and g, — || f|| pointwise p-almost everywhere.

Since f is measurable, there exists a sequence (fn) of step functions 2 — X
such that f, — f pointwise p-almost everywhere.

Put 3

Lfall + %
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(b) For every integrable step function g : 2 — X one has

| [ gl < [ loldn
Q Q
Hence, for every n, m

I [ o=t < [ 5o = Sl i

and by Lebesgue’s dominated convergence theorem the sequence ([, fn dp) is
a Cauchy sequence. When we put z = lim,, fﬂ fn du then

]l < limin / 1l dpt = / 171 du.
]

DEFINITION 3.11 (Bochner integral for integrable functions). Let f : Q —
X be integrable. We define

[ #dn=tim [ . dn
Q n—oo Jo

where (f,,) is a sequence of step functions Q@ — X such that || f,| < |||l and
fn — f pointwise p-almost everywhere.

REMARK 3.12. The definition of the Bochner integral for integrable func-
tions is independent of the choice of the sequence (f,) of step functions, by
Lemma 3.10.

REMARK 3.13. We will also use the follwing notation for the Bochner inte-

ral:
g /Q f oder /Q 1) du(d),

and if 2 = (a,b) is an interval in R:

[ soaer [0 ante

If 4 = X is the Lebesgue measure then we also write

/a  Ho)

LEMMA 3.14. Let f : Q — X be integrable and T € L(X,Y). Then Tf :

Q — Y is integrable and
/de,u:T/fd,u.
Q Q

PROOF. Exercise. U
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THEOREM 3.15 (Lebesgue, dominates convergence). Let (f,) be a sequence
of integrable functions. Suppose there exists an integrable function g : 0 — R
and an (integrable) measurable function f : Q@ — X such that || f.|| < g and
fn — f pointwise p-almost everywhere. Then

/fdu: lim/fndp.
0O n—oo 0

Proor. Exercise. O

DEFINITION 3.16 (LP spaces). For every 1 < p < oo we define
LP(; X) :={f: Q2 — X measurable : / I fIP dp < oo}
Q

We also define
L2 X) :={f : Q@ — X measurable : 3C > 0 such that u({||f|| > C}) = 0}.

LEMMA 3.17. For every 1 < p < oo we put

1l = (/Q LA ).

We also put

[flleo :=inf{C > 0: u({l[f]| = C}) = 0}
Then || - ||, is a seminorm on LP(£; X) (1 <p < o0).

REMARK 3.18. A function || || : X — R, on a real or complex vector space
is called a seminorm if

(i) 2 =0 = ||z =0,
(ii) |[Ax|| = |A|||x|| for every A € K and all z € X,
(i) [z + ]l < lloll + )] for all z, y € X.

DEFINITION 3.19 (LP spaces). For every 1 < p < oo we put
Ny = {f e LX) fl, =0}
{f € LP(Q;X): f=0p-almost everywhere}.
We define the quotient space
LP(; X) == LP (2 X) [N,
which is the space of all equivalence classes
f1:=7F+ Ny [€L(XX).
LEMMA 3.20. For every [f] € LP(; X) (f € LP(2; X)) the value
101l = 111

is well defined, i.e. independent of the representant f. The function | - ||, is a
norm on LP(Q; X). The space LP(Q2; X) is a Banach space when equipped with
this norm.
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REMARK 3.21. As in the scalar case we will in the following identify func-
tions f € LP(Q; X) with their equivalence classes [f] € LP(€; X), and we say
that LP is a function space although we should be aware that it is only a space
of equivalence classes of functions.

REMARK 3.22. For 2 = (a,b) an interval in R and for pn = A the Lebesgue
measure we simply write

LP(a,b; X) := LP((a,b); X).

We can do so since the spaces LP([a, b]; X) and L”((a,b); X) coincide since the
end points {a} and {b} have Lebesgue measure zero and there is no danger of
confusion.

LEMMA 3.23. Let Q C R™ be open and bounded. Then C(2; X) C LP(Q; X)
for every 1 < p < o0.

PROOF. Actually, for finite measure spaces, we have the more general in-
clusions
L(; X) C LP(; X) € LY(Q; X) C LY(Q; X)
if 1 <g<p<oo. O

LEMMA 3.24. Let the measure space (2, A, ) be such that LP(2) is separable
for 1 <p < oo (eg. Q@ CR" be an open set with the Lebesgue measure). Let
X be separable. Then LP(€); X) is separable for 1 < p < oo.

PROOF. By assumption the spaces LP(Q2) and X are separable. Let (h,) C
LP(; X) and (x,) C X be two dense sequences. Then the set

F={f Q=X :f=h,zn}

is countable. It suffices to shows that F C LP(; X) is total, i.e. spanF is
dense in LP(Q; X). This is an exercise. O

THEOREM 3.25. Let Q) be as in lemma 3.24. Let 1 < p < oo and assume
that X is reflexive. Then the space LP(€; X) is reflexive and

LP(Q; X)) = LV (Q; X).
Proor. Without proof. O

4. Vector-valued Sobolev spaces

DEFINITION 4.1 (Sobolev spaces). Let —oo < a < b < oo and 1 < p < 0.
We define

W' (a,b; X) :={u € LP(a,b; X) : Fv € LP(a,b; X) Vo € D(a,b)

b b
/ugp’:—/ vp}.

Notation: v =: u'.
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LEMMA 4.2. For every —oo < a < b < 0o and every 1 < p < oo one

has WP(a,b; X) C C°((a,b); X). For every u € WhP(a,b; X) and every s,
t € (a,b) one has

u(t) —u(s) = /St u'(r) dr.

5. [P-maximal regularity

Let A: X D D(A) — X be a closed, linear, densely defined operator on X.

In this and the following sections, we consider the abstract linear inhomo-
geneous Cauchy problem

(5.1) uw(t) + Au(t) = f(t), t €[0,7], wu(0)=0.

Here A : D(A) — X is a closed, densely defined, linear operator on the Banach
space X and f € LP(0,T; X) for some 1 < p < oo.

DEFINITION 5.1. (a) A function w € C'([0, T]; X)NC([0,T]; D(A)) is called
a classical solution if u(0) = 0 and if u satisfies the differential equation (5.1)
for every t € [0, T7.

(b) A function v € W'?(0,T; X) N LP(0,T; D(A)) is called a (LP) strong
solution if u(0) = 0 and if u satisfies the differential equation (5.1) for almost
every t € [0,7.

DEFINITION 5.2. We say that A has LP-mazimal regularity (on (0,7)) if for
every f € LP(0,T; X) there exists a unique strong solution u € W?(0,T; X) N
LP(0,T; D(A)) of the problem (5.1).

By definition, if A has LP-maximal regularity, then the Cauchy problem

(5.1) is uniquely solvable in the space W'(0,T; X )N LP(0,T; D(A)), for every
f € LP(0,T; X). It will be convenient to introduce the mazimal reqularity space

MR, (a,b; X, D(A)) := W'(a,b; X) N LP(a,b; D(A)) (=00 <a<b< o0)
which is naturally endowed with the norm

||U||MRp = HUHWLP(a,b;X) + ||u||Lp(a,b;D(A))-

Since W'?(a, b; X) and L?(a, b; D(A)) are Banach spaces, M R,(a, b; X, D(A)) is
also a Banach space. If there is no danger of confusion, we will write M R, (a, b)
instead of M R,(a,b; X, D(A)).

We will first show that the definition of LP-maximal regularity is indepen-
dent of T > 0, so that it suffices in fact to speak only of LP-maximal regularity.
On the way we will also show that the initial value problem is uniquely solvable
in the maximal regularity space, at least for certain initial values. For this, we
first need the following locality lemma.
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LEMMA 5.3. Assume that A has LP-maximal reqularity on (0,T). If f €
LP(0,T; X) is zero on the interval (0,7") (with 0 < T" < T), and if u €
MR,(0,T) is the corresponding solution of (5.1), then uw =0 on (0,1").

PROOF. Define the function
” FE+T) if0<t<T-T
t) =
g 0 T -T <t <T.

Then g € LP(0,7; X). By definition of LP-maximal regularity, there exists a
unique v € M R,(0,T") solution of (5.1).

Now define
0 if0<t<T,
w(t) := .
{v@—T)ﬁT<t§T
Then the function w restricted to the two intervals [0,7”] and [T",T] belongs
to the maximal regularity spaces MR,(0,7") and MR,(T",T), respectively.
Since w is also continuous in 7" (note that v(0) = 0!), we actually have w €
MR,(0,T).
It follows easily from the definition of w (the definition of g and v), that

w solves the problem (5.1) for the function f. Since (5.1) is uniquely solvable,
u = w, and therefore v = 0 on [0,7"]. O

We also have to define the trace space
Try(X,D(A)) :={u(0): u e MR,(0,1)},
which is naturally a Banach space for the norm
|uol|7r, := inf{||u||rrr,0,1) : w € MR,(0,1) and u(0) = uo}.

If there is no danger of confusion, we simply write T'r,, instead of T'r,(X, D(A)).
The space T'r, is called trace space since it contains all traces in t = 0 of
functions v € M R,(0,1). Note that we can evaluate u(0) for every function u
in the maximal regularity space M R,(0,T) since W?(0,T; X) is contained in
the space of all continuous functions (see vector-valued Sobolev spaces in one
dimension). Clearly, by definition, 7'r, is contained in X, and since for every
up € D(A) the constant function u = wuy belongs to MR,(0,1), one has the
inclusions
D(A) — Tr, — X.

It turns out that T'r, is a strictly contained between D(A) and X (see below).
For the moment, however, we need not to know this.

LEMMA 5.4. The following are true:
(a) For every T > 0 and every 0 <t < T one has

Try,={u(t) :ue MR,0,T)}.
(b) One has the inclusion
MRP(Ov T) - C([Ov T]a TTP)
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and there exists a constant C' > 0 (depending on T > 0) such that
[ullcqoryrn,) < Cllullvr, for every u € MR,

PRrOOF. The spaces M R,(0,T) and MR,(0,1) are isomorphic via the iso-
morphism u +— u(-T'). Hence, for every T > 0,

Tr,={u(0):ue MR,(0,T)},

and
HuOHTprT = inf{HuHMRp(QT) Tu e MRp<O,T) and U(O> = UO}

defines an equivalent norm on 7'r,,.
Given u € M R,(0,T) we may define the extension v € M R,(0,2T) by

u(t) if0<t<T,
{ w@T —t) if T <t<2T.
We define next the functions u, € MR, (0,T) by
u(s) =v(t+s), 0<s,t<T.
Then one sees that u(t) = u:(0) € T'r, for every 0 <t < T and since
t—wu, [0,7] = MR,0,T]

v(t) ==

is continuous, one obtains from the definition of the norm on 7'r, that
t—u(t), [0,7]— Tr,
is continuous. Moreover,

sup ||u(t)||zr, < C sup |[u(t)|rr,2r < C||v]arr,02r) = 2C ||ullarr,©0,1)-
te[0,T] te[0,T

g

THEOREM 5.5 (Initial value problem). Assume that A has LP-mazimal reg-
ularity on (0,T). Then for every ug € T'ry there ezists a unique u € MR, (0,T)
solution of the problem

w(t) + Au(t) =0,t € [0,T], u(0) = up.

PROOF. Ezistence: Let uy € Tr,. By definition of Tr, and Lemma 5.4,
there exists v € M R,(0,T) such that v(0) = ug. By definition of LP-maximal
regularity, there exists w € M R,(0,T) solution of

w(t) + Aw(t) = o(t) + Av(), t € [0,T], w(0) = 0.

Now put u := v — w.

Uniqueness: Let u and v be two solutions of the initial value problem.
Then u — v is a solution of the same initial value problem with initial value g
replaced by 0. The solution for that problem, however, is unique by definition
of LP-maximal regularity. Hence, u = v. U
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THEOREM 5.6 (Independence of T' > 0). Assume that A has LP-mazimal
reqularity on (0,7). Then A has LP-maximal regularity on (0,T") for every
T > 0.

Proor. Fix 7" € (0,7]. Let f € L?(0,7";X) and extend f by zero on
(T",T]. The resulting function is denoted by f. Let @ € MR,(0,T) be the
unique solution of (5.1). Let u be restriction of @ to the interval [0,7”]. Then
u € MR,(0,T") is a solution of (5.1) with T replaced by 7". Hence, we have
proved existence of strong solutions.

In order to prove uniqueness, by linearity, it suffices to show that v = 0 is
the only solution of (5.1) with T" replaced by 7" and with f = 0. So let u be
some solution of the problem

a(t) + Au(t) = 0, t € [0, 7], u(0) = 0.
O

REMARK 5.7. Theorem 5.6 allows us just to speak of LP-maximal regularity
of an operator A or of the Cauchy problem (5.1) without making the 7" > 0
precise.

6. Bilinear forms and L”-maximal regularity

Throughout this section, V' and H are two real Hilbert spaces such that
Ve—H=H <V,
with dense injections.

DEFINITION 6.1. We call a form a : V xV — R elliptic if there exists w € R
such that the form a, : V x V — R defined by a,,(u,v) := a(u,v) + w(u,v)y is
coercive, i.e. if there exists n > 0 such that

a(u,u) +w ||lul|3 > nllull} for every u € V.

DEFINITION 6.2. We call a matrix A € R™ " elliptic if there exists a con-
stant n > 0 such that

AEE > n|€]? for every € € C™.

We call a matrix-valued function A € L>®(Q,R™ ™) uniformly elliptic if
there exists a constant n > 0 such that

Re A(z)¢ € > n|€]? for every € € C™, x € Q.

In the above definition, if the matrix A is symmetric then ellipticity of A is
equivalent to saying that A is positive definite.
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EXAMPLE 6.3. Take the bilinear form a from Example 2.4 and assume that
A € L*(Q,R™™) is uniformly elliptic. Then a is bounded and elliptic. Indeed,

atw)+olulls = [ A@VaTutqlulf;
> [ [Vl +n
Q
_ 2
— llul,.
THEOREM 6.4 (J.-L. Lions). Let a : V x V. — R be a bilinear, bounded,
elliptic form and let A -V — V' be the associated operator. Let T > 0. Then

for every f € L?(0,T;V') and every uy € H there exists a unique solution
we WH0,T; V)N L*(0,T;V) of the problem

a(t) + Au(t) = f(t), t € [0,T], u(0) = uo.

We will prove this theorem in several steps. First, we study the maximal
regularity space M Ry(a,b; V', V).

LEMMA 6.5. For every —oo < a < b < oo and every u € M Ry(a,b; V', V)
the function t — ||u(t)||3; is differentiable almost everywhere and

(6.1) 52 @l = (@), u(®))vy.

PROOF. One shows by regularisation that the space C!((a,b); V) is dense
in M Ry(a,b; V', V). Then one verifies that for functions u € C!((a,b); V) the
equality (6.1) is true, using also the equality

(a(t), w(t))m = (u(t), u(t))yvv.

The claim then follows by an approximation argument. U

LEMMA 6.6. For every —oo < a < b < 0o one has

MRy (a,b; V', V) — Co((a,b); H).

In particular, Tro(V', V) C H.

PROOF. First let @ = —oo and b = oco. The space C}(R;V) is dense in
M Ry(—00,00; V', V), by a regularisation argument. For every u € C}(R;V)
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and every t € R one has

el = [ sl ds

I I

\) N}
==
NN
g <

oun ~~
Vo) »

= =
< =

0w
U

»

2 [1]| 2 svry 1wl L2 msvy

VARVAN

HuH%?(R;V’) + HUH%Q(R;V)

IN

2 ||u||?\4R2(—oo,oo;V’,V)'
Hence, the embedding operator
(Ce®; V), - vsra(—oosivrvy) = (Co(R; H), ||+ lleomsm)
is bounded. Since C}(R; V) is dense in M Ry(—00,00; V', V), we find that
(6.2) M Ry(—00,00; V', V) — Cyo(R; H).
Next, let a, b be arbitrary. There exists a linear bounded extension operator
E : MRy(a,b; V', V) — M Ry(—00,00; V' V)

with the property that Eu restricted to (a,b) equals u (exercice!). Using that
the restriction operator

Co(R; H) — Co((a,b); H),  u— ul(ap)

is linear and bounded, too, the claim follows by considering the composition of
the extension operator E, the embedding (6.2), and this restriction operator.
O

LEMMA 6.7 (Uniqueness). Let A be as in Theorem 6.4. Then for every
f € L*0,T;V') and every uy € H there exists at most one solution u €
MRy(0,T;V', V') of the problem

u(t) + Au(t) = f(t), t € [0,T], u(0) = up.

PROOF. By linearity, it suffices to prove that if u € M Ry(0,T;V', V) is a

solution of
u(t) + Au(t) =0, t € [0, 7], u(0) =0,

then u = 0. So let u be a solution of this problem. Then, by ellipticity of the
form a, and by Lemma 6.5,

S lu@llE = (@), wt)vy

(@), u(t))vy + (Au(t), u(t)vv +w lu®)l[
w ()]

IN
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As a consequence,
lu(®)||3 < e*||u(0)]|3 = 0 for every t € [0,T].
Hence, u = 0. [

PROOF OF THEOREM 6.4. By Lemma 6.7 it remains only to prove exis-
tence of a solution. This we will do by a Galerkin approximation.

Let (w,) C V be a linearly independent sequence such that span {w,} is
dense in V' (here we use that V' is separable in order to ensure existence of such
a sequence). Let V,, :=span{w, : 1 <n < m}. As a finite dimensional vector
space, the space V;, is a closed subspace of V', H and V’. It will be equipped
with the norms coming from these three spaces. Note that the three norms are
equivalent on V,,.

The restriction of the form a to the space V,, (i.e. the form a,, : V,,xV,, — R
defined by a,,(u,v) := a(u,v)) is a bilinear, bounded and elliptic form. Hence,
there exists an operator A,, : (Vio, || - [[v) = (Vin, || - [[v/) such that

(Apu, v)vr v = am(u,v) = a(u,v) for every u, v € V,,.
Consider the ordinary differential equation
(6.3) Um(t) + Apum(t) = fin(t), t € [0,T],  umn(0) =g,

where ug' := P,uo, P, : H — H being the orthogonal projection in H onto V,,,
and where f,,(t) = P, f(t) (note that the orthogonal projection P,, extends to
a bounded projection V' — V' and that || P, ||y, = 1).

The problem (6.3) is a linear inhomogeneous ordinary differential equation
in a finite dimensional Hilbert/Banach space and we know from the theory
of ordinary differential equations that (6.3) admits a unique solution wu,, €
CH[0, T]; Vin).-

Multiplying the equation (6.3) with wu,,, we obtain

(o (8), wm (0)) 1t + (At (£), () 11 = (fin(8), um (£)) 1
and hence, by ellipticity of a,

Nt 6 By + )
G (1) 0+ (At 0), () v+ 0 (1)
= O Doy + 0 [

< Gllfa®lv + gHum(t)sz +w [fun (8) [

IN

As a first consequence, we obtain the inequality

1d

5 7 lm Ol < Coll (57 + @ [ ()7
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By Gronwall’s lemma, this implies for every ¢ € [0, 7],

t
[ () < 62“’tIIUB”I|?f+Cn/ | fun(5) I3 ds
0

T
< C(lully+ [ 171 ds),
0

where C' > €2*7(C,,+1). When we plug this inequality into the above inequality,
then we obtain

1d n r
5 g 1 Ol + 5 lwm @1 < Gy L fmn 15 + C (lluollz + /0 1£(s)II- ds).

This implies, when integrating over (0,7),

T T
i 1
§An%ﬁmeawaﬂm§cmwm+Anﬂmmw)

This and the equation (6.3) imply

T T T
| Vi@l dt < [ NAmen Ol de+ [ 1501
’ o 7
< M [ @+ [ 151

20MC +1), [T ) )
AHEED ([ U@l a+ ).

Summing up, we see that there exists a constant C' > 0 such that for every
m > 1

T T T
/ﬁmam@ﬁ+/’mam%ﬁgc(/nﬂmmﬁ+wm@)
0 0 0

The right-hand side is finite by assumption and does not depend on m > 1.

As a consequence, (u,,) is bounded in L*(0,7;V) and W12(0,T;V’). By
reflexivity, we can thus extract a subsequence (which we denote again by (u,,))
such that

Uy, — w in L*(0,7;V) and
U, — v in L2(0,T; V).
This means that for every ¢ € L?(0,T; V")
T

lim @@wmmwyzﬁ<mmmmwy

m—00 0

and for every ¢ € L*(0,T;V)
T

Hm [ (i (t), o))y = /0 (v(t), p(t) v v

m—00 0
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Let w € V be any fixed vector and let ¢ € D(0,T) be a scalar test function.
Then an integration by parts yields

( / w()p(t) dt, wyyry = / (ult), $(t)w)yry

_ /0 v(t)p(t), whvr v

Since this equality is true for every w € V, we find that

T T
/ ugb:—/ vp in V',
0 0

for every test function ¢ € D(0,T). Hence, by definition of the Sobolev space,
the function u belongs to W2(0,T; V') and @ = v.
Since A : V — V' is a bounded linear operator, we find that

Ay, — Au in L*(0,T; V'),
i.e. for every p € L*(0,T;V)

T

Hm [ (A (t), o(t))yry = /0 (Au(t), (t)v: v

m—00 0

Note that also
Ay, = Auin L*(0,T; V).

In order to see this, let w € V,, for some n > 1 and let ¢ € L?(0,T). Then, for
every m > n,

/0 (At (t), () = / (1 (£) (D))
- / a(tm(t), p(t)w)
- / (At (£), (D)) y

- / (Au(t), p(O)whyry  (m — o).

Since J,, Vi, is dense in V', and since therefore the set {¢(-)v : ¢ € L*(0,T), v €
U, Va} is total in L?(0,T; V), the last claim follows.
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Note also that f,, — f in L*(0,T;V’). We thus obtain for every ¢ €
L*(0,T;V)
T

/0 @(t) oy = Tim [ (i), o)y

m—00 0

= lim

m—00

T
= [ ) - aut) O
0
Since this equality holds for every ¢ € L*(0,T;V), we find that
u(t) + Au(t) = f(t) for a.e. t € [0,T],

i.e. u is a solution of our differential equation.

It remains to show that u verifies also the initial condition. Let w € V and
let » € C'([0,T]) be such that ¢(0) = 1 and ¢(T) = 0. Then an integration
by parts yields on the one hand

/0T<U, Qw)yry = —(u(0), w)y: v — /OT<U> p—

On the other hand, since uj’ — v in H,

{(fm(t) = At (t), o () vy

T
0

T T
/ <u’ gbw>vl’v = lim <um, wa>V’,V
0 m—0o0 0
T
=l (= (an(0) whvry = [ ey
m— oo 0
T
= — lim <u6n,w>vf,v—/ (U, pw)yr v

T
= —(ug,w)yry — / (i, pw)yr v
0
Comparing both equalities, we obtain
(u(0), w)yr v = (ug, w)vr v
for every w € V. Hence, u(0) = uy. O

REMARK 6.8. Lions’ Theorem says that the operator A : V. — V', con-
sidered as a closed, unbounded operator on V' with domain D(A) = V, has
L?-maximal regularity. This follows when regarding the inhomogeneous prob-
lem with initial value u(0) = 0.

Moreover, it follows from Lions’ Theorem, especially the solvability of the
initial value problem, that H C Try(V', V). Together with Lemma 6.6 this
implies the identity

Tro(V', V) =H,
i.e. a complete description of the trace space in this special situation.
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EXAMPLE 6.9. We consider the linear heat equation with Dirichlet bound-
ary conditions and initial condition
u(t, ) — Au(t,x) = f(t,x) (t,2) € Qr,
(6.4) u(t,z) =0 x € 09,
u(0,z) = up(x) x €,

where  C R" is any open set and Qp = (0,7") x Q. This heat equation can be
abstractly rewritten as a linear Cauchy problem

u(t) + Au(t), t € [0,T], u(0) = uy,

where A : H}(Q) — H~'(Q) is the Dirichlet-Laplace operator associated with
the form a : Hj(Q) x Hi(Q2) — R defined by

a(u,v) :/VuVU.
0

It follows from Lions’ Theorem that for every f € L*(0,T; H~'(Q)) and every
ug € L?(2) there exists a unique solution

we W0, T H™H () N L*(0, T; Hy ()

of this problem.

A particular situation arises when 2 = R™ (in this case the boundary con-
ditions are obsolete) and when f = 0, because in this case we have an explicit
formula for the solution. Using the heat kernel, one has for every uy € L*(R")
the solution w of the heat equation is given by

1 o
W/R l==u /)0 (0 .

Lions’ Theorem implies that this solution belongs to the space

w € WH2(0,T; HY(R™) N L*(0,T; HY(R™)) N C([0, T]; L*(R™)).

u(t,z) =

7. Interpolation and LP-maximal regularity

The aim of this section is to study interpolation results for maximal reg-
ularity. In particular, as a corollary, we will prove that the operator Ag :
D(Ay) — H associated with a bounded, elliptic bilinear form a : V x V — R
has L2-maximal regularity.

Given two Banach spaces X, Y such that ¥ — X, and given T" > 0,
p € [1,00], we define the mazimal regularity space

MR,(0,T; X,Y) := W'(0,T; X) N LP(0,T;Y)
and the trace space

Try(X,Y) :={u(0) :ue MR,(0,T;X,Y)}
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with usual norms. The maximal regularity space and the trace space used up
to now was obtained for Y = D(A). The definition of Tr,(X,Y) is independent
of T'> 0.

LEMMA 7.1 (Interpolation of a bounded linear operator). Let X;, Xo, Y7,
Y5 be four Banach spaces such that Y; — X; fori =1, 2. Let S : X; — Xy
be a bounded linear operator such that its restriction to Y, is a bounded linear
operator S 'Yy — Yy, Then, for every p € [1,00|, the restriction of S to
Try(Xi1,Y1) is a bounded linear operator S : Try(X1,Y1) — Try(X2, Y2) and

S| £(Trp(x1,¥1),Trp (X2, ¥2)) < Max{|[S]|zx,,x2), 1] 20viva) }-

Moreover, if S : X1 — Xy and S : Y7, — Y5 are invertible, then S :
Try(X1,Y1) — Try(Xs,Ys) is invertible, too.

PROOF. Let ug € Tr,(X1,Y1). By definition of the trace space, and by
definition of the norm on the trace space, for every € > 0 there exists u €
MR,(0,T; Xy,Y1) such that ||ullmr, < (14 €)||uollrr,. Put v(t) := Su(t).
Then v € MR,(0,T; X5,Y>) and

lvllir, = [vllwreorxs) + 0] Lrorys)
< ISllecxo) ullwreorx) + 1Slleys) [ullzeory)
< max{[|S]zcxy x2) ISlcoviya }llullr, < oo

In particular, v(0) = Su(0) = Suy € Try(Xs,Y>2) and

|Suol|7r,(x2,v2) < Vllarr, < max{||S|zex, x2), IS cvive) } lullarr, <
< (14 &) max{|[|S|| zcxy,x2), 1S |lcvava) } ol zr, (x0 v2)-

Since € > 0 was arbitrary, the first claim follows.

If S:X; — Xyand S: Y] — Y5 are invertible, then one applies the above
argument to the operator S=!: X, — X; whose restriction to Y5 is a bounded
linear operator S7!: Y, — Y. O

REMARK 7.2. The situation in the interpolation lemma. The boundedness
of S: X7 — Xyand S : Y] — Y5 is assumed, the boundedness of S in the
interpolation spaces is a consequence:

X i Xo

1 1
Try(Xi,Y1) 2, Try(Xs,Ys)

1 1

Y 2 Yy

The following lemma will not be proved.
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LEMMA 7.3. Let X, Y be two Banach spaces such thatY — X. Then, for
every p € [1,00],

Tr,(LP(0,T; X), LP(0,T:Y)) = LP(0, T; Tr, (X, Y)).

Let A: D(A) — X be a closed linear operator on X. This implies that the
domain D(A) equipped with the graph norm is a Banach space. We can define
the restriction of A to the space D(A) by

D(A;) = {ze€ D(A): Az € D(A)},
Az = Ax.

This restriction is again a closed linear operator (exercice!).

LEMMA 7.4. Let A: D(A) — X be a closed linear operator on X and define
Ay : D(Ay) — D(A) as above. Assume that A+ wl is invertible and that A has
LP-maximal regularity. Then Ay has LP-maximal regqularity.

PROOF. The operator A+w/ is an isomorphism between the Banach spaces
D(A) and X, and also between the Banach spaces D(A;) and D(A).

Let f € LP(0,T; D(A)). Then (A+wl)f € LP(0,T;X) and by LP-maximal
regularity there exists a unique solution v € M R,(0,T; X, D(A)) of the problem

u+ Au=(A+wl)f, t€[0,7], u(0)=0.

Multiply this differential equation by (A+wl)~" and put v(t) := (A+wl) u(t).
Then v € MR,(0,7; D(A), D(A;)) is solution of the problem

b4+ Av=f,te[0,T), v(0)=0.

This solution is unique since every solution in M R,(0,7; D(A), D(A,)) is also
a solution in M R,(0,T; X, D(A)) of the same problem and the solution in the
latter space is unique by LP-maximal regularity.

As a consequence, A; : D(A;) — D(A) has LP-maximal regularity. O

REMARK 7.5. One can repeat the above argument and restrict the operator
A to the space D(A;) which is also a Banach space. This restriction is given
by
D(AQ) = {Jf € D(A1> cAx € D(Aﬂ},
Asx = Az,

and it is also a closed linear operator. By iteration, one can define closed linear
operators

D(Ay) = {x € D(Ay_1): Az € D(Ax_1)},
Apxr = Az,
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and one obtains the following picture:

D) 4 X =X,
T T

D(A) 4 D(A) =X
T T

D(4y) 4 D(A) = X,

If A+ wl is invertible and if A has LP-maximal regularity, then each operator
Ay has LP-maximal regularity.

Even more is true: we know from the interpolation lemma (Lemma 7.1)
that A is also a closed linear operator on the interpolation spaces between X
and D(A). In the following theorem we prove that if A + w/ is invertible and
if A has LP-maximal regularity, then also the restriction of A to Tr,(X, D(A))
has LP-maximal regularity.

THEOREM 7.6. Let A : D(A) — X be a closed linear operator on X and
define its restriction to Tr,(X, D(A)) by

D(Ary,) = Try(D(A), D(A1)),
Appx = Ax.
Assume that A + wl s invertible and that A has LP-mazimal reqularity. Then

Ary, has LP-mazimal regularity.

PROOF. Define
MR)(0,T;X,D(A)) :={u € MR,(0,T; X, D(A)) : u(0) = 0}
and define the operator
S:MR)0,T;X,D(A)) — LP0,T;X),
u — U+ Au.

The operator S is clearly bounded. Moreover, the operator A has LP-maximal
regularity if and only if the operator S is invertible. Hence, by assumption, S
is invertible.

The restriction of S to the space MR,(0,7;D(A),D(A;)) is a bounded
operator with values in L”(0,7; D(A)), and, by Lemma 7.4, this restriction is

also invertible.
By Lemma 7.3, we have

Tr,(LP(0,T5 D(A)), LP(0,T; D(Ay))) = LP(0,T; Trp(D(A), D(Ay))),
and
Try(WHP(0, T; X ); WHP(0, T; D(A))) = WHP(0,T; Try (X, D(A))).
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It then follows that

Try(MREy(0,T; X, D(A)), MR,(0,T; D(A), D(Ay))) =
— MR,(0,T; Tr,(X, D(A)), Tr,(D(A), D(A1))).
By the Interpolation Lemma (Lemma 7.1), the restriction
S s MRO(0,T: Tr,(X, D(A)), Try(D(A), D(A))) — L'(0,T5Try(X, D(A))),
u +— U+ Au.
is bounded and invertible. This means that the operator Ar,, has LP-maximal
regularity. U
REMARK 7.7. One has the equality
Try(D(A),D(A,)) ={z € D(A) : Ax € Tr,(X,D(A))},

so that A, is really the restriction of A to the space T'r,(X, D(A)).

In order to prove this equality, let uwy € Tr,(D(A),D(A;)) C D(A).
Then there exists u € MR,(0,7;D(A),D(A;)) such that u(0) = ug. Put
v(t) == (A+ wl)u(t). Then v € MR,(0,T;X,D(A)) and thus (A + wl)uy €
Tr,(X,D(A)). Hence, ug € D(Ag,,). The other inclusion is proved similarly,
using the invertibility of A + wl.

REMARK 7.8. As before, the procedure of considering restrictions to inter-
mediate spaces can be repeated on the smaller spaces X; = D(A), Xy = D(4,),
etc.. One thus obtains the following picture:

D(A) A X = X
T T
Try(D(A), D(A)) L Trp(X,D(A)) = Xy
T T
D(A) i D(A) =Xy
T T
Try(D(A), D(A3)) A, Try(D(A), D(A1)) = Xijyyp
T T
D(As) A D(A,) = X,

If A+ wl is invertible and if A has LP-maximal regularity, then each operator
in this picture has LP-maximal regularity.

COROLLARY 7.9. Leta : V xV — R be a bilinear, bounded, elliptic form
and let Ay : D(Ay) — H be the associated operator on H. Then Ay has
L*-mazimal reqularity. In particular, for every f € L?(0,T;H) and every
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ug € V there exists a unique solution w € WY2(0,T; H) N L*(0,T; D(Ag)) of
the problem
u(t) + Au(t) = f(t), t €0, T], u(0) = up.

PROOF. By Lions’ Theorem (Theorem 6.4, see also Remark 6.8), the oper-
ator A: V — V' associated with the form @ has L?-maximal regularity.

By ellipticity of the form a and by the theorem of Lax-Milgram, the operator
A + wl is invertible. Hence, by Theorem 7.6, the restriction of A to the trace
space Try(V', V) has L?>-maximal regularity, too.

But by Remark 6.8, this trace space is equal to H and the restriction of A
to the space H is nothing else than Ay. Hence, Ay has L?-maximal regularity.

For the second statement, one has to prove that Tro(H, D(Ag)) =V. O

EXAMPLE 7.10. We consider again the linear heat equation (6.4) with
Dirichlet boundary conditions and initial condition from Example 6.9. From
the results in this section follows that for every wy € Hj(2) and every
f € L*0,T;L*(f)) the heat equation (6.4) admits a unique solution

we WH2(0,T; L2(Q)) N L2(0, T; D(A,)) N C([0, T]; HL(9)),

where D(Aj2) is the domain in L?*(Q2) of the Laplace operator with Dirichlet
boundary conditions. If Q@ = (a,b) is a bounded interval, then D(A[2) =
H?(a,b)NH{(a,b) (exercice). One also has D(Ap2) = H*(Q)NH; () if Q c RY
has smooth boundary, but this result is more difficult to prove and will be
omitted.

Note that one can identify the spaces L*(0,T’; L*(2)) and L*((0,T) x ) in
a natural way so that the inhomogeneity f is actually a real valued function on
the product (0,7") x € as suggested in the heat equation (6.4).



CHAPTER 3

Nonlinear parabolic equations

1. Existence and uniqueness of local solutions

Let X and D be two Banach spaces such that D is densely and continuously
embedded into X. Let 1 < p < oo and uy € Tr,(X, D) be fixed, and let A :
Try(X,D) — L(D,X) and F : Tr,(X, D) — X be locally lipschitz continuous
functions.

In this section, we consider the quasilinear problem

(1.1) U+ Aluw)u+ F(u) =0,t >0, u(0)=up.

Note that for every u € T'r,(X, D) the operator A(u) is a linear operator
D — X which may be considered as an unbounded operator on X with domain
D. The problem (1.1), however, is not linear even if F' = 0, since the linear
operator A(u) depends on u. We call the problem (1.1) quasilinear.

THEOREM 1.1 (Existence and uniqueness). Under the above assumptions on
ug, A and F, and if A(ug) has LP-mazimal reqularity, the quasilinear problem
(1.1) admits a unique local solution w € M R,(0,T;X, D).

PROOF. We put Ay := A(ug). By assumption, the operator Ay : D — X
has LP-maximal regularity. Let 7" > 0 and consider the set

M :={u € MR,(0,T; X, D) : u(0) = ug}

with the induced metric (induced from the norm in MR,). Functions in M
already satisfy the initial condition from (1.1).
Consider the nonlinear map

R:M — LP0,T;X),
u — (Ag— A(u))u — F(u).
It follows from the embedding M R,(0,7; X, D) — C([0,7T;Tr,(X, D)) and

the assumptions on A and F that the map R is well defined.
Consider also the solution map

S:LP0,T;X) — M,
f — Sf:=u,
which assigns to every function f € LP(0,7; X) the unique solution in M of
the problem
u(t) + Aou(t) = f(t), t € [0,T],  u(0) = uo.
33
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By LP-maximal regularity of Ay, this solution map is well defined, too.

By definition of the two maps above, a function u € M R,(0,7; X, D) is a
solution of the quasilinear problem (1.1) if and only if u € M and SRu = u, i.e.
if u is a fixed point of SR. We have thus reduced the problem of existence to a
fixed point problem which we will solve by using Banach’s fixed point theorem.

Let So : LP(0,T;X) — MR)(0,T; X, D) be the solution operator which
assigns to every function f € LP(0,T; X) the unique solution u := Sf of the
problem

u(t) + Agu(t) = f(t), t € [0,T7], u(0)=0.
There exists a constant C's > 0 independent of T" € (0, 1] such that ||Sy|| < Cs
for every T' € (0, 7.
Moreover, for every T' > 0 and every u € MRg(O, T; X, D) one has

(1.2) lulleqo,ryrr,) < 2 ||ullarryo,rx,p)-

In fact, every function u € M Rg(O,T; X, D) can be extended to a function
u € MR)(0,00; X, D) by setting

u(t) if0<t<T,
a(t) == w2l —t) if T <t<2T,
0 if 2T < t,

and for this particular extension one has

1| arr,(0,00:x,0) < 2 ||tl|arr,(0.7:x,D)-
Note that in this reasoning it is important that «(0) = 0! As a consequence,
by definition of the norm in the trace space, for every ¢ > 0,
Ju®lle, < (¢ + srn015.0) < 2 ullsn o0,

and the inequality (1.2) follows.
By local Lipschitz continuity of A and F', there exist r > 0, L > 0 such that
for every vy, wp in the closed ball B(ug,r) C T'r,(X, D) one has

|A(vo) — A(wo)llzp.x) < L [lvo — woll7y, and
|1 F(vo) — F(wo)|x < L |lvo — wol|rr,-
Let

' := min{r,

4CSL}'
Let @ := S0 be the solution of the problem
u(t) + Aou(t) =0, t € [0, 7], u(0) = up.
Choose first € > 0 such that

r ro 1
< min{l, =} = min{1, -
e < min{l, 6} min{ "6 12CoL

}.
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and choose then T € (0, 1] sufficiently small so that

/
sup {|a(t) — wollrr, < 3.
t€[0,T
|@|| L 0,7.p) < € and
€

1 13
Tr» < min ) ~ )
= {8CSL 4Cs||F(U)||c<[o,11;x>}

For this fixed T > 0, let M be defined as above, and define the closed subset
M = {U < M : ||U — a”MRp(O,T;X,D) < 5}.

For every u € M one has

27!
sup [lu(t) — wollrr, < 5
t€[0,T]

by the triangle inequality, the inequality (1.2), and the choice of e. Moreover,
by the triangle inequality, one has

[wl| Lo o0y < 2e.

We first prove that SR maps the set M into itself. In order to see this, let
u € M. Then

||SRU—1~LHMRP = ||SRU—SO||MRp
= [[SoRul|rmr,
< [1Soll (I1(Ao = A(w))ulloorx) + [1F ()| o o7:x))
<

Cs sup || Ao — A(u(t))|lco,x) lullzro.r;p) +
t€[0,T]

+ CsTr (| F(u) — F(@) | cqomx) + | F (@) ogom:x))

< CsL sup |lu(t) — uollrr, lullLeo,r;p) +
t€[0,T]

) _ 9
+ CsTv Llu = allooryre,) + 7

IA

CoLr'2e + CsT L2 + Z

<6+€—|—8—8
- 2 4 4 7

This proves that SRu € M.
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We next prove that SR is a strict contraction. In order to see this, let u,
v e M. Then
HSRU — SRUHMRP = ||SQ(R’LL — RU)HMRP
< 1Soll (II(Ao = A(u))u — (Ao — A(v))v|[Loo,rx) +
+ [ F(u) = F0)llero,r.x))
Cs ([[(A(w) — A())ulloo,rx) +
+ [[(Ao — A(v))(u — V)| r,1:x) +
+T7 || F(u) = F(v)lleqomx))-
For the first term on the right-hand side we have

[(A(u) = A())ullzrorx) < tSE(l)I;] [A(u(t)) — A(wE)l|cp.x) [l Leo,r;p)
€10,

< L|lu —v|leqoryrr,) 26
g 4L€HU—UHMRP.

IN

For the second term on the right-hand side we have

(Ao — A(v))(w —v)||zrorix) < SElP] Ao — A(w(®)|l zp.x) lv — v||Lr 0,70
te[0,T

< LT/||u—v||MRp
1
< @HU — V| mr,-

And for the third term on the right-hand side we have

[F(u) = F)llcqomx) < Llu—2vlleqoryr,
S 2LHU_U||MRP-

Putting the above estimates together we find that

1 1
||SRU — SRUHMRP S 03(4L€ + — + QTPL) ||U — UHMR;;

4C
< GArt)lu—vl lu =]
-—+-+-)|lu—w = —llu— .
= Gty ty MR, 1 MR,

Hence, SR : M — M is a strict contraction. By Banach’s fixed point
theorem, there exists a unique fixed point v € M which by construction of S
and R is a solution of the quasilinear problem (1.1). O

EXAMPLE 1.2 (Semilinear heat equation). Let Q C RY (N > 3) be open,
T>0, 9 =(0,T)xQ, f e CYR), and consider the semilinear heat equation
with Dirichlet boundary conditions and initial condition:

u(t, ) — Au(t,z) + f(u(t,z)) =0 (t,x) € Qr,
(1.3) u(t,z) =0 x € 0,
u(0,z) = ug(x) x € Q,
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Assume in addition that there exists some constant C' > 0 such that
2
If'(s)| < |s|¥=2 for every s € R.

COROLLARY 1.3. Then for every ug € H}(Q) there exists a unique local
solution uw € W12(0,T"; L*(Q)) N L*(0,T"; D(Ap2)) of the problem (6.4).

PRrROOF. In fact, we may apply Theorem 1.1, where A = —A;2 is the con-
stant Dirichlet-Laplace operator associated with the form a : Hj(Q) x Hg () —
R given by a(u,v) = [, VuVv (which has L*-maximal regularity on L*(2) by
Corollary 7.9) and where F : H}(Q) — L*(Q) is the Nemytski operator asso-
ciated with the function f: F(u)(z) := f(u(x)). One only has to show that
this Nemytski operator is locally Lipschitz continuous. For this, we need the
Sobolev embedding

Hy(Q) — L7(Q),

which holds for ¢ = -2, From this embedding, the growth condition on f,
N-2

the mean value theorem and Holder’s inequality we deduce that for every u,

ve HH Q)
IF) = P = [ 170) = )P
= [ et — @)
< [l = o
< [ty o= o
< (LIl vl #=) R =) 5

4
< max{fJullmy, 0]l } 7= lu = vliz,.

Hence, for every R > 0 there exists a Lipschitz constant L > 0 such that for
every u, v € H(Q2) with norms less than R one has

[1F(u) = F(u)llz2 < Llu = vl

In fact, one may take L := R~ In other words, F'is Lipschitz continuous on
bounded subsets of HJ (). a

EXAMPLE 1.4 (Cahn-Hilliard equation). Let 2 C R? be a bounded domain
which is regular in the send that the domain of the Dirichlet-Laplace operator
A = Ap» which is associated with the form a : H}(Q2) x Hi () — R, a(u,v) =
fQ VuVu, is given by

D(A) = H*N Hy ().
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In this example, we consider the Cahn-Hilliard equation
w(t,x) + A(Au(t, ) — f(u(t,x))) =0 (t,z) € Qp,
(1.4) u(t,z) = Au(t,z) =0 x € 09,
u(0,z) = ug(x) x €,

where as before Qp = (0,7) x , and where the nonlinearity f belongs to
C3(R). No growth restrictions on f are imposed. We will apply Theorem 1.1
in order to prove existence and uniqueness of solutions of the Cahn-Hilliard
equation, at least for initial values uy € H* N Hy(2). For this, we start by the
following lemma.

LEMMA 1.5. The bilinear form b: H*> N H}(Q) x H* N H} () — R defined
by
b(u,v) = / AulAv
Q
18 bounded and elliptic.

PROOF. The Dirichlet-Laplace operator on L*(2) is a closed linear opera-
tor. In particular, its domain D(A) is a Banach space for the graph norm

[ullpay = llullze + |Au] 2.

By assumption, the domain D(A) coincides with H% N H}(€2). Hence, by the
bounded inverse theorem, the graph norm is equivalent to the usual norm in
H? N H}, which is the norm induced from H?. This implies that there exists
1 > 0 such that

b(u,u) + [[ullz2 = [ AullZ: + [lullf2 = 1 l[wllFznm-
Hence, the form b is elliptic. Boundedness of b is straightforward. O

LEMMA 1.6. Let B = By be the operator on L? which is associated with
the form b from Lemma 1.5. Then

D(B)={u€ H*NHy(Q): Au € H*N H(Q)}
and Bu = A%u.
PROOF. O

LEMMA 1.7. Let f € C*(R) be such that f(0) = 0. Then the Nemytski
operator F': H*(Q) — H?*(Q) given by F(u)(x) := f(u(x)) is well-defined and
Lipschitz continuous on bounded subsets of H?(2).

PRrROOF. We use the Sobolev embeddings
H*(Q) — L*(Q) and H'(Q) — L*(Q),
which are valid since §2 is a subset of R? (in fact, the above embeddings are

also true for open subsets of R and R2, but they are not true in dimension 4
and higher dimensions).
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Let u € H?*(2). Then, by the Sobolev embeddings and by the fact that f
and its derivatives are bounded on bounded intervals one obtains

flu) € L*(9),

0 o u o T2 2
Sl () = flu)g € L 1 ¢ LA(©)
and
0? ou Ou 0%u
T o / Loo_L4_L4 LOOL2 LQQ
5o (0 = 1" g g+ g + c L2(Q),

where in the last inclusion we also used Holder’s inequality. This proves that
F is well-defined from H?*(Q2) into H*(Q).

We next show that F is Lipschitz continuous on bounded sets of H?((2).
Let R > 0 and let u, v € H*(Q) such that ||u||g2, ||v||gz < R. By the Sobolev
embeddings, there exists a constant C' > 0 such that

[ullzoe, [[0]lpees [Vul[za, [[Vo][ze < CR.
Let M = M(R) > 0 be a constant such that

||f(k)||L°°(70R,OR) < M for every k € {0,1,2,3}.

Then
@) = FlE = [ 1#@ = )P
< P Bomonliu— ol
< M lu— 0| pe.
Moreover,
0

[t - r@Pgep+ [ Irergs - 2
< 1B conerllu = ol ol +
1 B cnonle =l
(M?C?R* + M?) |Ju — v||}2
Lo (R = vl

IN

5, (Flw) = F)IZ2
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Finally,

-

I ) = SO < [ 177 = P
/W’|@% %J|J
+ [ 1) %%H%l o
# 17 - R

+ [1rwr o
8% @xl 901,

< M2||u—v||Loo|| ||L4|| =12 +
X 7

ou ov
+MW———MHM|IW+
] J

ou
+M2H—HL4H

= <H%4+

2
aa\m
o Lo _ O e,

dr;0x; Ox;0r;" "
< Ly u— vl

+ M u— L]

+M

Putting the last three estimates together we have thus proved that F'is Lips-

chitz continuous on bounded subsets of H?((2).

THEOREM 1.8. Assume that f € C3(R) satisfies f(0) = 0 and that § is
reqular in the sense described above. Then for every ug € H? N HY(Q) there

exists a unique local solution
u € Wh(0,T; L*(Q)) N L*(0,T; D(B))

of the Cahn-Hilliard equation (1.4). Here, D(B) is as in Lemma 1.6.

EXAMPLE 1.9 (Quasilinear diffusion equation). More generally, if  C RY
is open and bounded (!), we may also solve the following quasilinear problem:

—div (a(z,u)Vu) + f(z,u) =0 (t,z) € Qr,
(1.5) u(t,z) =0 x € 08,
u(0,x) = ug(x) x € ),
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where a, f: Q x R — R are of class C*. We assume that there exist constants
C, L, n > 0 such that for every x € Q, u, v € R

(H1) C>a(x,u)>n>0,
(H2)  |a(z,u) — a(w,v)| < Lju —vl,
(H3)  |f'(w)] < Clu|7=.

COROLLARY 1.10. Then for every ug € L*(Q) there erists a unique local
solution uw € WY2(0,T"; H-1(Q2)) N L*(0,T"; HY () of the problem (6.4).

ProoF. We apply again Theorem 1.1, but this time we work in the Hilbert
space H~'(Q). The Nemytski operator F' : L*(Q) — H'(Q) defined by
F(u)(x) := f(x,u(x)) is locally Lipschitz continuous by hypothesis (H3); the
proof is very similar to that in the preceeding example, but we now use that
L+ (£2) embeds continuously into H~(2) and we actually show that the Ne-

mytski operator F is locally Lipschitz continuous from L?(2) into L%(Q)
Next, for every u € H}(Q) we define the bilinear form a(u) : H} x H} — R
by

a(u)(wl,wg):/Qa(x,u(x))Vw1Vw2.

By hypothesis (H1), for every u € HJ (). O

REMARK 1.11. It should be clear from the proof of Theorem 1.1 that one
could actually also study non-autonomous (i.e. time-dependent) quasi-linear
problems of the form

(1.6) U+ A(t,u)u+ F(t,u) =0,t >0, u(0) = up.

Here A : [0,T] x Tr,(X,D) — L(D,X) and F : [0,T] x Tr,(X,D) — X are
continuous functions which are locally Lipschitz continuous with respect to the
second variable, uniformly with respect to the first one, and uy € T'r,(X, D).

The proof of the following theorem is an adaptation of the proof of Theorem
1.1.

THEOREM 1.12. Under the above assumptions on ug, A and F, and if

A(0,up) has LP-maximal regularity, the quasilinear problem (1.6) admits a
unique local solution w € MR,(0,7"; X,D) (T" <T).

2. Regularity of solutions

In this section we want to study the regularity of solutions of the semilinear
equation

(2.1) U+ Au+ F(u) =0,t >0, u(0)= up.

Here A : D(A) — X is a closed linear operator on the Banach space X,
F : Trp(X,D(A)) — X is a locally Lipschitz continuous function, and
up € Try(X,D(A)). In fact, the proof of the regularity theorem will show
that we could actually also study the quasilinear problem (1.1), but for the
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sake of simplicity we restrict ourselves to the problem (2.1).

For the proof of our regularity theorem we need the following classical the-
orem from calculus (which is in fact also proved by using Banach’s fixed point
theorem, like our theorem of existence and uniqueness for the quasilinear prob-
lem).

THEOREM 2.1 (Implicit function theorem). Let X, Y, Z be three Banach
spaces and let G : X x Y — Z be of class C* for some k > 1. Assume
that G(Z,y) = 0 and assume that the partial derivative %—f(f,g) Y — Z is
boundedly invertible.

Then there exists a neighbourhood U C X of &, a neighbourhood V- C Y of
y, and a function g : U — Y of class C* such that

{(z,9) € U x V : G(x,y) =0} = {(z,9(x)) : x € U}.
If, in addition, the function G is analytic, then the implicit function g is

analytic, too.

THEOREM 2.2 (Regularity for the quasilinear problem). In the semilin-
ear problem (2.1) assume in addition that A has LP-mazximal regularity and
that F is of class C* for some k > 1. Then the unique local solution
ue MR,(0,T; X, D(A)) has the following reqularity properties: for every T > 0

w € WFP(r. T; X)W (1, T; D(A)) and

u € CH0.T]:X) N CF1(0.T): D(A).
If F is of class C*, then in fact uw € C*(]0,T]; D(A)), and if F is analytic,
then u is analytic.

In fact, for the proof of Theorem 2.2 we will also need the following pertur-
bation result.

THEOREM 2.3. Let A : D(A) — X be a closed, linear operator on a Banach
space X, and let B € L(Tr,, X). Assume that A has LP-mazximal regularity.
Then A + B has LP-mazimal reqularity.

PROOF. Saying that the operator A has LP-maximal regularity is equivalent
to saying that the operator

So: MR)(0,T;X,D(A)) — LP(0,T;X),
u +— u+ Au,
is invertible for some (for all) T > 0. Note that the norm of the inverse |S; ||

is uniformly bounded in T" € (0, 1].
We have to prove that the operator

S:MR](D)(O,T;X,D(A)) — LP(0,T;X),
u +— u+ Au+ Bu,
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is invertible for some (for all) 7' > 0. There exists a constant C' > 0 such that

for every T € (0, 1]

1S5 'Blleourg) < ClIBllcars,wr
< C sup ||Bullror.x)

U <1
Jull g <

IN

CTY?  sup ||Bullcgorx)

u <
” ”1\4R2_

< CTY?|Bllerr,xy  sup  |ulloqorimn)

lull s g <1
< 2CTY?||Bl|z(rr, x)-

Hence, if T > 0 is small enough, then, by the Neumann series, I + S;'B is
invertible in MRS(O,T; X, D). As a consequence, the operator S = Sp(I +
Sy 'B) is invertible for T > 0 small enough. Hence, A + B has LP-maximal
regularity. U

PROOF OF THEOREM 2.2. Let € > 0 be sufficiently small so that for every

A € (—¢,¢) the function
ux(t) :=u((14+N)t), tel0,T],
is well-defined. For every A € (—¢,¢) the function uy € MR,(0,T; X, D(A)) is
the unique solution of the semilinear problem
U+ (14+NAu+ 14+ N)F(u) =0,t>0, u(0)=up.

Consider the nonlinear operator

G:(—e,e) x MR,(0,T;X,D(A)) — LP(0,T;X) x Tr,(X, D),
(Av) — @+ 1+ XNAv+ 1+ N)F(v),v(0) — up).

Since F is of class CF, the operator G is also of class C* as one easily verifies.
Moreover, by definition of G and the functions wu,, one has

G\ uy) = (0,0) for every A € (—¢,¢).

We show that G actually satisfies the assumptions of the implicit function
theorem in (0,u). For this, we have to consider the partial derivative %(O, u)
which is the linear operator given by

8—G(O,u) : MR,(0,T;X,D(A4)) — LP(0,T;X) x Try(X, D),

ou
v — (v+ Av+ F'(u(t))v,v(0)).

Since A has LP-maximal regularity, and by a fixed point argument as in the
proof of Theorem 1.1, for every f € LP(0,7T; X) and every vy € Tr,(X, D(A))
the non-autonomous, linear problem

v+ Av+ F'(u(t)v=f,t >0, v(0)= vy,
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admits a unique solution v € MR,(0,7; X, D(A)). But this actually means
nothing else than that the partial derivative %—S(O, u) is boundedly invertible.

By the implicit function theorem, there exists ¢’ € (0,¢), a neighbourhood
U C MR,(0,T;X,D(A)) and an implicit function ¢ : (—¢’,&") — U of class C*
such that

G(A, 9(A) = (0,0),

and all solutions in (—¢’, ') x U of the equation G(A,v) = (0,0) are of the form
(A, g(N)). Since the elements (A, uy) are solutions of this equation, we obtain

uy = g(A).
Moreover, the function
g:(—=€',¢') — MR,(0,T;X,D(A)),
A= uy=u((1+ X)),

is of class C*. When calculating the consecutive derivates of g in A = 0, we see
that

t— tu(t) € MR,

t tfu® () € MR,
and this yields the stated regularity of the solution w. U

COROLLARY 2.4. Assume that A : D(A) — X is a closed linear operator
on a Banach space X and assume that A has LP-mazximal reqularity. Then for
every ug € Tr,(X, D(A)) the unique solution u of the linear problem

i+ Au=0,t>0, u(0)=u,
satisfies for every k > 1
u € MR,(0,T; X, D(A)) N C>(]0, T]; D(A")).
In fact, the solution u is analytic on (0, 00).

PROOF. Applying Theorem 2.2, one obtains u € C®([r,T; D(A)) for ev-
ery 0 < 7 < T. From this and the Cauchy problem one obtains then
u € LP(7,T; D(A?%)) and derivating in the Cauchy problem one successively ob-
tains first u € C*°([r, T]; D(A?)) and then by induction u € C*([r, T]; D(AF))
for every k > 1. O

REMARK 2.5 (Cp-semigroups). A family (S(¢)):>o of bounded linear oper-
ators on a Banach space X is called a Cy-semigroup if
(i) 5(0) = 1,
(i) S(t+s) = S(t)S(s) for every t, s > 0, and
(iii) for every z € X the function t — S(t)z is continuous.
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A closed linear operator A : D(A) — X is called the generator of a Cy-
semigroup (S(t));>o if for every x € X and ¢ > 0 one has fot S(s)x ds € D(A)
and Af(f S(s)x ds = S(t)xr — .

Let A : D(A) — X be a closed linear operator on a Banach space X
and assume that A has LP-maximal regularity. Then for every z € Tr, =
Try(X, D(A)) there exists a unique solution v € M R, of the problem

t+Au=0,t>0, u(0)=uzx.

If one puts S(t)z := wu(t) (u being the unique solution for the initial value
x € Trp), then (S(t))i>0 is a Cy-semigroup on the trace space T'r,. The orbits
S(-)x being by definition the solutions of the above Cauchy problem, this semi-
group is even analytic by Corollary 2.4.

In the special situation when A : V' — V' is the operator associated with a
bilinear, bounded and coercive forma : VxV — R (V — H = H' — V), then
we obtain an analytic semigroup (S(t));>0 on the space H whose generator is
actually the operator Ay.

EXAMPLE 2.6. Let Q = (0,1), f € C*°(R), and consider the semilinear heat

equation

U — Uz + f(u) =0, (t,x) € Ry x (0,1),
(2.2) uw(t,0) =u(t,1) =0, teR,,

u(0,z) = up(x), z € (0,1).

COROLLARY 2.7. For everyug € H}(0,1) there exists a unique local solution
uw € Wh2(0,T; L*(0,1))NL*(0,T; H*NH(0,1)) of the semilinear heat equation
(2.2) satisying

ue C™((0,7) x (0,1)).
PROOF. The negative Dirichlet-Laplace operator on L?(0,1) given by
—Ap: H* N H(0,1) — L*(0,1), u > —Ug,,

has L2-maximal regularity by Lions’ theorem and by interpolation.

The Nemytski operator

F:H)0,1) — L*(0,1), uw f(u),

is of class C™. In order to see this, one may use the embedding of H(0, 1) into
Co(0,1). In particular, F' is locally Lipschitz continuous.

By Theorem 1.1, the heat equation (2.2) admits a unique local solution in
the maximal regularity space. By Theorem 2.2, this solution even satisfies

(2.3) u € C*(]0,T); H*(0,1)).
Note that for every k € N one has
F(H*(0,1)) € H*(0,1),
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and the restriction of the Nemytski operator F to H*(0,1) is again of class C*.
In particular, by (2.3),
O, f(u) € C*(]0,T]; H*(0,1)),

which by the heat equation implies

Uge € C(]0,T); H*(0,1))
or

u € C>*(]0,T); H*(0,1))
By induction, one shows that for every k£ € N
u € C*(]0,T]; H*(0,1)) — C=(]0,T]; C*~'([0,1])).

In particular, all the partial derivatives of u exist and are continuous. The

claim follows. O

3. Navier-Stokes equations: local existence of regular solutions
In this section we are looking for (regular) solutions
w:[0,T] x R* — R",
p:[0,T] xR" — R
of the Navier-Stokes equation
Ou—Au+ (u-V)u+Vp=0, (t,z)e[0,T] xR",
(3.1) divu =0, (t,z) € [0,T] x R™,
u(0, ) = up(x), r € R™.

The Navier-Stokes equation is actually a system of n equations which we
may also write in the form

owu; — A, + Z?Zl U0y, u; + 0pp =0, (t,2) € [0,T] x R",

divu =0, (t,z) € [0,T] x R",
u(0,z) = ug(x), r € R™,
with u = (uq, ..., uy).

The first step in solving the Navier-Stokes equation will be to rewrite it
in an abstract functional analytic setting and to obtain an abstract nonlinear
evolution equation of parabolic type.

We introduce the following spaces. First the Sobolev space of all solenoidal
(i.e. divergence free) vector fields

H! = H}(R"R") := {u € H'R"R") : divu = 0},

and also the Lebesgue space of all solenoidal vector fields

L= L2(R%R") := {u € L*(R";R") : Vo € H'(R") : / u- Ve =0}

n
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LEMMA 3.1. The spaces H! and L? are closed subspaces of H' and L2,
respectively. The space H! is a dense subspace of L.

PROOF. The closedness of the two spaces is straightforward. Let u € H}
and let ¢ € H'(R"). Then an integration by parts yields

O:/ divugp:/ u- Vo,

and hence u € L2. The density of H} in L2 follows from a usual regularization
argument. U

LEMMA 3.2. Let
L3 = LL (R RY) == {u € L*(R";R") : Jv € H'(R") s.t. u= Vuv}
be the space of all gradient vector fields. Then
L2 1 I3,
i.e. the two spaces are orthogonal in L*(R™;R™).
PROOF. This follows from the very definition of L2. g

Since L2 is a closed subspace of L?, there exists the orthogonal projection
P : [? — L? onto the space L2. This projection is called the Helmholtz projec-
tion. By Lemma 3.2, PL% = {0}.

Next, we need the following form a : H! x H! — R which is defined by
a(u,v) := VuVuv = Z/ O ;Ui O V5.
Rn ij—1 n
The following lemma is straightforward.
LEMMA 3.3. The form a defined above is bilinear, bounded and elliptic.

Let A = Az be the operator on L2 associated with the form a. The
operator A is called the Stokes operator.

For every w € H? = H? N H! and every v € H]} an integration by parts
yields

a(u,v) = VuVv

R”

= — / Auv
Rn
= - / AuPv

_ /R (~Phup,

=
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where we have used that Pv = v since P is the identity on L2. Hence, for every
u € H? one has u € D(A) and

Au = —PAu.
We will use in the following (without proof) that D(A) = H2. This can be
shown by using the Fourier transform on L?*(R") and the Plancherel theorem.

LEMMA 3.4. The Stokes operator A : H2 — L2 has L*-mazximal reqularity.

PRrROOF. This lemma is a direct consequence of Lions’ theorem (Theorem
6.4) and interpolation. See in particular Corollary 7.9. ]

Assume for the moment, that the Navier-Stokes equation admits a solution
(u,p) such that u(t,-) € L? p(t,-) € HY(R") and such that the members
Owu(t,-) and Au(t,-) belong to L? (so that necessarily also the nonlinear term
belongs to L?). Then for each ¢t we can apply the Helmholtz projection to each
member and we obtain the following equation

0yPu— PAu+ P((u-V)u) =0, (t,z)€[0,T] xR",
divu =0, (t,x) € [0,T] x R™,
u(0,z) = up(x), r € R™.

Here we have used that the Helmholtz projection applied to gradient vector
fields gives 0. The resulting equation is only an equation in the unknown
function u. Since divu = 0, one has u € L2, and the above equation can
abstractly be rewritten in the space L?2:

u—Au+ P((u-V)u) =0, te€][0,T],

{ u(0) = wuo.

This is the equation which we will solve by abstract methods. Let
MRy = W0, T; L2) N L*(0,T; H).

(3.2)

LEMMA 3.5. Assume that n =2 or n = 3. Then the operator
B:MRyx MRy, — L*(0,T;L?),
(u,v) — P((u-V)v)

is well-defined, bilinear and bounded (i.e. continuous).

Proor. We will use the Sobolev embeddings

H! — L* and H? — L*™

which hold true if n =2 or n = 3.

These Sobolev embeddings imply the embeddings

MRy — C([0,T); HY) < L*(0,T; L*)

and for every u € M Ry one has
Vu e L*0,T; H}) — L*(0,T; L*).
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By Hoélder’s inequality, this implies for every u, v € M Ry
(u-V)v e L*0,T; L?),
and
(- V)vllz2omi22) < Cllullar, [[0]|ars,
for some constant C' > 0 independent of u and v. Hence, P((u - V)v) €

L*(0,T; L2%), i.e. B is well-defined. Moreover, by the preceeding inequality, B
is also bounded. U

THEOREM 3.6. Assume that n = 2 or n = 3. For every ug € H} the
equation (3.2) admits a unique local solution
uw€ WH(0,T; L2) N L*(0,T; H?).
SKETCH OF THE PROOF. Let
M :={u € MRy : u(0) = up}.
Define the nonlinear operator
R:M — L*0,T;L%),
u — —P((u-V)u).
This operator is well-defined by Lemma 3.5. Actually, for every u € M one has
Ru = —B(u,u).
Define in addition the operator
S:L*0,T;L%) — M,
f = SFf
which assigns to every f the unique solution u = S'f of the problem
u+Au=f,t€[0,T], u(0)=um,

where A is the Stokes operator. The operator S is well-defined by L?-maximal
regularity of the Stokes operator (Lemma 3.4).

Then u € M R, is a solution of the abstract Navier-Stokes equation (3.2) if
and only if v € M is a fixed point of SR : M — M.

The rest of the proof is very similar to the proof of Theorem 1.1 on existence
and uniqueness of local solutions of the quasilinear problem. In particular,
existence and uniqueness for the abstract Navier-Stokes equation follows from
Banach’s fixed point theorem. We omit this part of the proof. U

COROLLARY 3.7. Assume that n = 2 or n = 3. Then for every uy € H}
there exists a unique local solution of the Navier-Stokes equation:

u € WY(0,T;L2) N L*(0,T; H2) N C((0,T]; HY) and
wVp € C®(0,T] x R™R"),

PROOF. O
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4. Diffusion equations: comparison principle

In this section, we want to study order preservingness of semilinear diffusion
equations of the form

up— Lu+ f(u) =0, (t,x) € Ry x €,
(4.1) u(t,z) =0, te R, x0Q,
u(0,x) = up(x), x € €,

where L is a second order elliptic operator of the form

Lu = Z 0sa;;(z)0;u + Z (bi(2) 0w + 0i(ci(z)u)) + d(z)u.

We will work on the Hilbert space H = L*(2). We say that a function
u € L*(Q) is positive (and we write u > 0) if u(x) > 0 almost everywhere. We
also write u > v if u —v > 0. For every pair of functions u, v € LQ(Q) we define
the supremum uw V v and the infimum u A v respectively by

uVu(x) = sup{u(z),v(z)} and u A v(z) := inf{u(x),v(z)}..
Note that u Vv and u A v belong to L*(2). For a function u € L*(2) we define
the positive part u™, the negative part u~ and the absolute value |u| respectively
by
umi=uV0,u = (—u)V0and |ul =u" +u".
Note that u™, v~ and |u| are positive, and u = ut — u~. Note also that
[l 22 = [lull 2

LEMMA 4.1. Let Q C R" be an open set. For every u € H}(2) one has u™,
u” € Hy(Q) and

Vut =1,50Vu and Vu~ = 1,<0Vu.
PRrOOF. Let g : R — R be defined by
0, t<0,
g(t) =

t, t>0.

0, t <0,
ge(t) =4 £ 0<t<e,
t—%, t>e.

27
Note that g. € C*'(R) N W1*°(R) with ||¢/]|e < 1.
We first show that for every u € Hg () one has g.ou € H}(Q) and Vg.ou =
g.(u)Vu. In fact, given u € H}(Q), there exists a sequence (u,) € D(Q)
such that u, — u in H}(Q). By the classical chain rule, for every n € N,
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g- ou, € HY(Q) (even CH(Q)) and V(g. o u,) = ¢.(u,)Vu,. In particular, if

¢ € D(Q2), then
dp , Oou,
/Qge © unaxZ = /Qgs(un) o, ®-

Letting n — oo and using Lebesgue’s dominated convergence theorem, we

obtain
[aonl — [ g
an &Ei_ Qg€ 5%‘@'

This implies the first claim about g. o u. But in this equation we may now let
tend € — 0 and use that

g:(u) — u™ and gl (u) — L.

By Lebesgue’s dominated convergence theorem again, we find that

Op ou
e B T )
\/Q Y (9:131 /g; u=0 le 14

The claim is proved. O

REMARK 4.2. Lemma 4.1 remains true for functions in H'(Q), but then
one should use the fact that C1(Q2) N H'(Q) is dense in H'(Q), at least if one
wants to copy the proof above.

LEMMA 4.3. For every u, v € H}(2) one has uV v, u Av € H} ().
PROOF. Note that

uVov=v+(u—v)" anduAv=v—(u—v)",
and use Lemma 4.1. g

Let V' be a Hilbert space which is densely and continuously embedded into
H = L*Q). Let a : V xV — R be a bounded, bilinear, elliptic form. Let
A = Aj2 be the operator on L?(Q) which is associated with the form a. Let
F :V — L?(Q) be a nonlinear locally Lipschitz continuous operator. Consider
the semilinear evolution problem

(4.2) U+ Au+ F(u) =0,t >0, u(0)= up.

By Theorem 1.1 we know that for every uy € V' there exists a unique local
solution u € M Ry(0,T; L*(2), V) of this problem. Let u and v be two solutions
of (4.2) and assume that uy < vg. We prove the following comparison principle
under additional assumptions on V', a and F'.

THEOREM 4.4 (Comparison principle). Assume that there ezists w € R,
L > 0 such that for every u € V one has u™ € V and

a(u,u™) +w|lut|r: >0
and for every u, v €'V,

[(F(u) — F(v))(u—v)*| < L((u—v)*)".
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Let ug, vg € V', and let u and v be two local solutions of (4.2) (both existing on
[0,T]) corresponding to the initial condition uy and vy, respectively. Assume
that ug < vy.

Then u(t) < v(t) for every t € [0,T].

PROOF. Since u and v are solutions of (4.2), we have
(4 —0) + A(u —v) + F(u) — F(v) = 0.
Multiplying this equation scalarly in H = L?(2) by (u —v)™ € V, we obtain

1d 2
S ((u —v)") +alu—v, (u—0v)")+ / (F(u) = F(v))(u—v)* =0.
Q 0
By hypothesis on a and F', this implies
y ny
1d
SP7iChe V)72 < (w + D)[[(w —v) |72

By assumption on ug and vy one has (u — v)*(0) = (ug — v9)" = 0. Hence, by
Gronwall’s lemma,

[(u(t) —v(t))*||72 = 0 for every t € [0, T],
Le. (u(t) —v(t))" =0 or u(t) <wv(t) for every t € [0,T]. O

REMARK 4.5. The condition on a from Theorem 4.4 is satisfied if for every
u € V one has ut, v~ € V and

a(u=,ut) > 0.

EXAMPLE 4.6. Let V = Hj () so that V is densely and continuously em-
bedded into H = L*(Q). Let a : V x V — R be the bounded, bilinear, elliptic
form given by

a(u,v) = / A(x)VuVu +/ (b(z)Vuv + c(z)uVv) + / d(x)uv.
Q Q Q
Here, the coefficient matrix A € L>®(Q; RY*Y) is uniformly elliptic, and b;, ¢;,
de LOO(Q), b= (bz), Cc = (Cl)

Let A = A2 be the operator on L*(€) which is associated with the form a.
Formally, A is a realization of the elliptic operator from the diffusion equation
(4.1).

Let f € C*(R) be globally Lipschitz continuous and let F : L*(Q) — L*(Q)
be the Nemytski operator associated with f (note that F' is also Lipschitz con-
tinuous). Consider the semilinear evolution problem (4.1) from the beginning
of this section. We know that for every uy € HJ(f2) there exists a unique so-
lution u € M Ry(0,T; L*(Q2), D(A)) of (4.1). By Theorem 4.4, if u and v are
two solutions of (4.1), and if «(0) < v(0), then u(t) < v(t) for every ¢ in the
common interval of existence. In fact, we have to prove the two conditions from
Theorem 4.4.
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First, if w € H}(Q), then v, v~ € H}(Q) by Lemma 4.1 and by Lemma
4.1 one also obtains

a(u™,ut) = /Q A(r)Vu~Vu* + /

: (b(z)Vu~u® + c(z)u”Vu') + / d(x)u"u*

Q

= /A(:z:)|Vu|21{u<o}1{u>0}Jr/b(x)vuul{mo}1{u>0}WL
Q Q

—l—/c(x)uVul{u<0}1{u>0}+/d(x)uul{u<0}1{u>0}
Q Q
= 0.

Hence, by Remark 4.5, the condition on «a is satisfied.
Next, since f is globally Lipschitz continuous, for every u, v € H}(Q),

/Q(f(U) —fl)u—v)" = /Q(f(U) — () (u = 0) sy
Z —L /Q(U—U)Ql{u>v}

= L [ (=)

where L > 0 is the Lipschitz constant of f.

If one assumes in addition that f(0) = 0, so that the constant function u = 0
is a solution of the diffusion equation (4.1), then the comparison principle yields
the following form of the maximum principle. If u is a solution of the diffusion
equation (4.1) such that w(0) > 0, then u > 0.

ExXAMPLE 4.7. One may also consider the heat equation with Neumann
boundary conditions, i.e. the problem

u— Au+ f(u) =0, (t,z) e Ry xQ,
(4.3) Qu(t,z) =0, te R, x 09,
u(0,z) = up(x), x € €.

Assume that f is globally Lipschitz continuous. The negative Laplacian with
Neumann boundary conditions is realized (at least for regular 2 such as inter-
vals or smooth domains) on L?(Q) by the operator A = A;» which is associated
with the form a : H'(Q) x H(Q2) — R given by

a(u,v) :/VUVU.
Q

It follows from the previous results that for every ug € H'(§)) there exists
a unique local solution u € M Ry(0,T; L*(Q), D(A)) of (4.3). Moreover, the
comparison principle can be applied.

Assume that f(0) = 0 and f(u) = 0 for some @ > 0. Then the constant func-
tions u = 0 and u = @ are global solutions of the heat equation (4.3). Hence,
if an initial value wg satisfies 0 < ug < @, and if u € M Ry(0,T; L*(Q2), D(A)) is
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a local solution of (4.3), then the comparison principle implues 0 < u < @. In
particular, the solution u is bounded uniformly in time and space. We will see
in the next section that the solution can be extended to a global solution (i.e.
existing for all ¢ > 0).

EXAMPLE 4.8. Also in this example we show how the comparison principle
may be applied in order to prove global existence of solutions. We consider the
semilinear heat equation

Up — Uy — [u|P?u =0, (t,7) € Ry x (0,1),
(4.4) u(t,0) = u(t,1) =0, te Ry,
U(O,:C) IUO(‘r)7 LS (071)7

where p > 2 is a real parameter. Again, we know that for every uy € H}(0,1)
there exists a unique local solution

u € MRy(0,T; L*(0,1), H* N Hy(0,1))

of this heat equation.

We calculate the stationary solutions of (4.4), i.e. the solutions ¢ € H* N
H}(0,1) of the ordinary differential boundary value problem

—¥ax T P2 :0, T c 0,17

(45) Paz — @l (0,1)

p(0) = ¢(1) = 0.

Assume that ¢ is a solution of this stationary problem. Then a multiplcation
of (4.5) by ¢, implies that

i 2 1 P\ —

or
1
(4.6) ¢?+wa:C

for a constant C' which is necessarily positive. The constant C' represents an
energy of the solution.

Clearly, every solution ¢ of the stationary problem (4.5) is necessarily also
a solution of the initial value problem

—Prx — |¢|p—2¢ = 07 YRS (07 1)7
(4.7) ©(0) =0,
0. (0) = c.

The theory of ordinary differential equations implies that for every ¢ € R the
initial value problem (4.7) admits a unique solution ¢ existing for all € R
and in particular on the interval [0, 1]. For every such solution ¢, the identity
(4.6) holds, but (1) is not necessarily equal to 0.
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By identity (4.6), for every solution ¢ of the initial value problem (4.7) one
has

.(0) = £VC =,

and if xg € R is a local extremum, then

pl(wo) = £(pC)7.

Assume that ¢, (0) > 0 (so that ¢ is positive on some interval [0, e]) and let
zo € (0,00) be the first maximum of ¢. The function ¢ is thus positive and
increasing on [0, o). By the identity (4.6),

1
pr =4[ C = — P,
p
xo
/ Ll dr = xg.
0 /C—Egpp

After substitution, one obtains
(rC) 1
xo = / —ds
0 C . lsp
\/ p
%
1 P 1
= / ds.
\/6 0 /1 — %Sp

The above calculation shows that if we define zy as in this last equality, then
xo is @ maximum of ¢. Solutions of the initial value problem are then obtained
by taking a solution on [0, 2], extending it by reflection to [0, 2z¢] and [0, 4z,
and then to extend the thus obtained function 4x(-periodically.

Hence, if ¢ is a solution of the boundary value problem (4.5), then xy = %
for some n € N. This shows that solutions of (4.5) exist for a discrete set of
energies C,. For every n € N, there exist two stationary solutions ¢, and ¢_,
which have their first extremum in xq = % The function ¢, is positive in xg,
the function ¢_,, is negative in zy. To this set of stationary solutions one has
to add the solution ¢y = 0. We see that the stationary problem (4.5) admits a

countable number of solutions which form a discrete subset of H? N H}(0,1).

which implies

=

Let ¢; and ¢_; be the solutions of (4.5) which have exactly one maximum
(resp. minimum) in (0,1). Then ¢; is positive on (0,1) and ¢_; is negative.
The functions u; and u_; defined by
ur(t,z) = p1(z) and u_y(t, ) = p_1(2)

are global solutions of the heat equation (4.4). If ug € H}(0,1) is an initial
value such that ¢_; < wup < ¢y, and if w is the corresponding solution of (4.4),
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then the comparison principle implies

p-1(z) < ult,z) < @1 (x).
In particular, the solution u remains uniformly bounded in time and space, as
long as it exists. We will see in the next section that this implies that for every
initial value as above the corresponding solution can be extended to a global
solution (i.e. existing for every t > 0).

5. Energy methods and stability
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