Partial Differential Equations I
MAT6110
The Chinese University of Hong Kong, Shenzhen

Paolo PIERSANTI

ppiersanti@cuhk.edu.cn

December 1, 2025






CONTENTS

1 Complements on LP spaces

1.1 Background and Notation . . . . . . . . . . . . . . ... e
1.2 Convolution . . . . . . . . . . e
1.3 Regularisation Theory . . . . . . . . . . .
1.4 The Arzela-Ascoli theorem . . . . . . . . . . . . ..
1.5 ExXercises . . . . . . .. e e e e e e e

2 Sobolev spaces

2.1 Weak derivatives . . . . . . . .
2.2 Sobolev spaces: Motivation, definition and first properties . . . . . . . . ... ... ...
2.3 Regularity of functions in WP(Q), with Q CR¥ open . . . . .. .. ... ... .. ...

2.3.1 The case Q = (a,b), where —co<a<b<oo . ...................

232 Thecase Q CRN open, with N >2 . .. ... .. ... ... ... ........
2.4 Lipschitz domains and prolongation operators . . . . . . . . .. ... ... ... ... ..
2.5 Density in WhP(Q), 1 <p <00 « v v v v v i e
2.6 Differentiation rules . . . . . .. L
2.7 Higher order derivatives . . . . . . . .. L e
2.8 Embedding theorems . . . . . . . ..
2.9 Compact embeddings . . . . . . . ...
2.10 The space Wol’p(Q) anditsdual . . . . ..o
2.11 EXercises . . . . . .o e

3 Compact Operators

3.1 Adjoint Operators . . . . . . . . . .
3.2 Compact operators. Definition and first properties . . . . . . . .. .. ... ... ...
3.3 The Fredholm alternative . . . . . . .. .. . . L
3.4 The Lax-Milgram lemma . . . . . . . . . .. . L
3.5 Spectral Decomposition . . . . . . . ...
3.6 EXercises . . ... e

4 Linear Elliptic PDE’s

4.1 Introduction and Examples from Physics . . . . . . .. . . ... 0 0oL,

4.2  Weak Solutions of the Poisson Equation . . . . .. ... ... ... .. ... ... ...

4.3 Existence and uniqueness of solutions for boundary value problems associated with more
general elliptic operators . . . . . . . . ..



Contents

4.4  Fredholm’s alternative for boundary value problems governed by general uniformly el-
liptic operators . . . . . . . . L e 89

4.5 Augmentation of regularity for the solutions of boundary value problems governed by a
uniformly elliptic operator . . . . . . . . ... 93
4.6 Maximum principles for the Poisson equation . . . . . . ... ... ... ... ... 94
4.7 Figenvalues and eigenfunctions for the Laplace operator . . . . . . .. . ... ... ... 97
4.8 The first eigenvalue of —A. The Rayleigh formula and the Courant-Fischer theorem . . 100
4.9 EXETCISEs . . . . o i 103
List of Symbols 105
List of Figures 106
References 107
Index 109

ii



CHAPTER 1

COMPLEMENTS ON L? SPACES

1.1 Background and Notation

Let N > 1 and let Q C RY be an open set. Let us denote by C°(£2) the space of continuous functions
defined over €, and by C*() the space of continuos functions that are k-times differentiable, and such
that the derivatives up to order k are continuous. we denote by C*°(£2) the space C*°(£2) := (72, C*(Q2).
Let us define the following subspaces:

C2(Q) :={uecC’);u=0o0nQ\ K, for some compact set K C Q},
ck@):=cl( Q) nckQ), forallk>0,
C(0) := D) NC=(N).

The compact set K appearing in the definition of the space C?(Q) suggests the definition of support
of a function, which we recall below.

Definition 1.1-1 (Support of a function). Let Q be an open subset of RV and let u : @ — R be a
continuous function. The support of u is denoted and defined by:

supp u = {z € Q;u(x) # 0}.

Equivalently, we can define the support of u € C%(2) as the complement in of the biggest open
subset of 2 where u vanishes.

When u :  — R is measurable, and we thus identify it with a representative of the class of
functions that coincides with u a.e. in €, we define

supp u := Q '\ U 0,
0e0O

where O := {O C Q,0 open;u =0 a.e. in O}. [ |

Let us recall a fundamental result in Real Analysis concerning the approximation of functions in
LP(Q), with 1 < p < oo. For a proof see, for instance, [10].

Theorem 1.1-1. Let 1 < p < oo be given. Then CQ(Q)”'H“’(Q> = LP(Q). O]

Paolo PIERSANTI. 1
MAT6110 Partial Differential Equations I.
The Chinese University of Hong Kong, Shenzhen.



2 Paolo Piersanti Sect. 1.2]

1.2 Convolution

Let us give the definition of convolution product between an integrable function and a function in
LP(RM).

Definition 1.2-1 (Convolution product). Let 1 < p < oo, let w € L'(RY) and let v € LP(RY). For
a.a. € RY, we denote and define the convolution product of u and v by:

(wro)la) = [ ule =y

The well-posedness of the latter definition and other basic properties can be established by resorting
to classical results in integration theory.

Theorem 1.2-1. Let 1 < p < oo, let u € LY(RY) and let v € LP(RY). For a.a. x € RN the mapping
y € RY = u(a —y)u(y)
is integrable over RN . Besides, u v € LP(RN) and the following estimate holds:
[luxvllp@ny < llull @y 1ol e ey -
Proof. If p = oo the conclusion is straightforward. If p = 1, define the function U : RV x RY — R by
Ulz,y) = u(z —y)v(y),

and observe that for a.a. y € R we obtain
[ 0@ wlds =@l [ jute—g)jds (11)
RN RN

The latter quantity is finite since integrable functions are a.e. finite. Integrating (1.1) over RV
gives:

/]RN /RN ‘U(Jf,y)‘dxdy = ”UHLl(RN)”U||L1(RN) < 0. (1.2)

An application of Tonelli’s theorem gives that U € L'(RY x RY). An application of Fubini’s
theorem gives:

/ \U(x,y)|dy < co, for a.a. z € RY,
RN

as well as

/RN /RN U(m7y))dy’dx§AN /RN!U(x,y))\dydx, (1.3)

which is finite in light of (1.2). As a result, the function u * v is integrable and we can thus identify
the left-hand side of (1.3) with |ju* v[| 1 gy, completing the proof.
Let us now consider the case where 1 < p < co. From the previous case, we know that, for a.a.
z € RN, the mapping
y e RY o Ju(z — y)lo(y)l?
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is integrable in RY, namely,
P
[ (e =)o) dy = [ Jute = )eta)dy < .
RN RN

The fact that v € L'(RY) implies that, for a.a. 2 € RV, the mapping y — |u(z — y)|"/*" is of class
i (RY), where p’ denotes the Holder conjugate exponent. Exploiting the identity
u(@ = y)l[o(y)] = [u(z — y)["Ploy)|Julz — y)[V7,

we obtain the following estimate thanks to an application of Holder’s inequality:

In conclusion, we obtain that for a.a. z € RY:

(uxo)(@)P < (ful* [ol?) (@) [l

Since u € LY(RYN) and |v|P € L*(RY), combining an integration of the latter estimate with the case
p = 1 discussed beforehand gives

[ twrer@pas < ([ bl @ae) s, < oo

and the proof is complete. ]

The next theorem relates the support of the convolution with the supports of the two factors. In
what follows, we denote by A° the complement of the set A, by int(A) the topological interior of a
suitable set A, and by cl(A) the topological closure of a suitable set A.

Theorem 1.2-2. Let u € LY(RY) and let v € LP(RYN). Then, the following inclusion holds:

supp (uv) C supp u + supp v.
Proof. Let x € RN be given in a way such that the mapping
y € RY = uz — y)u(y)
is integrable in RY. For any z,y € R, we observe that:
(x —y) €supp u if and only if y € x — supp w. (1.4)

Therefore, we obtain that

(u*v)(z) = /RN u(z —y)v(y)dy = / u(z — y)v(y)dy.

(z—supp u)Nsupp v
Let us observe that if 2 € supp u + supp v, one has (z — supp u) Nsupp v = ), so that

(uxv)(z) =0, for a.a. z € (supp u + supp v),
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and therefore, in particular,
(uxv)(z) =0, for a.a. x € int ((Supp u + supp v)°).

Observing that

(supp w4 supp v)° = int ((supp u + supp v)“) C (supp (u*v))",
leads to the conclusion of the proof. O

A very important proof of the convolution product is that the product is as regular as the most
regular factor. This fact is further emphasised when any' of the factors is continuous.

Theorem 1.2-3. Let u € CO(RY) and let v € LL (RY). Then (uxv) € C°(RY).

Proof. Thanks to the assumed continuity of u, an application of Theorem 1.1-1 gives that for all
x € RN the mapping
y € RY o u(z — y)u(y)

is integrable in RN and, therefore, the convolution product is well-defined over RY. To establish the
continuity of ux v, we show that if {x,}5°, C RY is a sequence that converges to z € RY as n — oo,
then (u*v)(zy) — (uxv)(x) as n — oo. To see this, we need to analyse the right-hand side in the
estimate:

[(urv)(@n) — (urv)(2)] < /RN lu(zn —y) — ulz —y)llv(y)|dy. (1.5)

Define the functions Uy, (y) := u(zy, — y) and U(y) := u(z — y). Since the convergence z,, — x in
RN as n — oo is assumed to hold, and since supp u is assumed to be compact, there exists a compact
set K independent of n such that

(supp (U, —U)) C K.

Therefore, we can estimate the integrand of the right-hand side of (1.5) as follows:
[urn ) — ulx — I[o()] < 2ol @ xx @l vy, for alln > 1.
The conclusion follows by the Lebesgue dominated convergence theorem. O

In a completely similar fashion, the following result can be established.

Theorem 1.2-4. Let u € C¥(RY) and let v € LL (RYN). Then

loc
(uxv) € CFRN) and D%u*v)= (D) *v,
where a = (o, ..., an) € NV is such that |a| = Zf\il o; =k and

dloly,

D= ———
N aq an *
Ox{™"...0x)y

In particular, if u € D(RN) then (uxv) € C*(RY). O

1See Exercise 1.4.
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1.3 Regularisation Theory

In all what follows, we denote by B(z;7) the ball of RY centred at z and with radius r > 0.

Definition 1.3-1. A sequence of mollifiers is a sequence of functions {p,} 2, such that each
element p,, : RY — R of this sequence satisfies:

(Z) Pn € D(RN)§

(#) supp pn C B(0;1/n);

(zzz)/ pndz = 1;
RN

(iv) pn(x) >0, for all z € RV,
u

The existence of a sequence of mollifiers is based on the partition of the unity [4]. The construction
of a sequence of mollifiers is left as an exercise for the reader (viz. Exercise 1.5). let us recall the
definition of distance between a point and a set.

Definition 1.3-2. Let z € RY and let A C RY be a given set. The distance between x and A is
denoted and defined by:

dist(x, A) := inf |z — y|.
ist(z, A) ;relA\fc yl

Let us now establish a basic convergence property deriving from convolving a mollifier with a
continuous function.

Theorem 1.3-1. Let u € C°(RY). Then, for every compact set K C R,
pn*xt—u, inCYK) as n — oo.
Proof. Let K C RN be a fixed compact set. Denote by K the set
Ky = {z € RN dist(x, K) < 1},

and observe that K is closed (viz. Exercise 1.6) and bounded in RY, which is the same as saying that
K is compact in RY. Therefore, the given function u is uniformly continuous in K, namely, for every
€ > 0 there exists § = §(e) > 0 such that

lu(z —y) —u(x)| <e, forallze K and all y € B(0;9).

Employing the change of variables t := x — y, we obtain

(pn *u)(z) = /RN pn(z —y)u(y)dy = / pn(t)u(z —t)dt.

RN
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Combining the identity above with properties (iii) and (iv) in Definition 1.3-2 gives

(pnwu)(e) = u) = | [ pu(Ofute = 2) = ue)a] < [ pu(Olutt - ) - oar,

Since the integral on the right-hand side above is non-zero for t € B(0;1/n), we obtain that if
n >1/0 then |u(xz —t) — u(z)| < €, which leads to the inequality:

|(pn % u)(2) — u(z)] < e.

Theorem 1.3-2. Let 1 < p < co. Let u € LP(RN). Then p,xu — u in LP(RY) as n — oc.

Proof. Thanks to Theorem 1.1-1, in correspondence of a given € > 0, one can find a function u; €
Co(RY) such that |ju — ut|| @y < €.

Thanks to Theorem 1.3-1, we know that p, x u; — u; on every compact set of RY, on the one
hand. On the other hand, Theorem 1.2-2 ensures that

supp (pn *x u1) C B(0;1/n) + supp uy C K,
for some compact set X C RY independent of n. Consequently,

[(pn*u1) — utl o@ny = [(pnx w1) —willp(xy — 0,  asn — oo.

An application of the triangle inequality gives:

[on *u = ull poway < llon* (w— )| po@ny + [[(on * ur) — il poeey + [lur — ull Loy
Taking the lim sup as n — oo in the estimate above gives

limsup [|pn, * u — ul pyy < 3,
n—oo

where the first term on the right-hand side has bee estimated by means of Theorem 1.2-1. Since ¢ is
arbitrary, the sought convergence is obtained. O

Theorems 1.3-1 and 1.3-2 assert that the convolution of a function u with a mollifier converges to
u with respect to the norm of the space u belongs to. We can generalise the conclusion of the previous
theorem to any open subset 2 of RY.

Theorem 1.3-3. Let 1 < p < oo be given. Then D(R2) is dense in LP(2).
Proof. Let u € LP(2) be given and let ¢ > 0. By Theorem 1.1-1, there exists u; € C2(2) such that

lu—u1]|Lr() < €. Define the function %; : RN — R as follows:

_ _ up(z) , if x €Q,
-0 ,if 2 € RV \ Q.

It is immediate to observe that @; € LP(RY). Therefore, an application of Theorem 1.3-2 gives
that
(pp* 1) — @1, in LP(RY) as n — . (1.6)
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Besides, since the support of 47 is compact in 2, we obtain that for n sufficiently large

supp (pn * 1) C B(0;1/n) + supp u; = B(0;1/n) + supp u; C Q. (1.7)

For n sufficiently large, define u, := (p, * 41)|q and observe that (1.7) gives that w, € D(Q).
Besides, an application of (1.6) gives:

1/p 1/p
(/N |ty — u1|pdaz> < </ |(pn * 1) — ﬂ1|pdx> — 0, asn— 0. (1.8)
R Q

Combining Theorem 1.3-2 with (1.8) gives:

limsup |luy — ull 1) < 2e,
n—oo

and the conclusion follows by the fact that € is given arbitrarily. 0

The next result we are going to present is known in the literature as the Fundamental Lemma of the
Calculus of Variations. This result allows us to assert that a function of class Li (2), with @ Cc RY
open is a.e. equal to zero by looking at the action of the function on the elements of D(12).

Theorem 1.3-4 (The Fundamental Lemma of the Calculus of Variations). Let Q C RY be open. Let
u € L (Q) be given. Assume that:

loc
/ updr =0, for all p € D(Q).
Q

Then uw =0 a.e. in Q.
Proof. Let us recall that every open set can be covered by a sequence of compact subsets {K,}>°; of
the following form:
1
K, = {x € Q;dist(z,00) > — and |z| < n}
n

Since K, C K,41 for all n > 1, it suffices to establish the theorem for an arbitrary compact set K.
If we were allowed to choose a test function ¢ defined by

sgn u(zx) , ifzeK,
PK = .
0 Lifz e Q\ K,

/ lu|dx = 0,
K

which would in turn imply v = 0 a.e. in K. However, ¢k is not smooth enough. To remedy this
problem, for a given integer n > 1, we consider the function ¢% := p, x px and we observe that
% € D(Q) in light of Theorem 1.3-3. In light of the assumption, we obtain that:

we would obtain

/ up’gdr =0, for all integer n > 1.
Q
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Thanks to Theorem 1.3-2, the convergence ¢% — ¢k in L'(RM) as n — oo holds. Therefore, up
to passing to a suitable subsequence for a.a. 2 € RY we have that the following convergence holds:

V() = pr(z), asn— oco. (1.9)
Combining an application of Theorem 1.2-1 with Definition 1.3-1 gives:

€% N oo @ny < llonllpr@my lox |l oo may = 1 (1.10)
Thanks to (1.9) and (1.10), we are in position to apply the Lebesgue Dominated Convergence
Theorem, which gives:
/ upgdr = 0.
Q

Thanks to the arbitrariness of the compact subset K the conclusion follows. O

1.4 The Arzela-Ascoli theorem

The purpose of this section is to establish the celebrated Arzela-Ascoli theorem, which is a powerful
compactness tool that we will be resorting to for establishing important properties of Sobolev spaces
and Lebesgue-Bochner spaces.

Let us recall that in Topology a metric space is a pair (X, d), where X is a set and d : X x X —
RT U {0} is a distance. Let us recall the definition of totally bounded metric space.

Definition 1.4-1. A metric space (X, d) is said to be totally bounded if for each £ > 0 there exists
an integer J = J(¢) > 1 and there exist points x1,...,25 € X such that X C U;]:1 B(xz;;e). |

The proof of the Arzela-Ascoli theorem hinges on the property that each compact metric space is
totally bounded, as established in the following theorem.

Theorem 1.4-1. A metric space (X,d) is compact if and only if it is complete and totally bounded.

Proof. Let us assume that (X, d) is compact, which is equivalent to saying that every sequence admits
a convergent subsequence. We want to first establish the completeness of the metric space (X, d).
To this aim, let us fix a Cauchy sequence {a,}52; C X and let us recall that a Cauchy sequence is
convergent if and only if it admits a convergent subsequence (Exercise 1.7). Thanks to the assumed
compactness of X, the given Cauchy sequence {a,}2°; admits a convergent Cauchy subsequence and
the aforementioned characterisation allows to infer that X is complete.

Let us now show that (X, d) is totally bounded. We argue by contradiction assuming that there
exists £ > 0 such that X cannot be covered with finitely many balls of radius €. Observe that if zg € X
is given then there must exist x; € X such that d(xg,x1) > £ (if this was not true that we would have
X C B(z0;€)). Likewise, we can find x2 € X such that d(x1,x2) > € and d(x¢, z2) >> €. This process
can be iterated. We have thus constructed a sequence {x,}>>, C X such that d(z;,z;) > € for all
distinct integers ¢, 7 > 0 and we notice that this sequence does not admit any convergent subsequence,
contradicting the assumption that (X, d) is compact.

Let us now establish the converse implication. Let {x,}2°; C X be given. By virtue of the assumed
total boundedness, we have that for each integer n > 1 there exists an integer J = J(n) > 1 and there

exist points ygn), ey ygn) such that:

! ), 1
xc|JB(y 5 )
i=1
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Observe that there exists an integer 1 < ¢(1) < J(1) such that z,, € B (3/231)); 1/2) for infinitely many

indices n. Similarly, there exists an integer 1 < ¢2) < J(2) such that z,, € B(yégl)); 1/2)N B(yéé)); 1/4)
for infinitely many indices n. Define the integers:

1
ny = min{s eN;xzs € B <yé<l1)>§2>}v

. 1 1
ng 1= mln{s >ni;xs € B <yé(11)>; 2) NB (yéé)); 4> } ,

k
1
N = min {S > Nk_1;Ts € ﬂ B <y§f3>; 27’> } :

r=1
The subsequence {zy, }3, of the original sequence {,,}° ; has the property that for each integer?
p > 1 there exists an integer ng = NK(p) = 1 such that for each k, ¢ > ng it results

1
d(xp,, Tn,) < 5,

thus showing that the subsequence {xy, }7°, is a Cauchy sequence. Thanks to the assumed complete-
ness of (X, d), we obtain that the subsequence {z,, }3°, converges in the metric space (X, d), which is
thus compact. ]

Remark 1.4.1. If (X, d) is a complete metric space and K C X, then K is compact if an only if K
is totally bounded. |

Prior to stating and proving the Arzela-Ascoli theorem, we need to introduce some definitions. In
what follows, we denote a metric space (X, d) by X for brevity. Let us recall the definitions of pointwise
and uniform boundedness for a collection of real-valued functions defined over a metric space.

Definition 1.4-2. A collection F of real-valued functions defined over a metric space X is said to be
pointwise bounded if for each x € X there exists M = M (z) > 0 such that:

|f(z)] <M, forall feF.

A collection F of real-valued functions defined over a metric space X is said to be uniformly
bounded if there exists M > 0 such that:

|f(x)] < M, forall z € X and for all f € F.

Note that the constant M introduced in Definition 1.4-2 is independent of the function f € F and
the point x € X. It is also straightforward to observe that sequences of continuous functions that are
defined over a compact subset of R are uniformly bounded if and only if they are bounded in C°(K)
equipped with its standard norm.

2This integer is associated with the radius of the ball.
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Definition 1.4-3. A collection F of real-valued functions defined over a metric space X is said to be
equicontinuous at the point z € X if for each € > 0 there exists 6 = (e, z) > 0 such that for every
r’ € X satisfying d(z,2") < § it results

|f(z) — f(a")| <e, forall feF.
The collection F is said to be equicontinuous on X if it is equicontinuous at every point in X. H

Remark 1.4.2. The prefix equi in the word equicontinuity introduced in Definition 1.4-3 underlines
the fact that the number § is independent of the choice of f € F, although it might depend on the
choice of € > 0 and of the point z € X. |

Example 1.4-1. Let M > 0 be given. Define the family of real-valued functions F as follows:
F :={f € C%[a,b)); f is differentiable on (a,b) and |f'(z)| < M for all z € (a,b)}.
An application of the Mean Value Theorem gives:
[f(z) = f(y)l < Mlz —y|, forall 2,y € [a,b].

Therefore, the collection F is equicontinuous in [a, b] with 6 := /M. Note in passing that the value
for ¢ is independent of the choice of the point. Indeed, the collection F is uniformly equicontinuous. B

We are now ready to establish the Arzela-Ascoli lemma, which is the prelude to the proof of the
Arzela-Ascoli theorem.

Theorem 1.4-2 (Arzela-Ascoli lemma). Let X be a separable metric space and let {f,}22, be a
sequence of equicontinuous functions on X that is also pointwise bounded. Then, there exists a subse-
quence { fn, }72, of the original sequence that converges pointwise to a function f: X — R.

Proof. Let us recall that every distance induces a norm on a metric space. By definition of separability,
there exists a countable subset D := {x; }]O‘;l C X such that DI — X We divide the proof into two
parts, numbered (z) and (7).

(1) The sequence {fn}52; admits a subsequence that converges pointwise in D. Since the sequence
{fn}52 is pointwise bounded by assumption, we obtain that the sequence

n— fn(z)
is bounded in R independently of n. Therefore, an application of the Bolzano-Weierstrass theorem

gives that {f,(z1)}72, admits a convergent subsequence. We denote by {s(1,n)}>°,; C N a strictly
increasing sequence and we denote by a; a real number for which:

nlggo fs(l,n) (xl) =az.

Observe that the sequence {fy1 n)}ne; inherits the pointwise boundedness from the original se-
quence {fp}>%,. As a result, the sequence

n— fs(l,n) (xQ)
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is bounded in R independently of n. Therefore, we can find a strictly increasing sequence {s(2,n)}>2; C
{s(1,n)}9°; and a number ay € R such that:

nhﬁnolo fs(2,n) (:rZ) = a2.
Iterating this procedure, we construct strictly increasing sequences {s(j,n)}22, as j varies and a
sequence of real numbers {a;}72,; such that for each j € N:

{s(G+1L,n)2y C{s(j,n)}nz; and nh_{go fsGim) (T5) = aj.
Let us now introduce a function f : X — R defined in a way such that f(z;) = a;, and define
the integer ny := s(k,k) for all k € N. For each ¢ € N, the sequence {ng}?ij is a subsequence of

{s(4,n)}>2 ;. Therefore, the limit is preserved when passing to subsequences, i.e.,

Jim fo,(25) = aj = f(z;), (1.11)

and this shows that the subsequence {fy,}72, of the original sequence {f,};2; converges pointwise in
D.

(73) The sequence {fn}>2, admits a subsequence that converges pointwise in X. Fix xop € X. We
want to show that the sequence {fy,(z0)}72, constructed in step (i) is a Cauchy sequence in R. By
the assumed equicontinuity on X, in correspondence of a fixed € we can find a number 6 = §(zg,c) > 0
such that for each y € X satisfying d(xo,y) < d it results |f,,(x0) — fn,(y)| < € for all £ € N.

By virtue of the assumed separability of X, in correspondence of 6 = §(z9, &) introduced above,
there exists a point yo € D such that d(zg,y0) < J and

€
| frp(@0) — fr,(y0)| < 3 for all £ € N. (1.12)

Thanks to (1.11), for a given y; € D, in correspondence of the given ¢ there exists L = L(e,y;) € N
such that for all ¢ > L it results: -
| fre(y3) — f(y5)] < 3
In correspondence of the given € > 0, we observe that, for each ¢,k > L = L(e,yp), an application

of the triangle inequality, (1.12) and (1.13) gives:

(1.13)

[ fne(@0) = fri (0)| < [fnp(20) = Frp (W0)| + | Frg (0) = S (W0) | + [ fni. (W0) — i (wo)| <&

This shows that the sequence {f,,(x0)}¢=1 constructed in step (i) is a Cauchy sequence in R. The
evaluation of the function f, which at this point is known only on D, can be extended to every x € X
by letting:

f(z) == lim fp,(x).
{—00

O]

Remark 1.4.3. (1) The extraction procedure in part (i) of Theorem 1.4-2 is known in the literature
as Cantor diagonal argument;

(2) The definition of f is well-posed since the limit is unique.
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Under the additional assumption of uniform equicontinuity (viz. Example 1.4-1) for the sequence
under consideration, we can establish the Arzela-Ascoli theorem.

Theorem 1.4-3 (Arzela-Ascoli theorem). Let X be a compact metric space and let {f,}°2, be a
uniformly bounded and uniformly equicontinuous sequence of real-valued functions defined over X.
Then, the sequence {fn}, admits a subsequence that converges uniformly in X to a continuous
function € CO(X).

Proof. Since X is a compact metric space, it is separable. The Arzela-Ascoli lemma (Theorem 1.4-2)
ensures that there exists a subsequence, still denoted by {f,}°2, that converges pointwise in X to a
function f: X — R, namely, for each x € X it results f,(z) — f(x) as n — oo. Let us show that the
extracted subsequence {f,,}°° is actually a Cauchy sequence in C°(X).

Fix ¢ > 0. The assumed uniform equicontinuity ensures that there exists § = d(¢) > 0 such that:
|fr(x) — fu(y)] < g, for all z,y € X such that d(x,y) < § and for all n € N. (1.14)

Since X is compact, an application of Theorem 1.4-1 gives that X is complete and totally bounded.
Therefore, there exists an integer k& = k(6) > 1 and there exist points y1,...,yr € X such that
X c U% | B(yi;0). For each 1 < i < k, the sequence {f,,(y:)}52, is a Cauchy sequence, in the sense
that in correspondence of the given € one can find an integer N = N(y;, ) such that for all m,n > N
it results:

[Falw) = Fnlwi)] < 5. (1.15)

Let us now prove the sought assertion. The total boundedness of X ensures that for each z € X,
there exists an index 1 < ¢ < k such that d(z,y;) < . Therefore, taking n,m > N = N(eg) :=
maxi<;<i N (i, €), we obtain that an application of (1.14) and (1.15) gives:

[fn(@) = fn(@)] < [ fn(@) = Fu(y) |+ [fn(yi) = fm (i)l + [ (i) = ()| <& (1.16)

The estimate in (1.16) shows that {f,}°°; is a Cauchy sequence in C°(X). Since C°(X) is complete
(viz. Exercise 1.8), we obtain that the limit function f € C°(X). O

The Arzela-Ascoli theorem may be reformulated as a criterion for the determination of closed and
bounded sets of C°(X) that are compact.

Theorem 1.4-4. Let X be a compact metric space and let F be a subset of C°(X). Then Fis compact
if and only if F is closed, uniformly bounded and uniformly equicontinuous.

Proof. If F is compact in C°(X) then it is bounded and closed. Let us show that F is uniformly
equicontinuous. We argue by contradiction, assuming that there exists a number £ > 0 such that for
each integer n € N one can find a function f, and a point z, such that

Fu(zn) — ful@)| > g0 while d(xn,x)<%. (1.17)

Recalling that a compact subset of a metric space is sequentially compact, we obtain that there
exists a subsequence { f,, }32,; C F that converges (uniformly) to a function f € C°(X). Therefore, in
correspondence of £¢, we can find an integer K = K (eg) € N such that for all £ > K it results:

sup [, () = f(2)] < e0/3. (1.18)
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Specialising n = ny in (1.17) and combining the triangle inequality gives:
. 1

N

(1.19)

Combining (1.18) with (1.19) leads to:
€0 . 1
3 < |f(zn,) — f(z)]  while d(zp,,z) < o
which contradicts the continuity of f at the point x. Therefore, the collection F is equicontinuous.
Let us now show the converse implication. Establishing that F is compact is equivalent to estab-
lishing that F is sequentially compact®. Let {f,}°; be a sequence in F. The Arzela-Ascoli theorem
ensures the existence of a subsequence that converges uniformly to f € C%(X). Since F is closed, then
f € F and the proof is complete. O

The Arzela-Ascoli theorem plays a crucial role to establish the following result.

Theorem 1.4-5 (M. Riesz-Frechet-Kolmogorov). Let Q C RY be open and let w be a compact subset
of Q. Let F be a bounded subset of LP(Q2), with 1 < p < oo. Assume that for each € > 0 there ezists
0 <d=46(e) < dist(w, Q) such that

( /w lulz + h) — u(z) ym) L

for all h € RN satisfying |h| < &, and for all u € F*. Then, the closure of F|, := {u|,;u € F} with
respect to || - || 1p(w) is compact in LP(w).

Proof. We prove the result in the special case where  is bounded®. With each u € F we associate
the function @ : RY — R defined by:

. u(z) , ifzeQ,
w(z) == . N
0 , ifz e RY\ Q.
Then, the set F := {4;u € F} is bounded in LP(RV) and in L'(RY). The proof is divided into
three parts, numbered (7)—(#i1).
(1) Given € > 0, for each w € F and for each integer n > 1/§, where § is the positive number
appearing in the assumption, it results:
Hpn * U — ﬁHLp(w) <eE.

Let {pn}>°, be a sequence of mollifiers (viz. Definition 1.3-1). For each u € F and for a.a. = € w,
combining Holder’s inequality with the definition of mollifier gives:
% 1/p
dy

(pnwt)(o) = ate)] < [ [0t =) = ae)on) ] a0 " ([t
(1.20)

N

1/p
< ( /B NS rppn@)dy) |

3 A metric space X is said to be sequentially compact is every sequence in X admits a convergent subsequence.

“The condition ([ |u(z+ h)— u(m)\pdx)l/p < € can be regarded as an “LP-version” of the definition of uniform
equicontinuity.

For a more general proof see, e.g., Theorem 4.26 in [4].
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Choosing n > 1/§ and integrating the left-hand side of (1.20) gives:

[ lonvi(e) - ato)ras < [ ( /| - |a<xy>a(x>|Ppn<y>dy> du

_ /B(o;l) pn(y) (/w iz —y) — ﬁ(x)|pdx> dy < &b,

(ii) Let n > 1/6 be given. The functions of the family H := {py *U;u € F} satisfy the assumptions
of the Arzela-Ascoli theorem. To begin with, let us show that the elements of H are uniformly bounded
in LP(R™). An application of Theorem 1.2-1 gives:

l[on * @l oo @y < [lonllzoom)ll@l 1@yy < Cn,  for allu € F.

Note that the constant C,, appearing above is independent of u thanks to the assumed boundedness
of F in LP(Q2). To show that the elements of H are uniformly equicontinuous, observe that for every
z,y € RY and for all u € F, we obtain

[(pn x @)(x) = (pn * @) (y)| < /RN on(2 = 2) = paly = 2)[[a(2)|dz < IV pnll Lo ) [0l L2 vy |2 =y,

and the uniform equicontinuity is obtained by selecting x and y in a way that |z —y| < Clon ﬁfLN(RN) ,
where C' > 0 is the constant associated with the assumed boundedness of the set F in LP(2). Therefore,
any sequence in H admits a convergent subsequence with respect to the standard norm of C%(@) and,
a fortiori, such a subsequence converges in LP(w).

(7i7) Conclusion of the proof. Without any loss of mathematical rigour, in this part of the proof, we
will use the symbol H to denote the the restriction of the family H introduced in part (i7) to w. Since the

family H is compact in LP(w) then it is complete in LP(w) and totally bounded in LP(w) (Theorem 1.4-
1). This means that for each ¢ > 0 there exist uy,...,ux € H such that H C Ule B(ui;a)”'”Lp(“).

Then, an application of part (i) gives F|, C Ule B(u;; 2¢) , showing that F|,, is totally bounded
in LP(w) and its closure is thus compact (viz. Remark 1.4.1) as it had to be proved. O

Il Le (w)

In general, the compactness of the collection F|, in LP(w) established in the M. Riesz-Frechet-
Kolmogorov theorem (Theorem 1.4-5) does not hold in LP(2) in general. The following corollary to
Theorem 1.4-5 provides an additional condition to assume to assert the latter property.

Theorem 1.4-6. Let Q C RY be open and let F be a bounded subset of LP(Q) satisfying the following
assumptions:

(i) For each compact subset w of Q and for all € > 0 there exists 0 < § = d(e) < dist(w, Q°) such
that ||u(z + h) — u(x)|| o) < € for all h € RN satisfying |h| < &, and for all u € F;

(ii) For each € > 0 there exists a compact subset w of 0 such that ||ul|pp\wy <€, forallue F.
Then the closure of F in LP(Q2) is compact.

Proof. In correspondence of a given € > 0, we fix a compact subset w of 2 satisfying (i4). Thanks
1P (o)

to Theorem 1.4-5, the closure of F|, is compact in LP(w) and, therefore, totally bounded
(Theorem 1.4-1). Therefore, there exist uy,...,us € LP(w) such that:

S
]_-7|w||~||m(w) c U m\\'llww_
i=1
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For each 1 < i < s, define the function u; : RY 5 R by:

ui(x) , ifx €w,
i) = {0
0 ,ifr e\ w.
An application of assumption (ii) and the total boundedness of fiL,JH'HLPM gives

v = @llzr) = [vllzr@\w) + IV — willLpw) <e+e=2¢, forall v e LP(Q),

which in turn implies that v € B(uy;2¢) for some 1 < i < s. O

1.5 Exercises

Exercise 1.1. Let v € L*(RY). Show that v(z) < oo for a.a. x € RV,
Hint: For each integer n > 1, define the set E,, := v~!([n, c0)) and apply the Chebychev inequality.

Exercise 1.2. Using the notation of Definition 1.1-1, show that v = 0 a.e. in |Jp¢p O-
Exercise 1.3. Establish the equivalence in (1.4).
Exercise 1.4. Let u,v € L'(RY). Show that uxv = v x u.

Exercise 1.5. Consider the function p : R — R defined by:

1
exp| ——— | , if |z| <1,
x> =1

0 , if |z > 1.

p(x) =

Show that:
1) p € D(RN);

2) supp p C B(0;1);

(1)

(2)

(3) p(x) >0 for all x € RN,
(4) Jon p(z)dz > 0;

(5)

5) Find a sequence {c,}>%, C R such that {p,}>2, with p,(z) = cpp(nz) is a sequence of
mollifiers.

Exercise 1.6. Let K be a compact subset of RV, Show that the set K defined by
Ky = {z € RN dist(x, K) < 1},

is closed in RV,

Exercise 1.7. Establish the following properties:

(1) Every Cauchy sequence is bounded;
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(2) A Cauchy sequence is convergent if and only if it admits a convergent subsequence.
Exercise 1.8. Let X be a compact metric space. Show that C°(X) is complete.
Exercise 1.9. Construct a sequence of functions {u,}°°; with the following properties:

(1) up :[0,1] = R;

(2) {un}p2, is uniformly bounded;

(3) {un}o, is not uniformly equicontinuous;

(4) {un}oe, does not admit a uniformly convergent subsequence.

Hint: Try up(z) := x™.
Exercise 1.10. Construct a sequence of functions {u,}>2; with the following properties:

(1) u,:[0,1] = R;

(2) {un}o, is not uniformly bounded;

(3) {un}oe, is uniformly equicontinuous;

(4) {un}o2, does not admit a uniformly convergent subsequence.

Exercise 1.11. Construct a sequence of functions {u,}2°; with the following properties:

(1) up :R—=R;

(2) {un}p2, is uniformly bounded;

(3) {un}>2, is uniformly equicontinuous;

(4) {un}e, does not admit a uniformly convergent subsequence in [a,0), a € R.

Hint: Build a piecewise linear function that shifts towards right.
Exercise 1.12. Construct a sequence of functions {u,}>2; with the following properties:

(1) {un}p2, is bounded in LP(R), 1 < p < o0;

(2) For each € > 0 there exists § = §(e) > 0 such that for each h € R, |h| < 4, it results

|un(z + h) — up(z)||prw) <&, foralln>1;

(3) {un}p2 does not admit a convergent subsequence in LP(R).

Exercise 1.13. Construct a function f € LP(R), 1 < p < oo, such that lim, o f(7) # 0.
Hint: For the case p = 1, consider the function f : (0,00) — R defined by:

1 ,if0<z<l,

1 ,ifl<z<1+i

1 ,if2<z<2+],

1 ,if3<o<3+ 4,

0 , otherwise.



CHAPTER 2

SOBOLEV SPACES

2.1 Weak derivatives

Let Q C RY be an open set. Let u € C1(2). Then it is straightforward to see (Exercise 2.1) that:

ou
Q 0x;

dz =0, foralll<i<N. (2.1)

Therefore, if u € C*(Q2) and ¢ € C(Q), an application of the integration-by-parts formula gives

Ou ods = _/ W22 4e. foralll <i< N, (2.2)
Qal‘i Q 0x;

and holds, a fortiori for all ¢ € D(£2). This observation motivates the following definition.

Definition 2.1-1. Let u € L{ (2). A function v; € LL () satisfying

loc loc

/ vipdr = / u Op dz, for all ¢ € D(Q),
0 o Oz

is called a weak derivative of u with respect to z;, 1 <i < N. |

Remark 2.1.1. (1) It is straightforward to observe (Exercise 2.2) that in Definition 2.1-1 we can
assume ¢ € CL(Q);

(2) If a weak derivative with respect to a given variable x; exists, then it is unique (Exercise 2.3);

(3) Thanks to (2.1) and (2.2), if u € C1(£2) then the weak derivative of u with respect to x; coincides
with the classical partial derivatives du/dx;, 1 <i < Nj;

(4) The functions ¢ € D(Q) (or, equivalently, in ¢ € C1(£2)) are typically referred to as test functions.

[ |
Let us show that the notion of weak derivative extends the classical notion of derivative.
Example 2.1-1. Let N =1 and let = (0,2). Consider the function u :  — R defined by:
z ,if0<zx <1,
u(zx) == )
1 Jifl<z<?.
Paolo PIERSANTI. 17
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Then, a simple computation gives:

2 1 2 1
/ up'dr = / xo'dr + / P'dx = / edx, for all ¢ € D(0,2).
0 0 1 0

The latter calculation shows that the weak derivative of u is given by v(z) = x(0,1)(), for a.a.
0<a <2, |

In light of Example 2.1-1, we will denote the weak derivative of w with respect to x; by means of
the usual notation du/0x;.

Example 2.1-2. The function x(j2)(z), 0 < ¥ < 2, does not admit a weak derivative in L'(0,2). To
see this, let us argue by contradiction, assuming that there is a function g € L'(0,2) such that:

2 2
| xap@@de = [ g@e@ds,  forall p € D0.2).
0 0

Consider a sequence of functions {p,}5°; C D(0,2) such that ¢,(1) = 1 for all n > 1 and such
that supp ¢, C B(1;1/n) for all n > 1. A simple computation gives:

2 2
—1=—p,(1) = / o (z)dx = —/ g(x)pp(z)dx, for alln > 1.
1 0

Since the right-hand side above converges to 0 as n — oo by the Lebesgue dominated convergence
theorem, the sought contradiction is obtained.

More precisely, we will indeed see that the distributional derivative of x(1 2y(z), 0 < z < 2 is given
by the Dirac delta 61, which defined in a way such that:

9 (p) :==¢(1), for all ¢ € D(0,2).

2.2 Sobolev spaces: Motivation, definition and first properties

Several boundary value problems arising from Physics do not admit a smooth solution. However,
we would still be interested in knowing whether these problems admit less smooth solutions. It is this
very necessity that led to the definition of Sobolev space. Sobolev spaces will provide a wider class of
functions ensuring the existence of solutions for boundary value problems which are not classical.

Definition 2.2-1. Let Q € RY be open and let 1 < p < co. The Sobolev space WLP(Q) is defined
by:

0 0
WP(Q) := {u € LP(Q); the weak derivatives —u, e U are of class LP(Q) 5.
8$1 8mN

For simplicity, we define H(2) := W12(2), and we denote and define the weak gradient by:

ou\Y ou
Vu := ,  where denotes the weak derivative with respect to x;.
81‘1‘ i=1 81’1
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For 1 < p < oo, the function || - [|y1p(q) WhP(Q) — Rt U {0} defined by

1/p
, for all v € WHP(Q),
LP(Q)

[ollwir) = {anip(g o

is a! norm for W1P(Q), while the function || - [w.ee) Whee(Q) — Rt U {0} defined by

ov
83; N

v
dry

, forall v € WH>®(Q),
L>(Q)

[[v][wriee () —maX{HUHL"O(Q)a ,---,’
Lo (Q)

is a norm for W1 (Q).
The symmetric bilinear form (-, ) g1(q) : H'(Q) x H'(Q) — R defined by

(u, ) p(q) = / uvdz +/ Vu-Vodz, for all u,v € HY(Q),
Q Q

defines an inner product on H'(), which induces the norm:

/
o ||?
o]l ey = | vl ,  forallve HY(Q).
(©) L2(Q) 2|0 | 12
|
Remark 2.2.1. For brevity, we will often make use of the notation ||Vvl|jz»q)~ to denote:
1/p
V| : i O ¥ for all v € WP(Q)
[LP(Q ]N = : 8$1 s I v .
1=1 Lr(Q)
|

We now establish the basic properties of Sobolev spaces. Prior to doing this, we need a preliminary
result, whose proof is left to the reader.

Theorem 2.2-1. Let (U, || - ||v) and (V.| - ||v) be normed vector spaces. Let W := U x V. Then, the
following properties hold:

() The function || - ||w defined by ||(u,v)||w := ||lully + [|v|lv, for all w € U and for allv €'V is a
norm over W ;

(ii) If U and V are complete, then W is complete;
(tit) If U and V are separable, then W is separable;
(iv) If U and V are reflexive, then W is reflezive.

Proof. See Exercises 2.5. O

!This is not the unique norm which is possible to equip W (Q) with (viz., Exercise 2.4)
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Let us now show that Sobolev spaces inherit the basic properties of the underlying Lebesgue spaces
entering the definition.

Theorem 2.2-2. Let Q be an open subset of RN and let 1 < p < co. Then, the following properties
hold:

(i) WLP(Q) is a Banach space;
(i1) WLP(Q) is separable for 1 < p < oco;
(iii) WLP(Q) is reflezive for 1 < p < oo.

Proof. To show that the space W1P(€) is complete, we consider a Cauchy sequence {u, }3; in W1P(Q).
This means that for each ¢ > 0 there exists an integer N = N(g) € N such that for all n,m > N it
results:
[un = tm|[wie@) <e.
By definition of || - [[y1.(q), we immediately infer that,

ou,  Oun,

<eg, foralll1 <i<N,
LP(Q)

|un — Uml|lpr) <€ and ‘
showing that the sequences {u,}°°; and {Vu,}32; are Cauchy sequences in LP(Q) and [LP(Q)]V
respectively. Since LP(2) is complete, there exist u,v1,...,vy € LP(f2) satisfying:
up, = u, in LP(Q2) as n — oo,

— — vy, in LP(Q) as n — oo,

— vy, in LP(Q) as n — oc.

To complete the proof for the completeness of WP(Q), we need to show that v; is the weak
derivative of u with respect to x;. For each ¢ € D(2), the continuity of the linear functional

ve LP(Q) — / vodx
Q
and the convergences established in (2.3) give:

Oy ) Jp
U oz, dx = nlggo 0 U, oz, dr = — nh_)n(r)lo ax, — /Q vipde,

for all ¢ € D(Q).
To show the separability and reflexivity, consider the mapping 7}, : WP(Q) — [LP(Q)]V ! defined
by:

ou ou
Tpu = (U, 87%, SN agj]\]) s for all u € Wl’p(Q).
Thanks to the definition of || - [y1.»(q), we obtain that T}, is an isometry. Therefore, we can identify

WHP(Q) with a subset of [LP(Q)]V*!, and the conclusion follows by the properties of Lebesgue spaces
and Theorem 2.2-1. O
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Example 2.2-1. Let Q := (1,00) and let uy(x) := 27, for all x € Q. One might wonder for which
values of a and p we have u, € WHP(Q). To begin with, let us check for which values of o and p we
have u, € LP(12):

>~ 1 1
/ —dr < oo, ifa>-.
1

TP p

Since u, € C[1,00), it results that the classical derivative and the weak derivative coincide, so that

ul, (z) = —az®172% = /2. We then analyse for which values of a and p the following integral
is finite:
/1 gp(a+1) dz.
Sufficient for the integral finiteness is that o > % — 1. Therefore, we obtained that u, € W1P(£2)
if a > 1/p. |

2.3 Regularity of functions in W'?(Q), with Q C R" open

2.3.1 The case 2 = (a,b), where —co < a <b < o0

Let us recall that if u € AC([a,b]) then u € L'(a,b) and the classical derivative v’ € L'(a,b).
Therefore, we have that the following inclusion holds:

AC([a,b]) € Whi(a,b). (2.4)

More generally, for any 1 < p < oo, we observe that if u € ACiec(a,b) N LP(a,b) and v’ € LP(a,b)
then u € W'P(a,b), thus showing that the following implication holds:

u € ACioc(a,b) N LP(a,b)

o e I7(ah) } = uec Wh(a,b). (2.5)

Finally, if p = oo and u € Lip(a,b) N L>(a,b) then v’ € L*(a,b) so that the following inclusion
holds:
Lip(a,b) N L>®(a,b) € W (a, b). (2.6)

The purpose of the next theorem is to show that (2.4)—(2.6) are actually set equalities.

Theorem 2.3-1. Let Q = (a,b) with a and b finite and let 1 < p < co. If u € W'P(a,b) then there
exists a function @ € C%([a,b]) such that:

(a) u(x) =u(x), for a.a. x € (a,b);

(b) a(y) —a(z) = /y o' (t)dt, for all z,y € [a,b].

Proof. The proof is divided into three parts, numbered (7)—(i77).
(i) Let u € L'(a,b) such that v’ = 0 in the weak sense, namely:

b
/ up'dz =0, for all p € Cl(a,b).

Then, u is constant a.e. in (a,b).
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Fix ¢ € Cl(a,b) such that ff Ydz = 1. Given w € C%(a, b), the function h : [a,b] — R defined by

h(z) = w(z) — </abw(t)dt> W(z), for all z € [a,b],

is of class C%(a, b). Moreover, since fabfe hdz = 0, for € > 0 sufficiently small we infer that the function

is of class Cl(a,b) and that ¢'(x) = h(x), for all z € (a,b).
Therefore, we obtain that the assumption according to which v’ = 0 in the weak sense gives:

()z/abucp’dx:/abuwdx— </abwdt> /:mpdxz/abw<u—/abuzpdt> dz.

Given the arbitrariness of w € C2(a,b), the density in Theorem 1.1-1 and the continuity of the

mapping , ,
w € L?(a,b) — / w <u —/ uwdt) dz,

b
u(x) :/ u(t)y(t)dt, for a.a. x € (a,b).

in turn give that

(i1) Let g € L'(a,b). For each yo € (a,b), consider the function v : (a,b) — R defined pointwise by:
v(x) = / g(t)dt. (2.7)
Yo

Then v € C°%(a,b) and
b b
/ vo'dr = —/ gedz,  for all ¢ € Cl(a,b).

/a () (@) = / b < /y : g(t)dt) S (2)dx
_ /ayo (/y g(t)go'(:n)dt) dz + /y: (/y g(t)go’(x)dt) dz.

An application of Fubini’s theorem transform the right-hand side of the equality above into

_ /ayo </: @'(:B)dm) g(t)dt + /y: </tb go'(a:)d:v) g(t)dt = — /abg(t)go(t)dt,

and this completes the proof of part (7).
(1ii) Proof of the announced result. Fix x¢ € (a,b) and put:

Observe that:

a(x) = / u/(t)dt, for all (or, possibly, a.a.) x € (a,b).
Yo
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Thanks to part (i7), we are able to infer that u € AC([a,b]) and:
b b
/ uyp'dr = —/ u'pdx,  for all p € Cl(a,b).

Therefore, since f: u'odr = — fab up'dx by the definition of weak derivative, we are in position to
apply the construction in part (i) to infer that there exists a constant ¢ € R such that:

u—u=c, a.e. in(a,b).

Letting u(x) := u(x) + ¢, we obtain @ € AC([a,b]), & = u a.e. in (a,b), and

a(z) —a(y) = u(x) —u(y) = /y o' (t)dt, for all z,y € [a,b].

O

Remark 2.3.1. The conclusion of Theorem 2.3-1 is that every element u € W'P(a,b) admits a
continuous representative u, which is actually absolutely continuous. Besides, reasoning locally, one
can show that the conclusion of Theorem 2.3-1 holds even if (a,b) is unbounded. [

2.3.2 The case Q) C R" open, with N > 2

The conclusion obtained for N = 1 does not hold, in general, for N > 2. However, the previous
conclusion is the starting point to establish an important property of functions in W1?(£2), which is
the absolute continuity along lines.

Theorem 2.3-2. Let N > 2 and let Q C RN be open. Let u € LP(Q), 1 < p < co. Then u € WHP(Q)
if and only if there exists u : Q — R such that:

(1) w is absolutely continuous along almost all the segments contained in £ which are parallel to one
of the coordinate axes;

(13) the partial derivatives of u in the classical sense (which exist thanks to (i)) belong to LP(Q2) for
each 1 <3< N.

Proof. We only establish the sufficient part. For a proof of the necessary part, see [7]. To establish the
sufficient part, it suffices to show that the classical derivatives of @ are weak derivatives for the given
function u. We prove this fact for i = 1 and we proceed analogously for 2 < i < N. Given 2’ € RV~
we consider the segment

Q= {r1 € R; (x1,2") € Q},

which is parallel to the coordinate axis associated with the variable .
For each ¢ € C}(9), an application of Fubini’s theorem gives:

6()0 _680 / / i / 680 / /
9, = ) g d = dz1dz’.
/Quaxl t /Qua.rl x ]RN*l . u(l‘lal')awl (;ElarI) xl X

Since the product of absolutely continuous functions is absolutely continuous and the product rule
holds, and since o € CL(Q), the conclusion follows immediately. O
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The next theorem provides another characterisation of WP(€2) in the case where p > 1. Prior to
doing this, we need to establish the following preliminary result.

Theorem 2.3-3 (Uniqueness of the Continuous Extension). Let X be a dense subspace of a normed
vector space X. Let'Y be a Banach space and let A e L(X;Y). Then, there exists one and only one
Ae Z2(X;Y) such that

A‘X =4,

HAH,%’(X;Y) = HAH!Z(X;Y)-

We are now ready to prove the announced characterisation.
Theorem 2.3-4. Let u € LP(Q2), 1 < p < oo. Then, the following assertions are equivalent:
(i) u e WhHP(Q);

(13) there exists C' > 0 such that

/uﬁgo dx

o 0x;

(iii) There exists C > 0 such that for all compact subsets w of Q and for all h € RN with |h| <
dist(w, Q°) the following estimate holds:

< C’||go||Lp/(Q), for all ¢ € D(2) and for all 1 < i < o0;

(/w lu(z + h) —u(x)lpdx)l/p <cphl.

Furthermore, we can take C:= ||[Vul|[pqyn~ in (i) and (i1).

Proof. We will solely establish the equivalence between (i) and (¢4). That (i) implies (i7) is obvious as
a direct application of the Holder’s inequality. For the converse implication, note that the functional

T; : D(Q2) — R defined by
Ti(p) == / w2 dz,
Q

aﬂfi
is linear and continuous with respect to the norm ||-||, (- Thanks to Theorem 1.3-2, we are in position
to apply Theorem 2.3-3 so as to assert that T; admits a unique linear and continuous extension defined
over LV (Q). By the F. Riesz representation theorem, there exists a function g; € LP(2) such that:

Ti(p) = —/Qgigod:r, for all p € LP (Q).

Combining the identity

0 /
/ uZ? dg = —/ gipdz,  for all p € LP (),
o Oz Q
)

with the fact that g; € LP(Q2) in turn implies that g; is the weak derivative of u with respect to x; and
the sought W1P(Q) regularity thus holds. O

Remark 2.3.2. It is evident that (¢) implies (ii) even when p = 1. The converse implication, however,
does not hold in general. Indeed, note that in the special case where N = 1 and Q = (a,b), the
functions verifying (i) are the functions of class AC([a,b]) (Theorem 2.3-1), whereas the functions
satisfying (ii) are the functions of bounded variations (cf., e.g., [3]), which strictly contain W11(Q). B
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2.4 Lipschitz domains and prolongation operators

In this section, we denote by € a non-empty, open, bounded and connected subset of RY with
boundary I'. Observe that I' is compact as it is closed and bounded in RY. We give sufficient
conditions on € ensuring that elements of W1P(Q) can be extended to the entire RY.

Definition 2.4-1. We say that the boundary I' of () is Lipschitz continuous when I' is contained
in a finite union of graphs in local charts, i.e., there exists a positive integer R > 1 such that:

R
I'c U {(mr, y,) € RN x R;y, = f,(x,) for some Lipschitz continuous functions

r=1
fr:{z e R¥"Lz| < a} = R and |z,| < a, for some o > O}.
We say that the boundary T' of Q ¢ RY is of class C™, for some integer m > 0, if the functions

fi,--., fr which define the covering charts are of class C™ over their definition domain. |

Observe that the constant o > 0 appearing in Definition 2.4-1 is independent of r as I' can be
covered by finitely many local charts (viz. Figure 2.4-1).

Figure 2.4-1: An example where the boundary I' of €2 is the finite union of Lipschitz continuous and overlapping local charts.
This figure originally appeared in [5].

Rademacher’s theorem ensures that each Lipschitz continuous function is a.e. differentiable, and
the derivative is a.e. uniformly bounded. Hence, each function fq,..., fr is a.e. differentiable, i.e.,
on the boundary I', one can define, dI'-a.e., a tangent line and so an outer unit normal vector field
that will allow us to define boundary conditions of Neumann type for certain types of boundary value
problems. In order to uniquely define such a unit-normal vector field along I', we have to rely upon
the assumption stating that a domain is on the same side of the boundary.

Definition 2.4-2. We say that Q C RY is all contained on the same side with respect to the
boundary I if there exists a constant S > 0 such that

U} ={(zr,yr) € RV xR fioler) <y < folzy) + B} C O
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UE ::{(J:Tayr) € RN x R; fr(l'r) —B<y < fr(xr)} c RY \ Q,
for all integers 1 < r < R, where |z,| < «, for all 1 <r < R. In general, the sets U, overlap. |

It can be assumed, thanks to the compactness of I', that the constants o and  which respectively
define the local charts and the open covering are independent of the index r. The property according
to which the local charts overlap (Figure 2.4-1) is of critical importance to define what it means for
the unit normal vector field constructed via the Rademacher theorem to point outside of Q and for
the set 2 to be on the same side with respect to I'. The property according to which the local charts
overlap (Figure 2.4-1) is of critical importance to define what it means for the unit normal vector
field constructed via the Rademacher theorem to point outside of €). The overlapping regions between
different charts serve a critical function. They provide a domain where the definitions of the normal
vector from adjacent charts can be compared and must agree. This cross-verification is essential
because the geometric normal direction at any point on the boundary is unique. If the vector fields
defined on two overlapping charts did not coincide in their area of intersection, it would indicate an
inconsistency in the global definition. Without such overlaps, the local definitions would be isolated.
It would be possible to construct a vector field that is locally consistent on each individual chart but
which changes direction discontinuously when moving from one chart to an adjacent one. This would
result in a field that is not a continuous unit normal vector field on the entire boundary I'. The overlap
condition prevents this pathology, ensuring that the local pieces can be seamlessly glued together into
a single, globally defined Lipschitz continuous unit normal vector field ensuring that €2 is on the same
side with respect to I.

In light of Definitions 2.4-1 and 2.4-2, we are now ready to state the fundamental definition of
Lipschitz domain in RV,

Definition 2.4-3. A set Q C R¥ is said to be a Lipschitz domain if it is non-empty, open, bounded,
connected, with Lipschitz continuous boundary, with €2 being on the same side with respect to . W

In Figure 2.4-2 we present some examples of non-empty, open, bounded and connected subsets of
R? that are not Lipschitz domains as a result of the fact that € is not on the same side of its boundary.

Figure 2.4-2: Examples of bounded connected open subsets Q C R? that are not domains. This figure originally appeared in [5].

The next theorem states that if Q@ € RY is a Lipschitz domain in the sense of Definition 2.4-3, then
one can define a prolongation to R of any function « € W'P(Q). Besides, prolongations of u inherit
the same regularity as u. Since the proof of the next result is technical, we omit it and we refer to [4].

Theorem 2.4-1. Let Q be a Lipschitz domain in RN . There exists a prolongation operator that we
denote by P : WhP(Q) — WLP(RN), 1 < p < oo, and that satisfies the following properties:
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(i) Pulg =wu, for allu € WHP(Q);
(i4) There exists C = C(Q) > 0 such that || Pul pp@yy < Cllullpo@ny, for all u € Whr(Q);
(iii) There exists C = C(Q) > 0 such that || Pully.o@yy < Cllullyresy, for all u € WHP(Q).
0

The next example illustrates how the fact that €2 is a domain is crucial for being in position to
apply Theorem 2.4-1.

Example 2.4-1. Let Q = (—1,0) U (0,1) and let u(z) = sgn(x) := x/|z|. Since 0 ¢ 2, we obtain that
u € WHP(Q) for all 1 < p < oo and v/(z) = 0 for a.a. = € . Indeed, given any ¢ € D(Q), a simple

calculation gives:
0 1
/ up'dr = —/ o'dx +/ Y'dz = 0.
Q -1 0

However, if a prolongation existed, this should be a function of class WP(R), and a fortiori in
WHP(—1,1), that matches the original function u in Q. However, one such function cannot exist
because we know that step functions do not admit derivatives in the weak sense (Example 2.1-2). W

2.5 Density in W'?(Q), 1 <p < o

In order to provide sound calculus rules for Sobolev spaces, we need to make sure what conditions
we must impose so as to ensure that elements in W1?(2) can be approximated via smooth functions.
This is possible when either Q = RY or  is a Lipschitz domain in the sense of Definition 2.4-3. To
begin with, we discuss the case where Q = RV,

Theorem 2.5-1 (Friedrichs’ density theorem). Let N > 1 and let 1 < p < co. For eachu € WHP(RN),
there exists a sequence {up}%; C D(RY) such that u, — u in WIP(RN) as n — oo.

Proof. We break the proof into four parts numbered (i)—(iv).

(i) Let f € L*(RN), g € LP(RN) and h € L” (RN). Given a measurable function & : RN — R, we
denote by € the measurable function such that £(x) := &(—x) for all (or, possibly, a.a.) x € RN. Then,
the following formula holds:

| ro@hats= [ g@)F )@,
RN RN
Thanks to Theorem 1.2-1, we have that (f*g) € LP(RY). An application of Holder’s inequality gives

that (f x g)h € L'(RY). Therefore, by Tonelli’s theorem, the function F(x,y) := f(z — y)g(y)h(z) €
LY(RN x RY). An application of Fubini’s theorem gives:

/RN(f*g)(x)h(@dw = /RN ( e y)g(y)dy> h(z)dz = /RNXRN f(x = y)g(y)h(z)dady
= [ ([, s o) stian= [ (Fxmiaas

(ii) Let p € CO(RN) and let v € WHP(RY), 1 < p < 0o. Then (pxv) € WHP(RY) and

forall 1 <7 < N.

(pxv) = px 22

aZL‘i (‘3% ’
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Thanks to Theorem 1.2-1, the functions (p x v) and (p * 8872)’ 1 <i < N, are of class LP(RY).
Let us compute its weak derivatives and show that they are of class LP(RY). Fix 1 <4 < N and let
© € D(RN) be an arbitrary test function. Using part (i), Theorem 1.2-4, and the symmetry of the

convolution product (Exercise 1.4), we obtain

[ oeo@gaan= [ o (px g )ar= [ oo oo

__ [ (2)(p * ) (x)dz = —/RN <p* 5;) (z)p(z)de

RN 81‘2

and the conclusion follows by the uniqueness of the weak derivative (Exercise 2.3).
(iii) Let p € LY(RY) and let v € WHP(RN), 1 < p < oo (Theorem 1.1-1). Then (p*v) € W1P(RY)
and

0 ov
= <1< N.
a%i(p*v) p*axi, forall1 <:< N

Let {pn}22, C CO(RN) such that p, — p in L'(RY) as n — oco. For each n € N, an application of
part (ii) gives:

(pn*v) = pn * o

LP(RN :
(pn*xv) € WHP(R™)  and . o2,

Since v € WHP(RY), an application of Theorem 1.1-1 gives:

(pxv) € LP(RY) and (p* g;) € LP(RY), forall 1 <i < N.

An application of Theorem 1.2-1 ensures the validity of the following convergences:

1o ) = (0% 0)llo@ny < llon — pllisem IVl po@n) = 0, as n = oo,

(2.8)
H(p *(%) <p* (%) < |lpn. — pl| ‘81} —0, asn—o0
axi 8xz LP(RN) LH®Y) axz Lp(RN)
Combining the definition of weak derivative with part (i) gives:
/ (pn *v)(2) 0 (x)dz = —/ (pn * Ov ) (z)p(x)dz, for all p € D(RY). (2.9)
RN ox; RN Ox;

We can thus resort to (2.8) to infer the applicability of the Lebesgue dominated convergence theorem
to the left-hand side and the right-hand side of (2.9), which yields:

/RN(P*U)(JZ) g;é (z)da = —/RN (p* 38;}) (2)p(z)dz, for all p € D(RY),

thus showing the claim.

(iv) Completion of the proof. Let {pn}>2; be a sequence of mollifiers and, for each n € N, define
the function v, := p, *u and observe that v, € C*°(R"). In order to make the support of v, compact,
we apply a cut-off. Let £ € D(RYN) be such that:

1 Cif 2] < 1,
Er)={el0,1 ,ifl<lz|<2 (2.10)
0 , if |z > 2.
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For each n € N, define &, := £(x/n), where & has been defined in (2.10). For each n € N, define
U = &, and observe that each supp u, is compact in RY. Since |&,| < 1, for all n € N, the
following estimates hold:
l|un — UHLP(RN) = [|€nvn — UHLP(RN) < [|&n(vn — u)||Lz>(RN) + [|§nu — UHLP(RN) (2.11)
< lvn — ull pryy + 1€t — ull o ey
By construction, the term [|vy, — ul[ z»@®~y on the right-hand side of (2.11) tends to zero as n — oo.
Observe that &,u — u a.e. in RY as n — oo, and that |£,u — u| < 2|u|. Therefore, an application
of the Lebesgue dominated convergence theorem gives that the second term on the right-hand side
of (2.11) tends to zero as n — oo, thus establishing that u,, — u in LP(RY) as n — co.
Let us now show that Vu, — Vu in [LP(R™)]" as n — oco. In view of the simple calculation

o (@) = @) + &) T (@) = o () vale) +Enl@) 5 (@)
106 [z ou
o (5) a0 @)+ o) (5 ) (@)
we obtain that
Ou,  Ou V€[ Lo mayv ou ) ou
- <————|pn P n nX 5 ] T Sngy
8952- 8:75@ LP(RN) - Hp *U”L (RY) * 5 (/0 * 8%1 5 aTz Lr(RN)
ou
+ ‘ (é.n - 1)83% Lp(RN) )

and, thanks to the properties of the convolution product and to the Lebesgue dominated convergence
theorem, the right-hand side above tends to zero as n — co. The proof is complete since the previous
calculations are valid for each 1 <7 < N. O

Let us now discuss the case where € is a Lipschitz domain.

Theorem 2.5-2. Let Q be a Lipschitz domain in RN, N > 1. Let u € WHP(Q), with 1 < p < oo.
Then, there exists a sequence {u,}>; C D(RYN) such that up|og — u in WHP(Q) as n — co.

Proof. Since Q is a Lipschitz domain in RY, Theorem 2.4-1 ensures the existence of a prolongation
Pu € WHP(RY). Therefore, there exists a sequence {u,}>; C D(RY) such that u,, — Pu in W1P(RY)
as n — 0o. Therefore, it is immediate to observe that the claimed convergence holds. O

Remark 2.5.1. The argument for the proof of Theorem 2.5-2 also holds for the set Q := {z =
(2, zy) € RV~ x R; 2y > 0}, which is not a Lipschitz domain (Exercise 2.12). [

Despite the special case observed in Remark 2.5.1, which basically asserts that the fact that (2 being
a Lipschitz domain is only a sufficient condition ensuring the convergence result in Theorem 2.5-2, we
observe that the conclusion of Theorem 2.5-2 does not hold, in general, without ad hoc assumptions
on the boundary of €.

Example 2.5-1. Let Q :=(—1,0) U (0,1), and let u(z) := sgn(x), for all z € Q. It is straightforward
to observe that u € W1P(Q) and v/ = 0 a.e. in  (Example 2.4-1). If there was a sequence {u, }5°; C
D(R) such that u,|o — u in WP(Q) as n — oo, it would result:

1 1
Uy, — ulPdz + ul [Pdz — 0 as n — 0o.
n 9y
-1 -1
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The latter would imply, in particular, that u € W'P(—1,1), which is impossible in view of the
computations of Example 2.1-2. |

If we remove the assumption that €2 is a Lipschitz domain, we can give a weaker version of Theo-
rem 2.5-2.

Theorem 2.5-3. Let Q be an open subset of RN, N > 1. Let u € WP(Q), with 1 < p < co. Then,
there exists a sequence {up %, C D(RN) such that:

(1) unlo — u, in LP(Q) as n — oo;
(i7) (Vup) |lw = (V) |u, in LP(w) as n — oo for all compact subsets w of Q such that dist(w, Q2¢) > 0.
O

It should be observed, in the context of item (i7) of Theorem 2.5-3 that the weak derivative of the
restriction of u, to w coincides with the restriction to w of the weak derivative of u,, for all n € N
(viz. Exercise 2.26). The next result, which is due to Meyers and Serrin, generalises Friedrichs’ density
theorem (Theorem 2.5-1) to a generic open set.

Theorem 2.5-4 (Meyers-Serrin). Let 2 be an open subset of RNV, N > 1. Let 1 < p < 0o, and let
u € WYP(Q). Then, there exists a sequence {u,}2; C C*®(Q)NWLP(Q) such that u, — u in WP(Q)
as n — oo. O

Remark 2.5.2. In other words, the conclusion of Theorem 2.5-4 is that:

Wr(Q) nes(@) wire — pie).

The assumption according to which the elements of the sequence {u,}°; constructed in Theo-
rem 2.5-4 are all of class C*°(Q)NW1P(Q) is a typical way of replacing the boundary conditions. Indeed,
the W1P() regularity could be seen as a weak form of the requirement u, (z) — 0 as |z| — oo, for all
n € N when (2 is unbounded. Notice, however, that the requirement that v € H'(Q) with £ unbounded
does not imply that u decays to zero in the far-field. If, in addition to being an element in W1P(€),
with  unbounded, it results that « is a solution of a certain partial differential equation in the weak
sense (viz. Chapter 4) then one could prove that u decays to zero in the far-field, but this has to be
proved case-by-case. See Exercise 2.25 for a counterexample. |

2.6 Differentiation rules

One of the remarkable properties of functions in LP(2), where € is a general open set and 1 <
p < 00, is that if u,v € LP(Q2) then it is not guaranteed that (uv) € LP(2). The same happens for
Sobolev spaces. For Lebesgue spaces, it is known that if {2 is bounded and one of the factors is also of
class L>°(Q) then the product is of class LP(€2). This remark is the point of departure to establish the
following result concerning the regularity of the product of Sobolev functions.

Theorem 2.6-1. Let Q be an open set in RN. Let 1 < p < oo, let u € WHP(Q) N L>¥(Q), and let
v e WHP(Q) N L*®(Q). Then, the product (uwv) € WHP(Q) N L>®(Q) and the following formula holds:

V(w) =uVv + (Vu)v, in [LP(Q))Y.
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Proof. We only discuss the case 1 < p < 0o, since the case p = oo hinges on the relationship between
the space W1°°(£2) and the space of Lipschitz continuous functions. Thanks to Theorem 2.5-3, there
exists sequences {u,}>%; C D(RY) and {v,}°2; € D(RY) such that:

(€2)
vp, — v, in LP(Q)
P(w)]
(w)]

Since the construction of the iterates u, and v, is carried out by convolution and application of a
cut-off, we have that there exists a constant C' > 0 independent of n for which |[[uy|| oo (@) < Cllul|Le(q)
and ||vp|[ o) < Cllv][zo(q)- Let ¢ € D(2) be given, and let K be a compact subset of 2 such that

supp ¢ C K. An application of the classical formula for the differentiation of products of smooth
functions gives:

Uy — u, in LP as n — oo,

as n — 00,
(2.12)

Vu, — Vu, in | as n — oo for all compact subsets w C €; dist(w, 2°) > 0,

I, N
Vup, = Vo, in [LP(w)]Y as n — oo for all compact subsets w C Q; dist(w, Q2¢) > 0.

/ unvna—(’pdx = —/ %vn + un% pdx, foralll<i<N.

Combining (2.12) with the fact that

dp .
unvnam‘ < OVl poo v V[l oo v IVl poc (reyv, — ave. in

puts us in position to apply the Lebesgue dominated convergence theorem using and to infer that:
Jms

uUv
k Ox

Let us now show how it is possible to extend the differentiation of a composition of functions to
Sobolev spaces as an application of the absolute continuity along lines (Theorem 2.3-2).

Given Q open subset of RY and let 1 < p < co. Let us denote by AP(Q) the following subset of
LP(Q):

0 0
dx:—/< uv+u U)godx, forall 1 <i<N.

O]

AP(Q) := {u € LP(Q);u is absolutely continuous along a.a. segments
parallel to the coordinate axes which are contained in Q}.

The following result, which is due to Marcus and Mizel, plays an important role in the Calculus of
Variations. The proof of this result can be found in to original work [8].

Theorem 2.6-2 (Marcus-Mizel). Let Q be an open subset of RN, N > 1, and let 1 < p < oco. Let
h € Lippe(R) and let u € AP(Q). Then, it results (hou) € AP(Q) and:

ai (hou)(x) = h’(u(w))gg (z), fora.a. x€Qandforalll<i<N. (2.13)

O

The following corollary is useful in the applications.
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Theorem 2.6-3. Let Q be an open subset of RN, N > 1, and let 1 < p < co. Let h € C*(R) be such
that h(0) = 0 and such that there exists M > 0 such that |W'(z)| < M for all z € R. Let u € WHP(Q).
Then, we obtain that (hou) € WIP(Q) and formula (2.13) holds.

Proof. 1t is straightforward to observe that, for a.a. x € €2, the following estimates hold:

|(hou)(z)] < Llu(z)],
IV (hou)(@)] < [[1]| oo ()| V()]

for some L > 0 independent of 2. Therefore, we obtained that (hou) € W1P(2). The validity of the
formula holds thanks to Theorem 2.3-2. Ul

To conclude the discussion on the differentiation of compositions, we state two helpful corollaries
of Theorem 2.6-2.

Theorem 2.6-4. Let 2 be a bounded open subset of RV, N > 1, and let 1 <p < co. Let h € Lip(R)
and let w € WYP(Q). Then, we obtain that (hou) € WHP(Q) and formula (2.13) holds. O

The next result, which is due to Stampacchia, shows that the absolute value of a function in
WLP(Q), Q open subset of RY and 1 < p < o0, is again of class WP(Q).

Theorem 2.6-5. Let Q be an open subset of R, N > 1, and let 1 < p < co. For each u € WHP(Q),
define:

for a.a. z € Q.

ut(z) = {g(x) ) ii Zg; i 8’ and  u (x):= {(iu(x) , i Zz; i 8’

Then, we obtain that u™ € WHP(Q) and u= € WHP(Q)). Moreover, for a.a. x € Q,

Vu(z) , ifu(z) >0,
0cRY | ifu(z) <0,

0cRY | ifu(z) >0,

V(uﬂ(m) = { —Vu(aj) , if u(:z:) < 0.

and V(u)(x):= {

Proof. See Exercises 2.19 and 2.20. O

To conclude this section we state and prove the change of variables formula for Sobolev functions.

Theorem 2.6-6. Let Q and ' be two open subsets of RV and let H: QY > Qbea C'-diffeomorphism
such that

ZZ € L™(Y) and a;{;kl € L™(Q),
forall1 <4,5,k, 0 < N. Let 1_,§p§ 00.
If u € WHP(Q), then (uo H) € WHP(QY) and:
o - Y du OH, ,
a—xj(uoH)(y) = Z oz, (H(y)) 8ij (x), foraa.z=H(y)eQforalll<j<N.
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Proof. If p = oo then the conclusion follows as in Theorem 2.6-1. If 1 < p < oo, the Meyers-Serrin
theorem (Theorem 2.5-4) ensures the existence of a sequence {u,}5%; C C*°(Q) N WLP(Q) such that
U, — uin WHP(Q) as n — oo. Since each of the iterates u,, is smooth, we obtain that the following
formula holds:

- [ (o Moty = | T5 Ve Hw)el)s

Since

[(un 0 H)(y) = (wo H)(y)["dy = / |un(2) — u(z)[P| det Jg_, (2)|dz,
Qf Q

since up, — u in WHP(Q) as n — oo, and since |det J5z_,(x)] < M for some M > 0 in light of the

assumed boundedness of the derivatives of the components of H and H ~1, we are in a position to
apply the Lebesgue dominated convergence theorem so as to assert that:

||(unoﬁ)—(uoﬁ)HLp(Q/)—>0, as n — oo.

Likewise, we can establish that:

I,

—

J=

W) (Vua(H) = VulH )| dy =0, asn - ox.

2.7 Higher order derivatives

Let  be an open subset of RN, N > 1, and let u € C2(£2). For all ¢ € D(Q), the following identities
hold: o2 Su & o2
u u Op ® .
dz = — ——dx = d for all 1 < < N.
Q 8xi8xj(p o q 0x; 8.%']' . /ua.%zaw] “ ora =h1=

Similarly, following te notation of Theorem 1.2-4, if u € C*(Q), k € N, we obtain that the following
identity holds:

/QDaugodx = (—1)lel /QuDagpdx, for all ¢ € D(Q).
In light of this, we can define the spaces W™P(Q), m € N and 1 < p < oo, as follows:
W™P(Q) := {u € LP(Q); for each a € NV |a| < m, the weak derivative D*u € LP(Q)}
={uc W™ P(Q); Vu € W Lr(Q)V].
The space W™P(Q) is equipped with the norm
1/p

lullwmoey = | 2 1Dl |
aeNN
laj<m
and it is straightforward to establish that W P(Q) is a Banach space for each m € N and for all
1 < p < co. Furthermore, if 1 < p < oo, the space WP (Q) is reflexive and if 1 < p < oo, the space
W™P(Q) is separable.
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2.8 Embedding theorems

In Theorem 2.3-1 we have shown that every element in WP (R), 1 < p < o0, admits a continuous
representative. This means that WP(R) C C°(R). The purpose of this section is to extend this result
to more general settings. To begin with, let us give the definition of continuous embedding.

Definition 2.8-1. Let V and W be two Banach spaces such that V. C W. We say that V is con-
tinuously embedded into W, and we denote it by V — W, if there exists a constant C' > 0 such
that:

llullw < Cllu|ly, forallue V.

Remark 2.8.1. It is straightforward to observe that saying that V < W is equivalent to each of the
following;:

(1) B(Oy;r) :={u e Vi|ully <r} C B(Ow;Cr) :={ue W;||ullw < Cr}, for all r > 0;

(2) the sets which are open with respect to the metric induced by || - || are open with respect to
the metric induced by || - ||v;

(3) the identity mapping ¢ : V' — W, defined in a way that «(u) := u for all u € V| is continuous;
(4) if {un}22, is a sequence in V' such that u, — v in V as n — oo, then u,, — u in W as n — oo.
|

The next theorem provides an interpretation of Theorem 2.3-1 from the point of view of continuous
embeddings.

Theorem 2.8-1. Let I = (a,b), with —co < a < b < o0, and let 1 < p < oo. There exists a constant
C = C(|I]) > 0 such that

[ulloery < Cllullwray, — for all w € WH(I),
namely WP (I) < L>®(I). Besides, if |I| < oo, we have:
WP (1) — c°(I).
Proof. Let us first consider the case where I = R. If p = oo then the result follows straightforwardly

by the definition of | - [[yy1.00(7). If 1 < p < o0, it suffices to establish the assertion for all u € D(I) and
then apply Theorem 2.5-1. If u € D(I) then w := |u[P~'u € D(I) and, besides,

w' = ((p — 1)|u]p2uu/) u+ |uP~ ' = pluP

Jul

Let —00 < ¢ < d < oo be such that supp u C (¢,d). Therefore, the identity

w(z) = w(e) + /j w'(t)dt = /C:c w'(t)dt,
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yields, for each x € I,

o)l = ut) < [ 1wolae=p [ uop-ioiae<p ( [uora) W ([ wra) h

1 1
-1
< p”“”ip([)HUIHLP(I) <p <p,‘u||1£p(1) + p”“lnip([)) =(p— 1)”“”121)([) + Hulnip(]) < pHUH%/Lp(])'

As a result, we obtain that [ul[ze () < pl/pHuHWLp(I) < el/eHuHWLp(I), for all u € D(I).

Let now assume that v € WHP(I), and let {u,}%; be a sequence of functions in D(I) such that
Uy, — uin WHP(I) as n — oo. Therefore, one such sequence {uy,, }°°; is a Cauchy sequence in W1»(T).
In light of the analysis carried out beforehand, we obtain that:

[tn — Um |l peo (1) < eVe|uy, — Umllwiry, foralln,m € N. (2.14)

Since {u,}22 is a Cauchy sequence in W1P(I), we obtain that letting n,m — oo in (2.14) gives
lun — tml[Loe(ry — 0 as m,m — oo, thus showing that {u,};2; is also a Cauchy sequence in L*°([),
so that u, — u in L>®(I) as n — oo. In the same spirit as (2.14), we have that the following estimate
holds:

Hun”LOO(I) < 61/6||UnHW1,p([), for all n € N.

Letting n — oo and exploiting the fact that u, — u in L°°(I) and in WP(I) as n — oo in turn
gives
1/e

ull ooy < €/ lullwie(ry,

which is the sought inequality.
Let us now consider the case where I C R. Once again, if p = oo the conclusion is immediate. If
1 < p < oo, we can construct a prolongation operator P : W1P(I) — WP(R) (Theorem 2.4-1) such
that Pu|; = u, and such that P is continuous and bounded. Therefore, for each v € WP(I), we
obtain
lull Lo (1) < 1Pl ooy < €€ Pullyroy < CeV/ellullywrnm,

where the second inequality descends from the case I = R discussed beforehand. O

Remark 2.8.2. It is straightforward to observe (Exercise 2.6) that if |I| < oo, then W™P(I) —
C™~L(I), for all m € N and for all 1 < p < oo. O

Let us now consider the case N > 2. We begin by considering the case where Q = RV, This result,
which is a milestone of Mathematics, goes by the name of Sobolev-Gagliardo-Nirenberg. In order to
establish this theorem, we need a preliminary result.

Theorem 2.8-2. Let N > 2, and let f1,..., fn € LN"YRN"Y. For any x = (z1,...,2x5) € RY, and
for all 1 <i < N, denote by %; the element of RVN™1 defined as follows:

S N-1
€T, = (xl,...,xi717xi+1,...,xN)ER .

Then, the function f: RN — R defined for all (or, possibly, a.a.) x € RN by
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is of class L' (RY) and, besides, the following estimate holds:

N
[ £l @y < H 1 fill Ly w1y
i=1

Proof. For N = 2 the result is trivial and is a consequence of Tonelli’s theorem. In particular, we have:

1l w2y = il 1 f2ll o (my

Let us establish the result by induction on N. Assume that the result is true for (N — 1), and let
us show its validity for N. Let fi,..., fy € LN "Y(RN=1) and let f(z) := Hf\il fi(%:), where x € RY
and ¥; = (z1,...,%i—1,Tit1,-..,2xN). Let us fix xy € R; we then obtain

fil,an) € LN"YRN72),  forall1<i< N —1,

so that |fi(-,zn)|(V1" € LN=2(RN=2), forall 1 <i < N — 1.
An application of the inductive assumption gives

N-1
’fi('7$N)‘(N_1) ELl(RN_l)a
i=1
and the following estimate holds:
N-1
Lo 1@ e < T ) @
N-1 1/(N-2) N-1

= 1_11 (/RN2 i)Y ey . e dag ..d$N1> H I fi(-,xn HLN 1 (RN-2)"

Since fy = fn(Zn) € LN Y RN71), we can apply Holder’s inequality so as to obtain:

N-1

/RN1 fiCGan)| v (En)|de . devoy < fnllpv-ia-ny [T I6CG 2n)lpv-ra-2). (2.15)

=1

Let us now allow xn to vary in R. Combining Fubini’s theorem with the inductive assumption
according to which fi,..., fy_1 € LY 71 RN gives

/]R <AN—2 ‘fi(fi)’N—ldl‘l . dxi_1d$i+1 . d.CI,‘N_1> dng
= /RNl |fl(fz)|N—1dx1 .. dxi,1d$i+1 e de,Idl’N < 00,

which is equivalent to saying that the mappings zn — ||fi(;zn)|zv-1@y-2) is of class LN7!(R),
1 <4 < N — 1. Therefore, an application of the interpolation inequality (Exercise 2.7) gives that

N—-1 N—
/R TT i)l v vy HHszLN (@N-1) < 0. (2.16)
=1 =1
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Combining (2.15) and (2.16) gives the desired estimate, namely:

N-1
/RN |fil - fnlde < [[fnll oy ma-1y (H ||fi||LN1(RN1)> :
i=1

O

We are now ready to establish the validity of the continuous embedding in the Sobolev-Gagliardo-
Nirenberg theorem.

Theorem 2.8-3 (Sobolev-Gagliardo-Nirenberg). Let N > 2. Let 1 < p < N. Define the number p*

m a way that:
1 1 1

P p N
Then, there exists a constant C' = C(N,p) > 0 such that:
HuHLp* (RN) < CHVUH[LP(RN)}Nv for all u € Wl’p(RN).

Proof. Let us first establish the continuous embedding in the case where p = 1. Note that, in this case,
it results 1* = N/(N — 1). We establish the result in D(R") and then we extend the conclusion by
density (Theorem 2.5-1). For each 1 < i < N, we have:

i Ou
|u(a:1,...,a:N)\: p) (xl,...,xi_l,t,xiﬂ,...,x]\/)dt
—o00 05

2.17
< / ” ‘ Ou ¢ )‘ dt 1
< Ty eve s Tim1, by Tjaly - oo s TN .
- al'l 1 % i+
Like in Theorem 2.8-3, with each z € RN we associate ; = (1, i1, Tig1, ., 2N), 1 <@ < N.
In correspondence of the selected index 4, we define the function f; : RVN~! — R in a way that:
~ N—1 & au
(fz(.%'z)) = P (.’Bl,... s Ti—1, 0, Tig1, ... ,QEN) dt. (2.18)
—0 i
Therefore, combining (2.17) and (2.18), we obtain
N
u(zy, .. xn)|N < [[(fi@E)HNE, for all z € RY,
=1
from which the following estimate immediately follows:
o N
[u(xg,...,2zN)|¥-T < f(x) ::Hfi(;%i), for all z € RY. (2.19)
i=1

For each 1 <4 < N, a simple calculation gives

/RNI |fi(1fi)|N_1dl’1 e dl’ifldl‘prl e d:L'N

:/ (/ gu (l‘lu...,CUi—lat,CUi—i-l,...,.CUN)‘dt) d$1...d$i_1d$i+1...d$N
RN-1 — 0 ZT;
_ ’ ou .
- z; L1(RN) ’
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and we thus infer that f; € LY ~1(RN~1) and that:

ou
ox;

| fill Ly -1 (mav-1y = ‘ :
LI(RN)

An application of Theorem 2.8-1 to (2.19) gives:

lull e &y = HH&:Z

Let us now assume that p > 1 and u € D(RY). Given t > 1, it results |u/'~'u € D(RY) and,

moreover,
v
N
Il gy = (el 50) ™ =l
LN N-I(RN) RN LN 1(RN)

Therefore, an application of the case p = 1 gives:

L1(RN) ‘

N 1/N N
0 t—1 / t—1 8”
< 9 =t
HUHLN I(RN) - 11:[1 al‘i (‘u’ u) LY(RN) {H RN ‘
= o (2.20)
ou / Y
<t =t
{H ||u||Lp /(t—1) RN) ‘ Lp(]RN)} ||'LL|| 81;2 LP(RN)

We then choose t in a way that ]\tf—]fl = p/(t — 1), so as to be able to perform a simplification
n (2.20). The latter identity holds if and only if ¢ = 22p*. Therefore, for one such choice for ¢, we

obtain:
eI

To complete the proof, we consider a function u € D(]RN ). Theorem 2.5-1 ensures the existence
of a sequence {u,}>; C D(RY) such that u, — u in WHP(RY) as n — oco. Therefore, the sequence
{Vu,}22; is bounded in [LP(R™)]Y independently of n. Using (2.21) gives

N—l

[ull Lo mV) S P IVullr @y~ (2.21)

al’z LP(RN

N -1

[wnll Lo mvy < P Vunllipr@yyy < oo, foralln €N,

which in turn implies that {u,}2%, is bounded in LP" (R") independently of n. Since 1 < p < p* < oo,
the space LP" (RY ) is reflexive and, therefore, up to passing to a subsequence, we obtain that w, — u
in LP" (RN) as n — oo, where u is the given function in light of the uniqueness of the weak limit. An

application of the sequential weak lower semicontinuity of || - ||, (RN) gives:
L -1, . N-1,
[l e (eovy i inf [ || e vy < p* lim ([Vuglle@epy = =507 IVullize @y,

and the proof is thus complete. O
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Remark 2.8.3. The value of the Sobolev critical index p* ranges in the interval (p, c0). besides, the
value p* can be obtained a posteriori if it is known that there exists a number 1 < ¢ < oo and a
constant C' > 0 such that:

HUHL‘J(RN) < CHVUH[L})(RN)}N, for all u € Wl’p(RN). (222)

To see this, note that if u € WHP(RY) is given and, for each A\ > 0, we define uy(z) := u(Az), for
a.a. © € RV an application of the continuous embedding (2.22) gives:

N
AN || pa@ry < O 7|Vl ooy

If1- % = —% then we obtain exactly ¢ = p*. |

The next result descends from an application of the Sobolev-Gagliardo-Nirenberg theorem (Theo-
rem 2.8-3).

Theorem 2.8-4. Let 1 <p < N. Then WP(RN) < LI(RN), for all p < q < p*.

Proof. The fact that p < ¢ < p* gives that:

1l -«
p*

, forsome0<a<l.

SARS

1
q
Thanks to the definition of the space W1 P(R™) and to the Sobolev-Gagliardo-Nirenberg theorem

(Theorem 2.8-3), we obtain that u € LP(RY) and u € LP (RY). Therefore, an application of the
interpolation inequality (Exercise 2.7) in turn gives v € LI(R™), and that:

el gy < Ml 2oy lull 2 vy < @llll oy + (1 = @) [Jull Lo ),

where the last estimate is due to Young’s inequality. The conclusion follows as a result of the estimate
[ ul| po* vy < %p*HUHWI,p(RN) (Theorem 2.8-3). O

Following a similar strategy, we can give an embedding theorem in the case where p = N.
Theorem 2.8-5. The following continuous embedding holds:

WENY(RN) — LIRY),  forall N < ¢ < oo.

Finally, we discuss the case where p > N. This result was established by Morrey.

Theorem 2.8-6 (Morrey). If N < p < 0o, then the following continuous embedding holds:
WP(RY) s L°(RY).
Besides, there exists a constant C = C(p, N) > 0 such that

luz) — u(y)| < Clz —y|" ™7 [Vul pogr),  for aa. o,y € RN and all w e WPRN).  (2.23)
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Proof. Let us establish (2.23) for functions u € D(RY). We denote by @ the unit hypercube of RY
centred at the origin. For every = € Q,

1 1
/0 %U(tm)dt :/0 Vu(tr) - zdt = u(l) — u(0).

Therefore, we obtain that:
1 1
lu(z) —u(0)] < |a;/ |Vu(tz)|dt < / |Vu(tx)|de. (2.24)
0 0

Let us now consider the quantity

i),
UQ = — u(x)dx
2Rl o

/u — (0 \dx</</ Vu(tz) ydt>
:/0 </Q|Vu(t:c)|dx> dt:/o </tQ W@) dt,
(2.25)

where the first inequality holds thanks to (2.24). Then, an application of Hélder’s inequality gives

1/p 1/p .
/ \Vu(ywdys( / 1dy) ( / \Vu<y>|pdy) < |Vl 1o (2.26)
tQ tQ tQ

where the last inequality holds thanks to the fact that tQ C @, for all 0 < ¢ < 1. Plugging (2.26)
into (2.25) and observing that g — N = —% > Og — N = —% gives:

and observe that

e - ‘ Ql Jo "4~ @ ul0)da

1 N_N 1 N
ug —u(®)] < ([ #77a) 1Vulsig) = 1w V8l € 1w Vulrce)
p p

The latter conclusion holds for scalings and translations of the hypercube ). For a hypercube
centred at the original with edge length equal to r > 0, we have:
1_N

u(e) = u(y)] < fufa) - uql +luly) — ual < 25 [Vull o) (2.27)

p

Given two points z,y € Q, there exists a cube with edges of length 2|z — y| that are parallel to
the coordinate axes such that contains both = and y. An application of (2.27) with r = 2|z — y|
gives (2.23). The extension of the validity of (2.23) to functions of class W P(R™) holds thanks to
Theorem 2.5-1. O

Remark 2.8.4. A consequence of (2.23) is that u € WHP(RY) admits a representative @ € CO(RY)
that verifies (2.23) for all 2,y € RY. In particular, the representative @ is Hélder continuous with

indexazl—%. [ |
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As a consequence of Theorem 2.4-1, we can extend the validity of Theorems 2.8-3, 2.8-4 and 2.8-6
to Lipschitz domains.

Theorem 2.8-7. Let Q be a Lipschitz domain in RN, or Q = Rf. Then, the following continuous
embeddings hold:
WHP(Q) — LY(Q), foralll<q<p* ifl1<p<N,
WhHP(Q) — LY(Q), foralll<g<oo,ifp=N,
WhP(Q) — LY(Q), forallg>1,if N <p < occ.
Besides, if N < p < oo, there exists a constant C = C(p, N,Q) such that, for each u € WHP(Q),
the following estimate holds:

_N
lu(z) = u(y)| < Cllulwra@lz =y~ 7, foraa. z,ye.

Proof. The proof is left as an exercise (Exercise 2.8). O

Finally, for the sake of completeness, we state the extensions of Theorems 2.8-3, 2.8-4 and 2.8-6 to
W™P(Q), in the case where m € N, 1 < p < oo, and  is a Lipschitz domain. We define the number
Pm by:

N 1 m pN

pm::];_N:N—mp'

Theorem 2.8-8. Let Q be a Lipschitz domain in RN, or Q = Rﬂ\!. Letm e N and 1 <p < oco. Then,
the following continuous embeddings hold:

WmP(Q) — L1(Q), foralll <g<pr,ifl1<p<N,
WmP(Q) — L1(2), forall 1l <q<oo,if p=N,
WmP(Q) — L1(Q), forallg>1,if N <p < 0.

An important property of continuous embeddings is the preservation of weak convergences.

Theorem 2.8-9. Let V' and W be Banach spaces such that V. — W. Let {v,}32, be a sequence in
V' that weakly converges in V' to an element v € V as n — oo. Then, we have that v, — v in W as
n — 00.

Proof. f V. .C W then W C V'. Let + : V. — W be the identity mapping and let £ € W’. Then, we
have that £ € V/ and:

<£a L(Un - U)>W’,W = <favn - U)qu — 0, as n — oo.
]

Remark 2.8.5 (To identify or not to identify? The triplet V' < H < V’). The F. Riesz representation
theorem asserts that there is a canonical isometry from H onto H'. It is therefore “legitimate” to
identify H and H’. We shall often do so but not always.

Here is a typical situation, which arises in many applications, where one should be cautious with
identifications. Assume that H is a Hilbert space with a scalar product (-,-)y and a corresponding
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norm || - ||z. Assume that V' < H is a linear subspace that is dense in H. Assume that V' has its own
norm || - ||y and that V' is a Banach space with || - ||y.

There is a canonical map T : H' — V' that is simply the restriction to V of continuous linear
functionals ¢ on H, i.e.,

(Tp,v)vy =) for pe H veV.
It is easy to see that T has the following properties:
() ITellv: < Clela Vo e HY,
(ii) T is injective,
(iii) T(H') is dense in V' if V is reflexive.?

Identifying H' with H and using T as a canonical embedding from H' into V', one usually writes
the following Gelfand triplet

Ve H>H <V (2.28)

where all the injections are continuous and dense (provided V is reflexive). One says that H is the
“pivot space”. Note that the scalar products (-,-)y+ and (-,-)g coincide whenever both make sense,
ie.,

(f,v)viy = (f,v)g forall f e H, and for all v e V.

The situation becomes more delicate if V' turns out to be a Hilbert space with its own scalar
product (-,-)y, associated to the norm || - ||y;. We could, of course, identify V' and V' with the help
of (+,-)y. However, the Gelfand triplet (2.28) becomes absurd. This shows that one cannot identify
simultaneously V' and H with their dual spaces: one has to make a choice. The common habit is to
identify H' with H, to write (2.28), and not to identify V/ with V. Naturally, there is still an isometry
from V onto V', but it is not viewed as the identity map. Here is a very instructive example on how
the Gelfand triplet (2.28) becomes absurd if one identifies at once both H and V' with their duals. Let

oo
H=10= {u = {untne1; Zui < oo}
n=1

o0
n=1

V= {u ={un}toly; ZTLZU% < oo}
n=1

equipped with the scalar product (u,v) =Y 2, unv,. Let

equipped with the scalar product ((u,v)) = >"°° | n®u,v,,.

Clearly V C H with continuous injection and V is dense in H. Here we identify H' with H, while
V' is identified with the space

V= {f = {futne1; Z %fr% < OO}’
n=1

2However, T is not surjective in general.
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which is bigger than H. The scalar product (-, )y y given by
(o]

<f7 /U>V’,V = Z fnvna
n=1

and the F. Riesz isomorphism 7' : V — V' is given by

u=A{uptpeq = Tu= {nQun}%ozl.

2.9 Compact embeddings

At the end of Section 2.8, we have shown that continuous embeddings preserve weak convergences.
We now investigate what additional assumptions guarantee the continuous embeddings discussed in
Theorems 2.8-3, 2.8-4 and 2.8-6 are actually compact, as per the following definition.

Definition 2.9-1. Let V. C W be two Banach spaces. We say that V' is compactly embedded in W,
and we indicate it by V << W if any sequence {u, }>2 that is bounded in V' admits a subsequence
that converges in W. |

A straightforward consequence of Definition 2.9-1 is that if an embedding is compact then it is
continuous.

Theorem 2.9-1. Let V C W be two Banach spaces such that V. —— W. Then V — W.
Proof. Assume by contradiction that for each ¢ > 0 there exists an element v € V' such that:
[ollw > cllv]lv.

Then, in particular, for each n € N, we can find an element v, € V such that ||v,|lw > c||vn|v.
This gives rise to a sequence {v,}>2 such that:

lvnllw > nl|vs|ly, for alln e N. (2.29)

Let us now define, for each n € N, the element u,, := v, /||v,||v. We observe that ||u,|y = 1 for all
n € N. Hence, the assumption according to which the embedding of V into W is compact gives that,
up to passing to a subsequence, it results v, — u in W as n — oo and thus, in particular, we have
that {u,}72 is bounded in W independently of n. However, from (2.29), we have that:

[un|[w > n,
which contradicts the boundedness asserted beforehand. O
to begin with, we analyse in which cases a continuous embedding is also compact when N = 1.
Theorem 2.9-2. Let I C R such that |I| < co. Then, the following compact embeddings hold:
(1) WHP(I) < C°(I), for all 1 < p < oo,

(ii) WH(I) << LY(I), for all 1 < q < .
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Proof. We begin by establishing (7). Let {u,}°; be a bounded sequence in W'P(I), p > 1. An
application of Theorem 2.3-1 gives that the sequence {u,}°°; is uniformly bounded in I. Let us
show that the sequence {u,}5%; is uniformly equicontinuous. For each x,y € I an application of
Theorem 2.3-1 gives (without loss of generality, assume z < y):

|un(2) = un(y)| =

y / /
/ u;(t)dt' < Jlunll el =yl < <2H§IIU2IILP(I>> = y|'7,
T €

and the uniform equicontinuity follows from the assumed boundedness of the sequence {u,}2° in
W1P(I) independently of n. Therefore, we are in position to apply the Arzela-Ascoli theorem (Theo-
rem 1.4-2) and obtain that the original sequence {u,}>> ; admits a uniformly convergent subsequence.
This completes the proof of part (7).

To establish (i7), we resort to the M. Riesz-Frechet-Kolmogorov theorem (Theorem 1.4-6) in LI(1),
1 < g < oo. Let {u,}2; be a bounded sequence in W11 (I). Define the collection F := {u,;n € N}
and observe that F is bounded in L(I) for the results presented in Section 2.9. Let w be a compact
subset of I, and let |h| < dist(w,R \ I). An application of Theorem 2.3-4(iii) gives:

/ |un(z + h) — un(z)|de < [Juy, || L1 lh] < (iug ’unuwl,l(l)) |h|,  for all n € N.
w S

An application of the interpolation inequality gives, for all ¢ > 1

(Lt o) e ([ oatesm- “ﬂ<x>dx>; (supfuni-+ 1) - unml);’

TEW
1
Lo EaTAt:
< 24 Hun”Loo(j) igg”un”wlvlu) |h|4,

verifying assumption (¢) in Theorem 1.4-6 for § = e.
Let us now verify assumption (i¢) in Theorem 1.4-6. Observe that for a given compact subset w of
I, and for all n € N, we have:

HuanLq([\w) < Huanoo(j)’I\W’a
thus verifying the sought property. We are thus in position to apply Theorem 1.4-6 to show that F is
compact in LI([I). O

Remark 2.9.1. In Theorem 2.9-2, the case p = 1 in (¢) and the case ¢ = 0o in (i¢) correspond to the
case N = p discussed in Section 2.9. |

Example 2.9-1. The continuous embedding W1(I) — C%(I) is never compact. For instance, take
I =(0,1) and let u,(z) := z". Observe that the sequence {u,}°°; is bounded in W1(0,1). However,
it is well-known that this sequence has no uniformly convergent subsequences. |

For N > 2, we have the following fundamental result, that goes by the name of Rellich-Kondrachov
theorem.

Theorem 2.9-3 (Rellich-Kondrachov). Let Q be a Lipschitz domain in RY. Then, the following
compact embeddings hold:

(1) WiP(Q) —— LI(Q), for all 1 < qg < p* if p< N,
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(ii) WLP(Q) < LY(Q), for all1 < qg< oo ifp= N,

(iii) WIP(Q) —— C°(Q), if p > N.
Proof. We establish the compact embedding in (i) by resorting, once again, to the M. Riesz-Frechet-
Kolmogorov theorem (Theorem 1.4-6). Let {u,}>; be a bounded sequence in W1?(Q), and define

the collection F := {uy,;n € N}. Since 1 < g < p*, then we choose 0 < a <1 in a way such that:

l—«o

Let w be a compact subset of 2 and let h € RY such that |h| < dist(w, 2¢). An application of the
interpolation inequality (Exercise 2.7) gives:

1/q a 1—*04
(/ |un(x + h) — un(ﬂs)]qu> < </ |tn(x+ h) — un(:c)|dx> </ |un(x + h) — un(az)]p*dx> o
’ ? ’ (2.30)
An application of Theorem 2.3-1(iii) gives
[l + ) = wn@)lde < [Tl (2.31)

and we observe that the sequence {Vu,}°% ; is bounded in [LP(2)]"V, being the collection F bounded
in WHP(Q). Additionally, we observe that

1/p*
(/wax+m—uAMW¢Q < unll oy < 2l (2.32)

where the last embedding holds by the Sobolev-Gagliardo-Nirenberg (Theorem 2.8-3). Combining (2.30)—
(2.32) gives

1/q
</ |un(x + h) — un(m)|qu> <2C (sup ||uk||W1,p(Q)> (Sup ||vuk||L1(Q)> |h|, forall m €N,
w keN keN

thus verifying assumption (i) in Theorem 1.4-6. Observe that for a given compact subset w of €2, and
for all n € N, we have

49
lunllLa@\w) < ||un||Lz>*(Q\w)|Q\W\1 P

thus verifying assumption (i7) in Theorem 1.4-6. The assertion follows as a result of an application of
Theorem 1.4-6. 0

Remark 2.9.2. The embeddings in the Rellich-Kondrachov theorem (Theorem 2.9-3) are not com-
pact if © is not bounded. The continuous embedding established in the Sobolev-Gagliardo-Nirenberg
(Theorem 2.8-3) is not compact in general. [
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2.10 The space W,”(Q) and its dual

In the study of Partial Differential Equations, it often happens to come across models whose
solutions enforce Dirichlet boundary conditions, namely, the tract of the solution vanishes along the
boundary. We generalise this concept to Sobolev spaces, by introducing the space VVO1 P(Q), where Q
is an open subset of RV, N > 1.

Definition 2.10-1. Let 1 < p < oo, let N > 1, and let © be an open subset of RY. We denote by
Wol’p(Q) the closure of D({2) with respect to the norm || - [|yy1.5(q), namely:
Wol,p(Q) — WH'”‘/VLP(Q).
Additionally, when p = 2, we define H}({2) := Wol’Q(Q). [

In the case where  is a Lipschitz domain in RY, N > 1, another equivalent definition of the space
Wol’p(Q) is the following:

WOLP(Q) = {u € W"(Q);u =0 a.e. on IN}. (2.33)

The proof of the equality in (2.33) is involving, and we refer the reader to [9] for a proof. Nonethe-
less, we can easily establish (2.33) for functions in WO1 P(Q)NC(Q) (Exercise 2.9). If m > 2, we define
the space Wy™"(Q) as the closure of the space D(Q2) with respect to the norm || - ||ym»(q). It can be
observed that:

Wy (Q) = {u € W™P(Q); D = 0 a.e. on 99 for all |a] <m — 1}.
Consequently, we have that W™" () C VVO1 P(Q)NW™P(Q), as illustrated in the following example.

Example 2.10-1. Let Q = (—1,1), and let u(z) := 1 — 22. We observe that u € Wol’p(Q) NW™P(Q)
for all m > 2 and for all 1 < p < oco. However, since u/(z) = —2x, it results that u ¢ Wg’p(Q), for all
1<p<oo. |

Theorem 2.10-1. Let Q be a Lipschitz domain in RN, N > 1. Let 1 < p < co. Let u € WhP(Q).
Then, we have that u € Wol’p(Q) if and only if u =0 a.e. on OL).

Proof. A proof in the case N =1 is left to the reader (Exercise 2.9). O

Finally, we give the following characterisation.

Theorem 2.10-2. Let Q be a Lipschitz domain in RN, N > 1. Let 1 < p < oo, and let u € LP(f2).
Then, we have that u € Wol’p(Q) if and only if the function @ : RN — R defined by

u(z) , ifxeq,

0 ,if z € RV\ Q,
is of class WIP(RN). Moreover, the following identity holds

auzau’ ae. in Qforalll <i<N.
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Remark 2.10.1. The necessary implication in Theorem 2.10-2 holds without any regularity assump-
tions on 2. In particular, the function @ can be regarded as a prolongation of the original function
u obtained without having to resort to local charts. More precisely, in this case, the prolongation
operator is the identity function ¢ : I/VO1 P(Q) — WIP(RN). As a result, the embedding theorems we
studied in Sections 2.8 and 2.9 hold for WO1 P(Q) without any regularity assumptions on €. [ |

A remarkable feature of the space VVO1 P(Q), when 1 < p < oo, is that the semi-norm v € VVO1 P(Q) —
[Voll{zr (), that we denote for brevity "U’WOI,;D(Q)7 becomes a norm that is equivalent to the norm
| “[[w1r(q)- This result goes by the name of Poincaré-Friedrichs inequality, and is of critical importance
to establish the existence and uniqueness of weak solutions to the Poisson equation with Dirichlet
boundary data. Another remarkable feature of the Poincaré-Friedrichs inequality is that it holds
under the assumption that  is an open set of finite width, which is weaker than requiring 2 to be a
Lipschitz domain. In particular, saying that € is of finite width implies that it is bounded along at

least one direction parallel to the coordinate axes.

Definition 2.10-2. A subset A of RY is said to be of finite width if it lies between two parallel
hyperplanes. |

We are now ready to establish the Poincaré-Friedrichs inequality and its consequences.

Theorem 2.10-3 (Poincaré-Friedrichs inequality and its consequences). Let 2 C RN be an open set
of finite width. Let 1 < p < oco. Then:

(1) There exists a constant C' > 0 such that the following Poincaré-Friedrichs inequality holds:

vl r@) < C|U\Wg,p(m, for all v € Wol’p(Q).

(ii) As a consequence, the semi-norm |- ]W1,p(9) becomes a norm over the space Wy () equivalent
0

to || - llwrrq)-

Proof. Let us begin by establishing (7). Without any loss of generality, assume Q C [—a,a] x RV~1,
Let us first prove the validity of the Poincaré-Friedrichs inequality for the elements of the space D(£2).

Let ¢ € D(Q2) and take x = (z1,x9,...,xN), where z1 € [—a,a]. Let us rewrite
x
o(z1,z2,...,oN) = e(t,xa,...,xn)dt + p(—a,x9,...,2N),
—a
where the last term is equal to zero, being the point (—a, x9, ..., xy) outside the support of the function

. Hence, an application of the Cauchy-Schwartz inequality gives:

a

Tl
\go(xl,...,mN)g/ |also<t,x2,...,mN>\dts/ 010(t, 2, . ) [dt

—a —a

11 a 1/p
< (2a) » </ |81<p(t,z2,...,mN)]pdt> .

—Qa
As a result,
a
lo(z1, ..., xn) P < (2a)p_1 / |O1p(t, 2, ..., xN)|PdE.

—a
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Writing any € RY as z = (21,2') € R x RV~!, we obtain:

oWiney = | < / go(x1,w’)|pdx1) 0

<ear [ ([ opternsban ) ar = @orloel g

In conclusion, we obtain:

el ey < 2a|g0]W1p @y Tforallpe D(Q).

Let us now fix any v € WO1 P(Q)) and, there thus exists a sequence {¢,}>2, C D(Q) such that
lon — vllwie@) — 0, as n — oo. Therefore,
H|‘:0n||LP(Q — vl e | < llen = Vlr) < llon — vllwir ),
HSOn WLp(Q — [v[w p(Q)| < |pn — U\Wlp < lon — UHWLP(Q)v

80 [[enllzr) = Ivllzr(o) and ]apn]WLp(Q) — |vlwip@), as n — oo. The uniformity of the constant
C := 2a in turn implies:

HUHLP(Q) < C’U|W1aP(Q)u for all v € Wol’p(Q)

Let us now establish (éi). By the definition of || - [[y1.n() together with part (i), we have that

1/p
ol < lollwio = (Hvufzp(ﬂ +Zuavum m) < (€ 4+ D) ol

for all v € I/VO1 P(2). This completes the proof. O

The Poincaré-Friedrichs inequality is a first instance displaying the importance of the space VVO1 P(Q)
for rendering the semi-norm |- |15 () along the elements of T/VO1 P(Q1). Another important role is played
by the dual space of Wol’p(Q), which we denote by W1 (Q). In particular, we denote by H () the
dual space of HS(Q) The case p = 2 deserves a separate treatment as it is of fundamental importance
in the definition of the concept of Gelfand triplet, which will play a fundamental role in the analysis

of boundary value problems. In what follows, we denote by || - || Hi () & function such that:
[oll gz = llollay,  for all v € Hg(Q).
It is immediate to observe that | - ||H5(Q) is a norm over the space H}(2). Besides, it is also

straightforward to observe that H}(2) < L?(€2), without any regularity assumption on (2, and that
HE(9) is dense in L?(€2) (Theorem 1.2-4), namely:

H&(Q)II'||L2(Q) — LZ(Q).
For each u € H~(Q), we define the norm of H~1(f2) as follows:

(s v) 100, m12 ()]

[Jwl| -1 () =  sup i
vEHS(Q) UHH[}(Q)

IIUIIH6<Q>S1



[Chap. 2 Sobolev Spaces 49

We now show that it is possible to identify H{ () with a dense subset of L2(£2). To begin, let us
recall that an application of the F. Riesz theorem allows us to identify L?(Q2) with its dual by means

of an isometric isomorphism T, since L?(Q) is a Hilbert space. The following property can thus be
established.

Theorem 2.10-4. Let ) be an open subset of RN. The mapping T : L*(Q) — [L*(Q)]’ defined by the
relation

(T, v) (22, 12(Q) = / u(z)v(z)dz, for all v € L*(), (2.34)
Q

is linear, continuous, bijective, with continuous (and linear) inverse and, moreover, it satisfies || Tu| 12y}

lull 2y for all u € LQ(Q)

Proof. The linearity of T is obvious. It suffices to show that the operator T is continuous. Indeed, upon
obtaining the continuity for 7', we can conclude by the F. Riesz theorem. Thanks to relation (2.34), it
follows that for each v € L?(12)

’<TUU[L2 )12 ‘—’/ x)dz

< [lullz2@llvllz2e)

O

where the last estimate is a consequence of Holder’s inequality.

Let us now refine the conclusion obtained in Theorem 2.10-4. Since H}(Q2) € L?(Q), then L?(Q)) =
[L2(Q)) ¢ HY(Q). Therefore, without changing notation we consider the operator T' : L?*(Q) —
H~Y(Q) defined via (2.34), namely:

<TU’U>H—1(Q),H3(Q) = / u(z)v(x)dz, for all v € HY(Q). (2.35)
Q

We can now establish that relation (2.34) leads to a refinement of Theorem 2.10-3 if Q has finite
width.

Theorem 2.10-5. Let Q be an open set of R™Y. The mapping T : L*(Q) — H~Y(Q) defined via (2.34)
1s linear, continuous and injective.

Proof. The linearity of the operator T immediately descends from the defining relation (2.34). For
what concerns the continuity, observe that for each v € H}(€2), the defining relation (2.34) gives

(T'u,v) Hl(Q)’ = '/ x)dz

where the last estimate is a consequence of Holder’s inequality.
Let us now shot that 7' is injective. Since T' is linear, it suffices to show that T'u = 0 implies u = 0.
If Tu = 0, the defining relation (2.34) gives:

< lullz2@llvliza@) < Cllullz@) ol my )

/ u(z)v(z)de =0, for all v € H}(Q).
Q

The conclusion follows by applying the Fundamental Lemma of the Calculus of Variations (Theo-
rem 1.3-4). O
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Thanks to Theorem 2.10-5, we obtain the following scheme of continuous embeddings:
Hy(Q) = LX(Q) = [LX(Q)) — H ().

Let us observe that an application of the Rellich-Kondrachov theorem (Theorem 2.9-3) further
gives at once that Hg(Q) <> L2(Q)). We recall that a basic fact in Functional Analysis is that if
we identify L?(2) with its dual then we cannot identify H}(2) with H-1(Q) at the same time. An
interesting fact to observe is that L?(Q) is dense in H~1(Q).

Theorem 2.10-6. Let Q be an open subset of RN, N > 1. Let T : L*(Q) — H~Y(Q) be the operator
considered in Theorem 2.10-5. Then, the space T(L?*(Y)) is dense in the space H™1(12).

Proof. Let us establish this result by exploiting a characterisation descending from the Hahn-Banach
theorem. More precisely, we need to show that for each A’ € [H~!(Q)]’ such that

(', Tu) -1 ).m-10) =0, for all u € L*(Q) (2.36)

it results A’ = 0in [H~1(Q)]’. Since HE (1) is a closed subspace of the reflexive space H(2), then HE(Q)
is reflexive and, therefore, also its dual H () is reflexive. Therefore, we obtain that [H~1(Q)]’ =
[HY(Q))” = HL(2). Therefore, we need to show that for each h € H}(£2) such that

(Tu, ) -0, i) = 0, for all u € L*(Q), (2.37)
it results » = 0 in H}(2). Combining the defining relation (2.35) with (2.37) gives:
/Qu(a:)h(a;)dx =0, foralluc L*(Q).
An application of the Fundamental Lemma of the Calculus of Variations (Theorem 1.3-4) gives
h =0 a.e. in 2 and the proof is complete. O

Finally, we describe how to represent the elements of the space H~1(().

Theorem 2.10-7. Let 2 be an open subset of RV, N > 1 and let 1 < p < co. For each h € WLy (Q)
there exist a set of functions fo, f1,..., fn € LP (Q) such that:

N
0
<h7U>W—1,p/(Q)7W01vp(Q) = /Qf()(x)v(x)dx—i_;/gfl(x)a

U' ()dx, forallve Wol’p(Q).

x
Besides, it results |[h|[y—1.0 ) = maxo<i<n || fill 11 () -

Proof. Let h € W—1#' (€2) be given. Define the space E := [LP(Q)]V ! and define the norm ||A||p =
Zi]\io |hillLr (@), for all b = (ho, h1, ..., hy) € E. Define the operator T : Wol’p(Q) — E by:

ou ou 1
Tu:=|(u,=—,..., — for all u € WP (Q).
<’8.’IJ1’ 781‘]\[)7 0 ()
The operator T' is certainly linear and isometric, in the sense that ||Tullr = |lulwirq) (vViz.

Exercise 2.4). Therefore, the operator T' is injective and continuous. Defining F := T(VVO1 P(Q)), we
observe that the inverse 771 : F — W[} () is also continuous as a result of the Banach Open Mapping
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theorem. Observe that the composition (h o T7!) : F — R is a linear and continuous functional.
Therefore, an application of the Hahn-Banach theorem in normed vector spaces gives that there exists
a functional £ : E — R that extends (hoT ') and that is such that ||¢||zr = |hoT | pr = HhHW—lvP’(Q)‘

An application of the F. Riesz theorem for general LP spaces, 1 < p < 00>, gives that there exists a
unique set of functions fo, f1,..., fn € Lp/(Q) such that:

-

U(h) = / ﬂhdx for all i = (ho, h1,...,hy) € E.

Therefore, an application of the Holder inequality gives

l(h)| < Z [ fill Lot (g 1Pill Lo () < (ngifgv | fill L (Q)) <Z 1]l o Q))
_ <max 1ill e ) 1hllz,

0<i<N

for all h = (hg, h1,...,hy) € E. This shows that ||f] g < maxo<i<N ||fl-||Lp/(Q). In particular, restrict-
ing ourselves to the elements of F, we obtain that the claimed representation formula holds.

To conclude the proof, we need to establish the inverse inequality. Let 0 < 7 < N be such that
1£5ll Lo @) = maxo<i<n [|fill i () and note that, unless { = 0, it results 1£ill oy > O for some

0 < j < N. Consider the element H € E defined in a way such that H; = 0 if i # j and

Hiw) = L2 i @) £0,
J ' 0 , if f](l') =0

Therefore, we obtain that

m=é%um@M=Am@%”ﬂm%m>

— /1
Vs = 150

Consequently, we obtain the estimate

and

|6(H)| j
Hh”W*LP’(Q) = HfjHLp’( Q) — W < |14l e,
J

and the proof is complete restricting ¢ to F and exploiting the Hahn-Banach theorem isometry. O

Remark 2.10.2. The functions fy, f1,..., fn are uniquely defined in correspondence of the extension
‘. However, note that in general, the extension / provided by the Hahn-Banach theorem is not unique.
This means that, in correspondence of a given h € W17 (Q), the functions fo, fi,..., fn are not
uniquely defined. In particular, a consequence of Theorem 2.10-7 is that the weak derivative of a
function in L?(2) belongs to H~ (). Besides, thanks to Theorem 2.10-7, we will be able to define
the distributional Laplace operator in Chapter 4. |

3Recall that the dual of L>°(9) is larger than L'(Q).
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In the same fashion as the case p = 2, if Q has finite width, we have the validity of the following
continuous and dense embeddings:

Wo(Q) = LA(Q) = [L*(Q)] — W7 (),

provided that p < 2 < p*, which means N +2 < p <2 If Qis a Lipschitz domain then the continuous
embeddings above hold for 2 < p*, i.e., for m <p < o0.

2.11 Exercises

Unless contrarily indicated, in this section € denotes an open subset of R,
Exercise 2.1. Show that formula (2.1) holds.

Exercise 2.2. Let u € L () be given. Show that letting the test functions ¢ vary in C}(2) does
not alter the definition of weak derivative stated in Definition 2.1-1.

Exercise 2.3. Let u € LL () be given and let v; be a weak derivative of u with respect to ;. Show
that v; is unique.
Hint: Use the Fundamental Lemma of the Calculus of Variations (Theorem 1.3-4).

Exercise 2.4. Let 1 < p < oo. Show that the function v € WHP(Q) — f(v) € RT U {0} defined by

N
u
f) = |v|lLr(a) + Z ™ ;
i=1 tILP(Q)
defines a norm over W'?(Q) which is equivalent to the standard norm || - [[y1.0(q)-

Exercise 2.5. Establish the assertion in Theorem 2.2-1.
Exercise 2.6. Show that if |I| < oo, then W™P(I) — C™ 1(I), for all m € N and for all 1 < p < co.

Exercise 2.7. Let f1,..., fr be such that f; € LPi(Q) for all 1 < i < k, where the indices {pi}le are
defined in a way such that:

JONE

(1) Show that the function f := Hle fi is of class L'(€2), and that:

1
1 Di

k
£l zr(e) < H | fill Lo () -
=1

(2) Show that if f € LP(Q) N LI(Q) with 1 < p < g < oo, then f € L"(Q) for each p < r < g, and it
results
1Fllzr @) < 1120 @ 1F ey

where a € [0,1] satisfies 1 = S+ PTO‘.
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Exercise 2.8. Establish Theorem 2.8-7.

Exercise 2.9. Show that {v € H*(0,1);v(0) = v(1) = 0} = H}(0,1).
Hint: Consider a function G € C}(R) such that

IG(t)| <t, forallteR,
0,if [t| <1
G(t) = { 9 1 | | —_ 9

t, if [t > 2.

1
Then, define u,(x) := —G(nu(x)), for all z € (0,1) and all n € N and verify the claim using the
n
definition of HE(0,1).

Exercise 2.10. Show that Q := (0,1) x (0,1) is a Lipschitz domain.

Exercise 2.11. We say that Q C RY is a C! domain if  is a Lipschitz domain and the finitely many
local charts describing the boundary are of class C*. Show that Q := (0,1) x (0, 1) is not a C* domain.

Exercise 2.12. Show that Q = Ri is not a Lipschitz domain.
Exercise 2.13. Show that Q := {(z,y) € R%};x # 0 and y # 0} is not a Lipschitz domain.

Exercise 2.14. Show that

2 2
0. g2V
{ewerst+ L <]

is a Lipschitz domain.
Hint: Transform €2 into the unit circle and use polar coordinates.

Exercise 2.15. Let ' C Q open sets in RY. Let 1 < p < oo and let v € WP(Q). Assume that
u e WHP(Q). Show that u|gr € WHP() and that |[ulor|lw1ey) < [[ullwieq)-

Exercise 2.16. Let Q C RY a bounded open set. Let 1 < p < ¢ < co. Show that W1H4(Q) — W1P(Q).

Exercise 2.17. Let Q := (0,00), and let 1 < p < co. Show that the mapping P : WP(Q) — WLP(R)
defined by

u(z) , ifz>0,

u(—z) , ifz <0,

<Pw@w={

for all x € R is a prolongation operator.
Hint: To begin with, show that:

<pm%@={”@) B
—u/(—x) , ifx<0.
Exercise 2.18. Let 1 < p < oo, let u € WP(Q), and let h € C*(R) such that h(0) = 0 and A’ is
bounded in R. Without resorting to the Marcus-Mizel theorem, show that (hou) € W1P(Q) and
V(howu) = h'(u)Vu a.e. in €.

Hint: Observe that h is Lipschitz continuous and use Theorem 2.5-1 to recover the derivative of
the composition.
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Exercise 2.19. For each € > 0, define the function F. : R — R by:

() Va2t +e2—¢ | ifaz >0,
xTr) =
: 0 ,if 2 <0.

Show that F(z) = () and that |F.(z)| <1 for all z € R.

VT X(0,)

Exercise 2.20. The purpose of this exercise is to exploit Exercise 2.19 to prove Stampacchia’s theorem?

(Theorem 2.6-5). Let 1 < p < oo and let € > 0. Let F. be the function defined in Exercise 2.19. Work
the following items out:

(1) Show that (F. ou) € WP(Q) and compute V(F: o u);
(2) Show that (F.owu) — ut in LP(Q) as € — 0;
(3) Let G : Q — RY be defined by:
5 Vu(z)  ifu(z) >0,
© 10 , if u(z) < 0.
Show that V(F. ou) — G in [LP(Q)]N as e — 0;
(4) Infer that ut € W2(Q) and V(u't) = G;
(5) Using steps (1)—(4), show that w~ € W'?(Q) and that V(u~) = H, where:
() = :Vu(:r) , Tf u(z) <0,
0 , if u(x) > 0.
(6) Using the identity « = u* — u~, show that |u| € W?(Q) and that Vu =0 in {z € Q;u(z) = 0}.
Exercise 2.21. Let 1 < p < oo and let u € WHP(R) NC*(R). Show that limj,|_, u(x) = 0.
Exercise 2.22. Let N > 2. The purpose of this exercise is to show that it is not possible, in general,

to embed WH¥(Q) into L>(Q2). Let  := B(0;1/2) C RN and let:

1\“ 1
Ug () := <ln x|> , where0<a<1-— N

Show that u, € WHN(Q) but u, & L>(Q).

Exercise 2.23. Show that the continuous embedding W!?(R) — L°(R) is not compact when p > 1.
Hint: Given ¢ € D(R), define u,(x) := ¢(x +n), for all z € R and all n € N.

Exercise 2.24. Let 1 < p < co. Show that the continuous embedding W'P(RY) < LI(RY) is not
compact when p < ¢ < p*.
Hint: Given ¢ € D(RY), define u,(z) := p(z1 +n,x2,...,7y), for all x € RY and all n € N,

4For results of similar nature consult, e.g., [3].
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Exercise 2.25. Let Q = R2. Construct a function v € H'(R?) that does not decay to zero when
|z| — oo.

Hint: Choose a sequence of points {z;}?2, C R? such that |zx| — oo as k — oo. For example,
let z; = (2k,0). For each k > 1, define balls centred at zj with radii rp = k=P for some p > 1. The
volume of each ball is 7rZ, and since Y oo, 72 < oo (as Y k2P converges for p > 1), these balls can
be made disjoint for sufficiently large k£ by appropriate separation of the centres. Choose 7, = ri for
some a < 1 — 1/p. For each k, define a smooth bump function uy with the following properties:

o ui(z) =1 for z in the ball of radius r; — 1y centred at zy;

e ui(x) =0 for x outside B(xg,ry);

e uy transitions smoothly from 0 to 1 over a small buffer of width 7.
Specialise 7, = k™7 and 1, = i = k7P% and conclude.

Exercise 2.26. Let w C Q be open. Let u € WP(Q), with 1 < p < co. Show that ul, € WP(w)
and that V(ul,) = (Vu)|w.
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CHAPTER 3

COMPACT OPERATORS

3.1 Adjoint Operators

To begin with, let us recall the definition of adjoint operator acting between two finite-dimensional
vector spaces.

Definition 3.1-1. Let V and W be finite-dimensional vector spaces, and let A € Z(V;W). Given
any ® € W', it results (® o A) € V/ and the mapping

PeW »doAcV/,

is called the transpose of A, and is denoted by A”. |

From Definition 3.1-1, it is immediate to see that AT”® = ® o A, and that AT ¢ L (W', V).
The following well-known result from Linear Algebra describes the transpose operator in terms of the
original operator.

Theorem 3.1-1. Let V and W be finite-dimensional vector spaces, and let A € ZL(V;W). Let
{vi,...,vp} and {w1,...,wp,} bases for V and W, respectively. Denote by M the matriz represen-
tation of A with respect to these two bases. Let {v!,...,v},} and {w',...,w] } bases for V' and W',
respectively. Then, the matriz representation of the operator AT with respect to the dual bases coincides
with the transpose of the matriz M. O

The concept of transpose operator can be extended to the case where V' and W are general Banach
spaces. Observe that , for every w’ € W', the mapping

veV = (W, Av)yw w,
is a linear and bounded functional over the space V.
Definition 3.1-2. The mapping A* : W’ — V' defined by
(AW v)yry = (W', Avyyr w,  for all v € V and for all w’' € W,
is called the Banach adjoint of A. |

It is straightforward to observe that A* is linear. Besides, we can also easily show that A* is
continuous: Indeed, for any w’ € W', it results:

(A0, v)wrw| 1Al vy lollv [lwllw

ve [vllv T eV [vllv
llollv <1 lollv <1

| A W' ||y = sup = HAHE(V;W)HU/HW"
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In particular, the latter shows that [|A*|| ¢,y < [|All #(v;wy). The converse inequality can be
established by means of the Hahn-Banach theorem:

[All #vwy = sup [|Av|lw = sup sup  |(w', Av)w wl
ve veV w' eWw’
lvllvy=1 lvllv=1 \[lw||yr=1

= sup sup (A" w', o)y v| | <A™ 2w

veV 'ew’
[ollv=1" \[[w'[lyr=1

Let us also recall that if the Banach spaces V and W are reflexive, we can give further properties
for the Banach adjoints as a consequence of the Banach Closed Graph theorem (cf., e.g., [4]).

Theorem 3.1-2. Let V, W and Z be Banach spaces. Let us denote by cy : V. — V" and cy :
W — W" the canonical isomorphisms between the spaces V. and W and their respective bi-duals. Let
Ae LV, W) and let B € L (W;Z). Denote by A** the Banach adjoint of A*, i.e., A = (A*)*.

Then, we obtain:

(1) ew o A= A*ocy. In particular, if both V and W are reflexive, we can identify V with V", and
W with W". Besides, it results A*™* = A;

(ii) (Bo A)* = A* o B*;
(iii) If A is bijective, then A* is bijective, and we have (A*)~1 = (A=) € L (V'; W').
O
The next result shows that weak convergences are preserved under linear and continuous operators.

Theorem 3.1-3. Let V and W be Banach spaces, let A € L (V;W). Let {un}>2, CV be a sequence
such that u, — u in'V asn — oco. Then Au, — Au in W as n — o0o.

Proof. Fix w' € W’. By definition of Banach adjoint (Definition 3.1-2), we have that
(W', Aup)ywr w = (AW up )y v — (A w)yry = (W', Au)ywr
and the proof is complete. O

If V and W are Hilbert spaces, we can define in a similar fashion the concept of Hilbert adjoint.
In what follows, we denote by (-, )y the inner product of a general Hilbert space H. Let &y : V — V’
and @y : W — W’ be the isometric isomorphisms of the F. Riesz theorem, defined by:

(Py(v),u)yyr v = (u,v)y, foralu,veV,
(Pw (w), 2)wrw = (w, 2)w, forall w,z € W.

If Ae Z(V;W), we have the following diagram (Figure 3.1-1)
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A
V > W
(I>V q)W
V4 w
A*

Figure 3.1-1: The Hilbert adjoint A* is defined starting from this diagram.

in light of which we can define the mapping A* € Z(W;V) by A* := &' 0 A* o &y For each
w € W and for each v € V', we obtain

(A w,v)y = (@;1 0 A% o Oy (w),v)y = (A Py (w), v)yr v = (Pw(w), Av)w w = (w, Aw)w,
and we can thus state the definition of Hilbert adjoint.

Definition 3.1-3. Let V and W be Hilbert spaces. Let A € Z(V;W). The mapping A* € L(W,V)
defined by
(A*w,v)y = (w, Av)w, forallv eV and all w e W,

is called the Hilbert adjoint of A. We say that A is symmetric if A = A*. |

Clearly, the conclusions of Theorem 3.1-2 still remain valid for Hilbert adjoints.

3.2 Compact operators. Definition and first properties

The notion of compact operator generalises the definition of compact embedding we studied in
Chapter 2.

Definition 3.2-1. Let V and W be Banach spaces, and let A € Z(V;W). The operator A is said to
be compact if any sequence {u,};2; C V that is bounded in V' admits a subsequence {uy, }?°, such
that {Au,, }32, converges in W. [ |

While elements of .Z(V; W) preserve weak convergences, compact operators defined over a Hilbert
space transform weak convergences into strong ones.

Theorem 3.2-1. Let H be a Hilbert space, and let A € £ (H). Then A is compact if and only if for
every sequence {u, o2 | such that u, — w in H as n — oo it results that the entire sequence { Aup}22 |
converges in H to Au.

Proof. Let us assume that A is compact, and let {u,} >, be a sequence such that v, — w in H as
n — 0o. The continuity of A implies that Au, — Au in H as n — oo for the entire sequence. By
compactness of A, we obtain that there exists a subsequence {uy, }?2; of the original sequence such
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that Au,, — Auin H as k — oo. To show that the entire sequence {Au,}>2, converges in H, let
us argue by contradiction by asserting that there exists € > 0 such that for each n € N one can
find an integer n > n such that ||Au; — Aul||g > &. By letting n vary, we can define a subsequence
{Auy, }72, € W such that | Auy,, — Aul|g > € for all k > 1. However, the assumed compactness allows
to extract a convergent subsequence, which is impossible. Therefore, the entire sequence {Au,}>°
must converge in H. The converse implication is trivial. O

Theorem 3.2-1 can easily be established in the case where V' and W are Banach spaces and A €
Z(V; W) is compact. The next theorem asserts the remarkable property that Hilbert adjoints inherit
compactness.

Theorem 3.2-2. Let H be a Hilbert space, and let A € L (H) be a compact operator. Then, also A*
18 compact.

Proof. Let {un}22, be a bounded sequence in H. For every v € H, the definition of Hilbert adjoint
(Definition 3.1-3) gives that:
(A*up,v)g = (un, Av)g.

Since H is reflexive, we obtain that there exists a sequence {uy, }7°, of the original sequence that
weakly converges in H as k — oo. Therefore, letting £k — oo gives

(A%up,,v)g = (un,, Av)g — (u, Av)g = (A*u,v)g, forallve H,
which means that A*u,, — A*u, in H as k — oo. Choosing v = A*u,, — A*u gives
(A%up, — A"u, A'up, — A'u)g = (AA" (up, — uw),up, —u)g — 0, as k — oo,

since the first argument converges to zero in light of Theorem 3.2-1, and the second argument weakly
converges to zero in H as k — oc. O

Theorem 3.2-2 can be established for a compact operator A € Z(V;W), where V and W are
Banach spaces. In light of this, we obtain that the continuous embedding L?(Q) — H~(Q) is also
compact, as established in the following theorem.

Theorem 3.2-3 (Rellich-Kondrachov compact embedding theorem in L?(9)). Let Q be a Lipschitz
domain in RN . Then the canonical injection from L?(Q) into H~(Q) is compact.

Proof. To show the claimed result, it suffices to show that the canonical injection
veL?(Q) - T, HY(Q)
is nothing but the dual operator ¢* of the canonical injection
v HYQ) — L),
the space L?(Q) being identified here with its dual space. To see this, it suffices to verify that
Ty(w) = (v,w) 2y for all v € L*(Q) and all w € Hy ().
Equivalently, it suffices to verify that

Ty (w) = /Q vwdz  for all v € L*(Q) and all w € HY ().

But this last relation immediately follows from the definition of 7), and from the denseness of D(f2)
in H}(Q2). Since ¢ is compact by the Rellich-Kondrachov embedding theorem (Theorem 2.9-3), ¢* is
also compact by Theorem 3.2-2 and the proof is complete. O
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Let us examine the case where homogeneous boundary conditions of Dirichlet type are enforced
only on a portion of the boundary. Let Q be a Lipschitz domain in RY and let T' := 0. Let Ty ¢ T'
be such that dHV~1(I'g) > 0. Then, the following generalisation of Theorem 3.2-3 holds.

Theorem 3.2-4. Let Q be a Lipschitz domain in RN with Lipschitz boundary, and let Ty C T be such
that dHN=1(Ty) > 0. Let

V(Q) :={ve HY(Q);v =0dH  t-a.e. onTy}.
Then the canonical injection L*(Q) — V() is compact.

Proof. The proof proceeds in two main steps, numbered (i) and (i7).

(i) Compactness of the injection i : V < L?*(£2). Since € is bounded and has Lipschitz boundary,
the Rellich-Kondrachov theorem (Theorem 2.9-3) implies that the embedding H'(Q) < L2(Q) is
compact. As V() is a closed subspace of H!(2), the restriction of this embedding to V() yields the
injection ¢ : V(Q) — L?(2), which is also compact. That is, for any bounded sequence {v,}°%; in
V(€2), there exists a subsequence {vy, }32, that converges in L%((2).

(i1) Dual operator and compactness of 1* : L*(Q) — V'(Q). The canonical injection from L?(£2) to
V'(Q) is given by the dual operator «* of ¢. Specifically, for any u € L?(2), we define t*(u) € V() by:

(K (u), )y v = (U, )2 ) = /qudx for all v € V().

This is well-defined and continuous because |(t*(u), v)y+ () v()| < [[ullL2@llvliz2@) < llullpz@)llvlla ©@)-
Since ¢« : V() — L%(Q) is compact and L?(Q) is a reflexive Banach space, the dual operator
¥ L3(Q) — V'(Q) is also compact. Thus, the injection L?(2) < V'(£2) is compact. O

To conclude this section, we observe that while it is true that H(Q) < V(Q), it is not true that
V'(Q) — H-Y(Q).
Theorem 3.2-5. Let Q be a Lipschitz domain in RN with Lipschitz boundary, and let To C T be such
that dHN~1(Tg) > 0. Let

V(Q):={ve HY(Q);v=0dH " t-a.e. on Ty}
Then the embedding V'(Q) — H~1(Q) is not true in general. In particular, the natural restriction
map from V'(2) to H1(Q) is not injective.

Proof. The proof proceeds by constructing a counterexample using the Hahn-Banach theorem.

Since I'y is a proper subset of I' with positive measure, the space H& () is a proper closed subspace
of V(€). We now consider the dual space V'(2) of V(Q), and H~1((2), the dual of H}(£2). The natural
restriction map R : V/(Q) — H~(Q) is defined by:

R(9) = glui(a), forallg e V'(Q).

We will show that R is not injective. Since H}(f2) is a proper closed subspace of V({2), we can
apply the characterisation of dense subspaces resulting from the Hahn-Banach theorem, which ensures
that there exists a non-zero continuous linear functional f € V/(Q) such that

(fiv)viv =0, forallve HY ().

This functional f is non-zero in V’(), but its restriction to H}(f2) is zero. Therefore, R(f) = 0 in
H~Y(Q). This shows that the kernel of the restriction map R is non-trivial. Hence, R is not injective,
and the embedding V'(Q) «— H~!(Q) cannot be continuous (in fact, it fails to be an embedding in the
sense of a continuous injection). O
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3.3 The Fredholm alternative

The purpose of this section is to generalise some properties of linear systems, that are typically
presented in a first Linear Algebra course, to the infinite-dimensional case. In what follows, we denote
by H a Hilbert space, by Id the identity mapping of elements in H, by N(A) the kernel of an operator
A e Z(H), and by R(A) the rank of A. Denote and define by B the operator B := Id — A. Let us
recall that if H is finite-dimensional, then the following well-known properties hold:

(i) N(B) is finite-dimensional;

(i7) R(B) is closed;

(ii)) R(B) = [N(BT)]™;

(iv) N(B) = {0} if and only if R(B) = H;
(v) dim N(B) = dim N (B7T).

The Fredholm alternative extends the conclusions (i)—(v) to the infinite-dimensional case. In par-
ticular, we have the following alternative:

(F'1) Either, for each f € H there exists a unique solution u € H for Au = f in H,;

(F2) Or, the homogeneous equation v — Au = 0 admits n := dim N(B) < oo linearly independent
solutions. In this case, the equation Au = f admits solutions in H if and only if f € R(B), where
the latter holds if and only if f satisfies the following n orthogonality conditions:

(f,v)g =0, for all v € H such that A*v = v.

In this case, the equation Au = f admits oo™ solutions in H.

The terminology alternative comes from the fact that (F'1) and (F'2) cannot be true at the same
time, and cannot be false at the same time. Prior to proving Fredholm’s alternative, we need to
establish a preparatory result.

Theorem 3.3-1. Let C € Z(H). Then, the following properties hold:
(i) N(C*) = [R(O)])*;
(i) If R(C) is closed then R(C) = [N(C*)]*.
Proof. Let u € N(C*) and let v € R(C), so that v = Cw, for some w € H. Evaluate
(u,v)g = (u, Cw)g = (C*u,v)g = 0.

Thanks to the arbitrariness of v € R(C), we conclude that v € [R(C)]*. Let us now show the
converse set inclusion. Let u € [R(C)]*, and evaluate

|C*ul|3 = (CC*u,u) =0,

since the first argument belongs to R(C) and u € [R(C)]*. This completes the proof of (7).



[Chap. 3 Chapter 3: Compact Operators 63

Let us now establish (i7). Let u € R(C), so that there exists w € H for which v = Cw. Let
v € N(C*) and evaluate:
(u,v)g = (Cw,v)g = (w,C*v) =0,

thus showing that v € [N(C*)]*. To show the converse set inclusion, let us begin by fixing u €
[N(C*)]*+. Since R(C) is, by assumption, a closed subspace of H, the direct sum theorem gives that
H = R(C) @ [R(C)]*. Thanks to part (i), we obtain that H = R(C) ® N(C*).

This means that for every 4 € H there exist one and only one element ¢ € R(C) and one and only
one element @ € [R(C)]* = N(C*) such that @& = ¢ + . Therefore, by definition of R(C), we obtain
that @ = Cv + 1, for some v € H. Therefore, for the given u € [N(C*)]*, we can find an element
v € H and a uniquely defined element w € N(C*) such that v = Bv 4+ w. Since

w3 = (u— Cv,w)yg = —(Cv,w)g = —(v,C*w) =
we obtain that w = 0, so that we are left with v = Bv. The proof is complete. O

Let us now state and prove the Fredholm alternative.

Theorem 3.3-2 (Fredholm’s alternative). Let H be a Hilbert space, and let A € £ (H) be a compact
operator. Then, the following properties hold:

(a

(Id — A) is finite-dimensional;

b 18 closed;

)
)
c)
)
)

(b) R(Id— A

(

(d) N(Id — A) = {0} if and only if R(Id — A) =
(

N
R( )
R(Id — A) = [N(Id — A*)]*;

dim N(Id — A) = dim N(Id — A™).

e

Proof. The proof is divided into eight steps, numbered (i)—(viii).

(i) Proof of (a). Assume by contradiction that dim N(Id — A) = oo. This means that there exists
an orthonormal system {u,}>°; in N(Id — A) that satisfies u,, = Au,, for all n € N. Therefore, for all
m,n € N, m # n, we obtain that:

lAun — Aumfy = llun — wnlfy = llunlEr + lluml|E = 2.

Therefore, we obtained that the sequence {u, },2 ; constituting the orthonormal system is bounded,
on the one hand. On the other hand, the sequence {Au,}5° ; does not admit any convergent subse-
quence. This is in contradiction with the fact that the operator A is compact (Definition 3.2-1).

(i3) There exists v > 0 such that:

|u— Aullg > y||lul|g, for all u € N(Id — A)*.

Assume by contradiction that for each v > 0 there exists an element u, € N(Id — A)* such that
|luy — Auy || < ||uy| - In particular, we can construct a sequence {u,}>°; C N(Id — A)~+ such that
||lun|lzr =1 for all n € N, and such that ||u, — Au, ||z < 1/n for all n € N. Therefore, (u, — Auy,) — 0
in H, as n — oo. The boundedness of {u,}>2, and the reflexivity of H give that we can extract a
subsequence {uy, }3>, such that u,, — uin H, as k — oo. Since (upn, — Aup,) — 0 as k — oo in
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H, since u,, — u in H as k — oo and since the compactness of A ensures that Au,, — Au in H as
k — oo, we obtain that (up, — Auy, ) = (v —Au) = 0, so that u € N(Id — A). Besides, we observe that

||unk - UHH < Hunk - AunkHH + HAuTLk - UHH — 0, as k — oo,

in light of the previous convergences, thus showing that u,, — u in H as k — oo and that ||u||g = 1.

Finally, we observe that since (u,un,)g = 0 for all k& € N, passing to the limit as k — oo gives
|lu||z = 0, which means v = 0. This is in contradiction with the fact that ||u| g = 1.

(2ii) Proof of (b). Let us show that R(Id — A) is closed. Let {v,}72; be a sequence in R(Id — A)
such that v, - v in H as n — co. Let us show that v € R(Id — A). By assumption, for each n € N,
there exists an element u,, € H such that v, = u,, — Au,. Since N(Id — A) is closed, an application of
the direct sum theorem gives:

H=N(d—A)®[N(Id - A)*-.

Therefore, we can write u, = ug) + u7(12), for two uniquely determined elements u,(ll) € N(Id — A)

and u?) € [N(Id — A)]*, for all n € N. Therefore, we obtain that:
(2) _ Au® for alln e N. (3.1)

Up = U — Aty = ul + 0 — Aul) — Au?) = 4 S

Since u\?) € [N(Id — A)]*, we can apply part (i) to infer that there exists a constant v} > 0

independent of n such that ||u$L2) — Aul? |z >~® ||u$12) ||z, for all n € N. As a result, we obtain that:

7(2)Hu§) — ug)HH < |lvp, — |l — 0, asn,m— oo.

This implies that {u;”};;ozl is a Cauchy sequence in [N (Id — A)]* and, therefore, converges to an
element u®? € [N(Id — A)]* as n — oo. Furthermore, the continuity of the operator A gives that

Aug) — Au® in H, as n — co. In conclusion, we obtain that, letting n — co in (3.1) gives
v=u? — Au®?,

so that v € R(Id — A).

(iv) Proof of (¢). Since R(Id — A) is closed, thanks to part (iiz), we can apply Theorem 3.3-1. The
conclusion follows by noticing that (Id — A)* =1d — A*.

(v) If N(Id — A) = {0} then R(Id — A) = H. Assume by contradiction that R(Id — A) € H.
Then, by part (ii7), it results that H; := R(Id — A) is closed in H and strictly contained in H. Define
Hy := (Id — A)H;, and observe that Hs is closed in H, and that Hy C H;. If the latter was not true,
we would have:

(Id-—A)H,=H;=R(Id—A)=(Id—- A)H. (3.2)
Since (Id — A) is injective being N(Id — A) = {0}, and since H; C H, then (3.2) is certainly

false and, therefore, it must hold that Ho C H;. We can iterate this process, by defining the closed
subspaces

H,:=(Id—A)"H=R((Id—A)"), forallneN,

so that Hp 11 € H, for all n > 1. The direct sum theorem ensures that H, N H#H contains non-zero
elements, otherwise it would result H,, C H,1, which is impossible. Therefore, we can find an element
un € Hy, N H;L ; such that ||u, ||z = 1. This gives rise to a sequence {u, }3%; of unit vectors such that,
for all integers n > m, it results:

Aty — Ay, = (—up + Aug) + (U — Aty,) +up — Uy

~
€Hp41 €Hpm11
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Since H,11 € Hy, C Hypt, for all n > m, we obtain that:
—Up + AUy + Uy — AUy + U € Hppy1,
Um € Hfr‘LJrl.
Therefore, we obtain that (3.3) implies:
|| Awy, — AumH%{ = (Aup — A, Auy — Aug) g

(3.4)
= || — up + Aup + Uy, — Aupy, + un||12q + ||um||%{ > ||um||%{ =1, foralln>m.

In conclusion, according to the estimate (3.4), we obtain that the sequence of unit vectors {u, }5°
such that u,, € HnﬂHf;H for all n € N is such that { Au, }22; does not have any Cauchy subsequences.
This is impossible, since A is compact. Therefore, the claimed set equality must hold.

(vi) If RId— A) = H then N(Id— A) = {0}. Completion of the proof of (d). Thanks to item (c), it
results R(Id—A) = [N(Id— A*)]* = H so that N(Id—A*) = {0}. Recall that if A is compact, then also
A* is compact (Theorem 3.2-2). Therefore, an application of part (v) gives R(Id — A*) = H, so that
[R(Id — A*)]* = H' = {0}. Besides, it also holds that R(Id — A*) is closed so that, using part (i) of
Theorem 3.3-1, we obtain that H = R(Id—A*) = [N((Id—A*)*)]* = [N((Id—A)**)]*+ = [N((Id— A)]+,
and the conclusion follows by passing to the orthogonal complement.

(vid) It results dim N (Id — A) > dim[R(Id — A)]*. Assume by contradiction that dim N(Id — A) <
dim[R(Id — A)]*. Since N(Id — A) is finite-dimensional, then it admits a complement in H and there
exists a projection II : H — N(Id — A) thanks to the Projection Theorem. In light of the assumed
inequality dim N(Id — A) < dim[R(Id — A)]*, there exists a mapping A : N(Id — A) — [R(Id — A)]*
that is linear, bounded, but not surjective. Therefore, it makes sense to consider the mapping (AoIl) :
H — [R(Id — A)]*, which has finite-dimensional rank since N(Id — A) is finite-dimensional. Besides,
R(A oTI) C [R(Id — A)]*. Therefore, the mapping S := A + (A o II) is compact as sum of compact
operators. We now claim that:

N(Id — S) = {0}. (3.5)

To verify the claim in (3.5), we just need to show that the kernel is contained in {0}. Let u € H
be such that v — Su = 0. This means that:

u— Au = (AoIl)u,

so that (u — Au) € R(A oTI) C [R(Id — A)]*, on the one hand. On the other hand, by definition, it
results (u — Au) € R(Id — A). Therefore, it must be 0 = u — Au = (A oIl)u and u € N(Id — A). Since
(A o ITI)u = 0 and since the mapping (A o II) is injective over N(Id — A), we obtain that u = 0. This
shows the validity of (3.5).

Let us now apply part (d) so as to obtain that R(Id —S) = H. Since R(AoIl) C [R(Id — A)]*, we
can find an element v € [R(Id — A)]=\ R(AoTI). Observe that there exist no elements u € H satisfying
the equation:

u— Au— (AoIl)u =v.

If there were solutions, then the fact that (A o Il)u € [R(Id — A)]* and v € [R(Id — A)]* would
imply (u— Au) € [R(Id— A)]*, on the one hand. On the other hand, by definition, it results (u— Au) €
R(Id— A) so that u— Au = 0. We would then have that —(AoIl)u = v € R(AoII), which is impossible.

(vidi) It results dim N(Id — A) < dim[R(Id — A)]*. An application of Theorem 3.3-1 gives that
R(Id — A*) = N(Id — A). Therefore, an application of part (vii) to A* gives:

dim N (Id — A*) > dim[R(Id — A*)]* = dim N(Id — A).

Exchanging the role of A and * leads to the converse inequality, which completes the proof. O
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3.4 The Lax-Milgram lemma

This section is devoted to the study of one of the most important tools for establishing the existence
and uniqueness of solutions of linear elliptic partial differential equations, that we will study in detail
in Chapter 4. Let us recall the definition of continuous and elliptic bilinear form.

Definition 3.4-1. Let H be a Hilbert space, and let a : H x H — R a bilinear form on H, namely,

alau + v, w) = aalu,w) + fa(v,w), for all o, € R and all u,v € H,
a(u, av + fw) = aa(u,v) + fa(u,w), for all a,f € R and all u,v € H.

We say that the bilinear form a(-,-) is continuous if there exists a constant C' > 0 such that:
la(u,v)| < C||lul|g||v]|z, forall u,v € H.
We say that the bilinear form a(-,-) is H-elliptic if there exists a constant o > 0 such that:

a(v,v) > av||}, forallve H.

Example 3.4-1. Let H = RV. Then, all the bilinear forms can be represented as follows:
a(u,v) = u’ Av,

for some matrix A € MY (R). All bilinear forms defined over R" are continuous, while this statement
is no longer true in an infinite-dimensional context. Besides, the bilinear form a(-,-) defined over RV
is H-elliptic if and only if A is positive-definite. |

Remark 3.4.1. In an infinite-dimensional context, the fact that a(v,v) > 0 for all v # 0 is not
sufficient to ensure the ellipticity of a(-,-). Indeed, if H = H'(R") and

a(u,v) ::/ uvdez,
RN
2

we obtain that a(v,v) = [|v||7, (g but, in general, we cannot find a further lower bound defined in
terms of the norm || - || 1 gw~). However, this would be possible if, for instance, we were in a position
to apply the Poincaré-Friedrichs inequality (Theorem 2.10-3). |

We are now ready to establish the Lax-Milgram lemma.

Theorem 3.4-1 (Lax-Milgram lemma). Let H be a Hilbert space and let a : H x H — R be a
continuous and H-elliptic bilinear form. Then, for each £ € H' there exists a unique u € H such that:

a(u,v) =L(v), forallve H.

Proof. We divide the proof into four steps, numbered (i)—(iv).
(i) Construction of a linear, bounded and injective operator associated with the given bilinear form.
Given any u € H, observe that the mapping ¢, : H — R defined by ¢, (v) := a(u,v) is linear and
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bounded in H. By the F. Riesz representation theorem, with this mapping we associate one and only
one element w € H such that:

l,(v) = (w,v)g, forallve H.
We can thus define the map A : H — H in the following fashion:
(Au,v)g = (w,v)g, forallve H.
The operator A is linear and bounded. To establish the boundedness, observe that for each u € H
| Aull?y = (Au, Au)yr = a(u, Au) < Clull ]| Aull s,

which leads to | Aul||g < C||lu||z. The operator A is also injective as a consequence of the H-ellipticity
of the bilinear form a(-,-):

ollul|}) < a(u,u) = (Au,u) g < ||Au||g||lul|g, for all u € H. (3.6)

(73) It results that R(A) is closed. Let {v,}22, be a sequence in A(H) that converges in H as
n — oo. For each n € N, there thus exists an element u, € H such that v,, = Au,. Therefore, the
sequence {Au,}7° ; is a Cauchy sequence in H, and an application of (3.6) gives that:

alluy, — up||lg < |Auy — Aup||lg — 0,  as n,m — oo.

Therefore, the sequence {u,}72, is a Cauchy sequence in H and converges to an element u € H.
Since the operator A is continuous, we obtain that Au, — Au in H as n — oo, thus showing the
closure of the range of A.

(7it) The operator A is surjective. Since R(A) is closed in H, it suffices to show that R(A) is dense
in H. To show the latter fact, we resort to one of the corollaries of the Hahn-Banach theorem according
to which the density of R(A) is equivalent to establishing that:

(h,v)g =0, for all v € R(A) implies h=0¢H.

Since A is injective and surjective with its rank, we have that for each v € R(A) there exists a
unique u € H such that v = Au. Therefore, saying that (h,v)g = 0 for all v € H is equivalent to
stating that:

a(u,h) = (Au,h)g = (h, Au)gy =0, forallue H. (3.7)

Specialising u = h in (3.7) and exploiting the H-ellipticity of the bilinear form a(-,-) gives
ol ||| < a(h, h) =0,

which implies h = 0 and, therefore, the asserted density leading to the verification of the claim.
(iv) Conclusion of the proof. Let £ € H' be given. By the F. Riesz representation theorem, there
exists a unique f € H such that:

L(v) = (f,v)g, forallve H. (3.8)

Thanks to parts (i7) and (i7i), we can take f = Au where A is the operator introduced in part (7)
and u € H is uniquely determined. Therefore, we obtain that (3.8) is changed into:

L(v) = (Au,v)g = a(u,v), for allv e H. (3.9)

In conclusion, in correspondence of any ¢ € H’, we can find a uniquely determined v € H for
which (3.9) is satisfied. This completes the proof. O
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Remark 3.4.2. If a(-,-) is symmetric, namely, if a(u,v) = a(v,u) for all u,v € H, the Lax-Milgram
lemma (Theorem 3.4-1) is a particular case of the F. Riesz representation theorem, as a(,-) is an inner
product over H. The main innovation of the Lax-Milgram lemma (Theorem 3.4-1) is that it extends
the F. Riesz representation theorem to the case where the bilinear form under consideration is not
symmetric. |

3.5 Spectral Decomposition

One of the fundamental results of Linear Algebra is the Spectral Decomposition theorem for a
symmetric matrix.

Theorem 3.5-1. Let N € N. Let B € MY (R) be a symmetric matriz. Then, there exists an orthogonal
matriz O € M"(R) such that

A1

A2
0TBO = A3 :

AN

where \1,..., AN are the eigenvalues of B and the columns of the matriz O are the eigenvectors of
B. O

The purpose of this Section is to extend Theorem 3.5-1 to the infinite-dimensional case. To begin
with, we extend the definitions of eigenvalue and eigenvector to the infinite-dimensional case.

Definition 3.5-1. Let H be a Hilbert space, and let A € Z(H). We say that X is an eigenvalue for
A if there exists v € H, v # 0, which we call an eigenvector associated with the eigenvalue ),

such that Av = Av. The space N(A— Ald) is called the eigenspace associated with the eigenvalue
A. The set 0,(A) defined by

op(A) :={A e R; N(A — AId) # {0}}
is called the pointwise spectrum of the operator A. |

For the sake of brevity, from now onward we will denote by Dy := A — AId. If dim H < oo, then we
have N(D,) = {0} if and only if R(D,) = H, which means that there exists the inverse D} ' € .Z(H).
Unfortunately, these equivalences do not hold in the case where dim H = oo, as the following example
shows.

Example 3.5-1. Let H = L?(0,1) and let D : H — H be defined by:
(Du)(x) := / u(t)dt, for a.a. z € (0,1).
0

Note that Du € C°([0,1]) and that |(Du)(z)| < |ull 20,1y by Hélder’s inequality. The operator D
is linear and injective, in the sense that Du = 0 a.e. in (0,1) implies u = 0 a.e. in (0,1). it is clear
that D is not surjective as Du = for not only u = 0. |



[Chap. 3 Chapter 3: Compact Operators 69

The case presented in Example 3.5-1 leads to the following definition of spectrum of A.

Definition 3.5-2. Let H be a Hilbert space, and let A € Z(H). The spectrum of the operator
A is the set denoted by o(A), and defined by:

o(A) :={X € R; A — \Id is not bijective}.
The set p(A) :=R\ 0(A) is called the resolvent set of A. [

Let us observe that, in general (cf., e.g., Example 3.5-1), we have 0,(A) C 0(A). The spectrum of
a linear and continuous operator is easier to describe if the operator is also compact.

Theorem 3.5-2 (Spectrum of a compact operator). Let H be a Hilbert space with dim H = oo and
let Ae L (H) be a compact operator. Then, the following statements hold:

(a) 0 € o(A);
(0) o(A)\ {0} = o,(A) \ {0};

(¢) One of the following cases holds:

(cl) o(A)\ {0} is empty;
(c2) o(A)\ {0} is a finite set;

(e3) o(A)\ {0} is a sequence converging to zero.

Proof. We divide the proof into four parts, numbered (7)-(iv).

(i) Proof of (a). If by contradiction in happened that 0 & o(A), then A is bijective and A~! € Z(H)
thanks to the Banach Open Mapping theorem. Therefore, we have that Id = A o A~! is compact
(Exercise 3.5) and, a fortiori, also the unit sphere of H is compact as a closed subset of a compact
space. An application of the F. Riesz theorem thus gives that dim H < oo, which is in contradiction
with the assumption. This completes the proof of (a).

(23) Proof of (b). We know that o,,(A)\{0} C o(A)\{0}. If by contradiction there was A € o(A)\{0}
that does not belong to o,(A) (or, equivalently, one such A renders A — Ald not surjective), then it
results N(A — Md) = {0}. Therefore, an application of the Fredholm alternative (Theorem 3.3-2(d))
gives R(A — Mld) = H, and we thus obtain that (A — AId) is bijective so that A € p(A). However, this
cannot happen since p(A4) No(A) = (.

(#4i) Proof of (c) with an additional assumption. Let us further assume that if {\;}7°, is a sequence
of pairwise distinct elements of 0,(A) \ {0} then A\, — 0 as k — oo.

To arrive at the conclusion note that if o,(A)\ {0} is has infinitely many elements', then o, (A4)\ {0}
is bounded. Notice indeed that if 0,(A) \ {0} was unbounded then we could extract a sequence of
pairwise distinct elements which diverges. The boundedness of 0,(A) \ {0} gives that there exists an
integer NV € N such that (o,(A) \ {0}) C [N, N]. If (6,(A) \ {0}) was made of infinitely many points
then, for any k € N, we would observe that from the set

o\ D {re RN 2 1,

we could extract, thanks to the boundedness of (o,(A) \ {0}), a subsequence that converges to a limit
A > 1/k. However, this would contradict the additional assumption we made. Therefore, the set

!The cardinality of o,(A) \ {0} is not considered at this point.
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(op(A) \ {0}) is at most countable and contains infinitely many (distinct) elements that we can order
as a sequence converging to zero.
(1) If {\}32, is a sequence of pairwise distinct elements of op(A) \ {0} then A\, — 0 as k — oo.
Let {\r}72, asequence of non-zero eigenvalues that are pairwise distinct, and let {wy}° ; the corre-
sponding eigenvectors, which are clearly non-zero. For each integer k > 1, let Hy := span{wy,...,w}
and observe that Hy C Hyq for all £ > 1, since eigenvectors corresponding to distinct eigenvalues are
linearly independent. Observe that for each integer 1 < ¢ < k — 1, one has

(A — )\kId)wi = Aw; — \yw; = ()\Z — )\k)wi € Hy_1,

while (A — A\gId)wy = 0. Let us now choose, for each integer k > 1, an element u, € Hy N H,ﬂ;rl such
that ||ug||z = 1. Given two integers k and ¢ with k > ¢, it results:

Hy 1 C Hy C Hip—y G Hg.

Therefore, we obtain that:

2

” ||2 ' Auk AUg Auk — )\kuk AUg — )\@U@ +
Up — Uy =l - = - — Uy T U
0% Mg M A
EHk—l H
Aug — Apug, Aup — Ay
-| - el 21,
)\k )\E H

where the last equality holds since up € Hpy N H ,i-_l. Therefore, the sequence {uy}g2, of elements
satisfying |lug||m = 1 and u, € Hy N Hi: | is a bounded sequence that does not admit Cauchy sub-
sequences. Nonetheless, thanks to the compactness of A, we can assert that the sequence {Auy}7°,
admits a convergent subsequence. Besides, since o,(A) \ {0} is bounded, then we can extract a subse-
quence from the sequence {\;}32, of eigenvalues of A that converges to an element A. If we assume
by contradiction that A # 0, we obtain that:

Aup =V, in H as k — oo,
Ao = A, as k — oo,
Auy, = Apuy, for all k € N,

so that up — V/X in H as k — oo, which is impossible since the sequence {uy}3°, cannot converge as
it admits no convergent subsequences. This completes the proof. ]

Let us now consider the case of symmetric operators A € Z(H), where H is a Hilbert space. We
can define the two following finite quantities:

M := sup (Av,v)g < ||A”$(H)’

HvUHH:l (3.10)
m = Ulgﬁl (Av,v)g > —HAHE(H)'
loll =1

The following result improves the insight on the boundedness of the spectrum o(A) in the case of
a symmetric operator. To assert this result, we need not assuming compactness for the operator A.
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Theorem 3.5-3. Let H be a Hilbert space, and let A € £ (H) be symmetric and compact. Then, the
following properties hold:

(a) o(A) C [m, M], where m and M have been defined in (3.10),
(b) m,M € a(A),

(©) Al 2y = p := max{|m], |M]}.

Proof. We divide the proof into three parts, numbered (7)-(7ii).

(2) Proof of (a). Let us show that if A € o(A) is such that A > M then A € p(A). The latter
amounts to showing that (A — AId) is bijective. Consider the symmetric bilinear form denoted and
defined by a(u,v) := (—Au + Au,v) g, for all u,v € H and notice that it is continuous. Additionally,
we obtain that

a(v,v) = (—Av + v, v)g = —(Av,v)g + A(v,v)g > (A — M)”UH%{ >0,

thus showing that the bilinear form af(-,-) is also H-elliptic. Therefore, the operator (A4 — AId) is
injective. Moreover, an application of the Lax-Milgram lemma (Theorem 3.4-1) gives that for each
w € H there exists a unique u € H such that:

(A — Au,v)g = a(u,v) = (w,v)g, forallve H.

Therefore, the operator (A — Ald) is surjective and, therefore, bijective. Likewise, we can show that
if A < m then X\ € p(A).

(#3) Proof of (b). Let us show that M € o(A). Consider the symmetric bilinear form denoted and
defined by a(u,v) := (Mu — Au,v) g, for all u,v € H. Since a(v,v) > 0 for all v € H, an application
of the Cauchy-Schwarz inequality? gives:

|(Mu — Au,v)g| < vVa(u,u)y/a(v,v), for all u,v € H. (3.11)

Specialising v = Mu — Au in (3.11) gives

1M~ Aull3y < /(Mu— Au,u)g [ (MId — A)(Mu — Au), Mu ~ Au)
< V(Mu = Au,u)|[MId — A| J7 ) | Mu — Aul|,

so as to obtain

|Mu — Aull < | MId = AlSy v/ (Mu— Au,u),  for all u € H. (3.12)

Let us consider a maximising sequence of the form {uy}2°; C H such that ||u,||g =1 for alln € N
and such that lim, o (Aun, u,) g = M (cf. (3.10)). Evaluating (3.12) at one such sequence leads to

1/2

limsup || M, — Auy | < [ MId — A2,

n—o0

)(M_M):O7

so that (Mu, — Au,) — 0in H as n — oo. If M € p(A), an application of the Banach Open Mapping
theorem gives:
Uy, = (MId — A~ (Mu, — Au,) — 0, in H as n — oo.

2The Cauchy-Schwartz inequality does not require that a(v,v) = 0 must imply v = 0. See, e.g., page 131 in [4].
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However, this leads to a contradiction, since ||u,||g = 1 for all n € N. Therefore, it must result
that M € o(A). The same argument can be reproduced to show that m € o(A).
(#91) Proof of (¢). Observe that for all u,v € H

M m
(Au, o) < Tl ol — = oy
Therefore, it results:
(Aw,v)] < Sl + ol),  for all u,v € H.

Replacing v by av, with a > 0, we obtain that
lullZ 2
|(Au,v) | <2p +allv||f |, forall u,v € H,
«

and we observe that the right-hand side is minimised for a = ||ul|zr/[|v|| . This gives that || Al 2y < p,
on the one hand. On the other hand, note that [(Au,u)g| < pllul|3;, so that [m| < ||All @ and
(M| < || Al 2(m)- O

Before stating and proving the spectral decomposition theorem, we make some remarks. From now
onward, the Hilbert space H will be assumed to be separable. If A € £ (H) and {e,}22, is a Hilbert
basis for H, each element u € H can be represented as follows:

oo
U= Z(u, €n)HEn-
n=1

m=1

Au=A (i(u, en)Hen> = i(u, en)gAe, = i ( 3 unan,mem> ,
m=1

n=1 n=1 n=1

Therefore, letting (v m)55,— be such that Ae, = Yoo Qnmem =y o (Aen, em) Hem, We obtain

which means that the operator A is represented by the infinite matrix (an,m);fm:l. Saying that A is
symmetric is thus equivalent to saying that the infinite matrix (O‘n,m)ﬁ“fmzl is symmetric, in the sense
that o, m = qup p, for all m,n € N. Indeed, we have that:

Qmn = (Aenv em)H — (e’ru Aem)H

We would like to determine a Hilbert basis where A could be written in diagonal form, i.e., . n =
AnOm,n, Where 0., , is the standard Kronecker delta. In this case, we would have Ae,, = \,e,. To this
aim, we need to determine a Hilbert basis made of eigenvectors. This is what the spectral theorem for
compact and symmetric operators establishes.

Theorem 3.5-4 (Spectral theorem for compact and symmetric operators). Let H be a separable Hilbert
space such that dim H = co. Let A € £ (H) be a compact and symmetric operator. Then, there exists
a Hilbert basis of H formed by eigenvectors of A.
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Proof. We divide the proof into four parts, numbered (i)-(iv).

(1) Preliminaries. An application of Theorem 3.5-2 gives that the spectrum of A is made of the
non-zero eigenvalues of A. Besides, we also have that 0 € o(A). Besides, again by Theorem 3.5-2, we
have that

op(A)\ {0} = {Aw;k € I},

where I C N is either empty, or finite, or such that o,(A) \ {0} is a sequence converging to zero.
Without loss of generality, we can assume that the elements \; are pairwise distinct and belong to R.
We also let \g := 0. Define Hy := N(A) and, for each k € N, we let:

Hy = N(A—)\Id) = N <Id - i) .
In general, it results 0 < dim Hy < oo while, by the Fredholm alternative (Theorem 3.3-2(a),(d)),
it results 0 < dim Hy, < oo, for all k > 1.
(7d) It results Hy, L Hy, for all k # €. If k # £, then A\, # A\¢. Therefore, for each u € Hy, and for
each v € Hy, we obtain
Ae(u,v) g = (Au,v) g = (u, Av)g = Ae(u, v) g,

and, therefore, we obtain (u,v)y = 0, as it had to be proved.
(7it) The space H defined by

ﬁ::span U H; » = U {iakuk;akeR,uker}

1€IU{0} melu{0} k=0

is dense in H. To begin with, observe that A(ﬁ) cH, as Aup = Apug, for all u, € Hy and for all
k > 1. The assumed symmetry of A gives that for all w € H* and for all v € H, it results

(Au,v)g = (u, Av)g = 0,

so that A(I;T Hc H'. To show the assertion, we resort to the characterisation provided by the Hahn-
Banach theorem. It thus suffices to show that the only element v € H such that (u,v)g = 0 for all
v € H is u = 0 or, equivalently, that H+ = {0}. We will then try to show that Au = 0 for all u € Ht
s0 as to obtain A(H+) ¢ H+ ¢ Hy := N(A) C H, which would imply H* = {0}, being H*NH = {0}.

Denote by A the restriction of A to H+. We claim that o(A) = {0}. Suppose by contradiction
that there exists \ # 0 such that Au = j\u, for some u € HL. Hence, we obtain that ) is one of
the eigenvalues )\, for some k > 1. Hence, the element u is an eigenvector corresponding to a certain
eigenvalue, and must thus belong to H. Therefore, we obtain that v € HNH+ = {0}, which contradicts
the fact that w is an eigenvector. Thanks to Theorem 3.5-3(c), a compact and symmetric operator
whose spectrum contains the sole zero element is the zero-operator. This shows that Au = 0 for all
u € H+ and we conclude recalling the remarks made at the beginning of the proof.

(iv) Completion of the proof. Thanks to parts (i) and (7iz), we obtain that:

H = @ Hy.
keIu{0}

Since Hj is separable and since each Hy is finite-dimensional, we can determine a Hilbert basis for
each Hj made of eigenvectors. The countable union of these bases provides the required orthonormal
basis. O
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3.6 Exercises

Exercise 3.1. Let © be a bounded open subset of RY, N > 1. Let K € L®(Q x Q). Define the
operator Ay in a way that for each u € L?(1)

(Agu)(z) := /QK(x,y)u(y)dy, for a.a. x € Q.

Show that:
(i) Ak € L(L*(Q));
(i1) A} = A, where K(z,y) :== K(y,z) for a.a. z,y € Q.
|
Exercise 3.2. Let H be a Hilbert space and let A € .Z(H). Show that N(A*) = [R(A)]*. |

Exercise 3.3. Let H be a Hilbert space and let A € Z(H). Show that R(A) is closed if and only if
R(A) = [N(4%)].

Hint: To show, in the necessary implication, that [N (A*)]* C R(A) use the Direct Sum theorem.
The other implication is obvious. |

Exercise 3.4. Let V and W be Banach spaces and let T' € Z(V; W) be such that dim R(T') < oc.
Show that T is compact.
Hint: Recall the characterisation of compact sets in finite-dimensional spaces. |

Exercise 3.5. Let V, W, and Z three Banach spaces, let A € Z(V; W), and let B € Z(W; Z). Show
that if at least one between A and B is compact then the composition B o A is compact. |

Exercise 3.6. Let K; and K> be two compact subsets of RV, N > 1. Let fe CO(K1 x Ks). Show
that the operator T : CO(K3) — CO(K;) defined for all u € C°(K3) by

(Tu)(x) == f(z,y)u(y)dy, forall z € K,
K>

is linear, bounded and compact.
Hint: For the compactness, use the Arzela-Ascoli theorem (Theorem 1.4-3). [

Exercise 3.7. Let a < b be two real numbers. Consider the operator T : C°([a, b]) — C%([a, b]), which
is defined for each u € C%([a, b]) by:

(Tu)(z) := /x u(t)dt, for all z € [a,b].

Show that:
(7) The definition of T is well-posed;
(73) The operator T is linear and continuous;

(#47) The operator T is compact.
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Exercise 3.8. Let V' be a normed vector space and let W be a Banach space. Let {A,}22, be a
sequence of compact operators in £ (V;W). Show that if A, — A in L (V;W) as n — oo, then A is
compact.

Hint: Since W is complete, it is sufficient to prove that the image of the unit ball of V is totally
bounded. |

Exercise 3.9. Let H be a separable Hilbert space and let {e,}5°; be a Hilbert basis for H. Let

{1n}>2, be a sequence of real numbers such that g, — 0 as n — oo. Show that the loperator
A: H — H defined by

o
Au = Z (U, €) Fren,

n=1
is linear, bounded and compact.
Hint: Use Exercise 3.8. |

Exercise 3.10. Let H be a Hilbert space and let A € Z(H) be symmetric and non-negative definite,
in the sense that:
(Av,v)g >0, forallve H.

Define the square root of A the operator B : H — H such that A = B o B. Show that:
(1) An operator B with one such features exists;
(71) An operator B with one such features is uniquely defined;
(7i1) The operator B is compact if and only if A is compact.

Hint: Use the Spectral Theorem for compact and symmetric operators (Theorem 3.5-4). |
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CHAPTER 4

LINEAR ELLIPTIC PARTIAL DIFFERENTIAL EQUATIONS

4.1 Introduction and Examples from Physics
Let us present some examples of boundary value problems.

Example 4.1-1 (The string problem). Let us consider a string subject to a tension 7 > 0 and let
p:[0,1] — R be a given function describing the density of the force the string is subject to.

IS
—
8
~
—
3

Figure 4.1-1: The two-dimensional string problem.

We denote, at each point = € [0, 1] the vertical deflection by u(x), where the displacement function
w : [0,1] — R is unknown and should satisfy the following boundary value problem

{—Tu” =p, in (0, 1),
u(0) = u(l) =0.

We hereby remind some useful facts:

(1) A general linear second order Ordinary Differential Equation defined over the interval [0, 1] takes
the form

—u"(z) + b(x)u' (x) + e(z)u(x) = f(z), forall z €0,1],

where the functions b, ¢ and f are assumed to be continuous over [0, 1]. If the Ordinary Differential
Equation is linear, it means that there exists a linear operator £ : C2([0,1]) — C°([0,1]) such
that

Lu(z) = f(x), forall z €[0,1].

We immediately infer that solving a linear second order Ordinary Differential Equation is equiv-
alent to inverting a linear operator.

Paolo PIERSANTI. 77
MAT6110 Partial Differential Equations I.
The Chinese University of Hong Kong, Shenzhen.
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(2) The solution of a linear second order Ordinary Differential Equation is the sum of the solution
associated with the corresponding homogeneous equation

Lu(x) =0, forall z € [0,1],

and a particular solution, which depends on the choice of the data f. A function solves the
associated homogeneous Ordinary Differential Equation if and only if it belongs to the space

{u € C*([0,1]); Lu(z) = 0, for all z € [0,1]},
which is nothing but the kernel of the operator L. It is possible to prove that dimker £ = 2.

An initial value problem has one and only one solution provided that the number of initial conditions
is the same as the order of the Ordinary Differential Equation. However the boundary value problems
associated with the same equation could admit no solutions, a unique solution or infinitely many
solutions. We now give the important definition of well-posed boundary value problem, which is the
type of boundary value problems that we will be treating in this section.

Definition 4.1-1. A boundary value problem is said to be well-posed if it admits a unique solution
that continuously depends on the given data. A solution of a boundary value problem is said to be
classical if it is twice differentiable and satisfies the governing equation and the boundary conditions.
[ |

Example 4.1-2. Let us consider the boundary value problem

—u’ = f, in (0,1)
u(0) = «,
u(l) = B,

where f € C°([0,1]) is given as well as the constants o and 3. We investigate the problem in these
aspects:

(1) Existence of a solution. We will seek solutions of the equation. The functional space they belong
to will play a fundamental role in the investigation. For this particular problem, we look for
solutions in the space C2([0,1]). Later on, we will look for weak solutions.

(2) Uniqueness of the solution.

(3) Continuous dependence on the data f,a and . Let us denote the classical supremum norm
|| - ||. The solutions of a differential problem are said to continuously depend on the data if, given
fi, f2 € C°([0,1]) such that ||f; — f2|| is small, given oy, as € R such that |a; — sl is small and
given [31, 82 € R such that |8; — (2| is small, then it results that ||u; — ue|| is small, where wu;
satisfies the problem where the given data is f1, a1 and 81 and we satisfies the problem where
the given data is fo, o and fs.
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Example 4.1-3 (The rod problem). Let us consider a rod subject to a tension 7 > 0 and let p :
[0,1] — R be a given function describing the density of the force the string is subject to.

A

Py
21
1

Figure 4.1-2: The two-dimensional rod problem.

We denote, at each point = € [0, 1], the vertical deflection by u(z), where the displacement function
w: [0,1] — R is unknown and should satisfy the following two points boundary value problem:

EI(x)
u(0) = u(1) = 0.

_u//(m) _"_

u(x) =0,z € (07 1)7

The constant E > 0 is called Young modulus and depends on the material the rod is made of. The
function I(x) is the inertia momentum of the cross section at the point x. This function is such that
I(x) > Iy > 0 for all z € [0,1] and I € C°([0,1]). For simplicity, we put c(x) := 7/(E I(z)).
We will see later on that these problems admit one and only one solution if there exists a constant
~ such that:
—n? <y <c(x), forallzec(0,1]

We can easily observe that if ¢(z) = —72, then the problem becomes

u” +72u =0, in (0,1),
u(0) =u(1) =0,

whose general solution is given by u(x) = Acos(mz) + Bsin(mz). Thanks to the boundary condition
we immediately infer, form the condition u(0) = 0, that A = 0. On the other hand, each value of B
satisfies the condition u(1) = 0, being Bsin(w) = 0, for all B € R.
In conclusion, the problem has infinitely many solutions when c(z) attains the threshold value —72.
We observe that if it was u(1) # 0 in the second boundary condition, then we would get that the
problem admits no solutions. |

Remark 4.1.1. If we consider the problem

—u"+cu=f, in (0,1),

u(0) = «,
u(l) = p.
and we take as a new unknown the function u(z) := — (a(1 — z) + Bz) + u(z), then it satisfies the

following boundary value problem
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where f(z) := f(z)— (a1 — ) + fz). Hence it is always possible to pass to the version of the problem
characterised by homogeneous boundary conditions. |

Let us now present an example of a boundary value problem defined over a subset of R2.

Example 4.1-4 (The membrane problem). Let  C R? be an open, bounded, connected set whose
boundary is smooth enough. We aim to describe the function representing the deflection of the mem-
brane when it is subject to an external force. We also assume the membrane to be clamped at the
boundary, i.e., u(xz) =0 on I' := 99.

Figure 4.1-3: The membrane problem: The unknown function u : Q — R? represents the vertical displacement of a membrane
subjected to a vertical force of density F' per unit area. This figure originally appeared in P.G. Ciarlet [1978]: The Finite Element
Method for Elliptic Problems, North-Holland, Amsterdam.

The situation is modelled by the following second order partial differential equation with homoge-
neous boundary conditions:
{—Au =f ,in Q,

u=20 , onlI.

The first main issue is the determination of the space where the solutions exist. The most suitable
situation would be the one where u € C2(Q)NC%(Q). We require at least the continuity on the boundary
to deal with situations where the derivative is not defined at some points of the boundary as illustrated
in Figure 2.4-2.

One can show that if f € C°(Q) and T is smooth enough, then there are no solutions. However,
it is possible to infer the existence of solutions in the Sobolev space H!(€2) by means of the Green’s
formula (Theorem 4.1-1). [

We recall one of the most important results of this course: the Classical Green’s formula for C1 ()
functions, where € is a Lipschitz domain in R¥.

Theorem 4.1-1 (Green’s formula for functions in C(Q), where € is a Lipschitz domain). Let Q be a
Lipschitz domain in RN . For any w € C*(Q2), we have

[ ow@is = [ wap@r)
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where v(x) is the outer unit normal vector at the point x € T'. O
The following result is derived straightforwardly.

Theorem 4.1-2. Let Q be a Lipschitz domain in RY. For any u,v € C*(Q), we have

/Q(aiu(x))v(:c)da:: —/Qu(x)(aw(ar))dm—i—/u(x)v(x)yi(:c)df(:c),

r

where v(x) is the outer unit normal vector at the point x € T'. O
We recall a very useful result from Calculus.

Theorem 4.1-3. Let Q be a Lipschitz domain in RN . Let u € C*(Q) be such that Vu =0 in Q. Then
u is constant in €. [

Thanks to the introduction of the outer normal derivative, we can introduce a new class of boundary
value problems, namely the ones with boundary condition of Neumann type. These problems take the
form, in the case where the elliptic operator is the classical N-dimensional Laplacian

—Au=f ,in €,
Opu=g ,onl,

where the function g : I' — R is given. In the case where N =1 and Q = (0,1), the Neumann problem
above takes the simpler form

—u" = f, in (0,1),
u'(0) = o/,
'L/(l) — /8/7
and we observe that in this case the outer normal derivative at the boundary coincides with the classical

one—dimensional derivative at a point.
We can also mix the two types of boundary conditions, i.e., we can study problems like

—u” = f, in (0,1),
u(0) = a,
u'(1) =4,

or we can take into account problems where the boundary conditions are given only on a proper subset
of the boundary, i.e.,

—Au=f ,in €,
U = Ug , on I'g,
8llu =g , on Fl)
where € =: ' =T UT'; and the functions ug : 'o = R and g : I'; — R are given.

The second order partial differential equations can be classified according to the geometric theory
of quadrics, thanks to which we can give the following definitions.
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Definition 4.1-2. Let Q be any open subset of RV and let £ be a second order differential operator

of the form
N

N
= 3" Oi(ai(@)du(x)) + Y bi()du(x) + c(z)u(z),

ij=1 i=1

where a;j,b; and ¢ are given functions over the set 2. There is no loss of generality in assuming
a;; = aj;, for each 1 <14,j < N, if the assume that the mixed derivative can be interchanged.

We say that the operator £ is elliptic if the matrix A(x) = (aij(w))f-yj:l is positive definite in €,
i.e., for each x € Q there exists a(x) > 0 such that

N

N
Z 5@5] ZOZ )2637
=1

for all & = (&)Y, e RV,
The operator £ is said to be uniformly elliptic if there exists a positive real constant ag such

that
N

Z 515] 20402527

for each z €  and for all £ = ({Z) L, € RY. In particular, the Laplace operator A is elliptic, since
A = Iy, which is positive definite.
An operator L is said to be parabolic if it takes the form

Lu(z,t) = 8—u(fv,t) + Lu(z,t),

ot

where £ is an elliptic operator with respect to the spacial variable z € RV,
An operator L is said to be hyperbolic if it takes the form

2

~ U
Lu(x,t x,t) + Lu(x,t
(2,) = S (a,) + Lu(, 1),

where £ is an elliptic operator with respect to the spacial variable z € RY. |

4.2 Weak Solutions of the Poisson Equation

In this section, we establish the existence and uniqueness of solutions for the boundary value
problem discussed in Example 4.1-4, namely:

4.1
u=20 , onl. (4.1)

{—Au —f ,inQ,

If one wants to find a classical solution u to (4.1) in the case where f € C%(2), we need to search
for one such solution in the space V := {c € C}(Q);v = 0 on I'} and we require that u € C2(Q) N V.
We try to establish the existence an uniqueness of solutions to (4.1) by means of the Lax-Milgram
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lemma (Theorem 3.4-1). Multiplying the governing equations in (4.1) by v € V, we obtain that an
application of the Green’s formula (Theorem 4.1-1) gives

/(—Au)vd:z: = / Vu - Vodr — /(Vu -v)udl,
Q Q r

where the boundary integral vanishes since v € V. We thus define the bilinear and symmetric form
a(-,-): V xV =R by:

a(u,v) = / Vu-Voudz, forall u,v € V.
Q

We denote and define the linear form corresponding to the given forcing term f by:
L(v) = / fodx, forallveV.
Q

Note that the continuity of ¢ and a(-,-) are straightforward to establish. On the contrary, to
establish the ellipticity of the bilinear form a(-,-) due care must be paid to the choice of the norm. An
application of the Poincaré-Friedrichs inequality (Theorem 2.10-3) gives that there exists a constant
co = co(€2) > 0 such that:

1
a(v,0) = [ [VoPdo = ol

However, if we equip the space V' with the norm || - || defined by

2 1/2
lv]l = (HUH%Q(Q) + H3W||%2(Q)> , forallveV,
im1

we observe that the space (V.|| - ||) < (V| - |z2(q)) and that, therefore, it is not complete. Therefore,
we cannot apply the Lax-Milgram lemma (Theorem 3.4-1) to establish the existence and uniqueness of
solutions for (4.1) in V.. We observe, however, that the Lax-Milgram lemma (Theorem 3.4-1) can be
applied if we search for solutions in the space of square integrable functions whose derivative is only
of class L?(12), and that vanish along a.a. points of the boundary. The space we have just described is
exactly the Sobolev space H}(f2) introduced in Chapter 2. We have thus seen an example of boundary
value problem that admits no classical solutions for which, however, a unique solution can be found in
the Sobolev space H}(12).

Definition 4.2-1 (Weak solution). Let @ C RY be a Lipschitz domain, N > 1. Let f € L?*(Q) be
given. We say that u € H}(2) is a weak solution of (4.1) if:

/ Vu-Vedr = / fedx, for all ¢ € D(Q).
Q Q

Since D(R) is, by definition, dense in Hg (), we immediately infer that Definition 4.2-1 holds in
an equivalent manner for all ¢ € H}(Q). It is also clear to observe that if u € C2(Q2) NV is a classical
solution (Definition 4.1-1) then it is also a weak solution in the sense of Definition 4.2-1.

In the forthcoming sections of this chapter, we will be implementing the following program:

(1) Define the concept of weak solution for (4.1);
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(2) Establish the existence and uniqueness of solutions for (4.1);

(3) Give sufficient conditions ensuring that weak solutions are of class C2(Q2) NV (Agmon-Douglis-
Nirenberg theorems);

(4) Show that regular weak solutions are classical solutions.

Item (1) of the aforementioned program has already been answered in the affirmative (cf. Defini-
tion 4.2-1). For item (4), it is straightforward to see that an application of Green’s formula (Theo-
rem 4.1-1) gives that if u € C2(2) NV is a weak solution of (4.1), then:

/(—Au — f)edz =0, for all ¢ € D(Q).
Q

An application of the Fundamental Lemma of the Calculus of Variations (Theorem 1.3-4) thus gives
that the governing equation in (4.1) holds a.e. in €, and thus in the entire 2 thanks to the higher
regularity of u. We next address item (2) of the program.

Theorem 4.2-1. Let Q be a Lipschitz domain in RN, N > 1. Given any f € L*(Q), there exists
a unique solution u € HI(Q) for the boundary value problem (4.1). Besides, the boundary value
problem (4.1) is well-posed, in the sense that there exists a constant C' = C(2) > 0 such that:

lullzri) < Cllfllz2),  for all f e L*(). (4.2)
Proof. With the boundary value problem 4.1, we associate the bilinear form a(-,-) and the linear form

¢ defined by:
a(u,v) := / Vu - Vodz, for all u,v € Hy (),
Q

L(v) = / fodz, for all u,v € H}(Q)
Q

Identifying L?(f2) with its dual, and recalling that L?(Q) < H~1(2) (Theorem 2.10-5) allows to
identify the given function f with an element f* € H~!(Q). We need to show that there exists a
unique element u € H}(£2) such that:

a(u,v) = (f,v)g-1(q)m1(), foralve HE(Q). (4.3)

Since the bilinear form is continuous, symmetric and Hg (Q)-elliptic (Theorem 2.10-3), an appli-
cation of the F. Riesz theorem fives that in correspondence of the given f* € H~1(Q), we can find a
unique element u € Hg(Q) satisfying (4.3). To show the well-posedness, observe that taking v = u in
the definition of weak solution for (4.1) gives

1
%Hu”%{l(ﬂ) < a(u,u) = (f, U)L?(Q) < ||f||L2(Q)||U||H1(Q)7

where the constant ¢y > 0 is the constant provided by the Poincaré-Friedrichs inequality (Theorem 2.10-
3). O

Remark 4.2.1. The concept of weak solution for the boundary value problem (4.1) can be extended

to given data of class H~1(£2). In light of this remark, we can define the distributional Laplace operator.
[ |
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Definition 4.2-2. Let u € H&(Q) the distributional Laplace operator with homogeneous
Dirichlet boundary conditions —A : H}(Q) — H~1(Q) is defined, for each u € H} (), via the
following relation:

(—Au,v>H71(Q)7H3(Q) = / Vu - Vudz, for all v € HY ().
Q

|
To see that Definition 4.2-2 is well-posed, i.e., to see that it really happens that —Au € H~(Q)
when u € H}(9Q), it suffices to observe that
[(=Au,v) 1), m1 )| < / (Vu||Vuldz < [lullgiq), forallve H} () such that vl () = 1.
Q

In particular, an application of the F. Riesz theorem leads us to the following conclusion.

Theorem 4.2-2. Let Q be a Lipschitz domain in RY, N > 1. Then, the distributional Laplace operator
(Definition 4.2-2) is an isometric isomorphism.

Proof. That —A is an isomorphism follows from Theorem 4.2-1. To see that —A is an isometry, it
suffices to observe that since the bilinear form a(-,-) defined by

a(u,v) := / Vu - Vodz, for all u,v € Hy (),
Q

is symmetric, continuous and H} (Q)-elliptic thanks to the Poincaré-Friedrichs inequality (Theorem 2.10-
3). Therefore, the bilinear form a(-,-) so defined induces an inner product in H}(2). An application of
the F. Riesz theorem gives that with any f* € H~1(£2), we can thus find a unique u € H{ () satisfying
a(u,v) = (f*,0) g1y mi(), for allv € Hy(Q),
and, besides, we have that || f*| z-1(q) = ||uHH&(Q). The definition of —A gives at once that —Au = f*
in H=1(€), so that it results:
[Aul[g-10) = 1/ l5-1@) = llullg1(o)-

O

Remark 4.2.2. In light of Remark 2.8.5, recall that if we have already identified L?(2) with its dual,

we cannot identify HE(Q) with H~1(Q). Therefore, if we have already identified L?({2) with its dual,
we cannot identify u € H}(Q) with —Au € H~1(Q). [ |

4.3 Existence and uniqueness of solutions for boundary value prob-
lems associated with more general elliptic operators

Let Q € RY be a Lipschitz domain, N > 1. Let f : Q@ — R be a measurable and sufficiently smooth
function. Let us now consider a boundary value problem of the form

{Eu:f . in Q,

4.4
u=0 ,onlT, (4.4)

where the uniformly elliptic operator L is defined as in Definition 4.1-2. The following examples show
that Theorem 4.2-1 does not hold, in general, for more any uniformly elliptic operators.
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Example 4.3-1. Let A € R. We wonder whether the boundary value problem

—u" = du , in (—m,m),
{u(—w) =u(r) =0, (4.5)

admits non-zero solutions. Note that the governing equation in (4.5) is associated with the elliptic
operator Lu := —u” — \u. By the classical theory of second order linear ordinary differential equations,
we know that the solutions of the governing equation of the boundary value problem (4.5) for A > 0
are of the form:

u(x) = Acos(VAx) + Bsin(VAz).
If w is not identically zero, then it must be A # 0 or B # 0. The boundary conditions read

Acos(v/Ar) — Bsin(v/Ar) =0,
Acos(VAr) + Bsin(v/Ar) =0,
so that if A # 0 then it must be VT = gﬂ', k € Z. This means that
k‘2
)\:Z’ keZ, (4.6)

which in turn implies that there are infinitely many non-zero solutions for the boundary value prob-
lem (4.5). The same conclusion as in (4.6) can be reached by departing from B # 0.

If A =0, then u(z) is a polynomial of degree one, i.e., u(z) = Ax + B, where A and B are chosen
so as to satisfy the boundary conditions

—Anr+ B =0,
Ar + B =0,

which lead to A = —A, so that A = 0. Therefore, the solution is constant and it must thus result
B =0.
If A <0, then u(x) = Aexp(v/—Ax) + Bexp(—v—Az), where A and B are chosen to satisfy the

boundary conditions
Ae=™ A 4 Be™VA =,
Ae™ > 4 Bem™VA =,

Since the system of liner equations in A and B is invertible, we obtain that A = B = 0 and the
only solution is the one which is identically zero. |

Let us now provide an example of operator £ for which the corresponding boundary value prob-
lem (4.4) has no solutions.

Example 4.3-2. Consider the boundary value problem:

{—u" —tu =1, in (—m,m),

The general solution for the corresponding homogeneous equation is given by:

ug(x) = Acos (g) + Bsin <§> :
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A particular solution of the non-homogeneous equation under consideration is given by up(z) = —4.
Therefore, the general solution for the governing equation is given by u(x) := ug(z) + up(x). The
boundary conditions lead to the following system of linear equations in the variables A and B:

Acosg—Bsing—él =0,

AcongrBsing—ll =0.

The first equation gives B = —4, while the second equation gives B = 4. It is thus clear that the
system has no solutions. |

Notice that the uniformly elliptic operator £ introduced in Definition 4.1-2 can be written in the
following divergence form:

Lu(z) = —div(A(z)Vu(z)) + b(x) - Vu(z) + c(z)u(z), (4.7)

where A(x) = (aij(fl?))fyj:l is a symmetric and positive-definite matrix such that each a;; € L*°(2),
b(z) = (bi(z))X, is a vector field such that each b; € L®(f2), and ¢ € L°(Q). Staring from the

divergence form (4.7), we can thus obtain the bilinear form associated with the operator £ introduced
in Definition 4.2-1 as a result of an application of Green’s formula (Theorem 4.1-1)

= ’UZ'T X u\xr)axr _’JJ' u\xr)v\x)axr c\r)u\x)vix)ax .
B(u,w.—/g[w)}A()vmd +/Qb<> Vu(x)o(z)d +/Q<><><>d, (4.8)

for all u,v € HL().
In order to generalise Theorem 4.2-1 to the case of a general uniformly elliptic operator £ we need,
as a preparatory result, to establish ad hoc energy estimates.

Theorem 4.3-1 (Energy estimates). Let B(-,-) be the bilinear form associated with the uniformly
elliptic operator L defined in (4.7). Then, there exist & > 0, >0 and v > 0 such that:

(a) [B(u,v)| < allullgoyllvll g @), for all u,v € Hy(),
(b) 5”“”%11(9) < B(u,u) + '7|]uH12L11(Q), for all u € HL(Q).
Proof. We divide the proof into two parts, numbered (7) and (7).
(i) Proof of (a). An application of Hélder’s inequality gives, for all u,v € HE(Q)
| B(u,v)| S/QlA(ﬂf)lVU(?C)HVU(@dx+/§2\b($)|WU($)llv($)df'«“+/Q\C(3?)HU($)HU($)|d$
< max{||ai;l| L) 1 < 1, < NH|Vul r20)| Vol 22(0) + max{||bil|p=@); 1 < i < NH[Vullp2) vl L2
+ [lell oo (@ llull L2 1v] L2 () -
The constant « defined by
a = max{l|ay| L(); 1 < 4,j < N} + max{][|bil| oo (); 1 < i < N} + [|efl ()

verifies the sought estimate, and it is positive since the symmetric matrix A(z) is positive-definite for
a.a. x € (.
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(73) Proof of (b). An combination of the Poincaré-Friedrichs inequality (Theorem 2.10-3) with the
Young inequality, the Cauchy-Schwarz inequality, and the fact that £ is uniformly elliptic gives, for all
u € HH(Q):

= T bi . ulxr )ulx)axr c\x)|u\x 2 X
Blu,u) = /Q Vu(2)]” A(x)Va(z)de + /Q b(x) - Vu(z)u(z)dz + /Q () |u(x) 2

2 %(?IIUII?{I(Q) +/95(:n) - Vu(x)u(z)dz —|—/ c(x)|u(x)|2djj

Q
2 , 9
Qg ||UHL2(Q) (maX{HbiHLoo(Q);l <1< N})
> gHUH?{l(m T © 2 lullF1 gy = llell oo @ llulZ2q)
ap  (max{||bifl Le();1 < i < N})? ) 1 )
- (Co - 9 HUHHl(Q) 9 + [lell oo () ||u”L2(Q)7
and the conclusion follows choosing € > 0 small enough. 0

Thanks to the energy estimates, we can establish the analogue of Theorem 4.2-1 under an additional
assumption.

Theorem 4.3-2. Let v > 0 the number recovered in Theorem 4.3-1. Let f € L?(Q) be given. Let L a
uniformly elliptic operator as in (4.7). Then, for all p > =, the boundary value problem

{Eu +pu=f  in €, (4.9)

u=20 ,onlT,
admits a unique solution.

Proof. For each p > v, define the operator £,, := £ + pld, which is defined over H}(£2). The corre-
sponding bilinear form B,,(-,-) is given by

By (u,v) == B(u,v) + pu(u,v) 2y, for all u,v € H(Q),

where B(-,-) is the bilinear form defined in (4.8). It is straightforward to observe that B,(-,-) is

continuous and H}(2)-elliptic, although it is not symmetric if b is non-zero. Identifying the given
f € L?(Q) with an element f* € H~'(Q), and applying the Lax-Milgram lemma (Theorem 3.4-1)
allows us to complete the proof. O

Remark 4.3.1. The following remarks about Theorem 4.3-2 follow:

(1) Theorem 4.3-2 is the sought generalisation of Theorem 4.2-1. Indeed, if £ = —A and p = 0 we
have exactly Theorem 4.2-1;

(2) In general p # 0 in the applications. See Examples 4.3-1 and 4.3-2;

(3) Theorem 4.3-2 holds for f* € H~(Q).

In the same fashion as Theorem 4.3-1, we can establish the following result.
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Theorem 4.3-3. Let v > 0 the number recovered in Theorem 4.3-1. Let L be a uniformly elliptic
operator as in (4.7). Let f € H=1(Q) be given. Then, for all i > v, the boundary value problem (4.9)
admits a unique solution. Besides, the operator L, := L + uld is an homeomorphism between H& (Q)

and H=1(Q).

Proof. The existence and uniqueness part has already been established in Theorem 4.3-2. The conti-
nuity of the inverse descends as a direct application of the Banach Open Mapping theorem. O

Remark 4.3.2. The continuity of L;l in Theorem 4.3-3 can be established without resorting to the
Banach Open Mapping theorem (Exercise 4.2). |

4.4 Fredholm’s alternative for boundary value problems governed
by general uniformly elliptic operators

The purpose of this section is to establish Fredholm’s alternative in the context of a general uni-
formly elliptic operator governing a boundary value problem. In this section, the set §2 is a Lipschitz
domain in RY, N > 1. Consider the uniformly elliptic operator £ € Z(H}(Q); H~(2)) defined
by (4.7) and (4.8). Let £* € Z([H~Y(Q)]'; H~Y(Q)) be its adjoint, which we recall is defined by:

(E*u",wal(Q),Hé(Q) = (", Lv) -1y m-1(),  forallu” € [H71(Q)) and all v € H} ().

Since H}(f2) is reflexive, it is isometrically isomorphic to its bi-dual [H}(Q)]” = [H~1(Q)]’. There-
fore, up to an isometric isomorphism, we can write £* € Z([H~Y(Q)]'; H~Y(Q)), provided that we
define it as follows:

(L, v) g-1(0),m11(0) = (LV,0) g-1(0),H11(Q)- (4.10)
Plugging (4.8) into (4.10) gives:
<£*u,v>H_1(Q)7H3(Q) = B(v,u), forall u,v € H}(Q).
It is licit to wonder whether the adjoint £* is associated with a uniformly elliptic operator (cf.

Definition 4.1;2). Since the original operator L is elliptic, if we further assume that the vector field b
is of class C'(Q;RY), we obtain that

—

= T r . ) )ulx X clr)ulxr)v\xr)axr
B(o,u) = /Q (V)T A(x)Vo(@)] " dz + /Q (B(x) - Vo(a))u(z)dz + /Q (2)u(e)o(z)dz,

for all u,v € D(). Noticing that an application of Green’s formula (Theorem 4.1-1) gives

B(v,u) = / [(Vu(x))TA(a;)Vv(x)]de — / (b(z) - Vu(z))v(z)ds
@ ) @ (4.11)
—l—/Q [c(aj) - dlvb(m)] u(x)v(x)de,

for all u,v € D(Q) and therefore, by the Friedrichs density theorem (Theorem 2.5-1), we obtain
that (4.11) holds for all u,v € H}().
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Definition 4.4-1. The uniformly elliptic operator £* defined by

N N
Lru(z) == ay(z)dijulx) + Y bi(x)du(z) + é(x)u(x),
ij=1 i=1
where a;;(x) = a;;(z) for a.a. @ € Q, bi(x) := —b(z) for all z € Q, and &(z) = c(z) — divb(z) for a.a.

x € §, is called the formal adjoint of L. Its divergence form is:

Lu(z) = —div(A(z)u(x)) + g(m) -Vu(z) + é(x)u(x),
where A(z) = (&ij(x))%-:l and g(m) = (bi(2))N,, for a.a. = € Q.
The boundary value problem associated with £* takes the following form

{E*u:f , in €,

(4.12)
u=0 , onT,

and is called adjoint problem. The corresponding bilinear form is called adjoint bilinear form,
and is denoted and defined by B*(u,v) := B(v,u), for all u,v € H}().

Furthermore, we say that u € Hj(Q) is a weak solution for (4.12) if B*(u,v) = (f,v)12(q), for
all v € H}(Q). [ |

We are now able to establish the Fredholm alternative for boundary value problems governed by a
general uniformly elliptic operator. This result will allow us to glean more detailed information con-
cerning the solvability of boundary value problems associated with general uniformly elliptic operators
completing item (2) of the program outlined in Section 4.2.

Theorem 4.4-1 (Fredholm’s alternative). Let Q be a Lipschitz domain in RN, N > 1. Let L be a
uniformly elliptic operator of the form (4.7). Then, the following three facts hold:

(a) One and only one of the following options hold:

(F1) For each f € H-Y(Q) there ezists a unique weak solution u € H} () to the boundary value
problem:

{Eu —f ,inQ, (413

u=20 ,onl.

(F2) There exists a function u € HE(Q) that does not vanish in a non-zero measure subset of
that is a weak solution for the following homogeneous boundary value problem:

{Eu =0 ,in €, (4.14)

u=20 ,onlT.

(b) In the scope of case (F2), the dimension of the subspace N C HE(Q)of the weak solutions of 4.14
is finite and equal to the dimension of the subspace N* C H}(2) made of all the weak solutions
of the boundary value problem associated with L£*, namely:

*o, in Q
{Eu 0 , in 9, (4.15)

u =10 , onlI.
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(c) In the scope of case (F2), we have that the boundary value problem (4.13) admits solutions' if
and only if:
<f,’U>H—1(Q)7Hé(Q) = 0, for all v € N*.

Proof. The proof is divided into six parts, numbed (7)-(v?).

(¢) Preliminary remarks. Let « be as in Theorem 4.3-1 and let £, := £ 4 vId. Let ¢ denote the
canonical embedding of H}(£2) into L?(Q2), which we recall is compact thanks to the Rellich-Kondrachov
theorem (Theorem 2.9-3). Since we will need to compute adjoints, it is helpful to consider the adjoint
of ¢, that is denoted by ¢* and that it is such that:

<L*U,'U>H71(Q)7H(]5(Q) = (u, ) r2(0) = (W, v)[2(), forallue L*(Q) and all v € HL(Q).

The latter formula tells us that *u identifies u € L*(Q) with an element in H—1(Q).

(ii) Existence and uniqueness of weak solutions for an auxiliary problem. An application of The-
orems 4.3-2 and 4.3-3 gives that for each ¢ € H~1(Q) there exists a unique weak solution u € H} ()
for the auxiliary boundary value problem

Lo = in
L (4.16)
u=20 ,onlT,

or, equivalently, one such element u € Hg(Q) satisfies By (u,v) = B(u, v)+y(u, v) 2(0) = (9, U)Hfl(Q)’Hé @)
for all v € H}(2). Besides, we have that u = L lg and that L 1'is continuous by the Banach Open
Mapping theorem.

(iii) Premise to Fredholm’s alternative. As a result of an easy calculation, one can show that
u € H}(Q) is a solution of (4.13) if and only if u is a weak solution of (4.16) for the datum g := f +~yu.
Since L is an isomorphism, we obtain that if u is a weak solution for (4.16) for the datum g := f+~u,

it results:
w=L'f+~yL7 (Fu), in Hy(Q). (4.17)

An application of ¢ to (4.17) gives
u—1 (vﬁgl(b*u)) = L(,C;lf), in L*(Q), (4.18)

thus showing that (4.17) implies (4.18).
Conversely, if u € L?(f) satisfies (4.18), recalling that the mapping ¢ is injective, we obtain that

u=1 (WEJI(L*u) + E;lf) € R(v),

so that there exists a unique @ € H{(f2) such that (i = u and so it must be u = @ € H}(Q) by
definition of ¢. Therefore, the function u satisfies (4.17). In conclusion, we obtained that the following
statements are equivalent:

e u is a weak solution of (4.13);
e u is a weak solution of (4.16);

o v verifies (4.17);

1To be precise, it has co® solutions, where N indicates the dimension of RY.
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o v verifies (4.18).

Let us denote by K := (10 E;l o*) € Z(L?*()) the operator described in Figure 4.4-4 below.

Lx ,C,;l L

L2(Q) ———— H1(Q) s HL(Q) y L2(Q)

Figure 4.4-4: The operator K is defined via this diagram.

Letting h := (1o L 1Y, we can write the boundary value problem associated with (4.18) as follows:
—Ku=h in Q
{u u , in Q, (4.19)

u=0 ,onl.

(iv) Application of the Fredholm alternative and completion of the proof of (a). Observe that the
operator K is compact since ¢ is compact (Exercise 3.5). Therefore, we can apply the Fredholm
alternative (Theorem 4.4-1) to (4.19), obtaining that

(F1) Either for each h € L?(f) there exists a unique weak solution for (4.19) in L?(Q);

(F2) or there exists a non-zero u € L?() that is a weak solution for:
—Ku=20 in 2
{“ b S (4.20)

u=20 ,onl.

If (F1) holds, the equivalences established in part (éii) imply that the boundary value prob-
lem (4.13) admits a unique solution.

Otherwise, if (F2) holds, the definition of K and (4.20) imply that v # 0 (Theorem 4.3-1). fur-
thermore, letting N := {v € L?(Q);v = Kv} and letting N* := {v € L?(Q);v — K*v = 0}, we obtain
that dim N = dim N* < oo. Additionally, thanks to part (iii), it results that the boundary value
problem (4.20) has solutions if and only if the boundary value problem (4.14) has solutions.

(v) Proof of (b). Since we identify L?(2) with its dual, we obtain that K* = K* and K* is compact.
Let us also notice that (£,)* = (£*),. Thanks to the properties of adjoints, we obtain that:

K= K=y [0 £30 0] = 400 (£51)" 00) =900 (£2) 7 01%) = 7t o ()] 017).
Observe that v € N* then v = [t o (Lf/)_l o*]vin L%(Q). Besides, the latter equality implies that

v € R(¢) so that the same reasoning as the one performed in step (iii) gives v € H}(£2), thus showing

that N* C H}(Q). If v = K*v and v € H} () then it is trivial that v € N*. Additionally, saying that

v € N* is equivalent to saying that
*\—1/ % v : 1
(L) (o) = ;, in Hy (),
being v > 0. The latter is equivalent to saying that y.*v = L3v, namely that v € HE(9) solves the

boundary value problem (4.15). Therefore, we have shown that v € N* if and only if v is a weak
solution of the boundary value problem (4.15).
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(vi) Proof of (¢). Finally, recall that, thanks to Theorem 3.3-2, the boundary value problem (4.19)
has solutions if and only if (h,v)z-1(q) Hi(Q) = (h.v)r2(@) = 0 for all v € N*, where we recall that

h=(to E;l)f. A simple calculation gives

1 — ]- * —_ ]‘ — * *
(h,v)r2(0) = 5 (Lo L3 f, U)L2(Q) = g(ﬁ Uaﬁfylf)H*l(Q),Hé(Q) = §(f7 (L ) H-1(0),HL Q)
for all v € N*. Observing, thanks to part (v), that each v € N* is such that v = ’y(ﬁ,;l)*(a*v), the
conclusion follows and the proof is complete being v > 0. O

4.5 Augmentation of regularity for the solutions of boundary value
problems governed by a uniformly elliptic operator

This section addresses item (3) of the program outlined in Section 4.2. We consider a uniformly
elliptic operator £ in the form (4.7). Due to the technicality of the results presented here, we limit
ourselves to solely present the statements of these results, and we refer the reader to the original
works [1, 2]? and to [6] for a proof.

Theorem 4.5-1 (H? regularity in the interior). Let Q be a Lipschitz domain in RN, N > 1. Assume
that the coefficients a;; € C1(Q) N L>®(), for all 1 < i,j < N, that the coefficients b; € L>(X2), for
all 1 < i < N, and that ¢ € L>®(). Let L be the uniformly elliptic operator associated with such
coefficients. Given f € L*(2), let u € HL(Q) be a weak solution of the following boundary value
problem:

Lu=f ,in €,
u=0 ,onl.
Then, it results that u € HZ () N HL (). O

To complete the study of the augmentation of regularity, we are left to show that the weak solution
u of the boundary value problem discussed in Theorem 4.5-1 is of class H? in the vicinity of the
boundary. The proof presented in [6] additionally requires that the boundary of €2 is parametrised
by finitely many local charts of class C2. The generalisation can be carried out by approximating the
Lipschitz boundary and applying the results in the approximate case.

Theorem 4.5-2 (H? regularity in the vicinity of the boundary). Let Q be a Lipschitz domain in RY,
N > 1. Assume that the coefficients a;; € Cl(ﬁ), for all1 <i,j < N, that the coefficients b; € L>(2),
for all 1 < i < N, and that ¢ € L>®(R). Let L be the uniformly elliptic operator associated with
such coefficients. Given f € L*(Q), let u € H}(Q) be a weak solution of the following boundary value
problem:

Lu=f ,in ),
u=0 ,onl.
Then, it results that u € H?(2) N H (). O

Iterating the application of Theorems 4.5-1 and 4.5-2, we are able to show that under sufficient
regularity for the forcing term, weak solutions are actually classical solutions, thus completing the
analysis of item (3) of the program outlined in Section 4.2.

2The paper [1] counts 1235 citations in the MathSciNet database, while the paper [2] counts 855 citations in the same
database, as a testimony of the genius of Louis Nirenberg (1925-2020).
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4.6 Maximum principles for the Poisson equation

The purpose of this section is to study the properties of classical solutions of the Poisson equation.
In this section, unless contrarily specified, the set  is an open bounded subset of RV,
To begin with, we give the following definition.

Definition 4.6-1. A function u € C?(2) N C'(Q) is said to be super-harmonic if —Au > 0in Q. A
function u € C2(92) N C(Q) is said to be sub-harmonic if —Au < 0 in . [

The first property we are going to establish is known in the literature as weak mazimum principle,
and it applies to functions that are either super-harmonic, namely, —Au > 0 in € or sub-harmonic,
namely, —Au < 0 in €.

Theorem 4.6-1 (Weak maximum principle). Let u € C2(Q) N CY(QY). Then:
(1) If u is sub-harmonic then max, g u(r) = max,egn u(z);
(2) If u is super-harmonic then min, g u(x) = mingcpq u(x).

Proof. We will limit ourselves to establishing (1), as (2) follows as a direct consequence (Exercise 4.4).
The proof of item (1) is divided into two parts, numbered (i) and (i7).

(i) The assertion in item (1) holds if —Au < 0 in Q. Assume by contradiction that max g u(z) >
max,cgn u(x). Then, there exists a point xy €  such that Vu(xo) = 0 and

9%u

37%(360) <0, foralll<i<N.

As a result, we obtain that —Au(zg) > 0, which contradicts the assumption.

(7i) Completion of the proof. Let us now assume that —Au < 0 in Q. For each € > 0, define the
function u.(z) := u(x) + e, for all x € Q. It results that —Au.(z) = —Au(x) — ee® < 0, for all
x € Q. Therefore, an application of part (i) gives that max, g ue(r) = maxzepq ue(r) =: u- (), for
some xg € 0S).

Since 0} is bounded being 2 bounded by assumption, we obtain that, up to passing to a subse-
quence {zg"}22, where £, — 0% as n — oo, it result that z" — ¢ as n — oo and, thanks to the fact
that 0 is closed, we obtain that z¢ € 9. For each ¢ > 0, we have that u.(z) < u.(zj). Passing to
the limit as n — oo and exploiting the definition of u., we obtain that:

u(z) = le ue, (z) < le (w(xg™) + anex(sﬁ) = u(wg), forall x € Q.

O]

The reason why Theorem 4.6-1 is denoted by the adjective weak is that maximisers in the interior
are allowed. We will see that if we further require that {2 is connected and u is not constant then the
maximum (or the minimum) is attained only on the boundary. The following results highlights how
the conclusion of Theorem 4.6-1 relates to the Poisson equation.

Theorem 4.6-2. Let u € C?(Q) NCY(Q) be a solution of the Poisson equation —Au = f in €, where
f s sufficiently smooth and given. Then, the following hold:

(1) If f <0 in Q then u <0 in Q;
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(1) If f >0 in Q thenu >0 in Q.
Proof. The proof is an immediate consequence of Theorem 4.6-1. O

The next result we are going to present is known in the literature as Hopf’s lemma, and plays a
fundamental role in the qualitative study of solutions of boundary value problems.

Theorem 4.6-3 (Hopf’s lemma). Let u € C3(Q) NCH(Q) be such that —Au < 0 in Q. Assume that
there exists xo € 0N satisfying the following:

(i) u(z) <ul(xo), for all z € Q;
(1) There exists an open ball B C Q such that x¢ € OB.
Then, we obtain that Vu(xo) - U(zg) > 0, where U is the outer unit normal vector field to OB.

Proof. Without loss of generality, we can let B = B(0;r), for some r > 0. Consider the function
vx(z) = e M — =2 for a certain parameter A > 0 that we will determine later. A series of simple
calculations give:

Vur(x) = —2xe Mol

Therefore, we obtain that:

A ) (e M z;) = —2x —2)\ ~Alef?
o Z 7 Z |xr e

N ) ) ,
=4A?Y “afe M —2ANe M = 2x (2N 2] — N)e el

i=1

Consider the ring R := B(0;7) \ B(0;7/2), we obtain that
Avy(z) > (A2r2 = 2AN)e MNP forall z € R, (4.21)

and, for \ sufficiently large, it results Avy(z) > 0 for all z € R, being the coefficient in the right-hand
side of (4.21) a polynomial of degree two with respect to the variable A. In light of assumption (i),
it results u(zxg) > wu(z) for all x € 0B(0;r/2). Additionally, combining the continuity of vy with
assumption (i) gives that there exists € > 0 independent of x € 9B(0;r/2) such that:

u(xo) > u(x) + evn(x), for all z € 9B(0;7/2).
Since vy (z) = 0 for all x € 9B(0;r), we obtain that:
u(zg) > u(x) + evp(z), for all z € OB(0;r).

Therefore, letting wy(z) := u(z) + evy(z) — u(xg), we obtain that wy(x) < 0 for all x € OR.
Combining the assumed sub-harmonicity of v with the fact that Avy(z) > 0 for all x € R for A > 0
sufficiently large gives:

—Awy = —Au—cAvy, <0, in R.

An application of Theorem 4.6-2 gives that wy < 0 in R. The fact that wy(z¢) = 0 gives aé”ﬁ* (o) >
0, which means:

ou 8UA

— — > 0.
85’(%) +e 57 (xg) >0
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The latter in turn implies that

0 0
8*;(960) > —5%(330) = —eVuy(zo) - % = 2>\ee*A|‘”0|2x0 . % = 2)\567A|wo|2|x0, >0,
and the proof is complete. O

Remark 4.6.1. The strict inequality Vu(zg) - 7(x¢) > 0 is the important conclusion of Hopf’s lemma
(Theorem 4.6-3). Note that, by definition of maximiser, we always have Vu(z) - ¥(xg) > 0. [

If we further assume that {2 is connected, we can strengthen the conclusion of the weak maximum
principle (Theorem 4.6-1).

Theorem 4.6-4 (Strong maximum principle). Let Q be an open, bounded and connected subset of R,
and let u € C2(2) N CL(Q). Then, the following hold:

(1) If —Au <0 in Q and u is mazimised in Q, then u is constant in Q;
(2) If —Au >0 in Q and u is minimised in Q, then u is constant in Q.

Proof. Let M := max, qu(z), and let C := {x € Q;u(x) = M}. If we assume by contradiction that
u # M, then the set O defined by

O:={zx e Qu(zr)< M}

is non-empty and open. Besides, it results 2 = O U C, and O N C = (). Note that if C' was open then
) is not connected, which would violate the assumption. Therefore, the set C' is not open in the sense
that C' # (), and there exists an element # € C' and a sequence {x,}52; C RV \ C such that z,, — 7
asn — 0o. Since T € C C Q and T ¢ 0f), we have that for n sufficiently large it results z,, € €.
Since {,}5°; C RN \ C, we obtain that z,, € O for n sufficiently large and that d := dist(z; 92) > 0.
Therefore, by continuity of the dist(-, 92) function, we obtain that:

dist(z,,,C) = 0, asn — oo, (4.2)
dist(xy,, 02) — dist(z,09), asn — oo. '
From (4.22), it thus result that for n sufficiently large dist(z,, C) < dist(x,,092). Let us consider
one of the iterates x,, that we denote by y in what follows, for which (4.22) holds. Let R := sup{p >
0; B(y;p) C V}, and let B := B(y; R). It results 0B N C # (. Hence, there exists g € 9B N C that
satisfies u(zg) > u(x) for all x € O, thus verifying (i) in Hopf’s lemma (Theorem 4.6-3). observe that
the ball B we constructed verifies assumption (i¢) in Hopf’s lemma (Theorem 4.6-3). If we denote by
v(xp) the outer unit normal vector to OO applied at xg, an application of Hopf’s lemma (Theorem 4.6-3)
gives:
ou
$($0) > 07

which leads to a contradiction since u(zo) = M and, therefore, it results Vu(zg) = 0. O
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4.7 Eigenvalues and eigenfunctions for the Laplace operator

The purpose of this section is to study the homogeneous Dirichlet boundary value problem associ-
ated with the Helmholtz equation, namely,

{—Au: Au o, in Q,

4.23
u=0 , on I ( )

where Q is a bounded subset of R and A € R is given. Define the elliptic operator £, in a way such
that Lyu := (—A — Md)u, for all u € H}(Q). Therefore, the boundary value problem 4.23 falls into
the category of problems that can be treated by means of the Fredholm alternative (Theorem 4.4-1).
In order to solve the boundary value problem (4.23), we need to understand which of the following
(alternative) options hold:

(Z#1) u =0 is the only solution of the boundary value problem (4.23);

(#2) The boundary value problem (4.23) admits a non-zero solution or, equivalently, the kernel of the
operator £y has dimension > 1.

Definition 4.7-1. Let © be a bounded subset of RV and let A € R be given. Define the elliptic
operator £, € Z((H(Q); H1(Q))) in a way such that Lyu := (—A — Md)u, for all u € H}(Q).
Denote and define the kerned of £y by:

Ny :={v € H}(Q);v is a weak solution for (4.23)}.

If dim Ny > 1, we say that \ is a eigenvalue for? —A and N, is called the eigenspace associated
with \. The non-zero elements of N, are called eigenfunctions. The dimension of the vector space
N, is called geometric multiplicity of . |

An application of Theorem 3.5-4 allows us to gain insight into the properties of the eigenvalues and
eigenfunctions for the —A operators with homogeneous Dirichlet boundary conditions.

Theorem 4.7-1 (Eigenvalues and eigenfunctions for the Helmholtz equation). Let 2 be a Lipschitz
domain in RN . Then, the following facts hold:

(a) The eigenvalues for —A in the sense of Definition 4.7-1 form a sequence {\,}3>, and each X
has finite multiplicity, in the sense that dim Ny, < oo. Besides, up to reordering the sequence of
etgenvalues, we have that:

0< A <A< A<~ <) \g— o0, ask— oo

(b) There exists a Hilbert basis {wy}72, C L*() such that each wy, € Hj () solves the following
boundary value problem:

{—Awk = A\wi , in Q,

wi =0 , on .

This means that the eigenvalues in the sense of Definition 4.7-1 are eigenvalues in the sense of
Definition 3.5-1.

3Note that we are using the same name for defining an object that, in general, is not the same as the one introduced in
Definition 3.5-1. More precisely, the definition of eigenvalue given here is for an operator £ € Z(H$(Q); H™(Q)), where
H} () and H™'(Q) are not identified with each other, whereas in Definition 3.5-1 we define the concept of eigenvalue
starting from an operator in Z(H), where H is a Hilbert space like, for instance, L?(€2).
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Proof. The prof is divided into two parts, numbered (i) and (i7).

(i) Proof of (a). Let A := {\ € R;\ is an eigenvalue for (4.23) in the sense of Definition 4.7-1}.
Let us show that A C (0,00). If u € N, we have that an application of the Poincaré-Friedrichs
inequality (Theorem 2.10-3) gives

1
5”“”%2(9) < HVU||[2L2(Q)]N = A”“H%Z(Q)’

for some C' > 0, so that A > C~! > 0. Denote by ¢ the compact embedding ¢« : H}(Q) — L*(Q),
let * : L?(2) — H~1(Q) be its Banach adjoint and recall that —A € Z(H}(Q); H1(Q)) is an
isomorphism. Saying that u € H(Q) \ {0} is a weak solution of (4.23) is equivalent to saying that:

u=A(=A)"orFodu, in HLQ). (4.24)
Applying ¢ to both sides of (4.24) gives that v := (u) € L?() satisfies:
v=Aeo(=A)"lov, in L*(Q). (4.25)

Letting A := (1o (=A)"tor*) € Z(L*(Q)), and recalling that A > 0 from the properties of the set
A, allows us to write (4.25) as follows:

Av = %v, in L2(Q). (4.26)
Therefore, we have shown that if u € H}(Q) \ {0} is a weak solution of (4.23) then (4.26) holds
for v = 1(u) € L?(2). Let us now show the converse implication. If v € L?(Q) solves (4.26) (or,
equivalently, (4.25)) then v € R(¢) and there thus exists u € HJ () such that v = «(u). Since A > 0,
the injectivity of ¢ gives that (4.24) hold. Finally, recalling that —A is an isomorphism, we obtain
that u € H}(Q) is a weak solution fo (4.23). In conclusion, saying that u € H}(f2) is a weak solution
for (4.23) is equivalent to saying that v = ¢(u) is a solution of the eigenvalue problem (4.26), in
particular:

1
A e A if and only if X € op(A), and

: > | (4.27)

1
u is an eigenfunction associated with A  if and only if wu € N (A ——Id

An application of the Fredholm alternative (Theorem 4.4-1) gives that each Ny has finite dimen-
sion. Let us now observe that the fact that ¢ is compact (Theorem 2.9-3) implies that A is compact
(Exercise 3.5). An application of Theorem 3.5-2 gives that 0 € o(A). However, one can observe that
0 & op(A). To see the validity of the latter property note that if 0 € o,(A), we would have that the
fact that —A is an isomorphism together with Au = 0 imply that (*(u) = 0. Therefore, by definition
of adjoint, we obtain that:

<L*U7U>H—1(Q)7H&(Q) = (u,v)r2() =0, forallve HY(Q).

The fact that H}(Q) is dense in L?(Q) (Theorem 1.3-3) gives, as a consequence of the Hahn-Banach
theorem, that u = 0 as an element of L?(f2). This contradicts the fact that 0 is an eigenvalue of A, as
it corresponds to no non-zero eigenvectors. As a result, we obtain that o(A) \ {0} = 0,(A), and that
these sets are at most countable (Theorem 3.5-2). Another application of Theorem 3.5-2 is that, if
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op(A) contains infinitely many elements, then it corresponds to a sequence that converges to zero. We
denote one such sequence by {u}}72, C RT \ {0}. Therefore, it immediately follows that A\, = 1/p},
for each k € N and, therefore, that A\ > 0 for each k¥ € N and A\, — oo as k — oo. This establishes
(a). Note that at this point of the proof the symmetry of the operator A has not been exploited yet.

(i) Proof of (b). Let us now observe that the operator A introduced in part (a) is also symmetric.
To see this, observe that for given f,g € L?(2), letting v := Af and v := Ag, we obtain that u and v
are weak solutions of the following boundary value problems, respectively:

{—Au:f in 2, {—Av:g in Q,

u=20 , onI', u=20 , onlI.

Therefore, by definition of weak solution, we obtain

/ Vu-Vedr = / feodx and / Vv - Vpdr = / gpdz,  for all ¢ € D(Q),
Q Q Q Q

and, therefore, since D(Q) is dense in HE(2) by definition,

(Af, 92 = (W, 9)12(0) = /QVU -Vudr = /QVU -Vudz = (f,v)12(0) = (f, Ag) 2 (0)

thus establishing the claimed symmetry of the operator A. An application of Theorem 3.5-4 gives that
there exists a Hilbert basis {w} }?°, for L?({2) made of eigenvectors of A. Therefore, in correspondence
of each eigenvector wj, we can find an eigenvalue yj (in the sense of Definition 3.5-1) such that
Aw;, = pjwy,. Since each pj is such that dim N, < 0o, we obtain that the eigenvalues of A form a
countable set. It is always true that {u};k € N} C 0,,(A).

Let us now show that op,(A) = {p},}32,. If u € ,(A), then it results Av = pv for some v € L*(Q),
v # 0. Using the decomposition over the Hilbert basis {w} }?° ; made of eigenvectors that we introduced
beforehand gives

ph Y (0, w)) 2wy, = A (Z(%%)L?(Q)%) =Y (v,w}) 2(0)Wh

k=1 k=1 k=1
so that Y22 (v, w),) r2(q) (1), — w)wy, = 0 in L*(). The fact that {w}}72, is a Hilbert basis for L*()
implies that either there must be an index k > 1 such that W= u%} or v = 0. However, the latter is

impossible since v is an eigenvector. This completes the proof of the claimed set equality.
An application of the characterisations in (4.27) gives that each wy € H3(Q), and that the set

A= {%;kEN}
H,

is countable. Besides, since ) — 0 as k — oo, we obtain that:

Finally, by definition of A, we obtain that the Hilbert basis {w} }?; given by Theorem 3.5-4 is the
one for which part (b) holds. This completes the proof. O

Remark 4.7.1. Upon completion of the proof of Theorem 4.7-1, we have shown that the term “eigen-
value” appearing in Definition 3.5-1 and in Definition 4.7-1 has the same meaning. The reordering of
the eigenvalues holds, but it is technical to prove. |
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4.8 The first eigenvalue of —A. The Rayleigh formula and the Courant-
Fischer theorem

The purpose of this section is to study the first eigenvalue of the operator —A € Z(HE(Q); H~1(Q)).
We begin by giving the definition of Rayleigh quotient associated with the operator —A.

Definition 4.8-1 (Rayleigh quotient for —A with homogeneous Dirichlet boundary conditions). The

number )
B vaH[B(Q)]z\r

w) = , forall w e H}(Q),

kuiz(g)
is called Rayleigh quotient associated with the operator —A with homogeneous Dirichlet
boundary conditions. |

The next theorem shows how the Rayleigh quotient is involved in the definition of the first eigenvalue
for the operator —A.

Theorem 4.8-1. Let Q C RN, N > 1, be a Lipschitz domain. Then:
(a) 1= min{HVUH[QLQ(Q)}N; HU||L2(Q) =1};
(b) If u € Hy(Q) and ||lul| 2 = 1, then the following two facts are equivalent:
(b1) [Vuls ) = M
(b2) w is a weak solution for the following boundary value problem:

{—Au =\u , in £,

u=20 , onI.

Proof. We divide the proof into two parts, numbered () and (7).
(7) Proof of (a). Recall that, thanks to the Poincaré-Friedrichs inequality (Theorem 2.10-3), the
mapping
(u, U) € H&(Q) X H& (Q) — (Vu, Vv)[Lz(Q)]N,

is an inner product over H{ (). Let {\}32, be the eigenvalues associated with —A that we constructed
in Theorem 4.7-1, and let {wy}?2, be a Hilbert basis of L?(92) made of eigenvectors for —A, i.e., for
each k € N each wy, € H} () is the unique solution of the boundary value problem

—Aw, = A in
{ Wi kWg , 11134, (4.28)

w, =0 ,onl.
Therefore, we obtain that for all k,£ € N

oo, ifk =4,

Vuwg, V = , =
(Vwg, Vwe) 2@y = Me(wi, we) r2(a) {O itk AL,

which means that {wg}?, is an orthogonal system in H{ () or, equivalently, that the family

{\;U)]\Lk;keN}, (4.29)
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is an orthonormal system in HE (). Actually, we can show that the orthonormal system in (4.29) is a
Hilbert basis. To this aim, it suffices to show that the space

~ Wi
H = span{;k‘ € N} = span{wy; k € N
VA t J

is dense in Hj(Q). Let us the characterisation of dense subspaces via the Hahn-Banach theorem,
for which showing the claimed density is equivalent to showing that if h € H~(Q) is such that
(h, /U>H—1(Q)7H6(Q) = 0 for all v € H implies h = 0 in H~*(Q). If h € H~'(Q), there exists a unique
u € INJ(}(Q) such that —Au = h in H=}(Q). Therefore, saying that <h~, V) a-1(),Hi(Q) = 0 for all
v € H is equivalent to writing that (Vu, Vv)i2qn = 0, for all v € H. In particular, this gives
(Vu, Vwg)p2@qyn = 0, for all k € N, so that an application of (4.27) gives (u,wy)z2(q) = 0 for all
k € N, being A\, > 0 for all k € N. The fact that {wy}32, is, by assumption, a Hilbert basis in
L2(Q) gives that u = 0. Therefore, the space H is dense in H}(Q) and it immediately follows that the
orthonormal system (4.29) is a Hilbert basis in H}(£2). Consequently, each u € HE(Q) can be written
as

> VhUk) Wi > 1
U = Vu, — — = —(Vu, Vwy, N W,
,;( o) s A 22 s

thus refining the representation formula that held, in general, only in L?(f2). An application of the
Parseval formula and of the fact that wy is a weak solution for (4.28) gives:

(7 )
(L2 ()N

Therefore, if we restrict ourselves to considering all the functions u € H{ () such that |ju|| 2@ =1,
we obtain that (4.30) becomes:

(Va, V)2 Z Zm w,we) 2oy = A1 > | (wwi) r2gey P (4.30)
k —

(‘7U,‘7U)UP(QHN EjAl

Since ||Vwilljz2)~ = VA1 as a result of an application of (4.27), the minimum is attained and
the proof of (a) is complete.

(i1) Proof of (b). If u € Hy(Q) is a weak solution for the boundary value problem and [|u| 12(q) = 1,
we have that:

IValZ @y = Az = A

Conversely, if [Jullr2() = 1 and HVUH[LQ v = A1, we obtain that an application of Parseval’s
formula and the assumption and (4.30) give:

MY (uwi) 2o = MillullFa ) = M = [IVullf gy = D sl wi) 2o
k=1

Therefore, denoting by v the multiplicity of A1, from the latter we obtain that

Z (M = A1) |(uy wi) 2oy I* = 0,
k=v+1

>0
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which implies (u, wg)2(q) = 0 for all £ > v + 1. Therefore, we obtain that:

v

u =Y (u,w) 2(0)Wk-

k=1

Since it is known (Theorem 4.7-1) that —Awy, = A\wy, for all k = 1,..., v, the finiteness of the sum
and the previous equality give:

14 v

(—Au,v) raay maie) = O wk) 2 (@) (= Awk, v) 1), m @) = M (1 wr) 2 () (Wrs ) 12(0)
k=1 k=1

=\ <Z<uvwk)L2(Q)wkav> = (M (o), v) g1 (9, H1 ()
12(@)

k=1
for all v € H}(£2). This shows (b) and the proof is complete. O

Remark 4.8.1. Let us make the following remarks:

. . . . . ||V“H[2L2(Q)]N
(1) The formula in item (a) is equivalent to the Rayleigh formula Ay = min, HYQ) Tz

2
u#0 [ullZ2 0
This formula expresses A\; without resorting to any Hilbert basis of L?(2) made of eigenvectors;

(2) In the specific case of the operator —A, we can obtain another interesting characterisation of
A1 if we depart from Rayleigh’s formula. An application of the Poincaré-Friedrichs inequality
(Theorem 2.10-3) gives that there exists a constant C' = C(§2) > 0 such that C|[Vul[z2@qy~ >
[ul|2(q), for all u € HE(Q). Therefore, it results

1 ull 2@
— = max ————— < (| o
VI uEIiéo(Q) IVl 2oy~ -

namely, the best constant for the Poincaré-Friedrichs inequality for the boundary value prob-
lem (4.23) is A; /2.

On the other hand, if u € H}(Q) is the unique weak solution of (4.23), an application of Theo-
rem 4.8-1 gives:

Vu
IVull 2@y _ /Ap. (4.32)
1wl 20

The next result goes by the name of Courant-Fischer theorem and establishes that eigenvalues are
invariants even in the infinite dimensional case, in the sense that they are independent of the choice
of the Hilbert basis made of eigenvectors. Thanks to this theorem, we are in a position to completely
justify the choice for the terminology “eigenvalues” and “eigenvectors” adopted throughout this section.
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Theorem 4.8-2 (Courant-Fischer theorem for —A). Let Q be a Lipschitz domain in RN, N > 1. For
each integer £ > 1, let Vy denote the set formed by all the subspaces of dimension £ of HE(Q), and let
Vo = {0}. Let R denote the rayleigh quotient associated with —A. Then, for each integer k > 1,

[ = Ssup (inf{R(w); weVt w# O}) ,
VeVe_1

pr = inf (sup{R(w); w € V, w # 0}).
Vevy

4.9 Exercises

Exercise 4.1. Show that the boundary value problem

admits infinitely many solutions.

Exercise 4.2. Show that the operator L/jl defined in Theorem 4.3-3 is continuous without resorting
to the Banach Open Mapping theorem.

Exercise 4.3. Let © be an open subset of RY. Define

Zax( o, > i aai )+ laffu(@),

for a.a. x € ). Determine the expression for £*.

Exercise 4.4. Establish the weak maximum principle (Theorem 4.6-1) for super-harmonic functions.

Exercise 4.5. Let ©; and Qs be two Lipschitz domains in RY, with N > 1 and Q1 C Q. Show that
A (Q2) < A (2),

where A1(£2;) is the firs eigenvalue of the classical problem involving the Laplacian operator over the
domain ;, i =1,2.

Exercise 4.6. Show that
5 , f fo lw' (z)|?dx

fo lw(z)|2ds
Exercise 4.7. Let Q = (0,1) and let ¢, f € C°([0,1]). Consider the problem

{—u”+cu:f in (0, 1),
u(0) = u(1) = 0.

If there exists a constant 0 < v < 72 such that c¢(x) > —y > —72, for all 0 < 2 < 1, then the given
two points boundary value problem has a unique solution u € C2([0, 1]).
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LIST OF SYMBOLS

()
cH(Q)

C>(9)

Co(Q)
CE(Q)
C(9)
supp u

open set or domain in RV 1

space of continuous functions defined over 2 1

space of continuous functions defined over €2 with continuous
partial derivatives up to order k£ 1

space of continuous functions defined over €2 that are infinitely
differentiable 1

space of continuous functions with compact support in Q 1
functions of class C*(Q) with compact support in Q 1
functions of class C*°(£2) with compact support in Q 1
support of the function u € C%(Q) 1

almost everywhere 1

almost all 2

complement of the set A 3

topological interior of the set A 3

topological closure of the set A 3

set of positive integers {1,2,2...} 4

functions of class C* with compact support in RV 4

open ball of RV centred at z and with radius r 5

distance between the point z and the set A 5

Sobolev space with weak derivatives of class LP(2), 1 < p <
oo 18

space of absolutely continuous functions 21

Lipschitz continuous functions in (a, b) (or [a,b]) 21

sign function defined by sgn(z) := x/|z| 27

31

locally Lipschitz continuous functions in comapct subsets of
R 31

Jacobian matrix of the vector field H 33

continuous embedding of V into W 34

dual space of the vector space V' 41

compact embedding of V' into W 43

topological closure of D(§2) with respect to the W1P(£2) norm
46

topological closure of D(2) with respect to the H!(2) norm
46

dual space of VVO1 P(Q) 48
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HY(Q)
L(V;W)
(. )m
Z(H)
MY (R)
JP(A)

*

NS
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dual space of HZ(Q) 48

vector space of linear maps from V to W 57

inner product of the Hilbert space H 58

abbreviation for £ (H; H) 59

space of N x N matrices with entries in R 66

pointwise spectrum of an operator A € £ (H ), with H Hilbert
space 68

spectrum of an operator A € £ (H), with H Hilbert space 69
a general elliptic operator 82

set of all integer numbers 86

adjoint of £ 90
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