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Preface

These lecture notes are written for the Mastermath course “Calculus of Variations” at Radboud
University in Spring 2023. Calculus of variations is an active area of research with important
applications in science and technology, e.g. in physics, material science or image processing.
Moreover, variational methods play an important role in many other disciplines of mathematics
such as the theory of partial differential equations, optimization, geometry and probability theory.

This course provides an introduction to different facets of this interesting field, which is con-
cerned with the minimization (or maximization) of functionals. Further details, applications and
many additional topics can be found in, e.g. the monographs by B. Dacorogna [5]], H. Kielhofer
[11]], J. Jost and X. Li-Jost [10] and F. Rindler [12]]. To follow the course a solid understanding of
real analysis, functional analysis and measure theory is required.
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Chapter 1

Introduction

The Calculus of Variations (CoV) is concerned with the optimization of shapes, states or pro-
cesses. The property to optimize is given in terms of a functional,

I(u) = ff(x, u(x), Du(x))dx, Q cR", (1.1)
Q

involving an unknown function u :  — R”. The function f : Q X R” x R™™ — R is given and
Q c R™is bounded. Our aim is to find a minimizer (or maximizer) u of I within a suitable class of
functions.

Different from the problem of finding a minimum (or maximum) of a real-valued function
g : R" = R, we look for an unknown function « in an admissible function space which is typically
infinite dimensional. Hence, we are concerned with infinite dimensional minimization problems.

The Calculus of Variations is a classical branch of mathematics and has diverse applications
in physics, engineering and economics. The functional / can represent, e.g. a surface area, path
length, an action, energy or cost. The research field Calculus of Variations is also closely related to
other mathematical disciplines such as geometry, partial differential equations (PDEs), functional
analysis and optimal control.

Historically, the Calculus of Variations emerged from concrete problems in geometry and
physics and its origins date back to ancient times. The field had a large impact on the development
of analysis, in particular, on functional analysis and the theory of PDEs. We discuss several
problems and achievements that played an important role for the development of this field.

o The oldest problem in the Calculus of Variations is Dido’s problem or “isoperimetric prob-
lem” (in Greek, iso means equal and perimetron circumference).
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The question is which curve of a given length encloses the largest area. Dido was the
legendary founder of the Phoenician city-state of Carthage. When she arrived in the 9th
century BC on the coast of Tunisia, she asked for a piece of land. The king offered her as
much land as she could encompass by an ox-hide. She cut the ox-hide into a long thin strip
and encircled the land, which became Carthage.

A rigorous mathematical proof of the isoperimetric problem was only given in the 19th
century. For an overview and the history of the problem we refer to [2].

o Fermat’s principle in geometrical optics is another important example of a variational prob-
lem. The question is along which path a light ray travels. Pierre de Fermat (1662) claimed
that a path taken between two points by a light ray is the path that can be traversed in the
shortest time. This leads to the problem of finding the function u that minimizes the travel
time 7T,

1 b
T = —f n(x, u(x), u’ (x)) V1 + w2(x)dx,
c a
where 7 is the index of refraction. It can depend on the position (x, u(x)) and its direction
u' (x).

4.

e The birth year of the Calculus of Variations is considered 1696 when Johann Bernoulli
challenged his colleagues with the Brachistochrone problem (in Greek, brachystos means
shortest and chronos time) of finding the fastest slide. More precisely, if two points A and B
in a vertical plane are given, what is the curve traced out by a point acted on only by gravity,
which starts at A and reaches B in the shortest time?

The Brachistochrone problem was solved shortly after by Johann and Jacob Bernoulli, Got-
tfried Wilhelm Leibniz and Isaac Newton.



e In the 18th century various variational problems were formulated by Johann and Jakob
Bernoulli, Leonhard Euler, Joseph Lagrange and Adrien-Marie Legendre. Leonhard Euler
introduced in 1744 the notion “Calculus of Variations”. A systematic approach to study vari-
ational problems was developed by Leonhard Euler and Joseph Lagrange around 1755. In
particular, they postulated that the minimizer satisfies the so-called Euler-Lagrange equa-
tions. At that time, the existence of minimizers was taken for granted. However, it turns out
that the Euler-Lagrange equations are only necessary conditions for a minimizer.

These so-called “classical methods in the Calculus of Variations” developed at that time aim
at deriving methods to determine minimizers and to investigate qualitative properties while
the existence of minimizers is taken for granted.

e Very significant for the development of the Calculus of Variations was Dirichlet’s principle
in the 19th century. It allowed to solve the Laplace equation Au = 0 by reformulation it as
a variational problem. However, Carl Weierstrass presented in 1860 a counterexample for
the existence of minimizers showing that functionals that are bounded from below do not
necessarily posses minimizers. Hence, Dirichlet’s solution of the Laplace equation required
an existence theory for minimizers.

In beginning of the 20th century, this gap in the proof of the Dirichlet problem was finally
solved by David Hilbert, in particular, he proved the existence of a minimizer. The problem
was very important for development of functional analysis, distribution theory, Sobolev
spaces and PDEs. The existence theory for minimizers is nowadays known as the “direct
method in the Calculus of Variations”. It required to introduce new function spaces (Sobolev
spaces) and weaken the notion of classical derivatives.

To systematically study variational problems, we need to determine a suitable functional I as
in (I.T)) and to specify the admissible class of functions. The admissible class is either determined
by properties resulting from a particular application or by the minimal requirements for the well-
posedness of the functional 7 in (I.T).

In this course, we will first address the classical theory in one dimension, i.e. Q C R in
(L.I). We take the existence of minimizers for granted, derive the Euler-Lagrange equations and
aim to compute and/or derive properties of minimizers. Then, we introduce Sobolev spaces that
are needed to study the existence of minimizers and variational problems in higher dimensions,
ie. Q Cc R™ m > 2. We derive the Euler-Lagrange equations for higher dimensional variational
problems and consider direct methods that allow to prove the existence of minimizers. Finally, we
discuss modern methods and applications including relaxation and I'-convergence.



Chapter 2

Classical theory in one dimension

In this chapter, we consider one-dimensional variational problems and address the classical the-
ory, i.e. we assume minimizers exists and aim to compute them and/or to investigate qualitative
properties of the minimizers.

2.1 Fundamental problem and examples

The fundamental problem of the Calculus of Variations is to minimize functionals of the form

b
I(u):f f(x, u(x), u'(x))dx 2.1

in a class ® of admissible functions u : [a,b] — R", b > a. Here, f : [a,b] X R" X R" —
R, (x,y,2) = f(x,y,2), s a given function which at least has the following properties:

f(,y,z) is measurable for all y,z € R”",

f(x,-,-) 1is continuous for all x € [a, b].

We remark that most of the time, we assume f to be continuous or even more regular.

Under these assumptions, the functional / in (2.1)) is certainly well-defined if ® C'([a, b]; R").
However, this class is often too restrictive in applications. In this chapter, we will mainly consider
the following classes of continuous functions.

Definition 2.1. e The class of continuous functions on [a, b] we denote by
C([a,bl;R™) ={u : [a,b] —» R" : u continuous}.
e The class of continuously differentiable functions on [a, b] we denote by
C'([a,bl;R") = {u € C([a, b];R") : u differentiable and u’ € C([a, b];R™)}.

We remark that in the endpoints, the one-sided derivatives i/, (a), u’ (b) are taken.
e The piecewise continuously differentiable functions we denote by
D'([a,b];R") = {u €eC(a,b;RMNY:da=xg<x1 <+, xy=b:
U1 € C (i1, 5 s R, i = 1,..., N},
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e Furthermore, we frequently consider functions that vanish in the endpoints,

Co(la, bl;R™) = {u € C'([a, b]; R") : u(a) = u(b) = 0},
Cl(la,bl;R") = {u € C'([a, bI;R™) : supp(u) C (a, b) is compact}.

Here, the support of u is defined as supp(u) = {x € (a, b) : u(x) # 0}.
Analogously, we define the classes of functions Dé([a, bl;R™), D;([a, bl;R™"), Co([a, b];R™)
and C.([a, b]; R").
For these spaces we consider the following norms. For u € C([a, b]; R") we denote the maxi-
mum norm by

u = ||U = ||U||lcoc = Max |U(x)|,
I HCO([a,b]) | ”( 0 = ||u] 7 ]l (€3]
foru e Cl ([a, b]; R™) we consider the norm

lullcr oy = uller = llulleo + 1 loo,

and for u € D'([a, b]; |R") we define

.....

We remark that the convergence in C%([a, b]; R") with respect to ||-||co is equivalent to uniform

convergence. Moreover, the spaces C 0([a, bl;R") and C 1([a, b]; R™) are complete and hence, they
are Banach spaces. However, this is nof the case for D'([a,b];R").
Remark 2.2. From a theoretical point of view one may want to minimize / in the largest possible
class of functions @ for which (2.1)) is well-defined. This is the class of absolutely continuous
functions AC([a, b]; R"). We recall that a function u € C([a, b]; R") is absolutely continuous if for
every € > 0 there exists ¢ > 0 such that for every finite sequence of pairwise disjoint subintervals,
a<x1<y1<x<yy<---<xy<yn Sb,NeN,wichfil(yi—x,-) < 6, it follows that

N

D ) — u(x) < &.

i=1

If u € AC([a, b]; R™), one can show that its derivative u’ exists a.e. in [a, b], u’ € L'((a, b); R")
and the fundamental theorem of calculus holds, i.e.

u(x) = u(a) + fx u' (t)dt Vx € [a, b].

Our assumptions on f then ensure the measurability of x — f(x, u(x), u’(x)).

Finally, we remark that the space AC([a,b];R") can be identified with the Sobolev Space
Wl((a, b); R"). Sobolev spaces will be introduced in Chapter

In the sequel, we only consider the function classes C Y([a, b]; R") and D'([a, b]; R"), but most
of the results in this chapter can be generalized for absolutely continuous functions.

In many applications, u € ® additionally has to satisfy certain boundary conditions, e.g.
u(a) = a, u(b) =B, a,B € R" given.

If we prescribe the values of the function u in the endpoints of the interval, we call these conditions
Dirichlet boundary conditions.



Example 2.3. We discuss several classical examples for minimization problems.

®

(i)

We aim to minimize the length of the graph of a continuously differentiable function u :
[a,b] — R, a < b, with prescribed boundary conditions, u(a) = @, u(b) = 3, where o, € R
are given.

Hence, we look for a minimizer of the functional

b
I(u) = f 1+ (W (x))%dx

within the class ® = {u € C'([a, b];R) : u(a) = a, u(b) = B}.
Fermat’s principle states that a light ray travels from one point A = (a, @) € R? to another
point B = (b, 8) € R? along the path that can be traversed in the shortest time.

Assume that the light ray travels along the graph of a function u € D'([a, b]; R) with u(a) =
a, u(b) = fintime T > 0. Then, the distance traveled at time ¢ < T is given by

x(1)

s(t) = V1 + (W' (2))dz. (2.2)
0

The speed of light in a medium is given by -, where c is the speed of light in vacuum and n
the index of refraction. In general, the index of refraction depends on the position, (x, u(x)),
and the travel direction, i.e. u’(x). Consequently, using (2.2]) we obtain

c ds dx
ey ’ 27

n(x, u(x), w' (x)) dt T+ ) dt’
and this implies that

T T
R R O R N e
0 c Jo p

b
= % f n(x, u(x), u’ (x)) V1 + (' (x))*dx = I(u).

Hence, to determine the path of the light ray we aim to find a minimizer of the functional /
within the class
® = {u e D'([a,b]:R) : u(a) = @, u(b) = B}.
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(iii) Brachistochrone: We aim to construct the fastest slide that starts at the point A = (0,0) € R?
and ends at the point B = (b,5) with given b > 0 and S < 0. Assume that in time 7 > 0
a mass point moves without friction in the gravity field from A to B along the graph of a
function u with u(0) = 0 and u(b) = .

Energy conservation implies that

gain in kinetic energy = loss of potential energy,

1,
—mv°~ = —mgu,

2

where g is the gravitational constant. Hence, we obtain, as in the case of Fermat’s principle,

y = \—2gu = ds _ 1+ (u’(X))Z%,

dt

where s is the distance traveled at time ¢+ > 0. To find the shape of the slide we need to

minimize the travel time
f gt = f 1+ (u (x))2
T —2gu(x)

within the class ® = {u € AC([0,b];R) : u(0) = 0,u(b) = B}. We remark that the classes
C'([a,b);R) and Dl( [a, b]; R) would be too restrictive in thls case, since this excludes the
possibility that the slope of u becomes infinitely steep in x = 0.

2.2 First variation and Euler-Lagrange equations
Let a < b. We consider the functional
b
160 = [ feuto.u ()
a
where f € C I([a, b] x R* x R™;R), (x, y,2) — f(x,y,7), and assume that there exists a minimizer

u in the class
® = {u e D'([a,bl;R") : u(a) = a, u(b) =p},



where @, 8 € R" are given. Then, for all € C°([a, b];R") and s € (—&, &) we have u + sn € ® and
I(u + sn) = I(u), as u is a minimizer of /. The real-valued function s — I(u + sn), s € (—&, &), is
continuously differentiable and has a minimum at s = 0. Therefore, we conclude that

d
0= —(Iu+sm)|
dsh |s_0 (23)
= f Sl u(x), u’ (x)) - n(x) + fo(x, u(x),u’(x)) - 7' (x)dx,

where we interchanged differentiation and integration. Here, f, = (fy,,... f;,) and f; = (f;,,... f2,)
denote the partial derivatives of f with respect to y and z, and - the inner product in R”.

Definition 2.4. Let u € D'([a, b];R"). For € D'([a, b];R),

b
ol(u,n) = f JyCeu(x), ' (x)) - n(x) + fo(x, u(x), u' () - 7 (x)dx

is called the first variation of / at u in direction of 7.
If 61(u,n) = O for all € C°([a, b]; R"), then u is called a weak extremal of /.

The calculations above show that if u € ® is a minimizer, then « is a weak extremal of /. We
observe that this also holds for local minimizers. A function u € ® is a local minimizer of 7, if
there exists £ > 0 such that for all v € ® with [lu — V|[pi(4}) < &, it follows that I(u) < I(v).

If, in addition, we assume that f; € Cl([a, bIXR"xR*;R)and u € CZ([a, b]; R™), we can apply
integration by parts in (2.3) and obtain the following theorem.

Theorem 2.5. Ifu € C?([a, b];R") is a weak extremal ofland f, f, € C'([a, b] xR" xR"; R), then
u satisfies the Euler-Lagrange equations

d
= (feCox, u(x), u' (x))) = fi(x, u(x), u’(x)) = 0. (2.4)

Proof. The theorem follows from applying integration by parts in (2.3) and the Fundamental
Lemma of the Calculus of Variations (Lemma [2.6)). mi

Lemma 2.6 (Fundamental Lemma of the Calculus of Variations). If a function u € C([a, b]; R")
satisfies

b
f u(x) - n(x)dx =0 VYn e C([a, b; R"),
then u = 0 on [a, b].

Proof. By contradiction, we assume that u # 0 in [a,b]. Then, there exists xop € (a,b) and
i €{l,...,n} such that u;(xg) # 0. Since u is continuous, there exists 6 > O such thata < xy — 6 <
Xo+ 06 < band

1 1
ui(x) > Eui(xo) >0 or ui(x) < Eui(xo) <0 Vx € (xo — 0, xy + 9).
We now choose a function ¥ € C°([a, b]; R") with

supp(¥;) C (xo — 6, xo + 0), Vi(xo) > 0, i 20 in(xo =9, x0 +9)



and y; = O for all j # i. It then follows that

b X0+0
f u(x) - p(x)dx = f U % 0,

0—0
which is a contraction. |

Later, we will show that Lemma[2.6]remains valid for functions that are locally integrable, i.e.

ue Lll()c((a, b)), and generalize it for higher dimensions.

Remark 2.7. e Writing out the Euler-Lagrange equations (2.4)) yields

Jez (o, u(0), 0/ (o) () + foy (x, u(x), 1’ ()’ (x)
+ fox(x, u(x), u' () = f(x, u(x),u' (x)) = 0.

reijer f2 = (Fiar) gy e 20 fix = (oo n fo):
This is a system of second order ordinary differential equations (ODESs) that linearly depend
on u”’. If the matrix f, is invertible, we obtain an explicit system of second order ODEs.

Here we use the notation f,, = ( fyl.yj)

o In the particular case that f does not explicitly depend on x, i.e. f(x,v,2) = f(y,2), we
observe that

d ’ ’ ’ ’ 7 ’ 44 ’n” ’ ’ d ’
a(f(u,u)—u Sfuw)) = fuu') '+ flud') - u” = fu ') —u 'E(fz(”,”))
’ 4 d ’
=u -(fy(u,u )~ a(fz(u,u N|=0,
since u is a solution of the Euler-Lagrange equation. Hence, we have a first integral,
fu,u")y—u" - f(u,u’) =c, (2.5)
for some constant ¢ € R.

Example 2.8. We consider the examples discussed in Example [2.3

(i) Graph length: For the problem of minimizing the length of the graph of a function, we
have f(x,y,z) = V1 + z2. The corresponding Euler-Lagrange equation is

_d [ ' (x) ]_ (xR w)
G T+ ww?) VT+w®? (YT @)
u/l(x)

(Vi wm?)

and therefore, " (x) = 0. This implies that the graph is a straight line.

(i) Fermat’s principle: In this case we have f(x,y,z) = %n(x, y,2) V1 + z2. In an isotropic
medium the velocity is independent of the direction, i.e. n(x,y,z) = n(x,y). If we assume
that n € C!, then

<

V1 +zz’

9
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(iii)

The corresponding Euler-Lagrange equation is

d u’(x) ; _
o n(x, u(X))m — ny(x, u(x)) V1 + (' (x))? = 0,

which implies that

’ 72 ’”
u u u
Ny () ——— + ny(, W) ———= + n(-, u) ——
! V1 + u’? y V1 + u? V1 + u'?
1217
- n(-,u)&3 —ny(,u) V1 +u? = 0.
V1 + u'z)

We can rewrite the equation as
(-, )’ (1 + u’z) — ny(-, u) (1 + u'z) +n(,uwu”’ =0,

and if n # 0, we obtain

= (1+u?)+ AL (1+u?). (2.6)

— u
n(-, u) n(-,u)

Brachistochrone problem: For this problem we have f(x,y,z) = \/12_ V1 + z2. Hence,
-2gy

L_ implies that

V-2gy

u' = —i (1 + u’z).

the Euler-Lagrange equation (2.6 with %n(x, y) =

We remark that the equation holds only formally. Due to the singularity at # = 0, Theorem
[2.5| cannot be applied.

We note that f does not explicitly depend on x. Hence, we can apply (2.5)) in Remark
and conclude that there exists ¢ € R such that

1+u? u'? 1

— =c,
—28u \[2gu V1 + u”

ie.
u(l +u'?) =

_2802 ’

Remark 2.9. The Euler-Lagrange equations are only a necessary condition for minimizers, but not
a sufficient condition for the existence of a minimizer. Not all functionals that are bounded from
below posses a minimizer. Furthermore, we remark that minimizers are not always of class C2.
For counterexamples we refer to the tutorials.

Later, we address direct methods that allow to prove the existence of minimizers in suitable
(weaker) function spaces.

To derive the Euler-Lagrange equations under weaker regularity assumptions, we need the
following lemma.

10



Lemma 2.10 (Du Bois-Reymond). Let u : [a,b] — R" be a piecewise continuous function. If

b
f u(x)-n'(x)dx =0 Vn e CZ([a,b]; R"),

then, there exists ¢ € R such that u = c.

Proof. By an approximation argument one can show that

b
f u(x) -7/ (x)dx =0 Vne Di(a,b];R").

For the proof of this statement we refer to the tutorials. It suffices to show that for every ¢ €
D(l)([a, b]; R) there exists a sequence of functions ¥, € C;°((a, b); R) such that

b
lim f 7, (x) — ¢’ (x)ldx = 0.

To this end we approximate € D{([a,b];R) first with a function ¢ € D!([a,b];R) and then
construct the sequence i, by convolution of ¢ with mollifiers (see Chapter 3)).

Let now ¢ = 7 [ " w(x)dx and Y(x) = [(u(s) = ©)ds. Then, y € Dj([a.b]:R") and we
conclude that

b b b
0= f u(x) -y (x)dx = f u(x) - (u(x) — c)dx = f (u(x) —¢) - (u(x) — c)dx,

where we used that y(b) = fa b(u(x) —c)dx = 0. Consequently, u = c in [a, b], which concludes the
proof. O

Theorem 2.11. Let the function f : [a,b] X R" XR" = R, (x,y,2) = f(x,y,2), be continuous with
respect to x and continuously differentiable with respect to y and z. If u € D'([a, b];R") is a weak
extremal of I, then f.(-,u,u’) € D'([a, b]; R") and u satisfies

d
Ir (f(x, u(x), ' (x))) = fy(x, u(x),u’(x)) =0 fora.e. x € [a,b]. (2.7

Proof. Letn € C°([a, b];R") and u be a weak extremal of /. Integration by parts implies that
b b d X
[ st neodx= | (a | s, u’(s))ds) 0

b X
z—f f (s, u(s), u'(s))ds - ' (x)dx.

Since u is a weak extremal, 6/(u, n7) = 0. Using this and the equality above we conclude that

b x
0= f (_ f f;’(s, M(S), M'(S))ds + f‘z(_x’ M(x), M’(x))) X n’(x)dx_

Lemma 2.10|now implies that there exists ¢ € R such that
X
fo(x, u(x),u' (x)) = f S(s,u(s),u’(s))ds + c, (2.8)
a

ie. f;(,u,u’) € Dl([a, b]; R™). Moreover, differentiating the equation implies that u satisfies

2.7). O

11



The equation (2.8) in the proof of Theorem is called the integrated form of the Euler-
Lagrange equations.

We remark that Lemma remains valid for functions u € Llloc((a, b); R™), which implies
that Theorem [2.11]also holds for functions u € AC([a, b]; R").

Regularity of minimizers

Under suitable assumptions on f one can show that weak extremals are of class C? and hence,
they are solutions of the Euler-Lagrange equations (2.4).

Theorem 2.12. Let f, f. € C'([a,b] X R" X R";R) and u € C'([a, b]; R") be a weak extremal of I.
If
det(fo(x, u(x), u' (1)) = det (£, (6, u(). 0/ (Diijen) £ 0 Vx € [a,b],

then, u € C*([a, b];R").

Proof. We define p(x) := fa § fy(s,u(s), u’(s))ds + c, which is the right hand side of (2.8), and
consider the function

U iR X [a,b] xR*xXR" > R", (w,x,y,2) = f(x,y,2) —w,

which is continuously differentiable. For arbitrary xo € [a, b] we set yo = u(xo),z0 = u’(xo) and
wo = p(xp). Then, (2.8) implies that y(wo, X0, ¥, 20) = 0.

By assumption, det(y,(wo, xo,Y0,20)) = det(f:;(x0,Y0,20)) # 0, and therefore, the Implicit
Function Theorem implies that there exists a neighborhood U of (wy, xo,y9) and V of zg and a
function ¢ : U — V of class C! such that

Yy(w,x,y,2) =0 = z=pw,x,y)  Yw,x,y,2) e UXV. (2.9)
Equation (2.8) implies that
Y(p(x), x, u(x),u’(x)) =0 Vx € [a,b],

and by continuity, we can conclude that (p(x), x, u(x), u’(x)) € U X V for all x that are sufficiently
close to xgp. Therefore, from (2.9) it follows that

u'(x) = @(p(x), x, u(x)),

which shows that 1’ is continuously differentiable in a neighborhood of xj. Since xy was arbitrary,
the theorem follows. O

Next, we prove regularity for weak extremals u € D'([a, b];R"). In this case, stronger hy-
potheses are needed and the arguments are more involved.

Theorem 2.13. Let f, f, € Cl([a, LI XR"XR"R)and u € Dl([a, b]; R™) be a weak extremal of I.
Moreover, we assume that

oot (), 0 () = ( foe (o, (), 1 ()

1<i,j<n

is positive (or negative) definite on Q x R", where Q c R™! is a subset that contains the set
{(x,u(x)) : x € [a,b]). Then, u € C*([a, b];RM).
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Proof. We repeat the arguments in the proof of Theorem [2.12]until we arrive at (2.9). However, if
u € D'([a, b]; R") we cannot conclude that (p(x), x, u(x), u’(x)) € UxV for all x that are sufficiently
close to xo, since the derivative u’ might be discontinuous.

Let x € [a, b] be such that (p(x), x, u(x)) € U N (R" x Q). Then, we conclude that

Y(p(x), x, u(x), e(p(x), x, u(x))) = 0 = Y(p(x), x, u(x), u’ (x)).
By the definition of y it follows that

0 = f(x, u(x), p(p(x), x, u(x))) — f2(x, u(x), u’(x))
1
d
= fo 7 (o, u(x), u' (x) + s (@(p(x), x, u(x)) — u'(x)))) ds

1
= fo fe (x,u(0), 0’ (%) + 5 (@(p(x), x, u(x) — U’ (x))) ds - (e(p(x), x, u(x)) — u' (x)) .

The integral (matrix) is positive (or negative) definite, since f;, is positive (or negative) definite,
and therefore, it is invertible. We conclude that
P(p(x), x,u(x)) — u'(x) = 0,

which implies that u’ = ¢(p, -, u) is piecewise continuously differentiable, since p € D! ([a, b];R™).
It follows that «’ is continuous and hence, that u € C'([a, b]; R"). We can now apply Theorem
Mto conclude that u € C*([a, b]; R"). m]

If fy(-,u,u’) and f;(-,u,u’) are integrable, one can show that Theorem remains valid for
functions u € AC([a, b]; R").
Corollary 2.14. Under the assumptions of Theorem [2.12] or Theorem the weak extremal
satisfies the Euler-Lagrange equations (2.4).
Proof. This is an immediate consequence of Theorem [2.12]or Theorem[2.13|and Theorem[2.5] O

For smoother functions f one can show that the weak extremal u is even more regular.
Theorem 2.15. Let the assumptions of Theorem [2.12] or Theorem be satisfied. If f, f, €
C*(la, b] X R" X R™;R), k € N, then the weak extremal u is in C**'([a, b];R").

Proof. We assume that k > 2. By Theorems [2.12] 2.13] and Theorem [2.5] it follows that u €
C?([a, b]; R") and u satisfies the Euler-Lagrange equations, i.e.

fCouuu” + fryCou ') - u' + forCou,u’) = fiGou,u’) = 0.

Since f, is invertible, we can rewrite the equation as

W= (felyu, ) (= foy ottt -t = forey ') + fiu ).
We observe that the right hand side is continuously differentiable, since by assumption u €
C%([a, b];R") and f, [, are of class C?. Therefore, u” € C'([a,b];R") which implies that u €
C3([a, b]; R™). The statement of the theorem now follows by iteration. Indeed, if u € C/([a, b];R™)
and f, f, € C/([a,b] Xx R" x R";R), j < k, then the right hand side of the equation is of class
C/~([a, b]; R™), which implies that u” € C/~'([a, b];R"), i.e. u € C/*!([a, b];R"). O

We remark that if the invertibility conditions on f;, are not satisfied, then the regularity re-
sults may not hold (for examples we refer to the tutorials). On the other hand, if the invertibility
assumptions hold, the Euler-Lagrange equations allow to express u”’ in terms of u and u’.
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Natural boundary conditions

So far, we considered variational problems with Dirichlet boundary conditions, i.e. the functions

satisfy u(a) = o, u(b) = B, for given a, 8 € R". If no such conditions are imposed in one (or both)

endpoints of the interval [a, b], we have variational problems with so-called free boundary values.
Assume that both ends are free and that u is a (local) minimizer of the functional

b
I(u):f f(x, u(x), 1’ (x))dx

in ® = D!([a, b]; R™). Then, it follows by repeating the arguments in the beginning of Section
that
6I(u,m) =0 Ve C¥(a,b];R").

However, note that this condition not only holds for all n € C’([a,b];R"), but for all €
C*®([a, b]; R™). We now show that this enforces certain boundary conditions on u.

Theorem 2.16. Ler f : [a,b] X R" X R" — R, (x,y,2) — f(x,¥,2), be continuous in x and
continuously differentiable with respect to y and z. If u € D'([a, b]; R") and

6I(u,n) =0 V¥n € C%([a, b];R"),
then, u satisfies the boundary conditions

fo(b,u(b),w' (b)) = fi(a, u(a),u'(a)) = 0.
These boundary conditions are called natural boundary conditions.

Since C°([a, b];R™) € C*([a, b]; R"™), under the hypotheses of Theorem it follows that u
satisfies the Euler-Lagrange equations a.e. in [a, b] (see Theorem [2.11)).

Proof. Letn € C*([a, b]; R"). Using integration by parts and the fact that £.(-, u, u’) € D'([a, b]; R")
by Theorem [2.12] we conclude that

b
0=2¢l(u,n) = f FyGe, u(x), u’ () - (x) + 0, u(x), u’(x0) - 7' ()dx

x=b b d
= fo(x, u(x), u' (x)) - U(X)L:a + f (fy(X, u(x), u'(x)) = a(fz()f, u(x), M'(X))) -n(x)dx
= f(a,u(a), u'(a)) - n(a) — f(b,u(b),u’ (b)) - n(b).

In the last step we used that u satisfies the Euler-Lagrange equations.

Finally, choosing first the function n(x) = ﬁ (b, u(b), ' (b)), and then the function n(x) =
LD £ (a, u(a), u'(a)), it follows that
2

0 = | £ty u), ' DY = |fila, ut@), ' (@)

which proves the theorem. m|

The case of one free and one fixed endpoint can be shown accordingly.
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Example 2.17. We consider the Brachistochrone problem, where the starting point A = (0, 0) and
the horizontal coordinate b > O of the endpoint B are given, but the value of the vertical coordinate
is not prescribed. We then aim to find the shape of the fastest slide from A to a point B = (x,y)
with x = b. In this case, the minimizer satisfies the boundary conditions

u(0) =0, u'(b) = 0.

2.3 Inner variations and corner conditions

We consider the functional  in (2.I). In this section, we look at inner variations, i.e. suitable
variations of the variable x and not of the minimizer u as before, and derive additional conditions.
Let n € C°([a, b]; R) and the function ¥ : [a, b] X (=s¢, sp) be defined by

U(x, s) = x + sn(x).

If so > 0 is small enough, then d,¢(x, s) > 0 for all (x, s) € [a, b] X (—s0, So), which implies that
Y(-, s) is a family of diffeomorphisms. Moreover, we observe that

Yla,s)=a w(b,s)=>b Vs € (—s0, 50),
U(x,0) =x Vx € [a, b],

and call ¥ an admissible parameter variation.
Indeed, if we consider the the class

ue®={ueD(abl;R"): ua) = a,ub) =B,
for some given @, 8 € R”, then the function
v(,8) =uoy(,s) €D Vs € (=50, 50).

Moreover, if u € @ is a local minimizer of the functional

b
I(u) = f J G, u(x), u' (x)dx,

then, we conclude that
d
UM =0.

Evaluating the right hand side we will obtain additional conditions for the minimizer. To this end
we denote the inverse of Y(-, s) by 7(-, s) = ¥~!(-, 5) and observe that

Oxv(x, s) = u' (Y(x, $)0xp(x, s) = u' (Y(x, S))m'
This implies that

b
10v(x, 8) = f £ v(x, 5), 00, ) )dx

b ’
= f S (T(x, S),u(x),ﬂ)aﬂ(x, s)dx,
a 0,7(x, s)

15



where we used the substitution x — 7(x, 5). Hence, we obtain

d u'(x)
g(l(v(x, s)))L:O: f (fx (T(x 0), u(x), Iir O))asr(x,o)axr(x,o)

u'(x) ) y (x)(—t?s@xT(x, 0))
9x7(x,0) (0x7(x,0))?

u'(x)
m) asé)xr(x, O))dx

+ [z (T(x, 0), u(x), d,7(x,0)  (2.10)

+ f (T(x, 0), u(x),

To simplify the expression we observe that 7(x,0) = x = ¥(x,0) and d,7(x,0) = 1. Moreover,
differentiating the equation

T(W(x,s5),5)=x

with respect to s and evaluating it in s = 0 implies that

0 = 0,7(¥(x,0),0)0,¢(x, 0) + dsT7(Y(x,0),0) = 0,7(x, 0)n(x) + ds7(x,0)
= n(x) + 057(x, 0).

Consequently, it follows that
957(x,0) = —n(x).

Similarly, by differentiating the equation ¥(7(x, s), s) = x first with respect to s and then with
respect to x and evaluating it in s = 0 we find

0:x0,7(x,0) = -1’ (x).

Inserting these identities in (2.10) we finally obtain

d b
s (-, ) L:o = f ( — fr O, u(x), ' (X)) n(x) + £ (x, u(x), 1’ (x)) - ' (x) 17’ (x)
~ (e, ()7 ()

This motivates the following definition.

Definition 2.18. Let u € D'([a, b];R") and ne D!([a, b]; R). The functional

ol(u,m) = f (= A G+ G Gy il — f i)
is called the first inner variation of « in direction 7.
Proposition 2.19. Let f € C Y([a,b] x R" x R";R) and u € ® be a local minimizer of 1, then
ol(u,n) =0 Vn € C2([a, b]; R).
Proof. This immediately follows from the derivation above. O

We now state the main result in this section which provides additional conditions for minimiz-
ers u in point where the derivative #’ is discontinuous.
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Theorem 2.20. Let f € C'([a,b] x R" x R";R) and u € D'([a, b];R") be such that
0l(u,m) =0 V¥n e CZ([a,bl;R).
Then, there exists ¢ € R such that

JCou(0,u' (%)) =o' () - f2(x,u(x), 0/ (x)) = ¢ + fo fx(t,u(@®), o’ (1))t

Proof. By assumption, for all € C°([a, b]; R) we have

b
0= [ (= fetomaty+ (it ol = £ Gl

b .
= f (f Jx ("”’ Lt/)+fz(',bt, u/)'ul _f("u’ M/))U',
a a
where we used integration by parts. The statement now follows from Lemma|2.10 O

Corollary 2.21. Let f € C'([a,b] X R" x R";R) and u € ® be a local minimizer of I. Then, the
functions

foCou,u’) and fCouu)y—u' - f.(,u,u’)

are continuous.

Proof. The continuity of the function f;(-, u,u") was shown in Theorem In fact, we even
have f.(-,u,u’) € D'([a, b]; R"). Moreover, the continuity of the function f(-, u.u’) —u’ - fo(-, u, u’)
follows from Theorem[2.20] since the right hand side of the equation is continuous (even piecewise
continuously differentiable). O

If the minimizer u is in D'([a, b]; R"), these continuity results yield conditions for those points
x € (a, b) where v’ is discontinuous, i.e. where u has a corner”. In fact, in such a point x € (a, b)
it follows that

Jo(x,u(0), ul (%)) = fo(x, u(x), u(x))

and

JCu(x), u” (%)) = ul(x) - f20x, u(x), u”(x))
=f (0, u(x), u, () = 1 (x) - fo(x, u(x), w, (x)).

These conditions are called the Erdmann-Weierstrafl corner conditions.

Example 2.22. Consider the functional

2
160 = [0 (1 + (0P
0

with ® = {u € D'([a, b];R") : u(0) = 0,u(2) = 1}. One can show that I possesses no minimizers
in C2([a, b];R"). Assuming that a minimizer u € D!'([a, b]; R") exists Corollary allows to
uniquely determine is (see tutorials).

17



2.4 Second variation
We consider the functional .
I(w) = fa SO, u(x), u' (x))dx
with f € C*([a, b];R) and
® = {u € D'(la,b;R") : u(a) = @, u(b) = B},

for given a, 8 € R".
If u € ® is a local minimizer of I and we assume that u € C'([a,b];R") then for every
n € Cy([a, b]; R") the function

s I(u+ sn), s € (=50, 50)s

has a local minimum at s = 0. This implies that

2
%(I(u + 517)) o= 0 and %(I(u + 517)) -0 > 0.

While the first condition leads to the first variation, evaluating the second condition leads to the
so-called second variation which is an additional necessary condition for the minimizer.

Definition 2.23. For u,n € D'([a, b]; R") the functional

b
&% 1(u, ) = f (iyCo ) 7] + 252Gt 11 + Foeeot, ) )log' s 7'1)

is called the second variation of / at « in the direction 7.
Here, to shorten notations we use the abbreviation

F63, M 1= Y fr ey, 90 for{,p e R

ij=1
Theorem 2.24. [f u € ® is a local minimizer of the functional I, then
& 1(u,m) >0 Ve Di(a,bl;R").

Proof. The proofis left as an exercise. The condition can be derived from the fact that the function
s I(u+ sm), s € (=50, 50). 1 € C2([a, b]; R"), has a local minimum in s = 0, which implies that

d2
ﬁ(l(u + Sn)) S > 0

Computing the second order derivative and evaluating it at s = 0 we obtain the second variation.
One can then show that the condition remains valid for all € D(l)([a, b]; R™). O

Theorem 2.25. If u € @ is a local minimizer of the functional 1, then u satisfies the Legendre
condition, i.e.
Sz (x, u(x), u,(x)) is positive definite Vx € [a,b].
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Proof. Let xg € (a,b) and u’ be continuous in xg. Moreover, let € R" be arbitrary and £ > 0 be
such that (xg — &, xg + €) C (a, b). Then, the piecewise linear and continuous function 7, where n
is such that n(xp) = € and

n=0 in [a, xo — €] U [xg + &, b],
n affine in [xg — &, x0 + €],
isin D'([a, b]; R™).
We observe that 7, = +{ in [xg — &,x0 + €], i = 1,...,n. Theorem [2.24|now implies that

(521 ) 1 Xo+E
(PR f (el u(0), 1 (X)L L] + O(e)) dlx

2e 2e Jyp-e
1 Xp+E
T2 f (fez(x, u(x), u’ (x))[¢, £1) dx + O(e)
g fa(%o, u(xo), W' (xo)Z, 1.

If xo is a point in [a, b] where u’ is discontinuous, or if xy = a or xy = b, then we consider a
sequence (x,)qen, C (a,b) such that x,, ,/* x or x, N\, x as n — oco. Then, we apply the argument
above to the sequence (x,),en,, and taking the limit, it follows that

Sez(x0, u(x0), u' (xo))[<, {1 = 0.
o

Under suitable assumptions on the second variation, the existence of a minimizer can be
shown.

Theorem 2.26. Let u € ® be a weak extremal of the functional I, where
® = {u € C'(la,b;R") | u(a) = o, u(b) = B}
and a, B € R" are given. If there exists A > 0 such that

b
8 (u,m) = 4 f (In)P + I (0)F)dx  V¥n e C(la, IR,

then, u is a strict local minimizer of I.

Proof. For the proof we refer to the tutorials. O
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Chapter 3

Function spaces and tools from
functional analysis

In this chapter, we recall properties of Lebesgue and Sobolev spaces and several basic tools and
results from functional analysis. If not stated otherwise, & Cc R" always denotes an open set,
where Q = R" or Q C R”.

e We denote the space of real-valued continuous functions on Q by C(Q2) = C(Q;R). For
k € N the space of real-valued k-times continuously differentiable functions on € is denoted
by CK(Q) = CK(; R) and C*(Q) = C*(4R) = N2, CHQ).

e Moreover, C* (ﬁ), k € Ny, denotes the subspace of functions in C k(€) such that the function
and its derivatives up to order k can be continuously extended to the boundary 9Q, and
C=(Q) = M2y CHQ).

o We denote by
Cf(Q) ={uecqQ): supp(u) C Q compact}

the subspace of functions in Ck(Q) with compact support. Here, supp(u) = {x € Q : u(x) # 0}
denotes the support of u.

We consider Ck(ﬁ), k € Ny, with the norm

gy = - 16%ull=,  ue CHQ),

lal<k

where [jull.~ = max _g{lu(x)|} is the maximum norm of u : Q — R. Moreover, we use the
multi-index notation to denote partial derivatives,

u =207 - 03w, @ =(ay,...,a,) € NJ,

where the order of « is defined as |a| = Y7 ;.
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3.1 LP-Spaces

In this section, we summarize several important properties of Lebesgue spaces, for proofs and
further details we refer to S]] or [[7].

Definition 3.1. Let 1 < p < o0, A Lebesgue measurable function u# : Q — R belongs to LP(Q) if
llullLr < oo, where

1
il = LR l?) T<p<e,
esssuppflul} p = co.

Recall that

esssup{u} =inf{u e R: |u| < pa.e. in Q}.
Q

Moreover, u € Lf;c(Q), if u : Q — R is measurable and u|y belongs to L”(V) for every open

subset V that is compactly contained in Q, i.e. V is compact and V c Q. For compactly contained
subsets we use the notation V cc Q.

The abbreviation a.e. means that a property holds almost everywhere, i.e. for almost all x € Q.
Two functions that coincide a.e. are identified in L”(Q) and hence, the spaces L”(Q) consist of
equivalence classes of functions.

Example 3.2. Consider the function u(x) = L Then, u ¢ L'(R) and u ¢ LZIOC(R), as

x| *
1
1
—dx = oo,
o |

1

However, for v(x) = o

r > 0, we have

LS| {oo r>1,
—dx =
r<l.

This implies that v € L (R) if and only if pr < 1,i.e. p < 1.
Theorem 3.3 (Important inequalities). Let 1 < p < oo.
o Minkowski inequality: If u,v € LP(Q), then
llu + iy < lluller + [Vllze-
o Holder inequality: If u € LP(Q) and v € LY(Q), where % + 5 =1, then uv € LY(Q) and
vl < llullze|IVIlze,
with the convention that p = 1 if g = oo and p = oo if g = 1.
e General Holder inequality: If u; € LPi(Q), 1 < p;j<ocoforj=1,...,m, and} =ym L

J=1pjy’
then ]_['/.":1 uj € L'(Q) and

m m
[ 1wl <] [t
J=1 J=1

LI"
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Remark 3.4. 1f Q is bounded, an important consequence of Holder’s inequality is the continuous
embedding
LP(Q) — LY(Q) ViI<g<p<oo,

i.e. LP(Q) c L4(Q) and there exists a constant ¢ > 0 such that ||u||;¢ < c||ul|rr for all u € LP(Q).

Definition 3.5. We say that a sequence (u,,)nen C LP(€2) converges (strongly) to u in LP(Q), if
u € LP(Q) and

lim ||u,, — ullzr = 0.

nM—00

We then use the notation u,, — u in L”(Q).
Moreover, a sequence (U, )men C Lfo C(Q) converges to i in LZ7 C(Q) if u,, — uin LP(V) for
every compact subset V C Q.

Theorem 3.6. Lebesgue spaces have the following important properties:

e For1 < p<oo, ||l is a norm and LP(Q) equipped with this norm is a Banach space, i.e.
a complete normed vector space.

For p = 2, the space L*(Q) with the inner product

(u,vy = f uv, u,v e L2(Q),
Q

is a Hilbert space, i.e. a complete inner product space.

o Letl < p < oo If (Up)men C LP(Q) is a sequence that converges to u in LP(Q), then there
exists a subsequence (U, )ren that converges to u a.e. in Q.

o If1 < p < oo, then the step functions as well as C.°(Q2) are dense in LP(Q).

Consequently, LP(Q) is separable, i.e. it contains a countable dense subset.

Finally, we recall properties of mollifiers. For £ > 0 we write Q. = {x € Q : dist(x, 0Q) > &}.
Let ¢ € C*(R") be defined as
1
cel?-1 x| <1,
@(x) ={ g

0 |x[ > 1,

where the constant ¢ > 0 is chosen such that fRn ¢ = 1. The function ¢ is called the standard
mollifier.
Moreover, for € > 0 we set

1
@e(x) = —w(f), xeR"
e’ \¢e

We observe that ¢, satisfies

@e € CORY), @20, f ¢e =1, supp(es) C B:(0),
Rn

where B.(0) = {x € R" : |x| < &} denotes the open ball of radius € > 0 and center 0 in R”.
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Definition 3.7. Let f € Llloc(Q). Then, its mollification is defined as the convolution of f with ¢,

fs = Qg * f in Q,
ie.

fe(x) = f pe(x—y)f(ydy = f 0(y)f(x = y)dy, X € Q.
Q B.(0)

Mollifiers allow to construct smooth approximations for general (rough) functions. Several
properties (e.g., certain identities or inequalities) are much easier to prove if the functions involved
are smooth. Hence, typically one first proves a certain statement for smooth functions and then
uses smooth approximations to extend it for less regular functions.

Theorem 3.8. Let f € L}OC(Q). Then, the mollification f. has the following properties:
(i) fe € CT ().
(ii) fe — f almost everywhere as € — 0.
(iii) If f is continuous on Q, then f, — f as € — 0 uniformly on compact subsets of Q.
(iv) If1<p< ooandfeLfoc(Q), then fo — fase — OianOC(Q).

Proof. See, e.g. Appendix C in [7]. O

3.2 Sobolev spaces

Definition and basic properties

We call
C2(Q) = {u e C™(Q) : supp(u) C Q compact}

the space of test functions.
If u € C'(Q), then integration by parts implies that

[ wse=- [(@we  veccr@,
Q Q

i =1,...,n. This identity allows to generalize the notion of derivatives. In fact, the integral on the
left hand side is well-defined if u is locally integrable. This motivates the following definition.

Definition 3.9. Let u,v € L}OC(Q) and i € {1,...,n}. Then, v is the weak partial derivative of u

w.r.t. Xx;, if
f udy,p = —f Ve Yo e C2(Q).
Q Q

In this case, we use the notation v = d,,u.
Moreover, we call u weakly differentiable if the weak partial derivatives dy, u, . .., O, u exist.

If the weak partial derivative exists, it is unique (up to sets of measure zero) by the following
generalization of the Fundamental Lemma of the Calculus of Variations:
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Lemma 3.10. Let u € LIIUC(Q) be such that

f up =0 Yo e CZ(Q).
Q

Then, u=0a.e. in Q.

Proof. We note that the integral is well-defined by Holder’s inequality.
Let ¢, be the standard mollifier and u, = ¢, * u. If x € Q and & > 0 is small enough, then
supp(pe(x —-)) C Q is compact. Consequently, p.(x —-)) € C°(L2) and we conclude that

Ug(x) = f @e(x = y)u(y)dy = 0.
Q
Finally, since u, — u a.e. in Q as € — 0, it follows that

u(x) = liII(l) us(x)=0ae.

Remark. e Weak derivatives are unique (up to a set of measure zero).
e If u € C'(Q), then the classical derivative and the weak derivative coincide.

e The notion of weak derivatives generalizes the classical notion of derivatives, however, note
that not every function in L}OC(Q) is weakly differentiable. An example is given below.

Example 3.11. Let Q =(-1,1) c R.

(a) Consider the function u(x) = |x|. Then, u is weakly differentiable and

1 x>0
-1 x<O.

w'(x) = v(x) = {

Indeed, let ¢ € C°(€2). Then, we obtain

1 0 1
f u(x)¢’ (x)dx = f (—x)¢’ (x)dx + f x¢' (x)dx
1 -1 0

0 1 1
= f p(x)dx — f p(x)dx = — f v(x)p(x)dx,
-1 0 -1

where we used integration by parts and the fact that ¢ has compact support in (-1, 1).

{1 x>0
u(x) =

(b) Consider the function

0 x<0O.

Then, u is not weakly differentiable. Indeed, assume that the weak derivative exists, u’ =
v E L}OC(Q). Let ¢ € C°((0, 1)) and extend it by zero on (-1, 0]. Using that v is the weak
derivative of u we obtain

1 1 1
f Vp(x)dx = - f u(x)¢! ()dx = — f ¢ (x)dx = 0,
_ 0 0

1
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since ¢(0) = ¢(1) = 0. Consequently,

1
f v(x)e(x)dx =0 Yo € C2((0, 1)),
0
and Lemma [3.10]implies that v = 0 a.e. in (0, 1). Similarly, we conclude that v = 0 a.e. in
(-1,0).
Therefore, for any ¢ € C°((—1, 1)) it now follows that

1 1 1
0= f VP(D)dx = - f U0 (X)dx = - fo ¢ (dx = ¢(0),

1 -1
i.e. ¢(0) = 0 for all ¢ € C°((—1, 1)), which is a contradiction.

Similarly, one can define weak derivatives of higher order.

Definition 3.12. Letu,v € L}OC(Q) and « € N{. Then, v is the ath weak partial derivative of u, if

f ud®p = (-1l f Vo Yo e C(Q).
Q Q

In this case, we write v = 0%u.

Using these generalized notions of derivatives we now introduce spaces of weakly differen-
tiable functions.

Definition 3.13. Let 1 < p < co.
e The Sobolev space W!”(Q) is defined as

whp (Q) = {u € LP(Q) : the weak partial derivative d,,u

exists and d,u € LF(Q),i = 1,...,n},

endowed with the norm

n »
ey = (nun’; +> ||ax,.u||{p) . l<p<o,
i=1

n

el = ldllzes + > 10l

i=1
e The Sobolev space W*?(Q), k € N, is defined as

WEP(Q) = {u € LP(Q) : the weak partial derivative 9“u
exists and 0%u € LP(Q), for all multiindices |a| < k},

endowed with the norm

»
[ =[ > ||a“u||ip] . l<p<o,
0<le|<k
e = > 116" ul.
0<ler|<k
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e We say that a sequence (i) men C whr(Q) converges to i in WLr(Q), and use the notation
Uy — uin WHP(Q), if u € WHP(Q) and

lim |[u, — ||y = 0.
m—0o0
Moreover, we say that u,, — u in Wllo’f (Q) if u,, — u in WHP(V) for every open subset V
such that V cc Q.
Remark 3.14. e For p = 2 it is customary to write W2(Q) = H'(Q). In this case, H'(Q) is a

Hilbert space with inner product

(U, vy = f(uv + Vu - Vv), u,v e H\(Q).
Q

e Forn = 1 and Q c R an open interval, one can show that u € W7(Q) if and only is u = i
a.e. in Q, where ii is absolutely continuous and its derivative i’ € LP(2) (which exists a.e.).

o If Q is bounded, we have the following inclusions
C'Q) cWQ) ¢ WPQ) CLP(Q) V1<p<co.

Example 3.15. Let Q = B1(0) = {x € R" : |x| < 1}. We aim to determine for which values of
s > 0,n and p the function
u(x) = |x*

belongs to whre(Q).
First, we observe that if the weak derivative d,,u exists, it must be given by

Oy u(x) = —s = vi(x), i=1,...n.

ot
| x|s+2
Indeed, u is smooth in B1(0) \ {0} and the claim follows by considering test functions that vanish

in a neighborhood of the origin.
Let ¢ € C°(Q2) be an arbitrary test function and 0 < & < 1. Then,

fu@xy:f u@xl.(p+f udy, o
Q B(0) Q\B,(0)

= f uly,p + f upvdS — f Oy =11 + I, — I,
B:(0) 0B,(0) Q\B:(0)

where v denotes the inward pointing unit normal vector on dB.(0).
We note that u € L' (Q) if and only if s < nand |[Vuy| € L'(Q) if and only if s+ 1 < n. Moreover,
if s + 1 < n, then by dominated convergence it follows that
L -0 and I; — f((’)x,.u)go ase — 0.
Q

Since u(x) = &~ for x € dB.(0), we obtain

112 < llgllze f 5SS () < 6L 50 ase - 0,
dB:(0)

26



for some constant ¢ > 0. Consequently, taking the limit &€ — 0 in the equation above, we conclude

that
f uaxi‘p == f(axiu)(ﬂa
Q Q

which shows that v; is the weak partial derivative dyu of uif s + 1 < n.
Finally, [Vu(x)| = =% lies in LP(Q) if and only if p(s+ 1) < n, which implies that u € W!P(Q)

|x|s+l

if and only if s < ";pp.

Using the Minkowski inequality and completeness of L”(£2) one can show that Sobolev spaces
are Banach spaces.

Theorem 3.16. Let 1 < p < oo and k € N. Then, W*P(Q) is a Banach space.

Proof. Letu,v € WhP(Q). Then, the Minkowski inequality implies that

n P
i+ Vil = [l + V7, + > 11 + ax,.vn{p]
i=1

IA

n v
(leellr + ) + > 0uler + ||ax,.v||u)f’)

i=1

1
n > n
e}, + ||ax,.u||§,,] - (nvn{,, £ ||ax,.v||’g,,]
i=1 i=1

lullwrr + [VIiw1e,

1
P

IA

where we used the triangle inequality for the p-norm in R™*! in the last inequality. The other
properties of a norm and that W'?(Q) is a linear space are clear.

To prove completeness, let (#,,)en be a Cauchy sequence in Wbr(Q). Then, (up)meyn and
(Ox,um)men,i = 1,...n, are Cauchy sequences in L”(Q2). Since LP(Q2) is complete, there exist
Vo, V1, - - .5V € LP(€) such that

Up = vy, Oylty — vi in LP(Q), i=1,...,n

It remains to show that u,, — vy in WhP(Q), i.e. we need to show that Oyvo=vi,i=1,...,n.To
this end let ¢ € C°(€2). Then, we obtain

fvoax,-SOZ lim fumaxl.<p= — lim f(ﬁxium)cp: —fvigo,
Q m=e Jo m—e Jo Q

where we used that d,,u,, is the weak partial derivative of v,,, i = 1,...,n. This shows that the
weak partial derivatives 0, vy of vg exist and d,,vo = v; € LP(Q2).

We remark that the limits in the integral equation above can be justified by Holder’s inequality.
Indeed, if f,, — fin LP(Q) and g € LI(Q), 11; + }1 =1, then

|Lfmg_fg;fg|ﬁL|(fm—f)g|Sllfm—fllellglqu—>0 as m — oo.
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Approximations, extensions and traces

Theorem 3.17 (Global approximation). Let 1 < p < oo and u € WLP(Q). Then, there exists a
sequence u, € C*(Q)N WUP(Q) such that

U —— U in WP (Q).

Note that the approximation theorem is not valid for p = co. If the boundary 0Q is sufficiently
regular, functions in Sobolev spaces can even be approximated by functions in C®(Q), and not
only in C*(Q). In fact, the following statement holds:

Let Q be open and bounded with 0Q of class C! and 1 < p < co. If u € W', then there exists
a sequence u,, € C °°(§) such that

Uy —— u  in WHP(Q).
m—oo

Remark 3.18. Theorem was proven by N. G. Meyers and J. Serrin in 1964. Before that, the
statement of Theorem [3.17| was believed to be wrong without smoothness assumption on 9Q. At
that time it was customary to use the notation

Iy

HAP(Q) = C*(Q) N Whr(Q)

Hence, Theorem shows that WA (Q) = HP(Q).

We aim to extend functions in W7(Q), Q ¢ R” open, to functions u € W'P(R"). This can
be subtle, since extending a function u € WP(Q) by zero in R" \ Q may lead to a function that
no longer has a weak derivative (see Example [3.11)). The following theorem provides sufficient
conditions for the existence of an extension operator.

Theorem 3.19. Let 1 < p < oo and Q C R" be bounded with Lipschitz boundary 0Q. Let
V c R” be open and bounded such that & cC V. Then, there exists a bounded linear operator
E : WhP(Q) — WLP(R™) such that the following properties hold for all u € W'P(Q):

o Fu=u a.e. inQ,

o supp(Eu) C 'V,

e ||[Eullyiogny < cllullyrrq) for some constant ¢ > 0 depending on p,Q and V.
In this case, E is called the extension operator and Eu the extension of u.

We recall that a bounded set Q2 C R” has a Lipschitz boundary if for every x € JQ there exists
aball B,(x) = {y e R" : |lx — yll < p} C R", a neighborhood U C R" of the origin and a bijective
mapping i : U — B,(x) such that ¢ : U— m andy~' 1 U — m are Lipschitz continuous
and Y(U;) = B,(x) N Q, y(Up) = By(x) N 0L, where

U,={xeU:x,>0}, Up={xeU:x, =0}

Next, we aim to assign boundary values along dQ to a function u € W'”(Q), which can be
done via traces. Note that, since 0Q is a set of measure zero, there is no direct meaning to the
restriction of a function u € WHP(Q) to 6Q, as u is only defined a.e. in Q.
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Theorem 3.20. Let Q C R" be bounded with Lipschitz boundary 0Q and 1 < p < oo. Then, there
exists a bounded linear operator T : WhP(Q) — LP(6Q) such that

o Tu=ulg, ifuc WH(Q) N C(Q)

o |[Tullrr@o) < cllullyrrq) Yue whr(Q), for some constant ¢ > 0 only depending on p and
Q.

In this case, T is called the trace operator and Tu the trace of u on 0Q.

Definition 3.21. We define Wé’p () as the closure of C°(Q) in whr(Q),

Wyl (@ 1= Co@)

Corollary 3.22. Let Q C R" be bounded with Lipschitz boundary 0Q and 1 < p < oo. Then, the
following holds:

ue WP () — Tu=0.
Sobolev embeddings and Poincaré inequality

Next, we investigate whether functions in Sobolev spaces W!”(Q) lie in *nicer” functions spaces.
This turns out to be the case, but it depends on whether p < n,p > nor p = n.

Theorem 3.23 (Sobolev embeddings). Let Q be be bounded with Lipschitz boundary 0€).

(i) If 1 < p < n then WHP(Q) — LI(Q) for all 1 < q < p*, where p* = % € (p, ), Le.
WLP(Q) ¢ LP'(Q) and there exists ¢ > 0 depending on Q and p such that

lullp @ < cllullwrio — Yu e WH(Q).

(ii) If p = n then WHP(Q) — LI(Q) for any 1 < q < o, Le. Whr(Q) c LY(Q) and there exists
¢ > 0 depending on Q, p and q such that

lulliay < cllullyroy —~— Yue WHP(Q).

(iii) If p > n then WHP(Q) — C(ﬁ), ie. WP(Q) C(ﬁ) and there exists ¢ > 0 depending on Q
and p such that
Il < cllullwingy — Yue WH(Q).

Remark 3.24. Taking the limit p — n in Theorem [3.23](i) in the case p < n, we would expect that
Wn(Q) «— L™(Q), but this is not true for n > 2. A counterexample is given by the function

u(x) = In (m(l + l)) x € B1(0) c R",

|x]

(see exercises). On the other hand, by Theorem [3.23] we conclude

whQ) ¢ ﬂ LP(Q).

1<p<eo
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For bounded subsets O € R” one can even show that embedding Whr(Q) «— LP(Q) is com-
pact, i.e. the embedding WLP(Q) < LP(Q) is continuous and every bounded sequence in whr(Q)
has a subsequence that converges in LP(€2).

If a space V is compactly embedded into a space W we use the notation V << W.

Theorem 3.25. Let Q C R” be be bounded with Lipschitz boundary 0. Then, the embedding
WP(Q) — LP(Q) is compact for all 1 < p < co.

Next, we prove the Poincaré inequality, which allows to bound the LP-norm of functions in
Wé "(Q) in terms of the L”-norm of their gradient.

Theorem 3.26 (Poincaré inequality). Let 1 < p < oo and Q C R" be open and bounded with
respect to one coordinate direction. Without loss of generality we assume that

Qc{xeR":0<x,<d}, for some d > 0.
Then, there exists a constant ¢ > 0 such that
1,
lleell 2y < cllVulllr ) Yu € WyP(Q).

Proof. Let us first assume that u € C.°(€2). Then, using that #(0) = 0 it follows that

Xn d
= —u(X1,. .., X1, )dt.
u(x) L dtu(xl Xn-1,1)
Consequently, Holder’s inequality implies that
X |
(ol < ( f
0

p
—u(X1,...,X-1,1) dt)
X, L Yn |
n q n
[
0 0

dt
—M(X1, ctc xl’l—]a t)
Xn d
e f
0
Integrating over (2 we obtain

dt
_u(x19'~"xn—lat)
X
P -1 d
Il g < fg % f

dt
_u(xl’ ey xn—ls t)
0 t
d 1 d
p—
< f X,
R-1 JO 0

d
A
S_
P Jrr-t Jo

where we used that Q is bounded with respect to x,, Fubini’s Theorem and that # has compact
support in Q.
Finally, ifu € Wé’p (€2), then there exists a sequence (U, )men in C27(L2) such that u,, —— u in
nm—oo

p
dt

p
dt.

p
dtdx

p
dtdx,dxy - - - dx,_

d
Eu(xl’ s ’-x}’l—l’t)

d p dr
d—u(xl,---,xn—l,t)‘ dtdxy - - dx,-1 < —|||VulllLr ),
t p

WLP(Q). For u,, € C>(Q), m € N, the Poincaré inequality holds. Since [|ul|zr@) —— |lullzr@)
nm— 00

and [||Vu,lllzr @ —— lIIVulllzr(@), we can pass to the limit m — oo in the inequality for u,, and
nm—00

conclude that the Poincaré inequality remains valid for functions in Wé”’ (Q). O
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Theorem 3.27 (Poincaré inequality; mean-value version). Let 1 < p < oo and Q C R" be bounded
and connected with Lipschitz boundary 0. Then, there exists a constant ¢ > 0 depending on
and p such that

lu = (Wallre) < cliVullr@ — Yu e WH(Q),

where we use the notation (u)q = ﬁ j;z u.

Proof. By contradiction we assume that there exists a sequence (i;;)men C WP (Q) such that

lum = mdellr > mlllViulllze.

We define
U — Um)a

_— meN
et = Um)allrr” ’

Vi =
and observe that |[v,,|lzr = 1, (Vm)o = 0 and |[|[Vv,lllr < mi Consequently, (v;,)men is a bounded
sequence in W!”(Q) and Theorem implies that there exists a subsequence (v, )kenw such that
Vi, — v in LP(€). We conclude that [[v[|z» = 1 and (v)q =0

Moreover, we also have Vv = 0 a.e. in Q. Indeed, for all ¢ € C;°(2) we observe that

fvaxi‘p fvmk x| = f(axlvmk)‘p’
Q Q

< lim (19, lsllgllzs = O,
where we used Holder’e inequality. This implies that v € W'"?(Q) and Vv = 0 a.e. in Q. Since Q
is connected, Lemma|3.28|implies that v = d for some constant d € R. We conclude that (v)o =0
and therefore, v = 0 a.e. in Q. This is a contradiction to the fact that ||v||z» = 1. O

= lim = hm

k—o0

Lemma 3.28. Let Q be connected and u € WHP(Q) such that Vu = 0 a.e. in Q. Then, u = ¢ a.e.
in Q for some constant ¢ € R.

Proof. The proof is left as an exercise. O

3.3 Weak convergence and weak compactness

In this section we recall results about weak convergence and weak compactness that we need to
prove the existence of minimizers. In fact, when we apply the direct method we consider mini-
mizing sequences. We then try to extract a subsequence that converges and show that the limit of
this subsequence is the minimizer of the functional.

Let X be a Banach space with norm || - ||x and X* be its dual space, i.e. the space of all bounded
linear functionals [ : X — R. The dual space endowed with the norm

llllx- = sup [, le X",

llullx<1

is a Banach space.
We say that a sequence (u,,)men in @ Banach space converges (or converges strongly) if there
exists u € X and lim, o0 ||t — ullx = 0
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Definition 3.29. We say that a sequence (u,,,)ment C X converges weakly to u in X if
(uy) — () Yle X*.
m—0oo

We use the notation u,, — u in X.
We say that a sequence (I,;,)nen € X* converges weakly™* to / in X* if

ln(u) — l(u) Yu e X.
m—s00

We use the notation u,, —* u in X*.

Example 3.30. e Letl < p < co. The dual space of LP(Q) can be identified with LI(Q),
where % + [11 = 1. We have the dual pairing

U, V)r o = f uv, uel?(Q),veLll(Q),
Q

which is well-defined due to Holder’s inequality.

This implies that u,, — u in LP(Q) if and only if

f U,y —— | uv Yv e L1(Q).
Q

m—0oo Q

o If I < p<ocoandl e (W'P(Q)), then there exist vo, v1,....v, € LIUQ), L

that "
l(u) = f (vou + Z v,-ax,,uJ Yu € WhP(Q).
Q i=1

Moreover, u,, — u in W-?(Q) if and only if u;, — uin L?(Q) and O,,u,, — Oyu in LP(Q)
fori=1,...,n.

1 - 1, such
q

Remark. Let X be a Banach space and X* be its dual.

e Every strongly convergent sequence in X converges weakly, but not every weakly convergent
sequence converges strongly.

e If dimX < co then weak convergence is equivalent to strong convergence.

Proposition 3.31 (Properties of weakly and weakly™ convergent sequences). Let X be a Banach
space and X* be its dual.

e Every sequence in X that weakly converges is bounded in X.

Every sequence in X* that weakly* converges is bounded in X*.

o Let (up)men be a sequence in X and (/,,,)meny be a sequence in X*.
If u,, = win X and [, — lin X*, then [,,(u,,) — I(u).

If u,, » uin X and [, —* lin X*, then 1,,,(u,,) — I(u1).
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Corollary 3.32. Let 1 < p < 0o, Q C R" is bounded with Lipschitz boundary 0Q and (u,,);en be
a sequence in LP(Q) such that u,, — u in WHP(Q). Then, there exists a subsequence () such
that uy,, — uin LP(Q).

Proof. By Propositio the sequence (u,,)men is bounded in WLP(Q). Therefore, the statement
follows from the compact embedding W'P(Q) << LP(Q), see Theorem o

A consequence of the Hahn-Banach theorem is that convex subsets are weakly closed.

Theorem 3.33. Let X be a Banach space and V C X be closed and convex. If (Vi)men C Vis a
sequence and v € X such that vy, = vin X, thenu €'V.

Finally, we recall an important property of reflexive Banach spaces, i.e. (X*)* ~ X, which is a
consequence of the Banach-Alaoglu Theorem.

Proposition 3.34. Let X be a reflexive Banach space. Then, every bounded sequence has a weakly
convergent subsequence.

Example 3.35. If 1 < p < oo, then the spaces L?(Q) and WP(Q) are reflexive. However, this is
not the case for L' (Q), L®(Q), W1 (Q) and WH(Q).

Consequently, if (¢4,,)men is @ bounded sequence in LP(€) or in Whr(Q)and 1 < p < oo, then
it possesses a subsequence that converges weakly.
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Chapter 4

Euler-Lagrange Equations in higher
dimensions

In this chapter, we consider variational problems, where the integrals are not defined on an interval
as in Chapter [2] but on higher dimensional domains Q c R”,n > 2. We first address the classical
theory and show how the theory of elliptic partial differential equations (PDEs) relates to the field
Calculus of Variations. Then, we extend the class of admissible functions and introduce the setting
for variational problems in Sobolev spaces. The latter setting is needed to apply direct methods
which allow to prove the existence of minimizers.

4.1 Classical theory

Let Q c R” be open and bounded with C'-boundary dQ. We consider the functional
I(u) = f S (xu(x), Vu(x)) dx, 4.1)
Q

where f : QXRXR" — R, (x,,2) — f(x,y,z,)is assumed to be twice continuously differentiable.
As in Chapter 2 we first aim to find a minimizer of 7 within the class

®={ueCl(§):u:gon6§2},

where g : 9Q — R is a given C!-function.
Assume that u € ® is a local minimizer of I. If ¢ € C°(Q2) and s € (—s0, 50), so > 0, then
u + s € ® and we conclude that

§=

d d
0= 7 I(u + sp)) |s:0 =7 (fg; fCou+so, V(u+ scp)))|
} 4.2)
= fg [ Au, Vg + > 0. fCou, Vu)c')xicp) =: 51(u, ).
i=1

Note that we can interchange differentiation and integration as the integrand is sufficiently regular
and the set Q is compact. As in Chapter in case of one-dimensional problems, we call d(u, )
the first variation of / at u in the direction of .
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We conclude that weak extremals satisfy the Euler Lagrange equation, which is stated in the
following theorem.

Theorem 4.1. Letu € C 2(5) N @ satisfy
ol(u, ) =0 Yo e C2(Q).
Then, u satisfies the Euler-Lagrange equation
—div (V_f(x, u(x), Vu(x))) + 0y f (x, u(x), Vu(x)) = 0, xe Q.

Proof. Applying integration by parts in the second term of 61(u, ¢), see (@.2)), we conclude that

f (£, Vi) = div (Vo f(u, Vu)) o =0 forall g € CX(Q).
Q

The Euler-Lagrange equations now follow from the Fundamental Lemma of the Calculus of Vari-
ations (Lemma|3.10). O

Remark. For one-dimensional variational problems the Euler-Lagrange equations are ODEs, while
higher dimensional variational problems (n > 1) lead to PDEs. In general, the Euler-Lagrange
equations are quasilinear elliptic PDEs of second order.

To simplify notations we only consider scalar functions u :  — R, but the results in this
chapter remain valid for vector-valued functions u : Q@ — R™, m € N. In this case, the Euler-
Lagrange equations are systems of quasilinear elliptic PDEs.

Example 4.2. e The probably most important example is the Dirichlet integral which corre-
sponds to the function f(x,y,z) = %Izlz. It leads to the functional

I(u) = % fg |Vul?

and the corresponding Euler-Lagrange equation is the Laplace equation
Au=0 in Q.
It is the a linear elliptic PDE of second order.

e Consider the function f(x,y,z) = %Izl2 + H(y), where H is continuously differentiable with
H’(y) = h(y). This leads to the functional

1) = f (%|Vu|2+H(u>),
Q

and the corresponding Euler-Lagrange equation is the semilinear Poisson equation

—Au+ h(u) =0 in Q.
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e Finally, we consider the function f(x,y,z) = /1 + |z|>. Then, the functional

I(w) = f V1 + [Vul?
Q

describes the surface area of the graph of u, and the corresponding Euler-Lagrange equation
is the quasilinear minimal surface equation

div [L] =0
V1 + [Vul?

As we observed for one-dimensional minimization problem, the class of continuously differ-
entiable functions is too restrictive. We now generalize the setting to allow for larger classes of
admissible functions ®. In particular, we consider less regular minimizers and introduce the vari-
ational setting in Sobolev Spaces. This is essential for proving the existence of minimizers based
on direct methods.

4.2 Variational integrals on Sobolev spaces

Let Q c R” be open and bounded with Lipschitz boundary 9Q2. We consider the functional
I(u) = f J (x u(x), Vu(x)) dx, (4.3)
Q

where the function f : QOXRXR" — R, (x,¥,2) — f(x,¥,2),1s of class C I Moreover, we assume
that

fey Dl <c(I+DIP +12P)  V(x,y,2) € QXxRX R, (4.4)

for some 1 < p < oo and some constant ¢ > 0. This growth condition implies that / is well-defined
for u e WP(Q), in particular, |I(u)| < oco.
We aim to find minimizers within the class

o= {u € Wl’p(Q) : u = g on 0Q in the sense of traces}
={ue W@ :u-ge W, Q).

where g € WHP(Q) is given. Note that the second equality holds by Corollary

Remark. The condition u — g € W(;’p (Q) allows us to formulate the boundary conditions u = g on
0Q in a weak sense. Indeed, by Theorem the trace operator T is a bounded linear operator
from W!P(Q) to LP(9Q).

For the first variation of 51(u, ¢) to be well-defined for u € W!P(Q) we need stronger assump-
tions than (@.4)). In particular, we need the following growth conditions for the partial derivatives

of f,

0y f (. y. o] < e (1+ i7" + 1),

Y(x,y,2) € QX RxR", (4.5)
10:£(x,3, 2 < ¢ (1+ P~ +12P7")
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for some constant ¢ > 0.

We show that (#.5]) implies that we can interchange differentiation and integration and derive
the first variation of I at u in the direction of ¢ for functions u € ® and ¢ € Wé’p (Q). Let
s € (—s0, 50), so > 0, then we observe that

d
7 (fC,u+ s, Vu+ sVyp)) < |6yf(-, u+so,Vu+ sVp)p + V f(-,u+ sp, Vu + sVyp) - Vgo|

< (1+u+ 5ol + Vu+ sVl ™) (gl + [Vegl) 4.6)
<ca(1+Ju+ s@l? +|Vu+ sVelP + |¢lf + |VlP)

<3 (1 +ul? + |Vul? + | + [Vel?),

for some constants ¢y, ¢z, c3 > 0. Here, we used the growth restriction (4.3) in the second step and
Young’s inequality, i.c.

P pd 1 1
abSa—+—, —+-=1 Ya,b € [0, ),
p q P 9

in the second step. Moreover, in the last estimate we used that the function y — y”,p > 1, is
convex on [0, co) and consequently, |a + b|P < c(lalP + |b|”) for some ¢ > 0 and all a, b € [0, o).

The upper bound in (4.6)) is uniform with respect to s € (—s, so) and belongs to LY(Q), since
u,o € WHP(Q). Therefore, by dominated convergence we can interchange differentiation and
integration and conclude that

d
81, 9) = — (U + sp)) |,
= fg [ay FCou, Vg + ;azl. FCou, Vol

We obtain the following theorem.

Theorem 4.3. Let Q C R” be open and bounded with Lipschitz boundary dQ and let f = Q x R X
R" — R, (x,y,2) — f(x,y,2), be a continuously differentiable function that satisfies the growth
conditions @.5). If u € ® is a minimizer of I, then u satisfies

f (00w Vg + Vo f(u, Vi) - V) =0 Ve € Wy"(Q). 4.7)
Q
The equation (4.7) is called the weak form of the Euler-Lagrange equation.
Proof. We observe that
1 d _
f(x,y,2) = f(x,0,0) + f d_t(f(x’ ty, 17))dt Y(x,y,z) € QxR x R".
0
Therefore, by following the same steps as in the estimate we can show that (4.5]) implies that

1f(xy, 2l < (1 + P +120P),

for some constant ¢ > 0. This shows that if u € W'P(Q), then |I(u)] < oco. The theorem now
follows from the derivation of the weak form of the Euler-Lagrange equation above. O
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Definition 4.4. We call u € ® a weak solution of the boundary value problem

=div (V,f(x, u(x), Vu(x))) + 0y f (x, u(x), Vu(x)) = 0 x€eQ, (4.8)
u(x) = g(x) x € 0Q),

if (@7) holds for all ¢ € W,”(Q).

Remark. We remark that the PDE in (4.8) is of second order, however, the definition of weak
solutions only requires that the solution possesses weak derivatives of first order.

On the other hand, if a weak solution of the boundary value problem (@.3) is of class C2,
then it is a solution of the boundary value problem in the classical sense, i.e. it satisfies the
PDE and boundary values pointwise. This can be shown by integration by parts and applying the
Fundamental Lemma of the Calculus of Variations.

Example 4.5. In case of the Dirichlet integral,

1
Iw) == | [Vul
() 2fglul,

we have f(z) = %zz, which satisfies (.3)) with p = 2. The weak form of the Euler-Lagrange
equation is

f Vu-Vo=0  VgeW,*(Q).
Q

Remark 4.6. We remark that the results of this chapter remain valid in the vector-valued case, i.e.
for functions u : Q — R™, m > 2,Q c R". Then, the function f : Q x R" x R"™" — R,

(x,ysz) = (xh---,xn,yla---,ym,le,-w,Zmn) = f(x’yaz)’

is a assumed to be of class C! and I is given by

I(u) = f f(x, u(x), Du(x))dx, ue WHP(Q;R™),
Q

where Du(x) denotes the Jacobian matrix. Under suitable growth assumptions on f the first vari-
ation exists and the corresponding Euler-Lagrange equations are a system of quasilinear elliptic
PDEs,

—div (D, f(x, u(x), Du(x))) + Dy f(x, u(x), Du(x)) = 0, x€eQ,

where D_ f is an R"™""-matrix with entries d,,; f. The system can be written componentwise as

- Z Ox;0y; f (x, u(x), Du(x)) + 0y, f (x, u(x), Du(x)) = 0, i=1,...,m.
j=1
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Chapter 5

Direct methods

Throughout this chapter Q c R” denotes an open and bounded subset with Lipschitz boundary
0€Q2. We aim to prove the existence of minimizers for functionals of the form

I(u):ff(~,u,Vu) 5.1
Q

intheclass ® = {u € WP(Q) : u—g ¢ W(;’p(Q)}, where g € WP(Q) is a given function and
1 < p < oco. The minimal requirement for the function f : QxR xR' — Ris that it is a
Carathéodory function, i.e. x — f(x,y,z) is measurable for every (y,z) € R X R" and (y,2)
f(x,y,7) is continuous for almost every x € Q. However, to simplify the presentation we typically
assume that f is more regular. We use the direct method that allows us to prove the existence of
minimizers without the detour of solving differential equations (Euler-Lagrange equations). We
first explain the key ideas of the method in an abstract setting and then apply it to functionals of
the above form.

The origins of the direct methods go back to David Hilbert, Henri Lebesgue and Leonida
Tonelli who proved the existence of a minimizer for the Dirichlet integral at the beginning of
the 20th century. However, Sobolev spaces did not exist at that time and the result was phrased
differently. The problem of the existence of minimizers for the Dirichlet integral was important in
the development of analysis in general, in particular, for functional analysis, measure theory, the
theory of Sobolev spaces and PDE theory.

5.1 General strategy

Let X be a topological space (e.g. a Banach space with the norm topology or a closed and convex
subset of a Banach space with the weak or weak™ topology) and J : X — R U {oo}. We aim to
solve the abstract minimization problem

inf J(u), (5.2)

i.e. we aim to find u* € X such that J(u*) = ming,ex J(u).

Definition 5.1. We call J sequentially coercive if for all @ € R the sublevel set {u € X : J(u) < a}
is sequentially precompact, i.e. for every sequence (i, )meny C X such that J(u,;)nen < @ for some
a € R possesses a convergent subsequence.
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We call J sequentially lower semicontinuous if for all sequences (u,,,)neny € X With u,, — u
in X as m — oo it holds that
liminf J(u,) > J(u).
nM—00

The direct method provides sufficient conditions for the existence of a minimizer and can be
phrased as follows.

Theorem 5.2 (Direct Method). Let X be a topological space J : X — R U {xoco} be sequentially
coercive and sequentially lower semicontinuous. Then, there exists at least one solution of (5.2)),
i.e. there exists u* € X such that J(u*) = min,ecx J(u).

Proof. Assume that there exists u# € X such that J(u#) < co. Otherwise, every u € X is a minimizer
of the (degenerate) minimization problem. We consider a minimizing sequence (#,)nmen C X,

lim J(uy,) = a :=inf{J(u) : u € X} < oo.
m—oo

Either the sequence (J(umm)),en diverges to —oco or the sequence converges. Hence, there exists

u € R such that J(u,,) < u for all m € N. By the sequential coercivity of J, the sequence (u;)men

possesses a convergent subsequence, which we denote again by (u,,)men, such that u,, — u* in X.
By the sequential lower semicontinuity of J is follows that

a < J(w") < liminf J(u,,) = a.
m—oo

This implies that & = J(u*), i.e. " is a minimizer. m]

The direct method reduces the existence proof for minimizers to establishing sequential coer-
civity and sequential lower semicontinuity of the functional. We will see that for integral func-
tionals such as (5.1)), sequential lower semicontinuity follows from convexity properties of the
integrand and the coercivity from certain lower bounds. We remark that both properties depend
on the chosen topology in X. In fact, for stronger topologies (i.e. topologies for which fewer
sequences converge) the sequential lower semicontinuity of J becomes a weaker requirement, but
it becomes harder to show that J is sequentially coercive. For weaker topologies the opposite is
true.

The functional J and the set of admissible functions X are typically given in a concrete prob-
lem, but we need to choose a topology in which both sequential coercivity and sequential lower
semicontinuity of the functional hold. We always consider infinite-dimensional Banach spaces and
hence, can use either strong or weak convergence. In most cases, sequential coercivity with respect
to the strong convergence does not hold, whereas sequential coercivity with respect to the weak
convergence is true under reasonable assumptions. Therefore, we consider weak convergence and
use the direct method in the following version:

Corollary 5.3. Let X be a Banach space and let J : X — R U {xoo} be a functional with the
following properties:

e Sequential weak coercivity: For all @ € R, the sublevel set{u € X : J(u) < a} is sequentially
weakly relatively compact, i.e. for every sequence (Uy)men C X such that J(u,,) < a for all
m € N and some a € R possesses a weakly convergent subsequence.
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e Sequential weak lower semicontinuity: For every sequence (Wy)men C X such that u,, — u
(weak convergence), we have
J(u) < liminf J(u,,).
m—oo

Then, there exists u* € X such that J(u*) = min,ey J(u).

In reflexive Banach spaces X we have the following sufficient condition for sequential weak
coercivity.

Proposition 5.4. Let X be a reflexive Banach space and J : X — R be a functional such that

Y(Up)men C X such that lim |Ju,,|| = oo it follows that  lim J(u,;,) = .
m—00

m—00

Then, J is sequentially weakly coercive.
Proof. For a proof we refer to the tutorials. O

In the next sections, we formalize these ideas for Sobolev spaces and functionals of the form
(5.1). Before we state sufficient conditions for weak coercivity and weak lower semicountinuity
for general functionals we consider the Dirichlet integral as a model case.

5.2 Model case: Dirichlet integral

Let Q c R" be open and bounded with Lipschitz boundary 0€2. We consider the functional

I(u) = L IVu(x)? dx, (5.3)
and aim to find a minimizer of / within the class
®={ueWQ):u-geW,*Q),
for a given g € W2(Q).

Theorem 5.5. There exists a unique minimizer u € ® of (5.3)) and u satisfies the weak form of the
corresponding Euler-Lagrange equations

f Vu-Vo=0  VgeW,*Q). (5.4)
Q

Conversely, if u € © satisfies (5.4)), then it is a minimizer of (5.3).

Proof. The proof is divided into several steps. We first show the existence of the minimizer.
Step 1: We observe that g € ® and this implies that

O0<m:=inf{l(u) : ue ®} < I(g) < co.
Let (ug)renw € @, k € N, be a minimizing sequence, i.e.

I(uy) k—) m.
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We aim to show that (u;)ren is bounded. To this end, we estimate the functional I(u) as follows,

1 1
I(uw) = = f Vi * + = f IV(ux — g) + Vgl
2 Jo 2 Jo

1 1
== f Vi * + 5 f (IVGu = )P + Vgl + 2V (e - g) - V)
2 Ja 2 Ja

1 2, ¢ 2, | 2
25L|Vuk| +5fg|uk—g| +§fg(2wk-Vg—|Vg|)
_ 1 2, ¢ 2 2 1 2
=5 [ w3 [ (P +1oP - 2u) 5 [ (29 V- 9P,

for some constant ¢ > 0, where we used Poincaré’s inequality (Theorem [3.27) and u; — g €
Wé’p (). We now use Young’s inequality, ab < éaz +¢&b?, foralla,b € R and & > 0, to conclude
that

1 1
2Vuy - Vg > —§|ka|2 -8Vgl,  2ug> —5|uk|2 - 8lgl*.

Inserting these estimates in the inequality above it follows that

1 c 1 9
Iw) >~ | Vul>+- | (= 2—72—-fv2
(uk)—4j§;| u| +4L(2|Mk| gl 5 Q| gl

2

2
> Cl“”k”wll(g) - c2||g|lwl,2(Q)a

for some constants cj,cp > 0. Since g € WL2(Q), I(uy) k—) m and m < oo, this implies that
—00

(up)ren is a bounded sequence in WH2(Q).
By Proposition |3.34} there exists a subsequence (ug, ) and u € WL2(Q) such that

w, — u  in WH(Q).

Moreover, by Theoremwe conclude that u—g € WS’Z(Q), since @ is closed (the trace operator
is continuous) and convex. This shows that / : ® — R is weakly coercive.

Step 2: Next, we show the weak lower semicontinuity, i.e. if (ux)rew is a sequence in W2(Q)
such that u; — uin W2(Q), then lim infy_ I(uz) > I(1).

In fact, using the estimate

IVurl? = |V(ug — u) + Vul> = |V(ug — w)) + [Vul? + 2V(uy — u) - Vu
> |\Vul® + 2V(ug — u) - Vu,

it follows that
I(uy) =2 I(u) + 2f Vu - V(u — u).
Q

The last term converges to zero, since u € WH2(Q) and uy — uin WH(Q). Consequently, we have

li]£n inf I(uy) = I(u),

which proves the claim.
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Step 3: By Step 1 I is weakly coercive and by Step 2, I is weakly lower semicontinuous.
Hence, Theorem@]implies that I(u) = m.

Step 4: To prove uniqueness, let u,v € ® be such that I(«) = I(v) = m. Then, w = ”T” € Q,
and the convexity of the function x > x? implies that

m<I(w) < %I(u) + %I(v) =m.

Consequently, equality must hold and it follows that

%I(u) + %1@) —I(w) = f

Q

1 1 [Vu + Vv|?
—IVul? + =|[Vy} = —— ] = 0.
(2| ul +2I vl > )

However, by the convexity of x > x?, the integrand is non-negative, and we conclude that

Vu+ Vv*

0 .. in Q.
5 a.e. in

1 1
E|Vu|2 + 5|Vv|2 -

Since x - x? is strictly convex, it follows that Vi = Vv a.e. in Q.
Finally, Poincaré’s inequality and using that Vu = Vv a.e. implies that

flu—v|2Scf|Vu—Vv|2:0,
Q Q

which proves that u = v a.e. in Q.
Step 5: The weak form of the Euler-Lagrange equation follows from Theorem {.3] On the
other hand, if 7 € ® satisfies (5.4), thenw =u -1 € Wé’z(Q) for all u € ®. Moreover,
I(w) =1 +w) = f V(@@ +w)? = I(@) + f Vi - Vw + I(w)
Q Q
= I(n) + [(w) > [(n),

where we used that # satisfies the weak form of the Euler-Lagrange equations and /(w) > 0. This
shows that & is a minimizer of /. ]

5.3 Integral functionals with convex integrands

We now address more general functionals and extend the existence (and uniqueness) theory for
minimizers that we developed for the Dirichlet integral. Let Q c R” be open and bounded with
Lipschitz boundary Q. We consider the functional (5.1)),

1) = f Feo, Vo,
Q

where f : Q x R x R" — R is continuously differentiable. Moreover, the admissible class of
functions is
O ={ueWP(Q):u-geW, Q)

for some p € (1, o) and a given function g € Whr(Q).
The following lemma provides sufficient conditions for weak coercivity.
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Lemma 5.6. Assume that there exist constants ¢; > 0 and ¢y > 0 such that

f(x,v,2) = cilzl” = 2 Y(x,y,2) € QX R x R". (5.5)
Then, the functional I in (5.1) is sequentially weakly coercive.
Remark. Allowing that I(u) = oo, the functional / is well-defined under assumption (5.5)).

Proof. Let u € ® with I(u) < ¢o. Then, (5.3) implies that

1 f [Vul? < f (fCou, Vu) + c2) = I(u) + c2|Q] < o + 1€ (5.6)
Q Q
Moreover, using the Poincaré inequality (Theorem |3.26)) we can estimate the L”-norm of u by

llullr < llu = gllzr + ligllzr < cllV@ = e + llgllz

(5.7)
< c(lVulllr + IVENILr) + l1gllLr-

Let now (ux)reny C @ be a sequence such that I(ux) < ¢o. Then, combining the estimates (5.6))
and implies that (u)ren is bounded in WLr(Q). Therefore, by Proposition m there exists
u € ® and a subsequence (u,)ien such that uy, — & in WP(Q), which shows that I is weakly
coercive. O

Next, we address the weak lower semicontinuity of /. For the proof we need the following
result from measure theory.

Remark (Egoroft’s Theorem). Let u; : QO — R, k € N, be a sequence of measurable functions
such that
U, —> u a.e. in Q,

where 2 ¢ R" is measurable and |)| < oo. Then, for every € > 0 there exists a measurable set
A, C Q such that
[Q\ ALl <&, U, — u uniformly in A,.

Theorem 5.7. Let f be bounded from below and assume that
7z f(x,y,2) isconvex forall x € Q,y e R. (5.8)

Then, I is sequentially weakly lower semicontinuous in WHP(Q).

Proof. Let (ux)ren be a sequence such that up — u in WLP(Q). We need to show that
m:= h,?_l,glfl(”k) > I(u).
Upon passing to a subsequence, if necessary, we can assume that
kh_glo I(u) = m.

Step 1: By Proposition [3.31} (ux)rcy is a bounded sequence in W'?(Q). Moreover, since the
embedding W'P(Q) — LP(Q) is compact (Theorem , we conclude that, upon passing to a
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subsequence, u; — uin LP(€). Again, upon passing to a subsequence, if necessary, we can assume
that ux — u a.e. in Q by Theorem[3.6]
By Egoroff’s theorem, for every j € N there exists a measurable set A; C € such that

1
ur — u uniformly in A, Q\Aj < -, (5.9)
J

and we can choose the sets in such a way that A; C Ajy forall j € N.
Furthermore, let B; := {x € Q : [u(x)| + |Vu(x)| < j}, for j € N, and observe that |QQ \ B;| — 0
as j — oo, since the function |u| + [Vu| is integrable. Together with it follows that

|Q\(Aijj)|P—m>o.

Step 2: Without loss of generality we can assume that f > 0. Otherwise we apply the argu-
ments to f + a, for some a > 0. We observe that

KW=LK%NW2 ety Vi)

Ajr\Bj
zj‘ (o tts Vi0) + Vo f g, Vit) - Vg — 1))
AjﬁBj

where we used that f is convex with respect to z, see (5.8)). Since f is continuously differentiable
and (uy)ren converges uniformly to u in Aj, it follows that

S, ug, Vu) g fCu, Vu),
sz(" Uk, VI/[) —k—_) VZf(" u, V”)9

uniformly in A; N B;. Furthermore, [Vu| — [Vu| in LP(2) and therefore, we conclude that
m = lim I(ug) > lim f (fCoug, Vu) + Vo f G ug, Vu) - V(ug — u))
k— o0 k— o0 AjNB;

2 fCou, Vu).
AjﬂBj

For the proof of the convergence of the second term we refer to the tutorials.
Step 3: Finally, by monotone convergence and since (A; N B;) C (Aj41 N Bjyp), it follows that

m > lim = I(u).
J—eo AjﬂBj

Combining Theorem 5.7 with Lemma [5.6] we obtain an existence theorem for minimizers.

Theorem 5.8. Let f be continuously differentiable and satisfy the coercivity assumption (5.5)) and
the convexity assumption (5.8). Then, there exists u € ® such that

I(u) = g({) 1(v).
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Proof. Lemma [5.6)implies that [ is weakly coercive and by Theorem I is weak lower semi-
continuous. Hence, the statement is an immediate consequence of Corollary [5.3] O

Remark 5.9. e If, in addition, f satisfies the hypotheses of Theorem 4.3] then, the minimizer
satisfies the weak form of the Euler-Lagrange equations, i.e.

f (OyfCou. Viyp + Vo f(ou, Vi) - Vo) = 0 Vg € Wy (Q).
Q

Moreover, if the minimizer u € C 2(ﬁ) and f : QxR xR" - R is twice continuously dif-
ferentiable, then one can show that u is a classical solution of the Euler-Lagrange equation,
i.e.

—=div (V_f(-, u, Vu)) + 0y f(-,u, Vu) = 0 in Q,
u=g on 0Q.

o If uisreal-valued, u : Q — R, the hypothesis of Theorem|5.8]are nearly optimal, in the sense
that weakening any of them, there exists a counterexample to the existence of a minimizer
(see tutorials and [5]]).

The theorem can be generalized for the vectorial case, u : Q@ — RN, N > 2, however, the
assumptions are then far from being optimal.

e Under additional assumptions, one can show that the minimizer is, in fact, more regular,
i.e. of class C!, C? or even C*. We have shown such regularity results for one-dimensional
problems in Chapter [2] For higher dimensional problems, showing additional regularity is
much more involved.

Example 5.10. (i) For the Dirichlet integral, we have

1
fxy,2)=fx) = Ezz'

Hence, all hypotheses of Theorem are satisfies for p = 2. In this case, we have even
shown stronger results (see Theorem [5.5).

(i1) For the p-Laplacian we have

Fy.2) = £@) = Il)zp, I <p<oo

All hypotheses of Theorem [5.8] are satisfies and the hypothesis of Theorem [.3|as well. The
corresponding Euler-Lagrange equation is

div(|Vul/?Vu) =0  inQ.
(iii) Weierstrass’ example: We consider
1
I(w) = f x(u (x))2dx
0

with @ = {u € WH2((0,1)) : u(0) = 1,u(1) = 0}. In this case, the coercivity assumption
(.5) is not satisfied and one can show that no minimizer exists (see tutorials).
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(iv) Bolza’s example: We consider
1
I(u) = f (W (0))* = 1) + (u(x))*dx
0

with @ = W5’4((0, 1)). Then, the convexity assumption (5.8)) is not satisfied and one can
show that no minimizer exists (see tutorials).

Convexity (and even strict convexity) in the variable z is not sufficient for the uniqueness of
minimizers. However, we can prove uniqueness, e.g. if f is strictly convex in y and z, i.e.

SO, Ay + (1= Ay2), Az + (1 — Dz2) < Af(x,y1,21) + (1 = D f(x,y2,22) (5.10)
forall x € Q,y1,y2 € R, 71,22 € R* such that y; # y»,21 # z2 and 4 € (0, 1).

Theorem 5.11. Let f be strictly convex in'y and z, i.e. f satisfies (5.10). Then, there exists at most
one u € O such that

I(u) = inf{I(v)}.
ved
Proof. Letu,v e ®, A€ (0,1) and consider the functionn : Q@ — R,
T]() = f(’ Au + (l - /l)V, /lVM + (1 - /I)VV) - /lf(’ u, Vl/l) - (1 - /l)f(’ v, VV)

We observe that 7 < 0 in Q and n(x) < 0 if u(x) # v(x). Consequently, it follows that

IAu+A-Dv)-AUw)+1 -DIy) = f n <0.
Q

This inequality is strict, unless # = v a.e. in Q, which implies that [ is strictly convex.

Finally, assume that « and v are both minimizers of / and u # v. Then, using that “7* € ® and

the strict convexity of I, we conclude that
inf I( )<1(”+v)< Ly + L10) = inf I(w)
weo =Ty ) St T = e T

which is a contradiction. O

Finally, we show that for functionals where the integrand only depends on Vu the convexity
assumption in Theorem [5.7]is also necessary for sequential weak lower semicontinuity.

Theorem 5.12. Let f : R" — R be continuous and satisfy the growth assumption
lf @I < c(1 +z1”) Yz € R,

for some ¢ > 0 and 1 < p < co. We consider the functional

I(u) = f F(Vu(x)dx,  ue WHP(Q).
Q

If I is sequentially weakly lower semicontinuous then f is convex.
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Proof. We only present the proof forn = 1,1i.e. f : R — R and Q c R is an open interval. For the
general case we refer to [4]]. We need to show that f is convex, i.e.

fAzi + (A =D22) < Af(z) + (A = Df(z2)  Vzi,z2 € R, A€ (0, D). (5.11)

Step 1: We consider the function u(x) = zx, x € R, where z = Az; + (1 — A)zp which implies
that ¥’ = z and hence, f(¢') = f(z). We aim to construct a sequence (u)ien such that uy — u in
WLP(Q) and such applying the weak lower semicontinuity of / with this sequence implies (5.11).

Let v : [0, 1] — R be defined as

(2—2x+z—-2, x€[A1],

- (z1 —2)x, x € [0, 4],

v(x) =
and extend 7 periodically to a functionv : R — R, i.e. v(x) = ¥(y)if x =m+y,m € Z,y € [0, 1].
Now, we consider the sequence ug(x) = %v(kx) + u(x), k € N, and show that

e = ull < % Vk € N, (5.12)
Indeed, we have
1 . 1

=7 Pyl < %/1(1 D@ —22) VYxeQ,

1
i (x) — u(x)| = %V(kX)

where kx =1+y,l€Z,y € [0, 1].

Step 2: We show that u; — u in W'?(Q). Note that by Step 1 it remains to show that u, = u
in L4(Q), where % + é = 1. Indeed, since Q is bounded implies that u; — u in L9(Q) for all
1 <g<oco.

Let ¢ € C°(€2), then

fu,’<¢=—fuk¢’k—> u¢':fu¢’, (5.13)
Q Q — Q Q

where we that 1y — u in L'(Q). If g € Lq(Q),% + 611 = 1, the claim follows by an approximation
argument. Indeed, C°(Q) is dense in L7(Q) and hence, for all € > 0 there exists ¢ € C.°(£2) such
that ||g — ¢|| < . Using Holder’s inequality we conclude that

Lo~ [d= [bio-wes [luce-ols [ ts—ol
Q Q Q Q Q

< f |k = 1) @| + sup g lzrllg = Bl + 1’ llzrllg = @iz
Q keN

< [ Jon= o]+ llg = ol

for some constant ¢ > 0. The first terom on the right hand side converges by (5.13), and the second
term can be made arbitrarily small by the denseness of C.c0(€2) is dense in L7(Q).

Step 3: By assumption, / is weakly lower semicontinuous and u; — u in WH7(Q). This implies
that

Q1f(@) = 1904z + (1 = ) < limin | fa)
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We observe that
21 y€1[0,41],

u(x) = vV'(kx) +u'(x) = {Z2 el

where kx =1+y,l€Z,y € [0,1].
Finally, if Q = (m, [) with m,[ € Z then

ltx e Q:up(x) = 21} = AU,
tx € Q:u(x) = 22} = (1 - DIQY.

We conclude that

IQIf (z) = lim inf f f(up) = liminf [ f fup) + f f(uic)]
k—o0 Q k—o0 (=21} {u =22}
= AQIf(z1) + (1 = DIQIf(z2),

which proves (5.11). If Q is an arbitrary open interval, we can approximate it with a sequence of
intervals with integer endpoints and the error will tend to zero as k — oo. ]

From Theorem[5.7]and Theorem|[5.12applied to f and — f, we get a characterization of integral
functions that are continuous with respect to the weak topology of L?.

Corollary 5.13. Let f : R" — R be continuous and satisfy the growth assumption
lf@l<cl+1z”)  VzeR,

for some ¢ > 0 and 1 < p < co. Consider the functional

I(u) = f F(Vu(x)dx,  ue WHP(Q).
Q

Then, I is sequentially weakly continuous then f is linear.
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Chapter 6

Relaxation

We now consider the following situation: suppose that we want to prove the existence of a solution
to the minimization problem
min{ F(x) : x € X} (6.1)

where F : X — (—oo,+00]. What we have seen in the last chapter is that, if we can find a
topology for which F is coercive and lower semicontinuous, then the Direct Method of Calculus
of Variations (see Theorem [5.2) ensures the existence of a solution. Note that we need to choose a
topology!

The two properties required by Direct Methods wants different properties of the topology:
(sequential) lower semicontinuity is a condition on weakly converging sequences. The less weakly
converging sequences we have, the easier it is for a functional to be weak lower semicontinuous.
Thus, lower semicontinuity prefers a topology with a lot of open sets, so it is more difficult for a
sequence to converge. On the other hand, coercivity would like as few open sets as possible, since
it’s a property about compactness. This competition between the two required properties makes
the choice of the topology a crucial part of the task to solve a minimization problems. Usually, this
choice is dictated by considerations coming from the nature of the phenomenon modeled by F that
reflects on the pre-compactness of sequences with equibounded energy, namely considerations on
the coercivity: assume that (x,),en C X is such that

sup F(x,) < +oo.

neN
Is there a topology ensuring that (x,),en is pre-compact? This fixed the natural topology for the
problenﬂ Then, the question is whether or not the functional F is lower semicontinuous or not
with respect to such topology. If it is, well, we are in business to get the existence of a solution
to the minimization problem. As you can guess, the interesting case is when it is not! This is not
simply a technicality for mathematicians, but it is the way the model really captures complex be-
haviors of what situation F represents. In particular, oscillations, concentration, and jumps. Here,
we will focus of the former type. The latter two require the introduction of functional spaces more
general than Sobolev spaces (like spaces of function of bounded variations, or Young measures),
and it is beyond the scope of the course.

'Of course, one can consider different topologies.
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Consider the case where F : X — (—o0, +00] is a functional, and a topology on X. We are not
assuming F' to be lower semicontinuous, or even coercive with respect to such topology.Thus, the
minimization problem does not necessarily have a solution. Nevertheless, we wonder if it is
possible to understand the behavior of a minimizing sequence (x,),en C X for F. In particular, we
are interested in a variational characterization of minimizing sequences for F. Namely, we want
to understand if we can we find a functional F : X — (—oo, +o0] such that

inf{ F(x) : x€ X} = min{ F(x) : x € X}, (6.2)

and if (x,),eny € X is @ minimizing sequence for F, then, up to a subsequence, it converges (in
some topology) to a minimizer of F. Moreover, it would be also important to have that every
minimizer of F is the limit of a minimizing sequence for F. In this way we can study minimizers
of F and, by using the two properties above, be sure that objects that almost minimize the initial
functional F are close (with respect to the chosen topology) to them.

We focus on the case of functionals defined on a metric space. This is because the metric
structure allows for a sequential characterization of the relaxed functional, that coincides with the
topological definition. This equivalence is not true in a general topological space. Nevertheless,
motivated by applications, we will discuss the case of relaxation with respect to weak topologies.

6.1 Relaxation in metric spaces

In this section, (X, d) will denote a metric space. Moreover, with R we denote R U {00}

The question we want to address is the following: how to find, if possible, such a functional
F? The answer is quite intuitive, if you think about it for a moment, before reading the definition.
Consider the function F in Figure This function is not lower semicontinuous at the point X.
The lack of lower semicontinuity is because we defined F at x in the wrong way! Indeed, the
correct value would have been F(X) = 1. Why is that? Well, because you can find a sequence
(Xn)nen converging to X with
lim F(x,) = 1.

n—oo
Note that the fact that the limit exists is a very nice coincidence. We could have used the liminf
instead.

2 e— 2| o—
F F
1—o 1 —e
z z

Figure 6.1: The function F and its sequential lower semicontinuous envelope F.
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Thus, given x € X, in order to define F(x) we want to look at all possible ways to approximate
x with a sequence (x,),en, and choose that that gives the lowest amount of energy. This gives the
heuristics for the following definition.

Definition 6.1. Let F : X — R. We define F : X — R, the sequential lower semicontinuous
envelope of F, as

F(x) = inf{lim inf F(x,;) : x, — x},
n—oo
for every x € X.

Remark 6.2. It is important to note the the lower semicontinuous envelope depends on the topology
we are using to define the notion of convergence of sequences. Different topologies will lead to
different lower semicontinuous envelopes for the same functional F.

Remark 6.3. Note that F < F.

Remark 6.4. Note that the sequential lower semicontinuous envelope F has a local character.
Namely,_if G : X — R s a functional such that G = F in a ball B(x,r), for some r > 0, than
F() = G(y) forall y € B(x, r).

First of all, we would like to justify the name of the functional F.
Lemma 6.5. The functional F is sequentially lower semicontinuous.

Proof. Let x € X, and let (x,),en be such that x, — x. We want to prove that

F(x) < liminf F(x,).
n—00

Without loss of generality, we can assume F(x) > —oco, otherwise there is nothing to prove. For
each n € N, by definition of F, we get that there exists y,, € X such that

d(x, yn) < % F(y,) < F(x,) + % (6.3)

Note that, the second inequality in (6.3), we cannot have F(x,) = —oo, for n large. Indeed, by
using our assumption, and the definition of F(x), we get

—00 < F(x) < liminf F(y,).
n—00

By choice of the sequence (y,)nen, We get that y, — x. Therefore, by definition of F(x), and by
using[6.3] we obtain that

_ _ 1 _
F(x) < liminf F(y,) < liminf [F(xn) + —| = liminf F(x,).
n—oo n—o00 n n—oo

This proves the desired result. ]

We now prove a property of the sequential lower semicontinuous envelope that is very useful
when .
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Lemma 6.6. Let F : X — R. Then, for every x € X there exists a sequence (x,)nen C X such that
F(x) = lim F(x,),
n—oo
and with x, — x.

Proof. First of all, note that if f(x) = +oo, then for every sequence (x,),en C X with x,, — x, we
have
lim F(x,) = +co.

Thus, any sequence works. Now, assume F(x) < +00. By definition of F(x), for each n € N \ {0},
there exists a sequence (yZ)keN C X with yZ — x as k — oo, such that

— 1
lilgn inf F(y) < F(x) + —,
—00 n
in the case F(x) > —co, and such that
liminf F(y}) < —l
k—o00 yk - n ’
in the case F(x) = —oo. Thus, for each n € N, we can choose k(1) € N such that

1
d(yZ(n)ex) < Za

and P
lim inf F() < F(x)+ =,
—00 n

in the case F(x) > —oo, and such that
liminf F(y}) < —i
k— o0 i) = 21’1’

in the case F(x) = —oo. Define the sequence (Xp)peN as X, = yz(n). This sequence enjoys the
desired properties. O

In computing the sequential lower semicontinuous envelope, it is useful to focus only on the
terms that are not continuous, as the following proposition shows.

Proposition 6.7. Let F,G : X — R. Then,
F+G>F+G,

provided that the right-hand side and the left-hand side are well defined. Moreover, the equality
F+G=F+G

holds if G is continuous and everywhere finite.
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Remark 6.8. The fact that G is continuous and finite every where is essential to have the second
part of the above result. The necessity of continuity can be seen by considering the following
example: let F,G : R — R be defined as

_ ] 0 fort+0, _ | 1 fort+0,
F(’)"{l for £ = 0, Gm"{o for t = 0,

respectively. Then we have a strict inequality for r = 0. Indeed
F(0) + G(0) = 0+ G(0) < 1 = F(0) + G(0) = F + G(0).

The necessity of having G finite can be seen by using a similar example.

We now show that the sequential lower semicontinuous envelope is the functionals that we
were seeking for in order to characterize the limiting behavior of minimizing sequences for a
given functional. Before, we recall the definition of a cluster point.

Definition 6.9. Let (x,),cnv be a sequence in a topological space. We say that x is a cluster point,
or accumulation point, of the sequence, if there exists a subsequence (xp, )ren that converges to x.

Theorem 6.10. Let F : X — R be a coercive functional. Then, F is coercive and the following
holds _
inf{ F(x) : x€ X} =min{ F(x) : x € X}. (6.4)

Moreover, every cluster point of a minimizing sequence for F us a minimum point for F. Finally,
every minimun point for F is the limit of a minimizing sequence for F.

Proof. Note that, without loss of generality, we can assume that F % +co.

Step 1: Coerciveness. Let @ € R. We claim that

{F<al= ﬂ (F<1). (6.5)

>a

Indeed, let x € {f < a}, and let + > a. Then, by definition of F(a), there exists (x,)uen With
X, — x such that _
F(a) = lim F(x,).
n—o00

Therefore, there exists 7 € N such that for all n > #, it holds F(x,) < t. Thus, x € {F < t}.
To prove the opposite inclusion, let
xe(VIF<.

>a

Then, for all 7 > @, there exists (x,),en C {F < 1} such that x’, — x. Then,

F(x) < lim inf F(x) <t

Since this holds for all ¢ > @, we get that F(x) < a, as desired.
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Now, by using the coercivity of F, we have that {F" < #} is closed for all # € R. In particular,
from (6.3), we get that {F < 0/} is compact for every a € R, being intersection of compact sets.

Step 2: Validity of (6.4). The functional F is sequentially lower semicontinuous (see Lemma
[6.3) and sequentially coercive (see Step 1). Therefore, we can apply the Direct Method (see
Theorem to ensure that the minimization problem for F has a solution.

We now prove the equality in (6.4). Note that

inf{ F(x): x € X} > min{ F(x) : x € X }
because F > F. To prove the opposite inequality, we argue by contradiction. Assume that
inf{ F(x): x€ X} >min{ F(x): x€ X}, (6.6)

and let X € X be a minimum point of F. Then, by Lemma we can find a sequence (x,)pen C X
with x,, — X such that _
F(x) = lim F(x,).
n—oo0

This, combined with (6.6)), yields

min{ F(x) : x € X} = F(X) = lim F(x,) = lim F(x,) > inf{ F(x) : x € X} > min{ F(x) : x € X }.
n—oo n—oo

This gives the desired contradiction.

Step 3: Cluster points. Let (x,;),eny C X be a minimi_zing sequence for F, and let x € X be a
cluster point of it. Then, by the lower semicontinuity of F, we have that

F(x) < liminf F(x,) < liminf F(x,) = inf{ F(x) : x € X} = min{ F(x) : x € X},
n—00 n—oo
where in the last step we used (6.4). Thus, X is a minimum point for F.

Step 4: Minimum points of F. Let X € X be a minimizer of F. By Lemma there exists a
sequence (x,)pen C X converging to x such that

min{ F(x) : x€ X} = F(X) = lim F(x,).

By using (6.4)) we then obtain that (x,),ey is @ minimizing sequence for F. O

6.2 Characterizations of the relaxed functional

In this section, we want to provide several characterizations of the sequential lower semicontinuous
envelope.

Proposition 6.11. Let F : X — R. Then, F is characterized by the following two properties:

(i) (Liminf inequality) For every x € X, and (x,),en C X converging to x, it holds

F(x) < liminf F(x,);
n—o0
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(i1) (Limsup inequality) For every x € X, there exists (x,)uen C X such that

F(x) > limsup F(x,,),

n—oo

and x, — x.

Proof. Step 1. We first show that F satisfies (1) and (ii)._Let us start with (i). Let x € X, and
(Xn)nen C X converging to x. Then, using the definition of F(x) we get

Flx) = inf{lim inf F(y) : yn — x} < liminf F(x,).
n—oo n—oo
This proves (i). As for (ii), this follows from Lemma 6.6

Step 2. Let G : X — R be a functional satisfying the following two properties:

(a) Forevery x € X, and (x,),en C X converging to x, it holds

G(x) < liminf F(x,);
n—oo

(b) For every x € X, there exists (x;,),en C X such that

G(x) > limsup F(x,),

n—oo

and x, — x.

We claim that G = F. For, we first show that G < F. Fix x € X. Let (Xn)nen C X be the sequence
provided by Lemma[6.6] Then, x, — x and

F(x) = lim F(x,) > G(x),

where last equality follows from (a). To prove that G > F, fix x € X, and let (x,)nen C X be the
sequence given by (b). Then, x, — x and

G(x) > limsup F(x,) > F(x),

n—oo

where last equality follows from (i). This concludes the proof. O

Remark 6.12. The limsup inequality is also called recovery sequence. The reason is that, for the
sequence (x,)nen provided by (ii), it holds

F(x) = lim F(x,).

This follows from (ii) combined with (i). Note that there can be more than one recovery sequence.

The characterization provided by Proposition is how, very often, the relaxed functional
is identified. Assume that you are given a functional F : X — R and you want to identify its
sequential lower semicontinuous envelope. What you do is that you have to guess a candidate
G : X — R. Then:
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Step 1: Prove that G is sequentially lower semicontinuous;
Step 2: Prove that G < F;

Step 3: Prove that the liminf inequality holds;

Step 4: Construct a recovery sequence.

A possible way to guess the candidate G is to work on the liminf inequality, and then prove
that the lower bound obtained is optimal, by constructing a recovery sequence. As a first step,
though, you need to make sure that the functional G is lower semicontinuous. For, the following
properties come in handy.

Proposition 6.13. Let G : X — R. Then, the followings are equivalent:
(i) G is sequentially lower semicontinuous;

(i) The superlevel set {G > ¢} is open, for all + € R. Namely, for every x € X and every t € R
with G(x) > t, there exists » > 0 such that G(y) > ¢, for all y € B(x, r);

(ii1)) The sublevel set {G < t} is closed, for all r € R;

(iv) It holds
G(x) = sup inf G(y) =lim inf G(y),

>0 YEB(x,r) r—0 yeB(x,r)

for all x € X.

Moreover, in order to prove that a functional is lower semicontinuous, usually one proceeds
by building up on the lower semicontinuity of simple functionals. We start by considering the op-
eration of infimum and supremum. Note that we are (sequentially) lower semicontinuous, because
these results also holds for lower semicontinuous functionals (see Definition [6.23)): indeed, the
proofs of the results use the topological properties provided by the above characterization.

Proposition 6.14. Let F; : X — R be (sequentially) lower semicontiEuous for all i € I, where I is
a set of indexes (even not countable). Then, the functional U : X — R defined as

U(x) = sup Fi(x)

iel

is (sequentially) lower semicontinuous. Moreover, for any finite set J C I, it holds that the func-
tional L : X — R defined as
L(x) := inf F;(x)
ieJ

is (sequentially) lower semicontinuous.

Remark 6.15. The infimum of a countable family of lower semicontinuous functions may fail to
be lower semicontinuous. As an example, consider the case where f, : R — R are given by
Ju(x) = ((nx+ 1) v 0) A 1. Then

if x>0,
if x <0,

. 1

inf f,(x) =

neN fn( ) { 0
which is not lower semicontinuous.
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We now consider what happens when considering algebraic operations.

Proposition 6.16. Let F,G : X — R be (sequentially) lower semicontinuous. Then, AF is (se-
quentially) lower semicontinuous for all A > 0, and, if F + G is well defined (namely there are no
cases where we have to sum +oo with Fo0), then also F'+G is (sequentially) lower semicontinuous.

Remark 6.17. Note that, if F is lower semicontinuous, and A4 < 0, then AF is not necessarily lower
semicontinuous. Find an example for this!

The proofs of the above two propositions are left as an exercise to the reader.

We now define a topological notion of lower semicontinuous envelope, that has more to do
with the word envelope. As it usually happens, the sequential and the topological notion are
equivalent in metric spaces, but they differ in a general topological space.

Definition 6.18. Let F : X — R. We define Isc(F) : X — R, the lower semicontinuous envelope,
as
Isc(F)(x) == sup{G(x) : G < F, G : X — R is lower semicontinuous },

for every x € X.
Remark 6.19. Using Proposition [6.14] we get that Isc(F) is the greatest lower semicontinuous
functional that is not greater than F.

We first give a local characterization of the lower semicontinuous envelope, in the same spirit

as the characterization (v) in Proposition of lower semicontinuous functions.

Proposition 6.20. Let F : X — R. Then,

Isc(F)(x) =sup inf F(y) = hm inf F ),
>0 YEB(x,r) —0 yeB(x,r

for every x € X.

Proof. Consider the functional
H(x) :=sup inf F(y)

r>0 YEB(x.)
Step 1. We claim that H < Isc(F). By the definition of Isc(F), we just need to prove that H is
lower semicontinuous and that H < F. The latter property follows directly from the definition
of H. As for the former, we use the characterization of lower semicontinuous functions given by
Proposition [6.13} we check that the superlevel sets of H are open. Let t € R, and let x € {H > t}.
Then, by definition of H(x), there exists » > 0 such that

f F(y) >t
ng%x r) (y)

In particular, for each y € B(x, r), it holds that

inf F(2)>1t,
z€B(y,r—d(x,y))

and thus H(y) > ¢ as well. This proves that B(x,r) C {H > t}.
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Step 2. To prove the opposite inequality, the lower semicontinuity of H, together with Propo-
sition , yields that, for every G : X — R lower semicontinuous and such that G < F,

G(x) = sup inf G(y) < sup %r%f F@) = H(x),

>0 YEB(x.r) r>0 Y€

for every x € X. Thus, Isc(F) < H. This concludes the proof. O

We now prove that, in a metric space, the sequential lower semicontinuous envelope coincides
with the lower semicontinuous envelope.

Proposition 6.21. Let F : X — R, where (X, d) is a metric space. Then, Isc(F) =

Proof. Step 1. We first show that 1sc(F) satisfies (i) of Proposition Letx € X, and (x;)nen C
X converging to x. By the lower semicontinuity of 1sc(F) we have that

Isc(F)(x) < liminf Isc(F)(x,) < liminf F(x,),
n—oo n—oo
where in the last step we used the fact that Isc(F) < F.

Step 2. We now show that (ii) of Proposition holds. Let x € X. Assume Isc(F)(X) < +oo,
otherwise there is nothing to prove. Let (#,),en C R be such that

lim 1, = Isc(F)(%), 1S¢(F)(X) < 1. 6.7)

Using Proposition [6.20] we get

sup inf F(y) =sup 1nf F(y) Isc(F)(x) < ty,.
keN YEB(x,1/k) >0 YeB(

Therefore, for every k € N \ {0}, we get that

inf FQ@y)<t
yeB(x,1/k) ) <.

In particular,

inf F(y)<t,.
yeB(x,1/n) ) <t

for all n € N\ {0}. Since we have a strict inequality, by using the definition of infimum, we get
that for all n € N there exists x,, € B(x, 1/k(n)) such that

F(x,) < ty, (6.8)
Therefore, the sequence (x,),en converges to x, and, by using we get

lim sup F(x,) < hm t, = Isc(F)(X),

n—oo

where in the last step we used (6.8). Thus, (x,)qey is a desired recovery sequence. O
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6.3 Relaxation with respect to weak and weak* topologies

The previous section was in the framework of a metric space. That was important because some
of the results we proved do not hold in a general topological space (X, 7). In particular, in proving
the sequential characterization of the relaxation (see Proposition [6.21)), and the limiting behaviour
of minimizing sequences (see Theorem we use is the fact that X satisfies the first axiom
of countability, namely that every point has a countable neighbourhood basis (for metric spaces,
given by balls with rational radius). This is not satisfied by weak topologies.

Remark 6.22. Note that the result of Proposition still holds in a general topological space,
up to replacing the supremum over r > 0 with the supremum over all open sets U C X such that
xeU.

We are interested in such a issue because in the applications that we will see (and in most
of the modern applications), weak topologies are those that need to be used in order to identify
the lower semicontinuous envelope. In particular, in the next section, we will consider the weak
topology of L? for p < oo and the weak*-L™ for p = co. These topologies does not come from a
metric, and therefore the sequential characterization given by Proposition [6.21is not valid, for a
general functional . We thus wonder what is the object given by the sequential characterization
of Proposition and what is its relation to the lower semicontinuous envelope.

First of all, we give the topological definition of lower semicontinuity.

Definition 6.23. Let (X, 7) be a topological space, and let F : X — R. We say that F is lower semi-
continuous at the point x € X if, for every t € R with F(x) > ¢, there exists an open neighborhood
U of x such that

F(y)>1t

for all y € U. We say that F' is lower semicontinuous if it is lower semicontinuous at all points.

Remark 6.24. A lower semicontinuous function is sequentially lower semicontinuous, but the
opposite is not true in general. Proposition [6.13] shows that, in a metric space, the two notions
coincide.

By using Proposition we get the following.
Lemma 6.25. Let F : X — R. Then, Isc(F) is lower semicontinuous.

Remark 6.26. Note that the sequential lower semicontinuous envelope F might fail to be lower
semicontinuous in a general topological space.

We now state a similar characterization of the lower semicontinuous envelope in the same
spirit as those for the sequential lower semicontinuous envelope.

Lemma 6.27. Let F : X — R. Then,

Isc(F)(x) = sup inf F(y),
UeN(x) YU

for all x € X, where N(x) denotes the family of neighbourhood of x.
In general, F and Isc(F) are different, but the two are always ordered.

Lemma 6.28. Ler F : X — R. Then, F > Isc(F).
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We now state a result ensuring that the lower semicontinuous envelope is, in a general topo-
logical space, the right object to consider, if we want to characterize in a variational way the
asymptotic behavior of minimizing sequences.

Theorem 6.29. Let F : X — R be a coercive functional. Then, 1sc(F) is coercive and the following
holds
inf{ F(x) : x € X} =min{Isc(F)(x) : x € X }. (6.9)

Moreover, every cluster point of a minimizing sequence for F us a minimum point for 1sc(F).
Finally, if X satisfies the first axiom of countability, then every minimun point for 1sc(F) is the limit
of a minimizing sequence for F.

Remark 6.30. Note that the difference with Theorem[6.10]is in the additional requirement needed
to ensure that every minimum point of Isc(F) can be achieved as limit of a minimizing sequence
for F.

Remark 6.31. The above result does not hold, in general, if we put F in place of Isc(F). This is the
main difficulty in dealing with relaxation in general topological spaces: the object that we need,
Isc(F), is difficult to work with, while the object is easier to identify, F, is not the one we need.

We now wonder if there are conditions ensuring that the two notions of relaxation are equal.
We have hope because (this is a general result in Functional Analysis), in a reflexive and separable
Banach space (X, 1), for each bounded set B C X there exists a metric d : B X B — [0, o) that
metrizes the weak convergence on B. Therefore,given a functional F : X — R, in the computation
of the relaxed functional, we need to be able to restrict our attention to bounded sets. This is
possible if F' is coercive, as the following result shows.

Proposition 6.32. Let (X, || - ||) be a normed vector space. Let T be either

(i) The weak topology on X, and assume X* separable;

(i) The weak® topology on X, and assume X C Y’, with Y a separable normed space.
Let F : X — R be a coercive functional with respect to the topology 7. Then, F = Isc(F).

In the applications we will consider the space X = L”(Q; R”) endowed wit the weak topology
if p < oo, or the weak™ topology if p = co. We thus specialize the above result to our case of
interest.

Corollary 6.33. Let p € (1,0], and let F : LP(Q;RM) — R be a coercive functional with respect
to the weak topology of L? if p € (1, 0), or with respect to the weak™ topology of L™ if p = oo.
Then,

F = Isc(F),

where both relaxations are with respect to the above topologies.

Remark 6.34. Let p € (1, 00), and let F : LP(Q; RM) — R. Using Proposition , we get that F is
weakly coercive if and only if

F(u) - o as |lullpr — oo.
In the case p = oo, we can ensure weak* coerciveness of F' by imposing that
F(u) = +c0 if  Jlullz> > R,

for some R > 0.
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The above corollary does not hold for the weak topology of L', since L! is not a reflexive
Banach space. Nevertheless, it is still possible to find a growth condition ensuring the equality
between the two notions of relaxation.

Proposition 6.35. Let F : LY(Q;RM) - R, where Q c RY is a measurable set, be such that
Fw > [ el dx
Q

for all u € L'(Q; RM), where ¢ : [0, c0] — [0, o] is an increasing function such that

1imM:oo

t—oo f
Then, F = Isc(F), where both relaxations are with respect to the weak L' topology.

Remark 6.36. The difference between the growth condition needed in Corollary [6.33|for p > 1,
and that needed in Proposition[6.35|for p = 1, is that in the latter we require a rate of growth of F
at infinity, while in the former we just ask for it to blow up at infinity.

The technical reason for asking for a superlinear growth in Proposition is to ensure that
the relaxed functional is defined over L! functions. If the functional F has only linear growth, then
the relaxed functional might required to be defined over measures. An example is the so called
area functional: F : W"1(Q) — [0, +oco] defined as

F(u) = f V1 + |Vul2dx.
Q

Note that, since F' only depends on the gradient, and not on the function u, we can think of it as
defined over the subspace of L? of gradients of functions. This functional has linear growth in Vu,
and it turns out that its relaxation has to be defined over functions whose gradient is a measure.
These are the so called functions of bounded variation.

For the proofs of Proposition and of Proposition we refer to [8, Proposition 3.16,
Proposition 3.18].

6.4 Laurentiev phenomenon and relaxation

Minimization problems are difficult to solve. This is why being able to find an approximate so-
Iution with numerical methods is a fundamental task. Classical methods in approximations (like
the finite element method) use Lipschitz functions. Therefore, it is of high interested to answer
the following question: consider a functional F : LP(Q; RM) — R, where p € [1,00), and let
A c LP(Q; RM). For instance, A = Lip(Q; RM). Is is true that

inf F =inf F?
A X
Of course, the inequality

inf F > inf F
A X
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holds, and we want to know if it can be strict. We first illustrate it with a finite dimensional
example. Consider the function f : R — R defined as

1 ifxeq,
f(x)“{o if xe R\ Q.

Then, it is clear that
inf inf f.
1& f> 1% f
Indeed, despite the fact that Q is dense in R, we cannot achieve the value 0 = infy f just by using
rational points.
In 1926, Laurentiev studied such a phenomenon for integral functional, and in 1934 Mania

found a surprisingly easy example where the strict inequality holds. Let F : W1((0,1)) — R be
defined as

1
F(u) := f [ (x) = x]* (' (x))® dx.
0

He proved that

inf - F> min F.
Lip((0,1)) WL1((0,1))

What is surprising is that the functional F' seems very nice. Yet, it is not possible to approximate
its minimum over W'! with Lipschitz functions.

We now interpret the Lauretiev phenomenon by using the theory of relaxation. There is a
natural way to include the constraint in the functional. Define G : X — R as

_ | F») ifxeA,
Gx) = { +o0 else.

Then, it holds that
inf F = inf G.
A X

Moreover, x € A is a minimizer of F over A if and only if x is a minimizer of G over X. Thus,
we can equivalently study the unconstrained minimization of G. What happens if we relax the
functional G? Do we get back the original F or not? This is the essence of the Laurentiev phe-
nomenon:it might happen that
G>F,

with strict inequality for u € X \ A and this is what causes the Laurentiev phenomenon. Some
research has been done in order to identify the mismatch, as well as identifying conditions that
prevent this phenomenon from happening. Moreover, delicate numerical techniques have been de-
veloped to simulate numerically minimizers for functionals exibiting the Laurentiev phenomenon.

6.5 Relaxation of integral functionals defined on L”: strong topology

Strong topology is usually too strong! Namely, when we are given a functional, we need to choose
the topology to use in order to either apply the Direct Method, or to relax the functional. In most
cases, the functional F : X — R under consideration

Nevertheless, it is important to understand lower semicontinuity, continuity, and relaxation of
integral functionals with respect to strong topologies. We start by investigating lower semiconti-
nuity.
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Proposition 6.37. Let Q ¢ R be a measurable set, and p € [1,+c0]. Let f : Q x RM — R be
such that

2 f(x,2)

is lower semicontinuous for a.e. x € Q. Moreover, assume that

o If p < oo, that
f(x,2) 2 a(x)lz” + b(x),

fora.e. x € Q, and all z € RM, where a, b € L'(Q) are non-negative functions;

o If p = oo, that
fx,2) <C,

for a.e. x € Q, and all z € RM, where C < +oo.

Then, the functional F : LP(Q;RY) — R defined as
F(u) = ff(x, u(x))dx
Q

is sequentially lower semicontinuous with respect to the strong topology of LP(Q; RM).

Proof. Let (up)nen C LP(Q; RM) be such that u, — u, where u € LP(Q; RM). Then, there exists a
subsequence (u,, )kenv such that

Up, (X) = u(x) fora.e. x € Q.

Thus, by assumption, we get that
fx,u(x)) < ligglf FOx, uy, (%)) (6.10)
for a.e. x € Q. Therefore, using Fatous’s Lemma, we get
F(u) = fgf(x, u(x))dx < Lli}gglff(x, Uy, (x)) < li,?lglfo(x’ Up, (X)) = “,?LE}f F(uy,).
Since the left-hand side is independent of the subsequence (uy,, )ren, we conclude that
F(u) < lilzr_l)g)lf F(uy,),

as desired. O

Remark 6.38. The bounds on the integrand f are necessary in order to get lower semicontinuity
of the functional F. Indeed, consider the function f(x) := x*, and let

1
F(u) = f f(u)dx.
0
For each n € N\ {0} define u,, : (0,1) —> R as

U, == n1/3]l(0,1/,,).
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Then, u, € L*, and u,, — u in L%, where u = 0, but
1 1
F(u) = f fw)dx =0 # +oo = lim F(u,) = f f(u,)dx = lim n'/3.
O n—oo 0 n—00

Thus, the functional F is not continuous with respect to the strong topology of L*. Note though,
that it is continuous with respect to the strong topology of L?, for all p > 4.

Applying the above result to f and to —f yields the continuity result for integral functionals
with respect to the strong topology of L”.

Proposition 6.39. Let Q c R" be a measurable set, and p € [1,+c0]. Let f: QxR¥ — Rbe a
Borel function with

o If p < oo, that
f(x,2) > a()lzl” + b(x),

fora.e. x € Q, and all z € RM, where a, b € L'(Q);

o If p = oo, that
f(-x’ Z) Z _C,

fora.e. x € Q, and all z € RM, where C > 0.

Assume that
2 f(x,2)

is continuous for a.e. x € Q. Then, the functional F : LP(Q;RY) — R defined as
F(u) = f S (x, u(x)) dx,
Q

is sequentially continuous with respect to the strong topology of L7(Q; RM).

As for the case of lower semicontinuity and continuity with respect to the weak topology, we
can also characterize strongly lower semicontinuous and strongly continuous integral functionals.

Proposition 6.40. Let p € [1, o], and Q c RY be a measurable set. Let f : R¥ — R be a Borel
function with

o If p < oo, that
f(x,2) 2 a(x)lzl” + b(x),

fora.e. x € Q,and all z € RM, where a,b € LI(Q);

o If p = oo, that
f(x, Z) 2 _C7

fora.e. x € Q, and all z € RM, where C > 0.
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Define F : LP(Q; RM) — Ras
F(u) = fg; f(x, u(x)) dx.
Then, F is lower semicontinuous with respect to the strong topology of L” if and only if
z f(x,2)
is lower semicontinuous for a.e. x € Q.

Proposition 6.41. Let p € [1, 0], and Q c RY be a measurable set. Let f : R¥ — R be a Borel
function with

o If p < oo, that
lf(x, 2l < a(x)lzl” + b(x),

fora.e. x € Q, and all z € RM, where a,b € L'(Q);

o If p = oo, that
lf(x, 2 < C,

fora.e. x € Q, and all z € RM.
Define F : LP(Q;RM) — R as
F(u) = Lf(x, u(x))dx.
Then, F is continuous with respect to the strong topology of L? if and only if
7 f(x,2)
is continuous for a.e. x € Q.

Remark 6.42. Continuity with respect to the weak topology is a more restrictive condition than
continuity with respect to the strong topology, since a strongly converging sequence is weakly
converging, but the opposite is not true. This reflects on the fact that in Corollary[5.13]the integrand
f is required to be linear (in particular, it is continuous), while in Proposition [6.41| we only ask for
continuity of the integrand.

6.6 Relaxation of integral functionals defined on L”: weak topology

We now want to compute explicitly the relaxation of integral functionals of the form
F(u) = ff(u) dx, and F(u) = f f(Vu) dx,
Q Q

with respect to the weak topology of L(Q;RM) (and weak*-L®(Q;RM)), where Q c RY is an
open set. The reason why we consider both is that, in the latter case, there is a difference in the
case min{N, M} = 1 and min{N, M} > 1. We will only focus, as we did in Theorem [5.12] on the
case N = M = 1. On the other hand, for the former case, the dimensions N and M play no role,
but a deep result on weak convergence in L?” is needed (the so called Riemann-Lebesgue Lemma,
see Theorem [6.61).
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In particular, we will prove what is called an integral representation result: the relaxed func-
tional is still an integral functional. Moreover, we will be able to give an explicit form of the
integrand defining the relaxed functional.

Before digging into details, let’s make some heuristics: if we have an integral functional F :

LP(Q; RM) — R of the form
F(u) = ff(Vu) dx,
Q

we know that, if f is convex, then F is sequentially weakly lower semicontinuous in L? for p < oo,
or weakly*-L*® for p = oo (see Theorem [5.7). We also know that the converse is true if M = 1
(see Theorem this can be extended to the case min{/N, M} = 1). We might therefore wonder
if the relaxation of the functional F, namely finding the greatest lower semicontinuous functional

not greater than F has anything to do with the integral functional whose integrand is the greatest
convex function not greater than f.

6.6.1 Convex functions

In this section we investigate convex functions and the operation of convexification, namely, given
a function f, finding the greatest convex function maximized by f.

Definition 6.43. Let f : R — R. We say that f is convex if

JAx+ (1 =Dy < Af(x) + A = Df(),
for all x,y € R¥, and all A € [0, 1].

Remark 6.44. Here we only consider the case of finite valued convex functions. The definition
can be extended also to the case of maps in R, and the inequality has to hold when the right-hand
side is well-defined.

Convex functions are supremum of affine functions, as the following result shows.

Proposition 6.45. Let f : R — R. Then, f is convex if and only if f is the supremum of affine
functions. Namely, f is convex if and only if

f:sup{¢:RM—>R:¢Sf,¢aﬁine}.
Moreover, if f is convex, it is possible to find (a;)iey € R and (b;) € R such that

f(z) =supla; -z + b;]
ieN
for all z € RM,

The proof is left as an exercise to the reader (and it will be given as an homework).

Remark 6.46. The second part of the previous result follows from a general fact, know as Lin-
delif’s Theorem: let Q c RM be an open set, and consider a family of functions G ¢ C°(Q).
Define

f =supg.
gcg
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Then, there exists a countable subfamily G| C G such that
Jf=supg.
g€G)

Namely, the supremum over a generic family of continuous functions is the supremum over a
countable family of continuous functions.

Finally, note the the countable families (a;);en C RM and (b;) C R cannot be the same for all
convex functions f : R¥ — R. Indeed, if @ € R is such that a # a; for all i € N, then there is no
ieNsuchthata-z>a;-z+ b; forall ze RM.

We now prove that convex functions are locally Lipschitz functions.

Definition 6.47. Let f : RY — R. We say that f is locally Lipschitz if, for every compact set

K c RV, it holds
b lf () = fOI -
x#yeK |x - )’|

+00

In such a case, the above supremum is called the Lipschitz constant of f, and denoted by Lip(f; K).
Finally, if Lip(f; K) is uniformly bounded, for all compact subsets K c R", we say that f is
Lipschitz.

Proposition 6.48. Let g : R” — R be convex. Then, g is locally Lipschitz. In particular, for each

R > 0 we have
80 — W _ IM —m|
y-x = R
for all x,y € B(z,R), where m, M € R are such that m < g(z) < M for all z € B(z, 2R).

Proof. Step 1. We first consider the one dimensional case M = 1. Fixz € R, R > 0, and
v, x € B(z, R). Without loss of generality, we can assume y > x and g(y) > g(x). Since g is convex,
we have that slopes are increasing (actually, this is a characterization of being convex). Namely,

8(x2) — g(x1) < 8(xq) — g(x3)
Xo—x1 Xxa—-x3

for all x; < xp < x3 < x4. This implies that

g8(y) — g(x) < g(z+2R)—g(z+R) < M —m|
y—-x R - R

where the last inequality follows from the definition of m and M. This, combined with the other
cases (that are treated similarly), gives the result for M = 1.

Step 2. Let us now consider the general case M > 1. Fixz € RM, R > 0, and y, x € B, R).
Consider the function g : R — R given by

g(1) = gtx + (1 — )y).
Then g is convex. Let t1,# > 0 be such that

P=tnx+1-1t)y€dBiR), Q0 =nx+(1-1n)yedB?2R).
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Figure 6.2: The function f and its convex envelope f*.

By using the definition of g, and of the points #; and #,, from Step 1 we get that

— M - M —
1) — g0l = @) - g0y < M =m 1M —m]
h—1n R

[y — x|,

where in the last step we used the fact that (t, — #;)|y — x| = |[P — Q| > R. This gives the desired
result. =

Remark 6.49. Two deep results in Analysis ensure that Lipschitz functions are differentiable for
almost every point. The case M = 1 uses sophisticated techniques in Measure Theory (such as
Absolutely Continuous functions and differentiation of measures), and the generalization to the
higher dimensional case is known as Rademacher’s Theorem.

Corollary 6.50. A convex function is continuous.
Remark 6.51. Proposition [6.48] can be extended to the case where g is allowed to take the value

+00. In that case, Lipschitzianity holds locally in any open set contained in {g < +oo}.

Remark 6.52. The above regularity result is peculiar to finite dimensional vector spaces. Indeed, if
X is an infinte dimensional vector space, and g : X — R is convex, then g could be discontinuous
at every point. This comes from the fact that in infinite dimension, we can have a dense subspace
where g = +o0.

Remark 6.53. Convex functions enjoy higher order regularity properties, namely they admit a
suitable weak notion of second derivative for almost every point. This deep result is known as
Alexandrov’s theorem.

We now investigate the convex envelope of a function.

Definition 6.54. Let f : RM — R. We define ¢ : R — R, the convex envelope of f, as
f€(2) = sup{g(z) : g : RM — R convex , g < f},

for z € RM,

69



Remark 6.55. The convexification of a function f : RM — R, namely taking its convex envelope,
is a nonlocal operation (see Figure[6.2)). Namely, if we change the function f in a ball B(x, r), the
convex envelope might change also outside B(x, r). For instance, let f,g : R — R be defined as
f=1,and g :=1-1j,;. Then, f© = f, but g° # g. This is what makes this operation difficult
to compute in practice (other than examples in one dimensions with regular functions, where the
convexification can be deduced just by looking at the graph of f).

The following property of the convex envelope follow directly from the definition.
Lemma 6.56. Let f : RM — R. Then, f¢ is convex.

By using the characterization of convex functions as supremum of affine functions (see Propo-
sition [6.45)), it is possible to prove the following result.

Lemma 6.57. Let f : RM — R. Then,

f°(2) = suplg(z) : g : RM - Raffine , g < f}.

In particular, f¢ > —co if and only if there exist a € RM and b € R such that f(z) > a-z+ b, for all
z€RM,

We now prove a representation formula for the convex envelope, that allows us to recover
the value of f¢ by using convex combinations of values of f. This will be crucial in the limsup
inequality of the proof of the integral representation result.

The heuristic idea is the following: consider the case N = 1. Given an affine function ¢ :
RM — R with ¢ < f, we can move it up until it touches the graph of f. This can happen at one
point, or more. In the latter case, let (x, f(x)) and (y, f(¥)) be two points of contact. Then, the
value of f¢ in any point z of the form Ax + (1 — A)y, with A € [0, 1] is such that

[@ <)+ -DfY) < fQ).

By using this idea, and taking into consideration that, in higher dimension, convex combinations
of segments are not sufficient, we have the following result.

Proposition 6.58. Let f : RY — R U {+co}. Then,

k k k
fC(Z):inf{Z/lif(Zi) : kEN, Z/li: 1, /l,'ZO, Zl,...,ZkERM, Z/lizizz},

i=1 i=1 i=1
for all z €e RM

Proof. Without loss of generality, we can assume that there exist « € R™ and b € R such | that
f(@) = a-z+b, forall z € RY. In particular, f¢ > —co (see Lemma . Letg: RM — R be
defined as

k k k
8(2) = {Z/l,-f(z,-) PREN, D Ai=1,420,z1,.., 5 eRY, 3 Az, :Z},
i=1 i= =

i=1 i=1

We claim that g is convex.
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We first show how to conclude once the claim is proved. By definition of g, we have that
g < f. Thus, g is an admissible competitor in the definition of f¢, and therefore f¢ > g. To prove
the opposite inequality, since ¢ < f, for all z € R™, we have that

k k k
g(2) = inf{Z/l,'fc(Z,’)  keN, Ai=1,42>20,2z1,...,2% ERM, Z/lizi = z}
i=1 j=

i=1 i=1

> f(2),

where in the last step we used the fact that f¢ is convex (see Lemma|6.57), and thus the minimum
is attained for k = 1 and z; = z (this is what the inequality defining convexity is about).

We are thus left with proving that g is convex. Let z;, 72 € RM ¢ e (0,1), and set
2=t +(1-0z2. (6.11)

Assume without loss of generality that g(z1), g(z2) < oo otherwise there is nothing to prove. Fix
e>0andlethi ky € N, yp,...,y, € RM yi, o yp € RM AL, 4 20,47, 4 = 0 with

kl kz
1 2 1,1 2.2
2A=2 =0 pabi=a = (6.12)
= =

such that

k] k2
g +e2 Y A fOD, gz)+e = ) AfOD. (6.13)
i=1 i=1

Then, using (6.11), and (6.12)), we get
ki ko ky ko
z=1) AL+ =0 a3y = Y [l + Y [ =04,
i=1 i=1 j =

i=1 i=1

and

k1 ko
Z[m}] + Z[(l A2 =1.
i=1 i=1

Thus, the definition of g yields that

k] k2
g < Y IANFOD + Y11= DAAFO?)
i=1 i=1
<1lg(z) + el + (1 - nlg(z2) + €]
= 18(z1) + (1 = 0g(z2) + &,
where in the previous to last step we used (6.13)). The arbitrariness of € > 0 allows to conclude. O

Remark 6.59. The infimum in the above representation formula is not always attained. For in-
. 2 . . .

stance, consider f(x) := e * . Then, f¢ = 0, and the infimum in the above representation formula

is never attained.
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Remark 6.60. The above result can be refined as follows: if f : R¥ — R, then

M+1 M+1 M+1
f@) = inf{ DAfG) Y =1, 420,21,.zmn €RY, D i = z}, (6.14)

i=1 i=1 i=1

that is, in dimension M we only need to take convex combinations of at most M + 1 points. The
proof of result is based on the Carathéodory Theorem for the convex envelope of a set
(stating basically the same result for the convex hull of a set), together with the fact that, for each
z € RM, it holds

fé(z) =inf{r e R : (z,1) € conv[epi(/)]},

where, for a set E ¢ RM*!, the convex hull conv(E) of E is the intersection of all of the convex
sets containing E.

Note that M + 1 is the optimal number of points, in the sense that convex combinations of at
most M points are not sufficient to get f“(z). As an example (not trivially even or M = 1), take
21,22, 23 € R? such that z, — z; and z3 — z; are linearly independent, and define f : R?> — R as

f(z1) = f(z2) = f(z3) =0, f(z) = 1 for all other points z € R>.

Then f€(z) = 0 if z is a convex combination of z1, 2, z3 (namely in the triangle whose vertexes are
71,22,23), and f°(z) = 1 otherwise. But if we were allowed only to take convex combinations of
two points, we would get a function g : R — R that is 1 everywhere but on the segments joining
the points z1, 22, and z3, but not on the interior of the triangle.

6.6.2 Periodic functions and weak convergence in L’

We now prove an important result that justifies the intuitive fact that the macroscopic behavior
of a repeated (periodic) pattern is given by the average of the pattern in a cell. This results was
firstly proved in the context of Fourier series, in order to get the convergence of the series, and
later extended to the more general situation we consider in here.

Theorem 6.61 (Riemann-Lebesgue’s lemma). Let p € [1,00], Q C RY be an open bounded set,
and Q c RY be an open cube. Let f € LP(Q;RM). Extend f to the whole RY in a Q-periodic way,
namely define (with an abuse of notation)

@)= f),

where z € RM is written as z = y + q for some y € Q and g € ZV. For n € N define f, € LP(Q;RM)
as

Ja(x) = f(nx).
Then,

(i) f, converges to f weakly in LP(Q;RM), if p € [1, 00);
(ii) f, converges to f weakly* in L®(C;RM), if p = oo,

where f denote the average of f in Q.
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Proof. First of all, note that since Q is bounded, we have that f € LY(Q) (see Remark . We
divide the proof in several steps.

Step 0. Without loss of generality, we can assume that
() Q= (-1/2,1/2)%;
(i) M=1;
(iii) f=0.
Indeed, a change of variable allows to prove the result for a general cube, once that for the unitary
cube is established. As for (ii), this follows from the fact that weak convergence acts component-
wise. Finally, assume that the result if proved under the assumption that the average of the function

in a periodicity cell is zero. Then, given f € LP(Q), consider g := f = f. Then, g has zero average,
and thus the function g,, where g,(x) := g(nx), converges weakly in L? (or weakly* in L™) to zero.

This means that
ffntp dx—?f¢dx—>0,
Q Q

for every ¢ € L' (Q) if p < oo, or for every ¢ € L'(Q) if p = co. This proves that, without loss of
generality, we can reduce to the case where (i), (ii), and (iii) hold.

Step 1. Assume Q = %Q, for some k € N\ {0}. Let ¢ € C.(Q). Let {z/}iery be an enumeration

of %ZN . For each n € N, consider the grid of cubes {Q]}ien, where Q7 =z + %Q. Let

I, ={ieN: Q! cQ}

Note that a change of variables gives

Jan(x) dx:iN f f(x)dx, (6.15)
o/ nJo

for all i € I, and all n € N. Since ¢ is a continuous function with compact support, it is uniformly
continuous. Namely, for each € > 0 there exists ¢ > 0 such that

lp(x) — (V)| < &,

for all x,y € Q with |x — y| < ¢. Fix € > 0 and let 6 > 0 given as above. Let 7 € N be such that for
all n > 7 it holds n VN < 6. Note that
lx —z7| <6,

forall x € Q;’, for all i € I,,, and for all n > i1. Up to increasing the value of 7, we can also assume
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ii > k. Then, for n > i1, we get

‘ f fn(0e(x) dx
Q

>, f Fa)p(x) dx
o

i€l,

< +

2 f PEDu(x) dx

iel, i

Yoo [ o dv
o

iel,

2 fQ FOlp(x) — o] dx

iel,

<e), f a0 dx +

i€l, i

o)
<ol + 3 B fQ £ dx

iel, n

= 8||f||L1(Q),

where the last step follows from our assumption that f = 0, while in the previous to last step we
used (6.15) together with the fact that n > 72 > k. Thus, by the arbitrariness of £ > 0, we conclude
that

lim fap dx =0,
o
for all ¢ € C.(Q).

Step 2. Assume p € (1,00] and let g € L (Q), with Q = Q. Fix & > 0. Then, thanks to
Theorem [3.8] it is possible to find ¢ € C.(Q) such that

llg — ¢l ) <& (6.16)
Write
ffng dx = ffn(g —¢)dx+ f Jng dx. (6.17)
Q Q Q
By Step 1, we know that
lim fa dx = 0. (6.18)
n—oo Q

Using Holder inequality (see Theorem [3.3)) we can estimate

f Jn(g — ) dx
Q

where last step follows from (6.16). We now claim that

<llg = ¢l ) Ifullr@) < esup llfullr@)s (6.19)
neN

sup || fullLr@) < oo. (6.20)
neN

Indeed, if p = oo, we simply gets that

I fullze@) = Il
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for all n € N. Assume now p <= oo. Since Q is bounded, there exists k € N such that Q C kQ.
Therefore, by using (6.13)e, we get that

1l sy < KM ler)-
Therefore, by using (6.17)), (6.18), (6.19), and (6.20), we get

fg fog dx

Since € > 0 is arbitrary, we get the desired result.

lim < Ces.

n—oo

Step 3. Now, assume Q C R to be a generic bounded open set, and let ¢ € C.(Q). Then,
it is possible to find £ € N such that it is possible to cover the support of ¢ with the closure of a
finite of non-overlapping translations of the cube %Q, each of which lies inside €. Then, the result
follows by Step 1 on each cube, due to the linearity of the integral.

Step 4. Assume p = 1. For ¢ > 0 consider the truncation operator 7; : L'(Q) — L®(Q) defined

as
u(x) if u(x)| <t,

Tau(x) =1 t if u(x) > t,

—t ifu(x) < -1

Let g € L*(Q). Then we write

ffng dx = f(T,f,,)g dx + f(fn -Tifn)g dx = f(T,f)ng dx + f(fn - T:fn)g dx. (6.21)
o) Q o) o) Q

We now estimate the two terms on the left-hand side separately. For the first term, since 7;f €
L*(Q) and g € L'(Q), we can apply the previous step to conclude that

lim f (T,f)ng dx = 0. (6.22)
n—-oo Q

In order to estimate the second term, note that

fg (fn = Tifa)g dx| < llgllz=@) lfn = TtfullLi (- (6.23)

By using Lebesgue Dominated Convergence Theorem, we get that

tlgg lfn = Tefullrq) = O. (6.24)
Thus, the desired result follows from (6.21)), (6.22), (6.23)), and (6.24). m|

Remark 6.62. Note that the result holds for any p € [1, +o0]. Moreover, note that the same result
holds for any periodicity cell O, not necessarily a cube.
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6.6.3 Integral representation formula

We are now in position to prove the desired integral representation result for the sequential relax-
ation of integral functionals on L7 with respect to the weak topology (see the discussion before

Proposition [6.32)).

Theorem 6.63. Let p € (1,00), and Q c RN be a bounded open set. Let f : RM — R be a Borel
function such that
If(2)] < C(lzl” + 1),

for all z € R™, where C > 0. Consider the functional F : LP(Q;R™) — R given by
F(u) = fg;f(u(x)) dx.

Then, its sequential lower semi-continuous envelope F : LP(Q;RM) — R with respect to the weak
topology of L? satisfies

Flu) = fg £ dx,
for all u € LP(Q; RM).
Proof. Set
Hw) = f o) dx,
Q

for u € LP(Q;RM). We will prove that H satisfies (i) and (ii) of Proposition , namely the
liminf and the limsup inequality.

Part 1: Liminf inequality. Since f¢ < f, we get that

F(v)> H®),

for all v € LP(Q; RM). Thus, if u € LP(Q; RM) and (u,)pen € LP(€; RM) is such that u, converges
to u weakly in L?, then
liminf F(u,) > liminf H(u,) > H(u),
n—oo

n—oo

where in the last step we used the fact that H is lower semicontinuous (this can be proved by using
a similar strategy as that implemented in the proof of Theorem 5.7)).

Part 2: Limsup inequality. Let u € LP(Q;RM). We need to build a sequence (i, ),cy C LP(Q; RM)
with u,, — u such that

lim sup F(u,) < H(u).
n—0oo
In order to prove the limsup inequality, we will use the following strategy:
Step 1. We prove that it suffices to consider the case of piecewise constant function u;
Step 2. We construct a sequence of piecewise constant functions converging strongly to u;
Step 3. We construct the recovery sequence for a piecewise constant function.
We now proceed with this strategy.
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Step 1: Reduction to simple functions. We claim that it is sufficient to construct a recovery
sequence for piecewise constant functions.

First of all, we notice that

1< Czl” + 1),

for all z € RM. Then, thanks to Proposition we get that H is continuous with respect to the
strong topology of L”.

Let u € LP(Q;RM). Let (uy)ney € LP(Q;RM) be a sequence of piecewise constant functions
converging strongly in L? to u. Assume that

F(uy) = H(uy), (6.25)
for all n € N. Then, using the fact that F = Isc(F), and thus it is lower semicontinuous, we get that
F(u) < liminf F(u,) = liminf H(u,) = H(u),

n—oo n—oo

where in the last step we used the fact that H is continuous with respect to the strong topology of
L. Thus, we only need to prove that, given u € LP(Q;RM) there exists a sequence of piecewise
constant functions converging strongly in L? to u, and that it is possible to construct a recovery
sequence for every piecewise constant function.

Step 2: Construction of approximating simple functions. Let u € LP(Q;RM). We now con-
struct a sequence of piecewise constant functions (i), C LP(Q; RM) converging strongly in L?
to u.

Let (v)nen € LP(Q; RM)N C.(Q; RM) be the sequence provided by Theorem In particular,
vy, — u strongly in LP. Fix n € N\ {0}. Since v, is a continuous function on a compact set, its
image is compact. Fix £ > 0. Using the uniformly continuity of v,, and of f© on the image of v,,,
there exists §,, > 0 such that

va(x) = vVl < &, If () = fC DI < & (6.26)
for all x,y € Q with |x — y| < 6,. Let (Q})ies, be a grid of cubes of diameter less than ¢6,,, where I,
is the set of indexes identifying the cubes with non empty intersection with Q. Note that since Q
is bounded, I, is finite for every n € N. Denote by 7 the center of the cube Q. Define
up(x) = vp(2),
for x € Q, and for all i € I,,, We now claim that u, — u as n — oo. Indeed, by triangle inequality,

we get that
lotr, — ullr < Nty = vallLe + v — ullze.

We then just have to estimate the first term on the right-hand side, since the last term vanishes as

n — co. We get that
f 4 () = V(O dx = ) f 140(X) = V(O dx
Q "NQ

i€iy
=2 [ - wop dx
iei, ¥ 2iNQ

V4 n
<e Z 107 N Q|
i€iy,

= &”1Q,
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where in the last inequality we used the first property in (6.26). This proves that u, — u strongly
in L7,

Step 3: Recovery sequence for simple functions. We are thus left with construction a recovery
sequence for simple functions. The functions we have to consider are constant in the open set
QN C, where C c RY is a open cube. Thus, consider a constant function u in Q N C, say u = z,
for some z € RM. Fix & > 0. By using the characterization of f¢ given by Proposition it is
possible to find k € N, Ay,..., 4 >0and zq,...,z € RM with

k k
Z Ai =1, Z Aizi = z, (6.27)
i=1

i=1

such that

k
F@+e= > Lif). (6.28)
i=1
Define g : C — RM as
k
g(x) = > zda (),
i=1

where (A)i.‘: , C C is a measurable partition of C with |4;| = 4;|C|. Extend g to the whole RV ina
C-periodic way, and define u, : RY — R as

Un(x) = g(nx).

The Riemann-Lebesgue lemma (see Theorem[6.61)), together with (6.27), yields that u,, converges
to u weakly in LP(Q; RM). Moreover, similar computations as those used in the proof of Theorem
[6.61] allow to obtain that

k
lim F(v) =19 )" 4if ) < 1QU[f@) + el

i=1

where in the last step we used (6.28). We thus conclude by using the arbitrariness of & > 0. o

Remark 6.64. In the previous proof we employed a lot of interesting techniques. Let’s highlight
them. First of all, it seems that the liminf inequality was deduced easily. Of course, this is be-
cause we already had a candidate for the relaxed functional. Usually, the liminf inequality is used
to guess possible functionals that could be the relaxation, and then use the limsup inequality to
confirm that guess.

The limsup inequality was obtained by approximation. Namely, for each u € LP(Q;RM), we

built a sequence {u,},eny C LP(Q; RM) of simpler objects that approximate « both configuration-
wise (namely weakly in L”) and in energy (namely lim,_,., H(,) = H(«)). We chose the simpler
objects in such a way that the construction of the recovery sequence for each of those can be done
by hands.

Remark 6.65. The only occasion where we used the fact that the set Q is bounded, is in the
construction of the approximating sequence in Step 2. A similar argument can be used to construct
such a sequence also in the case where the assumption of Q being bounded is dropped. We decided
not to consider that case to focus on the technicalities that are more relevant.
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Remark 6.66. It can be shown that the (topological) relaxation of F with respect to the weak L'
topology satisfies the same formula. The only place where we needed p > 1 was in Step 1, where
we used the weak lower semicontinuity of the sequential lower semicontinuous envelope.

As a direct consequence, we have also an integral representation formula for the relaxation
of integral functionals, under suitable growth assumptions on the integrand f that ensures the
required growth assumptions on the functional F'.

Corollary 6.67. Let p € (1, ), and Q c RN be a bounded measurable set. Let f : RM 5 Rbea
Borel function, and consider the functional F : LP(Q;RM) — R given by

F(u) = ff(u(x)) dx.
Q
Assume that f is such that
ClzlP < 1f(2) < C + [zP),
forall z € RM where C > 0. Then,

Isc(F)(u) = F(u) = f fC(u(x)) dx,
Q

for all u € LP(Q; RM), where the relaxations are with respect to the weak topology of LP.

Proof. Note that, under the stated assumptions, the functional F is weakly coercive in L”. Thus,
applying Corollary , we get that Isc(F) = F. The integral representation formula follows from
Theorem [6.63 ]

Remark 6.68. In Theorem we chose to work with a function f that is not allowed to assume
the value +co. Sometimes this is useful if we want to incorporate a constrain on the values of u
into the integrand f. In case f : R¥ — R U {+o0}, we still have an integral representation result
for the (sequential) relaxed functional

f (sc(H)°u) dx  if F(u) < oo,
Fu)={ V¢

+00 else.

The proof of this integral representation result is on the same lines as that of Theorem Note
that,

Ise[(f)] < [Isc(N],
but the two might be different. Find an example!

Finally, we state the result for the case of functionals depending on the gradient.

Theorem 6.69. Let p € (1,00), and Q c RN be a bounded open set. Let f : RM — R be a Borel
function, and consider the functional F : W'"P(Q) — R given by

F(u) = f F(Vu(x)) dx.
Q
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Assume that
lf@l < CA +zP),

forallz € RM, where C > 0. Then, its sequential lower semi-continuous envelope F : W'P(Q) —
R with respect to the weak topology of W'P(Q) satisfies

F(u) = fg FE(Vu(x)) dx,
for all u € W'"P(Q). Moreover, if
Clzl” < |f(@)l < C( + |27,
forall z € RM, where C > 0, then
Isc(F)(u) = F(u) = fg fE(Vu(x)) dx,
for all u e W-(Q).

Remark 6.70. Note that the upper bound is needed in order to get the integral representation

formula for F, while the lower bound is needed to ensure coerciveness, and thus to ensure the
equivalence between F and Isc(F).
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Chapter 7

Gamma-convergence

We now consider the following situation: suppose that we have a minimization problem
min{ Fo(x) : x € X, } (7.1)

where F; : X — (—o0,+00] is a functional parametrized by a parameter ¢ that is close to a
parameter gy € R. Note that also the domain X, of the functional F, is allowed to change. We
would like to understand the behaviour of minimizers x, € X, for F; as € ~ gg. Since the
minimization problem might not have a solution, we can consider a/most minimizers, namely
points x. € X, such that

lim |Fg(x;) —inf F¢| — O.

£—&) Xe

As for the case of relaxation, we wonder if it is possible to understand the behaviour of almost
minimizers {x;} in a variational way. Namely, if we can find a functional F:X— (=00, +00]
such that

lim inf F = n}}n F, (7.2)

e—ep X

and such that every cluster point of {x.} (with respect to some topology) is a minimizer of F.

Before continuing, note that in this case we also have to choose a proper space X where F is
defined. This is usually not a problem, because in most of the cases it is possible to find a space
X such that X, c X for all &, and thus we can equivalently consider the functionals G, : X — R

defined as
F.(x) ifxeX,,

+00 else.

G:.(x) = {

Thus, in what follows, we will always assume that we have a single space X where all of our
functionals are defined.

Moreover, we will first consider sequences of parametrized functionals, namely we will study
the behaviour of a sequence {&,},en With £, — &9 as n — oco. The relation with the continuous
family of parametrized functionals F, will be investigated later.
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7.1 Gamma-convergence in metric spaces

We recall that we are now working on a metric space (X, d). We would like to give a couple of ex-
amples to motivate the definitions that we are going to give. Consider the sequence of functionals
as in the following figure.

\2

Figure 7.1: The functionals F, all have the same minimum and the minimizers are converging to
the origin.

We see that

Irgn F, =0, and lim x, =0, where F,(x,) = Irgn F,.

n—oo

Thus, we might be tempted to defined our limiting functional F as
Flx) = inf{lim inf F(x,) © x, — x}.
n—oo

The problem with this definition is that we cannot ensure the validity of (7.2)). Indeed, consider
the case where
F, ="

In this case, every x € X is a minimizer of F,, for every n € N. Moreover, we have that F = -1.
But (7.2) fails to hold. To impose the convergence of the infima to the minimum of the limiting
functional, we need to make sure that

liminf inf F,, = lim sup inf F,.
n—oo £ n—00 €
Since we do not what what are the minimizers and where they converge (this is precisely why
we are doing all of this!), we are forced to impose such a condition at every point. This fact will
even more clear when we will give the topological characterization of I'-limit (which is actually
the more general definition of I'-limit in topological spaces). We now hope that the following
definition does not come as a surprise.

82



Definition 7.1. Consider a sequence o_f functionals (F,),en, Where F,, : X — R. We define the
I-lower limit T'-liminf, . F, : X > R as

(r- lim inf F,,)(x) - inf{nm inf F(x,) : x, — x},
n—o0 n—oo
and the I'-upper limit I'-limsup,,_,, F, : X — R as

(F— lim sup F,,) (x) = inf{lim sup Fr(x,) @ x, = x},

n—o00 n—oo
for every x € X. Moreover, we say that the sequence (F,,),en I-converges to F : X — R if

F =T-liminf F), = I'-lim sup F,

n—oo n—0o0

. . r-d
In this case we write F,, — F.

Remark 7.2. Note that, in general, the I'-lower limit and the I'-upper limit are different. Indeed, if
like in the example in the discussion above, we have F, := (—1)", we get that

I'-liminf F,, = —1, I-limsup F,, = 1,

n—0eo n—oco

which are different at every point.

Remark 7.3 (The choice of the metric). We would like to stress that the definition of I'-lower limit
and the I'-upper limit depend on the distance that we consider on the metric space X: different
distances might (and usually do) lead to different I'-limit inf and sup. The choice of the metric
is of capital importance in the study of the limiting behaviour of almost minimizing sequences of
F,, since it specifies what we mean by limiting behaviour! Usually, the choice of the topology is
suggested (or even forced) by compactness arguments:

Remark 7.4. The I'-lower limit is the greatest lower semi-continuous function that is below F,, at
n = oo. Unfortunately, a similar interpretation of the I"-upper limit is not available.

We first notice that the notion of relaxation is a particular instance of that of I'-convergence.
Lemma 7.5. Let F : X - R. Set F,, .= F, forall n € N. Then, (F,)nen I'-converges to 1sc(F).

We now prove some basic properties of I'-liming and I'-limsup. First of all, a sequential
characterization of the I'-limit by a liminf and a limsup inequality in the same spirit of that for
the relaxed functional (see Proposition is available and it is usually how I'-limit results are
proved. The proof follows the same line as the proof of Proposition[6.11]and therefore we will not
repeat it in here.

Lemma 7.6. Let (F,),en be a sequence of functionals, where F,, : X — R for each n € N. Then,

r-d
F, — F if and only if the following two conditions are satisfied:
(i) (Liminf inequality) For every X € X, and (x,;)nen C X converging to X, it holds

F(x) < liminf F,(x,);
n—oo
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(ii) (Limsup inequality) For every x € X, there exists (x,)uen C X such that

F(X) = limsup F,,(x,),

n—oo
and with x,, — x.

Remark 7.7. As for the case of the relaxed functional, the limsup inequality combined with the
liminf inequality gives the existence of the so called recovery sequence: for every x € X there
exists (x,)neny € X such that

lim F(x,) = F(%),

n—oo
and with x,, — x.

A topological characterization holds for the notion of I'-lower and upper limit. The proof is

similar to that of Proposition [6.20]

Proposition 7.8. Let (F,),en be a sequence of functionals, where F,, : X — R for each n € N.
Then,

I'-liminf(x) = sup lim inf 1nf F.(y) = hm hm inf inf Fy(y), (7.3)
n—oo >0 n—oo ye ) x —00 yeBr x
and
I'-lim sup(x) = sup lim sup 1nf F,(y) = hm lim sup 1nf F (), (7.4)
n—o0 >0 n—ooo YEB -(X) -0 p-00 YEB
for all x € X.

Remark 7.9. This topological version is the definition of I'-lower and upper limit in general topo-
logical space, with supc () in place of sup,., where N(x) is the family of neighborhoods of the
point x.

In a similar spirit as Proposition[7.8] we give another characterization of I'-liminf and I'-limsup
that will be useful in the following. The idea is to force the minimization in (7.3)) and (7.4) to be in
small balls centered at the point x by adding a perturbation that is small around x, and very large
outside of a ball centered at x.

Theorem 7.10. Let (Fy,)qen be a sequence of functionals F, : X — [0, +c0]. Let ® : X — [0, +0c0)
be a continuous function such that

(i) ®0)=0
(ii) ®(t) > 0 forall t > 0;
(iii) liminf,_,c @(r) > 0.
Then,
I- hrn 1nf F,(x) = suplim inf 1nf [F ) + A0(d(y, x))] = 11111 hm mf 1nf [F (y) + AD(d(y, x))],

>0 "o

and

I'-lim sup F,,(x) = sup lim sup 1nf [F ) + AD(d(y, x))] = hm lim sup mf [F ) + AD(d(y, x))],

n—oo A>0 n—ooo n—oo

forall x € X.
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Remark 7.11. In particular, we get that
Isc(F)(x) = sup inf[F(y) + AD(d(y, X)),
>0 YeX

forall x € X.

First of all, by using the topological characterization provided in Proposition[7.8] it is possible
to see that the lower and upper I'-limit are lower semicontinuous.

Lemma 7.12. Let (Fp,)nen be a sequence of functionals. Then, I'-liminf, . f, andI'-limsup,_, Fy,
are lower semicontinuous.

We now show that, in order to compute the the I'-liminf and the I'-limsup, we can assume,
without loss of generality, the functionals to be lower semicontinuous.

Proposition 7.13. Let (F,),en be a sequence of functionals, where F, : X — R for each n € N.
Then,

I'-liminf F,(x) = I'-liminf Isc(F,)(x), I'-lim sup F,,(x) = I'-lim sup Isc(F,;)(x).
n—oo n—oo n—o0 n—oo
for all x € X.

Proof. We prove that
I'-liminf F,, = I'-lim inf Isc(F},,).

n—oo n—

The case of the I'-limsup follows by using similar computations. Since Isc(F,) < F,, we have that

I'-liminflsc(F,) < I'-liminf F),.
n—0o0

n—oo

In order to prove the opposite inequality, let x € X, and take (x;),en C X with x,, — X such that
lim Isc(F,)(x,) = I'-liminf Isc(F,)(x).
n—o00 n—oo

The existence of such a sequence follows by using the definition of the I'-liminf by using the same
argument employed in Lemma[6.6] For each n € N, we know that

Isc(F)(x,) = inf{li}{r_liglf F.Or) @ vk — xp } .
Thus, there exists (y})ien € X with y! — x;, as i — oo such that
Lim Fp(y}) = 1sc(Fy)(xn)-
Therefore, for each n € N, we can find a point z, € X such that
Ao <o ) =~ TsetF ) < 1
Then, z, — x. Therefore, by definition of the I'-lower limit, we get
(r- lim inf F,,) ) < liminf F, ()
< iminf [1se(F)(Xn) + | Fn(zn) = 1sc(F) () ]
- (r- lim inf Isc(F, =) .

n—oo

thus obtaining the desired inequality. O
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We conclude this section by stating a result ensuring that, up to a subsequence, a sequence of
functionals over a nice space admits a subsequence that I'-converges to a limit.

Theorem 7.14. Let (F))qen be a sequence of functionals on a separable metric space X. Then,
there exists a subsequence (Fp,)ren that I converges to F, for some functional F : X — R.

7.2 Comparison with pointwise and uniform limit

In order to understand a bit better the notion of I'-limit we now compare it with the better known
notions of pointwise and uniform limit. The I'-limit and the pointwise limit, if they exist, are,
in general different, as the example in Figure [7.1] shows. Nevertheless, they always satisfy the
following inequality.

Lemma 7.15. Let (Fp)uen be a sequence of functionals. Then,

I'-liminf F,, < liminf F,, I-limsup F,, < limsup F,.

n—co n—0o0 H—s00 H—s00

In particular, if (Fp)nen converges pointwise to F, then

I'-liminf F,, < T-limsup F,, < F.
n—oo n—oo
Proof. 1t follows directly from the definition of I'-lower limit and [-upper limit by taking the
constant sequence x,, = x for all n € N. O

Remark 7.16. The I'-limit and the pointwise limit of a sequence of functionals (F,;),en might both
exist and be different at every point! Indeed, given an enumeration of the rationals (g, ),en of R,

consider the functionals
0 ifx =gy,

Fn(x) = { 1 else.

Then, by the density of Q in R, we get that (F,),en ['-converges to F' = 0, but converges pointwise
toG = 1.

Remark 7.17. There are situations in which the pointwise limit does not exists, but the I'-limit does.
Indeed, consider the case where F,(x) = sin(nx). Then, (F,),en does not converge pointwise to
anything, but I'-converges to F = —1. This example shows that the notion of I'-convergence can
be used to treat situations in which high oscillations take places, and that cannot be handled by the
notion of pointwise limit.

We now investigate three cases in which it is possible to state a better relation between the I'-
limit and the pointwise limit:the case of monotone sequences, the case of a sequence converging
uniformly, and the case of convex functionals. We start by investigating the case of monotone
sequences. First of all, note that a monotone sequence admits a pointwise limit. We will see
that there is an essential difference between increasing and decreasing sequences. We start by
investigating the former case.

Proposition 7.18. Let (F,,),en be a decreasing sequence of functionals. Then,
I'- lim F, = Isc(F),
n—-oo

where F is the pointwise limit of (F;)en.
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Proof. For each x € X we have that
Isc(F)(x) = inf{lim inf F(x,) : x, — x}
n—o00
< inf{lim inf F,(x,) ¢ x, — x}
n—o00
=I'-liminf F,(x)

n—oo

< TI'-limsup F,(x)

n—oo

< F(x),

where in the second step we used the fact that F < F, for all n € N, while in last step we
used Lemma Therefore, the I'-lower limit and the I'-upper limit are lower semicontinuous
functionals (see Lemma in between Isc(F) and F. Since Isc(F) is the greatest lower semicon-
tinuous functional majorized by F, we get that all of the inequalities above are actually equalities.
Therefore, the I'-limit exists, and is equal to 1sc(F)(x). O

Remark 7.19. The above result states that, in order to compute the I'-limit of a decreasing sequence
of functionals, you first take the pointwise limit, and then you relax it.

We would like to stress that if we first take the relaxation, and then the pointwise limit we get,
in general, a different functional. Indeed,

inf Isc (F,) # Isc (inf F,,) = Isc(F).
neN neN
From the technical point of view, the difference between the two objects is due to the fact that we

cannot interchange a supremum and an infimum. Consider, for instance, the case f;, : (-1,1) - R
defined as

1 if x <0,
fa(x) =1 1-nx ifOsti,
0 else.

Then, each f, is continuous, and f,, — f pointwise, where

_J 1 ifx<0,
fx) '_{ 0 else.

On the other hand, f is not lower semicontinuous. In particular, 1sc(f)(0) < f(0).

We now study what happens for increasing sequences of functionals.

Proposition 7.20. Let (F,),en be an increasing sequence of functionals. Then,

(r- lim F,,)(x) = lim Ise(F,)(x) = sup Isc(F,)(x).

neN

forall x € X.

Proof. First of all, thanks to Proposition we have that

I'- lim F, =T- lim Isc(F),).
n—oo

n—oo
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Let

G = suplsc(Fy).
neN

By Lemma|/.15} we have that
I-liminflsc(F,) < G.

n—oo

We now prove the opposite inequality. Fix x € X and let + < G(x). Note that G is lower semi-
continuous, since it is the supremum of lower semicontinuous functionals (see Proposition [6.14).
Therefore, by (ii) of Proposition we have that there exists » > 0 such that G(y) > ¢ for all
vy € B(x, r). In particular, this means that for all y € B(x, r) there exists 71(y) € N such that

Isc(Fn)(y) > 1,

for all n > 7i(y). By using the topological characterization given in Proposition [7.8] this yields that

I'-liminf Isc(F,)(x) = sup liminf gf )lsc(F,,)(y) >t
n—o0o

r>0 1% yeB(x
Since t < G(x) is arbitrary, we conclude that I'-lim inf,, F, > G. O
Remark 7.21. In particular, if in the above proposition all of the F,’s are lower semicontinuous,
then the I'-limit equals the pointwise limit.
Remark 7.22. If the lower semicontinuity of the F,’s does not hold, we cannot claim that

I'- lim F,, =1sc (sup F,,),

n—oo nEN
since, in general,

sup Isc(F,) # lIsc (sup Fn) .
neN neN

Consider, for instance, the case f;, : (0,1) — R defined as

_ ] 0 ifx=g k=>n,
Jn(x) = { 1 else,

where (g,)nen 1S an enumeration of Q N (0, 1). Then, it is possible to see that (F,),en converges
pointwise to ' = 1. On the other hand, by using Proposition{/.20} we get that (¥,),en I'-converges
toG =0.

Remark 7.23. The metric that is used to compute the I'-limit of monotone sequences of functional
is seen when we take the relaxation.

In case of a very strong pointwise converge, namely the uniform convergence, the I'-limit and
the uniform limit agree. The proof follows easily from the definition of uniform convergence and
that of I'-limit.

Lemma 7.24. Let (F,)qen be a sequence of functionals converging to some F : X — R uniformly.
Then,

(- Jim Fa) (0 = Ise(P)@),

forall x € X.
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Finally, there is a particular class of functionals, namely convex functionals, for which the
pointwise limit, even for sequences that are not monotonically nor uniformly converging, coincides
with the I'-limit. We need though a bit of more structure for the space X in order to talk about
convexity, since we need convex combinations of elements of X.

Proposition 7.25. Let (X, || - ||) be a normed vector space. Let (F,),en be a sequence of convex
functionals and assume that they are equibounded in a neighbourhood of every point x € X, namely
for each x € X there exists R > 0 and C > 0 such that, for all y € B(x, R), it holds

IFn()l < C.
Then, (Fj)uen -convergesto F : X — R if and only if (F,),en converges pointwise to F.

Proof. Step 1. First of all note that the proof of Proposition [6.48] works also in a general normed
space X, not necessarily R". In particular, thanks to the uniformity of the constants C and R in the
condition of equiboundness, this implies that for every x € X there exist R > 0 and K > 0 such
that

[Fn(x) = FaI < Kllx — I, (7.5)

for all y € B(x,R), and all n € N.
Step 1. Let (x;)qen C X be such that x,, — x. We claim that

liminf F,(x) < I'-liminf F,(x), (7.6)
n—oo n—oo
and that
lim sup F,(x) < I'-lim sup F,,(x). 7.7)
n—oo n—oo

We prove (7.6). Note that (7.7) follows by using similar computations. We can assume, without
loss of generality, that ||x,, — x|| < R for all n € N. Thus,

liminf F,(x) = liminf [ F,(x,) + F,(x) — F,(x,) ]
n—oo n—oo
< liminf [ F,(x,) + |Fn(x) — F,(xp)| ]
n—oo

= liminf F,(x,),

n—oo

where in the last step we used ((7.9)) together with the fact that ||x, — x|| = 0 as n — co. We then
obtain by using the definition of I'- liminf,_,. F,(x).

Step 3. By using Lemma [7.13] together with and (7.7), we get that

I'-liminf F,, < liminf F,, <T-liminf F,, <T-limsup F,, < limsup F,, < I'-limsup F,.

n—oo n—oo n—oo N—00 n—00 n—o0

This shows that, in this case, pointwise convergence is equivalent to I'-convergence. O
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7.3 TI'-limit of sums of functionals

We now investigate when the operation of I'-limit and the sum of functionals commute. The proofs
of these results follow directly from Definition properties of liminf and limsup, and Lemma

Lemma 7.26. Let (Fp)uen, (Gn)nen be two sequences of functionals. Then,

I'-liminf(F, + G,) > I'-liminf F,, + - liminf G,,,
n—oo n—o0 n—o0
and
I-limsup(F, + G,) = I'-limsup F,, + I'-liminf G,

n—oo n—oo n—oo

provided that everything is well defined.

Remark 7.27. Note that the above inequalities can be strict, even if (F}),en and (G)pen are I'-
converging. Consider for instance F,(x) = sin(nx), and G,(x) := — sin(nx). Then

O=I-lim(F, +G,) >-1-1=I-limF, +I-limG,.

Remark 7.28. Note that by combining the first lower bound given by Lemma together with
the fact that
I-limsup(F, + G,) <I'-limsup F,, + I'-limsup G,,,

n—oo n—oo n—o00
we get
I-liminf F,, + I'-liminf G, < I'-liminf(F, + G},)
n—oo n—oo n—o0
< I'-limsup(F, + G,) < I'-limsup F,, + I'-lim sup G,.
n—o0 n—oo n—o0

The reason why upper bounds are not usually useful in the study of I'-limits is because usually the
I'-limit is guessed by first bounding from below the sequence of functionals and then confirming
that guess by proving the limsup inequality.

In order to have equality we need stronger assumptions. We present two situations in which
we can ensure the commutative property of I'-limits and sums.

Proposition 7.29. Let (F),)nen, (Gy)new be two sequences of functionals. Assume that the G,,’s are
everywhere finite on X and converges uniformly to G : X — R. Then,
I'-liminf(F, + G,) =I'-liminf F,, + G,
n—o00 n—oo
and
I-limsup(F, + G,) =I'-limsup F, + G.
n—o0 n—oo
Remark 7.30. Note that in the above result, it is crucial that the functionals are finite everywhere.
This, in particular, prevents to use the above result to treat cases where a constraint is inserted into

the functional as a +co penalization. A particular case of Proposition |7.29|is when G, = G for
some G : X — R.
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>
0 n—1nn+1

Figure 7.2: An example of a sequence of functionals for which minimizers are escaping at infinity.

Proposition _7.31. Let (F)nen, (Gp)nen be two sequences of functionals. Assume that there exist
F,G : X — R such that

r-d
(i) F, — F,and F, — F pointwise;

(i) Gy =S G, and G, — G pointwise.
Then e
F,+G, — F+G, F, + G, = F + G pointwise,

if everything is well defined.

7.4 Convergence of minima and (local) minimizers

The convergence of minima and minimizers of I'-converging sequences is more delicate than in the
case of the relaxation. The reason is that, since we have a sequence of functionals, the minimizers
can escape at infinity, and we might have a gap in the value of minima. Consider, for instance, the
functionals in Figure Then, it holds that

r—
F,—F=1,

(=N

but
min F,, =0, while min F = 1.
X X

Moreover, we see that there is no cluster point for the sequence of minimizers for F,, and none of
the minimizer for F is the limit of any sequence of minimizers for F,. The goal of this section is
to find sufficient conditions that prevent from this situation to happen.

First of all, from Definition [/.1 we easily obtain that the sequences of infima of F, and the
infima of the I'-lower limit and I"-upper limit are always related as follows.
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Lemma 7.32. Let (Fp)uen be a sequence of functionals. Then,

ir}}f(l“- liminf F, ) > liminf ir)}f F,, ir)%f ( I'-limsup F, ) > lim sup ir)%f F,.

n—o00 n—00 n—oo n—oo

We start with investigating the convergence of minima. A way to avoid the issue with mini-
mizers escaping at infinity, is to require explicitly all of them to stay in a compact set.

Theorem 7.33. Let (Fp,)uen be a sequence of functionals. Assume that there exists a compact set
K C X such that
inf F,, = inf F,, 7.8
inf F, = in (7.8)

for all n € N. Then, the minimization problem
min (I liminf F,
X n—oo

has a solution, and it holds that

rrgn (F- lim inf Fn) = liminf inf F,,. (7.9)

n—o0 n—o00 X

Moreover, if (Fp)nen I'-converges to some functional F, then the minimization problem

X n—oo

min (F- lim F, ,,)
has a solution, and it holds that

rrg}n (F- lim Fn) = lim inf F,. (7.10)

n—oo n—oo X

Proof. By using Proposition [7.13| and Theorem we can assume, without loss of generality,
that each F), is lower semicontinuous. Let (F,, )ren be a subsequence such that

liminf inf F,, = lim inf F,. (7.11)

n—oo X k—oo X
Step 1. For each n € N, since F, lower semicontinuity of and coercive (thanks to (7.8)) by
Theorem [5.2] we get that the minimization problem
min F,
X
admits a solution. In particular, for each k € N there exists x,, € K such that

Fnk(xnk) = n}}nFnk-

By using the compactness of K, it is possible to extract a subsequence (x,, )ien such that x,, — X
as i — oo, for some x € K. By using Lemma (7.32} we get
lim inf inf F, < inf ( I-liminf F, ) < (r- liminf F, )(x)
n—oo

n—oo X n—o0

< liminf Fp,_(xp,, ) = liminfinf F,_
i—0o ! t i !

i—»oo X

= liminf inf F,,,
n—o00 X
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where last equality follows from (7.11)), while in the third inequality we used the definition of
I'-liminf together with the fact that

liminf F,(x,) < liminf F,,_(xp, ),
n—oo [—00 t 4

where x, = x, if n = m, and x, = x else. This yields that X is a minimum point for
I'-liminf, . F, and the validity of (7.9).

Step 2. Assume that (F,),en ['-converges to some functional F. Then, from Step 1 we get that
the minimization problem

n—oo

min (r- lim Fn)
X
admits a solution, and that

min (r- lim Fn) = liminf inf F,.

X n—oo n—oo X

To prove that the liminf on the right-hand side is a limit, we observe that

liminf inf F,, = n%}n (F— lim F,,) > lim sup iI}l(f F,,

n—oo X n—oo n—oo
where the last inequality follows from Lemma This proves (7.10). o

Remark 7.34. In general, it is not true that

m}}n (F— lim sup F, n) = lim sup ir)}f F,.

n—oo n—oo

Indeed, for each n € N, consider the functionals F,, : [—1, 1] — R defined as

=nr if x e [-1,0),

F.(x) =
-t ifx €0, 1].
Then, we get that
I'-liminf F,, = —1, I-limsup F,, = 1.
n—o0 n—o00
Therefore, for all n € N, we get that
inf F, =-1, inf I'-limsup F,, = 1.
N FL el "

Therefore, there cannot be a similar formula connecting the minimum of the I'-upper limit and the
sequence of infima of Fj,.

We now consider the more delicate case of convergence of minimizers. As for the convergence
of infima, we need to make sure that minimizers (if they exist) do not escape at infinity. This will
ensure that cluster points of minimizing sequences will be minimizers of the limiting functional.

We wonder if every minimizer of the limiting functional can be approximated by a sequence
of minimizers for F,,. The answer is simply no, as it can easily seen by considering the functions

F, : R — R given by
$2
F,(x) = —.
n
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Then, for each n € N, the only minimizer of F,, is x = 0. On the other hand, (F,),ex I'-converges
to F' = 0 (since it converges to F' uniformly on every compact set). But if we take x # 0, we cannot
approximate it by any sequence (x,),en, Where each x,, is a minimizer of F,.

In order to get the desired approximation property of every minimizer of the limiting func-
tional, we need to introduce the notion of quasi-minimizers.

Definition 7.35. Let (F,),an be a sequence of functionals. We say that (x,),eny C X is a sequence
of quasi-minimizers for (F,),en if there exists (g,)nen C (0, 1] with g, — 0 as n — oo such that

1
Folo) < | inf Fy + gn] Vo

En

for all n € N.

Remark 7.36. The apparently strange definition above is to take also in consideration the case
where infy F,, = —oo. In case infy F, > —oo, the condition for a quasi-minimizer writes as

Fu(x,) < H}}f Fy + &,

forall n € N.

We are now in position to prove the result concerning the limiting behaviour of quasi-minimizers.
We will focus on the case where the sequence has a I'-limit. More delicate results in the case where
the I"-limit does not exists hold for the I'-lower and upper limit.

Theorem 7.37. Let (Fy,)uen be a sequence of functionals. Assume that there exists a compact set
K c X such that

inf F,, = inf F,,

inf F, = inf F),

foralln € N, and that (Fp)uen I converges to F. If (x,)nen is a sequence of quasi-minimizers for
(F)nen, then every of its cluster points is a minimum for F. Moreover, every minimizer of F is the
limit of a sequence of quasi-minimizers for (F;)nen-

Proof. By using Proposition and Theorem [6.10] we can assume, without loss of generality,
that each F), is lower semicontinuous.

Step 1. The proof that every cluster point of a quasi-minimizing sequence (x,),en for (Fp,)nen
is a minimizer for F uses a similar argument to that employed in the proof of Theorem[7.33]

Step 2. Let x € X be a minimizer of . Assume by contradiction that there is no sequence
of quasi-minimizers for (F,),en having X as a cluster point. Then it is possible to find 6 > 0, and
ni € N such that

F(x) > iI)}an + 0,

for all n > n;. By using the topological characterization of the I'-limit (see Proposition [7.8)), we
get that there exists np, € N (without loss of generality, we can assume n, > n;), and ry such that

inf F, > inf F, + 6, (7.12)
B(x,r) X

for all n > ny. Now, let (x,),eny C X be a recovery sequence for F(X), namely

lim F,(x,) = F(%).
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Let n € N be such that x, € B(x, r) for all n > n. By using (7.12)) we get

lim inf F, + § < lim F,(x,) = F(x) = m}}nF = lim inf F,,
n— oo

n—oo X n—oo X

where in the last equality we used the result of Theorem This gives the desired contradiction.
O

Remark 7.38. In the previous result the metric of the space X plays the crucial role of relating the
notion of compactness to that of I'-limits.

The condition that there exists a compact set K C X such that
inf F, = inf F,
x " k"
for all n € N, is usually hard to check. Usually ones uses a stronger condition, but with the
advantage of being easier to check.

Corollary 7.39. Let (F,)qen be a sequence of equi-coercive functionals. Then, all of the results of
Theorem and Theorem hold.

The above result, together with Theorem allows us to give a characterization of the
I'-limit in terms of convergence of minimum problems. We first need to recall the notion of equi-
coerciveness for a sequence of functionals.

Definition 7.40. We say that a sequence of functionals (F,),en 18 equi-coercive if there exists a
lower semi-continuous coercive functional ¥ : X — R such that F,, > ¥ for all n € N.

Theorem 7.41. Let (F,)qen be a sequence of equi-coercive functionals F,, : X — [0, +oo]. Let
® : X — [0, +o0] be a continuous function satisfying the assumption in Theorem[7.10, Let (1) jen
be an increasing sequence of real numbers going to +oo. Assume that the sequence of functionals

y = Fo(y) + 41 2(d(y, x))
is equicoercive for all x € X. Then, the followings are equivalent:
(i) (Fp)uen I'-converges to a lower semicontinuous functional F : X — [0, +0];

(ii) It holds that

lim inf [F,(y) + 4,0(d(y, x))| = inf [FO) + 2,00d(y. 0))].
ye

n—oo yeX
for every j € N and every x € X.

Proof. Step 1. We prove that (i) implies (ii). Then, for every j € N and x € X, the functional
y = 4;0(d(y, x))
is continuous and everywhere finite. Therefore, from Proposition[7.29 we get that

Fy + L0(d(, 1) > F + 4,0(, ).
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By assumption, we get that, for each j € N, the sequence of functional

y = Fa(y) + 4;0(d(y, x))

is equicoercive. Thus, from Corollary we get the desired convergence of minima.

Step 2. We prove that (i) implies (ii). Fix x € X. Thanks to Theorem[7.10] we get that

I'-liminf F,(x) = I'-limsup F,(x) = lim lim in)t;(F(y) + A4;0(d(y, x)))
n—oo [—}OO n—oo yE

n—oo

= lim inf(F(y) + 2;0(d(y, x)))
Jj—ooo yeX

= F(x),
where in the last step we used Remark[7.11] i

Finally, we consider the case of the approximation of /ocal minimizers. This is very important
because in a lot of situations, the (physical) system that you (observe) are interested in is locked in
a local minimum of your functional.

Theorem 7.42. Let (Fy)uen be an equi-coercive sequence of lower semicontinuous functional T-
converging to F. Let x € X be an isolated local minimizer of F. Then, there exists a sequence
(X)nen C X, where each x, is a local minimizer of F, such that x, — x as n — oo.

Proof. Note that the fact that X is an isolated local minimizer of F implies that F(X) < +oo. Let
r > 0 such that
F&) =min{F(y) : d(y,x) < r}.

For each n € N, consider the constrained minimization problem
min{F,(y) : diy,x) < r}. (7.13)

We claim that there exists n € N depending on r > 0, such that for all n > , there exists a solution

x, to (7.13) satisfying
d(x,,x) <r. (7.14)

Namely, x, is a local minimizer of F,, since
Fu(xy) = min{Fp(y) @ d(y, x,) < r—d(x, X).

This allows us to conclude. Indeed, assume that the claim is true, and consider a subsequence
(ra)nen C (0, 1) be such that r, — 0 as n — oo. Then, for each n € N, thanks to (7.14), there
exists a local minimizer x,, of F,, with d(x,, x) < r,. Thus, (x;,),en is the required sequence of local
minimizers converging to Xx.

Let us prove the claim. Assume by contradiction that this is not the case. Then, for each n € N,
we would have that

min{F,() : d, ¥ < r} = min{F,() : dy, % = r} < min{F,() : dy, 3 <r/2).  (7.15)

By using the sequential characterization of the I'-limit, there exists a sequence (y,)pen With y,, — x
such that F,(y,) — F(x). In particular, for n large y, € B,(x), and

Fo,Op) < F(x)+ 1 < 400,
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Thus, there exists n € N such that

sup Fj(x,) < +oo.

nxn
Since the sequence (F,)qen is equi-coercive, it is possible to find a subsequence (x,, )ren With
Xp, — z € X. We claim that z = X, and thus the contradiction, since d(x,,,x) = r for all k € N.
Assume that z # X. Then

F(z) < lillcn inf Fy, (xp,) < limsup inf(X)F,, < F(%),
— k—o0 r/2
where in the last step we used (7.13)). This contradicts the isolated local minimality of x. Thus, we
get that z = x and we conclude the proof. O

Remark 7.43. Note that, in general, it is not true that an isolated local minimizer can be approxi-
mated by isolated local minimizers. Indeed, consider the case where

L ifxe[-1/n,1/n],
Fp(x) =
|x| else.

Then, the sequence (F),en I converges to F' : R — R, where F(x) = |x|, but the isolated local
minimizer (actually, the only global minimizer) x = 0 of F' cannot be approximated by isolated
local minimizers of F,.

Moreover, if x € X is a local minimizer, not isolated, in general, it is not the limit of local
minimizers of F,,. This is the same situation as for global minimizers. We would need to consider
the notion of quasi-local minimizer.

7.5 T'-convergence and weak topologies

We now consider the notion of I'-convergence for weak topologies. As mentioned previously, in a
general topological space (X, 7), it is possible to define the notion of I'-inferior limit and I"-superior
limit by using the same idea behind the indentitys of Proposition|7.8

Definition 7.44. Given a sequence of functionals (F,),ecn, We define

F~(x):= sup liminf inf F,,
UeN(x) "> U
and
F*(x):= sup limsup inf F,,
UeN(x) n—o v
where N (x) is the family of neighborhoods of the point x in the topology 7. Moreover we say that
the sequence (F,)qen I'-converges to a functional F with respect to the topology 7, if F = F~ = F*.

These definitions are not very useful when one has to compute the I'-limit. That is why it would
be nice to be able to use the sequential characterization of the I'-limit provided by Lemma(7.6] In
general, the objects obtained by the topological definition and by the sequential definition do no
coincide. A condition ensuring that they are the same is to ask the topological space X to satisfy
the first axiom of contability. Unfortunately, weak topologies does not satisfy this assumption.
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Nevertheless, there are conditions ensuring that they are the same (cfr. Section[6.3). We present
here the statement for a Banach space X whose dual space X’ is separable. Note that this leaves
out the case of X = L.

Theorem 7.45. Let X be a Banach space such that X' is separable. Let (Fy)nen be a sequence of
functionals F,, : X — R such that there exists ¥ : X — R with

lim W(x) = +oo

llxl| =00

such that F,, > ¥ foralln € N. Letd : X X X — [0, 00) be any distance that induces the weak
topology on bounded sets. Namely

Xp — X if and only if (X)nen  is bounded and 1im d(x,, x) = 0.
n—o00
Then, by considering the weak topology on X, it holds that

I'-liminf F,(x) = F~(x), [-limsup F,(x) = F*(x),
n—oo

n—oo

where the left-hand sides are computed with respect to the distance d. In particular, (F)pen
I"-converges to F with respect to the weak topology if and only if the followings hold:

(i) (Liminf inequality) For every X € X, and (x,)neny C X with x, — X, it holds

F() < liminf F,,(x,);

(ii) (Limsup inequality) For every x € X, there exists (x,)nen C X such that

F(X) = limsup F,,(x,),

n—oo

and with x, — Xx.

Under the previous assumptions also the Urysohn properties and compactness hold. Namely,
the followings hold.

Proposition 7.46. Let i( be a Banach space such that X’ is separable, and let (F,),cny be a sequence
of functionals ,X — R. Then (F,),en I converges to F if and only if every subsequence (Fp, )ken
has a further subsequence I' converging to F.

Theorem 7.47. Let X be a Banach space such that X' is separable, and let (Fp,)nen be a sequence
of functionals F, : X — R. Then, t_here exists a subsequence (Fp )ren such that Fy, I converges
to F, for some functional F : X — R.

7.6 Integral representation of I'-limits of integral functionals on L”

In this section we consider a sequence of integral functionals F, : LP(Q; RM) - R U {+0o0}, for
p € (1, +00), and study what kind of I'-limits we can expect. Namely, write

Fo(u) = fg Ja(u(x)) dx,
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for some Borel function f, : RM — R. Is is true that if (F,)nen I'-converges with respect to the
weak topology of L?, to some functional F' : LP(Q; RM) — R U {400}, then also F is an integral
functional? That is, there exists some Borel function f : R — R such that

F(u) = fg f(u(x)) dx,

for all u € LP(Q;RM)? And if so, is it possible to characterize the limiting energy density f by
using the sequence (f;).en? These are respectively known as integral representation of the I'-limit,
and representation formula for the limiting density.

First, we need to introduce a technical tool that is interesting in itself, namely the L-Yosida
approximation of a function: the greatest Lipschitz function with Lipschitz constant L that is
majorized the given function.

Definition 7.48. Let (X, d) be a metric space, L > 0, and let f : X — RU{oo}. Define the L-Yosida
transformof f fr : X - Ras

fux) = infl () + Ld(x.y)).

The Yosida approximation enjoys some properties whose easy proof is left to the reader.

Proposition 7.49. Let (X, d) be a metric space. Let f : X — RU{oo} be lower semicontinuous and
bounded from below, namely such that there exists C > —oo such that f(x) > C for each x € X.
Then, it holds that:

(i) fr is Lipschitz with Lipschitz constant L;
(i1) fr is increasing and f; < f for each L > O;
(iii) fi converges to f as L — oo.
Moreover, if f is convex, then f; is convex for all L > 0.

Remark 7.50. The previous result is false if the assumption of lower semicontinuity of f is
dropped, as it can be easily seen by considering the function

_ [0 ifx<o,
fu%_{l if x > 0.

In that case f7(0) = O for all L > 0, and thus it cannot converge to f(0) = 1.

We are now in position to prove the main result of this section.

Theorem 7.51. Let p € (1, ), and let f, : RM — R be Borel functions such that

sup f,(0) < +oo0,
neN

and such that there exists ¢ > 0 for which

fu(&) = (€l = 1) (7.16)
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for all ¢ € RM. Consider the functionals F, : LP(Q;RM) — R U {+oo} defined as
Fu(u) = fg Jn(u(x)) dx,

where Q c RN is a measurable set. Then, the sequence (F)nen I'-converges to some functional
F : LP(Q;RM) — R U {+co} with respect to the weak topology of L” if and only if the sequence
(f)nenw T-converges to some f : RM — R and in that case we have

nm=Lﬂwmw,

for all u € LP(Q; RM).

Proof. First of all, note that Proposition tells us that the I'-limit of the sequence (F))uen

with respect to the weak topology of L? is the same as that of (Isc(F),),en. Moreover, thanks to
Theorem [6.63]| we have that

Isc(Fy)(u) = f Jn u(x)) dx.
Q
Note that we can apply that result thanks to the uniform bound from below (7.16) of the f,’s.
Step 1. Assume that the sequence (f<),en [-converges to some f : R¥ — R. We need to

prove that (F,),en I'-converges with respect to the weak topology of L? to the functional F :
LP(Q;RM) — R U {+00} defined as

F(u) = Lf(u(x)) dx.

Thanks to the uniform growth (7.16)) of the f,,’s, we will use the sequential characterization pro-

vided by Theorem
Step 1.1 We start by proving the liminf inequality. Let u € LP(Q;RM) and let (uy)peny C

LP(Q; RM) such that u,, — u weakly in L”. We claim that
F(u) < liminf Isc(F,)(uy,).
n—oo

Since each f; is convex, it is easy to see that also the function f is convex. This implies that the
functional F is lower semicontinuous with respect to the weak topology of L? (see Theorem ??).
Therefore,

F(u) < li,ﬂglf F(uy). (7.17)

The idea is to substitute, on the right-hand side, 1sc(F,) in place of F. This is not possible in
general, since there is no uniform convergence of f; to f that allows us to control the error

|F (un) — 1sc(Fp)(un)l
uniformly in #» € N. The idea is the following: let
Fw= [ nowd.  Fw= [ 1w
Q Q

where Ti(f°) and Ti(f) denotes the k-Yosida transform of f¢ and of f respectively. Once we
establish this inequality, we obtain (7.17) by pass to the limit for k — co.
First of all, we note that:
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(i) For every k > 0, there exists R > 0 such that T;(f) is linear outside of B(0, R), with slope
k;

(1) Tx(fY) and Tx(f) is convex are convex;
(iii) Tx(fY) converges pointwise to Tx(f) as n — oo.

Indeed, (i) is a consequence of the uniform bound from below on the f,’s (and, in turn, on the
1’s); (ii) follows from Proposition since both f¢ and f are convex. Finally, (iii) follow by
using the definition of the k-Yosida transform and by using the convergence of infima given by
Theorem |/.41} with ® the identity map, together with the uniform growth condition on the f,’s
(and, in turn, on the f:’s) which ensures the equicoerciveness of the maps

y = i)+ kd(y, x),

for all x € RM. Thus, from (i), (i), and (iii) we obtain _that Ti(f5) converges unifo_rmly to Ty f. In
particular, this means that, for each £ > 0, there exists k > 0 such that, for all k > k it holds that

IT(f)(E) = Ti(f)E) < &, (7.18)

for all £ € R™. Thus, for all k > k, it holds that

n—-oo n—

lim inf Fﬁ(un) = lim glfjg; T (f)(uy) dx
= liminf [ fg TeCF) ) dx + fg [TeCE) ) = Tl f)atn) |
> liy{gglffg; T (f)uy)dx — e
> f Te(f)w) dx - &,
Q

where in the previous to last step we used (7.18), while last inequality is due to the lower semi-
continuity of the functional

MHka(fc)(u)dx,
o

since T¢(f€) is convex. Thus, by taking the limit as k — oo on both sides of the above inequality,
thanks to Proposition and the Monotone Convergence Theorem, we get

F(u) — € < liminf F(u,)
Thus, from the arbitrariness of € > 0, we obtain (7.17).

Step 1.2 We now prove the limsup inequality. We first use a similar argument as that imple-
mented in Step 2 of the proof of Theorem to show that it suffices to construct a recovery
sequence for a piecewise constant function. Let u € LP(Q;RM), and let (uz)ren be a sequence of
piecewise constant functions that converges strongly to u in L”. Assume that

(- lim sup F,](ur) = F(ur),

n—oo
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for all k£ € N. Then,

I'-lim sup F,(u) < li]1(n inf[I'- lim sup F,J(ug) = li]£n inf F(u) = F(u),

n—oo n—oo

where the last equality follows from the continuity of F with respect to the strong convergence
of LP. This proves that, if we know how to obtain the limsup inequality for piecewise constant
functions, we know how to conclude its validity for all functions in LP(Q; RM).

Thus, consider a piecewise constant function u. In particular, thanks to Step 2 of the proof of
Theorem [6.63] we can write

k
u(x) = Y £ 400,
j=1

where each A/ ¢ Q is an open set, and they are pairwise disjoint. Since ( S dne is T'-converging
to f, thanks to Lernma for each j = 1,...,k, there exists a sequence (&)),e with & — &/ as
n — oo, such that

lim f(&D) = £&).

Define, for each n € N, the function v, € LP?(Q;RM) as
k
V() = )" £y ().
=)

Then, v, — u strongly in LP(A; RM), and
lim Isc(F,)(v,,) = F(u).
n—o0

This proves the I'-limsup inequality.

Step 2. Assume that F, T'-converges to some functional F : LP(Q;RM) — R U {+oo} with
respect to the weak topology of L”. We need to show that there exists a Borel function f : R¥ — R
such that

H@=Lﬂwmm,

for all u € LP(Q; RM).

To do that, we consider the sequence (f;),en. Thanks to Theorem|[7.14]it is possible to extract a
subsequence (f,, Jren Which I'-converges to some Borel function f : RM — R, possibly depending
on the chosen subsequence. Thanks to Step 1, we get that

Fw=fﬂmmm (7.19)
Q

for all u € LP(Q;RM). If we now take another subsequence ( f,f,.)ieN that is I'-converging to some
Borel function g : R¥ — R, we get that

F(u) = f g(u(x))dx, (7.20)
o)
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for all u € LP(Q; RM). Thus, from and we get that f = g. This implies that the whole
sequence (f)nen I'-converges to some Borel function f : RM — R, and that

ﬂm=fﬂmmm
Q

for all u € LP(Q; RM). This concludes the proof. O

A special case of the above result is when the sequence of integrands (F,),en is locally equi-
bounded. In that case, the I converges reduces to pointwise converges.

Corollary 7.52. Let p € (1, 0), and let f, : R™ — R be Borel functions such that

sup f,(0) < +o0,
neN

and such that there exists ¢ > 0 for which

Ja@) 2 c(€1” = 1),

for all ¢ e RM. Moreover, assume that for each compact set K C Q there exists Mg > 0 such that

) <M

for all ¢ € K. Consider the functionals F, : LP(Q;RM) — R U {+co} defined as
Fw = [ fiucod
Q

where Q c RN is a measurable set. Then F, T-converges to some functional F : LP(Q;RM) —
R U {+o00} with respect to the weak topology of L? if and only if the sequence (f; )neny converges
pointwise to some f : RM — R and in that case we have

Fw=fﬂmmm
Q

for all u € LP(Q; RM).

Remark 7.53. The above theorem can be extended to the case where
Fu(u) = f Jn(x, u(x)) dx,
Q

for some Charathéodory function f, : RY — R. In that case, the convergence is of f<(x,-) to
f(x,-), fora.e. x € Q.
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7.7 Integral representation of I'-limits of integral functionals on W'?(Q)

In this section we want to perform similar investigations as those carried out in the previous sec-
tion, but for integral functionals defined on W'?(Q). For such functionals, the proofs are extremely
more involved, and therefore we will not report them in here. The interested reader in the proof of
the two results can consult [6]] and 3] respectively.

The I'-limit will be with respect to the strong convergence of L? for p € (1,+c0). The rea-
son being that usually the bounds on the functionals ensure only compactness in that topology.
Moreover, for functionals depending on the gradient, usually also a uniform upper bound on the
integrands is necessary. For this reason, we introduce the following class. First of all, we deal
with the issue of integral representation of the I" limit.

Theorem 7.54. Let Q < RN be an open bounded set. Let 1 < p < +oo and consider Borel
functions f, : Q@ x RM x RVM [0, o) such that there exists ¢ > 0 for which

1
;Ifl” < fa(x,2,6) < clgl?

for almost all x € Q, and for all z € RM and ¢ € RNM.  Consider the functionals F, :
WP (Q; RM) — [0, +c0] defined as

Faw = [ i) Duco) .
Q
Then, if F, T-converges to some F : LP(Q;RM) — [0, +oo] with respect to the LP topology, then

f f(x, u(x), Du(x))dx  ifu e WhP(Q;RM),
F(u)={ Y&

+00 else in LP(Q; RM),
where f: Q x RM x RVM 5 [0, o) is a Borel function.

For integral functionals the pointwise convergence of hte integrands yields the I' convergence
in L? of the functionals, but the opposite is not true in general. We will see a counterexample to
this in the next section.

Theorem 7.55. Let Q C RN be an open bounded set. Let 1 < p < +oo and consider Borel
functions f, : QX RM x RVM 5 R such that there exists ¢ > 0 for which

(P -1 < ez <@l + 1)

for almost all x € Q, and for all z € RM and & € RN*M_ Consider the functionals F, :
wWhr(Q; RM) — [0, +o0] defined as

F,(u) = ffn(x, u(x), Du(x)) dx.
Q
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Assume that there exists a Borel function f : Q@ x RM x RNM — [0, co) such that for all z € RM
and & € RVM it holds that f,,(-, z, €) converge pointwise almost everywhere in Q to f(-,z,€). Then,
the functionals F, : Whe(Q; RM) — [0, +o0] defined as

Faw = [ o). Du) da
Q
I" converge with respect to the LP topology to the functional F : LP(Q;RM) — [0, +oo] defined as
F(u) = fg J(x, u(x), Du(x)),

ifu e Who(Q; RM), and +oo else.

Remark 7.56. Note that the opposite is not true in general!

In the one dimensional scalar case, it is possible to completely characterize the I' convergence
of the functionals in terms of converges of the integrands, in the same spirit as Theorem In
order to state the result, we need a notion from convex analysis.

Definition 7.57. Let g : R — R be a function. We define the conjugate g* : R — R of g by

g"(z) := sup{zt — g(r) : t € R}

Theorem 7.58. Let (a,b) C R, and 1 < p < +oo. Consider a sequence of Borel functions
fu i (a,b) X R — R satisfying

1
(6P = 1) < fir ) < (i + 1),

and let f(a,b) x R — R be a Borel function. For each n € N each open subinterval I C (a,b),
defined the functionals

Falu 1) = f Fole i () dx,
1

and

FG 1) = ff(x, u'(x)) dx.
I
Then, the followings are equivalent:

(i) Foreach open subinterval I C (a, b) the functionals F,(-; I) I'-converge to the function F(-; I)
with respect to the strong topology of L

(ii) For all z € R, the function f*(-,z) is the limit in the weak™ topology of L™ of the sequence
(fa G 2nen.
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