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Chapter 1

Introduction

The Calculus of Variations is the mathematical discipline which studies extrema and
critical points of functions
F:A-R

on an oo-dimensional subset A of a (normed) function space X. One usually calls A the
admissible (function) class or the class of competitors, and F a functional (which is short
for ‘function of functions’). Since the discipline with classical origins in the 17th century has
developed into a huge and very diverse field, for the purposes of this lecture we necessarily have
to single out specific topics. Hence, as a matter of fact we mostly dispense with classical (field)
theory, geometric variational problems, and various applications, but rather we focus on the
fundamental case of a first-order integral functional or first-order variational integral

Flw] ::/QF(‘,w,Dw)dx :z/ﬂF(@m(:c),Dm(:c))dx

for (weakly) differentiable w: Q — R,

where the dimensions n, N € IN of domain and target, an open set 2 C R", and a suitable
integrand F': QxRN xRV*" — R are given data. We will mostly consider F on first-order
Sobolev spaces and develop theory which covers general dimensions n.

Basic conventions. In these notes we use the conventions IN := {1,2,3,...}, No := NU{0}, and R := [—00, oq].

Matrices. Given n,N € IN we write RV*™ for the space of real matrices with N rows and n columns and
L(R™ RY) for the space of R-linear maps R™ — R”, but we often identify (matrices and linear maps in) these
spaces. By default we use on R" the Euclidean inner product - and the Euclidean norm | - |, and we carry this
over to RV*™ = £(R™, RY) by identification with R™™. The latter convention results in fact in the usage of the
Hilbert-Schmidt inner product z - £ = trace(z'¢) = Zévzl " zeikei for z,& € RV*™ and the Frobenius norm

2] = /trace(ztz) = /S0, SO0, 22, for z € RNV,

Derivatives. For (weakly) differentiable w: @ — R on open Q C R", we generally write d;w with index
i€ {1,2,...,n}, 0w with multi-index a € INg of order |a| := >_7 | o, and d,w with direction vector v € R"
for the partial and directional derivatives of w (which are all mappings Q — RY ). Moreover, we denote by
Dw: Q — RM*" the Jacobi matrix or total derivative of w, while the gradient Vw: Q@ — R" is used for scalar
functions w: Q — R only.

Integration with no specific measure indicated is understood as integration with respect to the Lebesgue measure.
Weak derivatives. For open Q C R™ and a € IN, one calls v € Li, (2, R") the weak 9 partial derivative of
w € L (2,RY) on Qif [,w-8%pdz = (=1)!* [, v - pdz holds for all ¢ € CZ (2, RY) (where the subscript
cpt stands for ‘compact support’ and requires the existence of a compact K C Q with ¢ =0 on Q\ K). If such
v happens to exist, it is uniquely determined as an Ll . function. One then writes 0w for v and says that 0%w
exists weakly on €. As for classical derivatives, one understands 9; = 9° also for weak ones.
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As we will later verify in large generality, the investigation of the integral F is closely
connected, in case N = 1, to a scalar second-order PDE or, in case N > 2, to a system of N
second-order PDEs. For the sake of illustration, we first make this connection precise in the
prominent exemplary case of the Dirichlet integral or Dirichlet energy &, which is given
by

Efw] = %/Q Dw|? dz for w € WH2(Q, RY)

and corresponds to the choice of the integrand F(z,y, z) := 3|z|? above. Clearly, & reaches its

minimum on all of X = WH2(Q, R") exactly on the constant functions, but a more interesting
principle is at hand if the admissible class A is taken as a Dirichlet class

WL2(Q,RY) = ug+ W22, RY) = {up+w : w € WH(0, RY)}

in Wh2(Q, RY) with boundary values prescribed by a fixed ug € WH2(Q, RY). The principle
applies if a (candidate for a) minimizing w in a Dirichlet class — which can then clearly be
written as Wy (€2, RY) — is already at hand and reads as follows:

Theorem (Dirichlet principle). For open @ C RN and u € W'2(Q,RY), we have:
u minimizes Ey in WL2(Q,RY) | that is, Eu] < Elw] for all w € WL, RY)

< u is weakly harmonic on €, that is, / Du-Dydz =0 for all p € CZ (2, RY).
Q

The weak harmonicity of w in this principle means in fact that u is a weak solution to the
Laplace equation Au = 0 on © (which involves the Laplace operator A = divV = Y ", 83
and decouples to N scalar Laplace equations for the components of u). It follows from the
well-known Weyl lemma on harmonic functions that even weak solutions of this model elliptic
equation are automatically analytic on €2 and thus are classical solutions. Therefore, we have:

Corollary. If u € Wh2(Q, RY) minimizes & in Wy (Q,RY), then u is analytic.
Next we turn to the proof of the principle, which will later be widely generalized.

Proof of the Dirichlet principle. From the definitions of & and quL’?(Q, RY) together with the
elementary equality 3|D(u+tp)> = 3|Du|? + ¢ Du - Dy + t21|Dy|? we infer

Eslu] < Efw] for all w € WL2(Q,RY)
— &EJu| < Euttp] forallt € R and all p € W(l)’2(Q, RY)

— OSt/Du-Dgodx+t2€2[cp] for all t € R and all ¢ € W 2(Q,RY).
Q

Sobolev spaces. For m € Ny, p € [1, 00|, one introduces the (localized) Sobolev space W?fo’f)(Q,IRN) as

WP(Q,RY) := {w e LP(Q,RY) : 9%w € L7 (Q, RY) exists weakly for all o« € N§,|a| < m},
WP(QRY) :={w e L _(Q,RY): 0% e L (2, R") exists weakly for all a € N, || < m},

loc loc loc

where the former is a Banach space with norm [[wllm.pi0 = 32|, <, [0%w|pie, for instance. The subspace

WP (Q, RY) of functions with zero boundary values is defined, for p < oo, as the closure of Cgf)t(Q,]RN) in
W™P(Q, RY) with its norm.



Here, the last line means that the quadratic polynomials in ¢ € R given there have a minimum
at t = 0. Since we have E[p] > 0, this happens precisely if the linear term vanishes (To see this,
either take |, Or take into account that the linear term dominates for [t| < 1.), and we can
continue the preceding chain of equivalences by

L= /Du-Dcpdsz forallcpEW[l)’z(Q,RN).
Q

Since CZh (€2, RY) is dense in Wé’Q(Q, RY) (by definition) and ¢ +— [, Du-Dydz is continuous

on Wh2(Q,RY) (by the Cauchy-Schwarz inequality | [, Du-Dydz| < | .Q), we
conclude

L= /Du Dodz =0 forall ¢ € CZ(Q,RY),
and the proof is complete. O

Before entering more seriously into the theory of variational problems, we first provide three
series of examples. The first two series provide model examples of variational integrals F (where
sometimes we also mention the associated PDE without yet proving any relation however) and of
admissible classes A, respectively. In the third series we discuss some classical one-dimensional
variational problems and analytical frameworks for their investigation.

Examples (of variational integrals). Consider n, N € IN and open © C R". Then the
following are model examples of variational integrals.

(1) A first generalization of the Dirichlet integral & are quadratic integrals

5 /QA(Dw Dw) dz Z Z A / Ojwy Ojwy, do for w € WH2(Q, RY)

Zm 1,5=1

(integrand F(z,y,2) = 2A(z,z)), where A is a bilinear form on (N xn)-matrices and the
numbers Af;” € R are the components of A. If A is symmetric or, in other words, Afj A;’;”Z,
this integral is connected with the linear PDE system

ZZA 70;0;up = 0 on €, form=1,2,...,N.

/=11,5=1

(1) A second generalization of &, for simplicity discussed only in the scalar case N = 1, are
integrals of the type

/ ( Z a;j0;w Ojw — fcw + fw) for w € WH2(Q)
i,j=1
(integrand F(x,y,z) = %szzl aij()zizj — 3c(z)y® + f(x)y), where a;;,c¢ € L®(Q) and
f € L%(Q) are (coefficient) functions on Q. In the symmetric case a;; = aj; this integral is
connected with the linear PDE of comparably general form

Z 8j(aij8iu) +cu=f on 2.

ij=1
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(2) Yet another generalization of &, is the p-Dirichlet integral or p-energy
Eplw] = 11)/ |Dw? dz for w € WP(Q, RY)
Q

(integrand F(z,y,z) = %\z\p), typically considered for p € [1,00), where specifically the
l-energy & is also called the total variation or the 7V functional. The p-energy is
connected with the PDE system (linear for p = 2, non-linear in all other cases)

div(|Du/P?Du) =0 on Q,
known as the p-Laplace system and, in case N = 1, simply as the p-Laplace equation.

(2’) Variants of the p-energy, usually considered for p € (1,00), are the non-degenerate p-

energy
L /Q (14 [Dwp?)

(integrand F(z,y,z) = %(1 + |2|2)%) with its PDE system div((1 + \Du]2)¥Du) =0 and
the Riemannian p-energy (motivated by geometric situations with Riemannian metric
on domain and target)

2
2

dz for w € WP(Q, RY)

N n %
% /Q (ZZI 'Zl aijg"™ (w) dywy 8jwm> dz for w € WHP(Q, RY)
m=11,j=

(M|

(integrand F(z,y,z) = %[Zé\fm:l doij=1 i (2)g"™(y)z0i2m;] ?), where the bounded coeffi-
cients (a;j)ij=1,2,..n: & = R™ ™ and (gem)&m:l,g’m’N: RN — RN*N take values in non-
negative symmetric matrices.

(3) One more important model integral is the non-parametric area integral or area integral
for graphs

Slw] == / 1+ [M(Dw)|?dx for w € Whmin{Vnk (g RV
Q

(integrand F(x,y,2) = /14 |M(2)|?), where M(z) € R, 7 := ZI;HI{N’R} (]IZ) (%), denotes
the vector of all minors of the matrix z € RV*", that is, M(2) contains the Nn entries of z as
(1x1)-minors, the (1;/ ) () numbers obtained as (2x2)-minors, the (g ) () numbers obtained
as (3x3)-minors, and then all minors of higher orders up to the maximal order min{N,n}.
The interest in this integral stems from the fact that S[w] equals, at least for w € C1(Q, RN),

the n-dimensional surface area H"(Graphw) of Graphw := {(z,w(z)) : * € Q} c R"*V.

Hausdorff measure. For n € Ny, M € IN, the n-dimensional (spherical) Hausdorff measure of a set A ¢ RM is
defined as

H"(A) := (%1{% (mf { ;wnri tAC Z:leBrl(mz) with r; € [0,6)}) ,

where we used B, (z) = {y € R™ : |[y—2| < r} for balls in R™ and w, for the n-dimensional Lebesgue measure
of the unit ball B1(0) in R™. It can be shown that H™ is o-additive on the Borel o-algebra of R and naturally
measures the n-dimensional surface area on (mildly regular) n-dimensional surfaces in R™.

6



In the scalar case N = 1, where the graph of w is a hypersurface in R", the non-parametric
area integral takes the simpler form

Slw] = / V 1+ |[Vw|?dz for w € WH(Q)
Q

and is connected with the non-linear PDE known as the minimal surface equation, that
is

Vu

V—-—o-=0 on 2.
V14 |Vul?
(4) Finally, our last model integral is the quantity
Viw) = / Moy (D) da for w € Whmin{N (@ RN,
Q

(integrand F(:I;a Y, Z) = |Mmin{N,n}(z) |)7 where Mmin{N,n}(z) € Rna n:= (mjnfv]\f,n}) (min{nNm})a
denotes the vector of all minors of z € RV*" of the maximal order min{N,n}. The integral

can be rewritten in a different form by checking (with some multilinear algebra)

det(ztz) if N>n
[ Munin{nn} (2)] = 4 | det 2| if N=n for z € RV*™.
det(zz') if N <n

In case N > m, the quantity V[w] equals, at least for injective w € C*(Q, RY), the surface
area H"(Imagew) of the n-dimensional surface parametrized by w and is known as the
parametric area integral. In the non-scalar two-dimensional case N > 2 = n the
integral reads V[w] = [, v/[01w[?|02w[*—(81w-0rw)? dz for w € WHE(Q,RY), and in the
classical case N = 3, n = 2 it can also be expressed as TV[w] = [, [D1wxdpw|dx with the
vector product x on R3.

In case N < n, we have V[w] = [pn H" VN ({w = y}) dy, at least for w € C'(Q,RY).

Finally, in case min{N,n} = 1, that is, in both the scalar and the one-dimensional
situation, the integral V coincides with the total variation &;.

Examples (of admissible classes and side conditions/constraints for competitors). Here
we comment on typical choices of the admissible class A or, in other words on additional side
conditions which can be (reasonably) imposed on the competitors w € A.

(i) The most common side conditions are certainly boundary conditions, and the most
basic one is the Dirichlet boundary condition w = ¢ on 9f). In the context of Sobolev
functions on €2, which a priori do not have well-defined pointwise values, one can give
the Dirichlet boundary condition a precise meaning by relying on Sobolev trace theory.
However, one can often get around such issues if one avoids the mentioning of the datum ¢
as a function on 0f) and only expresses that the competitors share the ‘boundary values’ of
a given Sobolev function ug on 2. In fact, this means that one chooses — precisely as done
in connection with the Dirichlet principle — the admissible class A as a Dirichlet class

Wi’op(Q,IRN) = ug—&—W(l)’p(Q,RN) — {U0+w cw E Wé’p(Q,RN)}
in WHP(Q, RY) with given fixed ug € WHP(Q, RY).

7
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(iii)

In principle, one may also work with competitors satisfying Neumann boundary conditions,
Plateau boundary conditions, or more general free boundary conditions, but the treatment
of such cases goes beyond the scope of this lecture.

Other typical conditions are holonomic side conditions, that is, equality constraints
g(z,w(z)) =0 for z € Q

with a given function ¢g: QxRY — R*, k € IN. These side conditions include, as a regular
case, manifold constraints
w(zx) € M for x € Q

with a given (n—k)-dimensional submanifold M in R™. In the context of Sobolev functions
such conditions are usually implemented by choosing A as a subclass of W' (Q, R"Y) which
satisfies the conditions almost-everywhere with respect to the Lebesgue measure.

One also considers non-holonomic side conditions such as inequality constraints
g(x,w(x)) >0 for z € Q
with given g: QxRN — R. Typical cases are obstacle conditions
w(z) ¢ O for x € Q
and in the scalar case N =1 also
w(z) > P(x) for z € Q,

where the ‘obstacle’ is an open set O C R and a scalar function 1: Q — R, respectively.
In the Sobolev context also such conditions are typically imposed almost-everywhere.

A last common type of side conditions are integral constraints

| st vz =o.

with given g: QxRN — RF, k € IN, and specifically volume constraints. For instance, in
the scalar case N = 1 one may require

[ wtaias=v,

which means that the (n+1)-dimensional volume enclosed by Graphw and Qx{0} coincides
with a given V' € [0, 00). Since they have a decisive role in the classical isoperimetric problem
(see Example (IT) below), integral and volume constraints are often called isoperimetric
side conditions.

Clearly one can combine the above constraints, and indeed one often imposes conditions
of either type (ii), type (iii), or type (iv) together with a Dirichlet boundary condition.

In principle, holonomic, non-holonomic, or integral side conditions may involve also the
derivative Dw and take the form of (ii), (iii), or (iv) with h(z,w(x),Dw(x)) in place of
g(z,w(z)). Such constraints are, however, much more difficult to handle and can usually be
treated only in very particular cases. Thus, we mostly dispense with Dw-dependent versions

of (ii), (ii), (iv).



Examples (of basic variational problems). Now we introduce and partially discuss some
classical variational problems. Though the focus of the lecture is on a general theory in arbitrary
dimension n, at this stage we take the opportunity to mention for once some more basic problems
with geometric flavor in the one-dimensional case n = 1.

In order to give a proper description in the Sobolev framework, we recall that, in the single-
variable case, every function in Wh!((a, 3), RV) with —0co < a@ < < oo has a unique
representative in C°([a, 3], R"V) (which in fact is even absolutely continuous). In particular, the
same is true for every w € W'P((a, ), RY) with p € [1,00]. In the sequel, we widely identify
WP functions with the continuous representative and always use this representative to
make sense of values in points from [, 5] or pointwise concepts. With this understanding
we introduce, for p € [1, 0], y1,y2 € RY, the notations

Wih((a, 8),RY) == {w € W'?((a, B), RY) = w(B) = w(a)},

per

W2, ((a, B), RY) i= {w € W"((, 8), RY) : w(e) = y1, w(B) = 2}

(I) The planar geodesic problem is the one of finding the shortest curve which connects
two given points in the plane R2. Evidently the solution is the straight line segment
from the one point to the other, and one may view this problem as a more or less trivial one.
Nonetheless we proceed to specify two different variational settings for this problem, and we
remark that similar frameworks can serve as a basis also for more interesting variants: For
instance, one can add an obstacle (‘curves may not enter a certain region O C R?’) or pose
the problem in a non-Euclidean space instead of R%. We will partially cover such variants
later on but for the moment restrict the discussion to the plain version initially mentioned:

(a) In the first framework, curves are, as usual, images of functions w: [a, 8] — R?
on a fixed interval [«, 8] with —oc0 < a < < oo, and their length is given by the
parametric length integral (case N = 2, n = 1 of the parametric area)

B
V[w| = / |w'| dt for w € W ((a, B), R?).

The problem of the shortest curve from y; € R? to 32 € R? then results in the mini-
mization problem for V|[w| among w € ng,’l%m ((ov, B), R?) (i.e. with boundary conditions
w(a) =y, w(B) = y2). In fact it can be shown (see the exercises):

Mini Theorem (planar geodesic problem with parametric curves). Fix «, 3,
Y1, Y2 as above. Then, for u € W;,’ll,yQ((a,B),]RQ), it holds:

oL ~ 1,1
u minimizes V in Wyhyz

{ u 1S a monotone parametrization of the line segment from y1 to yo, that is,

u(t) = (1=7(t))y1 + 7(t)y2 fort € [, B] with non-decreasing T € Wé:}((a,ﬁ)) .

((a,ﬁ),l&z), i.e. V[u] < V[w] for all w € Wt ((a,ﬁ),]RQ)

Y1,92

Since the same curve can evidently be parametrized!' in different ways, this is the
expected solution.

!The fact that only the geometric solution but not its parametrization is unique is closely connected with
the (re)parametrization invariance of the parametric length integral. This type of invariance is, in fact, a basic
difficulty in the theory of parametric variational problems.
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(b) In the second framework, curves are graphs of functions w: [z1,22] — R on a fixed
interval [z1,x2] with —oco < 21 < x9 < oo, and their length is given by the non-
parametric length integral (case N =n =1 of the non-parametric area)

Clw] = /m VIE W2 dz for w € W (21, 2)) .

The minimization of £[w] among functions w € W;’l%yQ((:vl, x2)) with fixed y1,y2 € R
(i.e. with boundary conditions w(z1) = y1, w(x2) = y2) then models the problem of the
shortest curve from (z1,y;1) to (x2,¥2), and it can be shown (see again the exercises):

Mini Theorem (planar geodesic problem with non-parametric curves). Fiz
X1, T2, Y1, Y2 as above. Then, for u € W;;{yg((xl,xg)), it holds:

u minimizes £ in Wat  ((x1,22)), that is, L[u] < L[w] for all w € W ((z1,22))

Y1,Y2 Y1,Y2
Y2—1 Y12 Y21
= x+ for x € [z1,x2].
T2—T1 T2—T1

< u is affine, that is, u(x)

As affine functions have line segments as graphs, this is again the expected solution.

(IT) The planar isoperimetric problem is the problem to establish (any of) the following
three principles for simple closed curves in R? with the length L of such a curve and
the area A of the region enclosed by it:

(Isol) For fixed length L, the largest possible area A is A = ﬁL% with equality if and only
if the curve is a circle.

(Iso2) For fixed area A, the shortest possible length L is L = v/4m A, with equality if and
only if the curve is a circle.

(Iso3) There holds the isoperimetric inequality A < ;-L? with equality if and only if
the curve is a circle.

In fact, a bit of elementary reasoning shows that the three statements are equivalent. While
(Isol), which fixes the perimeter of the enclosed region, is responsible for the name of the
problem, we here prefer to discuss (Iso2), which is a bit easier to access. Again we provide
two frameworks in which the principle (or slight variants thereof) can be made precise:

(a) In the parametric framework, we work once more with curves w: [a, 8] — R? with
length given by the parametric length integral V[w]. The closedness of the curves is
taken into account by working in W%,’elr((a, B),IR?), and for the enclosed oriented area
(which is, roughly speaking, positive if the curve runs counter-clockwise and negative

if it runs clockwise) one deduces, by either geometric considerations or the divergence

theorem, the formulas ff wiwh dt = — faﬁ wow) dt = %ff(wlwé—wgw’l) dt. All in all,
the isoperimetric principle of type (Iso2) thus asks to minimize V[w] in the admissible
class

Ag = {w e Wha((a, ), R?) : [P wiwhdt = A},

and one can then prove (compare with the exercises) the claimed optimality of the
circle:

10
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Theorem (planar isoperimetric problem with parametric curves). Fiz —oo <
a< fB<ooand A€ R. Then, for u € Ay, it holds:

u minimizes V in Ayg , that is, V[u] < V[w] for all w € Ay
w is a simple parametrization of a circle S,(yo), r >0, yo € R?, that is,

u(t) = yo+T(CfDST(t)) with monotone T € WH ((a, B)), |7(8)—7(a)| = 27

sin 7(t)

We remark that in the situation of the theorem, the constraint necessarily implies
|A| = 7r2, in case A > 0 with non-decreasing 7 (i.e. counter-clockwise parametrization),
and in case A < 0 with non-increasing 7 (i.e. clockwise parametrization).

A well-known variant of the isoperimetric problem is the Dido problem? in which
the curves w are not required to be closed but to have both endpoints on the first-
coordinate axis, that is, to satisfy wa() = wa(a) = 0. In this situation, the above
integrals describe the area enclosed by the curve and the first-coordinate azis, and — in
a sense analogous to the theorem — the solutions are simply parametrized semi-circles.

(b) If we try to phrase the planar isoperimetric problem in the non-parametric frame-
work, we encounter into the obvious problem that the graph of a function w: [z, z2] —
R cannot be a closed curve. Thus, the original isoperimetric problem cannot be treated
in this framework. However, one can consider variants which seek to minimize the non-
parametric length integral L£[w] under the constraint f;f wdx = A for the oriented
area enclosed between the graph of w and the x-axis. If we add boundary conditions
w(x1) = y1, w(z2) = y2 to this problem (Otherwise the only solution is the constant
7o-zr> and it is less interesting.), we arrive at the minimization problem for £ in the
admissible class

Ag = {w € Wyl ((21,22)) © [ wde = A}

1

For this version of the problem, one gets again the (more or less) expected answer (with
a proof treated later in the exercises):

Theorem (planar isoperimetric problem with non-parametric curves). Fiz
—00 < 21 < 2 < 00, and y1,y2, A € R. Then, for u € Aa, it holds:

u minimizes £ in Ay , that is, L[u] < L[w] for all w € Ay
<= Graphu is the straight line or a circular arc from (x1,y1) to (x2,v2) in R2.

In connection with this statement it is interesting to observe that for A too large or
too small there exists no® line segment or circular arc from (z1,y1) to (z2,y2) which

2The Dido variant of the isoperimetric problem is connected with the saga of the founding of ancient Carthage
by Queen Dido. In short summary, the saga says that the queen was granted as much territory for the founding
of the city as she could enclose with an oxhide (the skin of an ox). She cut the oxhide into thin stripes and made
a long cord out of these. Then in order to acquire as much as possible territory adjacent to the sea — with the
coast idealized as the straight axis in the mathematical problem — she stretched out the cord in roughly the
shape of a semi-circle with endpoints on the coast, thus solving the corresponding variant of the isoperimetric
problem in our first formulation.

3In order to better understand the non-existence cases, one can think of the constraint as a constraint for
the area between a circular arc and the straight line from (z1,y1) to (x2,y2). Then, a given area # 0 is always
realized by a circular arc from (x1,y1) to (x2,y2) (around a center on the perpendicular bisector of the straight
line), but in case of too large or too small area the arc does not stay in [z1, z2] xR and is not representable as a
graph. Reasoning in this way one can identify the limit cases (reached if the arc gets vertical at either (z1,y1) or
(z2,y2)) and compute explicit bounds for the admissible A in terms of z1, z2, y1, Y.

11
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encloses the correct area and is a graph over the xz-axis. Thus, the theorem also shows
that in these cases there exists no solution of the minimization problem.

Finally, we remark that the case yo = y1 = 0 of the theorem is, of course, related to
the Dido problem but does not describe completely the same geometric situation. The
essential difference is that in the Dido problem there are no fixed quantities comparable
to x1, x2 but rather such quantities are also optimized in such a way that the semi-
circle with radius %(1‘2—1’1) encloses the area A. This is the reason why the solutions
in the Dido problem are precisely the semi-circles, while in the last theorem we also

get more general circular arcs.

(III) The brachistochrone problem* is the problem to determine the shape of a curve with
given endpoints (x1,%1), (2,y2) € R? such that an idealized point mass which starts at
(z1,y1) with zero speed and then slides on the curve (under the influence of gravity and
without any friction) reaches (x2,y2) in the shortest time.

In order to set up a mathematical model for this problem, we can reasonably assume ys < 11
(since otherwise the conservation-of-energy principle implies that there is no solution) and
x1 < x9 (since x; = x9 is covered by free vertical fall and z; > x2 can be reduced to
x1 < x9 by reflection). It is then usual to pass directly to a non-parametric framework,
in which the relevant curves are graphs of functions w € W31/117y2(($1,x2)), and derive a
model with the help of energy conservation. Indeed, if one views the first coordinate
of the position vector of the point mass as a C! function q: [, 8] — |21, 23] of time with
q(a) = z1, q(B) = z2 (where a < ( in R), then the full position vector and the velocity

vector of a point mass sliding on Graphw are (w?q)) and ( w,gl;) q,), respectively, and the

scalar velocity is y/1+w'(¢)? ¢’. Thus, the conservation of the sum of kinetic and potential
energy means that 1(1+w'(¢q)?)(¢')? + gw(q) is constant on (a,3) and equals gy (where
g > 0 is the gravitational acceleration and the mass has already canceled out). If we add
the physically obvious assumption that ¢’ is positive on («, 3), then ¢ has a continuous
inverse 7: [r1,22] — [a, 8], which is C! with 7/ > 0 on (x1,22) and represents the time

as a function of the first coordinate of position vector. The conservation of energy now
14-(w')?

means oy + gw = gy (and in particular w < y1) on (x1,22). Solving this equation
for 7, we arrive at 7/ = % and can finally compute the total time to slide from
(x1,11) to (x2,y2) as T(x2)—7(x1) = ff 7'(z)dx = \/%ff %dx. All in all, the

brachistochrone problem thus reduces to the minimization of the total time functional

T2 1 \2
Tlw] := / \/ ;—1(_11}12 dx among all w € W;;{yg((xl, x2))
1

(where we understand 7 [w] = oo if w > y; holds on a set of positive Lebesgue measure).

4Johann Bernoulli set out the brachistochrone problem as public problem for the mathematical community as
early as in 1696. While no solutions were received within the original time limit of six month, the mathematicians
Newton, Jakob Bernoulli (Johann’s brother), Leibniz, von Tschirnhaus, and de L’Hospital provided solutions in
the following year. It is said that Newton solved the problem, once it came to his knowledge, during a single
night and sent in the solution anonymously, but Bernoulli recognized “the lion from his claw mark”.
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The brachistochrone problem can then be solved in the following sense of the following
theorem (whose proof is omitted for the moment but will be discussed later in the exercises):

Theorem (on the brachistochrone problem). Fiz x1 < x2 and ya < y; in R. Then, for
u € Wity ((w1,22)), it holds:
((z1,22)), that is, T[u] < Tlw] for all w € Wyl ((x1,2))

L . 1,1
u minimizes T in W Y1,Y2

Y1,Y2
<= Graphu is a cycloidal arc with upward-pointing cusp at (f,}) but no interior cusp.

Here a standard cycloid in R? is the trajectory described by a point on the outer rim of
circular wheel which rolls without slipping along a straight line. The cycloids with upward-
pointing cusps at height y1, as relevant in the theorem, can actually be thought to originate
from a wheel rolling on a horizontal ceiling at height y; (i.e. touching Rx{y;} from below).
An arc of such a cycloid with cusp at the left endpoint (z1,y;) € R? and no cusp in the
interior can be parametrized as

{(3)+R( A5 - w00}

with radius R € (0,00) and right-endpoint parameter @9 € (0,27]. In the situation of the
theorem, R and 9 are then uniquely determined by the requirements xo = 21+ R(p2— sin ),
y2 = y1+R(—14cosyy) for the right endpoint (x2,y2). We remark that (z2,y2) can be
reached with slope < 0 (in which case it is the lowest point of the curve) but can also be
reached with slope > 0 (in which case the lowest point was before) and can even be reached
with slope 400 (in which case it is a second cusp). The last-mentioned alternative occurs if
and only if y2 equals y; (and, as one should expect, the arc is then symmetric with respect
to the line {1722} xR).
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Chapter 2

Existence of minimizers
(via the direct method)

In the remainder of these notes, whenever nothing else is said, we consider two
arbitrary numbers n, N € IN as given and fixed.

2.1 The direct method

An important issue in the calculus of variations — just as in finite-dimensional calculus — is
the proof that minima or maxima exist at all. In the early days of the discipline the necessity
of such proofs has not always been recognized, and indeed it became generally accepted only in
the 19th century when striking examples for the non-existence of minima were found and the
need for a more solid foundation of the theory became apparent. In this lecture we postpone
the discussion of such examples to a later point but rather concentrate — for the moment —
on the most common method for proving existence of extrema. This method, known as the
direct method in the calculus of variations, is based on the same basic arguments which
are commonly used to prove the extreme value theorem in finite-dimensional calculus, and it
requires certain abstract compactness and semicontinuity properties as its two main
ingredients.

To fix ideas, we return to a (very) general functional F and focus on the existence problem
for its minimizers (always keeping in mind that maximizers can be treated analogously). In this
setting the following theorem summarizes the core principle of the direct method:

Theorem (abstract existence theorem for minimizers). Consider a Hausdorff topological
space A # 0 and a function F: A — R.

(I) Topological statement: If
(a) the sublevel sets {w € A: Flw] < s} with s € R are relatively compact in A
and
(b) the functional F is lower semicontinuous on A,

then there exists some u € A such that Flu] < Flw] for all w € A.

15
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(IT) Sequential statement: If

(a) every sequence (wi)rew in A with supycy Flwy] < oo has a subsequence
converging to a limit in A (what can be taken as a definition of {w € A : Flw] < s}
with s € R being relatively sequentially compact in A)

and
(b) the functional F is sequentially lower semicontinuous on A,

then there exists some u € A such that Flu] < Flw] for all w € A.

Remarks (on the abstract existence theorem and its assumptions).

(1) The verification of the abstract assumptions (Ia), (Ib) or (IIa), (IIb) for more concrete

functionals F requires theory in its own right and will be addressed at length in the
subsequent sections.

(2) One often requires in the definition of a minimizer u € A that it satisfies, in addition to

Flu] < Flw] for all w € A, also Flu] < oco. Clearly, the last condition is at hand in the
existence result as soon as some v € A with Flv] < oo exists at all and thereby the trivial
case F = oo on A is excluded. This is the reason why F #Z oo is sometimes added as a
third assumption in statements of the above type.

(3) The compactness requirements (Ia), (Ila)! are trivially satisfied for (sequentially) com-

pact A (what however is usually not at hand) and otherwise compensate for the lack of
compactness of A by requiring that F tends to +oo ‘away from all compacts’?. For inte-
gral functionals the compactness requirements will eventually be obtained from com-
pactness results in Sobolev spaces together with growth assumptions on the
integrand F'.

(4) The decisive semicontinuity requirements (Ib), (IIb) mean by very definition that the

sublevel sets F~1([—00,s]) = {w € A : Flw] < s} with s € R are (sequentially) closed in
A. An equivalent characterization is that the supergraph {(w,s) € AxR : Flw] < s} of
F is (sequentially) closed in AXR with the product topology, and the sequential notion is
also characterized by the inequality F|w] < liminfj_, ., F|wy] for every convergent sequence
(wi) ke in A with limit w € A. For integral functionals F (with suitable assumptions on the
integrand F'), the verification of the semicontinuity requirements is the main concern
of the present chapter and will be discussed at length.

(5) For metric spaces or at least metrizable topologies, the topological and sequential notions

fully coincide. For general topologies, closedness still implies sequential closedness and

We briefly recall the background definitions: Compactness of a set means that every open cover of the set

contains a finite subcover of the set, and relative compactness of a set in A means that its closure in A is compact.
Sequential compactness of a set means that every sequence in the set contains a subsequence convergent to a limit
in the set, while in general topologies it may be debatable what is the right definition of relative sequential
compactness.

2The relevant behavior of F can also be expressed in the one-point compactification A U {wa} of A, where

(Ia) means lim4sw—w 4 Flw] = 400 and (IIa) means limy_, oo F[wi] = +oo for all sequences (wk)rew in A with
limg oo W = wA.

16



2.1. The direct method 17

semicontinuity implies sequential semicontinuity, but not vice versa®. Moreover, there is
no universal relationship between compactness and sequential compactness. All in all, one
often prefers to use the sequential notions, since the setting with sequences is slightly

less abstract and sequential semicontinuity is sometimes easier to obtain.

We now implement the core reasoning of the direct method and prove the statements in the
above existence theorem

Proof of (1) by topological implementation of the direct method. In case F = oo, every
competitor is a minimizer. Thus, we can assume M := inf4 F < oo. Then, by definition of
the infimum, all sublevel sets {w € A : Flw] < s} with s € (M, c0) are non-empty. Moreover,
since s < § implies {w € A : Flw] < s} C {w € A: Flw] < s}, also finite intersections of
these sets are non-empty. Most importantly, by (Ia) and (Ib), the sublevel sets are closed and
relatively compact in A, thus indeed compact in A. All in all, with Cantor’s intersection
theorem® we conclude that {w € A : Flw] < M} = Nse(m,oo)iw € A+ Flw] < s} is still
non-empty and contains some u € A. This, however, means Flu] < inf 4 F < co. So, u is indeed
a minimizer. O

Proof of (I1I) by tmplementation of the direct method with sequences. We assume once
more M := inf 4 F < co. Then the definition of the infimum yields a ‘minimizing sequence’
(ug)rew in A with limg_o Flug] = M. In particular, this means supysy, Flug] < oo for
sufficiently large ko, and (Ila) implies the existence of a subsequence (ug,)ecw Which converges
to some u € A. By (IIb) we then get

Flu] < liminf Flu,] = lim Flug) = M.
L—00 k—o0

This means Flu] < inf 4 F < oo, and thus u is a minimizer. O

Remark (on suitable topologies for the direct method). In practical applications of
the abstract existence theorem, one has the freedom to choose the topology on the
admissible class A, and choosing a suitable one is absolutely crucial. Indeed, one has to
cope with opposing requirements, since for (Ia), (ITa) to be satisfied the topology should be
rather coarse/weak (few open and closed sets, many convergent sequences), while for (Ib), (IIb)
it should be fine/strong (many open and closed sets, few convergent sequences). It turns out
that the norm topology on subsets A of an co-dimensional normed space is too strong,
since, in this topology, compact sets need to be totally bounded® and stay in e-neighborhoods of

3Indeed, the following pathological example shows that sequential closedness does not imply closedness in
general. Consider the space A = (NxIN) U {w} equipped with the Hausdorff topology in which all point of NxIN
are isolated and the open neighborhoods of w are all sets of the form A\ [,y ({i}xSi) with S; C IN and all but
finitely many S; finite. Then INXIN is sequentially closed in A (since every sequence in INxIN has a subsequence
in some [J;2, ({i}xS:) with S; as before) but obviously not closed in A. As a consequence, the characteristic
function 1y, is sequentially lower semicontinuous but not lower semicontinuous on A.

“Cantor’s intersection theorem is the following statement (which is dual to the covering definition of com-
pactness and easy to deduce from this definition): Consider a family (K;);er of compact sets in a Hausdorff
topological space with arbitrary index set I. If ()._; K; # 0 holds for every finite subset J of I, then one also has
mi 1 K; 7’é 0.

A set in a metric space is said to be totally bounded if, for every € > 0, the set can be covered by finitely many
balls with radii smaller than e. The significance of this notion lies in the fact (which generalizes the Heine-Borel
theorem) that a set in a metric space is compact if and only if it is complete and totally bounded.

i€J
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18 CHAPTER 2. Existence of minimizers (via the direct method)

finite-dimensional subspaces, while balls and all sets with non-empty interior cannot be compact.
Rather the right topology to choose is usually the weak topology (and sometimes the
weak* topology) of a normed space, since this topology comes with good compactness
properties (without being too weak to be meaningful).

(By the way, the necessity to work with the weak topology also motivates the formulation
of the above existence theorem in Hausdorff topological spaces rather than merely metric ones.
Indeed, since the weak topology of an co-dimensional normed space is Hausdorff and on norm-
bounded sets also metrizable, but non-metrizable on the whole space, a metric-space version
would not be general enough — at least if one aims at applying the theorem without any further
ado.)

In the sequel we come back to integral functionals F and aim at verifying the hypotheses of
the abstract existence theorem for them. We start with the semicontinuity requirement, which
we deal with in the next section.

2.2 Weak lower semicontinuity

We first recall that in every normed space X, the Hahn-Banach theorem implies that closed
balls {x € X : ||z||x < s} are also weakly closed and thus the norm | - |x: X — [0,00)
is lower semicontinuous with respect to the weak topology on X. Since semicon-
tinuity generally implies the corresponding sequential semicontinuity, the norm is then also

sequentially weakly lower semicontinuous, that is, weak convergence xy v in X implies
— 00

From this general fact, one can directly read off weak lower semicontinuity in simple cases.
For instance, for open Q@ C R™ and p € [1,00), one gets the sequential weak lower semicontinuity
properties

wy — w weakly in LP(Q, RY) = / |lwP dz < liminf/ |w|P dz,
k—00 Q k=oo Ja
wy — w weakly in WHP(Q, RY) — Ep[w] < liminf &, [wy]
k—o0 k—o0

with the p-energy &, introduced earlier.

However, here we aim at a theory which includes more general functionals. We start with:

Terminology (measures, measurability, standard o-algebras). By a measure, a measurable set
or function, and the a.e.-‘quantor’ with mo measure specified we usually mean the Lebesgue

Weak topology. The weak topology of a normed space X is the coarsest/weakest topology on X in which all
elements of X" are continuous. In other words, sets of the form {y € X : |(z} ;y—z)| < e for k =1,2,...,¢} with
LeN, zi,x5,...,2; € X", e > 0 are weakly open basis neighborhoods of a point z € X, and every weakly open
set in X is a union of such sets.

Weak convergence. The convergence of a sequence (zj)ren in a normed space X to a limit x € X in the weak

topology of X means limg_,oo(x"; 2x) = (z*;2) for all * € X*. It is expressed by writing zy — = weakly in X.

Weak convergence in L? and WP, Consider a measurable Q& C R™ and p € [1,00). Weak convergence

wr — w in LP(Q,IRN) is characterized by limg— oo fQ wy - vdxr = fnw -vdx for all v € L“’,(Q,]RN)7 where
. _p

pi= gt € (1,00] is the conjugate exponent to p. Weak convergence wy — w in WP (€, RY) is equivalent to

the weak convergences wy, — w and 8wy, — G;w in LP(Q,RY) for all i € {1,2,...,n}.

18



2.2. Weak lower semicontinuity 19

measure, a Lebesque measurable set or function, and the Lebesgue-a.e.-‘quantor’, respectively.
We sometimes write |Q] for the Lebesque measure of a measurable set Q@ C R™. We denote by
M?™ the o-algebra of measurable subsets of R™ and by B(A) the Borel-o-algebra of a topological
space A. Finally, we write S8y for the product-c-algebra of o-algebras Sy and Sy (which is
the o-algebra generated by Cartesian products S1x Sy with S1 € 81 and Sz € Ss).

Proposition (strong lower semicontinuity). Consider an open subset Q of R™ and an
M @B(RN)-measurable function G: QxRN — [0,00] such that G(z, -): RN — [0, 00] is lower
semicontinuous on RN for a.e. x € Q. Then the functional G: L1(Q,RY) — [0, 00], defined by

Glw] ::/QG(',w)dx foerLl(Q,RN),

is lower semicontinuous on L*(Q, RYN) with its norm topology.
Remarks.

(1) The proposition does not provide weak lower semicontinuity, which — as explained
before — is the property we really aim at, but only strong lower semicontinuity. Still
it will turn out to be a useful preliminary result.

(2) The functional G can also be defined, by the same formula, on L{_(Q, R") and is then lower

semicontinuous with respect to Llloc—convergence. This can be shown easily by exhausting (2

with open Q€ and applying the proposition on the Q.

In view of Holder’s inequality, G can also be regarded, for every p € [1,00], as a functional

on the subspace L’éoc) (2, RY) of LL (2, RY) and is there lower semicontinuous with respect

to Lfloc)-convergence.
Analogous extensions can be formulated for many subsequent results but from

now on will not be explicitly mentioned in most cases.

(3) The M"®@B(RY)-measurability of G is required in order to guarantee that the composition
G(-,w): Q — [0,00] remains measurable for measurable w: @ — R™. (Indeed, in order
to understand this assumption, recall that a measurable w maps, by definition, measurably
from (Q, M") to (RY,B(R")). Consequently, (-,w) maps measurably from (£, M") to
(OXRN, M"@B(RY)) and fits together with the M"®B(R)-measurable G.)

Proof of the proposition. Consider a strongly convergent sequence wy, kjo w in L1 (Q, RY). For

a suitable subsequence, we have lim/_,o, G[wy,] = liminfy_, o Glwy] € [0, 00, and by a standard
result on LP-convergent sequences, for a further subsequence, we get wy, — wa.e. on Q.
™ m—00

With the lower semicontinuity assumption on the integrand G, we infer

G(-,w) <liminf G(-,wy, ) a.e. on 2.
m—o0 m
By the previous choices and Fatou’s lemma (which relies on the non-negativity of G), we conclude

g[w]:/G(',w)dazgliminf/G(-,wk,Z )dz = lim Glwy, | =IliminfGlwy].
Q (¢} m m k—o0

m—r0o0 m—r0o0

This proves (sequential) lower semicontinuity of G on L!((, RN ), where ‘sequential’ can also be
omitted, since we are dealing as yet with the norm topology. O

19
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Before coming to more relevant semicontinuity results, we introduce and discuss a technically
convenient standard class of integrands:

Definition (Carathéodory functions). A function G: QxRY — Z with measurable Q C R"
and a metric space Z is called a Carathéodory function or a Carathéodory integrand if,
for a.e. x € Q, the function G(z, -): RN — Z is continuous on RN and, for every y € RV, the
function G(-,y): Q — Z is measurable.

Roughly speaking, the definition means that a Carathéodory function of (z,y) € QxR is
measurable in £ € © and continuous in y € RYY. In order to contextualize and prove a
convenient property of Carathéodory functions we next recall two results from general measure
theory, which we here state for the Lebesgue measure only:

e Lusin’s theorem: Consider an open Q C R"™ with |Q] < oo, a metric space Z, and a
measurable function f: Q — Z. Then, for every £ > 0, there exists a compact A C Q with
|2\ A| < e such that f|, is continuous.

e Egoroff’s theorem: Consider a measurable  C R" with |Q] < oo, a metric space Z,
and measurable functions fi, f: 2 — Z such that f; k—) f a.e. on . Then, for every

—00
e > 0, there exists a compact B C Q with |2\ B| < € such that fj k—) f uniformly on B.
—00

In fact, a Lusin-type statement applies also for Carathéodory functions:

Lemma (Scorza-Dragoni lemma). Consider an open Q C R™ with || < oo, a metric space
Z, and a Carathéodory function G: QxRN — Z. Then, for every e > 0, there exists a compact
A C Q with |2\ A| < e such that G| 4, g~ 1S continuous.

Remarks.

(1) Lusin’s theorem and the Scorza-Dragoni lemma extend to the case || = oo, in which A C
can, however, be taken just closed in R™ not compact. This can be shown by applying the

preceding statements on QN (B (0) \ Bx_1(0)), k£ € IN, and taking the union of the resulting
compacts.

For Egoroff’s theorem, in contrast, the requirement |2| < oo cannot be dropped.

(2) The Scorza-Dragoni lemma implies that Carathéodory integrands G: QxRY — Z are
M"R@B(RY)-measurable, and this then ensures that G(-,w): Q — Z stays measurable
for all measurable w: Q — RY.

Proof of the M"@B(RN)-measurability. By applying the lemma for € = 1, %, %, ..., we find
compact (or, in case |[Q| = 0o, at least closed) Ax C Q with limg_, |2\ Ax| = 0 such that
G| AuxRN 1S continuous for all kK € IN. We write G, for a function which coincides with G
on ApxRY and is elsewhere constant with an arbitrary value, and we observe that Gy is

even B(R")®B(RY)-measurable. Possibly replacing A; with U§:1 A;, we now additionally

assume A7 C Ay C A3 C .... Then we have G = limj_,o, G} on (Uj; Aj)xIRN, and
in view of [\ 52, 4;] = 0 the B(R™)®@B(RY)-measurability of G} implies M"@B(RY)-
measurability of G. O
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2.2. Weak lower semicontinuity 21

(3) The Scorza-Dragoni lemma and Lusin’s and Egoroff’s theorems all apply in the case of
the target space Z = R, since the topology of R can be metrized (for instance by setting
dg(z,y) = |arctany — arctan x| with the understanding arctan(£oo) := +7).

Proof of the Scorza-Dragoni lemma. For the moment, we fix ¢ > 0 and M € IN. For every
k € IN, by setting

5i(x) = sup {d(G(x,y), Gl2,9) : v,7 € Bar(0), [i—y| < ]1} for z € Q

(where Bjs(0) stands for the ball with radius M and center 0 in RY and d = dz denotes
the metric of Z) we obtain a measurable® function d;: Q — [0,00]. Since the Carathéodory
property gives uniform continuity of G(z, - )|m for a.e. z € Q, we infer limy_,, 0 = 0 a.e. on
Q. Egoroff’s theorem then yields a compact B C Q with |2\ B| < § such that the convergence
limg 0 0 = 0 is uniform on B. Next we choose a countable dense subset D = {y; : i € N}
of Bps(0), and from Lusin’s theorem we obtain, for every ¢ € IN, a compact 4; C Q with
|Q\ A;] < 27 1e such that G(- +Ui)| 4, i continuous. Consequently, for A:=Bn N2, A, we

get |\ A| < e, and we now aim at showing that

G| ixB,, ) is continuous. (%)

In order to verify (x) we consider a convergent sequence (zy,y) " (z,y) in AxBj;(0) and
—00

an arbitrary v > 0. In view of the uniform convergence of §; on B D A, we can fix kg € IN with
Ok, < 7y on A and in the next step then § € D with [j—y| < k—lo For all sufficiently large k& we
have |yp—y| < % and, thanks to continuity of G(-,¥)| 3, also d(G(xx, ), G(x,y)) < 7. Putting
together all these choices, we end up with the estimate

d(G(xka yk)7 G(J?, y))
< d(G(xka yk)a G(xka y)) + d(G(xka y)> G(xk’ g)) + d(G(xka 37)7 G(:U> g)) + d(G(J?, @7 G(.Z', y))
< 200 (1) + 7 + O () < 4.

Since v > 0 is arbitrary, this means limg_,, G(zk,yx) = G(z,y) and establishes the continuity
claim ().

To obtain the full claim of the lemma, we consider only ¢ > 0 (but no longer M) as fixed. The
previous reasoning can then be applied to obtain, for every M € IN, a compact set A(M )NC Q
with ‘Q\A(M)} < 27M¢ such that G|K(M)xBM(0) is continuous. It follows that A := (3;_; A(M)

is still compact with |2\ A| < e and that G| 4, g~ is continuous. This finishes the proof. [

At this stage we return to the main semicontinuity question and provide the first truly useful
semicontinuity result:

5In order to establish measurability of 64, observe that the continuity of G(z, -) for a.e. € Q together with
the continuity of the metric d yields 6x(z) = sup {d(G(z,y), G(2,7)) : y,¥ € Q¥ NBu(0), [—y| < +} for ae.
x € Q. Thus, 0 coincides a.e. with a countable supremum of measurable functions and inherits measurability.
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Theorem (weak lower semicontinuity of convex zero-order functionals). Consider an
open Q C R™ and a Carathéodory function G: QxRN — [0, 00] such that G(z, -): RN — [0, oc]
is convex on RN for a.e. x € Q. Then the functional G: L1(Q,RY) — [0, 00], defined by

Glw] ::/S)G(',w)daz for w € LYQ,RY),

is lower semicontinuous on L' (€, RY) with the weak topology.
The proof of this theorem rests on the following functional analysis principle:

Lemma (Mazur lemma, topological version). Fvery closed convex set A in a normed space
X is even weakly closed in X.

Specifically, the lemma shows that every closed subspace in a normed space X is even
weakly closed in X.

Proof of the lemma. For xg € X'\ A, the Hahn-Banach theorem in the separation version yields
an ¥ € X* and an s € R such that (z*;z9) < s < (z*;a) for all a € A. This means
xo €{r € X: (z";x) < s} C X\ A, and thus the weakly open set {x € X' : (x*;z) < s} is in
fact a weakly open neighborhood of xy in X'\ A. Consequently, X'\ A is weakly open in X', and
A is weakly closed in X. O

Proof of the theorem. By the earlier proposition on strong lower semicontinuity, we know that
G is lower semicontinuous on L'(Q, RY), and by Remark (4) in Section 2.1 this means that
the supergraph Sg := {(w,s) € L}(Q,RY) x R : Glw] < s} of G is closed in L}(Q,RY) x R.
In addition, we find” that the functional G is convex on L!(£2, R"), and this means that the
supergraph Sg is also convex. By a decisive application of the Mazur lemma, the closed convex
set Sg in L1(Q,R™) x R is then even weakly closed. Relying on Remark (4) in Section 2.1 once
more, we obtain that G is weakly lower semicontinuous. O

We also mention a sequential version of the lemma, which leads to similar conclusions:

Lemma (Mazur lemma, sequential version). If a sequence (xy)icn converges weakly in a
normed space X to a limit x, then for every k € IN there exist an upper bound m(k) € N>y and
coefficients A ks Mekt1s - -+ > Meym(k)—15 Mem(k) € [0, 1] with Zﬁ,’j) ke = 1 such that the sequence

m(

(yr)ken of the convex combinations y;, =), k Akexp converges strongly in X to x.

Proof. For every k € IN, the set

Ap = {Z)\gxg : mE]NZk,)\k,Ak_;,_l,...,)\mE [0,1], Z)\[Zl},
=k =k

(that is, the convex hull of the end-piece {zy: ¢ € IN>1} of (z4)rciv) is easily seen to be convex.
Therefore, the closure A, (that is, the closed convex hull) is closed and convex in X and by the
first version of Mazur’s lemma also weakly closed in X. In view of {zy: ¢ € N>} C Ap C Ag, it
follows that also the weak limit x is in A;. By definition of the closure, this implies the existence
of some y, € Ay with ||yr—2z|x < %, and the sequence (yi)ren satisfies the claim. O

"For w, w € L*(Q,RY) and X € [0, 1], the convexity assumption on the integrand G gives G( -, Mw-+(1-\)@) <
AG(-,w)+(1=N)G(-,w) a.e. on Q, which then implies G[Aw+(1—-A)w] < AG[w]+(1—-N)G[w] and thus convexity of
the functional G. For (w, s), (@, s) € Sg and A € [0, 1], we infer G[Aw+(1-N)w] < AG[w]+(1-N)G[w] < As+(1-N)s
and thus A(w, $)+(1-X)(w,s) = (Aw+(1-A)w, As+(1—A)3) € Sg, which proves the claimed convexity of Sg.
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2.2. Weak lower semicontinuity 23

Remark. The sequential version of the Mazur lemma can be equivalently recast® by saying
that every closed convex set A in a normed space X is also sequentially weakly closed in
X and thus turns out to be a slightly weaker variant of the earlier topological statement.

The sequential version of the Mazur lemma can be applied to prove a version of the last the-
orem with exactly the same assumptions but merely sequential weak lower semicontinuity
on LY(Q,RY) as the slightly weaker outcome. We emphasize that this slightly weaker version
is fully sufficient in connection with the direct method and leads to the same existence
theory for minimizers. We now give the alternative proof.

Alternative proof of the theorem with merely sequential weak lower semicontinuity as outcome.
We consider a weakly convergent sequence

wj — w weakly in L'(Q, RY).

]*)OO

By definition of liminf, we have lim; ,o, Gwj;,] = liminf; ,o Glw;] € [0,00] for a suitable
subsequence. By the sequential Mazur lemma, we find m(k) € N>y and Ay, € [0,1] with

m(k) Ak = 1 such that
Z Ak,0Wj, kjo w strongly in L1(Q, RY) .
l=k

With the proposition on strong lower semicontinuity and the convexity of the functional G, we
then estimate

m(k) m(k)
Q[w] S thI_l)})I;fg Z )\k,gwje S h]ﬁ}}gf Z )\MQ [wjg]
< liminf sup Q[wn] = hm g[w]é] = hmlnfg[w]]
k—o0 (EN >, j—00
This proves sequential weak lower semicontinuity of G on L*(Q, RY). O

Our true aim in this lecture in the treatment of first-order functionals. For these, we directly
infer from the previous zero-order theorem:

Corollary (weak lower semicontinuity of convex 15t-order functionals). Consider an
open subset Q of R™ and a Carathéodory’ function F: QxRN xRN*" — [0,00] such that
F(z, -, -): RNxRN*" — [0,00] is convex on RN xRN*" for a.e. x € Q. Then the functional
F: WHHQ,RY) — [0, 00], defined by

Flw] := / F(-,w,Dw)dzx for w € WH(Q,RY),
Q

is lower semicontinuous on WH1(Q, RN) with the weak topology.

8Indeed, the sequential weak closedness of closed convex sets implies the sequential Mazur lemma by the
reasoning in the proof of the lemma, where sequential weak closedness of A suffices. Conversely, the sequential
Mazur lemma implies the sequential weak closedness of closed convex sets as follows: Consider a closed convex A
and a sequence (x¢)¢en in A which converges weakly in X' to . Then, the sequence (yx)ren of convex combinations
from the lemma remains in the convex A, and, by closedness of A, the strong limit x of (yx)ken is still in A.
Thus, A is sequentially weakly closed.

9Here we understand the Carathéodory property the way that, for a.e. € €, the function F(z, -, -) is
continuous on RN xRN *™ and, for all (y, z) € RY xRY*", the function F(-,y, z) is measurable. In the sequel a
similar understanding goes without saying.
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24 CHAPTER 2. Existence of minimizers (via the direct method)

Proof. We abbreviate L! := L1(Q, RV)xL'(Q, R¥*"), Wbl .= Wbl(Q, IRN) and Write F =GolJ
as composition of the zero-order functional G: L' — — [0, 00], given by Glw, W] := fQ ,w,w)dz,
and the continuous linear mapping J: Wh! — L' given by Jw := (w, Dw). Slnce L1 can be
identified with L'(Q, RVTN"), the last theorem gives weak lower semicontinuity of G, that is,
weak closedness of G~!([—o0, s]) in L! for all s € R. Moreover, the continuous linear J is also
weak-weak continuous'?, that is, continuous with respect to the weak topology on both W1!
and L. Thus, we conclude that F~!([—o0,s]) = J G ([—00, 5])) is weakly closed in W!?
for all s € R, which means that F is weakly lower semicontinuous. O

Remark. The preceding weak lower semicontinuity results for integral functionals G and F of
order zero and one, respectively, involve convexity assumptions for the integrands G and F'. In
fact, it has been crucial that these assumptions are strong enough to guarantee convexity of
G and F as functionals. Next we will show — as it seems reasonable in view of the initial
strong lower semicontinuity statement — that convexity in lower-order variables (and
more generally in variables of strong convergence) can actually be dropped. Since
in such cases the functionals as a whole are no longer convex, this cannot be proved with the
Magzur lemma alone, but rather it will require additional estimates.

Theorem (weak-strong lower semicontinuity). Consider an open subset Q of R™ and a
Carathéodory function G OxRYxRY — [0, 00] such that G(z,y, - ): RN - [0, 0] is convex on
RV for all (z,y) € (2\ BE)xRY with a null set E C 2. Then the functional G: L*(Q, RY) x
Ll(Q,Rﬁ) — [0, 00|, defined by

Glw, @) = / G(-,w, @) da forw e LYQ,RY), @ € LY(Q,RY),
Q

is sequentially lower semicontinuous on L(Q, RY) x Ll(Q,]RN) with the strong topology on
the first factor L'(Q,RY) and the weak topology on the second factor L'(Q,RYN).

Proof. Exhausting €2, if necessary, with open Q € Q, we can assume |2 < co. We consider
convergent sequences

wp — w strongly in L*(Q, RY), Wy, — W weakly in L'(Q, IRN)
k—oo k—o0

with liminfy_,o Glwg, W] < co. We pass to a subsequence such that limy_,oc Glwy,, wy,] =
lim infy,_, o Glwy, Wx] and supyen Glwg,, Wg,] < co. We now claim:

For every € > 0 there is an £ € IN and a measurable A C Q with |2\ A| < e such that ()
~ ~ kk
|G( -, wg,, wr,)—G(-,w,wg,)| <e on A.

In order to verify (#x), we fix € > 0 and construct the set A in four steps. In a preliminary step
(which is needed only if G takes the value oco) we fix L € IN large enough that

Ao = {z € Q : Gz, wp,(z), Ty, (x)) < L}

10To see that J is weak-weak continuous, one first observes that J~'({z* < s}) = {z* o J < s} is weakly open
in W for all z* € (L')" and s € R (since z* o J € (W"!)"). Since weakly open sets in (L')" can be written as
unions of finite intersections of sets of form {z* < s} and preimage commutes with both union and intersection,
one can conclude that J~'(0) is weakly open for all weakly open O. This is the claimed continuity
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2.2. Weak lower semicontinuity 25

satisfies |\ AV()’A < 7 for all £ € IN. Indeed, choosing a single L, which works for all £, is
possible here, since [{z € Q : G(x, wy, (z), Wy, (z)) > L}| < LG[wy,, Wy,] converges for L — oo
uniformly in £ € IN to 0 by the initial choice of a subsequence. In the next step, we infer from
the Scorza-Dragoni lemma the existence of a compact set A; C Q with |Q\ A;| < £ such that
G| A xRN xRV is continuous. In a further step we fix M € IN large enough that

Ay = {w € Q ¢ @y, (@) < M, g, (2)] < M, Ju()| < M}

satisfies ‘Q\gu‘ < § forall £ € IN. Again, choosing a single M, which works for all /, is possible
here, but now this results from the observation that [{z € Q : |wg, ()| > M}| < 3|0k, |10
converges for M — oo uniformly in £ € IN to 0 thanks to the boundedness of the weakly
convergent sequence (Wy)ren and from an analogous treatment of [{x € Q : |wy, (x)| > M}| and
{x € Q: |w(x)| > M}|. As a preparation for the last step we exploit uniform continuity of G
on the compact set {(z,1,7) € AixRVNxRY : || < M, |y| < M} to fix § > 0 such that we
have the implication

$€g17|§’<Ma‘y|<M,\y/’<M

Tt = |G(z,y,9)-G(x,y,y)| < e
G(wayam <L7 |y_y,’ <90 }
(where the L-bound ensures that the values of G stay away from oo and their distance can be
measured in the usual Euclidean way). Then, observing that [{z € Q : |wy, (z)—w(z)| > §}| <
%Hwkz—le;Q tends for £ — oo to 0 by strong convergence, we finally fix £ € IN large enough
that

Agpi={z € Q : |y, (z)—w(z)| <6}

satisfies ’Q \ AVg,A < . With these choices and the / fixed in the last step, we introduce
A= go,g N g1 N Zz,e N IZS,E

and observe |\ A| < e. Moreover, for 2 € A the construction ensures z € Ay, |wg, (z)| < M,
lwg, ()] < M, |w(z)| < M, G(z,wg,(x), w,(x)) < L, |wg,(x)—w(z)| < J, and the choice of &
then gives |G (z, wy, (z), Wy, (x))—G(x, w(x), wy,(x))| < e. Thus, we have verified the claim ().
Starting again from an arbitrary e > 0, we next apply (xx) iteratively to find 1 < fo < ...
in IN and measurable Aj, Ag,... C Q such that, for every m € IN, we have [Q\ A,,| < 27"
and ‘G( . wkgm,@kem)—G( . ,w,@kem” < 27™e on Ay,. Introducing B := (\°_; Ap,, we record
|2\ B| < ¢ and lim,— o0 [G( , W, @kem)_G( W, @kem)] = 0 uniformly on B. We obtain

b’

hm Glwg,, w,| >hm1nf/ G(-,wg, Wk, dx—hmmf/ G(-,w,wg, )dz.

{—00 m—00 m—00
Next we notice that G(z,7) = 15(x)G(z,w(z),]) gives a Carathéodory integrand G with
G(z, -) convex for a.e. € Q. Applying the last theorem to the corresponding functional and

exploiting its weak lower semicontinuity along the weakly convergent (sub)sequence (wkzm )m €N
on the right-hand side of the last estimate, we arrive at

lim Glwy,, wy,] > / G(-,w,w)dx.
£—00 B
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26 CHAPTER 2. Existence of minimizers (via the direct method)

In order to get back from B to €2 on the right-hand side, we now apply the result of the preceding
reasoning to find, for every i € IN, a measurable set B; C Q with |Q\ B;| < 27¢ such that

lim Glwy,, W, ] 2/ G(-,w,w)dz.
{—00 B;

holds. Introducing B; : = N;=; Bj C B; with [Q\ B;| < 27 we get that 15 converges, for
1 — 00, a.e. on {2 monotonously from below to 1. Therefore, putting together the above and
using the monotone convergence theorem in the last step, we arrive at

lim inf Gwy, W] = hm g[wkwwke]
k—o00

>hmsup/ G(-,w,w)dz > lim G(-,w,w)dx = Glw,w].

i—00 1—00 Bz
This finally proves the claimed sequential weak-strong lower semicontinuity of G. O

Asits most important feature, the weak-strong lower semicontinuity theorem yields a very
natural result when applied to first-order functionals. This result is the culmination point
of a long historical development, which ranges from the treatment of specific convex functionals
by Tonelli [16] over an early general result by Morrey [12] and the weak-strong semicontinuity
approach of De Giorgi [5] to modern and recent refinements.

Corollary (weak lower semicontinuity of convex-in-the-gradient 15t-order functionals).
Consider an open set Q@ C R™ and a Carathéodory function F: QxRN xRN*" — [0, 00] such
that F(x,y, -): RVN*" — [0,00] is conver on RNX™ for all (x,y) € (Q\ E)xRY with a null set
E C Q. Then the functional F: WHH(Q, RY) — [0, oc], defined by

Flw] := /QF( -,w,Dw) dz for w e WhH(Q,RY),

is sequentially lower semicontinuous on WH1(Q, RN) with the weak topology.

Proof. First assume that ) is bounded with a Lipschitz boundary 02 and consider a weakly

convergent sequence wy P w in WHH(Q,RY). By Rellich’s theorem, we infer strong con-
— 00

vergence wy k—> w in L'(Q,RY), and clearly we have weak convergence Duwy, P Dw in
— 00 — 00

LY(Q,RV*"). Identifying RV*™ with RM", we can thus apply the weak-strong semicontinuity
theorem to deduce

F[w}:/QF( w Dw)daz<hm1nf/F wk,Dwk)da::likniggff[wk]

and obtain the claim.

Compact operators. A linear map L: X — ) between normed spaces X and ) is called compact if the image
of the open unit ball in X under L is relatively compact in ) (with respect to the norm topology on )). For

compact linear L: X — ), weak convergence r; — x in X implies strong convergence Lxy, ‘> Lz in Y.
k—o0

Rellich’s theorem. Rellich’s theorem asserts the following: For every bounded open set €2 C ]R" with Lipschitz
boundary and p € [1, 0], the inclusion WH?(Q, RY) — LP(Q,R") is a compact linear map. Moreover, in case of
zero boundary values, the Lipschitz assumption can be dropped, that is, for every bounded open set Q C R"™ and
p € [1,00), the inclusion W ?(Q, RY) — LP(Q,R"Y) is a compact linear map (where the case p = oo has been
excluded in the second assertion only for the technical reason that a definition of Wé’m has not been given here).
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2.2. Weak lower semicontinuity 27

If Q is an arbitrary open set, we can find an exhaustion Q = [ J;2, Qg of 2, where Q, € Q are
open sets with Lipschitz boundaries 92 (e.g. each €2, the interior of a finite union of closed axi-

parallel cubes) and satisfy 1 C Qo C Q3 C ... If wy, [T W converges weakly in WH1(Q, RY),
—00

the same is true in Wl’l(ﬁg, RY), and the preceding reasoning ensures

/ F(-,w,Dw)dx < liminf/ F(-,wg, Dwg) da < liminf Flwy]
Q k—oo JQ k—o00

for all £ € IN. Monotone convergence then implies F|w] < liminfj_, o, F|w]| and gives the claim
in the general case. 0

Finally, we show that convexity is, at least for zero-order functionals, not only sufficient
but also necessary for weak lower semicontinuity in LP spaces. While clearly the neces-
sity statement is not needed in order to prove existence of minimizers, it still clarifies the role
of convexity as the optimal assumption in order to ensure the required semicontinuity property.

Theorem (necessity of convexity for weak lower semicontinuity in zero-order case).
Consider an open subset Q0 of R"™ and a Carathéodory integrand G: QxRN — [0, 00] with
G(-,y) € LYQ) for all y € RN. If the functional G, given by

Glw] ::/QG(',w)dx for w e L=®(Q,RY),

is sequentially weaklyx lower semicontinuous on L®(Q,RYN), then G(z, -): RN — [0,00] is
convez on RN for a.e. x € Q.

Remark (on convexity as an optimal assumption). Consider a zero-order functional G
with non-negative Carathéodory integrand G and G(-,y) € L1(Q) for y € R" as above. Then,
from the above theorem on the necessity and the earlier result on the sufficiency of convexity
for weak lower semicontinuity, we have:

G sequentially weaklyx lower semicontinuous on L™ (€, RY)
— G(x, -) convex on R for a.e. z € Q

— G weakly lower semicontinuous on L'(€, RY).

However, at least for || < oo, weak convergence in L*°(Q, RY) implies weak convergence
in LY(Q,RY), thus weak lower semicontinuity on L'(€, R") implies sequential weakx lower

Weak=* topology. The weakx topology on the dual X* of a normed space X is the coarsest/weakest topology on
X* in which all evaluation functionals (- ;z): X* — R with € X are continuous. In other words, sets of the
form {y* € X" : [(y"—a";zp)| <efor k=1,2,...,0} with £ € N, z1,292,...,2, € X, € > 0 are weakly open basis
neighborhoods of a point * € X*, and every weakly* open set in X'* is a union of such sets.

Weak=* convergence. The convergence of a sequence (2} )ren in the dual X™ of a normed space X to a limit
z* € X" in the weaks* topology of X* means limy_, oo (z} ;2) = (z*;z) for all x € X. It is expressed by writing
x — = weaklyx in X*.

Weaks convergence in L and W1, Consider a measurable Q C R". Weak# convergence wy — w in
L>(Q, RY), which is understood as the dual of L'(Q, RY), is characterized by limg_,ec fﬂ wg -vdr = fﬂ w-vdr
for all v € L'(Q, RY). Weaks convergence wy, — w in W (Q, RY) is defined as weak* convergences wy — w in
L>=(Q, R") together with weak# convergence 9wy — &;w in L>°(Q,RY) for all i € {1,2,...,n}.
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28 CHAPTER 2. Existence of minimizers (via the direct method)

semicontinuity on L>°(Q2, RY), and the three statements are actually equivalent. Moreover,
(sequential) weak lower semicontinuity of G on any intermediate space LP(Q, RY), p € [1, 00),
is also equivalent, and the convexity assumption on G is indeed a necessary and sufficient
criterion for any of these weak semicontinuity properties.

The proof the theorem can be based on the following weak convergence lemmas:

Lemma. We write Q for the unit cube (0,1)" in R™ and consider p € [1,00] and w € LP(Q,RY).
If w is Q-periodically extended to R™ (which means that w is defined a.e. on R™ by the setting
w(z+x) == w(z) for z € Z", x € Q) and wy € LP(Q,RN), k € N, are given by

wi(z) == w(kz)  forze@,
then with wq = JCQ wdx = fQ wdx we have
Wk 7 WQ weakly in LP(Q,RY) if p < oo,
wy, ki/o wq weaklyx in L®(Q,RY) ifp=c.

A proof of the lemma has been discussed in the exercise class.

Proof of the theorem. Set @ := (0,1)". For measurable A C QN Q, we first claim that the
semicontinuity assumption transfers to the subset in the form

w, — w weakly* in L*(Q,RY) — / G(-,w)dx < hmmf/ G(-,wy)dz

k—o00 k—o0

Indeed, from w, — w weakly* in L=®(Q,RN) and A € QN Q we deduce first 1 4wy, . T w
k—oo

k—o0

weaklyx in L>(Q, R™V) and then by assumption G[1 q4w] < liminf .., G[1 4wg]. In other words,
this means [, G(-,w)dz + fQ\A G(-,0)dx < liminfpo [, G(-,wi) da + fQ\A G(-,0)dz, and
the subtraction of fQ\ 1 G(+,0)dz (which is finite by the L' assumption) on both sides gives the
first claim.

Now we fix a measurable A C QN Q, y1,y2 € RV, and A € [0,1]. Then we choose a
decomposition @ = Q1 U Q2 of @ into disjoint measurable sets Q1 and Q2 with |Q1| = A and
|Q2| = 1=\ (which can be taken simply as Q1 = (0, A)x(0,1)" ", Q2 = [X\,1)x(0,1)" ). We
introduce first

w =1,y + 1o,y € L¥(Q,RY)

with wg = |Q1]|y1+|Q2]y2 = Ayi+(1—A)y2. Then, using the @Q-periodic extension of w to
R™, we set wg(z) := w(kx) for z € Q. By the preceding lemma we have weak* convergence
W ki, My1+(1=N)ye in L®(Q,RY), and by the semicontinuity discussed above we get

—00

/Gw Ay1+(1=N)ya2) dx<11m1nf/G:cwkx

Observing that w(kx) equals y; and ya, respectively, for kxz € Z"+Q; and kx € Z"+Q2, we
rewrite this as

/G z, Ay1+(1-=N)y2) dz < hIIllIlf [/ ]lzn+Q1(ka;)G(a:,y1)da:+/ 1zn4q,(kz)G(x,y2) dx| .
A A
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2.3. Coercivity, weak compactness, and existence 29

Since 1zn 4, and 1zn g, are the Q-periodic extensions of 1, and 1, on (), the lemma implies
that z — 1zniq, (kx) and z — 1zn @, (kz) weakx converge in L*(Q) to (1g,)g = |@Q1] = A
and (Lg,)g = |Q2| = 1—A, respectively. Using these convergences together with the assumption
that G(-,y1),G(-,y2) € LY(Q), we end up with

[ Glarn+ 12 do < [ Gl do+ (123 [ Glapm)do.
A A A
Since A is an arbitrary measurable subset of N Q, we conclude

G(-, Ay +(1=Ny2) < AG(-,y1) + (1-N)G(-,y2)  ae.onQNQ.

By translation or an analogous reasoning, one can replace the unit cube () with a cube 2+Q),
z € Z", and obtain the same inequality a.e. on Q N (z+@Q). Then, since the countable union
U.ezn (2N (24Q)) coincides with © up to a null set, we get the inequality a.e. on €2, and we
also get it simultaneously for all y1,y2 € QY and A € [0,1]NQ on Q\ E with a common null
set F. Relying on continuity of G(z, -) for all z € '\ E with another null set E, we finally end
up with still the same inequality for all y;,y2 € RY and A € [0,1] on Q\ (E U E’) This proves
convexity of G(z, -) for all z € Q\ (E U E) and in view of |E U E| = 0 yields the claim. O

Remark. For first-order functionals
Flw] == / F(-,w,Dw)dz
Q

(with open Q C R™ and R -valued ws on 2 as usual), it will eventually turn out that convexity
of F in the gradient variable is necessary for weak(*) lower semicontinuity of F only in
case min{N,n} = 1, which means that the setting is either one-dimensional or scalar.
In case min{N,n} > 2, in contrast, there is room for improvement on the semicontinuity results
of this section, and indeed we will prove at a later stage that weak lower semicontinuity of F is
still valid if the integrand satisfies a generalized convexity condition known as quasiconvexity;
see the later Section 5.2

2.3 Coercivity, weak compactness, and existence

We introduce one more notion which is needed to complete the existence program.

Definition (coercivity). Consider a normed space X, a subset A of X, and a functional
F: A= R on A. We call F coercive on A, or more precisely X -coercive on A, if it holds
lim Flw] =00

llwll =00

weA

(which means by the very definition of the limit that, for every e > 0, there exists some § > 0

such that every w € A with |w||x > § satisfies Flw] > 1).

€
Remark (on characterizations of coercivity). For a normed space X, a subset A of X', and
a functional F: A — R, we have:
F is X-coercive on A.

<= Every sequence (wg)ren in A with sup Flwyi]| < oo satisfies sup ||wg||x < co.
keN keN

<= Every sublevel set {w € A : Flw] < s} with s € R is bounded.

The proof is elementary and will be discussed in the exercises.
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30 CHAPTER 2. Existence of minimizers (via the direct method)

Thus, coercivity actually ensures boundedness of the sublevel sets of F, while indeed, as
discussed in Section 2.1, we need relative compactness of these sublevel sets in order to complete
the existence proof. If we involve — what is crucial at this point — the weak topology (on a
slightly restricted class of spaces X'), however, then the next result shows that closed balls
are weakly compact, and as a consequence all bounded sets are weakly relatively compact as
required. In this way coercivity, though the notion itself depends only on the norm and does not
involve any weak topology whatsoever, gives exactly the required weak compactness condition(s),
and on this basis the existence program can then be completed. We now work this out:

Theorem (Banach-Alaoglu theorem, weak compactness).
Weak version: FEvery closed ball in a reflexive Banach space is weakly compact.
Weaks version: Every closed ball in a dual of a normed space is weaklyx compact.

Theorem (sequential weak compactness).

Weak version: FEvery closed ball in o reflevive Banach space is sequentially weakly compact,
which means that every bounded sequence in a reflexive Banach space
has a weakly convergent subsequence.

Weakx version: Every closed ball in a dual of a separable’ normed space is sequentially weaklyx
compact, which means that every bounded sequence in a dual of a separable
normed space has a weakly* convergent subsequence.

We will not discuss the proofs of these compactness statements, which are a matter of
functional analysis. We mention, however, that the proof of the sequential statements is more
elementary and can essentially be based on the choice of a countable dense subset and a diagonal
sequence.

Corollary (Coercivity gives weak compactness.). Consider a reflexive Banach space X,
a subset A C X, and a functional F: A — R.

(I) If A is weakly closed in X, we have:

Every sublevel set {w € A : Flw] < s} with s € R is weakly
F is X-coercive on A. <= relatively compact in A, that is, condition (Ia) of Section 2.1
holds for the weak topology.

(IT) If A is merely sequentially weakly closed in X, we still have:

Every sequence (wi)gen in A with supyen Flwg] < oo has
F is X-coercive on A. <= a weakly convergent subsequence with limit in A, that is,
condition (I1a) of Section 2.1 holds for the weak topology.

Moreover, if A C X* lies in the dual X* of a separable Banach space X, then X*-coercivity of
F: A — R is characterized in the same way with X* replacing X and weaklyx replacing weakly
everywhere in (I) and (II).

1While both weak+ compactness and sequential weak compactness do not require any separability assumption,
somewhat surprisingly, the separability assumption on the predual cannot be dropped from the sequential weaks
compactness theorem. The latter can be seen at hand of the functionals e, € (Z"O)* on the non-separable space
> given by (ex;(z;)jen) = @k. Indeed, (ex)rew stays in the unit ball of (¢£>°)", but for every subsequence
(ek,)een, the limit limy,oo(er, ; (x5)jen) does not exist for a sequence (z;)jen € £°° with zp, = (—1)13 (and z;
arbitrary for j ¢ {k¢: ¢ € IN}).
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2.3. Coercivity, weak compactness, and existence 31

Proof. Since coercivity is characterized by boundedness of sublevel sets (as remarked above), in
order to derive the statement (I) we only need to show for S C A the equivalence

S bounded <= S weakly relatively compact in A.

We now prove the forward implication of this. We assume S is bounded and get S C B for a
suitably large closed ball B in X. By the Banach-Alaoglu theorem, B is weakly compact, and
then the weak closure of S in X is a weakly closed subset of B and thus also weakly compact.
Since A is weakly closed, the weak closure of S in A is actually the same as its closure in X,
and thus S is weakly relatively compact in A. Turning to the backward implication, we assume
that S is weakly relatively compact in A. Then, since every fixed z* € X* is weakly continuous,
the image {(z*;z) : * € S} is relatively compact in R and thus sup,cg |(z*;2)| < oo for all
x* € X*. The last property is known as weak boundedness of S and implies its boundedness
by the uniform boundedness principle from functional analysis. All in all, we have proved the
above equivalence and statement (I).

In order to establish the statement (II), it suffices (since coercivity still means boundedness
of sublevel sets and the condition supyc Flwi| < 0o means that (wg)kew stays in a sublevel
set) to prove for S C A the equivalence

S bounded <= Every sequence in S has a weakly convergent subsequence with limit in .A.

Here, the forward implication follows by observing that a sequence (wy)ren in the bounded set
S has a weakly convergent subsequence by the sequential Banach-Alaoglu theorem and that, by
sequential weak closedness of A, the limit stays in A. For the backward implication, assume
that every sequence in S has a weakly convergent subsequence. In particular, since the uniform
boundedness principle ensures boundedness of weakly convergent sequences, every sequence in
S has a bounded subsequence. This implies boundedness of S (since in every unbounded set
there exists a sequence (wg)gen With limy_ o ||wi|lx = 00).

The weakx versions of the statements for A C X™* can be obtained analogously (where
the completeness of the Banach space X is needed in order to suitably apply the uniform
boundedness principle in the proof of the backward implications). ]

At this stage, we are finally left with the task to verify coercivity of a given (integral)
functional. However, this is possible in many relevant cases and usually not too difficult:

Proposition (coercivity criteria). Consider a non-empty open set  in R™.
(0) Assume, for an M"@B(RY)-measurable G: QxRY — R, that

Gla.y) > AlylP = U(a)  holds for all (z,y) € (Q\ E)xRY

where v > 0, ¥ € LY(Q), p € [1,00), and a null set E C Q are fived. Then, the zero-order
functional G given by
/ a(-

is LP-coercive on every subset A of LP(Q,RY).

Uniform boundedness principle. The general uniform boundedness principle says, for a Banach space X, a
normed space Y, and .# C L(X,)), that supp¢c 5 |[Tz||y < oo for all € X' implies suppc & || 1] 2(x,y) < 0.
Specifically, if X' is a Banach space and S C X™ is weakly* bounded in the sense of sup,..g|(z™;x)| < oo for
all z € X, this applies with JV = R and gives boundedness of S.
Moreover, if X is a normed space and S C X is weakly bounded in the sense of sup, g |[(z";x)| < oo for all
x* € X*, then the image Jx(5S) under the canonical isometric embedding Jx: X — X** is weakly* bounded in
X™* and the above result with the Banach space X" in place of X gives boundedness of Jx(S) and thus of S.
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32 CHAPTER 2. Existence of minimizers (via the direct method)

(1) Assume, for an M"QB(RN)@B(RN*")-measurable F: QxRN xRN*" — R, that one of the
following conditions holds (where v > 0, p € [1,00), ¥ € LY(Q), and a null set E C Q are
always fized):

(a) A is an arbitrary subset of WP(Q,RY) and
F(z,y,2) 2 y(lyP+[2l") = U(z)  for all (z,y,2) € (2\ B)xRY xR,
(b) Q is a bounded Lipschitz domain, A is an arbitrary subset of WIP(Q,RY), and
F(z,y,2) 2 v(lyl+?) = C(z)  for all (z,y,2) € (2\ E)xRY xRV,

(¢) Q is contained in a strip'® of finite width, A is a subset of a Dirichlet class Wi (9, RN)
with ug € WHP(Q, RYN), and

F(z,y,z) > v|z|P — ¥(x) for all (xz,y,z) € (Q\ E)XIRNXIRNX",

(d) Q is a bounded Lipschitz domain, A is a subset of {w € WHP(Q,RN) : |wg| < M} with
M e R, and

F(z,y,2) > ]z’ = W(z)  for all (z,y,2) € (2\ E)xRYxRV*".
In each of these cases, the first-order functional F given by

Flw] ::/QF(-,w,Dw)dx

is then W1P-coercive on A.
Remarks (on the coercivity criteria).

(1) In case || < oo, the proposition can be applied and is often applied with a constant W.

(2) In basic cases with F'(x,y, z) = F(x, z) finite-valued and independent of y, the conditions in
(1a) and (1b) can never be satisfied (since the right-hand side grows to co, when |y| tends
to oo with (z, z) fixed, while the left-hand side stays constant). This is the main motivation
for considering (1c) and (1d), which are actually designed for such cases.

(3) The proposition provides coercivity in L” or W in many reasonable cases. Nonetheless,
the above list of cases is far from being complete and could be extended in many ways.

Proof of the proposition, part (0). For w € A C LP(Q,RY), we estimate

Glu] = /Q G(- w)dz > /Q (P —T) dz > [l — [Pl

H'LU”L;D;Q%OO

and gain coercivity of G. a

2By saying that Q lies in a strip of finite width we mean that there exists a direction vector v € R™, |v| = 1
and a < bin R such that a < v-x < b for all z € Q, that is, Q lies in the strip {x € R" : a < v -z < b} of width
b—a.
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2.3. Coercivity, weak compactness, and existence 33

In the first-order situation (1), a similar reasoning applies, but this additionally involves
in all but the simplest cases a Poincaré inequality:

Proof of the proposition, part (1). Under the assumption (1a), for w € A € WHP(Q,RY), we
get

Fiul =7 [ (ol +Dol?)do = [ Wz = el p)lwlfyung ~ [¥lo-

Under (1b), for w € A € WP(Q, RY), we have

Flu] 27/9(|w|+|Dw|p)dx—/Q\Ifdx

= Y(IDwl[Lro+Qfwal) =7 = 1¥llLie = vy el p, Dlwlwiro =7 = [¥lLse,

where in addition to the estimates |wlg > |wg| and ||Dw||?,. > [|[Dw|iro—1 we also used
|wllwir.o < C(n,p, Q)(||Dw||Le0+||wo|) thanks to the Poincaré inequality for the zero-mean
case.

Under (1c), for w € A € W2(Q,RN), we find

f[w]ZPy/]Dde:r—/\I/dx
Q Q

= /YHDU)H{?’Q - H\IJHLl;Q > /Y(C(napa Q)HwHI\))VI,p;Q - HIU’OH%VI,p;Q) - H\I]HLl;Q )

where we used that [|w|[{1,.q < C(n,p, Q)([[Dwl|f,.q+Iluol
equality for the zero-boundary-values case.

Under (1d), finally, the functions w € A satisfy ‘ﬁ fQ w daj‘ < M, and we infer

]:[w]zfy/\prdx—/\I/dx
Q Q

=D p.q = 1¥lL0 = v(cln, p, Dlwlp.q — MP) = ¥,

{’,Vl’p_g) thanks to the Poincaré in-

where we used that ||w||
for the zero-mean case.
In all cases, WP-coercivity is then easily read off from the given estimate. O

ngvP;Q < C(n,p, Q)(HDwHZﬁp;Q—i—M”) thanks to the Poincaré inequality

Finally, we are ready to state the decisive existence result, which requires a coercivity
criterion and a convexity hypothesis as its principal assumptions:

Poincaré inequalities. If an open subset Q2 of R" is contained in a strip of finite width ¢, the Poincaré inequality
in the zero-boundary-values case

lw|lLese < C(n, p)l||Dw||Lr;o holds for all w € WP (€2, RY).
If © is a non-empty bounded Lipschitz domain in R", the Poincaré inequality in the zero-mean-value case

lw—wallLeo < C(n,p, Q)| Dw||Le;o holds for all w € W"?(Q, RY).
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34 CHAPTER 2. Existence of minimizers (via the direct method)

Corollary (general existence theorem). Fiz a non-empty open set Q@ C R™.

(0) Consider a Carathéodory integrand G : QxRN — [0, 00] and a non-empty sequentially weakly
closed set A C LP(Q,RYN) such that G(z, -) is convex for a.e. x € Q and such that the
assumption of part (0) in the preceding proposition is satisfied with 1 < p < oo. Then, for
the functional G given by

lul = [ G+ w)de,
Q
there exists a minimizer u € A with Glu] < Glw] for all w € A.

(1) Consider a Carathéodory integrand F: QxRN xRN*" — [0,00] and a non-empty sequen-
tially weakly closed set A C W'P(Q,RN) such that F(x,y, -) is conver for all (z,y) €
(Q\ S)xRYN with a null set S and such that one set of assumptions on F and A from part
(1) of the preceding proposition is satisfied with 1 < p < oo. Then, for the functional F
given by

Flw] == / F(-,w,Dw)dz,
Q
there exists a minimizer u € A with Flu] < Flw] for all w € A.

Proof. The previous proposition guarantees that G and F are LP- and WP-coercive on A, re-
spectively. Therefore, the reflexivity of L? and W in case 1 < p < 0o and statement (II) in the
previous corollary “Coercivity gives weak compactness.” yield that G and F satisfy condition
(ITa) of Section 2.1 for the weak topology on LP(Q, RY) and WhP(Q, RY), respectively. More-
over, from Section 2.2 we know that G and F are sequentially weakly lower semicontinuous on
LP(Q,RY) and WHP(Q, RY), respectively, that is, condition (IIb) of Section 2.1 is also satisfied.
In view of (IIa) and (IIb), the abstract existence theorem of Section 2.1 then applies and gives
the claim. O

Remarks (on the general existence theorem and its proof).

(1) Even though the proof has been presented as a very abstract composition of the previously
collected ingredients, it is absolutely important to keep in mind that the core reasoning
of the direct method is in fact quite simple. We briefly recall this reasoning in the first-
order case (1): One assumes inf 4 F < oo and starts with a minimizing sequence (uy)ren
in A such that limy_, o, Flug] = inf 4 F. Then coercivity yields boundedness of (u)gen in
wlep (Q,]RN ), and weak compactness together with sequential weak closedness of A gives
weak convergence of a subsequence (ug,)ren to a limit v € A. Finally, the weak lower
semicontinuity of Section 2.2 ensures

Flu] < liminf F[u, | = inf 7

{—00

and thus the minimality of u.

(2) In most cases, one can alternatively apply the abstract existence theorem on the basis of
(Ia) and (Ib). Indeed, the availability of (Ia) has been provided above in large generality,
while (Ib) has been obtained in Section 2.2 for a general class of zero-order functionals and a
class of first-order functionals with a stronger convexity assumption. However, for the most
general class of first-order functionals with convexity only in the gradient variable, we have
checked only (ITb) not (Ib). This is a reason to prefer the sequence-based version (II) of the
direct method.
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2.3. Coercivity, weak compactness, and existence 35

3)

In particular, part (1) of the general existence theorem applies to quadratic integrals
3 Jo A(Dw,Dw) dz (with positive bilinear forms A on RN*™ which satisfy A(z,z) > v|z|?
for all z € IRNX” with fixed v > 0) and the p-energies £, with 1 < p < oo, at least
if minimization in Dirichlet classes W.; (€2, RY) and Wuf(ﬂ RY) on bounded open
Q C R” is concerned. Indeed, the relevant hypotheses are satisfied, since the Dirichlet
classes are sequentially weakly closed by Mazur’s lemma, convexity of the integrands follows
from the Cauchy-Schwarz and Holder inequalities, respectively, and the coercivity criterion
(1c) applies. Moreover, the existence theorem covers many variants of these model
integrals (for instance with additional coefficients or lower-order terms) and also cases
with additional side constraints.

On the contrary, the existence theorem does not apply to integrals of 1-energy and
area type with merely W1l-coercivity at hand, since the lack of suitable compact-
ness results prevents the application of the direct method in the Sobolev space Wi,

In case || < oo the inequality in the coercivity criteria (1c) and (1d) can be weak-
ened to

F(z,y,2) 2 9]z/P =Tly|” = ¥(z)  forall (z,y,2) € (2\ B)xRY xRV,

with fixed ¢ € (0,p) and I € R, since this inequality still implies WP-coercivity of the
integral functional F on the same classes A as before (see the exercises for the proof of this
claim). In addition, even ¢ = p can be admitted if T" is small enough, precisely I' < Copt'y
with the optimal constant Cyp in the Poincaré inequality ||w||ir.0 < Copt|[Dw||1r.q for
w € Wé’p(Q,RN) (case of (1c)) and ||w—wq||Lr.o < Copt||Dwl|Lr.q for w € WHP(Q,RN)
(case of (1d)), respectively.

One can allow in the existence result and on bounded €2 also in the generalization of
Remark (4), that G and F take values in R U {oco} instead of [0, oc]. (However, some
coercivity inequality is still in force and ensures G_(-,w), F_(-,w,Dw) € L*(Q) so that
Glw], Flw] € R U {oo} exists for all w € A.) In fact, non-negativity of the integrand has
been assumed only for the application of the weak lower semicontinuity results from Section
2.2, but can be removed from these results under the present assumptions: For instance, if
the inequality in (4) I holds the new integrand F(z,y,z) == F(z,y,2) 4+ T|y|? + ¥(z) is non-
negative, and thus .7-" = fQ ,w, Dw) dx is sequentially weakly lower semicontinuous
on WP(Q, RM). However under the assumptions of either (1c) or (1d) with € bounded,
Rellich’s theorem gives even weak continuity of the term [, [w|?dz on A C W'P(Q,RY).
Consequently, also Flw] = Flw] —T Jo lw|?dz — [, ¥ dz is weakly lower semicontinuous on
AC WP(Q RY)

Next we show by basic examples that coercivity and convexity, the two principal as-

sumptions above, are essentially inevitable in a general existence theory:

Examples (for necessity of coercivity and convexity) We consider, in the 1-dimensional
scalar case, first-order variational integrals F|w f 2P w')dz on the Dirichlet class

W,lyo (1, 22)), which encodes the Dirichlet boundary condltion w(z1) = y1, w(x2) = Y2
with 1 < z9 in R and y1,y2 € R. Specifically, we mention the following cases and examples,
which are treated in detail in the exercises (see Sheets 1 and 5):
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(1)

If F(x,y,z) = F(z) depends on z only, we know: For convex F € C%(R), there is
always a minimizer of f;:f F(w')dz in W;;%yz((wl,xg)), namely the unique affine function
with the given boundary values. So — what is rather untypical in view of the subsequent
examples — convexity alone suffices for existence in this basic case, and no explicit
coercivity requirement'® is needed. However, in absence of convexity and coercivity

minimizers may still fail to exist, as it happens e.g. for fff IJ:LU,Q dx on W(l)’l((xl,:m)).

The famous Weierstraf3 example'* from 1869 with integrand of type F(x,y,2) = F(z, 2)
is given by

1
;/ rw'(x)? dz for w € WH((0,1)).
0

This integral is convex but not W1P-coercive on W}:g((O, 1)) for any p € [1,00] and
has mo minimizer in W}’g((o, 1)) for any p € [1,00] (since the infimum on W}*g((o, 1))
can shown to be 0 and cannot be realized). So, this is a basic example for the failure of
existence in the absence of coercivity.

An example with integrand of type F(z,y,2) = F(y, z) is given by
2
/ Vw? +w?dx for w € Wh((z1,29)).
1

This integral is convex and Whl-coercive on W(l)ﬁ((l‘l,l‘g)), but not WlP-coercive
on W(l):f((ml,m)) for any p € (1,00], and it has mo minimizer in Wé:’l’((wl,xg)) for any
p € [1,00] (since the infimum on Wéf((xl, x9)) can shown to be 1 and cannot be realized).
So, this example shows that merely W1':l-coercivity does not suffice for existence.

Another example with integrand of type F(z,y,z) = F(y, z) and parameter I' € R is given
by
o
/ (w'2 - Fw2) dzx for w € W2 ((21,29)) .
)

This integral is convex in the w’-variable and satisfies the inequality from Remark (4) above
with ¢ = p = 2, v = 1, the parameter I' occurring in the integral, and ¥ = 0. For the
minimization in Wy;'y, ((z1,22)) it is decisive if or not the inequality T’ < C’(;)Qt from Remark
(4) is satisfied, where Copy, is the optimal constant in the Poincaré inequality [[wl|12((z; 2,)) <
Copt|w'][12((21,20)) for w € W(l)’Q((xl, x2)). Indeed in the 1d situation one can determine Cypy
1

by a Fourier expansion method as Copy = #-71, and we have:

s
To2—T1

e In the subcritical case I' < ( )2, the integral is W1-2-coercive on Wll/ny ((x1,22))
and has a minimizer in W;fyz((xl, x2)).

s
T2—x1

e In the supercritical case I' > ( )2, the integral is unbounded from below on

Wlljfyz((:):l,xg)), and thus it is not Wh2-coercive on W;fm((xl,:rg)) and has no
minimizer in W7y, ((x1, z2)).

3 However, one can show, for convex F' € C°(R), that either F is affine or it holds F(z) > «|z|—L—Mz for
z € R with constants L, M € R and f;f F(w') dx is W -coercive on Wit ((z1,22)). So, convexity comes at

Y1,Y2

least close to implying a kind of coercivity in the basic case F(z,y,z) = F(z).
41n fact, the original WeierstraB example is % f01 z? w'(x)? dz (with 22 in place of z, but analogous properties).
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s
Z2—2T1

W2y (1, 22)). For y14ys # 0 it is even unbounded from below on W%, (1, 22))
and has mo minimizer in W;’l%yz((ml, x2)), while for y;+y2 = 0 it has minimizers
and actually a 1-dimensional affine space of minimizers in Wéfyz( (x1,2)).

)2, finally, the integral is mot W12-coercive on

e In the critical case I' = (

Proof. In the subcritical case, the verification of coercivity with the help of the mentioned Poincaré inequality is
straightforward, and existence then follows.

For the treatment of the other cases we assume, for simplicity of notation, 1 = 0, zo = 7, and we abbreviate
Fllw] = Jo (w2 =Tw?) dz. For an arbitrary w € VVll,’ll“y2 ((z1,22)) and o € R, we observe w+asin € Wlll’ll,yg ((z1,x2))
and compute

™

Fllw+asin] = FFlw] + 2a/ (w'cos—Twsin) dz + o*(1-T) 5
0

In the supercritical case I' > 1, this gives limg—s+o00 Fr [w+asin] = —oo, and thus FL is unbounded from below

on Wi}/il,yz((xleQ)) (which entails all claims in this case). In the critical case I' = 1, integration by parts shows

Jo (w'cos—wsin) dz = w(0)+w(m) = y1+y2, and the above reduces to FPlwtasin] = F'[w] +2a(y1+y2). Hence, for
+(y1+y2) > 0 we get lima— F00 Fllw+asin] = —oo and infer that F! is unbounded from below also in this case (which
again entails all claims). In the remaining case I' = 1, y1+y2 = 0, finally, we now prove that yjcos with F1[y1cos] = 0
is indeed a minimizer of 1 in W;;{yz ((z1,x2)). To this end we still consider an arbitrary w € W;’ﬁw ((z1,22)) and
choose o € R such that v := w+asin € W;‘,‘ll’yz,((ml,mg)) satisfies v(g,ry = 0. Under the assumption v r) = 0,
another version of the optimal Poincaré inequality'® implies ||fu||L2((0’7r)) < ||U’HL2((0J)), and this combines with the
preceding to Fl{w] = F1[v] > 0. Since we have F1[yicos+asin] = Fl[yicos] = 0 for all a € R, this means that all
y1cos+asin with o € R are minimizers of F! in W;’llyz ((z1,x2)). Since the space of minimizers is unbounded, it also
clear that even in this case with existence, F! is not W1-2-coercive on Wéﬁw ((z1,z2)). O

(5) The famous Bolza example from 1902 with integrand of type F(x,y,2) = F(y, z) is given
by
2
/ [(11/2—1)2 + w4] dz for w € W ((z1, 29)) .

1
This integral is W4-coercive on W4, but is not convex in the w’-variable and has no
minimizer in W(l)’4((x1,x2)) (since the infimum on Wé’4((x1,x2)) can be shown to be 0
and cannot be realized). So, this is a basic example for the failure of existence in the
absence of convexity. It has many variants, in which the role of z + (22—1)? can be
taken by another ‘double-well potential’ with two minimum points, and is also related to
physical models for the sailing of a boat into the wind.

2.4 Uniqueness of minimizers

In order to treat the uniqueness problem for minimizers, we first recall a precise definition of
strict convexity:

Definition (strictly convex functions). A function F: A — RU{co} on a subset A of a real
vector space X is strictly convex on A, if A is a conver set and the strict convexity inequality

FAw+(1-Nw] < AF[w] 4+ (1-X\)F[w] holds whenever w # w in A and A € (0,1).

15In fact, the common root of the Poincaré inequalities relevant here is the Poincaré-Wirtinger inequality
lwllrz(—rmy < W ll12(—mny) for all w € Wi ((—m, 7)) with w_r ) = 0. Applying this inequality to odd
extensions one infers [|wl|i2(o,x) < ||w'[lL2(0,x)) for all w € W4 ((0,7)), and applying it to even extensions
one gets |lwllr2o,x) < llw'|lr2(o,x)) for all w e W((0,7)) with w(o~) = 0. Clearly, one can also pass these
inequalities to intervals (z1,22) with z1 < z2 in R by scaling.
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We remark that, if F takes the value oo at an interior point of A, then evidently F cannot
be strictly convex on A. Since function(al)s with value co are sometimes useful and shall not
be ruled out completely, in the sequel we work with the assumption that F is strictly convex on
AN{F < oo} only (which still implies that F is non-strictly convex on all of a convex set A,
since the weak convexity inequality is trivially satisfied if one of w, w lies in AN{F = oo}). On
the basis of this assumption, the following simple but central uniqueness principle holds:

Proposition (uniqueness from strict convexity, abstract version). Consider a real vector
space X. If a function F: A — R U {oo} with F # oo is strictly convex on AN {F < oo},
then there is at most one minimum point for F in A.

Proof. Suppose that F has two minimum points © # u in A. In view of the assumption
F # oo, this means F[u] = Flu] = inf4 F < co. Hence, strict convexity gives “£* € A and
F[44"] < F[u] + 3 F[u] = inf 4 F. This contradiction completes the proof. O

The abstract principle applies to integral functionals as follows:

Corollary (uniqueness from strict convexity, integral version). Fiz an open set Q C R"™.

(0) Consider a convex A C LL (Q,RY) and an M"@B(RYN)-measurable G: QxRY — RU{oo}
such that

Glw] ::/QG(-,w)deRU{oo}

exists for all w € A. If G(z, ) is strictly convex on {G(z,-) < oo} for a.e. v € Q,
then G s strictly convex on AN{G < oo}, and in case G # oo on A there is at most one
minimizer of G in A.

(1) Consider a conver A C WL (Q,RY) and an M "@BRN)QB(RY*")-measurable integrand

loc

F: QxR xRN*" — R U {0} such that
Flw] := / F(-,w,Dw)dz € RU {0}
Q

exists for allw € A. If F(z, -, -) is strictly convex on {F(z, -, ) < oo} for a.e. x € Q,
then F s strictly convex on AN{F < oo}, and in case F # oo there is at most one
minimizer of F in A.

Proof. We only deal with the case (1), since the case (0) can be treated analogously. In order
to establish the strict convexity claim, we consider w # w in AN {F < oo}. We observe
F(-,w,Dw) < oo, F(-,w,Dw) < oo a.e. on 2 and [{w # w}| > 0. For A € (0,1), we infer by
strict convexity

F(-,Mw,Dw)+(1-X)(w,Dw)) < AF(-,w,Dw) + (1-A\)F(-,w, Dw) a.e. on )

with the strict inequality ‘<’ valid on the non-negligible set {w # w}. Integrating both sides of
the inequality and crucially exploiting Fw] < oo, F[w] < oo, we end up with

FPw+(1-N)a] < AF[w] + (1-\)F[@] < oo.

In particular, taking into account the convexity of A we read off Aw+(1-A\)w € AN{F < co}.
This proves convexity of AN {F < oo} and strict convexity of F on AN {F < oo}. Once this
is established, the uniqueness claim is clear from the proposition. O
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Unfortunately, the preceding corollary does not apply in the basic case of a first-order
variational integral without zero-order dependence on w, that is

Fw] :/Qf(-,Dw)da:

since in this case the integrand F(zx,y, z) = FV(:):, z) as a function of (z,y, z) € QxRN xRN*" is
never strictly convex in y-variable. Therefore, in the following we also provide a variant of
the corollary, which applies to minimization problems for such integrals in Dirichlet classes and
is based on the following notion:

Definition (partially strict convexity). A function F: K — R U {oco} on a subset K of
Y xZ with real vector spaces Y and Z is strictly-in-z convex on K if K is a convex set, the
convexity inequality

FOy+(1=N7, Az+(1-N)Z) < A\F(y,2) + 1=\ F(y,%) holds for (y,2),(7,2) € K, A€ [0,1],

and this inequality is strict whenever z # z and X € (0,1).

Corollary (uniqueness from strict convexity, 24 1ntegral version). Consider an open

set Q@ C R"™, a conver set A C uo—f—W(l)’p(Q, RY) with ug € Wloc(Q RY) and p € [1,00), and an
M "@B(RM)@BRN*")-measurable F: QxRN xR¥N*" — R U {oo} such that

Flw] :—/QF(-,w,Dw)dx € RU {0}

exists for allw € A. If F(x, -, -) is strictly-in-z convex on {F(x, -, -) < oo} for a.e. v € Q,
then F is strictly convex on AN{F < oo}, and in case F # oo there is at most one minimizer

of F in A.

Proof. In order to establish the strict convexity claim, we consider w # w in AN {F < o0} C
u0+W(1)’p(Q,]RN), and we first show |[{Dw # Dw}| > 0. Indeed, if we had [{Dw # Dw}| = 0,
then w—w would equal a constant # 0 on at least one connected component Q (which is also
open in R™) of Q. However, we would also have w—w € W(l)’p (2, RY) and would thus arrive at a
contradiction. This proves |{Dw # Dw}| > 0. Observing F(-,w,Dw) < oo, F(-,w,Dw) < oo
a.e. on ), for A € (0,1) the assumed convexity then gives

F(-, Mw,Dw)+(1-\) (@, D@)) < AF(-,w,Dw) 4+ (1-A\)F(-,@,Dw)  a.e. on Q,

and this inequality is strict on the non-negligible set {Dw # Dw}. Integrating this inequality,
strict convexity of F follows exactly as in the proof of the previous corollary. Once strict
convexity of F is established, the proposition gives uniqueness of its minimizers. O

Remarks (on the uniqueness principles).

(1) The latter corollary applies to basic model integrals and shows that they have at
most one minimizer in every Dirichlet class. For instance, it covers quadratic integrals
Jo A(Dw, Dw) dz (with a positive bilinear forms A on RV*") on Wi (Q,RY), the p-energy
&p with p > 1 on Wu’Op(Q,]RN ), and — though we do not have existence for this last case
— the scalar non-parametric area [, \/14+|Vw|? dz on Wk (€2), where the required strict
convexity of the integrands can be checked in all three cases with the Cauchy-Schwarz and
Holder inequalities or related elementary computations.
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(2)

Clearly, strict convexity of the integrand F' in the z-variable is inevitable for the
uniqueness principles. This can be seen already in the one-dimensional case at hand of the
parametric length integral f;f |w'| dz (with 21 < x2 in R) whose integrand F(z,y, z) = |z|
is non-strictly convex in z. Actually, in view of the parametrization invariance of the length
this integral has multiple minimizers in every Dirichlet class W;’ll,yQ((:pl, x2)) with ya # 11
in RV.

We emphasize that the latter corollary, in which the strictness of convexity regards z only,
still requires convexity also in y. Indeed, also this non-strict convexity in y cannot be
dropped, as the integral F'[w] := foﬂ (w’2 — sz) dz from Example (4) in the previous
section (here for simplicity only on (0,7)) shows: The integrand F''(z,y, z) = |2|?> — T'|y|?
in this example is strictly convex in z for all I' € R, convex in y only for I' < 0, and in the
critical case I’ = 1 there are multiple minimizers of F' in W4((0,7)). Indeed, the critical
case is also the first one with a chance for non-uniqueness in the sense that the functional
FT' turns out to be strictly convex on W(l)’2(((), 7)) if and only if ' < 1 (and convex if and
only if I' < 1).

In order to check the last claim on F', one looks at the symmetric bilinear form BT [w, @] := Jo ('@ — Tww) dz

on w,w € \/\7(1)’2((0,71'))7 which induces the quadratic functional F''[w] = BT [w,w]. Thanks to the earlier-mentioned

optimal Poincaré inequality on Wé’Z((O, 7)) one then finds that BT is non-negative and thus FT convex precisely for
I' < 1, while BT is positive and thus F! strictly convex precisely for T' < 1.

If uniqueness does not follow from the above principles based on strict convexity, then —
at least in the view of the lecturer — it holds only rarely and can sometimes be quite hard
to prove.

2.5 Semi-classical existence theory

For general first-order integral functionals with merely W' !-coercivity at hand (e.g. the
l-energy [, [Dw|dz and the non-degenerate 1-energy [¢, /14 |Dw|? dz) there is a well-developed
existence theory based on weak* compactness in the space BV(Q, R") of functions of bounded
variation. However, this theory requires additional background machinery and (at least in the
first instance) gives solutions which satisfy a Dirichlet boundary condition only in a certain
weakened sense. However, we do not enter into the BV theory here. Rather we explicate an
alternative comparison-principle-based approach, which, in basic scalar cases, allows to
bypass this theory and prove existence directly in the space W1>°(Q) (or C*1(Q)). To
this end, we start in fact with a finer discussion of the space W1 (Q):

Remarks and Definitions (WE’;‘;(Q) and WM ((Q)). Consider an open set Q C R".

(1)

(wo)

We first recall that (a representative of) a function w € W1>°(Q) satisfies
lw(y)—w(@)| < [Vwlp=@rmda(z,y)  forall z,y €€,

where the inner metric do(z, y) of Q is the infimum of the lengths of C!-curves from x to y in
Q, that is, do(z,y) = inf{ [} |¢|dt : ¢ € C'([0,1],R"), ¢([0,1]) € Q, ¢(0) = z, ¢(1) = y}.
In particular, this implies for w € WH°(Q) ...

e that w is always dg-Lipschitz continuous on €2 and locally Lipschitz continuous on 2,

e that, in case of a bounded Lipschitz domain €2, w is Lipschitz continuous on £,
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e that, in case of a convex €2, w is Lipschitz continuous on Q with precisely ||Vw||pe (o rn)
as the Lipschitz constant.

(where all Lipschitz properties with no particular metric mentioned are meant with respect
to the standard distance on R™). In particular, if  is either a bounded Lipschitz domain
or convex, every w € W1°°(Q) extends to a Lipschitz continuous function on €2, and we can
understand WH*°(Q) c C°(Q).

(2) The weakx convergence of a sequence (wg)ren in W1 () to a limit w € WH*°(Q) is
most conveniently defined (without actually discussing if W1°°(Q) itself is a dual space or
not) by requiring weak+ convergence wy — w in L®(Q) = (Ll(Q))* and Vw, — Vw in

k—o0 k—o0
L>*(Q,R") = (LY(Q,R"))".
(3) In case of Wh* we define the subspace of functions with zero boundary values as

Wo™(Q) = {w € Wh(Q) - o IR 0(@) = 0},

where the limit is in fact taken for the Lipschitz representative and the addition of {oco}
is relevant for unbounded 2 only. It is not difficult to see that functions in W(l]’oo(Q) are
always (i.e. for an arbitrary open set {2) Lipschitz continuous on © and can be extended
by zero to Lipschitz continuous functions on all of R"™ with precisely ||[Vw||pe @ rn) as the
Lipschitz constant. Using this on one hand and Rademacher’s theorem on the other hand,
one can also write

Q5r—00

W(l)’oo(Q) = {w € CM(Q) : wiyg =0, lim w(x)= 0}.
Once the subspace of functions with zero boundary values is defined we can also introduce,

for ug € WH°(9), the Dirichlet class

WL=(Q) == ug + Wy™(Q) .

(4) With the preceding definitions, it follows from the Arzela-Ascoli theorem (or, what is the
same, the case p = oo of Rellich’s theorem) that in case of bounded €2 the subspace Wé’oo(Q)
and the classes W () with ug € Wh(Q) are sequentially weaklyx closed in W1>°(Q).

(5) Given M € [0, 0] and ug € WH*°(Q), we also introduce the classes
WHY(Q) = {w € Wh(Q) = [[Vwlleoomey < M}, Wii(Q) := WY(Q) N W (Q)
with bound M on the derivative.

(6) For bounded €2, M € [0,00), and uy € WH°(Q), it follows from weak* compactness in L,
the well-known fact that the gradient is a weakx-closed operator, and (4) above that

Wﬁ:{ (?) is sequentially weakly* compact.

Rademacher’s theorem asserts that a Lipschitz continuous function w: @ — R™ on an open subset Q of R"
is classically totally differentiable at a.e. point of §2, that it is also weakly differentiable on €2, and that its weak
derivative is bounded and represented a.e. by the classical one.
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42 CHAPTER 2. Existence of minimizers (via the direct method)

In the remainder of this section, we develop the announced existence theory for basic varia-
tional integrals

Flw] := / F(Vw)dz € R on scalar functions w € W>(Q) (%)
Q

with bounded open Q C R™ and continuous F': R™ — RR. In view of the sequential weaksx
compactness of W1 (Q) (which results from the ‘artificially introduced” bound M) we can first
apply the direct method as developed in the previous sections:

Proposition (existence in the restricted class). Consider a bounded open set Q@ C R",
F € CO(R™), F from (x), M € [0,00), ug € WM(Q), and assume that F is convez on R™. Then
there exists a minimizer of F in Wﬁ/ol (Q).

Proof. Since the passage from the integrand F' to the new integrand max{F, minm(m F'} pre-

serves convexity and continuity and does not change the values of the functional F on WM (),
we can assume that F' is bounded from below on R™. In fact, after addition of a constant, we
can then even assume F' > 0 on R". In this situation we record that W}/ () is non-empty (it
contains ug) and sequentially weaklyx compact (see Remark (6) above) and that F is sequen-
tially weakly lower semicontinuous on W(€2) > W} (Q) (see Section 2.2 where F > 0 was
assumed). On this basis, the direct method applies and produces the desired minimizer. O

Lemma (‘from restricted back to unrestricted minimizers’). Consider a bounded open
set Q C R™, F € CO(R"), F from (), M € [0,00), and assume that F is convexr on R™. If a
minimizer u € WM (Q) of F in WA (Q) satisfies the strict inequality ||Vu||yeo,rn) < M,
then it is also a minimizer of F in WL (Q).

Proof. For arbitrary w € Wy ™(Q) and sufficiently small A € (0,1) we first record the bound
IDuA+A(Dw—Du) < (e, < M (for which we need in fact A < o IPaEEEY ) it the

[Dw—Dul[p00 (@rn) /"
help of this bound, we infer (1—\)u + Aw = u+ AMw—u) € WM (Q). The assumed minimality of
u in WM (Q) together with the convexity of F' and thus F then gives, still for sufficiently small
A€ (0,1),

Flu] < Fl(1-Nut+Aw] < (1-N)Fu] + AF[w].

Rearranging terms and dividing by the positive factor A\, we arrive at Flu] < Flw]. Since
w € W™ (Q) is arbitrary, this is the claim. O

In view of the last lemma, we now aim at verifying the strict inequality ||Vul|pe(qrn) < M
for a minimizer v € WM (Q) of F in the restricted class W (Q). This will be achieved with the
help of a comparison principle, which is truly needed only for minimizers but will be recorded
even for the more general case of sub- and super-minimizers in the following sense:

Definition (sub- and super-minimizers). Fiz an open Q C R", F € C°(R"™), F from (¥),
M €[0,00]. We callu € WM(Q) a sub-minimizer of F in WM(Q) if Flu] < Flw] holds for
all w € WM(Q) with w < u a.e. on Q. Analogously, we call u € WM (Q) a super-minimizer
of F in WM(Q) if Flu] < Flw] holds for all w € WM (Q) with w > u a.e. on Q.
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2.5. Semi-classical existence theory 43

Remarks (on sub-minimizers and super-minimizers).

(1) Sub- and and super-minimizer are made up as analoga to sub-/superharmonic func-
tions and, more generally, to sub-/super-solutions of PDEs. For instance, following the
proof of the Dirichlet principle one finds that a function u € W'>°(Q) is a sub-minimizer
of the Dirichlet integral & in Wy (Q) = W(Q) if and only if it is weakly subharmonic
(where the latter means Au > 0 in 2'(Q2), that is, fQ Vu - Vedz <0 for all non-negative
p € CH(92)).

(2) Tt turns out that a function u € W (Q) is a minimizer of F in W () if and only if u is
simultaneously a sub-minimizer and a super-minimizer of F in WM (Q). Indeed, the forward
implication of this claim is trivially satisfied, while the backward implication requires a short
comparison argument and will be explicated in the exercises.

Lemma. Consider a bounded open set Q@ C R", F € CO(R"), F from (), M € [0,c], and
assume that F is strictly convexr on R™. If u € WM(Q) is a sub-minimizer of F in WM (Q) and
v e WM(Q) is a super-minimizer of F in WM (Q), then we have the comparison principle

limsup (u(z)—v(z)) <0 = u<wvonQ
Q3x—00

and the weak maximum principle

sup(u—v) < limsup (u(z)—v(z)).
Q Q3z—00

If w and v are even minimizers of F in WM(Q) and WM(Q), respectively, we also have the
mazimum principle for the modulus supq |u—v| < imsupgs,_ a0 |u(z)—v(x)|.

The proofs of these principles will be treated in the exercises.
Remarks (on the comparison principle and the maximum principle).

(1) The inequality in the maximum principle is in fact an equality, since the opposite inequality
is trivially satisfied.

(2) The above principles apply even in situations with quite irregular domains and boundary
data, for instance they include functions v and v on Q = (=1,1)%\ ((0,1)x{0}) c R2 with
different boundary values on the opposite sides of the ‘cut’ (0,1)x{0}.

(3) Nevertheless, the above principles are usually needed for functions u,v € CO9()
only (which, as discussed earlier, follows automatically from mild assumptions on ). In
this standard case, the comparison principle and the maximum principle take the more
common forms

u<vondfl = wu<von(),
sup(u—v) < max(u—v
up(u—v) < max(u—0)
(where again the last inequality is in fact an equality).

Though not needed explicitly for the existence proof, we record (what in principle is known
from Section 2.4, but also comes out in the present context):
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44 CHAPTER 2. Existence of minimizers (via the direct method)

Corollary (uniqueness of minimizers). Consider a bounded open set Q C R", F € C°(R"),
F from (x), M € [0,00], ug € WH(Q), and assume that F is strictly convez on R™. Then
there is at most one minimizer of F in Wi (Q).

Proof. If w and v are minimizers of F in W% (©), the maximum principle and the fact that
1,00 .
u—v € Wy () yield

sup |[u—v| < limsup |u(z)—v(z)| =0.
Q Q3x—002

We thus obtain u = v on 2, which ends the proof. O

With regard to the existence proof, a main conclusion from the maximum principle is:

Lemma ((partial) reduction to the boundary). Consider a bounded open set Q@ C R™,
F € COR™), F from (x), M € [0,00], and assume that F is strictly convex on R™. Then, if
u € WM(Q)NCYQ) is a minimizer of F in WM(Q), there holds

wp @] ) ()]

x,yeN !y—x! qeQ, pedN \q—P’
yF#x

Remarks.

(1) Once more, the inequality in the lemma is in fact an equality, since the opposite inequality
is valid for every u € C°(Q).

(2) A closer inspection of the following proof shows that without the assumption u € C%(Q) the
conclusion of the lemma stays valid in the form

wp O] ) =)
x,;;éeQ ]y—x\ Q5p—00 geN |q_p|
y#x

Proof of the lemma. We consider arbitrary z,y €  with y # x and abbreviate 7 := y—x # 0.
Setting ur(2) = u(z+7) for z € Q—7, we obtain a minimizer u, € WM (Q—7) N CY(Q—7) of

= Jo_, F(Vw)dz among w € WM(Q 7). We next introduce Q := QN (Q—7), which
clearly contains x = y—7 and is a non-empty subset of both {2 and the shifted domain -7,
and we write .7-" = 5 F(Vw)dz. Then it is not difficult to see that (the restrictions to Q of)

both u and u, minimize F in WM (Q) and wi (€), respectively. Therefore, the definition of .,
and the weak maximum principle imply

u(y)—u(@)] = |ur(2)—u(z)] < max|u;—ul.
o0

Sincef)ﬁ is non-empty and compact, the maximum on the right-hand side is attained at some
b € 012, and we get

u(y)—u(z)] < fu(b+7)—u(d)].
After division by |y—z| = |7] > 0, this can be recast as

july)—u(@)| _ [uo+r)—u(d)
ly—x| - |b+7—b|
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Taking into account dQ C QN (—7) and Q C 9Q U (9Q—7) we next observe that we have
b,b+7 € Q and in addition b € 99 or b+7 € 9. In other words, one of the points b, b+7 is in
00 and the other one is in Q at least. Therefore, we have in fact shown

|u(y)—u(z)| < sw [ua)—ulp)|
ly—z| e, peon 14Dl
q#p

Since we assumed u € C°(€2), the right-hand side stays unchanged if we pass from ¢ € Q to
q € Q (and then g # p is automatic and need not be required explicitly). After this modification,
we finally take the supremum over x and y and arrive at the claim. O

In order to acquire (a very basic class of ) useful comparison functions we also provide:

Lemma (‘Affine functions minimize basic convex integrals.’). Consider a bounded open
set @ C R™, F € CO°(R™), F from (%), and assume that F is conver on R". Then every affine
function a: R" — R minimizes F in Wy™ () (and thus also in WM (Q) with M > |Val).

As a preparation for the proof of the lemma we record for open 2 C R™ that generally
/ Vodr=0  forall p € Wy'(Q). (%)
Q

Indeed, for ¢ € Cipt(Q), one can take an open ball B with spt¢ C B and infer from the
divergence theorem that [, ;0o dz = [ div(pe;)dz =0 for all i € {1,2,...,n}. From this one
deduces (xx) first for ¢ € CL,(Q), then for arbitrary ¢ € W(l)’l(Q). In particular, (xx) holds for
Y E Wé’oo(Q) on bounded open (2, since in this case one has the inclusion Wé’oo(ﬂ) C Wé’l(Q)
(as approximation of w € Wé’oo(Q) with mollifications of (w—e);—(w+e)_ € Wipio(ﬂ) shows).
Proof of the lemma. We assume that the open set € is non-empty and thus || > 0, and we
observe that Va is constant with a value A € R™ on R"™. For arbitrary w € W}I’OO(Q), we have
Y i=w—a € W(l)’oo(Q), and via (*), Jensen’s inequality for the convex function F, and (x*) we
get
Flu] = /Q FA+V) dz > \Q|F<‘Q1’ /Q (A+Vy) da:) — Q| F(A) = Fla].

This establishes the claimed minimality of a. ]

Remark. The last lemma extends to cases with R"-valued functions, where (x*) holds in the
form [, Dedz =0 for all p € Wé’l(Q, RY) and the proof of the lemma works in the same way.

As the final preparatory step in this section, we now single out and discuss a class of
suitable boundary data, for which the existence program can be completed in a particularly
simple way.

Definition (bounded slope condition). We say that a pair (Q,ugp) of a bounded open set
Q in R™ and a function ug: 02 — R satisfies the bounded slope condition with constant
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L € [0,00) if, for every xy € 09, there exist two affine functions a;"o,agoz R™ — R with the
properties

Az (70) = uo(z0) = ajf, (w0),
ag, < ug < aj on 0N,

\Vag, | <L, |Vaj|<L.

Clearly the gradient of each affine function Va;to is constant, its modulus \Va;to\ gives the
maximal slope of a;to, and thus the required uniform bound L for these slopes is actually
responsible for the name of the bounded slope condition.

Remarks (on the bounded slope condition).

(1) Necessary criterion: If (2, ug) satisfies the bounded slope condition with some constant
L € [0,00), then, unless ug is itself affine, 2 is necessarily convex.

Proof. If Va} = Vag, holds for some zy € 09, we get a; = a,

2 on R™ (since af (z0) =
a,(xo) is postulated) and ug is affine.

Thus, we can assume Vaj # Va,, for all g € 0Q. Then we claim

R (se%)

zo €N

and once this is verified, 2 is an intersection of half-spaces and thus convex as claimed. It
remains to check (#*x). To this end we observe that a;O > az, on 0N implies first a}'o > az, on ) (since each point

of the bounded €2 can be written as convex combination of two points from 92) and then even a}'o > az, on ) (since
equality a;’.'o (2) = azy(2) at z € Q together with Vajo # Vaz, would yield the contradiction that ajo < ag, on a part
of each neighborhood of z). This shows the inclusion ‘C’ in (**x). To establish the opposite inclusion, we consider
z € R™ with z ¢ Q. We fix an arbitrary z € Q and observe that the closed line segment from x to z contains some
zo € OQ. If we had agi,(z) > agz,(x), then with the information ajf,(z) > ai,(z) from the previous reasoning we
would get a;ro (z0) > ajo (z0) as well. Since this contradicts one requirement of the bounded slope condition, we thus
have = ¢ {af, > az,} and = ¢ ﬂz()eaﬂ{a;% > az,}. This gives ‘C’ in (s#*) and completes the proof. O

(2) Sufficient criterion: If a bounded open €2 in R" is uniformly convex and it holds
ug € C2(R™), then (9, ug) (or more precisely (£, ug|,)) satisfies the bounded slope
condition with some constant L € [0, c0).

Idea of proof. The proof can be reduced to the case of the boundary point zg = 0 with
up(0) = 0, Vup(0) = 0. In this situation, the uniform convexity assumption implies the
existence of an € > 0 such that x, > ¢|Z|? holds for all z = (Z,x,) € Q with |z| < 1. By
Taylor’s theorem we have |ug(x)| < C(|z|?+22) for |z| < 1, and altogether we can conclude
lup(z)| < %xn for z € Q with || < 1. This shows that af(z) := +Lx, with L = g
satisfies the requirements of the bounded slope condition in a neighborhood of 0, and a finer
analysis of the reasoning shows that the size of the neighborhood can be controlled. Possibly
enlarging L, one can ensure the requirements also away from 0. 0

Uniformly convex functions. Consider ¢ > 0. A function f: K — R on a bounded convex set K C R" is
called e-uniformly convex if the function K — R, = + f(z)—¢|z|? is convex on K.

Uniformly convex sets. A bounded convex open set {2 in R" is called uniformly convex if there exists some
€ > 0 such that € coincides locally near every point of 92 with the rotated supergraph of an e-uniformly convex
function (defined on a bounded convex set in R™™*). If Q has a C? boundary, uniform convexity is equivalent
with the condition that all principal curvatures (with respect to the inward unit normal) of Q2 at all points of
O0f) are larger than a fixed positive constant.
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(3) The sufficient criterion in (2) is quite sharp with regard to the assumptions on both Q and
ug. This is demonstrated by the non-sufficiency of the following slightly weaker conditions
(with corresponding examples in dimension 2):

o If O is convex and uy € C*(RR"), it does not suffice for the bounded slope condition.
Indeed, for Q = {z € R? : |z| < 1, x5 > 0} with flat boundary portion (—1,1)x{0}

and ug(z) = 22, there exists no suitable affine function a .

o If Q) is strictly convex and ug € C*(R"), it does not suffice for the bounded slope
condition. Indeed, for Q = {z € R? : 2} < x5 < 1} and ug(z) = 22, there exists no
suitable affine function ag (essentially since ug(z) = /2 for z € 9Q with |z| < 1).

e If Q is uniformly convex and uy € Cllo’g‘(]R”) with any fixed a € (0,1), it does not suffice

for the bounded slope condition. Indeed, for Q = {x € R? : 22 < 29 < 1} and ug(z) =
1+
+

|z1/1+2, there exists no suitable affine function af (essentially since ug(z) = x,2 for
x € 00 with |z| < 1 and 2 < 1).
Alternatively, the last example also works with the ball Q = {z € R? : 22+(z2—1)? < 1} and ug(z) = |z1[1T2.

(4) If (2, up) satisfies the bounded slope condition with constant L € [0,00), then the
pointwise infimum %y := inf, cpn ajo of the affine functions ajo from the definition extends
ug to all of R™. Moreover, since all ajo are in particular Lipschitz with constant L, also wyg
is Lipschitz with constant L on R". In particular, identifying ug with its extension g |,
and relying on Rademacher’s theorem, we can understand uo € WM (£2) N C°(Q) and
W(Q) c C°(Q) for all M > L.

Alternatively, one can arrive at the same conclusions by considering SUpP, con G -

At this stage, the existence result targeted at can be stated and then quickly proved.

Theorem (existence under the bounded slope condition). Consider a bounded open set
Q C R, F € COR™), F from (%), up: 02 — R, L € [0,00), and assume that F is convex
on R™. If (Q,ug) satisfies the bounded slope condition with constant L, then there exists a
minimizer of F in W3 (Q).

Proof. We first implement the proof under the additional assumption that F is strictly convex on
R™. We fix M > L and record ug € W () (and thus Wi/ (Q) # 0) according to the preceding
Remark (4). On this basis we employ the initial proposition of this section to find a minimizer u
of F in the restricted class W2/ (Q), where in view of W}/ (Q) c C°(Q) the boundary condition
u = up on Of) holds in the classical sense. Thus u|, is bounded by alf from the bounded slope
condition in the sense that

a, <u< a; on 0f)

for every fixed p € 9Q. Since u is a minimizer of 7 in W (Q) and by a previous lemma the
affine functions a}:,t are minimizers F in Wﬁ (), the comparison principle applies and gives
P

a, <u< a;," on €
for every fixed p € 9. As the bounded slope condition also requires a;)t (p) = up(p) = u(p), we
infer

a, (q) —a, (p) <ulq) —u(p) <af(q) —af(p) forallgeQ,pedQ.
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48 CHAPTER 2. Existence of minimizers (via the direct method)

Finally, we involve the bound |Vaff| < L, which means that a;t is Lipschitz continuous on R"™
with constant < L. Applying this on both the left-hand and right-hand side, we infer

—L|g—p| < u(q) —u(p) < Llg—p|  forallgeQ,pedQ.

or in other words

qp @U@l

e, peon |la—p| N

The reduction-to-the-boundary lemma improves this to

uly)—u@) _

—_— )

sup
z,yef) ’y_x‘
y#T

which means that « is Lipschitz continuous on €2 with Lipschitz constant < L. From this one can

deduce, either by using that Vu is a.e. a classical derivative thanks to Rademacher’s theorem

or by a more mollification argument, that

[VullLes(@rn) < L.

Since we have taken M > L, an earlier lemma brings us back from restricted to unrestricted
minimality, that is, it ensures that u is a minimizer of F also in Wy °(Q) = Wy ™°(Q). This
establishes the claim under the additional strict convexity assumption.

In order to complete the proof for merely convex F', we introduce, for € > 0, the regular-
izations F. € C°(R"™), which are given by F.(z) := F(2)+¢|z|? for z € R™ and are strictly
convex on R™. By the first part of the proof, for every € > 0 there exists some u. € WﬁO(Q)
which minimizes F. in Wy >°(€2). As observed earlier, WL () is sequentially weakly* compact,

and thus there is a positive null sequence (ey)gen such that wu,., ki/ u converges weakly* in
—00

W22 () to some limit u € Wk (Q) C Wi(Q). The using in turn weaks lower semicontinuity
of F (which is available thanks to convexity of F' and the results of Section 2.2), the minimality
of ue, for F,, and limy_ ey [q |Vw|?dx = 0, we conclude
Flu] < liminf Flue, ] < liminf F;, [ue, ] < liminf F;, [w] = Flw]
k—o0 k—o0 k—o0

for all w € Wi°(Q). Thus v minimizes F in W™ °(€2), and we have completed the existence
program also in the general case. O

Remarks (on the existence theorem and the semi-classical theory as a whole).

(1) The semi-classical existence theory allows to solve certain variational problems with
scalar functions which cannot be treated directly with the methods of Sections 2.1,
2.2, 2.3. For instance, it applies to the scalar 1-energy fQ |Vw|dz and the scalar non-
parametric area integral [, /1 + |Vw|?dx with a Dirichlet boundary condition (provided
that the boundary datum satisfies a bounded slope condition, of course).

(2) The semi-classical theory can alternatively be implemented by working with the space of
Lipschitz functions on 2 and the subspace of functions with Lipschitz constant < M in place
of the spaces W>(Q2) and WM(Q). In the end, this leads to the same existence theorem
(which is clear, since on convex  the spaces coincide up to passage to representatives).
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In these notes, however, after the considerations of the previous sections the above imple-
mentation with Sobolev functions appears quite natural (and it also leads to slightly more
general versions of some of the auxiliary lemmas).

The affine functions in the bounded slope condition play the role of barriers
as commonly used in the theory of PDEs, and in fact the above method can be extended
to more general domains and boundary data without the bounded slope condition if one
can only ensure the existence of barriers with similar properties (but no longer necessarily
affine). In general, the construction of barriers is a non-trivial matter and can be achieved
(only) under severely refined assumptions on the integrand F' (in contrast to the case above
where solely convexity of F' was needed); see, for instance, [11, Sections 1.3, 1.4].
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Chapter 3

Euler-Lagrange Equations

3.1 The case without constraints (or with linear ones only)

In principle the first-order criteria for minimum and maximum points, as they are known
from calculus for functions in n variables, apply also to functionals on oo-dimensional
spaces. In order to make this precise in wide generality, one considers, for a real vector space
X and e > 0, (special) variations

(w+t90)t6(—5,6)

of an element w € X in direction ¢ € X and uses directional derivatives, for which the
following terminology is common:

Definition (first variation). Consider a real vector space X and functional F: A — R on a
subset A of X. Suppose, for w € A and p € X, that we have w+typ € A and |Flw+ty]| < oo
for |t| < 1 and that the directional derivative

d
OF[wig] = 0 Fw] = | Flw+ty]
exists in R. Then 0F[w; ] is called the first variation of F at w in direction ¢.

Remark and Definition (admissible variations). One says that a variation (w+tp)ic(—c ) is
A-admissible if it satisfies w+tp € A for |t| < 1 (as required for the existence of 0.F[w; ¢]).

With this terminology we state the first-order criterion as follows:

Proposition (first-order criterion for minimizers). Fiz a real vector space X andu € A C
X.

(I) Necessary criterion: If u is a minimizer of a functional F: A — R in A, then

dF[u;p] =0 holds for all ¢ € X such that §F[u; p] exists.

(IT) Sufficient criterion: Suppose that A is convex with A C u+V for some vector subspace
V of X and that F: A — RU{oo} is conver on A. If

O0F[u; ] exists with 6F[u;p] =0 for all p € V),

then u is a minimizer of F in A.
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52 CHAPTER 3. Euler-Lagrange Equations

Proof. To prove (I) consider a minimizer u of F in A. Whenever §F[u; ¢] exists, the definition
requires u+ty € A and |Flu+tp]| < oo for [t| < 1 so that t — Flutty] is defined and R-valued
on an interval around 0 with a minimum at 0. The first-order criterion for minimum points of
single-variable functions then gives 6 F[u; o] = & | o [utte] = 0.

In order to establish (II) we assume A C u+V and 0F[u; @] = 0 for all ¢ € V. For arbitrary

w € A and t € [0,1], the convexity of A and F guarantees u+t(w—u) = (1—t)ut+tw € A and
Flutt(w—u)] < Flul+t(Flw]—Flu]) .
Furthermore, in view of the assumptions we have w—u € V, and we get

Flutt(w—u)] — Flu]

0 = 0F[u; w—u] = lim < Flw] — Flu] .
t\.0 t
Hence we have shown Flu] < Flw] for all w € A. O

Remark. It is common to call u an extremal of F if §F[u;p] = 0 holds for suitably many
. However, this is not a precise definition, and the terminology is also misleading insofar that
extremals are merely critical points of F and in general (i.e. without convexity or concavity of
F) cannot be expected to be local minimum or maximum points.

For integral functionals, the first variation can be computed explicitly:

Proposition (first variation and Euler equation for integral functionals);Given an
open set Q in R™ and an M"QB(RN)@B(RN*")-measurable F: QxRN xRVN*" — R, set

Flw] ::/QF(‘,w,Dw)daz

forw € Wllél(Q, RY) (whenever the integral exists in R).

(I) First-variation formula: For u € Wllo’i(Q,IRN) with F(-,u,Du) € LY(Q) and ¢ €
Wllo’i(Q, RY), there exist Flu+tp] € R with |[t| < 1 and

0F [u; o] :/ [V.F(-,u,Du) -Dp+ V,F(-,u,Du) - p|dz € R
Q

provided there exist a majorant ® € LY(Q), a null set E C Q and ¢ > 0 such that,
fort € (—e,¢), the integrand F(x,vy,2) is totally differentiable in (y,z) € RN xRN*" qt
all points & (x) == (z,u(z)+te(x), Du(x)+tDp(x)), x € Q\ E, with derivative bounds
[V2E(&(2)) - Do(2)| < @(2) and [V, F(&(2)) - ¢(x)] < @(x).

(IT) Ewuler(-Lagrange) equation: Assume that the requirements of (1) are met for fized
u € Wlléi(Q,IRN) and all p € C2(Q, RY). Then we have V,F(-,u,Du) € LiL (Q,RN¥*")

cpt loc
and VyF(-,u,Du) € L} _(Q,RY), and the first-order criterion

§F[u; 0] = 0 for all p € CZ,(Q,RY)

cpt

is satisfied if and only if! div[V.F(-,u,Du)] exists weakly in Ll (Q,RY) with

loc
—diV[VZF(-,u,Du)] + V,F(-,u,Du) =0 on 9. (EL)

'The weak divergence div W € Li,.(Q, RY) of a matrix field W € Li,.(Q, R¥*") is taken row-wise, that is,
in the sense of (divW); = div(W;1, Wia,...,Wiy) for i € {1,2,...,N}. As a result, the weak divergence is
characterized by the equality [, W -Dydz = — [,(divW) - pdz for all ¢ € Co(Q,RY).
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3.1. The case without constraints (or with linear ones only) 53

One calls the equation (EL) the Euler(-Lagrange) equation of the integral functional F
and the partial differential operator E , defined by

Eru:= —div[V.F(-,u,Du)] + V,F(-,u,Du),
the Euler(-Lagrange) operator of F.

Proof of (I). Fort € (—¢,¢e) and x € Q \ E, we compute with the chain rule

S F(@() = VoF (&) - Doe) + Ty F(6(@)) - o(a)

and then from the assumptions obtain the uniform L'-bound

@) < 200).

In particular, this implies |F'(§:(z))—F(§o(2))| < tsupsey | LF(&(x))| < 2t@(z), and in view
of F(&) = F(-,u,Du) € LY(Q) we infer F(&) € LY(Q), that is, Flu+typ] € R exists for t €
(—e, ). On the basis of these observations we may compute by exchange of differentiation
and integration

57l = |, [ Flee)ds = [ V(@) Diole) + V,F(6(o) - ola) da € .

In view of &y(x) = (x,u(x), Du(z)) this is the claimed formula. O

Proof Of (H) We first prove the L] -integrability of V. F(-,u,Du) and VyF(-,u, Du), which clearly follows once we
establish 9, F(-,u, Du) € L{, (Q) and 8 SF(-,u,Du) € LL (Q) for all i € {1,2,...,N}, 5 € {1,2,...,n}. To verify this,

loc
we first record from the assumptions of (I) with ¢ = 0 that (V. F(-,u,Du)-Dp)+ € L1(Q) and (V4 F(-,u,Du)-p)+ € L1(Q)
for all ¢ € CZ(L2, RY). For compact K C €, we then choose ¢ € Cont (2, RYN) with Dy = e;; on K and ¢ = e¢; on K,
respectively, to infer (8., F(-,u,Du))+ € L}(K) and (9y, F(-,u,Du))+ € L'(K). This implies the claimed integrability.

Now we turn to the proof of the claimed equivalence. In view of (I), the first-order criterion
§F[u; @] = 0 for all p € C2 (2, RY) can be rewritten in the form

/VZF(~,U,DU)-D<pd$:—/VyF(-,u,Du)-godJ: for all ¢ € CZ, (L2, RM),
Q Q

and this means precisely that div[V.F(-,u,Du)] = V,F(-,u,Du) exists weakly on Q. O
Remarks (on the Euler equation).

(1) In a way, the proposition identifies the first derivative of the integral functional F as
the differential operator Er and the first-order criterion for minimizers of F as the
second-order differential equation (EL). In case N = 1, (EL) is a single equation, in case
N > 2 it is a system of N equations. In case n = 1 it is an ordinary differential equation, in
case n > 2 a partial differential equation. In general, (EL) is non-linear (but, if V,F is C!,
expansion of the divergence shows that (EL) is generally quasi-linear, i.e. linear in D?u).

(2) The connection between an integral functional and its Euler equation is crucially
based on the fundamental lemma in the calculus of variations (that is, the lemma
which says that w € L] (Q,RY) with [, w-¢dz =0 forall p € Copt (€2, RY) satisfies w = 0
a.e. on ). The lemma is usually used to establish uniqueness of weak derivatives and the
weak divergence and thus plays an implicit rule in the above proof. Most crucially, however,
the lemma ensures, if V,F is C!, that C2 weak solutions to (EL) are also classical solutions.
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54 CHAPTER 3. Euler-Lagrange Equations

(3) The proposition is stated for weakly differentiable u and thus (potentially) applies to
minimizers u in Sobolev spaces, as they are provided by the existence theory of Chapter 2.
(In contrast, for the integrand F', the existence of classical derivatives V., F, V,F has been
assumed. However, since F' is not obtained from an existence theory but rather given, this
is also reasonable and can be checked in many concrete cases.)

(4) A zero-order functional G[w] := [, G(-,w) dz (with suitable measurable G) is connected,
in an analogous way, with its Euler equation V,G(-,u) = 0 a.e. on Q. However, the
information in this equation (which is not a differential equation, as no derivatives of the
unknown u occur) is often rather obvious and less interesting. Indeed, in the unconstrained
case one expects anyway that u € LP(Q, R"Y) minimizes G in LP(Q, RY) if and only if u(z)
minimizes G(z, -) for a.e. € , while the above Euler equation merely shows, for a
minimizer u of G in LP(Q, RY), that u(x) is a critical point of G(z, -) for a.e. z € .

Next we show that the assumptions of the proposition and particularly the assumption
on the existence of the majorant ® for quantities involving u (which is clearly difficult to ver-
ify without explicit knowledge of u) can be obtained from growth assumptions on the
integrand F alone. In fact, the subsequent theorem achieves this for minimization
in Dirichlet classes in two slightly different settings. The first one needs weaker localized
assumptions and gives the necessity of the Euler equation in the weak/distributional sense with

cpt test functions. The second one comes with somewhat stronger global assumptions, ensures

that W(l)’p test functions can be used, and also gives the sufficiency of the Fuler equation in
convex situations:

Theorem (on growth conditions and the Euler equation in W4P). Consider an open set
Q in R™ and an M"@B(RN)@B(RN*")-measurable F': QxRN xRN*" — R, which is totally
differentiable in (y,z) at all points of (Q\ E)xRNxRN*" with a null set E C Q. Then, for the
integral functional given by

Flw] ::/F(‘,w,Dw)daz
Q
(whenever the integral exists in R), we have the following assertions:

(1) For p € [1,00], consider u € WP(Q,RN) with F(-,u,Du) € LY(Q), and assume that

loc

V.F and V,F satisfy the growth condition

U(z) + ClefP + Clyl”", ifp<n
’VZF(.Z‘,y,Z)‘ + ’va(iL',y,ZN < \IJ(.%') + C’Z‘p + b(’y‘)v ifTL <p <
V() +b(lz]) +b(lyl), ifp=o0

loc

any exponent p* € [1,00) if p =n, and locally bounded b: [0,00) — [0,00). Then 6Fu; ]

exists and is given by the first-variation formula for all ¢ € ngt(ﬂ,]RN). Moreover, if u

is a minimizer of F in u+CZy (€, RY), then u weakly solves the Euler equation (EL).

for all (z,y,2) € (Q\ E)xRNxRN*" with ¥ € LL (Q), C € [0,00), p* := Al ifp<m,
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3.1. The case without constraints (or with linear ones only) 55

(I1) For p € [1,00], consider u € WP(Q, RN) with F(-,u,Du) € LY(Q), and assume that

is a bounded Lipschitz domain and V. F and V,F satisfy the growth conditions

()P + O|P/P + Oy, ifp<n
IVoF(z,y,2) < Q0@ + Ol +b(ly)),  ifn<p<oo,
W(x) +b(|z[) + by , if p=o0
()Y@ 4 Ol2[p/ @) 4 Oy /@) ifp<n
VyF(z,y,2)| < { ¥ () + Cl2lP + b(|yl) , ifn<p<oo
W(x) +b(|z[) + by , ifp=o0

for all (z,y,2) € (QA\E)xRN xRN*" with ¥ € LY(Q) and C, p*, b as in (I), where we have
abbreviated p’ := P € [1,00], (p*)" := ;F € (1,00] (and understand 1/1" = 0, 00 =1).
Then 6 F[u; @] exists and is given by the first-variation formula for all ¢ € W(l)’p(Q, RY).
Moreover, we have

u minimizes F in WEP(Q,RY) = 6F[u; @] = 0 holds for all ¢ € Wé’p(Q,RN)
<= (EL) holds for u,

and, if F(x, -) is conver on RN xRN*" for all x € Q\ E, the first ‘=="1is also an ‘="

Here the exponents in (IT) can be written in alternative ways, and most importantly one can

simplify 5 = p—1, (%:), = p*—1. However, the above statement is intended to showcase that
they occur for a reason and in a systematic way, as will now be further clarified.

Remarks (on the growth conditions).

(1) Model examples of variational integrals and some corresponding Euler equations have

been discussed in Chapter 1 (though at that stage the precise connection and the term
Euler equation were not yet available). In the basic cases and many variants the growth
conditions are satisfied with an obvious choice of the exponent p and both the existence
theory and the above theorem apply in WP, In particular, this is true in virtually all
cases with integrand F' independent of y, while in y-dependent cases the validity of growth
conditions and the Euler equation can sometimes be an issue.

The growth conditions in the theorem are made up in a way that allows to deduce,

e in (I), that V,F(-,w,Dw), V,F(-,w,Dw) are L} _ on Q for allw € Wlo”Z(Q RY)
(uses Sobolev’s embedding on compact K C Q with smooth JK)

e in (II), that Vo F(+,w,Dw)-Dy, V,F(-,w,Dw)-¢p are L' on Q for all w,p €
WLP(Q,RN) (where, e.g. for the V,F-term, one first gets |V.F(-,w,Dw)| € L (Q)
and then relies on Holder’s inequality).

Clearly, these integrability properties come along with quantitative estimates, which are also
needed in order to ensure the validity of the first-variation formula (see the proof below).
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(3) If V.F and V,F exist and are continuous on QxRY xR¥*", the growth condition
in (I) is automatically satisfied?> with p = co. If one has a minimizer u is in Wél’gj)(ﬂ, RY)
(as provided, in some cases, by the semi-classical existence theory of Section 2.5), then this
perfectly suffices to obtain the Euler equation for . In most cases, however, the existence
theory provides minimizers in a Sobolev space WP (€, R"V) with p < oo only, and then the
growth condition with p = oo is not sufficient for the Euler equation, but rather one needs
p-growth with the same p < oco.

(4) A closer look at the involved exponents shows that the growth requirements in (II) are
stronger than those in (I) but are still comparably general and often satisfied. What is
more restrictive in practice, is the convexity requirement in (y, z), which is needed for the
backward implication in (IT) and thus the sufficiency of the Euler equation.

(5) If one can a-priori restrict the class of competitors to a class of bounded W'P-functions,
then in case p < n one can take into account the boundedness and thus improve on the
(exponents in) the growth assumptions needed for the Euler equation.

Proof of (1) in the theorem. We first consider the case p < n. For the given u € WL 2(Q, RN),

loc

arbitrary ¢ € CZh (€, RY), and t € R, we abbreviate once more & := (-, u+tp, Du+tDyp). For

|t| <1, the growth condition gives

IV.F(&)] + |VyF(&)| < U + C|Du+tDo|? + Cluttol’”
< U+ 20710 (|DulP+DglP) + 2P 71O (JulP" +[p|P7) = A € Ll (),

where [ul’”" € LL_(Q) results from the local Sobolev embedding W, (Q, RY) Lf;C(Q,IRN).
Setting ® := A(|Dg|+|p|), we infer |V, F(&) - Dp| < @, |[V,F(&) - | < @ for [t| < 1 with
® € LY(Q) (since |Dy|+|p| is bounded and compactly supported). With the majorant ® at
hand, we may apply (II) in the last proposition, and this gives the Euler equation (EL) in case
u minimizes F in u+Cg (2, RY).

In case n < p < oo, from Sobolev’s embedding we get u € Wllo’i’(Q,IRN) C L (Q,RY) and

thus supy, <1 b(|uttpl) < supg<py4ip b(s) € Li.(€2) (since also b is locally bounded). For [¢| <1,
we then have

IV2F(&)] + [VyF (&) < ¥ + CDu+tDel’ + b(ju+ty|)
< W+ 2p—1c(’Du|p+|D¢|p) + SUP s <|u|+]¢p| b(S) = A€ Llloc(Q) )

and the remainder of the argument works as before.
The adaption of the reasoning to the case p = co with two ‘b-terms’ is straightforward. [

Proof of (II) in the theorem. Starting once more with the case p < n, we justify the first-
variation formula for the given v € WU'P(Q,RY) and arbitrary ¢ € WHP(Q,RY). Indeed,

2Indeed, already from local boundedness of V. F, V, F on QxRY xR™*"™ one obtains the ‘co-growth’ condition
as follows. Introduce Qns := {z € Q : dist(x,0Q) > 1/M , |z| < M}, Kar := {(y,2) € RV xRN*" . |z|+|y| < M}
for M € N and Qo := Ko := (). Then set ¥(z) :=supq,, «x,, ([V-F|+|VyF|) < oo forz € Qa\Qar—1 and b(t) :=
SUPg xscp, (IV=F|+|VyF|) < oo for t € (M=, 21, b(0) := b(0+). For arbitrary (z,y,2z) € QxR xRY*" there
is a smallest M € IN with (z,y, 2) € Qum x Ky . Now either z € Qar \ Qar—1 or M—1 < |z|+]y| < M holds (in case
M =1 with ‘<’ in place of ‘<’). In the first case, the above choices ensure |V.F(z,y, z)|+|VyF(z,y, 2)| < ¥(2),
in the second one they give |V.F(z,y, 2)|+|V, F(z,y, 2)| < b(EF) < b(|2])4+b(|y|). In all cases, it thus comes
out that |V, F(z,y, 2)|+|VyF(z,y, z)| < ¥(z)+b(|z])+b(|y|) holds, and this is the claimed growth condition.
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setting again & := (-, u+tp, Du+tDy), for |t| < 1 we have

IV.F(&)] < WY 1 C|Du+tD@[P/?' + CluttolP /7

< gl 4 2p/p’c(|Du|p/p’+‘D¢’p/p/) + 2p*/p’c(|u‘p*/p’ ’) = A, e LY (Q),

where we exploited that |[u[P",|p|P” € L'(Q) by Sobolev’s embedding. Analogously, we get
IV, F(&)| < A, for |t| <1 with A, € L)' (Q). In conclusion, we have |V,F(&)-Dy| < @,
|V.F (&)@ < @ for @ := A, |D<p\+A lp| € LY(Q) (where A, € L¥(Q), [Dy| € LP(Q) implies
A;|Dp| € LY(Q) and A, € L( "(Q), |¢| € LP"(Q) implies Ay|p| € L1(Q) by Holder’s inequality).
On this basis we may apply (I) in the last proposition (with A = WHP(Q, RY)) and get the
existence of

5]-"[u;g0]:/Q[VZF(-,u,Du)-D<p+VyF(-,u,Du)-gp]dx for all o € W'P(Q,RY). (%)

From this formula, the integrabilities |V, F(-,u, Du)| € L¥ (), |V, F(-,u, Du)| € L¥)'(Q), and
Sobolev’s embedding we then obtain that §F[u; -] is continuous on WP(Q, RY). For p > n,
the majorant ®, the formula (%), and the continuity property can be obtained, similar as in
the last proof, by technical modification of the reasoning (which we do not explicate here). As
a side benefit, we record that F(-,w,Dw) € L'(Q) holds and thus Flw] € R exists for all
w € WHP(Q, RY). Indeed, setting ¢ := w—wu and still using & = (-, uttp, Du+tDyp), we see

|F(-,w,Dw)—F(-,u,Du)| = |F(&)—F(&)| < sup )dt (&) ‘
te(0,1]

= st] |V.F(&)Dp+V,F(&)-¢ <20 € LY(Q).
telo,1

This implies F(-,w,Dw) € L1(Q), since F(-,u,Du) € L}(Q) is assumed.
Finally, we turn to the main conclusions of (II). From the deduction of (x) it is clear
that (II) from the last proposition applies and a minimizing v satisfies dF[u;¢] = 0 for all

p € Ccpt(Q,]RN ), which is nothing but the Euler equation (EL). Moreover, in case p < oo at
least, Cgpe (€2, RY) is norm-dense in Wé’p (2, RY), and thus, by continuity, having §F[u; ] = 0

for all p € C2(Q2,RY) is equivalent with having §F[u;¢] = 0 for all ¢ € Wé’p(Q,]RN). For
p = 0o, the norm-density is no longer at hand, but the resulting equivalence is still true, since,
for each ¢ € W(l)’OO(Q,]RN ), there are approximations gy, € Ccpt(Q,]RN ) such that ¢y, converge
uniformly to ¢ and D¢y are uniformly bounded and converge a.e. to Dp. At this stage it
just remains to establish the additional implication giving the sufficiency of (EL) in case F' is
convex in (y,z). However, since F is then a finite-valued convex functional on WP (Q,RN),
this implication comes straightforwardly from part (II) of the first proposition in this section
(applied with W, 2(Q, RN), V = WP (Q, RV)). O

Outlook (on related topics).

(1) Clearly, one may also consider fully unconstrained minimization, that is, minimization
in all of WHP(Q, RY) without requiring any constraint or boundary condition. In this case, it
turns out that the Euler equation (EL) is just a part of the necessary first-order criterion for
minimizers. Indeed, the full necessary criterion for a minimizer u of F in W'?(Q, R") reads
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(under technical assumptions which ensure V,F(-,u, Du) € L¥ (Q, RN*"), V, F(-,u, Du) €
LE)(Q,RVN), for instance)

6F[u;0] =0  for all p € WHP(Q,RY),

where the point is that ¢ runs in W' not W(l)’p . Clearly, ¢ € W(l)’p (Q, RN ) are included,
and therefore the Euler equation (EL) is a part of this condition, but additionally it also
contains

/ [V.F(,u,Du) D+ V,F(-,u,Du)-p]dz =0  forall p € C1(Q).
Q

In case of V,F(-,u,Du) € C°(€2) and a bounded C!'-domain €2, one can use a version of the
divergence theorem to integrate by parts. Also using (EL) in form of div [VZF (-,u, Du)] =
VyF(-,u,Du) € L}(Q,RY), this results in

V.F(-,u,Du)vg - pdH" 1 =0 for all ¢ € C1(Q)
o0
with the outward unit normal v to © on 9. The fundamental lemma of the calculus of
variations (in a version for vector measures, for instance) then gives

V.F(-,u,Du)rvg =0 on 0f). (xx)

Hence, unconstrained minimization automatically enforces the condition (%), which is
called a conormal boundary condition. For variants F(z,y,z) = %|z|2—V(x)-z+ﬁ(m, Y)
of the Dirichlet integrand (with a matrix field V € C°(€2)), this condition reduces to the more
usual Neumann boundary condition d,,u = Vg on 092 (where 0,,u = ¢ with arbitrary
RY-valued v can be realized by taking V = 1) ® g with an extension 7 of v to ).

Another central topic in the calculus of variations, again parallel to ideas from finite-
dimensional calculus, are second-order criteria for local minimizers or maximizers
of functionals F in terms of the second variation

2

o g 4
O Flusg] dt2‘t:0

Flutty] .

Since we mostly focus on global rather than local minimizers, in this lecture we refrain from
discussing such criteria any further.

3.2 Convex constraints and obstacle problems

In the sequel we make a first step towards the treatment of admissible classes A C X which are
defined with non-linear constraints and hence are not affine (sub)spaces of X'. In general, the
special variations (w+ty)ic(—c,c) of w € A from Section 3.1 are then of little use, since
(WHtp)ie(—e,e) 18 A-admissible only for very few directions ¢ € X (and in strongly non-linear
situations even for no non-zero directions ¢ at all). Therefore, it is a basic guiding principle in
the calculus of variations that non-linear constraints require the usage of more general
variations than (w+t9);c(—e.e)-
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3.2. Convex constraints and obstacle problems 59

However, the guiding principle will take full effect only in the subsequent Section 3.3, while
for the treatment of only convex classes A it will be enough to generalize the notion of variation
only marginally: In fact, for a real vector space X and € > 0, we now use one-sided variations

(w"i_t(p)te[o,e)

of an element w € X in direction ¢ € X, where the parameter runs in the one-sided interval
[0,¢) rather than in the both-sided interval (—e,e). If the variation is A-admissible for some
A C X, that is, we have w+tp € A for 0 < t < 1, we denote the corresponding one-sided
directional derivative of F: A — R by

(whenever this exists in R). We emphasize, however, that the one-sided derivative §+F[w; ¢]
simply coincides with the both-sided derivative § F[w; ¢| whenever the latter exists (possibly after
suitable extension of F outside A). Thus, the usage of §TF, though technically convenient
in the subsequent statement, can be avoided in most relevant situations, where in fact
both-sided (directional) differentiability is at hand.

Now we provide a necessary criterion and a sufficient criterion for minimizers, which both
stay very close to the criteria at the beginning of Section 3.1.

Proposition (first-order criterion for cases with convex constraints). Fiz a real vector
space X and u € AC X.

(I) Necessary criterion: If u is a minimizer of a functional F: A — R in A, then we have

6T Flu;w—u] > 0 whenever 67 Flu;w—u] exists for w € A.

(IT) Sufficient criterion: Suppose that A is conver and F: A — R U {oo} is convex on A.

If
6T Flu;w—u] exists with §T Flu;w—u] > 0 for allw € A,

then u is a minimizer of F in A.

Proof. The proof follows the corresponding one in Section 3.1.

For (I) we argue: If u minimizes and 6" FJu; o] exists for ¢ = w—u, then Flu+tty] is defined
and >Flu] for 0 <t < 1. Thus, we get d.F[u; @] = limy o w > 0.

For (IT) we can repeat the reasoning for the corresponding (II) in Section 3.1, which still
works in the same way with only 67 F[u;w—u] > 0 instead of 6 F[u; w—u] = 0 at hand. O

Remarks (on the preceding criteria).

(1) Tt is not restrictive to consider §*F[u;w—u| only for directions w—u with w € A.

(Indeed, for 61 F[u; ] to be defined we have required u+ty € A for 0 < t < 1. If we fix such a t and set w = u+tp € A,
we get ¢ = %(wfu) and 81 Flu; ] = %6*]—'[u; w—u]. Therefore, §1 F[u; ] always coincides, up to a positive factor,
with 6§+ Flu; w—u] for some w € A.)

(2) The usage of §TF rather than §F in the preceding criteria is, in practice, only of marginal
importance. The more decisive point is indeed that the criteria only yield/require the
inequality 61 F[u;w—u] > 0.
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(3) It is crucial for the existence theory of Chapter 2 that one minimizes a functional in
sequentially weakly closed A in reflexive X'. If A is also convex, A is sequentially weakly
closed in X if and only if A is closed in X, and it may well happen that a minimizer
u is in d.A. It is in this case that one-sided variations are truly needed and one
may hope at best for § F[u; w—u] > 0 in general, while for u in int(.A) one can usually apply
the interior criteria of Section 3.1 and get even §F[u; w—u] = 0.

In case of a first-order integral functional

loc

:/F(-,w,Dw)d:E for w € Wit (Q,RY)
Q

the abstract criterion has a more concrete interpretation. In order to address this we first record
that the first-variation formula holds for one-sided directional derivatives in the form

8T Flus ¢ :/ [V.F(-,u,Du) - Dy + V,F(-,u,Du) - ¢| dz
Q

under the same assumptions as in Section 3.1 (obvious, since " Fu; ] equals §.F[u; ] if the
latter exists) and in fact even if the same assumptions are only imposed for ¢ € [0, ¢) rather than
t € (—e,¢) (analogous proof). If these assumptions are satisfied for fixed u € A C Wlloi(Q RY)
and all test functions ¢ = w—u with w € A, we infer that the first-order criterion

6T Flu;w—u] >0 forallwe A

can be equivalently recast, for the above integral functional F, in form of the wvariational
inequality

/Q [V.F(-,u,Du) - D(w—u) + VyF(-,u,Du) - (w—u)] dz >0 for all w € A. (vI)

This inequality can thus seen as a sort-of Euler equation in the presence of convex
constraints.

Finer interpretations of the variational inequality can be given in the specific case of the
obstacle problem for scalar functions. We thus take N = 1 for the remainder of this section
(which means that we can write Vu and 0,F in place of Du and V,F) and first consider
Y: Q — R and ug € WHP(Q) on open Q C R™ with p € (n,00] or p=n = 1. Then we introduce
the admissible class for the obstacle problem with obstacle ¥ and boundary datum wg
as

o = {w € WoP(Q) : w > on Q}. (%)
Here the competitors w have a continuous representative (by the Sobolev embedding and the
assumption that p > n or p = n = 1), and this representative is used to give a pointwise meaning
to the inequality w > 1 even for completely arbitrary . Moreover, it is straightforward to
check that K 50@ is a closed convex subset of W1P(Q), and as a consequence the minimization
of reasonable integral functionals in the class K" o 18 covered by our earlier existence theory.

Whenever the variational inequality (vI) holds for u € A = Kp 0.7 then specifically, for every
non-negative ¢ € Cgpi(€2), the competitor w = u+gp is adm1851ble in (vI), and therefore (vI)
implies

/Q [V.F(-,u,Vu) - Dy + 0, F(-,u, Vu)p| dz >0 for all non-negative p € CZ4(€2),
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3.2. Convex constraints and obstacle problems 61

which is nothing but the (distributional) supersolution property
Eru>0 in 2'(Q)

for the Euler-Lagrange operator Eru := —div [VZF(-,u,Vu)} + 0yF(-,u,Vu). The next
theorem, however, fully identifies the meaning of the variational inequality in the obstacle case
and shows that the supersolution property is only a part of the information contained:

Theorem (Euler equation for the obstacle problem, case p > n). Consider a bounded
open set Q in R™, an upper semicontinuous obstacle ¥: Q — RU{—o0}, a boundary datum
ug € WHP(Q) with either p € (n,00] orp=n=1, andu € K}, , (for K}, , defined in (x)) with
V.F(-,u,Vu) € LY (Q,R"), 0,F(-,u, Vu) € LY(Q). Thenu solves the variational inequality

/Q [V.F(-,u,Vu) - V(w—u) + 9, F(-,u, Vu)(w—u)] dz > 0 for all w e Kgmw

if and only if u satisfies both

Eru >0 in 2'(Q) (supersolution property on full domain),
Eru=0in 2'({u>v}) (solution property on non-contact set).

We stress that the formulation of this theorem is only reasonable as a consequence of the
Sobolev embedding. Indeed, boundedness of w—u (thanks to Wy*(Q) < CY(9)) ensures that
the variational inequality is well-defined for all competitors w. Much more crucially, however,
continuity of u together with the assumed upper semicontinuity of ¢ guarantees that {u >}
is an open subset of {2 and the distributional solution property makes sense at all. We also
mention that we have started to apply common terminology according to which the relatively
closed set {u=1} of points in which the obstacle v is touched by the solution u is called contact
set or coincidence set, while the open set {u>1} is known as the non-contact set.

Remarks (on the Euler equation for the obstacle problem in case p > n).

(1) In the theorem, one can actually replace V,F(-,u,Vu) and 0,F(-,u,Vu) by an vector
field V e L¥' (Q,R™) and an arbitrary function g € L'(€2) and correspondingly Eru by the
distribution — div V4¢g. This explains why in the above statement no hypothesis for F' itself
have been specified.

(2) The theorem provides a full interpretation of the variational inequality — which, as we recall,
is the basic necessary criterion for minimizers — in case of the obstacle problem: The solu-
tions of the variational inequality are supersolutions to the standard /unconstrained
Euler-Lagrange equation on the full domain €2 and are true solutions to this equation
on the non-contact set {u > 1}. This confirms and makes precise the very plausible
expectation that the presence of the obstacle takes effect on the first-order criterion only on
the contact set {u=1}.

Distributions. The space 2'(, RY) of R¥-valued distributions on open Q@ C R™ is the space of all R-linear
functionals CZ%, (€2, R"Y) — R which are continuous along Z-convergent sequences. By identifying u € Lio. (2, R™)
with T, € 2'(Q,RY) given by (Tu;¢) := [ u-@dz for ¢ € Cx(Q,RY), one understands Lj,.(Q,RY) C
2'(Q,RY). In the scalar case N = 1, as usual one writes 2'(Q) for 2'(Q, R).

Derivatives in the sense of distributions do always exist. Specifically, every vector field W € Li,.(Q, R™) has a
distributional divergence divW € 2'(Q) given by (divW;¢) := — [, W - Vo dz for ¢ € CZ(Q).

One says that a scalar distribution 7' € 2'(Q2) is a non-negative distribution and writes 7' > 0 if (T;¢) > 0
holds for all non-negative ¢ € CZ:(£2).
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(3) The condition K 5071& # (), which is clearly necessary for u € K 50#) to exist and thus implic-
itly assumed above, implies that the obstacle ) and the boundary datum wug satisfy® the
compatibility condition limsupgs,_,50 (¢ (z)—ug(z)) < 0. If Q has the WhP-extension
property, ug has a unique C%() representative, and the compatibility condition means that
there is an upper semicontinuous extension of ¥ to Q with 1 < uy on 99.

(4) In the case F = & of the Dirichlet integral the obstacle problem and the corresponding
variational inequality yield a model for the shape of an elastic membrane (given by
the graph of a minimizer/solution u) which is spanned over an obstacle (given by the
graph of ¥) and is clamped at the boundary (in a manner specified by uy).

Proof of the forward implication in the theorem. Assume that u satisfies the variational inequal-
ity. Then it has already been explained that the usage of competitors w = u+¢ with 0 < ¢ €
Ce5t () yields the supersolution property Eru > 0 in 2'(Q2). In order to verify the solution
property on the non-contact set {u >}, consider now ¢ € Cg5i({u>1}), which we extend by 0
to all of Q. From continuity of u and upper semicontinuity of ¥ we infer that the u—1 is lower
semicontinuous and thus attains its positive minimum on the compact set sptp C {u—1v > 0}.
This, together with the boundedness of ¢, gives the existence of a constant € > 0 such that
u—1) > ¢|e| holds on spt ¢ and then on . Rearranging the inequality, we have utep > 1) on Q
and thus utep € K 5071/). Testing the variational inequality with the competitors uteyp, we get

:I:e/ [VoF(-,u,Vu) - Ve + 9y F(-,u, Vu)p| dz > 0.
{u>y}
Since this holds for both choices of sign, we clearly get
/ [V.F(-,u,Vu) - Vo + 0yF(-,u,Vu)p] dz =0 for all p € C({u>}),
{u>y}

which is the claimed solution property Exu = 0 in 2'({u>}). O

Remark (on an ad-hoc extension to the case p < n). In the case p < n, the same method
yields some version of the forward implication in the theorem at least. Indeed, if one slightly
modifies the definition (x) of Kio,w by requiring w > 1 only a.e. on €, and if u € KSMD
with p € [1,n], V.F(-,u, Vu) € L (Q,R"), 9,F(-,u,Vu) € L)' (Q) solves the variational
inequality, one may still conclude Eru > 0 in 2'(Q2) and Eru = 0 in 2'({u 2 1}), where the
notation

{uz v} ={recQ: 3,6 >0:u>1+e on Bs(z)}

is used for the open set {u Z 1} on which u and ¢ are locally bounded away from each other.
This, however, is only an ad-hoc solution, since in general {u 7 ¢} is only a part of the non-
contact set and one cannot get the backward implication in this way. The ‘technically correct’
extension of the Euler equation to the case p < n rather needs some more background machinery,
as will be explained below.

For proving the backward implication in the theorem, the following technical lemma on W(l)’p zero boundary values
and positive/negative parts will be useful. While the statement seems very plausible, it is not that immediate from the

definition of W(l)’p(Q)7 p < 00, as the closure of CZ5,(92).

3Indeed, the compatibility condition follows from the obstacle condition ¥ < u on €, since the Sobolev
embedding enforces u—uo € C5(Q) and thus limas, a0 (u(z)—uo(z)) = 0.
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3.2. Convex constraints and obstacle problems 63

Lemma. Consider an open @ C R™ and v € Wé’p(Q) with p € (n,00] or p=mn=1. Then there exist pi € C({v>0})
with 0 < 1 < w2 <3 < ... on Q such that we have the convergences

in LP(Q,R"™), if p < oo

— vt uniformly on 0, v — Vo .
L koo T f Y Pr kooo T {a.e‘ on Q and uniformly bounded, if p= oo

In particular, for every v € Wé‘p(ﬂ) withp >n or p=n=1 one has v+ € W(l)’p({:tv>0}) C W(l)’p(Q).

We remark that v € Wé’p(ﬂ) implies v+ € Wé’p(Q) even for arbitrary p € [1, 00] with a somewhat simpler proof than

the following one. The above approximations from below and the possibility to assert even v4 € Wé’p({iv >0}) on open
sets {£v >0}, however, draw strongly on the Sobolev embedding into continuous functions in the case p > n.

Proof of the lemma. First assume p < oo. By the chain rule, v;, := (v —27%) 4 > 0 are weakly differentiable functions, and
it is a standard matter to verify vy k—) v+ uniformly on © and Vuyg k—> Voug in LP(Q,R™). In view of the inclusion
—00 — 0o

W(l)’p(Q) C C§(€2) (which comes with the Morrey-Sobolev embedding), v is continuous with limgs,_,90u{cc} v(@) = 0,

and thus the vy are continuous with sptvy € {vg41 > 27k=2} ¢ {v >0} for all k € N. For every k € N, by convergence
properties of mollifications we may choose a radius dx > 0 such that the mollification ¢y := (’Uk)(gk > 0 satisfies ¢ €

Cg;t({”kJrl >27F=21), supg, |pr—vr| < 2773, and IVor—Vug|lLr.o < k™! These properties ensure g < ¢k on £
for all k € IN (as indeed, on {vg41 > 27%=2} we have v}, < vk+1—2*k’2 and ¢, < vp+27F73 < vk+1—2*k*3 < Qk+1,
while outside spt ¢y, we simply have ¢, = 0 < ¢p41). Moreover, recalling the convergences of vy, we also get ¢y, k*) vy
— 00
uniformly on € and Vg P Vouy in LP(Q,R™).
—00

In the case p = 0o, the reasoning needs to be changed only with regard to the gradient convergence. Indeed, one gets
Vg k—> Vouy a.e. on €, and the condition on Vi, can be taken as ||V, —Vok|1.q < k~1 (even for unbounded 2, as
—00 g

v € Wipio (Q) has Vv € L1(Q,R™)). Possibly passing to a subsequence, we find V5, —Vuy kjgo 0 and Vi k::o Vo

a.e. on 2. Finally, the mentioned uniform bound is simply given by |V ||Le0 < |[VurlLeo < ||[Voi||Leo. |
We now return to the main line of argument:

Proof of the backward implication in the theorem. Assume that u satisfies Eru > 0 in 2'(Q)
and Eru =0 in 2'({u>1}), that is,

cpt

/ [VZF( u, Vu) - Vo + 0y F (-, u, Vu)cp] dz >0 for all non-negative ¢ € Coo, ()
Q

with equality in case ¢ € CZ({u>1}). Then the inequality remains valid* for non-negative

test functions ¢ € W(l)’p (Q), and we still get equality in case ¢ € W(l)’p ({u>1}). To verify the
variational inequality, we now consider an arbitrary competitor w € Kgo e which in particular

satisfies w—u € W(l)’p(Q). For the positive part of w—u, the lemma gives 0 < (w—u)y € W(l)’p(Q),
and the above supersolution property yields

/ [VoF(-,u,Vu) - V(w—u)y + 8,F (-, u, Vu)(w—u)4| dz > 0.
Q
The treatment of the negative part of w—u is slightly more subtle: By the lemma we have

(w—u)_ € Wé’p({w < u}), and in view of w > v on Q we get {w < u} C {u > ¢} and
(w—u)_ € W(l]’p ({u>1}). Therefore, the solution property even yields

/Q [VoF(-,u,Vu) - V(w—u)— + 8, F (-, u, Vu)(w—u)_] dz =0

“The passage to Wy? test functions is possible, since C25,(Q) is dense in Wy?(Q) with respect to the con-

vergence used in the preparatory lemma and the left-hand side of the inequality is suitably continuous thanks
to the Sobolev embedding WP (Q) < L*(Q) and the integrability assumptions V. F(-,u, Vu) € L? (Q,R"),
OyF(-,u,Vu) € L'(2). Moreover, the preparatory lemma shows that non-negative Cg5(£2) functions are dense

. 1 . . . ..
among non-negative Wy*(€) functions in the same sense, i.e. also non-negativity can be preserved.
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Subtracting the integral equality for (w—u)4 from the integral inequality for (w—u)4., we arrive
at the claimed variational inequality for w—u = (w—u)4+ — (w—u)_. O

Next we discuss the Euler equation for the obstacle problem also in case p < n. Since WP
functions need no longer be continuous in this case, some more background machinery is needed
to describe the finer ‘pointwise’ behavior of such functions and suitable classes of ‘negligible’
sets. A basic tool in this regard is the following concept:

Definition (p-capacity). Forp € [1,00), the (Sobolev) p-capacity of a set A C R™ is defined
as

Cap,,(A) := inf {/ (jwfP+|VwlP) dz : w e WHP(R™), w > 1 a.e. near A} € [0,00],

where w > 1 a.e. near A is meant to indicate w > 1 a.e. on an open neighborhood of A.

In this definition, one may also add the requirement 0 < w < 1 a.e. on R™ without changing
the infimum, since, for w € WHP(R") with w > 1 a.e. near A, the cut-off @ := min{w,, 1} is still
in WhP(R™) with with @ > 1 a.e. near A, 0 <@ < 1 a.e. on R, and [, (|0[P+|V®|P) dz <
Jzn (JwP+|Vw[P) da.

Remarks (on p-capacities).

(1) By definition, Cap,(A) is the minimum value in the obstacle problem for the functional
W [ga (Jw[P+|Vw|?) dz with obstacle given by the characteristic function 14 (at least if
one disregards the subtlety that the condition w > 1 is required a.e. near A).

(2) A slightly modified variant (/35&)1, of p-capacity is defined with just fIR" |Vw|P dz in place
of [pn (JwP4+|Vw[P)daz. In case p < n or p =n = 1 this does not change much in the
sense that one can show const(n,p,d)Cap,(4) < éai)p(A) < Cap,(A) for A C R™ with
diam(A) < d < oo (where the right-hand inequality is trivial, while the left-hand one results
from cut-off and Sobolev’s embedding). For 1 # p > n, in contrast, @/pp differs from Cap,,

in the essential and undesirable way that (/];pp vanishes on all bounded sets in R™. Thus,
even though we consider mostly p < n and the real difference occurs only in the subcase
p = n, we prefer to work with Cap,, here.

(3) The p-capacity Cap, is formally an outer measure (i.e. a merely o-subadditive measure) on
R”™. However, this measure has very few measurable sets and does not behave like more usual

measures. For instance, one can show Cap,,(A) = Cap,(A) < oo but still Cap,(9A4) > 0 for
smooth bounded domains A in R™.

(A proof of the outer measure property is given in [8, Chapter 4.7, Theorem 1] for (%p

with p < n, but works for Cap, in a very similar way.)

(4) Zero sets for Cap,, are trivial in case p > n and related to (n—p)-dimensional sets
in case p < n. More precisely, for A C R", it holds

incasep>norp=mn=1: Cap,(A) =0 <= A=10,
in case p < n: Ais H" P-g-finite = Cap,(4) =0,
in case p < n: Cap,(4) =0 = dimy(A) <n-p.

64



3.2. Convex constraints and obstacle problems 65

Indeed, for our purposes capacity zero sets will be more relevant than capacity itself, and
in this sense the first statement shows that Cap,, with p > n is not of much interest.

(For the derivation of these properties compare with [8, Chapter 4.7, Theorems 3 and 4].)

Similar to properties which hold up to a null set for a measure one may also consider
properties which hold up to a capacity zero set. Basically the only difference is that, in the
capacity case, one prefers to use the word ‘quasi’ instead of ‘almost’:

Definition (Cap,-quasi everywhere properties). A property (which depends on a variable
from a subset of R™) is said to hold Cap,-quasi everywhere or at Cap,-quasi every point, in
short Cap,,-q.e., if it holds with the exception of a Cap, zero set.

Definition (Cap,-quasi (semi)continuity). A function ¢: Q@ — R on a subset Q of R" is
called Cap,,-quasi continuous (or Cap,-quasi lower/upper semicontinuous) on € if, for every
g > 0, there exists a relatively open subset A of Q2 with Cap,(A) < e such that 1[J|Q\A 18 continuous
(or lower/upper semicontinuous).

Lemma (on quasi continuous representatives of Sobolev functions). Consider an open
QCR"andu € Wll(;]g(Q) with p € [1,00). Then, Cap,-quasi every point in §) is an LP-Lebesgue
point for u, and the Lebesgue representative u™ of w is Cap,-quasi continuous on 2.

For a proof of the lemma compare with [8, Chapter 4.8, Theorem 1].

We remark that in case p > n or p =n = 1, both definitions and the lemma trivialize: Cap,-
quasi everywhere is then the same as everywhere, quasi (semi)continuity is (semi)continuity, and
the lemma is a direct consequence of the Sobolev embedding. As indicated above, however, our
focus is now on the non-trivial case p < n.

With the preceding concepts and results at hand, we can discuss the Euler equation for the
obstacle problem also in case p < n. To this end it is natural to define the admissible class with
a quasi everywhere obstacle constraint for the Lebesgue representative as

KD = {w e WyP(Q) : w* > ¢ holds Cap,-q.e. on Q} (%)

(which for p > n or p =n = 1 reduces to the earlier definition (x)). The statement then reads
as follows:

Theorem (Euler equation for the obstacle problem, case p < n). Consider a bounded
open set Q2 in R™, an upper semicontinuous obstacle 1: Q — RU{—oc}, a boundary datum
ug € WHP(Q) with p € [1,n], and u € K » (for Ky  defined in (xx)) with Vo F(-,u,Vu) €
LY (Q,R™), 9,F(-,u, Vu) € LP)(Q) (where as usual we understand p* := % for p < n, while

p* is arbitrary in [1,00) for p =n). Then u solves the variational inequality

/Q [V.F(-,u,Vu) - V(w—u) + 9, F(-,u, Vu)(w—u)] dz > 0 for allw e K,

One calls ¢y € Q an LP-Lebesgue point for u € LY (Q, RY), p € [1,00), on open Q C R™, if there exists some
y € RY with lim,~ fBr(xO) |lu—y|P dz = 0. The (necessarily unique) value y is the Lebesgue value of u at zo,
and the mapping u* which associates to Lebesgue points the corresponding Lebesgue values is known as the
Lebesgue representative of u. Given u € L} (€, ]RN), a differentiation theorem for measures yields that the
set of non-LP-Lebesgue points for u on € is negligible for the n-dimensional Lebesgue measure and that u* is
indeed an a.e. defined representative of u. For Sobolev functions u, the above lemma goes beyond this and shows

that the set of non-LP-Lebesgue points for u is indeed negligible even in a stronger capacity sense.
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if and only if there exists a non-negative Radon measure pu on ) with the absolute-continuity
property Cap,(A) =0 = u(A) =0 for A € B(Q) such that

Eru = p in 2'(Q) and p({u*>}) =0.
(where p is identified with the distribution ¢ — fQ pdu).
Remarks (on the Euler equation for the obstacle problem in case p < n).

(1) We emphasize that in the present case we cannot use anymore the earlier definition (x)
of the admissible class Kﬁow with everywhere constraint w > 1 on (), since in general
neither w nor w* nor any other representative is naturally pointwisely defined on all of €.
Clearly, this could be overcome by simply defining the admissible class with the £™-almost
everywhere constraint w > v a.e. on (). However, if we would then state the theorem only
for L"-almost everywhere constraints, admittedly it would appear conceptually simpler, but
it would also be much weaker. Indeed, if ¢ = 1g is the characteristic function of a set
S C Q with |S] =0, Cap,(S) > 0 (for instance, a regular hypersurface S), then 1 coincides
L™-a.e. but not Cap,-q.e. with the zero function. Thus, the class K g defined in- ()
with the Cap,-q.e. constraint ‘sees’ this kind of thin obstacles, while the alternative
definition with £"-a.e. constraint does not. All in all, the Cap,-q.e. constraint is weaker
than an everywhere constraint but stronger than an £"-a.e. constraint and turns out to be
the optimal notion in the sense that it allows to impose the finest possible constraint
on general WP functions.

(2) The absolute-continuity property Cap,(A) =0 == p(A) = 0 ensures that, even though u*
is naturally defined only Cap,-q.e., the expression u({u*>1}) makes perfect sense.

(3) The conditions
Eru = pin 2'(Q) and p({u*>y}) =0.

in the theorem still express a supersolution property on the full domain and a so-
lution property on a non-contact set. Indeed, since p is non-negative, one immediately
reads off the supersolution property Exu > 0 in 2’(2). Moreover, the vanishing of 1 on the
non-contact set {u* >} can be understood as a way of expressing ‘Eru = 0 on {u* >}’
(even though {u* >} need not be open and therefore this property cannot be understood
in a purely distributional fashion).

(4) In fact, the theorem can be extended to Cap,-quasi upper semicontinuous obstacles 1, but
the proof of this more general version requires additional Cap,-q.e. approximation results
and will not be discussed here.

Proof of the theorem. We start with some preliminary steps.

STEP 1: We show that the validity of the variational inequality for w implies the existence
of a non-negative Radon measure p on  such that Eru = p in 2'(Q2), that is,

/ [VoF(-,u,Vu)- Ve + 0,F(-,u, Vu)p| dz = / edu for all p € C4(2).  (+)
Q Q

As before, the variational inequality implies [ [V.F(-,u, Vu)-Vo+9,F (-, u, Vu)p] dz >0
for 0 < o € C24(Q), ie. (Th9) == [ [V2F (-, u, Vu) - Vo+9, F(-,u, Vu)p] dx for ¢ € CZhi ()
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defines a non-negative distribution T € 2’(2). We next establish, for arbitrary ¢ € Cgpt(Q),
the auxiliary identity

Inf{(T;¢) : p € CL (1), o = ¢ on Q}F = sup{(T;¢) : ¢ € CL (), ¢ < ¢ on 0}

Indeed, ‘>’ is immediate from non-negativity and linearity of T. To check ‘<’, we fix a non-
negative pg € Cgpy(€2) with o9 = 1 on an open neighborhood U of spt 1. Then, for every ¢ > 0,

mollification of ¢—§ and cut-off in U\ spt 4 yield some . € CZ;(U) such that ¢—e < ¢. < 1) on
U and hence ¢, < ¢ < p+epg on Q. We deduce inf{...} < (T;p.+ecpo) = (T;pe)+e(T; po) <
sup{...}+e(T;¢p) and obtain ‘<’ since € > 0 is arbitrary and ¢y does not depend on €. We
now define (T'; 1)) with ¢ € Cgpt(Q) as the coinciding value of the above supremum and infimum.
Thanks to the coincidence, it is then straightforward to check that T': Cgpt(Q) — R is finite-
valued and linear. Moreover, the non-negativity of T easily implies that T is still non-negative
and coincides with 7" on Cg5, (€2). By the Riesz representation theorem for such functionals, there
exists a non-negative Radon measure p on Q such that (T;v¢) = [, ¢ dp for all ¢ € Cgpt(Q).
Specifically, we have (T; @) = [, wdp for all p € C2(Q), and this is the claim.

STEP 2: For a non-negative Radon measure p on 2 given by (4), we establish the absolute-
continuity property Cap,(A4) =0 = u(A) =0 for A € B(1Q).

First we consider a compact A C Q with Cap,(A) = 0, and exploiting compactness we fix
a non-negative n € CZ5;(Q2) with n =1 on A. For arbitrary € > 0, the definition of p-capacity
yields some w. € WHP(R™) with w. > 1 a.e. on an open O; D A and ||we|lw1ip.gn < €. Possibly
replacing w. with its positive part, we assume e. > 0 a.e. on R™. In a next step, which draws
once more on the assumption that A is compact and thus dist(A, R™ \ O.) > 0 holds, possibly
replacing w. with its mollification and decreasing O., we can assume w, € C*°(R™). Then
nw. € Cgy(§2) satisfies nw. > 0 on Q and nw. = 1 on A. Via the equation (+), and the
Sobolev(-Poincaré) inequality, we can thus estimate

p(A) < /anadu = /Q [VZF( Su, Vu) - V(nwe) + 0, F (-, u, Vu)nwa] dx

< const |V (e[ + el ]

< const||V(nwe)||Lr.0
< const(n)||we |lw1.p(rny < const(n)e,

where const changes from line to line and depends on n, p, €2, the L” -norm of V.F(-,u,Vu),
and the L") -norm of 8, F( -, u, Vu) (in addition to the indicated dependence on 7). Since € > 0
is arbitrary and 7 does not depend on ¢, this means p(A) = 0.

For arbitrary A € B(Q2), the inner regularity pu(A) = sup{u(K) : K compact C A} of the
Radon measure p yields the same conclusion.

A version of the Riesz representation theorem asserts that every non-negative linear functional T on Cgpt(Q)
(with open © C R™ or more generally with a locally-compact separable metric space 2) can be represented in the
form (T'; @) = fQ pdp for all p € Cgpt(Q) with a unique non-negative Radon measure g on €.

We emphasize that this variant of the representation theorem differs from another well-known variant for
functionals T' € CJ(€2, RY)* on the one hand through the non-negativity hypothesis, on the other hand insofar
that no explicit continuity assumption on T is needed (but rather it turns out in the proof that, locally on 2,

continuity follows automatically).
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STEP 3: We check that (+) suitably extends to Sobolev test functions ¢. Precisely, we show
that the validity of (+) with a non-negative Radon measure p on € implies

/ [VoF(-,u,Vu) - Vo + 9, F(-,u, Vu)p| dz = / ©*dp for all p € W(l)’p(Q) ;o (++)
Q Q

where the right-hand term is well-defined in view of the lemma on quasi-continuous representa-
tives and the result of Step 2.

We first establish (4++) in case ¢ is additionally bounded, i.e. for ¢ € Wé’p(Q) N L>().
To this end, we aim at constructing, for k € IN, approximations ¢ € Cgpi(€2) with supq, [px| <
|p|lLee. such that limg e 0k = ¢ in WHP(Q) and limy_,o0 x(2) = ¢*(z) whenever z € Q is an
LP-Lebesgue point for ¢. One possible construction of such ¢ proceeds as follows. One fixes,
for all k € IN, cut-off functions n;, € CX(Q) such that 7, = 1 on {2 € Q : dist(z, R"\Q) > k~'}
and 0 < 7 < 1 on 2. Moreover, from the definition of W(l)’p(Q) one obtains, for ¢ € I,
approximations ¢y € Cgp(§2) such that limg o o = ¢ in WLP(Q). Possibly applying a cut-off
and mollification procedure, one can additionally achieve supq |@¢| < [J¢||L.q for all £ € IN.
For mollifications @, of ¢ with mollification radius e > 0, one moreover knows supg |g.| <
[@llLee:q for all € > 0, lim 0P, = ¢ in WHP(Q), and lim.\ 0 @.(z) = ¢*(x) whenever z € Q
is an LP-Lebesgue point for ¢. Choosing suitable subsequences ¢, — oo and e \, 0, one can
now achieve limy_,o (|©., =@, |lLr:spt n, SUPo [Vk]) = 0 and then straightforwardly check the
claimed convergence properties for ¢y, := ., +(1—nk)Pe, € Ce5(€2). Once the approximations
g are at hand, we use the preceding lemma and the absolute-continuity property from Step 2
to conclude that limg_,o o = ™ converges in fact Cap,-q.e. and thus also p-a.e. on Q. With
this knowledge, we use (+) for ¢ and pass to the limit & — oo on both sides. The left-
hand sides converge in view of the WP-convergence ¢;, — ¢ and the integrability assumptions
V.F(-u, Vu) € TP (,R?), 8,F(-,u,Vu) € L®)'(Q) to the the same integral term with ¢.
For the right-hand sides, using the u-a.e. convergence and the uniform bound for |¢y|, we can
apply the dominated convergence theorem to deduce limy_,o [, or dpt = [ ¢* du. Therefore,
we end up with (++) for ¢ € W(l)’p(ﬂ) NL>(Q).

In order to further extend (++) from ¢ € WyP(Q) N L=(Q) to arbitrary ¢ € WyP(9Q),
we can use a considerably simpler approximation procedure: First considering a non-negative
@ € WyP(Q), we now set ¢y, := min{p,k} € WyP(Q2) N L>(Q). Then on the left-hand side
(++) we may pass from @i to ¢ by dominated convergence, on the right-hand side, using
limg o 0, = ™ in LP-Lebesgue points for ¢* and thus p-a.e., we may pass from ¢} to ¢* by
monotone convergence. Arguing this way we obtain (++) for non-negative ¢ € W(l)’p (Q). For
arbitrary ¢ € Wé’p (Q), (++) then follows simply by decomposition ¢ = p1—¢_.

STEP 4: We establish the forward implication in the theorem.

We assume that w satisfies the variational inequality. Then in view of Step 1 and Step 2
we have (4) for a non-negative Radon measure p with the stated absolute-continuity property,
and it only remains to prove pu({u* >1}) = 0. To achieve this, we first consider an arbitrary
competitor w € KSO’ with w < u a.e. on . Then we have w* < u* in every LP-Lebesgue point,
thus we get Cap,({w*>wu"}) = 0 and then also u({w*>u*}) = 0. Together with (++) and the
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3.3. Isoperimetric or holonomic constraints 69

variational inequality this leads to

/{ o = [ =)
= /Q [V.F(-,u,Vu) - V(w—u) + 9, F(-,u, Vu)(w—u)| dz > 0.

From this we read off that we necessarily have p({u*>w*}) = 0. In case ¢ € Kgo ,» We can now

simply conclude by taking w = 1, but in our general setting v) need neither be a W function
nor have the right boundary values, and thus we cannot get trough that simply. To solve this,
we consider an arbitrary compact S C €2, and in addition we choose a compact S C Q with
S C int(S’) and some non-negative n € C25;(int(S’)) with 7 = 1 on S. Then we use a procedure
sometimes called Moreau-Yosida approximation: In case 1) # —oo, for all k € IN and = € 5,
we define ¢ () := sup,cgr [¢(y)—k|x—y|] (and in the exceptional case ¥ := —oo we agree on
Y = —k instead). We record — without going into the details of the comparably straightforward
verifications — that the compactness of S’ and the upper semicontinuity of 1 lead to supg, ¢ < 0o
and the following properties of ¢x: Every 1y with fixed k € IN is Lipschitz continuous on S’ (with
Lipschitz constant k), there holds ¢ > 19 > 3 > ... on S, and limy_, ¥r = ¥ converges
pointwisely on S’. Furthermore we set wy, := nmin{y, u} + (1—n)u and observe that in this way
we indeed obtain a function wy € K 5 with wg < wa.e. on 2. Therefore, the previous reasoning
for the competitor w applies for wy, and yields p({u* >w;}) = 0. Since, by construction, w; < i,
holds Cap,-q.e. and p-a.e. on S, this implies specifically p(SN{u*>y}) = 0. Via the pointwise
convergence of vy, to ¢, we conclude p(S N {u*>1}) = 0. But then, since S is an arbitrary
compact subset of €, we finally arrive at the claim p({u*>v}) = 0.

STEP 5: We establish the backward implication in the theorem.

Assume that we have Exu = p in 2'(Q) or in other words (+) and also u({u* >1}) = 0.
Then, for arbitrary w € Kﬁo »» We get w—u € Wé’p(Q), and Step 3 yields

/ [V.F(-,u,Vu) - V(w—u) + 9, F(-,u, Vu)(w—u)]| dz = /(w*—u*) dp,
Q Q

where we have used that (w—u)* = w*—u* holds Cap,-q.e. and thanks to Step 2 also p-a.e. on
Q. For the right-hand side we get

/(w*—u*) dp > / (w'—u*)dp =0
Q {w*<u*}

since w* > ¢ holds Cap,-q.e. and p-a.e. and thus p({u*>1}) = 0 implies u({w* <u*}) = 0.
Altogether we end up with

/Q [V.F(-,u,Vu) - V(w—u)+ 9,F(-,u, Vu)(w—u)| dz > 0,

which is the targeted variational inequality. O

3.3 Isoperimetric or holonomic constraints

We recall the guiding principle that non-linear constraints require more general vari-
ations than those of the special from (w+tp)ic(—c ). This principle will now take full effect,
and thus we explicitly coin a general notion of variation:
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Definition (general (admissible) variations). Consider a subset X of a topological vector
space and a family (ut)ie(—c) of elements of X with e > 0. If the mapping t — uy, defined on a
possibly smaller neighborhood of 0, is a C' curve in X, then (Ut)te(—c,e) 5 called a (general)

variation of u := ug in X in direction p := %‘t:out = limy_ o B2, If, for given

A C X, the variation satisfies uy € A for |t| < 1, it is called A-admissible.
We emphasize that, for a C! curve (ug)ie(—c ) in W(loc) (2, RY), the four quantities u;, Duy,

(‘ftut, D 7 ut are all continuous L( 0 -valued functions of ¢ € (—¢,¢). Moreover, as the convergence

. . D D
limy, o w =4d Sug in VV(1 )(Q, RY) comprises the convergence limy_, W = Ddtut

in Lz(’loc)(Q, ]RNX”), we infer that (Duy)se(—c o) is a C! curve in Ll()loc)(Q’ RN*") with
d d n
EDut Ddtut in L’(jloc)(ﬂ7 RN

where the left—hand 1s taken in W1P

(loc)
In the sequel, we prefer to use the latter notation for the mixed derivative.

In the setting of general variations, we still have:

(Q, RN), while the right-hand < & is taken in LY

(loc) (Q’ RNX”)‘

Proposition (first-variation formula for general variations). For open Q@ C R"™ and
M "@B(RM@BRN*")-measurable F: Q x RN x RV*" & R, set

:/F(-,w,Dw)dx
Q

(whenever this exists in R). Then for u € WEHQ,RYN) with F(-,u,Du) € LYQ) and a

loc

L, RY) in direction o € WE(Q, RN), we have

variation (Ut)e(—eq) of u in wh loc

loc

—‘ ./T"ut}:/[VZF(‘,U,DU)'DQO—i-va(',U,DU)-(p]dl’ER
dt =0 Q

provided that, for a null set E and |t| < 1, the integrand F(x,y, z) is totally differentiable
n (y,2) € RNXxRN*" at all points (x,us(z), Dug(x)) with x € Q\ E, for |t| < 1 one has
F(-,us, Duy) € LY(Q), the derivative (as L' (Q)-valued curve) L F(-,us, Duy) exists and is con-

dt
tinuous at t = 0 with & ug, Dug) = VL F(-,u,Du) - Do+ V,F(-,u,Du) - ¢

o F' (5
Proof. Under the assumptions made, the auxiliary expression
H(t) == F(-,u;,Du;) € LY(Q)
is differentiable in ¢, |t| < 1, and satisfies
lim H'(t) = H'(0) = V.F(-,u,Du) - Dy + V,F(-,u,Du) - ¢ in LY(Q).

t—0

With the help of the standard derivative estimate for the L!(f2)-valued differentiable curve
t— H(t)— H’(O t, we conclude

'}—ut /H/ 0)dz| =

‘/H —H'(0 tH(O)d}

HH —H'(0 )t H(0)

< sup HH/_H/(O)HLI(Q)—SO-
LiQ) (=t =

This proves g fQ H'(0) dz, which is the claim. O

itl =0
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Remarks and Definitions (on the first-variation formula for general variations).

(1) If V,F, V,F satisfy growth conditions of the type already discussed in Section 3.1,
then the assumptions of the preceding proposition can be ensured for all variations
in WhP(Q, RV).

More precisely, in full technical detail, we have:
Lemma (on growth conditions and the general first-variation formula). Assume that Q is a bounded Lipschitz domain

in R™, that F: Q x RN x RNX" — R is Carathéodory with F(z, -, -) € CLRN xRN X") for all x € Q\E with a null
set E C Q, and that V. F, VyF satisfy the growth conditions

()P 4 ClaP/P 4 ClylP™ /P, ifp<n

IVF(2,y,2)| < § W(@)/P + ClzP/?" + b(Jy)), ifn<p<oo,
W(z) +b(|2]) + b(ly]) » if p=o0
()@ 4 2P/ @) L ClyP /P ifp<n
[VyF(z,y,2)| < ¥(z) + Clz|P +b(|y]), ifn<p<oo
W(z) + b(|2]) + b(ly]) » ifp=oo

for all (z,y,2) € (2\ E)xRN xRNX" with ¥ € L1(Q), C € [0,00), p* := % if p < n, any exponent p* € [1,00) if

p =n, and locally bounded b: [0,00) — [0,00). Consider u € WHP(Q, RN) with F(-,u,Du) € L' () and a variation
(ut)te(—e,e) Of u in WLP(Q,RYN) in direction ¢ € WHP(Q,RYN). Then, F(-,ut, Dut) € L1(Q) is differentiable in t,
[t| < 1 (as LY(Q)-valued curve) with derivative given by the chain-rule formula

d d d
aF(-,ut,Dut) =V_.F(-,ut,Duy) - aDut + VyF(-,ut,Dug) - i in LY(Q) for |t| < 1,

and we have the continuity properties
lim V. F( Duy) dD V.F( Du) -D lim V, F( Duy) d V.F( Du) ] Ll(Q)
im . L= = . . im . C—uy = . . .
SV ez , Ut, Dut at Ut z , u, Du @, S Vy , Ut, Dut dtUt z U, Du) - n
In particular, all requirements of the preceding proposition are ensured and the first-variation formula applies.

Proof in case p < n (the other cases being similar). With the abbreviations
d d
H(t) := F(-,ut,Dug), G.(t) := VZF(-,ut,Dut)-&Dut, Gy(t) := VyF(-,ut,Dut)-&ut

(specifically G, (0) = V. F(-,u,Du) Dy, Gy(0) = Vy F(-,u,Du)-¢) we aim at proving that, for |t| < 1, the quantity
H(t) € LY(Q) has derivative
H'(t) = G=(t) + Gy(t) in LH(Q) (%)

and that G, Gy are continuous at 0.

In order to establish continuity of G, at 0, we first consider a null sequence (tx)ken in R\ {0} such that the
convergences ut, — u, Dut, — Du, % ‘t:tk Du; — Dy for k — oo are valid a.e. on Q. By continuity of V. F in (y, 2),
these convergences imply limy,_, oo G2 (t) = G (0) a.e. on Q. To obtain the same convergence in L' (Q), we estimate
with the growth condition for V. F' and Young’s inequality

* d « |1 d
|G (t)] < (‘Ill/p/+C|Dut|p/p/+C|ut|P /p/)’aDut‘ < const(n, p, C) | U+ |Dut |P+|ue|? +’aDut‘p} a.e. on .

We recall ¥ € L1(Q), and, taking into account that (ut)|¢|«1 is a variation of u in WLP(Q, RY), we infer from the

definition and the Sobolev embedding that the L1 (Q)-valued quantities [Du¢ [P, |ut|P”, |%Dut |P depend continuously on
t with |¢| < 1. Therefore, the below-mentioned variant of the dominated convergence theorem gives limg_, o0 G2 (tg) =

The following variant of the dominated convergence theorem is proved in the exercises: Consider a measure
space (Q, A, 1) and fi, f € L'(Q,RY; 1), gr, g € L'(Q; i) such that |fx| < gx holds p-a.e. on Q for all k € IN and
the convergences limg oo fx = f, limk_s00 g = g are valid p-a.e. on . Then limg o0 fQ grdp = limg 00 fQ gdp
implies limg o0 frx dp = [, fdp.
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G- (0) also in L(£2). At this stage, to conclude even lim;_,o G (t) = G (0) in L'(Q), it suffices to ensure that every
null sequence in R \ {0} contains a subsequence (¢x)gen Wwith the above convergence properties. However, this is
at hand, since the required convergences hold as LP-convergences by the definition of the variation, and a standard
measure theory result then gives them a.e. along a subsequence.

The continuity of Gy at 0 follows analogously (by using u¢ —  instead of Du¢ — D¢) and we do not

d d
dt ‘t:tk dt ‘t:tk

repeat the relevant arguments in detail.
In order to derive the formula (*), we start with an auxiliary observation: Consider some z € Q\E and convergent

sequences wy — w in RY x RN*X" 0 £ t;, — 0 in R with w’“tk_w

— ( for kK — oco. Then it is a routine matter to
F(z,wg)=F(z,w)
t
For the main part of the reasoning, consider a null sequence (tx)ren in R\ {0} such that the convergences ug, — u,
Uty —u Dutk —Du

verify with the total differentiability of F' in (y, z) the convergence = V(y,»)F(z,w) - ¢ for k — oco.

limy, oo Dut,, — Du, — D¢ hold a.e. on Q. Then the auxiliary observation yields
H(tx) — H(O
L H () — H(0)

= G-(0) + Gy(0) a.e. on
k— oo tr

In order to carry over this convergence to L!(Q), we estimate with the standard estimate |F(z,&)—F(z,w)| <
supxepo,1] |V (y,2) F(@, Ao+(1-AN)w)| |@—w|, the growth conditions for VI and V4 F, and Young’s inequality

‘ H(t) — H(0)

’ ’ * ’ D 7D
. ‘s (€17 + C(IDue DU/ + C e+l || =]

t

U —u
ot
Dui—Du|p |ur—u|r”

+ [960) 4 CDu DU 5 4 (el +pul)? /|

< const(n,p,C) |:‘1/+\Dut\p+|Du|p+\ut\p* +|u\p* +‘

As a side benefit, since we assumed H(0) = F(-,u,Du) € L'(Q) and the right-hand side of this estimate is in
L1(Q), for |t| < 1, we can read off H(t) € L(Q). Moreover, the right-hand side converges, for ¢ — 0, to
const(n,p,C) [\II+2|Du|p+2|u|p*+|D<p\p+|<p\1j*] in L1(Q), and along the subsequence (t;)recn We have a.e. conver-
gence to the same limit. Therefore, dominated convergence (again the mentioned variant) applies once more and gives

limy 00 ZHEE=TO = @

as before, we even obtain

2(0) + Gy/(0) also in L1(€). Reasoning with subsequences and the definition of the variation

. _ 7l
tlg% = G:(0) + Gy(0) in L' (Q)

H(t) — H(0)
t

This proves differentiability of H at 0 with H'(0) = G.(0) + G4(0) in L'(Q), and the same reasoning with only
notational changes gives differentiability of H at points ¢, |t| < 1, with H’'(t) = G.(t) + Gy(t) in L1(Q). 0

If all variations (ut);c(—.) of u in a subset X' of Wllo’i(Q,RN) in direction ¢ satisfy
the requirements of the proposition, we can read off that % ‘t:()f[ut] depends only
on u and ¢ and not on the variation (u;);c(—c ) as a whole. In this case (and if there is at
least one such variation (ut)c(—.¢)), we continue to use the (then well-defined) notation
for the first variation

d
OF[usg] = | Flud

If, for A C X, the requirements of the proposition are satisfied only for all A-admissible
variations (ut)ie(—c) of u in direction ¢ and there is one such variation at least, we also
write

d
OaFlusel = ‘t:OJr [u]

(which will exist only for u € A and specific choices of ¢).

Here, in principle both X and A are arbitrary subsets of Wllo’i(Q,IRN ) and thus there is
no true difference between §.F[u; | and d4F|u;p]. However, when using these notations
later on, X will rather be a function class needed for a correct technical implementation

(smooth functions or functions in a Sobolev space, for instance), while the subset A of X
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3.3. Isoperimetric or holonomic constraints 73

is specified by a constraint and represents a principal feature of the underlying variational
problem. In this connection, the notation d4F[u; ] will indeed be useful to indicate that
only A-admissible variations are under consideration.

(3) The necessary criterion for minimum points in single-variable calculus immediately implies
that a necessary criterion for a minimizer u of F in A is

daFu; -]=0

(which is just meant to indicate 6 4F[u; @] = 0 whenever 6 4F[u; - | exists).

In the sequel we will determine a more concrete form of the necessary criterion for varia-
tional problems with either ‘isoperimetric’ constraints or holonomic constraints. We start with
the isoperimetric case, in which the admissible class A is defined by finitely many integral
constraints:

Theorem (necessary criterion for minimizers subject to isoperimetric constraints).
Consider m € IN, ¢1,¢,...,¢m € R, an open Q@ C R"*, M"@B(RN)@B(RN*")-measurable
integrands F,G1,Ga,...,Gm: Q@ x RN x RN*" 5 R, and define the integral functionals

Flw] ’:/F('awaDw)de Giw] ::/Gi(~,w,Dw)dx fori=1,2,....,m
Q Q

(whenever they exist in R). Furthermore, endow ngt(Q,RN) with P-convergence®, and sup-

pose, for u € WP RY) with F(-,u,Du) € LY(Q), that the first variations 6F[u;¢] and

loc

0Gi[u+ > T tybyi ), i = 1,2,...,m, taken in u+CZy (9, RN), exist, are linear in @, and contin-

cpt
uous in (to,t1,ta, ..., tm) for all Yo, 1,902, ..., Ym, ¢ € ngt(Q,RN) and |(to, t1,ta, ..., tm)| < ¢
with some € = (o, Y1,%2, ..., Ym, ) > 0. If w with Giju] = c1, Go[u] = ca, ..., Gnlu] = cm
minimizes F in the constrained class
A:={we u—i—ngt(Q,lRN) : Gilw] =e1, Galw] =ca, ..., Gulw] =em},
the linear functionals dF[u; -], dG1[u; -], 0G2[u; +], ..., 0Gm[u; -] on ngt(Q,RN)
are linearly dependent, that is, there exist Lagrange multipliers A1, A2, ..., Ay € R such
that
OF[u; ] = Z Ai0Gilu; @] for all ¢ € Cg;t(Q,RN) .
i=1

Clearly, the theorem also applies if © minimizes F in an admissible class which contains the
above A. In particular, the theorem applies to problems with an arbitrary type of boundary
conditions (and also to problems with no boundary condition at all).

®Here, Z-convergence of a sequence (wy)ren in Cooy (2, RY) to w € CZ (2, RY) means uniform convergence

limg o0 0%wg, = 0%w on 2 for all a € Ny with U;ozl spt(wx) € Q. This convergence results from a topology on
CZu (2, RY), where the sets {v € CZ (2, R"Y) : supg [0“v—0%w| < € for all & € Ng, |a| < £ and spt(v) C K}
with £ € N, € > 0, and compact K C 2 are basis open neighborhoods of w € CZ, (2, R"). On u+Cg(Q,RY)
we use the u-shifted version of this topology.
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74 CHAPTER 3. Euler-Lagrange Equations

Remarks (on the necessary criterion subject to isoperimetric constraints).

(1) We emphasize that the technical assumptions on the existence, linearity, and continuity
in a parameter of the first variations can be ensured via the preceding proposi-
tion. The requirements needed for the proposition, in turn, can be obtained from growth
conditions on the integrands F', G1, G, ..., Gy, (where the usage of the quite restric-
tive Z-convergence in theorem means that we allow few variations of u and thus need the
requirements of the proposition only for comparably few ‘smooth’ variations).

(2) Whenever the first-variation formula applies, the conclusion of the theorem can be rephrased
by saying that u weakly solves the equation

<E]:—Z)\iEgi)u=O on {2
i=1

with the Euler-Lagrange operators Er and Eg, of F and G, respectively. Clearly, this
equation is nothing but the Euler-Lagrange equation of the integral functional F—3Y " | \;G;.

(3) The constraint [, wdz = ¢ (for scalar w in case N = 1) of the actual non-parametric
isoperimetric problem is contained in the theorem as the special case m = 1, Gi(x,y, z) = y.
However, since this constraint is in fact linear, a much simpler treatment is possible and has
already been discussed in the exercises.

(4) Still in the scalar case N = 1, the theorem shows that minimizers u € Wé’Q(Q) of the
Dirichlet integral & in the constrained class

{weWé’Q(Q) : /Qdele}

are necessarily weak solution to the Helmholtz equation
—Au = \u on €.

In other words, this basic minimization problem produces solutions to the eigenvalue prob-
lem for —A with zero Dirichlet boundary values on ).

(5) The theorem incorporates very general integral constraints with possibly non-linear depen-
dence of the integrands G;(x,y, z) on z. We remark that the existence theory for minimizers
does not apply in comparable generality, but rather remains restricted (apart from very spe-
cific cases) to integral constraints without z-dependence or with linear z-dependence only.

Proof of the theorem. We can assume that the functionals 0Gi[u; -], 0Ga[u; -], ..., 6Gp[u; -] are
linearly independent (since otherwise there is nothing to prove). With some linear algebra it

then follows that there exist® 11,19, ..., 1Um € Copt (€2, RY) such that

5Qi[u;zpj]:5ij for i,j:1,2,...,m.

5Indeed, the above claim on the existence of ©1,1s,...,1¥m can be verified as follows. Assume first that
Nictiz,..mp 3 ker(0Gi[u; -]) C ker(6G;[u; -]) for some j € {1,2,...,m}. Then, K := (L, ker(dGi[u; -]) can
effectively be represented as the intersection of only (m—1) kernels of co-dimension 1 in CZ% (2, R") and thus
has a co-dimension ¢ < m—1 in CZ (2, R"). We consider the m functionals induced by 6G1[u; -], 6Ga[u; -], ...,
6Gm[u; -] on the ¢-dimensional space CZ5, (2, RV)/K. These m functionals are necessarily linearly dependent
(since there are at most £ < m—1 linearly independent linear functionals on the ¢-dimensional space), and then it
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3.3. Isoperimetric or holonomic constraints 75

Now we fix an arbitrary ¢ € CZ (€, RY), and we observe that

m
Fi(to,tl,tg, .. ,tm) = G; I:u + top + th¢j]

j=1

for i = 1,2,...,m defines an R™-valued C! function I' = (I';,I',...,T';,) on a neighborhood
of 0 in R™*! (where the C! property results from the assumption that the partial deriva-
tives W(to, t1,t2, ... tm) = 0G; [u+ Z;‘n:o tiv; ;@Z)k] with understanding vy := ¢ exist and are
continuous in (tg,t1,t2,...,ty) with |(to,t1,t2,...,tm)| < 1). We record I'(0,0,0,...,0) =
(c1,¢2,...,cm) (since u satisfies the constraints) and W(O, 0,0,...,0) = Lyuxm (by the
above choice of ;). At this point we decisively apply the implicit function theorem to con-
clude that T"'(cy,¢o,...,¢n) is near 0 the graph of C! function. In particular, we obtain a
number § > 0 and a C! function 7 = (71,72, ...,7m): (—6,8) — R™ with 7(0) = 0 such that
I(t,7(t)) = (c1,¢2,...,¢m) for all t € (—4,0) or equivalently

g [u+tg0+ Zq(t)%] =g fori=1,2,...,mand all t € (-4,9).
j=1
At this stage we have constructed the A-admissible variation (u-+tp+ DT (t)wj)te(—é ) of u

in u—i—CCpt(Q RY) in direction o+ ZJ 1 7;(0)3;. Since the functions in A satisfy the constraints,
since 0G; is linear in the direction (here by assumption), and since we have dG;[u; ;] = d;5, we
infer

0= 5Agl[ ,go—i-z M = 0Gilu; ] + > 7i(0) 6Gi[us 5] = 6Gi[us ] + 7/(0)
7j=1 7j=1
for ¢ = 1,2,...,m. Thus, we have determined 7']((0) = —0G;[u; ¢] for j = 1,2,...,m. Finally,
using the necessary criterion for the minimality of u, we conclude
0:5,4]-"[u;g0+27']’-(0 } = §F[u; o) —I-ZTJI 0) 6 F[u;b;] = 6F[u; ] — Z)\ 6G;lu; @]
j=1 Jj=1 Jj=1
with Lagrange multipliers \; := 0F[u; ;] (which do not depend on the arbitrary ¢ € Cg5, (€2, RY)
but only on the initially fixed choices of ;). We have thus proved the claim. 0
Next we turn to admissible classes (of R¥-valued functions on open © C R"™) defined by

finitely many holonomic constraints

g1(w) = ¢y, g2(w) = ¢g, cee gm (W) = ey, a.e. on 2

follows that 6Gi1[u; - |, 0G2[u; -], ..., 6Gm[u; -] themselves are also linearly dependent. Thus, the above assumption
must have been wrong, and indeed we have (V,cry 5 gy ker(6Gi[u; -]) & ker(6G;[u; -]) for j = 1,2,...,m
This means that there exist 1; € (V;cr1 0y g5y Ker(0Gi[us -]) \ ker(6G; [u; -]) for j =1,2,...,m, and these ¢;
consequently satisfy 0G;[u; ;] = 0 for j # i and §G;[u; ;] # 0 for j = ¢ in {1,2,...,m}. Normalizing the ¢; by
multiplication with suitable non-zero scalar factors and using the assumed linearity of dG;[u; -], we end up with
the claimed property 6G;[u; ;] = ;5.
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76 CHAPTER 3. Euler-Lagrange Equations

with ¢1,¢,...,¢m € R and g = (91,92, .,9m): RY — R™. One typically assumes that the
constraints are independent in the sense that g1, g, ..., gm are C! on RN with Vgi(z), Vga(z),
..+, Vgm(z) linearly independent in RY for every = € Nit1{9i = ¢}, or equivalently that g is
C! on RY with rank(Dg) = m on (*,{gi = ¢;} (clearly possible in case m < N only). In fact,
Niz,{9: = ¢;} is then a submanifold and thus holonomic constraints of the described type are a
special case of a manifold constraint

w e M a.e. on

with a general (N—m)-dimensional C'-submanifold M in R¥. In fact, in order to obtain a
necessary criterion for problems with this type of constraints, we need and work with a certain
technical retraction property. In order to set this clear and single out the core variational
statement, we introduce:

Definition (strong C2?-neighborhood retracts). We say that a subset M of RY is a strong
C2-neighborhood retract in RN if there exist and open set U C RY and a function R € C(U,RY)
with DR, D?R bounded on U such that we have

dist(M,R¥\U) > 0, RU) Cc M, Ry =idm -
Remarks (on strong C2-neighborhood retracts).

(1) A strong C2?-neighborhood retract M in R” is always closed in R”, since, for &/ and R
as in the definition, the third, first, and second condition (applied in this order) yield
M=R(M)cC RU) C M.

(2) Most importantly, every closed (i.e. compact without-boundary) C2-submanifold
M in RY is a strong C2Z-neighborhood retract in RY. If M is even C3, this is
comparably straightforward to check by choosing the required mapping R as the nearest-
point projection onto M on a suitably small neighborhood U of M in RY (where the C?
assumption is needed to have a C? normal vector and then a C? projection). In the general
C? case a more delicate construction of R is based on the idea to represent M locally as a C?
graph and ‘glue together’ the C? graph projections. A detailed account on this construction
— even though not at all relevant for the main purposes of this chapter — follows:

We start by fixing the terminology that a C? retraction from an open set U in RY to an arbitrary set K in RY is a
map R € C2(U,RY) such that R(z) € K for all z € U and R(z) =z for all z € K.

Now, if M is an (N—m)-dimensional without-boundary C2-submanifold in RN, for every fixed € M, there exist
f € C%(P,R™), defined on an open cube P C RN~™ and with values in an open cube Q@ C R™, and a rotation
T € O(RY) such that z € T(PxQ) and M has, locally near z, the rotated-graph representation

MNT(PxQ) = T(Graph(f)).

Using this representation, one easily obtains a C2? retraction R from the open neighborhood U := T(PxQ) of z to
M NU: Tt suffices to simply set R(T'(p,q)) := T(p, f(p)) for (p,q) € PxQ. Moreover, for later convenience we record
that U is convex by construction.

If M is additionally compact, the definition of compactness then yields a finite cover M C Ule U;, k € N, with
convex open sets U;, each of which comes with a C? retraction from U; to M NU;, for i = 1,2,..., k. With the help
of the subsequent lemma, it is then possible to glue or patch these retractions together in an iterative way: In a first
step the lemma, applied with U, Uz, and the remainder neighborhood V = Uf:3 U;, allows to replace U1 and Uz with
a new open set U2, which again comes with a C2 retraction from U2 to M NUi2, such that still M C Uio U Ufig U;.
In a second step, the resulting U12 and the original (and thus still convex) Us are then replaced with a new open set
U123 (again with corresponding retraction) such that M C Ui23 U5, U;, and so on. Ultimately, one ends up with a
single open neighborhood Uya3.. , of M and with a C? retraction from U/ to M. Since M is compact, the requirements
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3.3. Isoperimetric or holonomic constraints 7

from the definition are met on a possibly smaller neighborhood, and M — which, as we recall, is assumed only C?
itself — turns out to be a strong C2-neighborhood retract as claimed.

At this point, to complete the argument, it is enough to establish the following lemma:

Lemma (gluing glemma for retractions). Consider a compact set M and open sets Uy,Usz,V in RN with M C
U Ul UV, where Uz is convex. Assume that there exist C2 retractions Ry from Uy to M NUy and R from Us to
M N Usz. Then there also exist an open set U in RN with M CUUYV and a C? retraction from U to M NU.

In order to approach the proof of the lemma we introduce, for open U C RY, arbitrary M C RY, and € > 0, the
notations U¢ := {z € RV : dist(z, RN\U) > e} C U and Nz (M) := {z € RV : dist(z, M) < e} D M.

Proof of the lemma. Using the definition of compactness (for the open cover of M which consists of all u;s, e >0,
all U5, e > 0, and V), we can fix some € > 0 such that M C 1/1125 UUs UV. We then observe that Ry € C (U1, RY)

is in particular Lipschitz continuous on L{la/Q and write L for its optimal Lipschitz constant there. Moreover, we set
6 :=¢e/(L+2), and we next verify the auxiliary claim

Ri(z) € Ua for all z € U] NUS N Ng(M).

Indeed, for such x there exists y € M with |y—z| < §, and in view of x € Uf and § < /2 we infer y € Z/If/z.

Via the retraction property and the Lipschitz continuity of R1 we get |Ri(z)—=z| < |Ri(z)—R1(y)|+|R1(y)—z| <
(L+1)|y—z| < (L+1)6 < . Thus, taking into account x € U5, we conclude R1(x) € Uz as claimed.

We now introduce the open set Uy := U2 U (U5 N Ns(M)) and record that M C U UV holds by the initial choice
of e. We also choose a cut-off function n € ngt (RN) with0<n<1lonRN,n=1on U12€, and sptn C U5, which
in particular allows us to understand nR1 € Cgpt(RN ,R™) as globally defined (clearly with nR1 = 0 outside U$). At

this stage, we finally define R € C2(Us, RY) by setting

R(z) = Ry (nR1(z)+(1—n(z))z) if z € U5 N Ns(M)
T Ri(z) if z € U ’

Indeed, for R to be well-defined, we need to be sure in the first case x € U5 N N5(M) that nRy(z)+(1—n(z))z € Ua.
In the subcase ¢ UZe this is obvious, since we get 7(z) = 0 and thus nR1(z)+(1-n(z))r = © € Us. In the other
subcase € U, however, the auxiliary claim established above yields R1(x) € Uz, and then the assumed convexity of
U ensures that with  and Ri(z) also the convex combination nR1(x)+(1—n(z))z is again in Us. Moreover, in the
overlap case x € U2° NUS N N5(M), we have n(z) = 1 and, still by the auxiliary claim, R1(z) € Us. Therefore, with
Ri(z) € MNUz and Rz (nR1(z)+(1—n(z))z) = R2(R1(x)) = Ri(x) we obtain the consistency of the definition in this
case. In view of these arguments and since U5 N N5(M) and L{125 are open sets with union Usx, it is now fully verified
that R is well-defined and C2 on U.. Moreover, it follows straightforwardly from the retraction properties of R and
Ry that R(z) € M for all z € Ux and R(z) = z for all x € M NU.. But indeed, since we merely get R(z) € M
and not precisely R(z) € M N U, this does not yet mean that R is a C? retraction from Us. to M NU,.. However,
introducing the open set U := R~}(U,) = R~Y (M NU) C Uy, we have M NU = M NU, and thus M CU UV, and
we can be sure that R is a C? retraction from U to M NU. O

Unlike manifolds strong C2-neighborhood retracts may consist of connected components of
different dimensions. In such cases, the notion allows to conveniently unify the following
arguments (even though such cases are rare in applications and a separate treatment of the
different components is also possible).

Theorem (necessary criterion for minimizers subject to a manifold constraint). Con-
sider an open Q C R", an M"@B(RY)@B(RN*")-measurable F: Q x RN x RVN*" — R, and

set

Flw] ::/QF(-,w,Dw)da:

(whenever this exists in R). Moreover, consider a strong C2-neighborhood retract M in RN with
a corresponding retraction R as in the definition, fixp € [1,00), and endow VP := wht (Q,RM)N

cpt
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L2(Q,RN) with Wig;-convergence? Then, for u € Wllo’](f(Q,]RN) with F(-,u,Du) € L1(Q),
suppose that §F[u; |, taken in u+VP, exists and is given by the first-variation formula for all

p € VP, If u with u € M a.e. on 2 minimizes F in the constrained class
A:={weutV’ : we M ae onQ},

then u solves the variational equality
/ [V.F(-,u,Du) - D(DR(u)¥)) + VyF(-,u,Du) - DR(uw)¢|dz =0  for allyp € V. (VE)
Q

Once more the assumptions on the existence of the first variation and the validity of the
first-variation formula can be obtained from the earlier proposition.

Proof. Consider U, R as in the definition of strong C2-neighborhood retracts, « as in the theorem,
and an arbitrary ¢ € VP. For simplicity of notation assume [|¢)||y 0 g~y < 1 (which is no restric-
tion, since the claimed variational equality is linear in v). Then, for || < § := dist(M, RN \ U)
we have u+ty € U a.e. on 2, and thus

ug = R(utti)

is well-defined. In view of u € M a.e. on Q and R|,, = idy, we have ug = u. Furthermore, we
now show that

(ut)1e(—s,) is a variation of u in u+VP with %ut = DR(u+ty)y for t € (—6,06).

We first observe that u;—u = R(u+t)—R(u) is continuous in ¢ € (—6,6) as L>(Q, RV)-
valued curve (since R is Lipschitz) and that 0;u; = DR(u+t)(0;u+t0d;v)) (derivative computed
with the first chain rule) is continuous in ¢t € (—6,6) as LI (€, RY)-valued curve for every
i € {1,2,...,n} (by a reasoning with the dominated convergence theorem). Since u; equals u
outside the compact support of 1, this means that u; is continuous in t € (—4,d) as curve in
u+VP.

To check %‘t:Out = DR(u)y in u+VP we abbreviate wy(x) := SUDB,, (u(x)) IDR—DR(u(x))|
and estimate |“5= — DR(u)y| < w; a.e. on  with the definition of u; and a standard deriva-
tive estimate. Now dominated convergence yields lim; ,ow; = 0 in LY (Q,RY), and, as 1

loc
is compactly supported, we can conclude lim; o “+* = DR(u)y in L? (Q,RY). In a similar
way, with the abbreviation w?(x) := SUDB,, (u(x)) |ID2R—D2R(u(z))| and the estimate \M —
9;(DR(u)y)| < w?|Oiu|+w|0;nb| one finds lim; g M = 0;(DR(u)%) in LP(Q, RY) also for

the derivatives. This shows %‘t:out = DR(u)y in u+VP, and for general t € (—9,9) one can

check %ut = DR(u+t)y in an analogous way.

Finally, by further applications of the dominated convergence theorem, we obtain that %ut =
DR(u+ty)y and 9; $u = 0;(DR(u+t)y) = D*R(u+t1h) (;u+t0inh, ) + DR(u+t1h) 91 are still
continuous in ¢ € (—§,0) as LY (Q, R™)-valued curves. Therefore, u; is finally C! in t € (-4, 6)

loc
as curve in u+VP and is by definition a variation of v in u+VP in direction DR(u)y € VP.

"By Wi}gﬁ—convergence of a sequence (wg)gen in Wigg(Q,]RN) to a limit w € W;’Z(Q,]RN) we mean LP-
convergence limg o0 wr = w and limg_, oo Dwy = Dw on Q with (J2, spt(wx) € Q. In the same way as described
earlier for Z-convergence, W.-convergence comes with a topology and is also used in a shifted version on

cpt
u+ WP (Q, RY).

cpt
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After these technical details, the essential observation is now that the variation (u;)yec(—s )
is indeed A-admissible (since we required R(U) C M). Therefore, the direction DR(u)v of the
variation is admissible in the basic necessary criterion for A-constrained minimizers. From this
criterion and the assumed validity of the first-variation formula, we then obtain

0 = 4 F[u; DR(u)y] = /Q [V.F(-,u,Du) - D(DR(u)®) + V,F(-,u,Du) - DR(u)¢] d

as claimed in (VE). O

Remarks (on the necessary criterion for M-constrained minimizers). Using the notations of
the definition and the theorem, the following comments are in order:

(1) From the basic requirements on R we obtain RoR = R on U, thus DR(R(y))DR(y) = DR(y)
for y € U and in fact

DR(y)?> = DR(y) for y e M.

Thus, DR(y) with y € M is in fact a linear projection from R to the vector
subspace TyM := range DR(y) of RV, the (generalized) tangent space to M at y € M.

(2) For arbitrary ¢: Q — R, we have the equivalence
¢ = DR(u)y for some ¢ € VP <= ¢ € VP with p € T,M a.e. on Q.

Here, ¢ =’ results from DR(u) € Wllc;g(Q, RN*NYAL®(Q, RV*N), a product rule, and the
definition of VP, while for ¢ <=’ one simply uses that ¢ € T, M gives ¢ = DR(u)p by the
preceding Remark (1).

This equivalence identifies the test functions in the variational equality of the theorem
as ‘tangential to M at the values of w’, and the variational equality can be equivalently
rewritten in these terms as

/Q[VZF(-,u,Du)-D<p+VyF(-,u,Du)-<p] de =0

for all ¢ € VP with ¢ € T, M a.e. on ).

(3) In regular cases (e.g. if VF(-,u,Du) € Lf;C(Q,RNX”), VyF(-,u,Du) € L{’;C(Q,RN), and

div [V JF(-u, Du)] € LL (2, RY)), integration by parts transforms the variational equality
(VE) into

0= / Eru-DR(u)y dx = / DR(u)*Eru - dx for all ¢p € VP |
Q Q

where Ex, given by Eru = —div [VZF( . ,u,Du)] + Vy,F(-,u,Du), is the Euler-Lagrange
operator of F and DR(y)* is the adjoint linear map or transpose matrix of DR(y). By the
fundamental lemma of the calculus of variations, one then finds that the variational equality
is also equivalent to the pointwise equation

DR(u)*Eru=0 a.e. on {2,
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and in view of the elementary identity ker(DR(y)*) = (range DR(y))* = (T,M)* for y €
M, it can finally be recast in form of the pointwise perpendicularity relation

Eru L T, M a.e. on (), ‘

)tan

Sometimes this is further shortened to (Exu)®" = 0 a.e. on ), where (Exu)®" stands for

the component of Eru tangent to M at the values of u.

In less regular cases, the variation equality (vE) should be seen as a weak formulation of
the perpendicularity relation.

(4) We now come back to the initially discussed case that M is (at least locally) given in the
form M = ", {g; = ¢i} with c1,¢2,...,¢m € R and g = (g1,92,---,9m) € C2 (RN, R™)
such that rank(Dg) = m on RY. In this case one obtains the tangent spaces as (T, M)+ =
Span{Vg;(y) : i =1,2,...,m} for y € M. Therefore, the perpendicularity relation is then
equivalent to the requirement that

m
Eru = Z AiVgi(u) holds a.e. on Q2
i=1
with certain functions \;: @ — R as Lagrange multipliers. Solving for the R¥-valued v and
the m scalar Lagrange multiplier functions at the same time is reasonable, since the above
R¥-valued equation is complemented with the m scalar constraints g;(u) = c;.

(5) A version of the theorem remains valid if the C? regularity of R is weakened to WIQOSO
regularity (with DR, D2R still bounded).

(6) Holonomic constraints g;( -, w) = ¢; a.e. on Q and manifold constraints w(x) € M, for a.e.
x € Q with z-dependence can be covered in a similar way under the technical assumption
that there exist suitable retractions R(z, - ) from a neighborhood U to M, with DyR, DiR,
D;DyR bounded. One then obtains the variational equality with the help of admissible
variations u; = R( -, u+ty) of w in direction ¢ = DyR( -, u).

Example (harmonic mappings into spheres). As a basic example consider the mini-

mization® of the Dirichlet integral among unit-sphere-valued mappings, that is, take

F =8 and M = SVl = {yy ¢ RN : |y| = 1}. Then a suitable retraction R is given by

R(y) := é—‘ for |y| > ¢ with arbitrary § € (0,1) (which is only needed to define the neighborhood

N-1
U={yecRN : |yl >d}). The derivative DR(y) = I]TTX‘N—% ves Inxn — y®y of R at

y € SNV~1 gives the linear projection onto {y}* = T,S¥~1. Thus, for u € Wllo’Z(Q,IRN) with
|ul =1 a.e. on Q, we can record:

e The variational equality (vE) here reads

/ Du - D(¢p— (¢ - w)u) dz = 0 for all ¢ € W22 (Q,RY) N L®(Q,RY).
Q

cpt
or equivalently

cpt

/ Du-Dydz =0  forall g € W22(Q,RY) N L®(Q,RY) with ¢ L u a.e. on Q.
Q

8 As it is the case already in the unconstrained case, the minimization is a non-trivial problem with non-constant
solutions only if boundary conditions are imposed. However, such conditions do not take effect on the necessary
criterion under consideration. Thus, it is not necessary to discuss or specify them at this point.
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e In case Au € Llloc(ﬂ, RY), the variational equality is equivalent to the perpendicularity
relation Au L T,SN~! = {u}+ a.e. on Q, which here means in fact that Au is a.e.
parallel to u, that is Au = Au a.e. on  with a Lagrange multiplier function A: 2 — R.
In the given case, one can in fact eliminate A from the equation, since |u| = 1 implies
0 = A(Ju|?) = 2u - Au + 2|Du/?. Combining this with Au = \u and using |u| = 1 again,
we find A\ = —|Du|? a.e. on Q. Therefore, the necessary criterion for minimizers of &
with S¥~1-manifold constraint is in fact (a weak formulation of) the PDE (system) for

harmonic maps into spheres
Au = —|Dul*u a.e. on ).

This PDE system exhibits a quadratic first-order non-linearity in Du, which makes its
theory quite a bit more difficult and subtle than the theory of linear elliptic systems.
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