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1 Variational Methods: Some Basics

Equations and minimization. The solution of equations is related to minimization.

Suppose we want to find u € R™ with

Fu)=0, F:R"—R",

If we can find a function J : R® — R such that F' = V.J, and if we can prove that J has

a minimizer u,
J(u) =minJ(v), veR",

then we know that F(u) = V.J(u) = 0. Conversely, suppose we want to find a minimizer
u of J. If we can find u € R® with V.J(u) = 0, then u is a candidate for a minimizer of
J. If in addition J is convex, all such candidates are minimizers; otherwise, second order

conditions may be used.

Dirichlet’s principle for the Laplace operator. We consider the Dirichlet problem

for the Poisson equation in an open bounded set 2 C R",

—Au=f in (2
u=g auf 092.

We also consider the functional (“| - |” denotes the Euclidean norm in R™)

J(v) :/Q%|Vv(x)|2 — f(z)v(x) dx.

The functional J and the boundary value problem (1.1) are related as follows.

Assume that f: Q — R and ¢ : 92 — R are continuous, let
K={v:veC*Q), v(x)=g(x) for all z € 9N} .
Let u be a minimizer of J on K, that is,

we K, J(u)=minJ(v).

veEK

Let ¢ € C§°(R2) be given. We have u + Ap € K for all A € R. We consider

JRoR, JOA) =Ju+ \g).

We have

T = [ 5V A @) = )+ Ap) o) do

— J(u) + A / (Vu(), Vo(a)) — f(@)p(z) de + X2 / SIVea)P e

Since 0 is a minimizer of the differentiable function J, we get

0= J(0) = / (Vu(z), Vip(a)) — f()p(x) de = / (—Au(z) - f(@))ple) dr.

1

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)



(Here we have used partial integration and the fact that ¢ = 0 on 0f2.) Since ¢ € C§°(2)
can be chosen arbitrarily, it follows that (we will prove this later)

—Au(z) = f(z), forallx e Q. (1.6)

Thus, every minimizer of J on K solves (1.1). Conversely, let u € C%(Q2) be a solution of
(1.1), so in particular u € K. Let v € K be arbitrary. Then

/Q (—Au(e) — f(2)(ulx) — v(x)) dz = 0.

Since u — v = 0 on 0f), partial integration gives

/Q(Vu(x), Vu(z) — Vu(x)) doe — /Qf(x))(u(x) —v(z))der =0.

It follows that (we drop the argument “z” of the functions)

/Q|Vu|2 — fudr = /Q (Vu, Vv) — fodr < /Q %|Vu|2 + %|W|2 — fvdx, (1.7)
since for arbitrary vectors y, z € R™ we have
[{.2) | < lol 121 < SloP? + 512f°
Subtracting (1/2) [, [Vu|? dz on both sides of (1.7), we arrive at
J(u) < J(v),

so w is a minimizer of J on K.

The equivalence
u solves (1.1) & u is a minimizer of J on K (1.8)
is called Dirichlet’s principle. In this context, the equation
—Au=f

is called the Euler equation or Euler-Lagrange equation corresponding to the func-
tional J in (1.2).

More general, this approach relates functionals of the form

J(v):/QL($,v(x),Vv(:B))dx (1.9)

to differential equations. These are ordinary differential equations in the case n = 1,
Q) C R, and partial differential equations in the case n > 1.

Minimizing functionals of the form (1.9) constitutes the basic problem of the calculus of
variations.

The Dirichlet principle yields equivalence, but not existence.
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The existence problem is hard in general, because the domain of the functional J is a
subset of a function space, which has infinite dimension. Therefore, functional analysis
comes into play. Using its methods to prove existence of a minimizer is called the direct
method of the calculus of variations. That such a minimizer solves the Euler equation is
then proved as above by setting to zero the derivatives of J in all directions ¢ € C§°(€2).

Proving existence of a minimizer of J in (1.9) by proving first the existence of a solution to
the Euler equation is called the indirect method. If .J is not convex, however, solutions
of the Euler equation for J in general need to have additional properties in order to be
minimizers of J (as is the case in finite dimensions, where second derivatives of J play a
role).

Quadratic minimization: An abstract form of Dirichlet’s principle. We consider
the following situation.

Problem 1.1 (Quadratic minimization problem)
Let V' be a vector space, K C V convez, let a : V x V. — R be a bilinear form and
F:V — R a linear form. We consider the problem

min J(v), J(v)= za(v,v)— F(v). (1.10)

veK

O

Proposition 1.2 Consider the situation of Problem 1.1 and assume in addition that a
1s symmetric and positive definite. Then J is strictly convex, and for u € K we have

J(u):géi[r(lJ(v) & a(u,v —u) > Flv—u) YveK. (1.11)

There exists at most one uw € K with this property.

Proof: Let u, h € V be arbitrary with h # 0. We define
Ju,h IR—)R, th()\) = J(u—i—)\h)

We have

2

Jun(N) = %a(u—l—/\h,u—h\h) — F(u+Ah) = J(u)+ Aa(u, h) —F(h))—i—%a(h, h). (1.12)

Since a(h, h) > 0, the quadratic function .J,, is strictly convex, and so is J. Therefore J

has at most one minimizer.
“<": Let v € K. Setting h = v — u, from (1.12) and (1.11) it follows that

LMO—ﬂm:JM+M—JW%4MMM—FMD+%Mmm20.

“=": Let v € K. Again setting h = v — u, we have u + Ah € K for 0 < A <1 (since K
is convex). Thus

2

og@ﬂ»—@Am:Mm%m—Fm»+%amm. (1.13)

3



Dividing by A and passing to the limit A | 0 yields 0 < a(u, h) — F'(h). O
The inequality system (one inequality for each v € K)
ue K, a(u,v —u) > F(v—u) YveK, (1.14)

is called a variational inequality. As (1.13) shows, the variational inequality says that
the directional derivative of J in a minimizer is nonnegative for those directions h = v—u
which point into the “admissible set” K.

Corollary 1.3 In the situation of Proposition 1.2 assume that K is an affine subspace
of V', that is, K = vy + U with vy € V', U subspace of V. Then we have

J(u) = min J(v) & a(u,w) = F(w) YweUlU. (1.15)

veK

Proof:If u € K we have U = {v — u : v € K} and therefore

a(u,v —u) > Flv—u) YveK & a(u,w) > F(w) YweU

the latter equivalence holds because w € U implies —w € U. O

The system of equations
u€ev+U, a(u,v) = F(v) YwelU, (1.16)

is called a variational equation.

The situation (1.1) — (1.4), which we considered at the beginning, becomes a special case
of (1.16) if we set

a(u,v):/ﬂ<Vu(:E),Vv(x)) dx , F(v):/gf(x)v(x)dx (1.17)

The variational equation then reads

/Q(Vu(a:), Vou(x)) de = /Qf(x)v(x) drx, forallvin U. (1.18)

(So far we did not specify the space V' and the subspace U.)

If one starts from the Poisson equation
—Au=f, in ), (1.19)

one may arrive at the variational formulation (1.18) immediately by multiplying (1.19)
on both sides with functions v which are zero on 02, and performing partial integration.
In this manner one bypasses the functional J.

The variational equation. In order to obtain existence, the algebraic vector space
structure by itself does not suffice. One uses the setting of normed spaces. Thus, topo-
logical aspects enter the picture.



Definition 1.4 (Bilinear form, continuity and ellipticity)
Let V' be a normed space. A bilinear form a : V x V — R is called continuous if there
exists a C, > 0 such that

la(u,v)| < Collul| |||, for allu,v €V, (1.20)
it 1s called V -elliptic if there exists a ¢, > 0 such that
a(v,v) > c,||v||*, forallveV. (1.21)

O

As an immediate consequence of this definition we see that a V-elliptic bilinear form is
positive definite.

In order to obtain existence, completeness of the normed space is required.

Proposition 1.5 (Variational equation, solvability)

Let (V|| - |I) be a Banach space, let a : V x V. — R be a symmetric, continuous and
V-elliptic bilinear form, let F : V. — R be linear and continuous. Then there exists a
unique solution u € V' of the variational equation

a(u,v) = F(v) YoeV. (1.22)

Proof: For all v € V we have
callv])* < afv,v) < Collv]]? .

Since ¢, > 0,
(u,v), = au,v), [lv]l, = +a(v,v),

defines a scalar product whose associated norm |||, is equivalent to the original norm ||-||.
Therefore, (V,(-,-),) is complete and thus a Hilbert space. Moreover, F': (V,|| - |l.) = R
is continuous. The representation theorem of Riesz (from functional analysis) states that
there is a unique u € V such that

O

Corollary 1.6 The solution u of the variational equation (1.22) in Proposition 1.5 sal-
isfies
1
lull < —I[#. (1.23)
Proof: Inserting u for v in (1.22) yields

Callull® < a(u, w) = F(u) < ||F]| - [Jull.



Proposition 1.5 and Corollary 1.6 state that, under the given assumptions, the solution
of the variational equation is a well-posed problem in the sense that its solution exists,
is unique and depends continuously upon the data (the right hand side specified by F).
The latter property has to interpreted as follows: the solution operator S : V* — V which
maps F' € V* (the dual space of V) to the solution u of (1.22), is continuous. Indeed, it
is linear (this follows immediately from (1.22)), and according to (1.23) we have

F 1
|S(F)|| < U, therefore ||S|| < —.
c c

a a

The variational inequality. In Proposition 1.5 we have assumed that the bilinear form
is symmetric. It turns out that this assumption is superfluous. We present this extension
in an even more general context, namely, for the variational inequality.

Proposition 1.7 (Variational inequality, solvability)
Let V' be a Banach space, let K C V be closed, convex and nonempty. Leta:V xV — R
be a continuous V -elliptic bilinear form with

a(v,v) > c|jv||? YveV, (1.24)
let F':V — R be linear and continuous. Then the variational inequality
a(u,v —u) > F(v—u) Vve K, (1.25)

has a unique solution u € K. Moreover, if i € K is the solution of (1.25) corresponding
to a linear and continuous F' : V — R in place of F', we have

. 1 ~
i —al) < —I|1F = F. (1.26)

Proof: We first prove (1.26). This also implies the uniqueness. Assume that wu,u are
solutions corresponding to F, F'. Then

a(u, @ —u) > F(a—u),

a(i,u —a) > Flu—1a).
Adding these inequalities yields
a(u — 1,1 —u) > (F — F)(i—u), (1.27)
SO 3
0 <collu—al|*<alu—i,u—a)<||F—Fl|lu—1. (1.28)

This shows that (1.26) holds. To prove existence we first consider the special case where
a is symmetric. By Proposition 1.2 it suffices to show that the associated quadratic

functional )
J(v) = Ea(v, v) — F(v)

has a minimizer on K. In order to prove this, we see that

2
1 c 1 1
J(v) > Zc,llv||? = ||F = ol = 4/ —||F — —||F? 1.29
(v) 2 Gealloll® = I F o] ( Sl = /5 H) 5 Il (1.29)
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holds for all v € V, therefore J is bounded from below. Define

d = inf J(v), (1.30)

veK
and let (u,)nen be a sequence in K such that

1
d< J(up) <d+ =, (1.31)
n

The sequence (u,)nen is a Cauchy sequence, because
CaHun - umH2 S a(un — Um, Up — um)

1 1
= 2a(Up, Up) + 26(Up, Up) — 4a <§(un + Up), §(un + um))

1
=4J(uy,) + 4J (uy,) — 8J <§(un + um)>
1 1
§4(d+—) +4(d—|——) — 8d
n m
1 1
<1 <_ " _) |
n m
As V is a Banach space, there exists a u € V such that u, — u. Since K is closed, we

have u € K. Since J is continuous, we have J(u) = d. This concludes the proof in the
case where a is symmetric.

(1.32)

Now let a be arbitrary. We utilize a continuation argument. We consider the family of
bilinear forms

at(u,v) = ap(u, v) + th(u,v), tel0,1], (1.33)

where
ao(u,v) = %(a(u, v) + a(v,u)), (1.34)
b(u, v) = %(a(u, o) — a(v, 1) (1.35)

Then ag is symmetric and a; = a. The bilinear forms a; are continuous and V-elliptic,
and (1.24) holds for a; with the same constant ¢, as for a, because a;(u,u) = a(u, u) holds
for all u € V. As ag is symmetric, it now suffices to prove the following claim:

If the variational inequality
ar(u,v —u) > G —u), VveK, (1.36)

has a unique solution u € K for every G € V*, then the same is true if we replace 7 by ¢

with
Cq

2C,
We prove this claim. Let t be given, satisfying (1.37). We only have to prove the existence

of a solution. Let G : V — R be linear and continuous. We look for a solution u; € K
satisfying

T<t<T+ (1.37)

at(ug, v —up) > G(v —uy) VoeK. (1.38)
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For this purpose, we consider for arbitrary given w € V the variational inequality
ar(u,v—u) > F,(v—u), VovekK, (1.39)

where

F,(v) =Gv) — (t — 7)b(w,v). (1.40)

Let T : V — K be the mapping which associates to each w € V' the solution u € K of
(1.39). T is a contraction, since
1 1
[Twy = Tws || < —|[[Fu, = Fu|l < —[t =7 sup [b(wy — ws, )|
Ca Ca Jeli=1 (1.41)
1 1
< —[t = 7|Callwr — wa|| < Sllwr — woll.
Cq 2
By Banach’s fixed point theorem, 7" has a unique fixed point which we denote by u;. Then
u; € K, and for all v € K we have

ap(ug, v —uy) = ar(ug, v —uy) + (= 7)b(ug, v — uy)
> Fu,(v—u) + (t — 7)b(ug, v —up) = G(v — wy) .

This finishes the proof. O

Corollary 1.8 (Lax-Milgram theorem)
Let V' be a Banach space, let a:V x V — R be a continuous V -elliptic bilinear form, let
F:V — R be linear and continuous. Then the variational equation

a(u,v) = F(v) YveV, (1.42)

has a unique solution u € V.

Proof: We apply Proposition 1.7 with K = V. As in Corollary 1.3, the assertion follows
from the equivalences

a(u,v —u) > Flv—u) YveV a(u,v) > F(v) YveV

a(u,v) =F(v) YveV. (143)

O

Assume that one wants to solve a given linear partial differential equation. This usually
determines the form of the associated bilinear form a. If one wants to apply the Lax-
Milgram theorem to prove existence and uniqueness, one has to choose the Banach space
V such that a is continuous and V-elliptic. The spaces V' for which this works are the
Sobolev spaces.



2 Sobolev Spaces: Definition

In this section €2 always denotes an open subset of R"™.

Weak derivatives. Let u € C*(Q) and ¢ € C5°(2). Partial integration yields

/Q&u(:c)gp(x) dr = —/Qu(x)@«p(x) de, 1<i<mn. (2.1)

The right side of this equation is well-defined for functions uw whose restriction to the
support of ¢ (a compact subset of €2) is integrable. We thus consider the vector space

L, () = {v:v|K € L'(K) for all compact subsets K C Q}. (2.2)

The functions in L] () are called locally integrable.

loc

Continuous functions u : 2 — R are locally integrable since they are bounded on every
compact subset of §2; they may or may not be integrable on (2. For example,

wz)=-, wu:(0,1) >R,

belongs to L _(0,1), but not to L'(0,1). We remark that LP(Q2) C Ll _(Q) for all p €

loc loc
[1,00], no matter whether € is bounded or not.

For locally integrable functions one can use (2.1) in order to define a generalization of the
classical derivative.

Definition 2.1 (Weak partial derivative)
Letu € L}, (Q). A function w € L] (Q) which satisfies

loc loc

/w(x)gp(x) dx = — / u(z)0ip(x)dx,  for all ¢ € CF (), (2.3)
Q Q
is called an i-th weak partial derivative of u. We also denote it by O;u. O

The notation “0;u” for weak derivatives makes sense only if they are uniquely determined.
This we will see later in Corollary 2.8.

For u € C''(Q), the classical partial derivatives d;u of u are also weak derivatives of w.

Consider the example
u:R—=R, wu(x)=lz|. (2.4)

For ¢ € C§°(R) we have

—/R]x\go'(m) dr = /_[; zy' (x) de — /OOO z¢'(x) dx

—ap| "~ [ et aoo) 4 [t

= /R(sign z)p(r)dr,




therefore the weak derivative of u exists, and
u' = sign . (2.5)
This equality has to be understood as an equality in L{ _(R), that is,
u'(x) =sign (z), a.e. inR. (2.6)
For this example, the standard pointwise derivative of u exists in all points x # 0, and is

a.e. equal to the weak derivative.

As a second example, consider the Heaviside funktion H : R — R,

1, >0,
H(zx) = {0 <0 (2.7)

For ¢ € C§°(R) we have

- [He @ == [ @ dn = p(0). (28)

If w e L (R) were a weak derivative of H, we would have

/Rw(x)gp(x) dx = ¢(0), for all p € C5°(R). (2.9)

But this is not possible (see an exercise), thus the Heaviside function does not have a
weak derivative in the sense of Definition 2.1.

One can of course consider the pointwise derivative of H, which is zero except at x = 0.
However, this function is a.e. equal to zero, so (when it appears under an integral sign)
it does not distinguish between H and a constant function. But one can use (2.8) to
generalize the concept of a weak derivative even further and consider the linear functional
T : C3°(R) — R defined by

T(p) = ¢(0) (2.10)
as a generalized derivative of H. This is the starting point of distribution theory;
the corresponding derivative is also called distributional derivative. The theory of
distributions was initiated in the ’40s of the previous century, the main proponent being
Laurent Schwartz (1915 — 2002).

Approximation by smooth functions. Given a function u : {2 — R, there are various
ways to define smooth approximations u® of u with u* — u as € | 0. Here we mainly use
approximation by convolution.

Let us recall the definition of the convolution of two functions u and v,

(wx0)) = [t~ g)oty)dy. (2.11)

It is defined for u,v € L'(R") and yields a function u * v € L*(R"). It has the properties

wxv=wvru, |uxovlly <ully-[lof]; - (2.12)
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We want to approximate a given function w by functions 7. * u; they will turn out to be
smooth if 7. is smooth. In order to achieve this, we define

_ B exp(—%), t>0,
P:R—=R, w(t)—{o’ 1<0. (2.13)
7,5 R—R, Qﬂ(r) = (1 —1r?), (2.14)
m:R*" =R, n(z)= m/;(|x|), (2.15)

where o > 0 is chosen such that
/ m(z)de=1. (2.16)

For given ¢ > 0 we define the functions

n 1 x
ne:R"—= R, ne(:c)—g—nm (g) (2.17)

These functions are radially symmetric (that is, they only depend upon |z|), and we have

n € C°(RY), supp(n.) = K(0:e), n.>0, / ne(a)de =1, (2.18)

The function 7, or the family (7.).~o, is called a mollifier.

Given u : 2 — R, by u we denote its extension to R",

o Julr), veQ,
u(z) = {07 £ Q. (2.19)

Given u € L} .(Q2), we define functions u® : R* — R by

ut = xu. (2.20)
We then have
)= [ nle =ity = [ nle-pu)dy, foraleer.  (@21)
We define the e-neighbourhood of a subset U of R"™ by
U.={z:zeR" dist (z,U) < e}. (2.22)
Since n.(z —y) = 0 if |x — y| > ¢, we see from (2.21) that
supp (uf) C Q., ifue L (Q). (2.23)
To denote higher order partial derivatives we use multi-indices. Let
a=(ag,...,a,) €N"

be a multi-index. We set

0% = 001052 -5, ol =) oy (2.24)
j=1
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Proposition 2.2 Let Q C R" be open, u € LP(Q), 1 <p < oo, e >0. Then we have

u® € C°(R™), supp (u°) C Q., (2.25)
0%us( / 0ne(z —y)u(y)dy, for all x € R™. (2.26)
[l oy < Mlull Loy - (2.27)

Proof: Let o be a multi-index. Fix zy € R™. For z,y € R™ with |z — 2| < 1 we have we
have
o 10|l - [u(y)], ly — @0l <1 +¢,
uy)0*n.(z — y)| < .
0, otherwise,

since |z —y| > € if |y — x| > 1 4+ ¢. The function on the right side is integrable and does
not depend on z. Therefore, we can interchange 0 with the convolution integral in the
neighbourhood of every point zy € R™. This proves (2.25) and (2.26). Let us now prove
(2.27). In the case p = 00, (2.27) follows from the estimate

e (z)] < / ne(e — y)luly)| dy < lull. - / (e —y)dy < |lull,, zER".

In the case 1 < p < 00, % + % = 1, we obtain for all x € R", using Holder’s inequality,

we @) = | [ nelw = )uly) dy\ < / u()|((x — )7 (e — y)) s da

< (/Q lu(y)[Pne(z — y) dx); (/Q ne(x — ) dx)}i , (2.28)

g

<1

From this we obtain, now for 1 < p < oo

|u®(x |pdx</ /|u VPne(x —y dydx—/|u / ne(z —y) dx dy
RTL n
< [l dr.
0

Definition 2.3 B
Let 2 C R"™ be open. We say that U C R" is compactly embedded in 2, if U is
compact and U C Q). We write

UccQ. (2.29)
O

Let us denote by
Co(R2) ={v:v e C(R), supp (v) CC Q} (2.30)

the set of all continuous functions on 2 whose support is a compact subset of 2. We have
Co(2) € LP(R2) for all p € [1, o0].

12



Proposition 2.4 The set Cy(R™) is a dense subspace of LP(R™) for allp € [1,00), that is,
for every u € LP(R™) and every § > 0 there exists a v € Co(R™) such that |u — va <.

Proof: One possibility is to consider first the special case u = 1, where B is an arbitrary
measurable subset of ), using the regularity of the Lebesgue measure. Another possibility
is to use Lusin’s theorem (which says that measurable functions can be approximated
uniformly by continuous functions on subsets of “almost full” measure). This might be
discussed in the exercises. O

Proposition 2.5 Let u € Cy(R"™). Then u® — u uniformly in R".

Proof: We have for all x € R"
@) = (@) = | [ e = )ut) = @) dy| < [ nle = p)luto) = ute)l dy
<

< [ o) dy max fule) - uly)| = max fu(z) ~ u(w)] -0

|z—y|<e |z—y|<e

as € — 0, since u is uniformly continuous on the compact set supp (u). O
Proposition 2.6 Let u € LP(f2), 1 < p < co. Then we have u® — u in LP(QY) for e — 0.

Proof: Let § > 0. We extend u to @ € LP(R"), setting @ to 0 outside 2. According to
Proposition 2.4 we can find v € Co(R") with [[@ — 0|, gey < 6, thus [Ju — v, < 6.
Then
Ju— UEHLP(Q) < flu— UHLP(Q) + v - UEHLP(Q) + [v° = UEHLP(Q) (2.31)
<26+ o~ 7l (232)
because
Ve —ut =mnexv—n.xu = (v—u)

and, by Proposition 2.2

[(v — u)€||LP(Q) <|lv— a”LP(R”) <9.

Since v € Cy(R™), we have v® — v uniformly by Proposition 2.5, so v* — v in LP(Q2) and
therefore

limsup [lu — u®| 1) < 26.
e—0

As 0 > 0 was arbitrary, the assertion follows. O

The next result (or a variant of it) is also called the fundamental lemma of the
calculus variations.

Proposition 2.7 Let Q C R" be open, let u € L}, (), assume that

loc

/ u(z)p(x)de =0, for all p € CF°(Q). (2.33)
Q
Then u =0 a.e. in Q.
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Proof: Let = € 2 be arbitrary. If € is small enough, the support of the function p(y) =
ne(z — y) is compactly embedded in €, so ¢ € C5°(2). From (2.33) it follows that

ut(z) = / n-(x — y)u(y) dy = /QU(yMy) dy=0.

Consequently,

liﬁ)l u®(x) =0, forallzel.

On the other hand, for every ball B CC Q we have u € L*(B), so u* — u in L*(B) by
Proposition 2.6. Thus v = 0 a.e. in B and therefore u = 0 a.e. in €. O

1
loc

Corollary 2.8 Weak partial derivatives of a function u € L; () are uniquely deter-

mained.

Proof: If w,w € Li, () satisfy

loc
/ w(@)p(z) de = — / (@) Php(z) d = / B()p(x) d
Q Q Q
for all ¢ € C§°(Q2), Proposition 2.7 implies that w — @ = 0 a.e. in €. O

Sobolev spaces. We have already defined weak derivatives of first order via the partial
integration rule. The same can be done for higher derivatives.

Definition 2.9 Let u € L} (Q), a a multi-index. A function w € L} (Q) which satisfies

loc loc

/w(m)gp(x) dr = (—1)k / u(z)0%p(x)dz, for all p € C3°(Q), (2.34)
Q Q
is called an a-th weak partial derivative of u and denoted by 0*u. O

Again, it follows from the fundamental lemma of the calculus of variations (Proposition
2.7) that there can be at most one a-th weak partial derivative of w.

Definition 2.10 (Sobolev space)
Let Q. C R™ be open, k € N, 1 <p < oo. We define

WHEP(Q) = {v:v e LF(Q), 0% € LP(Q) for all || < k}. (2.35)

In particular, we have
Wo(Q) = LP(9). (2.36)

1

1o (£2) have weak derivatives 0%u

The spaces WH*P(Q) are vector spaces. Indeed, if u,v € L
and 0%, we have

80 uta) 4 0@ pta) e = (1! [ (Bu(e) + 700 (0) do

Q Q

for all 8,7 € R and all ¢ € C§°(R2). Therefore, 0%(fu + yv) exists as a weak partial
derivative, and

O*(Pu + yv) = 0% + yOv . (2.37)
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Proposition 2.11 Let Q C R™ be open, k € N, 1 < p < co. The space W*P(Q) is a
Banach space when equipped with the norm

Vol = | S 10002 = [ / Po@)lPde | . 1<p<oo,  (238)

lof <k | <k

3=

[ollyproeiy = D 10%0lly, p=o00. (2.39)

la|<k

Proof: Consider first p < co. The triangle inequality holds because

1

P

lu+ vllyrngy = | D 0% u+00l2 | < | D (loull, + l0°v],)”
| <k | <k
P P
<Al ] D 0%lE | = lullyrsq) + [0l -
| <k lal <k

All other properties of the norm follow immediately from the definitions. It remains to
prove the completeness. Let (u,)neny be a Cauchy sequence in W*P(Q). Due to

||8aun — aaume < ||Un - um”Wk,p(Q)

the sequences (0%up)nen are Cauchy sequences in LP(€2) for all multi-indices |o| < k.
Therefore there exist u € LP(Q), u, € LP(Q) satisfying

Up —> U, O%Up — Uy (2.40)

in LP(2). Let now ¢ € C3°(2). We have

/gzu(x)a’I(p(:z:) der = lim [ wu,(z)0%(x)dz = lim (—1)'“'/900‘%(:0)90(1') dx

n—oo 0 n—oo

— (1) / tal(@)p(x) da

therefore %u = u,, for all |a| < k and thus u € W*P(Q). For the case p = oo the proofs
are analogous. O

We have seen that for u € LP(Q2), the functions u® defined by

ue(z) = / ne(e — y)uly) dy

converge to u in LP(€). This does not carry over to W*?(Q); near the boundary of 2,
the situation is more complicated. This is related to the fact that for u € W*?(Q), the
extension @ = u on €, @ = 0 outside of (2, in general does not belong to W*?(Q) (compare
the example of the Heaviside function). However, if we stay away from the boundary, this
problem does not arise.

Consider open sets (2, U C R™ with U CC 2. Then
dist (U,09) := inf o |z —y| >0, (2.41)

zeU,yeo

since U is compact. (In the case 2 = R" we set dist (U, 9§2) = 00.)
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Lemma 2.12 Let Q,U C R" be open, U CC Q. let u € WFP(Q), 1 < p < co. Then
uf € C(U)NWHP(U) holds for all € satisfying 0 < ¢ < dist (U, 9). Moreover, u® — u
in WEP(U) for e — 0.

Proof: Let € < dist (U, 012). By Proposition 2.2 we have u® € C*>°(U). Moreover, for all
relU

u a /mm T — dy = ‘a| / aana T — )dy
_ / ne( — )0 uly) dy = (n. * %u)(x).

Since 0%u € LP(S?), by Proposition 2.2 we get 0*u® € LP(U). From Proposition 2.6 we
get that 0%u® — 0%u in LP(U). O

While in general it does not hold that u — u in W*?(Q), we nevertheless can construct
smooth approximations in W*?(Q) from the interior.

Proposition 2.13 Let Q C R" be open, let v € WEP(Q), 1 < p < co. Then there exists
a sequence (V,)nen i C®(Q) NWHEP(Q) with v, — v in WEP(Q).

Proof: We first consider the case {2 # R". We define
1 —
Uj={z:2€Q, dist(z,00) > — and |z| < j}, V,=Uj3\Ujp1, j>1, (242)
J
and V = Us. We have
— U 1%
=0
Let (B;);>0 be a partition of unity for Q2 with
0<p <1, BeCEV Zﬁj—l (2.43)
Since v € WHP(Q), one also has ;0 € W*P(Q) (see the exercises), and supp (3;v) C V.
Let now 0 > 0 be arbitrary. We choose €; > 0 sufficiently small so that for
wj =n., * (Bjv), W;=Upa\U;, j=>1, Wy=Ui,
we have from Lemma 2.12, applied to 8;v and W; in place of v and U,

supp () € W (2.44)

leo; = Biollyney = s = Byolengr,y < 279705 (2.45)

We set

[eS)
w = E wj.
J=0
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By construction, on each W; only finitely many summands are nonzero. Therefore we
have w € C*(Q), as w; € C*(Q) for each j according to Lemma 2.12. It now follows
that

lw = vl =

S [eS)
E ’LUj — E 6]'1}
=0 =0

<3 My = Byllyney < 6D 270 =4,
wke()  I=0 =0
As § > 0 was arbitrary, the assertion follows.

In the case 2 = R"™ the proof proceeds analogously, with the choice U; = B(0, ), the
open ball around 0 with radius j. O

Density results of this kind can be used to extend to Sobolev spaces properties known to
hold for smooth functions. For example, we know that

Oi(uv) = (Qau)v +udw, wu,ve CHQ). (2.46)

Consider now v € W'(Q), v € C*(Q). According to Proposition 2.13, choose u, €
WhP(Q) N C>(Q) such that u,, — u in WP(Q). Let ¢ € C5°(2) be arbitrary. We have

—/unv@gpdx:/&(unv)godx:/((@un)v—l—un@iv)godx.
Q Q Q

Since u, — u and J;u,, — dyu in LP(2) as n — oo, we obtain

—/uv@icpdx:/((aiu)quu@iv)gpdx.
Q Q

This shows that 0;(uv) exists as a weak derivative and that (2.46) holds. If moreover v
and its derivatives are bounded, then uv € Wr(Q).

Definition 2.14 Let Q@ C R™ be open, let 1 < p < oo, k € N. We define Wf’p(Q) C
WHEP(Q) by

WeP(Q) = C5(), (247)
the closure being taken with respect to the norm in WkP(Q). O
Wé’c P(§2) is a closed subspace of W*P(Q) and therefore itself a Banach space, if equipped
with the norm of W*?(Q). WJ(Q) is a function space whose elements are zero on 9
in a certain weak sense; it is not clear at this point whether the statement “v = 0 on
09" makes sense for a general v € W*P(Q), because equality in W*P(Q2) means equality

almost everywhere, and the statement “v = 0 a.e. on 9€2” does not give any information
when 02 has measure 0 in R” (which usually is the case).

Definition 2.15 Let 2 C R" be open, let k € N. We define

HE(Q) =WrA(Q), HEQ)=W*Q). (2.48)
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Proposition 2.16 Let Q C R" be open, k € N. The spaces H*(Q) and H¥(Q) are Hilbert
spaces when equipped with the scalar product

(0 gy = 3 (071, 0°0) gy = / u(z) O(z)dz.  (2.49)

la|<k la|<k

[v][wr2@) = \/ <U7U>Hk(§z)a CAS Hk(Q)' (2.50)

Proof: The properties of the scalar product (2.49) immediately follow from the corre-
sponding properties of the scalar product in L?(Q2). Obviously we have (2.50), and by
Proposition 2.11 the space H*(Q) is complete. O

We have

Setting

2

ey = | 32 [ 10roof e ] (2.51)

laf=k

one obtains a seminorm on H*(Q) with
|v]me@) < vllme) - (2.52)

For k > 0, this is not a norm since |v| k) = 0 whenever v is a polynomial of degree less
than k.

The following inequality (2.53) is known as the Poincaré-Friedrichs inequality.

Proposition 2.17
Let Q C [—R, R]" be open. Then for every v € H}(Q) we have

/va(x)mx < 4R2/Q|ajv(;c)\2dx, 1<j<n, (2.53)
and therefore with C = 4R?

/Q|v(x)| dxﬁC’/Q|Vv(x)| dx . (2.54)

Proof: Consider first v € C§°(2). Extending v by zero on all of R” we have v € C§°(R").
Let © = (x1,...,2,) € Q. Then we have

v(z) = ( R:BQ,... / Ou(t, e, ..., x,)dt,

and therefore, by the Cauchy-Schwarz inequality,

1 2 xr1 x1
|v(x)|2:</ 1-81v(t,x2,...,xn)dt) g/ 12dt-/ (Orv(t, 7, . 2))2 dt

—-R —-R -R

R
< 2R/ (Ow(t, xa, ..., x,))2dL.
-R
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Since the right hand side does not depend on z, it follows that

R R
/ |v(x)|2dx1§4R2/ (Ow(t, 7, 2))2dt. (2.55)
"R "R

Integrating with respect to the other coordinates x», ..., z, yields

/Q|v(x)]2dm < 432/9@1@(:5))2 dz |

Since we may choose any other j in places of 1, (2.53) is proved for v € C§°(£2). For
arbitrary v € H}(Q), we choose a sequence (vg)geny in C§°(Q2) with vy — v in H}(Q).
Then (2.53) holds for vy and, passing to the limit k& — oo, for v also. O

Proposition 2.18 Let 2 C R™ be open and bounded. Then there exists a C > 0 such
that
0] ) < Clolar@y .  for allv € Hi (). (2.56)

Proof: Let v € HY(Q), let a be a multi-index with |o| = j — 1, 1 < j < k. Then we have
9%v € Hy(Q), and it follows from Proposition 2.17 that

10°0]l5 < 4R*[0:0%]l5.

Consequently,
S el <ar? Y (@0l < 4R Y o,
lal=j-1 lal=j-1 lal=j
SO
0l35-10y < 4R%[v[Hiq) »
and finally

k K
[0]l5 ) = Z 0l3 () < Z(4Rz)kﬂ’v|§1k(ﬂ)~
=0 —0

j:
a

Corollary 2.19 The space HY(Q)) becomes a Hilbert space when equipped with the scalar
product corresponding to |-|gr(qy, and |-|gr ) defines a norm on HE(Q) which is equivalent
to || || (- =

With an analogous proof, one can also obtain the Poincaré-Friedrichs inequality for an
exponent p € (1,00) instead of 2,

1]l oy < ClIVOllaqy . for all v € WaT(€2). (2.57)

This yields an equivalent norm on Wy *(2) in the same manner as in Corollary 2.19.

The optimal (that is, smallest possible) C' in (2.57) is called Poincaré constant, it
depends on 2 and p. It is not easy to determine it.
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3 Elliptic Boundary Value Problems

We want to solve the boundary value problem
Lu=f, inQ, (3.1)
u=0, on . (3.2)
Here, Q C R™ is open, f:Q — R, and L is an elliptic differential operator of the form

__anaj(aw )0;u) +Zb )0+ c(z)u (3:3)

= —div (A(z)"Vu) + <b($),Vu> c(r)u.

One says that L is written in divergence form. The variational formulation of (3.1),
(3.2) is obtained multiplying (3.1) by an arbitary test function ¢ € C§°(€2) and integrating
over Q. After partial integration, the left side of (3.1) then becomes

/Lu da:—/ZaU )O;u(x)0;0(x dac—i—/Zb Jou(x)p(x) dx
Q

+ /Q c(x)u(z)p(r)de .

Thus, the corresponding bilinear form is given by

/Zaw )u(x) O (x dx+/2b )u(x)v(z) d

3,7=1

N /Q c(a)ulz)v(z) dr o
_ / (Vu(z), Ax)Vo(a)) do + /

Q
It is symmetric if A is symmetric and b = 0.

Assumption 3.1 We assume that there exists a, > 0 such that

T A(x)E = Z Eiaij(x)€; > a.€]?,  forall € €R™, x € Q. (3.5)

i,j=1

(In this case, the differential operator L is called uniformly elliptic.) We moreover
assume that a;j,b;,c € L>*(Q) for alli,j. O

Definition 3.2 (Weak solution)
Assume that 3.1 holds and that f € L*(). A function u € H}(Q) is called a weak
solution of the boundary value problem (3.1), (3.2) if u solves the variational equation

a(u,v) = F(v), forallv e Hy(Q), (3.6)
where a is defined by (3.4) and
= /Qf(x)v(x) dzx . (3.7)

O
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Lemma 3.3 Let Q2 C R" be open, assume that 3.1 holds. Then (3.4) defines a continuous
bilinear form on H'(Q). Moreover, (3.7) defines a continuous linear form on H'(Q) if

fe Q).

Proof: Setting

a* =nesssup |a;;(z)|, b =mnesssup|b(z)]
zeQ z€Q
1<i,<n

we get for all u,v € H(Q)

o, 0)| </| (Vu(z), A(z) Vo |dx+/| >v(x)|dx—|—/ﬂ|c(x)u(x)v(x)|dx

< a[|Vully [Volly + 6" [Vully [[vfly + llel ol 0]l
< (" + 0"+ lell )l g @10l oy
a

Let us now consider the special case b = ¢ = 0, that is, the boundary value problem
becomes

— Za ai(z =f, inQ, (3.8)
u=0, on oS (3.9)

Proposition 3.4 Let Q C R™ be open and bounded, let f € L*(Q), assume 3.1. Then
(3.8), (3.9) has a unique weak solution u € Hy(2), and
[ull gy < CIE- (3.10)

Here, the norm ||F|| of the functional (3.7) is taken in the dual space of H}(Q), and C
does not depend on F.

Proof: In order to apply Lax-Milgram, Proposition 1.8, in view of Lemma 3.3 it remains
to show that a is H}(Q)-elliptic. According to our assumptions we have

a(v,v) = /Q (Vu(z), A(x)Vu(x)) de > / a,|Vo(z)|* dr = a*|v|%{1(9)

0
> a.Col|v|| gy

the last inequality is a consequence of the Poincaré-Friedrichs inequality, see Proposition

2.18. O
Since
v)| < / [f@)o(@)|de < |fll [1lly < 1F12 10l g0 (3.11)
we have
N < ([ f1l, - (3.12)
Therefore, from (3.10) we obtain the estimate
[l 2y < ClIA- (3.13)

We now consider the general form of the operator L from (3.3), that is, the first-order
and zero-order terms are also included.
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Lemma 3.5 Let 2 C R"™ be open, assume 3.1. Then there exists ¢, > 0 such that the
bilinear form (3.4) satisfies

Q.
a(v,v) = Z[Voll; = el (3.14)
for allv € H(Q).

This inequality (or a variant of it) is called Garding’s inequality.

Proof: We have, with b* as in the proof of Lemma 3.3,
a.||Voll; g/ng(x),A(x)ww dx

—a(vv) — /Q (b(x), Vo)) v(x) + c(x)v(z)’ d

< a(v,v) +b° /Q Vo ()| |v(@)] dz + ]l lv]l3 -

We have

[ vl = [ (Vavew) (S ) o < SIveli+ ool

Setting € = a./b*, we get

U 2 (b*)2 2
SI90lE < afw) + (G2 + el ) 1o
From this, the assertion follows, setting ¢, = (b*)*/2a, + ||| .. 0

The bilinear form a is in general not H} (Q)-elliptic; it is if (3.5) holds for ¢, = 0. However,
the bilinear form

alt(u7 U) = a(ua U) tu <U7 U>L2(Q) (315)

is even H'(Q)-elliptic for pu > g := ¢, since we then have by virtue of Lemma 3.5
(. 2 2
au(v,0) 2 VUl + (- el
The bilinear form a, is associated to the boundary value problem

Lu+pu=f, inQ, (3.16)
u=0, on 0f, (3.17)

the operator L being taken from (3.3). The equation Lu + pu = f is also called the
Helmholtz equation. The foregoing considerations together with the Lax-Milgram
theorem 1.8 yield the following result.

Proposition 3.6 Let Q C R™ be open, assume 3.1, let f € L*(2). Then there exists

a tp € R such that, for every p > po, the boundary value problem (3.16), (3.17) has a
unique weak solution u € H}(Q). O
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Note that py may be negative if Garding’s inequality holds for some ¢, < 0.

The derivation of the variational formulation (3.1) — (3.4) shows that every classical
solution of the boundary value problem is a weak solution (we refrain from presenting an
exact formulation of this issue). On the other hand, the existence and uniqueness results
of the variational theory only yield weak solutions. One then asks whether these weak
solutions possess additional smoothness properties (thus, possibly, one might arrive at
classical solutions). Such results are called regularity results.

Let us come back to the boundary value problem
—Au=f, in ), (3.18)
u=0, auf 9. (3.19)

Let us assume for the moment that u is a solution such that Au € L*(2) and the following
partial integration is valid:

l/Au mp:/§:a2 Mnx/Ejaﬁu - 0,0;u(x) dx

1,j=1 1,j=1

l/}:aau

1,j=1
This would imply that
[ulfraey = 1Aull; = 1Ifl5- (3.20)
One therefore may hope that a solution u of (3.18), (3.19) has to be an element of H*(Q)
if the right side f belongs to L?(Q).

An estimate like
[ul 2y < Ol fll,

obtained as above from manipulation of the problem equations is called an a priori
estimate. This is an important heuristic technique; in a second step (usually the difficult
part) one has to prove that the solution actually has the asserted regularity.

For our elliptic boundary value problem, one way of proving H? regularity is to replace Au
by a difference quotient approximation for Vu and to obtain the existence of weak second
derivatives from a compactness argument. Our function spaces have infinite dimension;
it turns out that the appropriate notion is weak compactness.

We are interested in the relation between weak derivatives and difference quotients. Let
v:Q — Rand h # 0 be given. We consider the difference quotient

uﬁm@y:“$+m?_”@% 1<j<n. (3.21)

Here, e; denotes the j-th unit vector. We set

D"y = (D}, ..., D). (3.22)

Lemma 3.7 Let Q,U C R" be open, let U CC 2, p € [1,00). Then
HD}ZUHLP(U) <90l gy, 1<i<n, (3.23)

for allv € WHP(Q) and all h # 0 with |h| < dist (U, 092).
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Proof: First, assume that v € C*(Q) N WP(Q). For all x € U and |h| < dist (U, 9Q) we
get

1 1
|v(z + he;) —v(z)| = / @v(x—i—thq)hdt’ < |h|/ |0;v(x + the;)| dt,
0 0

1 p 1
/ID?v(w)lpde/ (/ |3jv($+thej)|dt> dxg// |0,0(x + the,)|P dt dx
U U 0 UJo

! 1
:/0 /U|6jv(x+thej)|pdxdt§/0 ||8jv||§pm)dt:||ajv||1£p(m.

thus

Let now v € W'P(Q) be arbitrary. According to Proposition 2.13 we choose a sequence
(v )ken in C°°(Q) N WP(Q) satisfying v, — v in WHP(Q). For fixed h # 0, (3.23) holds
for all vg. Since D}vy, — Dlv in W'P(U) as well as d;u, — 0;v in LP(S2), passing to the
limit & — oo we obtain (3.23). O

Conversely, we want to derive the existence of a weak derivative d;v from the uniform
boundedness of the difference quotients D;lv. We need a result of functional analysis: if
(fx)ken is a bounded sequence in LP(Q2), 1 < p < oo, then there exists a subsequence
(f&,, Jmen which converges weakly to some f € LP(Q2). This means that

lim i fr, () () dz = /Qf(:zt)@(x) dx, for all ¢ € LI(Q), (3.24)

m— 00

where ¢ is the exponent dual to p, % + é = 1. Moreover, the weak limit has the property
Hf”LP(Q) < aniiogf kamHLP(Q) - (3.25)

We write
Jowm — f

for weak convergence.

Proposition 3.8 Let Q.U C R"™ be open, U CC Q, 1 < p < o0, v € LP(Q), j €
{1,...,n}. Assume that there exists C > 0 and ho < dist (U, 0Q) such that

h
1D20] 0, < C (3.26)
for all h # 0, |h| < hg. Then we have 0;u € LP(U), and

HaijLp(U) <C. (3.27)

Proof: Let ¢ € Cg°(U) be arbitrary. For |h| < hy we have

/Qv(m)D;?gp(x) dzx = /Qv(x)ww +hey) = olw) dr = — /Q vlz) = vl = hej)cp(:p) dx
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We choose a sequence (hp,)men such that by, — 0, h,, # 0, and a w € LP(U) satisfying

Dj_hmv —w.

Since D;-"”go — 0; uniformly in 2, for sufficiently small & it follows that

/U(w)ﬁjgp(x) dx:/v(:v)ajgp(@ dr = lim U(:L’)(D;ng&)(x) dx
U

0 m—r0o0 Q

= tin [~ [0 0@t | = - [ weta) do = [ wlep o

m—o0

so w = 0;v. O

We come back to the question of the regularity of solutions of the elliptic equation
Lu=f, in, (3.28)

where L is the operator given in divergence form as in (3.3). We present a result on
interior regularity, that is, on the regularity of a weak solution in parts of {2 away from
the boundary. Such a weak solution satisfies

a(u,v) = / f(x)v(z)dw, forallv e H(Q), (3.29)
Q
where a is the bilinear form given by (3.4).

Proposition 3.9

Let Q,U be open, U CC Q, let f € L*(). In addition to 3.1, assume that a;; € C*(Q)
for 1 <i4,5 <n. Let u € H'(Q) be a weak solution of Lu = f in the sense of (3.29).
Then we have w € H*(U), and

[ell 2y < CU N 2y + 1l 2 @) - (3.30)

Here, C' depends only on 2, U and on the coefficients of L.

Proof: The idea of the proof is to estimate || DEVul| 12() and then apply Proposition 3.8
to conclude that the weak second derivatives of u exist and that (3.30) holds.

The variational equation (3.29) uses variations v defined on 2. In order to obtain results
on U, one uses the technique of localization by cut-off functions. For this purpose, we
choose open sets W, Y C R" such that

UccWccYccq. (3.31)
Let ¢ € C§°(Q2) such that
0<C<1, QU=1, C@\W)=0. (3.3

Such a ( is called a cut-off function. For every v € H} () we have

/Q (Vu(z), A(x)Vu(x)) de = /[f(x) — (b(z), Vu(z)) — c(x)u(z)]v(z) dx . (3.33)

Q
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Let h # 0, |h| sufficiently small, let & € {1,...,n}. As a test function in (3.33) we choose

v=—D."((*Dl). (3.34)

This function replaces —Auw as a test function. The difference quotient is defined as before,
1

(Dju)(z) = E(u(x + hey) — u(x)) (3.35)

First, we estimate the left side of (3.33) from below. We have

| (vut@), a@)ve Z [ auterutaro; [ Dy @) ds

—Z / Diayd) (@) - OCDb) @y e 0
:A1+A2,
where we set
4 = Z / aiy(z + he)(DL@)(2) - () (DL @O () da,  (3.37)
and
A=Y / 055+ hew) (D (00)) () - (D)) - 2¢ ()0, () dx
= (3.38)

+Z / O - Dlas; - (2D} (D5u) + 20(9;0)(D}w)] da

i,7=1
Since L is uniformly elliptic, we get (see 3.1)

A = / {({(z)DpVu) (), A(z + hep)((z)(DpVu)(z)) dz > a, /Q (DY) (2)|*¢(z) da .

O (3.39)
Next, we want to estimate Ay from above. As a;; € C'(2), we have a;; € C*(U) and

|Dyaij(z)| < ||0kas]| . - (3.40)

In the following computations will appear constants C;; they depend on U, W, Y, €2, a;;,
bi, ¢, ¢, but not on f, v and h. For A; we get, because ( = 0 outside of W,

|4s| < 01/WC(2?) [1DEVu(z)| | Dyu(@)] + [Dy V()| [Vu(@)| + | Dyu(z)| [Vu(z)|] d.

(3.41)
Therefore, for every € > 0 we get

C
|As| SECl/CQ(m)\DZVU(m)\2d$+—;/ | Diu(@)? + [Vu(x)* dz
Q w

—i—C’l/ |Dju(2)]* + |Vu(z)|* dz.
w
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Setting € = a./(2C}), we obtain
|As| < % / C(2)| DEVu(z)|* do + CQ/ | Du(z) | 4 | Vu(z)|? da . (3.42)
o) W
By Lemma 3.7 we have
/ | Diu(x)|? do < / |Vu(x)|? dz . (3.43)
W Y
Altogether, the left side of (3.33) can be estimated as
/ (Vu(z), A(x)Vo(z)) dz > % / ()| DiVu(z)|* de — 03/ (Vu(z)[?dr. (3.44)
Q Q Y

Secondly, we consider the right side of (3.33) and denote it by B. Because v = 0 outside
of Y, we have

Bl <y / (7] + V| + ful) o] dz (3.45)
Y
Using once more Lemma 3.7, since ( = 0 outside of W, it follows that
[ 1P ds = [ IDMEDRR s < [ V(D ds
% w Q
— [ 201DVl + 8CIVCP|Dluf? da
w
< / 2¢%| DV ul? dx+C’5/ |Vul*dx .
w %
It follows that
C
|B| < 5/ 2% DV u|? do + —6/ 2+ | Vul* + v dz + C5/ Vul*dx . (3.46)
Q € Jy Y
Setting € = a./8, we get
|B| < %/C2|DZVu\2da:+C’7/ 24+ | Vul* + v da . (3.47)
Q Y
All in all, we now have obtained from (3.33) the estimate
%/ DIVl do < %/ 2 DIVul? dr < 08/ 24 | Vul? + u?da . (3.48)
4 Ju 4 Ja Y
It now follows from Proposition 3.8, since Cg does not depend on h, that

hVue L*U), 0:Vullizp < 09/ 2+ |Vul* + v dz, (3.49)
Y

and therefore u € H*(U), as k was arbitrary. Finally, we want to estimate

/ |Vul? dx
Y
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from above. Choose ¢ € C§°(2) such that (|Y = 1. We test the variational equation with
v = (?u. This yields as above (but simpler)

2 2 2 _ _
a*/QC |Vul®de < /Q<Vu,AC Vu) da:—/Q<Vu,AVU) dx /(Vu, 2AuCV() dx

Q

< Cuo [ (1714 Vul + ul)ful¢ do
0
< %/§2|vu|2d:c+011/f2+u2dm.
2 Jo Q
Consequently,
/ IVl de < 012/ £ 4utd. (3.50)
Y Q
Combining (3.49) and (3.50) we obtain
[ulfrw) < Cis(If 22 + lullZ2(@)
( ( (
and then, again because of (3.50), the assertion. O

Note that the boundary behaviour of the solution u does not matter for this result.

Proposition 3.9 shows that, in the given situation, the solution u gains two orders of
differentiability with respect to the right side f. (This is optimal, since one certainly
cannot expect more.)

This also applies when f € H*(Q).

Proposition 3.10 In the situation of Proposition 3.9, assume in addition that for some
k € N we have a;j,b;,c € C**1(Q) and f € H*(Q). Then u € H***(U) and

||U||Hk+2(U) < C(”fHHk(Q) + ||U||L2(Q)) , (3.51)

where C' depends only on k, Q, U and on the coefficients of L.

Proof: One uses induction with respect to k. Proposition 3.9 both yields the induction
basis k£ = 0 and the essential tool for the induction step. It is carried out in detail in the
book L. Evans (Partial Differential Equations), section 6.3. O
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4 Boundary Conditions, Traces

Inhomogeneous Dirichlet boundary conditions. The only boundary condition we
have discussed so far is “u = 0 on 992”, the so-called homogeneous Dirichlet boundary
condition. Let us now consider the problem with an inhomogeneous Dirichlet boundary
condition,

—Au=f, inQ,

4.1
u=g, on 0. (4.1)

In the homogeneous case we did not treat “u = 0 on 9€2” as a constraining equation, but
instead incorporated it into the underlying function space by requiring a solution u to
belong to Hg(€2). This can be extended to (4.1) as follows. Assume that g € H'(Q) is
given. Instead of “u = g on 02" we impose the condition

u—g€ HyQ). (4.2)

As HJ(Q) = C5°(Q) by definition, this means that there exists a sequence ¢, € C5° ()
with ¢, = u — g in HJ(Q2). As before, the weak formulation of the differential equation
reads

/ fode = / (—Au)pdr = / (Vu, Vo) de, for all p € C5°(2),
Q Q L

or, with a and F' as before,
a(u,p) = F(p), forall ¢ € C5°(Q). (4.3)

This is equivalent to

a(u,v) = F(v), forallve H}(Q), (4.4)

because for every v € Hj(Q) we can find ¢, € C5°(Q2) with ¢, — v in H}(Q2), and we
may pass to the limit in (4.3).

The variational formulation (4.2), (4.4) can be rewritten in terms of w = u — g. We then
have the problem to find w,

we Hy (), alw,v)=F()—a(g,v), forallve Hy(Q). (4.5)

By the results of the previous chapter, this problem has a unique solution w € H} ().

These considerations apply to the more general problem

Lu=f, in ),

4.6
u=g, on 0. (4.6)

Proposition 4.1 Let Q C R"™ be open and bounded, let f € L*(Q), g € HY(Q), assume
3.1. Then (4.6) has a unique weak solution v € H* (), and

HUHH1(Q) < C(”fHL2(Q) + HgHHl(Q)) (4.7)

for some constant C' independent from f and g.
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Proof: From Proposition 3.4, applied to (4.5), we get that

[0l 1) < CL(Call fll L2y + Collgll 1))

Since [[ull g1y < lwll i) + 19l g1(q). the assertion follows. O

The procedure above gives rise to the question: How are functions g : 02 — R related to
functions g € H'(Q) ?

If v : Q — R is continuous, then its restrictions to © and 9 are continuous. One would
like to define an operator v which maps H'(2) to a suitable class of functions defined on
012, such that for continuous functions it coincides with their restrictions.

Traces on hyperplanes. One first considers a function v € C§°(R"™) and its restriction
to the hyperplane R"~! x {0}. This defines a function
w R SR, (w)(@) =v(@,0), 2= (x1,...,7,,) ER", (4.8)
and an operator
v CP(R™) — CR(R™Y). (4.9)

The function v is called the trace of v on the hyperplane R"~! x {0}, and the operator
7 is called a trace operator.

Let X be a Banach space of functions over R” such that C5°(€2) is dense in X. One wants
to find a Banach space Y of functions over R"~! such that + can be extended to a linear
and continuous operator from X to Y. It turns out that for X = H*(R™) one can choose
Y = L*(R"!). However, v(H'(R")) turns out to be a proper subset of L*(R"™!); in order
to describe the class of functions which are traces of functions in H!, one has to introduce
Sobolev spaces of fractional order.

One way to define those spaces makes use of the Fourier transform. For v € C§°(2) the
Fourier transform is defined by

(Fo)(€) = (6) = (27)3 / (@) dr, R (4.10)

It has the properties

d;v(€) = i&0(¢), (4.11)

Since

/ w(@)o(z) dr = / W) de, wv e CR(Q), (4.12)
it can be extended to an isometry F : L*(R") — L?(R").

Lemma 4.2 For every k € N there exists Cy, > 0 such that

é{1+KWV§§:§a§CM1+KHk,ijHfER@ (4.13)
b jal <k

Proof: Exercise. O
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Proposition 4.3
Let k € N. Then

(o) = [ (141 UOTE e (1.19)
R™
defines a scalar product on C§°(R™). The associated norm
ol = [ 1+ Il (4.15)
on C3°(R") is equivalent to the Sobolev norm || - || gk wny, that is, there exists Cy > 0 such
that
1 2 2 2\k A0 e (2
oA (1+ [€1%) 0(€)1* d€ < [[vll3x gy < C . (1 +[E19)"0(€)]" dg (4.16)
for allv e C§(Q).
Proof: Let v € C§°(R™). Since
o(@)[de = [ [0(£)] €, (4.17)
R R"
we get
ol = 3 [ 0o@Pdr =Y [ @R e
loo| <k || <k
-3 [ e | er Y e
o<k la| <k
From Lemma 4.2 we now obtain (4.16). O
Proposition 4.4 (Sobolev space with fractional norm)
Let s > 0. Then
(1), 5 = [ (141 a©TE) de. (4.1
Rn
[v]ls 7 = /(v V) 7 (4.19)
defines a scalar product on the space
H(R™) = {0 v € 2R, [lo], 5 < o}, (4.20)

and H*(R™) is a Hilbert space.

The spaces H*(R") are called Bessel potential spaces.

Proof: We consider X = L*(R"; ) with the measure
p=fA &) =0+
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that is,

[owan= [ epruea

X is a Hilbert space, and H*(R") = {v: v € L*(R"), » € L*(R™; 1)}. Since the Fourier
transform is linear, H*(R™) is a vector space, and

<U, ,U>s7]: = <ﬁ'> @>X ) ||U||s]-' HUHXv

defines a scalar product and its associated norm on H*(R"). For v € H*(R") we have
[vllze = [|0]lz2 < [|olx = [Jvll,» Let {vn} be a Cauchy sequence in H*(R"). Then
{0, } is a Cauchy sequence in X, and {v,,} is a Cauchy sequence in L?(R"). Therefore,
there exist w € X and v € L?(R") such that ©,, — w in X and v,, — v in L?*(R"), thus
moreover 0y, — w in L*(R") and 0, — 0 in L*(R"). It follows that w = 9 and therefore
v e H¥(R™). O

Lemma 4.5 Let k € N. Then C§°(R") is dense in H*(R"™) with respect to || - || g (rn),
that is, we have H*(R™) = HE(R™).

Proof: Since C*(R") N H*(R") is dense in H*(R") by Proposition 2.13, it suffices to
find for every v € C°(R™) N H*(R") a sequence (v, )men in C§°(R™) such that v, — v
in H¥(R™). To this purpose, choose ¢ € C§°(R™) such that 1 (z) = 1 for |z| < 1 and
Y(z) =0 for |z| > 2. We set

V() =9 (%) v(x). (4.21)

Then for all multi-indices o with || < k we have

@) {Sozwlaﬂw@u o] > m.

0 (0 = v (@) = o (0= e )| {7 o] < m

where C' does not depend on m. It follows that

/ 10%(v — V) (z)|Pdz < C Z 10°v(2)|? dz — 0
BI<la| 71>
for m — oo, since 9%v € L2(R") for all |3| < k. O

Lemma 4.6 For s > 0 the space Cg°(R") is dense in H*(R") with respect to || - ||, -

Proof: This is proved, for example, in the book of Wloka: Partial Differential Equations
(in German and in English), on p.96 of the German edition. 0

With the aid of Lemma 4.5 and Lemma 4.6 one can prove that, for integer k, the two
definitions of H*(R™) (based on weak derivatives, or on the Fourier transform) yield the
same space and that the corresponding norms are equivalent on H*(R") (and not only
on the subspace C§°(R™), as was obtained in Proposition 4.3). The proof is analogous to
that of Proposition 4.4.
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Lemma 4.7 For 0 < s <t we have
HYR™) C H*(R"). (4.22)
The embedding j : H' (R™) — H*(R™) is continuous.
Proof: From (1 + [¢]?)* < (1 + [¢]*)" we obtain [|lv]|, » < [[v[], 5. 0
These results now enable us to define the trace operator v on H*(R") such that
YR SR, (y)(@) =v(,0), 2= (v,...,2,1) ER"T, (4.23)

for smooth functions v.

Proposition 4.8 (Trace theorem)
Let s € R, s > % There exists a unique linear and continuous mapping

v H*(R™) — H* 2(R") (4.24)
such that (4.23) holds for all v € C§°(R™).

Proof: It suffices to prove that there exists C' > 0 such that

172l -t g1y < Clellgsqny » - forall o € Gg*(R™), (4.25)

because then v is linear and continuous on the dense subset C§°(R™) of H*(R"), and
therefore can be extended uniquely to a linear continuous mapping on H*(R™), by a
theorem of functional analysis.

Let ¢ € C§°(R™). We define

g(@") = p(2',0), 2/ e R"". (4.26)
We fix 2/ € R""! and define

U(x,) = p(a,x,), =, €R. (4.27)

Applying the Fourier transform in R, we get

~

P(&,) = \/% /R (', z,)e " da,, | (4.28)

thus
/ / 1 N g
g(a') = p(a',0) = (0) = —= [ ¥(&)e™ dE
27 Jr
1 1
= —/— (2, x,)e " da,, dE,
2 JrR V2T JRr



Applying the Fourier transform in R"! yields

N _n—1 il £
o€) = 2m) " [ glane i
Rn—1

1 n ; ; ! ¢!
=—— [ (27)"2 o', x,)e @t ) da! do, dE,
\/27T/R R JRr—1
1 /
= —= [ P(&.&)d&n,
= | el

in the last line the Fourier transform has been applied in R™. We continue with

1 1 : 2
21 _ 1 /25—§A/2d/:_ 1 /12Yys—35 Al,ndn d/
ol s = [ QP Ha@rde =5 [ ariepr| [ oesde) de
2
_ - n2ys—% N7 2\ 2\-% /
— o [Pt s saar griaien e de
1 /|2\s—1 gl 2 2 2\— /
- 573 " Sd§,, - Sdg, dE .
<o [ ierr 1€ QI de, - [ i) dgads
Now we obtain, for s > % as assumed,
Javiepde = [arigr+e)
R R
@l [y ey (substitution &, = (1+[€) ).
\R J/
—ie(s)
It now follows (since c(s) < oo because of s > 1) that
oy <52 [ [ 1ot 6P+ 6Py deads’ = S0l
O

Proposition 4.8 means that when one restricts a function, one loses one half (generalized)
order of differentiation for each dimension. Restricting a function in H*(R"™) to R"~2, one
thus obtains a function in H*~*(R"~2).

Corollary 4.9 For k € N, k > 1, the trace operator v : H¥(R") — HF1(R"1) s
well-defined, linear and continuous.

Proof: This is a direct consequence of 4.8 and Lemma 4.7, the latter applied with s = k—1
and t =k — % O

If one is satisfied with the corollary (whose direct proof is simpler than that of the propo-
sition above), one can avoid fractional spaces. However, because of the following result
Proposition 4.8 precisely describes the range of the trace operator, that is, for which
functions g on R"™! one can find a Sobolev function whose trace coincides with g¢.

Proposition 4.10 The trace operator v considered in Proposition 4.8 is surjective.
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Proof: Given g € C§°(R™!) one can define a function v by an explicit formula and prove
that yv = g with similar computations than those in the proof of Proposition 4.8. For
details we refer again to the book of Wloka. O

Sobolev spaces over the boundary of a region. Unlike spaces of continuous functions
(which can be defined directly on arbitrary subsets of R™), spaces of integrable functions
on lower-dimensional sets require some consideration; the integrals over the boundary
in which one is interested are surface integrals. In order that they are meaningful, the
boundary has to have a certain regularity. Besides addressing that aspect, the following
definition does not allow €2 to lie on both sides of its boundary.

Definition 4.11 Let Q2 C R"™ be open and bounded.

(i) Let x € 9. A local representation of Q2 near x consists of an open set U C R™
with x € U and of a mapping o : B — U, where B = {y : |y| < 1} is the unit ball in R",
such that a(0) = z, « is bijective, and

o, if yn =0,

a(y) =aly, .-, ya) €19, if yn > 0, (4.29)
R*\ (QUAN), ify, <O0.

(ii) Let k € N. A local representation (o, U) of Q near x has regularity C* (or Lips-
chitz, respectively), if a and o' are C*-functions (or Lipschitz functions, respectively).
(iii) The open set ) has regularity C* (or Lipschitz, respectively), if there exist finitely
many points x7 € 9Q, j € J, and local representations (o, U;) near 7 of corresponding
reqularity such that
o c|Ju;. (4.30)
jeJ

The family (o, U;) ;e is called a C* resp. Lipschitz representation of Q.

(4.30) means that (U;),es forms an open covering of 0f2.

A side remark: One can extend this definition to open sets which are unbounded; in (iii),
one allows for infinitely many points 27 and requires that every x € 9 lies in a ball which
intersects only finitely many of the U;. A covering (U;);es of 092 having this property is
called locally finite.

In order to define Sobolev spaces (in particular, LP spaces) over Jf2, one uses a two-step
procedure: localization and “flattening out”. In the first step, we choose a finite open
covering (U;);jes of 0Q and a C™-partition of unity (/3;);cs for that covering, that is,

B e C(Uy), 0<B;<1, Y Bix)=1 forallzea.
jeJ
For functions v : 92 — R we then have
supp (Bjv) CC U;, v = Zﬁjv.
jeJ
For the second step, let (o, U;);es be a representation of {2 according to Definition 4.11,
and (f;);es be a partition of unity as above. We consider the functions

(Bjv)oa;: BN(R" x {0}).
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They have compact support, because each 3;v has compact support and each ozj_l is

continuous. Next, we identify B N (R* x {0}) with the unit ball B in R*'. In this
manner, we obtain functions

(Bw)oa;: B—R.
Extending by 0 outside of B as usual, we end up with functions
(Bjv)oa,; R = R. (4.31)

The idea now is to use function spaces for these functions in order to construct function
spaces for functions v : 92 — R. One wants to define

H0) ={v: v:00—=R, (Bjv)oa; € H(R" ) forall j € J} (4.32)

and equip it with the scalar product

<u7 U>HS(<9Q) = Z <ﬁj> /&j>HS(Rn71) . (433)

jedJ

where @; = (B;u) o o; and 9; = (;v) o a;. For s = 0 this becomes

(U, 0) 20y = D /R ()i () de (4.34)

jed

This construction depends on the choice of the representation (o, U;) and of the partition
of unity (8;). The question is whether the resulting spaces are independent from these
choices. It turns out that they are, provided §2 has high enough regularity.

Proposition 4.12 Let Q C R" be open and bounded. Assume that Q has reqularity C*,
let 0 < s <k. Then (4.32) defines a Hilbert space H*(0) when equipped with the scalar
product (4.33). Different choices of (o, U;) and of (B;) yield the same space, and the
norms generated by the corresponding scalar products are equivalent.

Proof: We will not present the proof of this result and refer to the book of Wloka. O

The procedure which defines H*(92) via H*(R™™!) can be also be used to obtain a trace
theorem on H*(052) from the trace theorem on H*(R"), Theorem 4.8. We restrict ourselves
to the case where s is integer.

Proposition 4.13 Let QO C R" be open and bounded with reqularity C*, k € N, k > 1.
Then the trace operator v : H*(Q)) — H* 2(09Q) is well-defined, linear and continuous.

As in the case of a hyperplane, the trace operator ist first defined for smooth functions
and then extended to the Sobolev space by continuity. For the first step we need the
following result.

Proposition 4.14 Let Q C R" be open and bounded with reqularity C*, k € N, k > 1.
Then
Cor(R™)[ = {v[Q:v e CF7(R™)}

is a dense subspace of H*((2).
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Proof: Again we will not prove this result. O

We also need the following result. Here, B denotes the unit ball in R" as before, and
By ={(,yn) € B:y, >0}

Proposition 4.15 Let v € C*(B,) with supp (v) CC B. Then there exists an extension
w € C¥(B) of v and a ¢ > 0 such that
|| gry < cllvllmrs,) - (4.35)

The constant ¢ can be chosen independent from v.

Proof: We present the case k¥ = 1. We set w = v on B, and have to define w on
B_ ={(v,yn) € B :y, < 0}. We define for y,, <0

w(y'syn) = arv(y', —yn) + azv(y’, —%) (4.36)
and determine aj, as € R™ such that (70-" denotes the limit from below)
w(y',0—) =v(y,0), O,w(y,0—)=0,v(y,0). (4.37)

The equations in (4.37) are equivalent to

a1+a2:1, —al—Ezl.

Therefore, setting a; = —3 and ay = 4 we obtain an extension w € C¥(B) C H*(B) of v,
and the integrals of w and its derivatives over B_ can be estimated against integrals of v
over B, using (4.36).

For k > 1 one replaces (4.36) by a similar ansatz with k + 1 coefficients. O

Proof of Proposition 4.13. Assume that v € H*(Q) is a function which is a restriction
of an element of C§°(R™). Let (a;, U;) be a C* representation of Q with a corresponding
partition of unity (53;), let By = {(v',yn) € B : yn > 0}. Set v; = (Bv) o a;. Then
supp (7;) CC B and v; € C*(B,). According to Proposition 4.15 we choose an extension
’5]' S Cg(B) of Ej with

101l v ) < cllVjllmesy) (4.38)
where ¢ only depends on k. Extending by zero we get 0, € C§(R") C HF(R™). We
consider its trace

Fo; R 5 R
(79,)(y") = (¥, 0) = v;(2",0) = ((Bjv) 0 a)(y',0), for all (,0) € B.

By Proposition 4.8 we have
1703 || 1721y < Cul|j]] e (en) (4.39)
for some constant C independent from v. Moreover,
105 | e ny < €l 0| e (4.40)
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according to Proposition 4.15. Furthermore,
1031l ey = 1951l ey = 1 (Bjv)oallmesyy < Coll(B0) | arw;n0) < Csllvllar) - (4.41)

In view of all these estimates, we finally obtain, setting s = k — 1/2,

freom) = Y 1(B50) 0 llFragn-ny = D 19,71

jedJ jed

[yl %{s(Rnfl) < CHUHJZLI’C(Q)

for some constant C' independent from v. Because the restrictions of functions from
Cs°(R™) are dense in H*(€2) by Proposition 4.14, the trace operator v can be uniquely
extended to a linear continuous v : H*(Q) — H*1/2(0Q). O

A proposition analogous to 4.13 can be obtained for the case where the domain 2 has
only Lipschitz regularity (as, for example, when (2 is a polyhedron). One also obtains the
inclusions H'(0Q)) € H*(09Q) for s < t, by applying Lemma 4.7 to the representations.
As a consequence:

Corollary 4.16 Let Q C R™ be open and have Ct reqularity. Then the trace operator
v HY(Q) — L*(09Q) is well-defined, linear and continuous. O

Proposition 4.17 Let QO C R™ be open and bounded with reqularity C*, k € N, k > 1.
Then the trace operator v : H*(Q) — H*~2(9Q) has a linear and continuous right inverse,
that is, there exists a linear and continuous E : H*2(9Q) — H*(Q) such that yEv = v
for allv € Hk_%(aﬂ). In particular, v is surjective.

Proof: See the book of Wloka, Chapter 8. O

We come back to the inhomogeneous Dirichlet problem

Lu=f, in{,

(4.42)
u=g¢g, on 0.

and improve Proposition 4.1 as follows.

Proposition 4.18 Let Q C R" be open and bounded with regularity C1, let f € L*(Q),
g € H2(09), assume 3.1. Then (4.42) has a unique weak solution u € H'(Q), and

lull ) < CU 2y + 9l 172050 (4.43)

for some constant C' independent from f and g.

Proof: We apply Proposition 4.17 with £ = 1 and set § = Fg. Due to Proposition 4.1,
there is a unique solution v € H'(Q) with u — g € H} (), so yu = 7§ = ¢ and

HUHHl(Q) < C(||f||L2(Q) + ||§||H1(Q)) < C(HfHL2(Q) + HE||||9||H1/2(69))-
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Neumann boundary conditions. We consider the problem

—Au=f, inQ, (4.44)
dyu=g, on . (4.45)

The boundary condition (4.45) is called Neumann boundary condition or simply
Neumann condition.

Testing with ¢ € C°(Q) we get

/Q f(@)ple) dz = / —Au(z)p(z) dz = / (Vau(e), Vo(a)) de— [ 0,u()p(€) dS(E)

o0

— [ (Vula). Vota)) dz = | g(©)ele)dS(6). (4.46)
Q

o0

The right side involves a surface integral over the boundary. We recall from vector analysis
that the surface integral is defined via a C! representation («;, U;) of Q and a correspond-
ing partition of unity (3;); for suitable functions v : 9 — R one defines

4.47
IRG 0=3 [ Boease), (4.47)
and
[ 60©ds© = [ @oewea, (4.49
o0 Rn-1
where G; is the Gram determinant of the Jacobian of o,
Gj(y) = det(Day(y)" Doy (y)), ¥ €R". (4.49)

We consider the function space L'(99) of all functions v : 92 — R such that 9; = (3;v)oq;
belongs to L'(R"!) for all j € J. This is a Banach space with the norm

HU”Ll(aﬂ) - Z HQ;J'HLl(]R"*U : (4.50)

jeJ

As in the case of H*(0f2) one can prove that different representations lead to the same
space with different but equivalent norms.

Lemma 4.19 Let Q C R™ be open and bounded, having C regularity. Let g € L*(0Q).
Then

F(o) = / u(€)ale) dS(6) (4.51)

defines a linear and continuous functional F : L?(0) — R.

Proof: Using a representation of €2 one checks that

ol< [ p@e@lase < ([ leras©)” ([ porase)”

= H9||L2(89)HUHL2(39) :
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We consider the Neumann problem for the operator —A + ul,

—Au+pu=f, in §Q, (4.52)
dyu=g, on . (4.53)

According to the computation (4.46), its variational formulation reads as follows. We
want to find u € H*(Q) such that

a(u,v) = F(v), forallve HY(Q), (4.54)

where

a(u,v) = / (Vu, Vo) + puvdz, F(v) = / fvdz +/ g-(yv)dS(€). (4.55)
Q Q o9
The rightmost integral involves the trace of v on 0f).
Proposition 4.20 Let Q C R" open and bounded, having C' regqularity, let f € L*(Q),

g € L?(09) and p > 0. Then the boundary value problem (4.52), (4.53) has a unique
weak solution u € H(Q), and

[ull gy < CUFlle2@) + [lgllz200) (4.56)

where the constant C' is independent from f and g.

Proof: Because
a(v,v) > min{1, u}v|F g ,

the bilinear form a is H'(2)-elliptic, and a is continuous by Lemma 3.3. Using the trace
theorem and Lemma 4.19, we obtain

)] < 1f |2 101l 220y + 19l 2200y 170Nl 2200y < (1l 220y + 1912 o0y IV ID 01110y -
Thus, F' is linear and continuous. The assertion now follows from Lax-Milgram. O

In the homogeneous case g = 0, the boundary condition “0,u = 0 on 992" is also called
a natural boundary condition. It arises “naturally” when we minimize on H'(f2) the
quadratic functional

J(v) = %a(@,v) - /va dx , (4.57)

where a(v,v) = [, [Vo[*dz. In contrast to that, the Dirichlet boundary condition “u =0
on 9 is “enforced” through a suitable choice of a subspace (namely, Hj(2)) of H'(Q).
Therefore, the Dirichlet condition is also termed a “forced boundary condition”.

We now pose the question: What is the natural boundary condition which arises if we
minimize (4.57) on H'(2) with the more general bilinear form

a(u,v) —AZaij(x)aiu(x)ajv(x) dm+/gc(m)u(m)v(9€) dx . (4.58)

i,7=1
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Since we minimize, we assume A to be symmetric.

For the following computation we assume that all functions involved are sufficiently
smooth. We get

/ a;;0;udjv dr = — / 0;(a;j0;u) - vdx + / a;;0u - vr;dS (4.59)
Q Q BY)
thus
o(u) = [ (Lu)yete) o+ [ (Bu)©u©)ds(E), (460)
Q a0
where
Lu = —div (ATVu) + cu (4.61)
as in (3.3), and
(Bu)(§) = ) ai(©)@u)(©)v(§), & €09, (4.62)
ij=1
We consider the variational formulation
=F(v) = d ds . 4.63
a(u,v) (v) /va x+/mgv ( )
It follows that
/(Lu)(x)v(x) dx = / f(z)v(z)dx, forall v e C;°(Q), (4.64)
Q Q

since for v € C§°(Q2) the boundary integrals vanish. Therefore,
Lu=f, inQ. (4.65)

Inserting (4.65) into (4.63), we now obtain

| Buew©as© = | seneasi. (1.60

20
for all v € H(Q). Since y(H(Q)) = HY2(0) is dense in L?(99), it follows that
Bu=g, on 0. (4.67)

The minimizer u € H' () of (4.57) satisfies (4.63) with g = 0. Thus, the natural boundary
condition associated with the bilinear form a is

Bu =0 (4.68)

with B from (4.62).

Compatibility conditions. The assumption p > 0 in Proposition 4.20 is essential. Let
us return to the Neumann problem

—Au=f, in (), (4.69)
dyu=g, ondf) (4.70)

41



with the associated variational formulation
[ (Vula). Vola)) do = [ faela)das [ g©p(€)as(e), ve ). @
Q Q [2/9)

Assume that u solves (4.69), (4.70). This solution is not unique, because all functions
u + ¢, ¢ € R being an arbitrary constant, are also solutions. On the other hand, setting
¢ =11n (4.71) we obtain

| s@ar+ [ swase -o. (4.72)

This means that a solution can exist only if the data f and ¢ satisfy an additional com-
pabitibility condition, namely (4.72).

This issue corresponds to the situation which arises when solving linear equations in finite
dimensions,
Az =b, beR", Ac R, (4.73)

There we have the dimension formula
dim(ker A) = n — dim(im A) = dim(coker A) , (4.74)

and (4.73) is uniquely solvable if and only if dim(ker A) = 0.

This has been generalized to linear equations in infinite dimensional spaces since around
1900, by Fredholm for linear integral equations and later by Riesz and Schauder for linear
equations in Hilbert spaces. The main result is the so-called Fredholm alternative.
But this is not the subject of this course.
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5 Homogenization: Introduction

A good reference is the book of D. Cioranescu and P. Donato, An introduction to homog-
enization.

We consider
Lu=f, (5.1)

where

n
Lu ==Y di(a;(z)0u) = —div (A(x)"Vu) . (5.2)
ij=1

When describing real processes with partial differential equations, often the form of the
operator L is determined by the underlying model (for example, a conservation law),
while the coefficients a;; represent properties of the medium where the process takes place
(heat conduction coefficients, elasticity modulus, electric conductivity etc.). In the case
of constant coefficients a;; one speaks of a homogeneous medium, otherwise of an
inhomogeneous medium. Inhomogeneities may be of different types. For example, if
the medium represented by €2 consists of different materials My, ..., Mg which take up
the parts €2y, ...,Qk of Q and are characterized by coefficients a;;x, k € {1,..., K}, one

may set
K

Qjj (x) = Z aij,lek(x) ) (5-3)
k=1
where 1q, denotes the characteristic function of (2.

In this chapter we consider the situation where inhomogeneities appear on two “scales”.
For example, when one wants to describe biomechanical processes in the human bone, the
macroscale is in the centimeter range, whereas the porous structure (which determines
the mechanical strength of the bone) has typical lengths in the range of 10 — 100 um.
This leads to material parameters

aij (l’) )

where € is small.

Often one is mainly interested in macroscopic properties. One then wants to take the
microstructure into account only to the extent it influences the macroscopic properties.
One hopes that this can be described by some averaging procedure. The question is: what
is the correct way to average 7

We consider a one-dimensional example. Let Y = (0,1) be a reference interval in R, let
a € L>(0,1). Setting
aly+1)=aly), yeR, (5.4)

we obtain a [-periodic function a € L>®(R). We define now, for a given € > 0,

a*(z) = a (f) , (5.5)

€

and consider in {2 = (d;, dy) the boundary value problem

—0x(a*(x)0pus) = f, x €8, (5.6)
us(dy) = ue(dz) =0. (5.7)
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The coefficient a® varies with the period €l. We assume that there exist constants ¢c,, C, >
0 such that
o <aly) <C,, forallyeY. (5.8)

We have
co < a'(z) <C,, forallzel (5.9)

By the theorem of Lax-Milgram, the elliptic boundary value problem (5.6), (5.7) has a
unique weak solution u. € H}(Q). Now there arises the question whether u. converges
to some uq in some sense, and whether such a uy can be obtained as the solution of a
suitable “averaged boundary value problem”.

We already know that
1
HUsHHg(Q) < c_aHfHH(Q) g (5.10)

therefore (u.).~o is bounded in Hj (). Consequently, (u.)eso and (9,u.).~o are bounded
in L?(Q). Therefore, there exists weakly convergent subsequences

L —ug in L2(Q), Oyue, — wo = Qpup  in L*(Q). (5.11)

Ue

We now define

&(x) = a®(x)0pus(x), x€Q. (5.12)

By (5.6),
9, =f, inQ. (5.13)

The family (£.), too, is bounded in H{ (€2), due to (5.13) and because |&.(z)| < C,|0,u. ()],

SO

Ca
HgEHL?(Q) < CaHaa:ueHL?(Q) < C_|

20 (5.14)
Therefore there exists § € H}(Q) such that (after having passed to a suitable subse-
quence)

& =& In L2(Q), 0,6, =—f =085 inL*Q). (5.15)

Since Q = (dy,dy) is one-dimensional, every bounded subset of Hj () satisfies the as-
sumptions of the theorem of Ascoli and Arzela. Therefore, for a subsequence

&, — & uniformly in C[dy, da]. (5.16)

We now investigate the relation between uy and &. By (5.12) we have

e
as(x)

Opue () = E(r), Te€. (5.17)

It follows from (5.9) that

1 1 1
— << =,
C, — a® ~ ¢,

so (1/a%) is bounded in L>*(2). As we will prove later, for yet another subsequence

(5.18)

I 1t
— =8, B—Z/O@dy. (5.19)
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It then follows (as we also will see later)

L pe. Q) (5.20)

ack

Since O,u., — O,up in L*(Q) due to (5.11), from (5.17) and (5.20) we obtain

D.un() = 7 / %dy'fo(x)- (5.21)

a’ = G /Olﬁdy)l : (5.22)

From (5.21) and (5.15) it follows that

We now define

—0,(a"0ug) = f, 1 €Q, (5.23)

as well as

u(dy) = u(ds) = 0. (5.24)

Since H{(dy,dy) C Cldy, ds], the boundary conditions (5.24) hold in the classical sense
(no trace theorem is needed).

Thus, it has turned out that the “homogenization limit” wug solves the boundary value
problem (5.23), (5.24), which has the constant coefficient a® given by (5.22). Moreover,
the solution ug of this boundary value problem is unique since a® > ¢,. Since ug is unique,
we furthermore obtain that

u., — ug in Hy(Q) (5.25)

for every sequence ¢, — 0, by the “convergence principle”: if every subsequence of a given
sequence has a convergent subsequence, and if those limits are identical, then the whole
sequence converges to this limit.

0 is constant, one even obtains an explicit formula for g, namely

o () :-%/Ox/otf(s)dsdmﬁ/ol /Otf(s)dsdt. (5.26)

We consider the example

Since a

(0,0)=(0,1), a(y)=1+y. (5.27)
We have

1 1 dy = In(1 ' In2 o_ 1 5.98
\/Oa(y) y_n( _I_y)‘()_n ) a_m7 ( )

but on the other hand .

3

/ aly)dy = 3. (5.29)

0

Thus, the homogenization coefficient a® is not the integral mean of a. The same is true
for the example

(0,1) = (0,1), a(y)z{l’ 0<y'<§ (5.30)



Here we get

| 2 11 5 6
dy =2 . 142.--2 o_72 5.31
/oa(y) T T YT o
but 1
2 1 4
d :_,1 _.2:_. 5.32
/Oa(y)y 3 +3 5 ( )

Discontinuous coefficients. We return to the multidimensional situation. Before con-
sidering the homogenization problem, we want to take a look at the meaning of a weak
solution of an elliptic problem when the coefficients are discontinuous, as in (5.3). If the
right side f in (5.1) is smooth, one cannot expect that Vu(x) is continuous in points
where A(x) is discontinuous. We consider the special case where €2 decomposes according
to

Q=0 U0, UN0 =0, (5.33)

where (21, €}y are open subsets of a bounded open 2 C R™. We assume moreover that
9y, 0Qy are sufficiently smooth. Let u € HJ(2) be a weak solution of
—div(A(z)'Vu) = f in Q (5.34)

with © = 0 on 99, assume moreover that u € C(Q) and u € C?*(;) for ¢ = 1,2, and
that the derivatives Vu in €2; can be continuously extended to 0€2;. We denote these
extensions by Vu;. We do not assume that Vu; and Vus coincide on 0€2; N 9. Let
moreover A :  — R™™ be continuously differentiable on €; with continuous extensions
Ay and Ay to 0. Then we have for all test functions ¢ € C§°(Q)

/f(a:)gp(:c) dr = / Vu(z)' A(z)V(z) de = Z/Q Vu(x)TA(2)Ve(z) do =

Due to (5.34) and since ¢ = 0 on 092,

2

. /8 - Vui(§)T A(§)vi(€)p(€) dS(€) =0,  for all p € C¥(Q). (5.35)

Since the unit outer normals v; to 0€2; satisfy v = —vy on 9 N Iy, setting v = vy it
follows that

[ Tu@ aon@p©as© = [ Ve a@nee6 dse). (630

01NN
for all ¢ € C5°(22). Thus

(A1(2)"Vuy(z),v(z)) = (As(2) Vua(z),v(z)) , a.e. on 0 NIQs. (5.37)

This means that the normal component of the flux A(x)?Vu(z) is continuous across the
discontinuity surface 9€2; N 9y of the coefficients.

We conclude: If in a given situation to be described (for example, a diffusion process) the
flux of some quantity u has this conservation property (namely, there is no flux production
on the surface), then the concept of a weak solution for u correctly reflects this property.
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6 Averages and weak convergence

We recall that by definition the sequence (vy,)en in LP(Q2) weakly converges to av € LP(£2)
if

lim [ v,(x)p(x)dr = / v(z)p(z)dr, for all ¢ € LY(Q), (6.1)

where 11
- +-=1. 6.2
» g (6.2)

The case p = 0o: a sequence (v, )neny in L®(Q) is said to be weakly star convergent to
v e L>*(Q) if (6.2) holds with ¢ = 1.

A subset I of R" having the form

(a;,b;), resp. I= H[ai,bz-]

1 =1

I =

n n
1=

is called open resp. closed interval in R".

Proposition 6.1 Let Q C R™ be open, let (vn)nen be a sequence in LP(Q)), 1 < p < oo,
let v e LP(Q). Then the following are equivalent:

(1) (Un)nen weakly converges to v (in the case p = 00: (vn)nen weakly star converges to
v).
(it) (vn)nen is bounded in LP(Q) (that is, the set {{|vn|| o) : 0 € N} is bounded), and

lim Ivn(x) da::/lv(:c) dx (6.3)

n—oo

for all intervals I C Q.

Proof: “(i)=-(ii)”: Every weakly convergent (weakly star convergent, resp.) sequence is
bounded, by a theorem of functional analysis. Setting ¢ = x; in (6.1) we obtain (6.3).

“(ii)=-(i)": By (6.3), (6.1) holds for all ¢ = x;, I interval, and therefore also for all
functions of the form

Y = Z OR X1, » ay € R. (64)
k=1

Let now ¢ € L1(Q)) be arbitrary, let ¢ be the dual exponent from (6.2), let 6 > 0. Since
the subspace of functions of the form (6.4) is dense in L9(£2), there exists a simple function
s such that

I — wsll, <9
We have

/Q(vn—v)sodx:/Q(vn—v)¢5dx+[2(vn—v)(¢—¢5)dx.

We choose ng such that

<9

[ = vosaa
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for all n > ng. Then it follows that

/Q(vn —v)pdx

for all n > ng, where C' is independent from ng and 6.

<0+ [Jon = ol lp = psll, < €9,

For p = 1, (ii) does not imply (i).
Let Y be an interval in R™ of the form

i=1
Definition 6.2 A function f:R" — R is called Y -periodic if
[z +lie;) = f(x)

holds for all x € R™, 1 < i < n, where e; denotes the i-th unit vector.

We immediately see that every Y-periodic function satisfies

f<x+2kiliei> = f(z), zeR", keZ.
=1

(6.5)

(6.6)

(6.7)

Every f : Y — R can be extended to a Y-periodic function f : R" — R which is uniquely
determined except for its values on the null set given by the translation of dY according

to (6.7).
Lemma 6.3 Let f: R" — R be Y-periodic, f|Y € L*(Y). Then

/ Yy dy = / y d
/yo—i-Y ( ) Y /Y ( ) Y
holds for all yy € R™.

Proof: It suffices to consider the case yg = ce;, ¢ € R. We define

9(yi) = / S, yn) dyr - dyioy dyigr - - - dyy, -
Hj;éi(oalj)

We then have

oy fly)dy = /:Hi 9(yi) dy; = (/cl +/lic+li) 9(y:) dy; = (/cl +/OC) 9(y:) dy

[ srdu= [ fw)dy.
/ /,

For the function defined by



it follows from the substitution formula and from Lemma 6.3, since f. is (¢Y')-periodic,

/6(y0+y) fe(@) dx = /gy fe(x)dr =€ /Y fy)dy (6.9)

for all yp € R™ and all € > 0.

We investigate the convergence behaviour of (f.) as € — 0. As an example we consider
Y=(0,1), f:Y—=R, f(y)=sin(27ny). (6.10)

For every interval I = [a,b] C R we obtain

/ab fe(z)de = /ab sin (27%) dx = —% cos (27?%)

for e — 0, and from Proposition 6.1 it follows that f. — 0 in LP(Q2) for 1 < p < oo resp.
f- = 0in L*(Q) for every open  C R. On the other hand,

||f||2 _b—a+5 . [ 4mb i 4dra _)b—a
ellL2(Q) = 9 . S11 c S1n - 5

for e — 0, thus f. does not converge strongly to 0.

b
—0

a

Notation 6.4 (Mean value)
Let 2 C R™ be measurable, || := meas (Q) < co. We define the mean value of f € L'(Q)
by

Maf(f) = |—;2| / f(y)dy. (6.11)
O

Proposition 6.5 (Weak convergence to the mean value)
Let Q C R™ be open and bounded, let Y = ];_,(0,1;), let p € [1,00], let f : R™ = R be a
Y -periodic function with f € LP(Y'). Then, in the case p < oo we have

fe—= My(f) in LP(Q2), fore — 0, (6.12)
and in the case p = 0o
fo > My (f) in L=(Q), fore — 0. (6.13)

In each case, for every interval I C R™ there exists a constant ¢ which is independent
from f such that

Hf€||LP(I) < CHfHLP(Y) J (6.14)
for every e > 0.

Proof: At first, assume that

= (a,b) = [ J(ai,b0) (6.15)



is an arbitrary open interval in R™. Starting in the corner a with the interval a + Y, we
fill in I with adjacent intervals of the form

J€:$+€Y, xi:ai—l—jieli, OS‘]ZSICZ&, (616)

where k; € N with

Let A® be the set of all such J. with J. C I, then

E_ne oy Ael 1 - e bi—ai_lll
yA\_gki, lim & IA!—lg%E&ki—H v (6.18)

Let B® be the set of all remaining J.. Then
e e—>
i=1 j#i i=1 ji

After these preliminary considerations we prove that the set (f.).~o is bounded in LP(£2)
and that (6.14) holds. For p = oo we obviously have ||f.|| = ||fll..- Let p € [1,00).
Using (6.9) we obtain that, for an arbitrary open interval I in R",

1oy < X [ h@Pae+ 3 [ In@pr

Je € A€ J-€B¢
~ A% / PP dy + | BFe" / )P dy (6.20)
Y \-:)/0-/ Y

p
o [Py,

This implies the boundedness (choose I with @ C I and moreover (6.14). We now prove
the asserted convergence for the case p > 1 by applying Proposition 6.1. For an arbitrary
interval I C € we have, analogous to (6.20),

/fS )dx = Z x)dr + Z fe(x) dx

JecAs Ve J.eBe Y JenI

\Y\/f |I|MY<f):/IMY(f)da:

It remains to prove the convergence in the case p = 1. This is done by reduction to the
case p > 1. Let I be a fixed interval in R™ with Q2 C I, let n > 0 be arbitrary. We choose
fme L2(Y) with

Hf_anLl(Y) <, (6.21)

and extend f7 Y-periodically to R". We have

(f = )ela) = (F = 1) (3) = (. = @) (6.22)
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Let ¢ € L*(Q) be arbitrary. We have
AU&@—MﬁﬂM@M%jA%urﬁﬂ@w®Mm+AUﬂ@—MﬂﬂDﬂ@M
-+L/Ymdy<f”>—-A4yaf»¢xx>dw. (6.23)
Q

The first integral on the right side can be estimated, using (6.14) and (6.22), by

< llplloo [1fe = F2M 1y < ellllog 1F = £ M1y

Q(fa(l“) — f2(x))p(x) da

(6.24)
< clipllom
For the third integral we obtain
L0 =Mt do| < el @0 [ 176) = 7wl du < e 9 .
0 v v
(6.25)

We have ¢ € L*() since Q is bounded. We apply the convergence result which we already
proved for p = 2, and obtain

lim [ (f(z) — My (f"))p(x)dr =0. (6.26)

e—0 Q

Combining (6.24) — (6.26) we get

lim [ (£.(2) — My(F))g(w) do = 0. (6.27)

e—0 Q

Definition 6.6 (Compact embedding)
Let (X, ||-|lx), (Z,]-1l;) be Banach spaces with X C Z. We say that X is compactly
embedded in 7 if every bounded subset of X is relatively compact in Z. We write

X ccZz. (6.28)

O

This is equivalent to: the canonical embedding j : X — Z is a compact mapping (see
functional analysis).

Proposition 6.7 (Compact embedding in Sobolev space)
Let 2 C R™ be open and bounded. Then

Wol’p(Q) CC LP(Q), forallp € [l,00]. (6.29)
If Q has reqularity C1, then

WP (Q) cc LP(Q), for all p € [1,00]. (6.30)
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Proof: See for example the books of Evans, Gilbarg/Trudinger, Wloka. O

Corollary 6.8 In the situation of Proposition 6.7 it holds: FEvery bounded sequence in
Wol’p(Q) resp. WHP(Q) has a subsequence which converges in the norm of LP. Every se-
quence which converges weakly (resp. weak star) in Wy (Q) resp. WHP(Q) also converges
in the norm of LP. O

Proposition 6.9 (Poincaré inequality, mean values)
Let Q C R™ be bounded, open and connected, let Q have C' regularity, let p € [1,00].
Then there exists a C > 0 such that

o= Moo}l 1) < ClIVollaay,  for all v e WH(@). (6:31)

Proof: We assume that (6.31) does not hold. Then there exists a sequence (vg)gen in
WhP(Q) such that

ok = Ma ()l o0y > HIT0 00 (6.32)
Setting
— M,
wy = e~ Malo) (6.33)
[or = Ma(vr)l| 1 (q)
we see that
MQ(wk) =0, ”wkHLp(Q) =1, (6.34)
VRl e 1
IV w0kl e S (6.35)

o = Mool oy~ &

Thus, the sequence (wy)ren is bounded in W'P(Q). By Corollary 6.8 there exists a
subsequence (wy,, )men and a w € WP(Q) such that

wg,, — w in LP(Q). (6.36)

It follows that
Mg(w) =0, ||w||LP(Q) =1. (6.37)

Let ¢ € C§°(2), then because of (6.36) and (6.35) we have for all j

/Qw(:c)ﬁjw(:c) dr = lim [ wy, (2)0;0(x)dx = — lim [ OQjwy,, (z)ep(x)dx =0,

thus Vw = 0in . Since €2 is connected, the function w has to be constant, a contradiction
to (6.37). O
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7 Periodic boundary conditions

In the next chapter we will consider the problem for periodic homogenization in several
space dimensions (2 C R™, n > 1). It will turn out that, as in the one-dimensional case,
the homogenized coefficients are constant (that is, they do not depend on = € Q). It will
also turn out that in order to characterize them, one has to solve an elliptic boundary
problem on the reference interval Y =[]}, (0,;) with periodic boundary conditions.

We consider the boundary value problem

Lu=— Z Oj(ai;(y)ou) = f, inY, (7.1)

2,j=1

u Y-periodic. (7.2)

If w is a solution, then u + ¢ also is a solution, for arbitary constants c.

Assumption 7.1 Let a;; € L>®(Y) for all i,7, let L in (7.1) be uniformly elliptic with
ellipticity constant c, > 0, that 1s,

fTA(y)f > ca|f|27 forally €Y and all £ € R". (7.3)

O

Definition 7.2 (Sobolev space of periodic functions)

Setting

Coo(Y) = {v]Y v € CF(R"), v is Y-periodic} (7.4)
we define H,,(Y) to be the closure of Cpo(Y'), considered as a subspace of H'(Y), with
respect to the H' norm. 0

The interval Y has 2n faces of dimension n — 1, namely for each ¢ the opposite faces
S ={y:u:=0,y;€0,ly] forj#i}, Si={y:vi=1Ul,y; €0, forj#i}. (7.5)
The periodicity condition
v(x + lie)) =v(x), x€SY, (7.6)

for v € C2.(Y) extends to functions v € H,(Y) in the sense of traces,

(yo)(z + lie;) = () (x), forae z€S). (7.7)

since the trace operator is continuous w.r.t. the H* norm.

In the following proposition, by v, we denote the Y-periodic extension to R" of a function
v:Y — R in order to make understanding easier.

Due to (7.7), for a given v € H (V) the trace yv, is well-defined on the grid

per

i=1

that is, almost everywhere on each face of dimension n — 1.
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Proposition 7.3 Let v € H),(Y). Then we have v,|2 € H'(Q) for every bounded open
set Q C R", and
Oiv, = (Ov),, 1<i<mn. (7.9)

Proof: Let p € C§°(€2). We cover supp (¢) by an open interval I that consists of translated
intervals

Vi=y"+Y, yf=jl, ji€Z, (7.10)
such that
supp(p)cQCI, [= (Uﬁ) . (7.11)
k
We have
- [wwost)ts == [ wwoet)dy. (7.12)
Yk

Transformation to Y and partial integration yields

lﬂww&ﬂwdy=/v@WW@+y@®

Y

== [0+t i+ | Go©ee+ P as().

5)4

Therefore,
- [ wmaedr =Y [ @o,wet) -3 /8 OO dS(E). (113)

The second sum equals zero because on those faces of Y, which also belong to 91 we have
¢ = 0, and because all other faces appear in exactly two boundary terms with opposite
sign. It follows that

- [ wtdtds = [ @oylarot)de. (7.14)
Since  was arbitrary, the assertion follows. O

Lemma 7.4 Let v,w € H!,.(Y). Then

per

ﬁy@@mwwz—/w@mmw@ (7.15)

Y

holds for all i. In particular (set w =1)
/ Vou(y)dy =0. (7.16)
Y

Proof: Since v and w are periodic, the boundary terms on opposite faces cancel each
other out, so

/8 0w dS() = 0.
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O

Since the solutions of (7.1), (7.2) can be unique only up to a constant, one considers the
space )

H(Y)=H, . (Y)/R. (7.17)
The elements of H(Y') are equivalence classes [v] of functions v € H] (V) satisfying

[u] =[v] < w—wvisconstant < Vu=Vu. (7.18)

The canonical norm in H(Y) is the quotient norm
||[U]||H(Y) = u}g[ﬁ} ||w||H1(Y) = égﬂg v — C||H1(Y) : (7.19)
Proposition 7.5 The mapping [v] = [[V0| 2y defines a norm on H(Y), so that H(Y)
becomes a Banach space. Moreover, there exists C' > 0 such that
IVUll 2y < Ml gy < Nl = My (0) |1 vy < CIVOl 2y (7.20)
for allv e HY(Y).

Proof: We have
IVOll 2y = E V(0 = )2y < Nl < lv = My @)l ) < ClIVOllL2yy -

The last inequality as well as the existence of C' follow from Poincaré inequality for mean
values (Proposition 6.9). That H(Y") is a Banach space when equipped with the by (7.20)
equivalent quotient norm (7.19), is a consequence of a general result of functional analysis.
O

In the following, for elements of H(Y) we will also write v instead of [v].

We return to the boundary value problem

4,j=1

u Y-periodic. (7.22)
We consider the variational formulation: Find u € H(Y) such that
a(u,v) = F(v), forallve H(Y). (7.23)
As before we set

a(u,v) = /Y Vu(y)TA(y)Voly)dy, Flo) = / F(y)o(y) dy. (7.24)

Due to (7.18), the bilinear form a is well-defied on H(Y"). This does not apply to F unless
we require in addition that

/Y fly)dy=0. (7.25)
Indeed, then
[ty = [ o) -y foralcer (7.26)
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Proposition 7.6 (Unique solvability, periodic bounddary conditions)
Let assumption 7.1 hold. Then the variational problem (7.23) has a unique solution u €

H(Y) for every f € L*(Y) that satisfies (7.25), and

C

Hu”ﬁ(y) < C_Hf“p(y)a (7.27)

where C' denotes the constant from the Poincaré inequality for mean values.

Proof: The bilinear form a is continuous and H (Y )-elliptic. For the right side F' we have
for all v

[F(v)] =

/Y f(y)v(y)dy’ - /Y F() () — My (0)) dy| < 112y 1o = My ()] 120
SNl 2o ClIVOl 2y < ClLAN 2o 10 vy »

where again we have used Proposition 6.9. The linear form F' therefore is continuous, too.
The assertion now follows from Lax-Milgram. O

We may remove the multivalued character of the solution of the boundary value problem
by a suitable normalization. We consider

Lu=— Z 0i(aij(y)Ou) = f, inY, (7.28)
ij=1

u Y-periodic, (7.29)

My (u) = 0. (7.30)

Corollary 7.7 Under the assumptions of Proposition 7.6, the boundary value problem
(7.28) — (7.30) has a unique weak solution u € H}, (V).

per

Proof: Proposition 7.6 yields a unique solution [u] in H, . (Y"). From this equivalence

class we choose the unique function u which satisfies (7.30). O

Alternatively one may proceed as follows. We define
Hy(Y)={v:ve H (Y), My(v) =0}. (7.31)

per

Hy(Y) is a closed subspace of H].(Y), because v — My (v) is continuous, and therefore
a Banach space.

Lemma 7.8 The assignment v — |[Vvl| 2y defines a norm on Hy(Y') which is equiv-
alent to the H' norm.

Proof: By Proposition 6.9,
[0l z2vy < ClIVVll 2y,  forall v e Hy(Y),

for a suitable constant C'. This yields the assertion. O
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A variational formulation of the periodic boundary value problem in the space Hy(Y) is
the following.

Find u € Hy(Y) such that a(u,v) = F(v) for all v € Hy (V). (7.32)

Here, F' : Hy(Y) — R is a continuous linear functional, and a is given by (7.24). We
consider an ' of the form

Fv) = /Y (h(y),Vou(y)) dy, h:Y —R". (7.33)

Proposition 7.9 (Unique solvability, second version)
Let assumption 7.1 hold. Then the variational problem (7.52), (7.33) has a unique solution
u € Hy(Y) for each h € L*(Y)", and

1
||VU||L2(Y) = C_||h||L2(Y)"’ (7.34)

Proof: This proposition, too, is a direct consequence of Lax-Milgram. We use the norm
from Lemma 7.8. O

Let h € H! (V). Then we have, according to Lemma 7.4 applied with w = h;,

F(o) = /Y (h(y), Voly)) dy = — /Y o(y)(div h) () dy (7.35)

The corresponding boundary value problem is

Lu=—Y " 9(ai(y)0u) = —divh, Y, (7.36)
ij=1

u Y-periodic, (7.37)

My (u) =0. (7.38)

One may ask whether the periodic extension w, of the solution u of (7.32), (7.33) con-
stitutes a weak solution of the partial differential equation with coefficients A, and right
side h,, extended by periodicity from A and h. This is true in the following sense.

Proposition 7.10 Let assumption 7.1 hold. If u € Hpy(Y) solves (7.32), (7.33) for
h € L*(Y)", then

Vi (2)7 Ay(2)Vip(z) dz = / (hy (), Vip()) di (7.39)

n

R

for all ¢ € Cg°(R™).

Proof: Let ¢ € C§°(R") be arbitrary. Let (Yj)rex be a finite open covering of supp (¢)
with translated intervals Y, = y* + Y, let (11 )rex be an associated C™ partition of unity.
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For each k € K we define the function (piy), as the Y-periodic extension of (¢i)|Ys.
Then

- Vup(x)TA dl‘ — Z Vup ) ((p@bk)( )
- Z/ Vu(z)" A(z)V (p)p(z) do = Z/ V(ote)y(2)) di
=5 [ (o), Vw0 o= [ (hy(0), Vil .
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8 Homogenization: The multidimensional case

On an open and bounded set 2 C R™ we consider the boundary value problem

—Za ai;(x)0u.) = f, inQ, (8.1)
2,7=1
u. =0, on 0. (8.2)
The coefficients are given by
ag;(r) = ai; <§> , 1<ij<n, (8.3)
Written in matrix-vector form,(8.1), (8.3) becomes
—div (A5(2) V) = f, A(x) = A (g) . (8.4)

Again, let
Y = H(o, ;) (8.5)
i=1
be a fixed reference interval.

Assumption 8.1 Let a;; € L>®(R") be Y -periodic and uniformly elliptic with ellipticity
constant c,. O

As we know already, under this assumption the boundary value problem (8.1), (8.2) has
a unique weak solution u. € H}(Q) for every f € L*(Q),

/ Vu.(z)' A*(2)Vo(x) doe = / f(z)v(z)dw, forallv e Hy(Q). (8.6)
Q Q

We want to find a matrix A° of coefficients (the “homogenized coefficient matrix”) such
that, as ¢ — 0, the solutions u. of (8.1), (8.2) converge to the solution ug of

—Za aly(x)0ug) = f, inQ, (8.7)

1,7=1
uy =0, on . (8.8)
It turns out that the matrix A° arises as the result of averaging the solutions of certain
boundary value problems on Y with periodic boundary conditions, in the following way.

For a given A € R™ we look for the weak solution x, € Hy/(Y') of the boundary value
problem (in variational formulation)

a(xr,v) = Fy(v), forallve Hy(Y), (8.9)

where
i, 0) = /Y Vu(y)" A(y) Voly) dy = / (A(y)Vuly), Voly)) dy., (8.10)
R = [ XAGTVot)dy = [ (AW Tuw) dy. (811
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According to Proposition 7.9, this problem has a unique solution x, € Hy(Y). The
associated “standard” formulation is

—div (A(y) V) = —div (AR)N) (8.12)

X Y-periodic, My (x,) =0 (8.13)

If the matrix A of coefficients has weak derivatives as a function of y, then the right
side of (8.12) defines a function on Y. If this is not the case, for example when A is
discontinuous, one can understand (8.12) only in the weak sense (8.9) — (8.11), and F) in
(8.11) has to be understood as an element the dual space of H}(Y'), which is denoted by
H7Y(Y).

Having obtained y ), we define another auxiliary function wy,

wx(y) = —xaly) + A1y (8.14)

It will turn out that the homogenized coefficient matrix can be computed by the equation
AO)\ = My(Avw)\) y (815)

that is, we obtain the ith column of A° by setting A = ¢; in (8.15). (Since the mapping
A = My (AVw,) is linear, (8.15) then holds for all A € R™.)

In particular, the functions af; in (8.7) are constant, since the matrix A% does not depend
on x.

Theorem 8.2 (Periodic homogenization, convergence)

Let assumption 8.1 hold, let the constant matriz A° be given by (8.15), let f € L*(Q).
Then A° is uniformly elliptic, the boundary value problem (8.7), (8.8) has a unique weak
solution ug € H(Q), and the solutions u. of (8.1), (8.2) satisfy

u, —ug in HY(Q), (8.16)
(A5 Vu, — (A 'Vuy  in L*(Q)". (8.17)
Proof: This will be developed in the remainder of this chapter. O

Lemma 8.3 (Weak convergence of products)
(i) Let (vi)ren, (Wi)ren be sequences in L*()) such that

v = v in LA(Q), wp —w in L*(Q). (8.18)

Then
/ka(x)wk(x) dac—>/9v(w)w(x) dx . (8.19)

(1) Let (vi)ren be a sequence in L°°(2), (wy)ren a sequence in L*() such that
vp — v uniformly, wp —w in L*(€). (8.20)

Then
vpwg — vw in L*(€). (8.21)
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Proof: Exercise. O

We define
&) = (A%(2)) ' Vue(z), €. (8.22)
We have & € L*(Q)", since A°(z) is uniformly bounded in ,
Lemma 8.4 There exist ug € H} () and & € L*(Q)" such that for some subsequence
u, — g in Hy(Q), we —ug in L*(Q), (8.23)
& — & in L*(Q)™. (8.24)
Moreover,
/ flz)v(z)dx = / (&, V) dx = / (&, V) dx (8.25)
Q Q Q
for allv e H} () and all € > 0.

Proof: Due to Lax-Milgram, for a suitable constant C'

C
HUEHH(}(Q) = C_aHf||L2(Q) (8.26)

for all € > 0. The set (u.).»o is thus bounded in Hj (). Consequently, there exists a
sequence (u,, ) that weakly converges to some uy € H}(Q2). Due to Corollary 6.8, u., — g
strongly in L?(Q). As A®(z) is bounded uniformly with respect to z and &, the set (£.).~¢ is
bounded in L?(2)". Passing to a subsequence, we also obtain (8.24). The left equation in
(8.25) is the same as (8.6), the right equation follows from the weak convergence & — &.
O

e define ws(z) = ewy <£> = M2 —exy (£> : (8.27)
£ £
Lemma 8.5 Set A(x) = A'z. Then
wi = A in H'(Q), w§— A in L*(Q), (8.28)

the latter for a suitable sequence €, — 0.

Proof: The functions

x
T = X\ <—>
£
weakly converge to My (x») = 0 in L*(Q) as € — 0 by Proposition 6.5. It follows that
ws — A in L?*(Q). Moreover,

Vuws(x) ==V, <§> :

The function y — Vx\(y) is Y-periodic. Therefore, again by Proposition 6.5
Vwi — A\ — My(vx,\) in LQ(Q)n

By Lemma 7.4 we get My (Vx,) = 0. The first assertion in (8.28) is now proved, the
second follows from the compactness of the embedding H'(Q) CC L?(Q). O

We now define
n(z) = A*(z)Vus(z) . (8.29)
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Lemma 8.6 We have
ni — A°X in L*(Q)", (8.30)

and
/Q<77f\($), Vou(z)) dv =0, forallve Hy(Q). (8.31)

Proof: From . .
i) =4 (2) Voo ()
we obtain, by virtue of Proposition 6.5,
n5 — My (AVwy) = A\ in L*(Q)™.
Let now ¢ € C§°(€2) be arbitrary. We set

ee(y) = p(ey) -

Then ¢. € C§°(R™). We apply Proposition 7.10 to the variational problem (8.9) and
obtain

| A0V, Te) du = [ (AwA Vi) dy,

n

therefore

0= [ (AwVus). Vo) dy= [ (4(2) Vur (£). 96 () o
- [ @), Veta)) ds.

Since C§°(€2) is dense in HJ (), the assertion follows. O

Proof of Theorem 8.2, the convergence part. We now prove that (8.16) and (8.17)
hold for every convergent subsequence. Let ¢ € C§°(2) be arbitrary. As a test function
in (8.25) we use v = w5 and obtain (we omit the argument x)

[ fowsde = / (60, V (us) da
Q Q

(8.32)
= /Q (&, Vus) pdr + /Q (&, V) ws dr .
In (8.31) we use v = u,. as a test function and obtain
0= [ R Vlu) o= [ 05 Vudpdo+ [ (R Vouds. (339

We look at the scalar products in the first integrals on the right sides of both (8.32)
and (8.33). Both factors in these scalar products are weakly convergent only, so that we
cannot pass to the limits directly. But according to the definition of & and 75,

(&, Vus3) = (AT Vu., Vus) = (Vu., A°Vus) = (Vu,n3) . (8.34)
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We subtract (8.33) from (8.32) and obtain because of (8.34)

/Q<§E,Vg0> ws dr — /Q (n%, Vo) ue de = /Qfgowi dx . (8.35)
Now we may pass to the limit. By Lemma 8.4, Lemma 8.5 and Lemma 8.3, we get
/ (&, Vo) ws de — / (&0, Vi) Adx (8.36)
Q Q
for a suitable subsequence. By Lemma 8.4, Lemma 8.6 and Lemma 8.3,
/ (5, Vo) u. doe — / (A°X, V) ug dz (8.37)
Q Q
for a subsequence, and moreover
/fgpwicm — / feAdx. (8.38)
Q Q
Thus we obtain
/<§O,V¢)Adx —/ (A°X, V) ug dz = / foAdr. (8.39)
Q Q Q
In (8.25) we now use v = @A as a test function and get
/fgpAdx = / (&0, V(eA)) dx = / <£0,V¢)Ad:1:+/ (&0, \) pd . (8.40)
Q Q Q Q
Inserting (8.40) into (8.39) we get, since A°) is a constant vector,
/ (&0, \) pdx = —/ (AN, V) ugdz = / (A°X, Vug) pdz, (8.41)
Q Q Q
for all ¢ € C5°(€2). This implies
(€0, Ay = (A°X, Viug) = ((A°)"'Vug, A) . (8.42)
Since (8.42) holds for all A € R™, it follows that
&0 = (A% Vuy. (8.43)
O

We now consider another periodic auxiliary problem. It differs from von (8.9) — (8.12)
only in that the matrix A is replaced by the matrix A”. For a given A € R"™ we want to
find x» € Hp(Y) such that

a(Xa,v) = FA\(v), forallve Hy(Y), (8.44)
where a(u,v) = [, Vul AVv dy and
Fy(v) = / A A(y)Vo(y) dy. (8.45)
Y

We set
Wa(y) = —(y) + Ay (8.46)

63



Lemma 8.7 For all A € R",

(AN = My (ATVy) . (8.47)

Proof: Let A\, € R be arbitrary. According to the definition of A we then have
pm(ANN = AT A% = N My (AVw,) = AT My (Ap) — AT My (AV ) . (8.48)

Moreover,
N My (Ap) = My (VT Ap) = My (um ATX) = p" My (AT)) . (8.49)

In order to transform the rightmost term in (8.48) we use the variational equations for
x and y». We compute

YN My (AVx,) = | NA@W)Vxu(y)dy = | Va()"A(y)Vx,u(y) dy
Y Y
- / VX 0) T AWV (y) dy = / W ATV (y) dy
Y Y
= |V |u" My (ATV ).
Thus we obtain

pl(ADTN = ' My (ATX — ATV X)) = u My (ATVdy) .

Corollary 8.8 The homogenized matriz A° satisfies
(AT)) = (ANT . (8.50)
If A is symmetric, then so is A°.

Proof: Replacing A by A” in the definition of the auxiliary periodic problem we obtain
(ATYON = My (ATVay) .
Now Lemma 8.7 implies (8.50). If A is symmetric,
(AOT = (ATY0 = A°.
O

Setting A = e; we obtain formulas for the elements a?j from the equation defining A°. We
set Xj = Xe;, Wj = We;, SO
Xi(y) +wiy) =efy =y;. (8.51)

Lemma 8.9 We have

a?j = My (e] AVw;) = My (a;;) — My (Z aikaka) : (8:52)
k=1
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Proof: We have

a). = e] A’e; = e] My (AVw;) = My (e] AVw,)

v

= My(e?Aej) — My(@ZTAVX]) = My(ai]’) — My (Z aikaka> .

k=1

O

Thus, the difference A® — My (A) is a matrix whose elements are —My (e] AVy;). Due to

this, the function yx; are called correctors.

Lemma 8.10 We have
ay; = My (Vw] A"Vw;) .

ij
Proof: We use x; as a test function in (8.9) for A =e;,
d(X]sz):FJ<X>7 Ej: Fej-

Then
/VX;‘-FATVXidy:/eJTATVXidy,
% %

therefore
0= My (Vw; A"Vy;).

From Lemma 8.9 we obtain
a). = My (e] AVw;) = My(ijTATei) .
Subtracting (8.54) from (8.55) we arrive at (8.53).

Lemma 8.11 The matriz A° is positive definite.

Proof: Let £ € R™ be arbitrary. Using Lemma 8.10 we get

MA% =" Gy =) EMy(Vw] ATVw)g = > My (&Vw] ATVuwg) .

1,j=1 1,j=1 2,j=1

We set

From (8.56) it follows that
EMA = My (VCTATV() = My (V(TAV() >0,
since by assumption for A

V¢ () A(y)VE(y) >0, ae. inY.
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Let us assume that there exists a £ # 0 with £7 A% = 0. Then it follows from (8.58) and
(8.59) that
V() A(y)VE(y) =0, ae inY. (8.60)

Since A is uniformly elliptic, V¢ = 0 a.e. in Y, and moreover, since My (Vxi) = 0 by
Lemma 7.4,

0= My(V() = kaMY Vwg) =Y &My (e — Vxi) = > &My(er) = Y &ex
P r=1

k=1

=<,
which contradicts the assumption & # 0. O

Completion of the proof of Theorem 8.2. For all £ € R" with £ # 0 we have

€ 0k

gt g = olél (861

¢ A = ¢

where
co :=mine’ A’ >0 (8.62)

le|=1

due to Lemma 8.11 and because the unit ball in R" is compact. Therefore, A° is uniformly
elliptic. Therefore, the solution ug of (8.7), (8.8) is unique by Lax-Milgram.

According to what we have proved so far: If (e;)reny — 0, then there exists a subsequence

(€k,,, Jmen satisfying

Uegy, | — Ug .

But now the “convergence principle” implies that u., — ug for every sequence (ej)ren
which converges to 0. Thus, Theorem 8.2 is completely proved. O

We now apply Theorem 8.2 to two situations in which we can explicitly compute the
homogenized matrix A°.

First, we reproduce for the one dimensional case the result which we already have obtained
in a previous chapter. We consider

9, <a (g) axug) —f, inQ=(di,ds), (8.63)
us(dy) = u:(dg) =0. (8.64)

On the periodicity interval Y = (0,[;) of a, the auxiliary problem becomes (A = 1)
[ X@awr@ds= [ ae@dy, wralve By, (6
Y Y

which has a unique solution x € Hy(Y'). For arbitrary v € C5°(Y) we have v — My (v) €
Hy (Y), thus

/Y (Y ()aly) — aly))v'(y) dy = 0. (8.66)

It follows that
X' (yaly) —aly) =ceR, (8.67)

66



since by (8.66) the weak derivative of the left side of (8.67) is equal to zero. Moreover,

/ !/ /
Xy =—=+1, wy=1-xW=-——=. 8.68
- W) =1-X) =5 (5.08
By the definition of a” we get
a’ = My (aw') = My (—c) = —c. (8.69)

Since x is Y-periodic,

- /YX'(y) dy = Iy + l;cMy G) , (8.70)

() ) e

As a second example we consider a layered two-dimensional medium, that is, we have
n=2Y =Y, xYy=(0,l;) x(0,l3), and A depends only upon y;, d,A = 0. The problem
now becomes

therefore

- ZZ: 9; (%’ (%) &'ua(:ﬁl,xg)) = f(z1,29), inQCR? (8.72)

ij=1

ue =0, on 0. (8.73)

We compute the coefficients of A°. The periodic problem
/ VX ATVody = / T ATudy, forall v € Hy(Y), (8.74)
Y Y

has unique solutions x; for j = 1,2. We want to prove that they depend upon y; only,
and that they can be obtained from solving a suitable one-dimensional problem. For this
purpose we consider the unique solution x; € Hy (Y1) of the periodic problem

/ X (y1)an (1) (yr) dyy = / ay; ()7 () dyy, for all § € Hy(Y1). (8.75)
Y1 Yl
Let v € Hy(Y), let
o(y1) :/ v(Y1, y2) dya - (8.76)
Yo
Then
o€ Hu(Yr), '(y)= [ Ow(yi,ye)dys. (8.77)
Ys
We now define
X5 (W15 y2) = X5(v1) - (8.78)

For arbitrary v € Hp (YY) we get

020(Y1,Y2) dyo = v(vh, la) — v(y1,0) = 0. (8.79)

Yo
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From (8.75) — (8.77) it follows that

)
Vx; ATVudy = / Xj ()l (y1)01v(y1, y2) + azi(y1)02v(y1, y2)] dy
Y

Y

=/ Xi(y)an(y) | Ow(yr, ya) dys dys
Y1

Ys

:/ a1;(#1) v (y1,y2) dya dy1=/6?ATVUdy.
Y Y Y

Therefore, the function x; € Hy(Y) defined by (8.78) indeed is the solution of (8.74).

We now can compute x; in analogy to the one-dimensional case. We have

X;(y)an () —a(n) =¢;, j=1,2.

Since X, is periodic,

- 1 ayq
0 :/ X;(yl)dyl = ¢; My, (—) + My, (ﬁ) .
Y1 ai ail

We obtain the coefficients of A° from Lemma 8.9. We have

a:. = MY<aij) — My(&ilal)(j + aiQaZXj) = My(aij o a“)N(;) '

v

We consider the case j = 1. According to (8.80),

therefore

- 1 -1
a(l)l = MY<a11 - allxll) = My(—cl) = —c = <MY1 <_)> 7
. c a
a9, = My (a1 — a1 Xy) = My (—am—l) =a¥, My, (a—m) ,

In the case j = 2 we get from (8.80) and (8.81)
Xy = T —ay, My, (%> :
air  an a
This finally yields
0 <y _ _ 0 a12
a1y = My (a12 — a1 Xy) = My(—c2) = —cy = aj; My, a )
11
and
C2 a2

a9y = My (azs — anixy) = My (agg — Qg (— + _>)

a1 a1

Q12 0 12 a21
= Myl <CL22 - agla—> + CL11.7\4Y1 CL_ Myl a— .
11 11 11

In particular we obtain that A° is diagonal if so is A.
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9 Monotone Problems

We consider the elliptic boundary value problem

—div (a(Vu)) = f, in Q,

u(z) =0, on 9N. (9-1)

The function a : R® — R” is given. If a is linear, the problem is linear, and if the
matrix representing a is positive definite, we have a linear elliptic problem. The special
case a(y) = y corresponds to the equation —Au = f. If a is nonlinear, one speaks of
a quasilinear problem; performing differentiation in div (a(Vu(x))) with respect to x
leads to an expression which is linear with respect to the derivative of highest (in this
case second) order, but nonlinear with respect to the lower order derivatives.

The variational formulation of (9.1) becomes

/Q (a(Vu(z)), Vo(z)) de = /Q F@)o(z)de, for all v e HY(Q), 9.2)

as in the linear case it is obtained by testing with v and partial integration.

We may rewrite (9.2) as an operator equation
Au=F. (9.3)

Here, A:V — V* with V = H}(Q),

(Au,v) = / (a(Vu(x)), Vou(x)) dx, (9.4)
0
and [' € V*,
<F,v):/Qf(:B)v(:B)dx.

When the function a is nonlinear, the operator A is nonlinear. Thus, (9.3) represents a
nonlinear operator equation.

In this section we consider the situation when a satisfies the condition
(a(y) —a(z),y —z) >0, forally zeR" (9.5)

If a is linear, (9.5) means that the associated matrix M € R(™™ is positive semidefinite.
This occurs for example when a is the derivative of a convex quadratic function J : R” —
R. Then M equals D?J, the Hessian of .J.

Definition 9.1 (Monotone Operator)
Let V' be a normed space. An operator A :V — V* is called monotone if

(Au — Av,u —v) >0, forallu,v eV, (9.6)

and strictly monotone, if this inequality is strict whenever u # v.
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Definition 9.2 Let V' be a normed space. An operator A .V — V* is called coercive if

A
T L0 N (9.7)
ol —+oc V]|

For solving Au = F', let us consider first the finite dimensional case.

Proposition 9.3 (Brouwer’s fixed point theorem)
Let K C R™ be compact and convex, f : K — K continuous, K # (). Then f has a fized
point u € K, that is, F(u) = u.

Proof: This is a fundamental result of analysis, not proved here. O

Corollary 9.4 Let A:R" — R" be continuous, let R > 0 such that
(Av,v) >0, for all v with |v| = R. (9.8)
Then A has a zero u (that is, Au = 0) satisfying |u| < R.

Proof: By contradiction. Let us assume that no such zero exists. Then

Av

fv) = —Rm

defines a continous mapping f : B — Bg, where Br denotes the closed ball around 0
with radius R. According to Brouwer’s fixed point theorem there exists an u € Bgr with
f(u) = u. By definition of f we have |u| = |f(u)| = R. By virtue of (9.8),

thus Au = 0, a contradiction. O

Proposition 9.5 Let A : R" — R" be continuous and coercive. Then the equation
Au = F has a solution u € R™ for every F' € R".

Proof: Assume first that F' = 0. We apply Corollary 9.4. Since A is coercive, there exists
R > 0 such that (9.8) holds. Therefore, Au = 0 has a solution v € R". For arbitrary
F € R"™ we consider Ap : R" — R", Apv = Av — F. Ap is continuous; it is also coercive:
We have

(Apv,v) = (Av,v) — (F,v) = (Av,v) = [|F][[|v]],

therefore 4 V(v
FU,U v,V
> — 11
o] o]
and since A is coercive, it follows that Ag is coercive. O

We now consider the infinite dimensional case. By approximation, we reduce it to the
finite dimensional case.

In view of applying the results to partial differential equations, one wants to keep the
continuity assumptions on A to a minimum.
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Definition 9.6 (Hemicontinuity) Let V be a normed space. An operator A:V — V*
15 called hemicontinuous if, for all u,v,w € V, the mapping

t— (A(u + tv), w) (9.9)
is continuous on [0, 1].
Lemma 9.7 Let V' be a Banach space, A:V — V*. Then A is monotone if and only if

for all u,v € V the mapping
t— (A(u+tv),v) (9.10)

is monotone nondecreasing on [0, 1].

Proof: Exercise.

Proposition 9.8 Let V' be a Banach space, A :' V. — V* monotone. Then A is locally
bounded, that is, for every u € V there exists a neighbourhood U of u such that A(U) is
a bounded subset of V*.

Proof: Let us assume that A is not locally bounded. Then there exists an v € V and a
sequence (u,) in V' such that
Up = u, || Auy,| — oo. (9.11)

We define
cn =14 ||Aup || [|un — ul| . (9.12)

We want to show that the sequence ¢, ' Au,, is bounded in V*. To this purpose, let v € V
be arbitrary. We have

0 < (A(u+v)—Aup),u+v—uy) , (9.13)
consequently
L (An), ) < (A e — ) + (Al ), 0 — )
" " (9.14)

1
<1+ A+ )l {lu+v = unl| < M(v)

with a constant M (v) which does not depend on n. Applying the same argument for —v
in place of v, we obtain

1
— (Auy,, v)

Cn

sup < max{Mv), M(—v)} < . (9.15)

neN

The principle of uniform boundedness (the theorem of Banach and Steinhaus from func-
tional analysis) implies that

1
sup — || Au, || =: C < o0. (9.16)
neN Cn
It follows that
[Aun|| < Cey = C(1 + [[Aun| lu = unll), n €N, (9.17)
therefore
(1 —Cllu—up|)||Aun|| < C, neN, (9.18)
and so ||Au,|| <2C if ||u — u,|| < 1/2C. This contradicts (9.11). O
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Corollary 9.9 Let V' be a Banach space, A :V — V* monotone, let (u,) be a sequence
which converges in the norm of V. Then the sequence (Au,) is bounded in V*.

Proof: This is a direct consequence of Proposition 9.8. O

Corollary 9.10 Let V be a Banach space, A : V — V* monotone, K C V bounded, let
C > 0 such that
(Au,u) < C, forallu e K. (9.19)

Then A(K) is bounded in V*.
Proof: For ¢ > 0 sufficiently small, it follows from Proposition 9.8, setting there u = 0,

sup ||Av|| =:¢c < 0. (9.20)

lvll<e

Therefore, for arbitrary u € K we then have, since 0 < (Au — Av,u — v),

| Aull = sup (Au,v) = sup — (Au,v)

lvll<1 [vl<e €
1
< sup g( (Au,u) + (Av,v) — <Av,u>) (9.21)
llvl<e

1
< —(C+ce+cCk), Ck:=suplul.
9 ue K

O

Proposition 9.11 Let V be a reflexive Banach space, A -V — V* monotone. Then the
following are equivalent:

(1) A ist hemicontinuous.
(ii) For allu eV and all b € V* we have: If
(b—Av,u—vy >0, foralvelV, (9.22)
then Au = 0.
(iii) For allu € V and b € V* we have: If (u,) is a sequence in V satisfying

Up = u, Au, —b, limsup (Au,,u,) < (bu), (9.23)

n—o0

then Au = b.

(iv) A is demicontinuous, that is, for all w € V' we have: If (u,) is a sequence in V with
U, — u, then Au,, — Au.

The implication “(i)=-(iii)” (or a variant of this) is called the “Minty trick”.

Proof: “(i)=(ii)”: Let u € V, b € V* such that (9.22) holds. Setting v = u—tw it follows
that
(b—A(u —tw),tw) >0, YweV t>0, (9.24)
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therefore
(b—Au—tw),w) >0, VweV, t>0. (9.25)

Passing to the limit ¢ | 0 we obtain, since A is hemicontinuous,
(b—A(u),w) >0, YVwelV. (9.26)

Since w was arbitrary, Au = b follows.
“(ii)=-(ii1)”: Let (u,) be a sequence which satisfies (9.23), let v € V. Then

0 < (Au, — Av,u, — v) = (Auy, u,) — (Auy, v) — (Av,u, —v) (9.27)

and therefore

0 S hm Sup(<Aun7un> - <Aun7 U> - <AU7 Unp — U>)

n—oo
= hfln_i}jp <Auna un) - nlgﬁlo <Aunv U) - T}Lngo <A’U, tn = U> (928)
< (b, u) — (b,v) — (Av,u — )
=(b—Av,u—v) .

Since v was arbitrary, b = Au follows from assumption (ii).

“(iil)=(iv)”: Let (u,) be a sequence in V with u, — u. Due to Corollary 9.9, (Au,,) is
bounded in V*. Let (u,,) be a subsequence such that (Au,, ) converges weakly in V*;
such a subsequence exists since bounded subsets of reflexive spaces have this property.
Let Au,, — b. Since (uy,,) converges in the norm of V, it follows that

lim (Aup,,u,, ) = (b,u) , (9.29)

k—o0

thus b = Au by assumption (iii). Consequently, the limit of every such weakly convergent
subsequence (Au,, ) is the same, namely Au. By the convergence principle, Au,, — Au
holds for the whole sequence.

“(iv)=(i)”: Let w,v,w € V, t, — t in [0,1]. Then u + t,v — u + tv in V, thus
A(u + t,v) = A(u+ tv) in V* by assumption (iv). Therefore,

nhjEO (A(u + t,v),w) = (A(u + tv),w) . (9.30)

Thus A is hemicontinuous. O

We now present a frame for finite-dimensional approximations of equations in infinite-
dimensional spaces.

A normed space X is called separable if there exists a countable subset M of X which
is dense in X, that is, M = X.

Proposition 9.12 Let V' be a separable normed space with dim(V') = oo. Then there
exists a sequence (Wy)nen in V' such that

dim(V,,) =n, V, :=span{wy,...,w,}, (9.31)
and

V={JV. (9.32)
k=1
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Proof: Let M = {u, : n € N} be a countable subset of V with M = V. We obtain
the sequence (w,) by removing all those w, for which u, € span{uy,...,u,1}. The
remaining elements are linearly independent; there are infinitely many of them, since

otherwise span (M) would be finite dimensional and hence closed, contradicting the fact
that M = V. O

Let V be a separable Banach space. We consider the equation
Au=F, (9.33)

in the dual V* of V, where A: V — V* and F' € V*. An element u € V solves (9.33) if
and only if it is a solution of the associated variational equation

(Au,v) = (F,v) , forallveV. (9.34)
We consider a finite dimensional approximation of (9.34), namely
(Auy,,v) = (Fyv) , forallveV,. (9.35)

Here, V,, is a subspace of V' with dim(V},) = n, and we look for solutions w,, € V.

If {ws,...,w,} is a basis of V,,, then u,, € V,, solves (9.35) if and only if w,, solves
(Aup, wg) = (Fywg) , 1<k<n. (9.36)
This is a finite-dimensional problem: We want to determine n unknowns, namely coeffi-

cients of u, with respect to the basis {wy, ..., w,}, from the n equations in (9.36).

The equations (9.36) are called Galerkin equations. The method which consists in
choosing these u,, as approximations for the solution u of (9.33) is called the Galerkin
method. The following theorem is also called the main theorem for monotone operators.

Theorem 9.13 (Browder and Minty)
Let V' be a reflexive separable Banach space, let A : V' — V* be monotone, hemicontinuous
and coercive. Then the equation

Au=F (9.37)
has a solution uw € V' for every F € V*.
Proof: It suffices to consider the case F' = 0 zu betrachten. The general case is reduced to

this replacing A by Ap with Apu = Au— F. Then Ap, too, is monotone, hemicontinuous
and coercive (to see that Ap is coercive, one argues as in the proof of Proposition 9.5).

According to Proposition 9.12 we choose a sequence (w,,) in V' satisfying
dim(V,) =n, V, :=span{wy,...,w,}, V = U Vi . (9.38)
k=1

At first, we prove that, for every n € N, the Galerkin equations

(Aup,wg) =0, 1<k<n, (9.39)
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have a solution u,, € V,,. Let j,, : R® — V,, the linear isomorphism defined by

dn(r) = mpwy, (9.40)

let A, : R" — R" be defined by
(Apz)r = (Ajn(z),wg) , 1<k<n. (9.41)

Since A is demicontinuous by Proposition 9.11(iv), all (A, ) and thus all A,, are contin-
uous. For x € R™ we have

n n

(Ap,x) = (An)rze = > (Afa (@), wi) 2k = (Ajn(2), ju(2)) -

k=1 k=1

Since ||7n(x)]| = oo if |x| = oo, A, is coercive because A is coercive. By Proposition
9.5, the equation A,z = 0 has a solution x € R", so u, = j(z) € V, is a solution of the
Galerkin equations (9.39). Equivalently,

(Aup,v)y =0, forallveV,. (9.42)

Since u,, € V,, we have
(A, up) =0. (9.43)

As A is coercive, the sequence (u,) is bounded in V. Corollary 9.10 now implies that
(Auy,) is bounded in V*. From (9.42) we obtain

lim (Au,,v) =0, forallve U Vi . (9.44)

n—00
k=1

Because (Au,) is bounded, it follows from (9.44) that Au, — 0 in V* (exercise). Let
now (u,,) be a weakly convergent subsequence of (u,) with u,, — v € V. We apply
Proposition 9.11(iii), setting b = 0, to the subsequence u,, ) and obtain Au = 0. O

One can prove that the set of solutions of Au = F'is a convex, closed and bounded subset
of V. Since V is assumed to be reflexive, one concludes that the set of solutions is weakly
compact.

Proposition 9.14 Let the assumptions of Theorem 9.13 be satisfied, let moreover A be
strictly monotone. Then the solution uw € V of Au = F is uniquely determined for every
given F € V*, s0o A:V — V* is bijective. The inverse operator A= : V* — V is strictly
monotone and hemicontinuous, and maps bounded sets to bounded sets.

Proof:If Au = F = Av, then (Au — Av,u —v) = 0, and therefore u = v since A is
strictly monotone. Let Fy, Fy € V*, set u; = A~'F;. Then u, # us if and only if Fy # I,
and in this case we have

<F1 — FQ,AilFl — A71F2> = <AU1 — AUQ,’LLl — U2> >0
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since A is strictly monotone. To prove that A~! is hemicontinous, according to Proposition
9.11 it suffices to show that, for every F' € V* and every u € V', the property

(u—A"'G,F—G)>0, foralG eV (9.45)
implies A™'F = u. Thus, let (9.45) be satisfied, let G € V*. Setting v = A~'G we have
(u—v, F—Av) > 0. (9.46)

Since A is hemicontinuous and A~'(V*) = V, we conclude that ' = Au by applying
Proposition 9.11 to A. It remains to show that A~! is bounded. Let F' € V* with

|F||<C, u=A"F. (9.47)

It follows that 4 7
Ao w) (Fu) oy <o (9.48)

[

If {u: ||Au|| < C} were unbounded, there would exist a sequence (u,) in V' with ||u,| —

oo and
(A, up)

[

This contradicts the assumption that A is coercive. O

<C

We now investigate the convergence of the Galerkin method. Let V,,, as in the proof of
Theorem 9.13, be an increasing sequence of subspaces of V' with

Vo, =span{wy,...,w,}, dim(V,)=n, U Vi=V. (9.49)
k=1

Once again we consider the problem: Given F' € V* determine u,, € V, such that

(Au,,v) = (F,v) , forall v e V,. (9.50)

Proposition 9.15 Let the assumptions of Theorem 9.13 hold, let moreover A be strictly
monotone, let F' € V*. Then for every n € N there exists a unique solution u, of (9.50).
Moreover, u, — w in V, where u denotes the unique solution of Au = F. If in addition
A is uniformly monotone, that is, there exists a constant ¢ with

(Av — Aw,v —w) > cllv —w|?*, for allv,w €V, (9.51)

then u, — u in V.

Proof: The existence of u, is a consequence of Theorem 9.13. If u,,v, € V, are two
solutions of (9.50), then

(Aup,v) = (Fyv) = (Av,,v) , furalle v € V,,, (9.52)

and since v = u, — v, it follows that (Au, — Av,,u, —v,) = 0, thus u, = v,. In the
proof of Theorem 9.13 we also have shown that every limit u of a weakly convergent
subsequence (uy,, ) of (u,) solves the orginal problem, that is, At = F. The uniqueness
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result 9.14 implies that « = u. From the convergence principle we obtain that u, — wu.
Let now (9.51) be satisfied. Since u, — u, the set (u,) is bounded in V. Moreover,

(Atn, un) = (F un) < ||F] Sup [n |- (9.53)
ne

Therefore, Corollary 9.10 implies that (Au,) is bounded in V*. We have
(Au, — Au,v) =0, forallveV,. (9.54)
We choose a sequence v,, € V,, with v,, — « in V. Then

0 < cljun, — ul]* < (Au,, — Au,u, — u) = (Au,, — Au,v, — u)

(9.55)
< ([ Aun| + | Aul]) [|vn = ull < Cllvn — ull

for some constant C' which does not depend on n. Therefore, v,, — u implies that u,, — u.
O

Remark: The uniform monotonicity (9.51) already implies coercivity.
We consider the boundary value problem

—div (a(x, Vu)) + ap(z,u) = f, in Q,

u(z) =0, on 99, (9:56)

which constitutes a slight generalization of Problem (9.1). An example is given by the
p-Laplacian operator which results when we set a(x, &) = |£[P72¢ with p > 2. (p = 2 yields
the Laplace operator.) The variational formulation becomes

/Q(a(a:,Vu(x)),Vv(m» dx + / ao(x,u(x))v(z) dr = /Qf(m)v(x) dr, forallvelV.

Q
(9.57)
The space V still has to be fixed. We assume that a satisfies the growth condition
la(z,§)] < co(1+1¢7) (9.58)
for some p € (1,00) and the Carathéodory condition
x> a(x,&) is measurable for all £ € R" (9.50)

& a(x,&) is continuous for almost all x € .

We assume that the same is true for ay in place of a. The Carathéodory condition
implies that the function  — a(x, Vu(x)) is measurable if Vu is measurable. The growth
condition (9.58) implies that

/Q<a(x,vu(x)),vv(x)> dr < co/ﬂ<1+ V()P Vo(z)| do

< (|21 + [ Vul )Vl

(9.60)

holds with 1/p + 1/g = 1, due to H”older’s inequality. Because ¢(p — 1) = p we have
HVal~lg = (1Vull,,) .
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We conclude that the reflexive and separable Banach space
V=)

is the appropriate space for the variational formulation (9.57). Indeed,

(Au,v) :/Q<a(:1c,Vu(:E)),Vv(x)) d:):—l—/ﬂao(x,u(x))v(x) dx (9.61)

defines an operator A : V' — V* according to the considerations above (and analogous
ones for ag). This operator is continuous (exercise). It is moreover monotone if we require
that

(a(x,w) —a(z,z),w—2z) >0, forall w,zeR" xeQ, (9.62)
and the same for qq instead of a. If in addition
(a(z,w) —a(z,2),w —2) > clw—z|*, forallw, z€R" € (9.63)

for some constant ¢ > 0, then A is uniformly monotone in the sense of (9.51). (For ay
we do not require (9.63) to hold, this already follows from the Poincaré inequality in V.)
From Proposition 9.15 it now follows:

Proposition 9.16 Let (9.58), (9.59) and (9.62) be satisfied. Then the quasilinear bound-

ary value problem (9.56) has a unique weak solution in V = Wol’p(Q) for every right hand
side F' € V*, and the Galerkin approximations u, converge to u in the norm of V. O
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10 The Bochner Integral

In this chapter, [a, b] always denotes a compact interval in R. For A C [a, b] we denote its
characteristic function by x4,

Xalt) = {(1) o (10.1

Definition 10.1 (Simple function) LetV be a Banach space. A functionu : [a,b] — V
15 called stmple if it has the form

u(t) = xa,(t)vr, (10.2)
i=1
where n € N, A; C [a,b] measurable and v; € V' for 1 < i < n.

Lemma 10.2 Let V be a Banach space, u : [a,b] — V simple. Then there ezists a unique
representation of u in the form (10.2) satisfying

UAi:[a,b], A;NA; =0 andv; #v; fori#j. (10.3)
It 1s called the canonical representation of u.

Proof: Exercise. O

Definition 10.3 (Bochner measurability)
Let V' be a Banach space. A function u : [a,b] — V is called Bochner measurable if
there exists a sequence of simple functions u, : [a,b] — V such that

nh_}rgo un(t) = u(t) (10.4)

for almost all t € [a,].

Definition 10.4 Let V be a Banach space, u : [a,b] — V a simple function
u(t) = xa,(t)v;. (10.5)
i=1
The Bochner integral of u is defined as
b n
/ u(t)dt = 3" meas (A (10.6)
a i=1
For measurable A C |a,b] we define

/A w(t) dt = /  a(ut) dt. (10.7)
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Definition 10.4 makes sense since the value of the right side of (10.6) does not depend on
which representation of u we choose.

As a direct consequence of the definition we obtain that for simple functions w, v : [a, b] —
V and numbers o, f € R

/b au(t) + pou(t) dt = a/b u(t) dt + 6/bv(t) dt , (10.8)

" ult) dtH < /ab u(t)]| dt (10.9)

as well as

Lemma 10.5 Let V' be a Banach space, u, : [a,b] — V' a sequence of simple functions
satisfying u, — w almost everywhere. Then for every n € N the function f : [a,b] — R
defined by

f(#) = llun(t) —u@)|] (10.10)
1s measurable.
Proof: We have
PO = T ful®), ful®) = unlt) = un®)]. (10.11)
and f,, is a simple function for all m € N. O

Let now u, : [a,b] — V be a sequence of simple function with w, — u pointwise a.e.,

satisfying
b

lim lun(t) —u(t)| dt = 0. (10.12)
n—oo a

(By Lemma 10.5 the integrand is measurable.) Due to

/abun()dt—/bum( dt” [ (6) — wn(0)] it

/||un —u(t ||dt—|—/||um —u(t)] dt,

= / () dt (10.14)

we obtain a Cauchy sequence {y,} in V. If v, : [a,b] — V defines another sequence with
the same properties as {uy,},

[ i il [ ol

/||vn — u(t |dt+/||un —u(t)|| dt.

Therefore, the limit of {y,} does not depend on the choice of the sequence {u,}.

(10.13)

setting

(10.15)
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Definition 10.6 (Bochner integral) Let u : [a,b] — V. If there exists a sequence of
simple functions u,, : [a,b] =V such that u, — u pointwise a.e. and

i [ un(t) — u(t)]|dt =0, (10.16)

n—o0 a

then u s called Bochner integrable, and the Bochner integral of u is defined by

b b
/ u(t)dt = lim [ wu,(t)dt. (10.17)

n—oo a

Lemma 10.7 Let V be a Banach space, let u,v : [a,b] — V Bochner integrable and
a, B € R. Then au + Bv is Bochner integrable, and

/b au(t) + Pou(t) dt = a/b u(t) dt + ﬁ/bv(t) dt . (10.18)

Proof: This follows directly from the definitions. O
Proposition 10.8 Let V' be a Banach space. A function u : [a,b] — V is Bochner

integrable if and only if u is Bochner measurable and the function t «— ||u(t)|| is integrable.
In this case,

Proof: “=”: Let (u,) be a sequence of simple functions with u,, — u pointwise a.e. and

/abU(t) dt” < /ab [ u(t)]| dt . (10.19)

/ lu(t) — un(®)]| dt = 0. (10.20)

Since ||u,(t)]| = ||u(t)|| for a.e. t € [a,b], the function ¢t — ||u(t)|| is measurable. Then

b b b
/||u(t)||dt§/ ||u(t)—un(t)||dt—|—/ ||un ()|l dt < oo (10.21)

“<": Let (u,) be a sequence of simple functions with u,, — u pointwise almost every-
where. For any given € > 0 we define v, : [a,b] — V by

) {un@), if [lun(t)] < (1+ ) [u@)] 1022

0, otherwise.
v, is a simple function, since {t : ||u,(¢)|| < (14 ¢)||lu(t)||} is measurable. For
fn(t) = [lon(t) = u(®)]] (10.23)
we have f,, — 0 pointwise a.e. and

0 < fult) < 2+ )[ul®)l- (10.24)
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From Lebesgue’s theorem on dominated convergence we obtain

hm/ lon(t) — u(t)|| dt = hm/fn =0. (10.25)

Therefore, u is Bochner integrable. With (10.9) it follows that

g < [ia< e [ (10.26)

and thus , , ,
‘/ u(t)dtH = lim/ vn(t)dtH < (1+e)/ llu(t)| dt. (10.27)

a n—oo a a
Since € > 0 was arbitrary, (10.19) follows. O

We now consider functions u : [a,b] — V for which

/ |u(t)||P dt < oo (10.28)

holds.

Definition 10.9 Let V' be a Banach space, 1 < p < oco. We define
LP(a,b; V) = {[u]|u : [a,b] — V is Bochner measurable and satisfies (10.28) }. (10.29)
Here, [u] denotes the equivalence class of u with respect to the equivalence relation

u~v & u=0v almost everywhere . (10.30)

Due to Proposition 10.8, L'(a,b; V) coincides with the vector space of all Bochner inte-
grable functions on [a, b].

Proposition 10.10 Let V' be a Banach space, 1 < p < co. The space LP(a,b;V) is a
Banach space when equipped with the norm

ol oy = (/ o dt) | (10.31)

If V is a Hilbert space, then L*(a,b;V) becomes a Hilbert space when equipped with the
scalar product

b
(u,v) :/ (u(t),v(t)), dt. (10.32)

Proof: Omitted. For a given Cauchy sequence, one constructs a limit in the same way as
in the scalar case V' = R. In order to prove that this limit is Bochner measurable, one
uses a characterization of measurability due to Pettis. O

Definition 10.11 For u : [a,b] — R we define

esssupu(t) = inf{M : M € R, u(t) < M for almost all t € [a,b]} . (10.33)

t€[a,b]
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We now consider functions w : [a,b] — V with values in a Banach space V' for which

esssup ||u(t)||v < oco. (10.34)
te(a,b]

Definition 10.12 Let V be a Banach space. We define

L*>(a,b; V) =A{[u] |u: [a,b] = V is Bochner measurable and (10.34) holds }. (10.35)
Proposition 10.13 Let V' be a Banach space. Then L*(a,b; V') is a Banach space.

Proof: Again, this is proved in the same manner as in the case V = R. O
Lemma 10.14 Let V' be a Banach space. Then for all 1 < p < q < oo we have
Li(a,b; V) C LP(a,b; V). (10.36)
Proof: As in the case V = R. O
Definition 10.15 Let V be a Banach space. We define
C([a,b]; V) ={ul|u: [a,b] =V continuous} . (10.37)

Definition 10.16 (Oszillation) Let V' be a Banach space, u : [a,b] — V. We define the
oscillation of u by

%ﬁ(u; 0) = sup{||u(t) — u(s)| : s,t € [a,b], |t —s| <} (10.38)

Lemma 10.17 Let V be a Banach space, u : [a,b] — V continuous. Then

1i ;0)=0. 10.
55%%(% )=0 (10.39)
Proof: The statement (10.39) is equivalent to the uniform continuity of . O

For a continuous function « : [a,b] — V we have

esssup |lu(t)]| = max [Ju(t)], (10.40)
t€la,b] te[a7b]

since continuity of u implies that [[u(t)[| < esssup,e(,y [|u(s)|| holds for all ¢.

Proposition 10.18 Let V be a Banach space. Then C([a,b]; V) is a Banach space when
equipped with the norm

e A1l 10.41
ey = ma (0] (10.41

Moreover, C([a,b]; V) can be identified with a closed subspace of L*(a,b; V).
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Proof: If u : [a,b] — V is continuous, it is Bochner measurable: We define a sequence of
simple functions u, : [a,b] = V by u,(t) = u(ih), if t € [ih, (i + 1)h), h = (b —a)/n is.

Then ;
ln(t) = w(t)]| < osc(us h), B = —° (10.42)

b) n

therefore w,, — u uniformly (pointwise convergence would already be sufficient for our
purpose). Moreover: Let (u,) be a sequence in C' satisfying [u,] — [u] in L>°. We choose
a subset N in [a, b] of zero measure such that u,, — u uniformly in M = [a,b] \ N. Then
w is continuous on M. For an arbitrary given ¢ € N we choose a sequence (t;)keny in M
such that ¢, — ¢. Then

[[n (t) = wn (N < [Juen () = wn ()| + [[un = | oo 0 pory + ([ (E) = wm(@)]]
thus (u,(t))nen is a Cauchy sequence. For ¢t € N, let 4(t) be the limit of this Cauchy

sequence, and set @(t) = u(t) for t € M. Then @ : [a,b] — V' is continuous and [a] = [u].
O
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11 Linear parabolic equations

A parabolic equation has the form
Owu+ Lu=f, (11.1)

where L is an elliptic operator. Let L be given in divergence form as

Lu=— z": 0j(ai;(z,t)0u) + Zn: bi(z,t)0u + c(x, t)u. (11.2)

3,j=1

We consider the corresponding initial-boundary value problem

Owu+Lu=f in Qp=Qx (0,77, (11.3)
u=0 ondQx (0,7), (11.4)
u(z,0) = ug(x) for z € Q. (11.5)

We pass to a variational formulation with respect to the space variable x.

Let v € C§°(£2) be a test function. We multiply both sides of (11.3) with v, integrate over
2 and perform partial integration of the divergence term. This yields

/Qf)tu(x,t)v(x) d:p—k/ﬂzaij(w,t)f)iu(x,t)ﬁjv(a:) dx

1,5=1

—i—/zn:bi(x,t)@iu(:v,t)v(x) d$+/c(:x,t)u(a:,t)v(x) dx (11.6)

Q

- /Qf(x,t)v(a:) dz |

Assumption 11.1 Let Q@ C R" be open and bounded, let a;;, b;, ¢ be measurable and
bounded for all i,j, let ug € L*(Q), f € L*(Q7p). We assume that 9; + L is uniformly
parabolic, that s, there exists a, > 0 such that

A, )8 =) Gag(x, )8 > alé*, forall§ €R", 2 €Q, t€(0,T).  (1L7)

ij=1

O

“Uniformly parabolic” thus means that L is uniformly elliptic, and the ellipticity constant
does not depend on ¢.

We want to interpret the unknown function w as a function w : [0,7] — V, where V is a
suitable Banach space of functions on 2,

u(t): Q— R, foralltel0T]. (11.8)

The value (u(t))(z) corresponds to u(x,t) in (11.3).
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We write the initial-boundary value problem as

%(u(t),v)H +a(u(t),v;t) = (F(t),v),, , forallvelV, (11.9)
u(0) = ug . (11.10)
Here,
H=1L*Q), (wv)g= / w(z)v(z) dr, (11.11)
Q

V=HyQ), F:[0,T]—V*, (11.12)

(F(t),v) stands for (F(t))(v), and
a(w, v: ) = /Q (V@) Az, ) Vo(z) do + /Q b, )T Veo(2)o(x) da (11.13)

+ / c(x, t)w(z)v(x) dx. (11.14)
Q
Since in (11.9)
v = a(u(t),v;t)
defines an element of V*, one has to expect the same for

v %(u(t),v)H.

Thus, when considering (11.9), the three spaces V', H, and V* are involved. It turns out
that the notion of an evolution triple provides a suitable abstract formulation for this
situation.

For v* € V* and v € V, as above we use the notation
(v, v)y, = 0v"(v). (11.15)

Proposition 11.2 Let H be a Hilbert space, V a reflexive Banach space over R, let
j 'V — H be linear, continuous and injective, let j(V') be dense in H. Then

(g (h),v)y = (b, j(0) (11.16)

defines a linear, continuous and injective mapping j* : H — V* satifying ||7*|| < ||7ll, and
J*(H) is dense in V*.

Proof: Let h € H. The right hand side of (11.16) defines, since

(R, 3 @) | < Nll g 5@ < Wl 110N (11.17)

an element j*(h) € V* with
177 ()]
J* is linear and, because of (11.18), continuous, and ||7*|| < ||j||. Let 7*(h) = 0. Then

ve < 1l Il (11.18)

(h,j(0)g =0, forallveV. (11.19)
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Let (v,) be a sequence in V' with j(v,) — h in H. Then
(ho Wi = (b, Tim j(0,)) = Tim (A, j(0,)) = 0 (11.20)
n—oo n—oo

thus A = 0. This shows that j* is injective. It remains to show that j7*(H) is dense in V*.
Let v™* € V** be arbitrary with v**(j*(H)) = 0. It suffices to show that we then must
have v** = 0. (If W = cl(5*(H)) were a proper subset of V*  according to the theorem
of Hahn-Banach there would exist a v** € V** with v**(W) = 0, but v*™* # 0). As V' is
reflexive, we find a v € V with

(v, )y, =0 (v*), forallv e V*. (11.21)

We then have
0=v"*(5*(h)) = (*(h),v)y = (h,j(v))y, forallhe H, (11.22)
therefore j(v) = 0 and, since j is injective, v = 0. Thus, v** = 0. O

Corollary 11.3 In the situation of Proposition 11.2 we moreover have: the mapping
J:V = V* J=j%0j, is linear, continuous and injective, J(V') is dense in V*, and

(Ju,w),, = (Jw,v),, , forallv,weV. (11.23)

Proof: This follows directly from Proposition 11.2 and from the identity

(Ju,w), = (j(v), j(w)u = (j(w),j(v))g = (Jw,v), . (11.24)
O

We thus have , \
VLZHL VY (11.25)

with continuous and dense embeddings.

Definition 11.4 Under the assumptions of Proposition 11.2, (11.25) is called an evolu-
tion triple or Gelfand triple.

For the parabolic problem (11.3) — (11.5) we set
V=HQ), H=L*Q)), (11.26)

and let
§ i Hy(Q) — L*(N) (11.27)

be the canonical embedding defined by j(v)(x) = v(z). The mapping j* can be interpreted
as follows. For h € H = L*(Q),

<ﬂMw»:mmmmz/hmmwm. (11.28)

Q
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To the element j*(h) € V* we associate an element w € V' via the Riesz representation
theorem and obtain

(77 (h),v)y :/Q<Vw(x),VU(x)> dx . (11.29)

Here, we have taken the scalar product in H}(Q) to be the L? scalar product of the
gradients (see the Poincaré inequality). From (11.28) and (11.29) it follows that w is
nothing else than the weak solution of the elliptic boundary value problem

—Aw=~h 1in (, (11.30)
w=0 on .
The embeddings j and j* of an evolution triple induce via
urrjourrjiojou (11.31)
embeddings of the corresponding L” spaces,
LP(0,7;V) — LP(0,T; H) — LP(0,T; V™). (11.32)

In what follows we sometimes do not write j and j* explicitly, that is, when we write
“h =v" or “w=v" withv € V, h € H and w € V*, it stands for “h = j(v)” resp.
fw=j"(j(v))".

Definition 11.5 (Weak time derivative)
Letw e L0, T;V). Aw e LY0,T;V*) is called a weak derivative of u if

/0 w(t)p(t)dt = _/0 J(u(t))¢'(t) dt, (11.33)
for all ¢ € C§°(0,T). O

The integrals in (11.33) are Bochner integrals.

We want to reduce equations in V and V* to equations in R. For this, we need the
formulas

<v*, /OTu(t) dt> = /OT (v u(t)), dt, v*eV* ueL'(0,T;V), (11.34)

and
</OTU(t) dt, v> = /OT (u(t),v)y, dt, veV, ue L' (0,T;V*). (11.35)

Proposition 11.6 Let V be a Banach space. If v* € V* and v € L'(0,T;V), then
t — (v, u(t))y is integrable, and (11.34) holds. If v € V and u € L'(0,T;V*), then
t — (u(t),v)y is integrable, and (11.35) holds.
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Proof: We consider (11.34). If

n

uw=Y_ xavi (11.36)

i=1
is a simple function with values v; € V, then t — (v*,u(t)),, is a simple function, too,

and
<v*7/0Tu() > < Zmeas > Zmeas (v*, v;)y,
_ /OT (W, u(t)), dt, ot eV,

Let now u € L'(0,T;V) be arbitrary. For v* € V* we have (v*,u(t)),, = (v* o u)(?).
Moreover, v* o u is measurable, since v* is continuous and w is Bochner measurable.

Moreover,
T T
/ (0" u(t))y | dt < / o]
0 0

V*
Analogously, we obtain
< [Jv"]

‘<v*,/0Tu(t)dt>V < /OTu(t)dt )

Therefore, both sides of (11.34) define a linear and continous functional on L'(0,T; V).
They coincide on the dense subspace of the simple functions and are therefore equal.

u(®)ly dt < v

v uHLl(O,T;V) :

v+ “”Ll(o,T;V) :

The proof of (11.35) is analogous. O

The following two results are concerned with the characterization and the uniqueness of
the weak derivative.

Lemma 11.7 LetV % H 25 V* be an evolution triple, w € LY(0,T;V), w € L'(0,T; V*).
Then w is the weak derivative of u if and only if

T T
/ (u(t), ) (1) dt = —/ (w(t),v), o(t)dt, YveV,peCE0,T).  (11.37)
0 0
Proof: Due to (11.35), for all v € V and all ¢ € C§°(0,T") we have

/OT(J(u(t))J(v))HSOI(t) dt = /OT (&' (£)J (u(t)), v, dt
= </OT J(u(t)¢'(t) dt v>v :

- /OT (w(t), v}y (t) dt = </0T —w(t)p(t) dt, v>v . (11.39)

Therefore, (11.37) is equivalent to

(11.38)

and

/OT J(u(t)'(t) dt = — /OTw(t)go(t) dt, forall p € C5°(0,T). (11.40)
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Corollary 11.8 Let w € L*(0,T;V*) be the weak derivative of u € L?(0,T;V). Then,
for every v € V, the function t — (w(t),v),, is the weak derivative of the function
t — (u(t),v)g in L*(0,T). The same is true if L* is replaced by L*.

Lemma 11.9 Let V be a separable Banach space, w € L*(0,T;V*), let
T
/ e(t)w(t)dt =0, forall p € C;°(0,T). (11.41)
0
Then w = 0 almost everywhere.

Proof: In the special case V =R = V*, this is the fundamental lemma of the calculus of
variations, see Proposition 2.7.

For v € V and ¢ € C§°(0,T") we have

0= </0T o(tyw(t) dt, v>v - /OTgp(t) (w(t), v), dt. (11.42)

Using the result for V' = R, we obtain that for every v € V there exists a null set N(v)
with
(w(t),v) =0, forallte (0,7)\ N(v). (11.43)

Let D be a countable dense subset of V, let

N=JN@). (11.44)
veD
Then N is a null set, and
(w(t),v)y =0, forallte (0,T)\N,veD. (11.45)
Since D is dense in V,
(w(t),v)y =0, forallte (0,T)\N,veV, (11.46)
and thus w(t) =0 for all t ¢ N. O

Proposition 11.10 Let V be a separable Banach space, u € L?(0,T;V). Then there
exists at most one weak derivative w € L*(0,T;V*) of u. If it exists, we denote it by u’.

Proof: If wy,wy € L*(0,T;V*) are weak derivatives of u, it follows from its definition
that for w = w; — wy we have

/Tw(t)go(t) dt =0 (11.47)

for all ¢ € C§°(0,T"). From Lemma 11.9 we conclude that w = 0. O

Remark: The assertions of Lemma 11.9 and of Proposition 11.10 hold for also for non-
separable Banach spaces X and w € L'(0,T; X).
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We return to the parabolic initial-boundary value problem and repeat its formulation as
an “abstract” initial value problem

(W' (t),v), +a(u(t),v;t) = (F(t),v),, , forallvelV, (11.48)
u(0) = ug . (11.49)

The boundary condition u = 0 on 9 is taken care of by the space H} ().

We look for a solution u in the space
W ={u:ueL*0,T;V),u € L*0,T;V*)}, (11.50)

which satisfies (11.48) for almost all ¢t € (0, 7).

Proposition 11.11 Let V I H L v* be an evolution triple. Then we have
W cC(0,T);H) . (11.51)

Moreover, the rule of partial integration

(u(t),v(t))r — (u(s),v(s))n = / (u'(7), 0(7))y + (V'(7), u(7))y dr (11.52)
holds for all u,v € W and all s,t € [0,T].

Proof: See for example chapter IV in the book of Gajewski, Groger and Zacharias (in
German), or Theorem 5.9.3 in Evans, or my lecture notes from the summer term 2013 (in
German). 0

The inclusion (11.51) has to be understood in the following sense: If u € W, the equiv-
alence classe [j o u] € L*(0,T; H) of j ou contains a continuous function (in fact, this
function is then uniquely determined). The left side of (11.52) has to be interpreted in
this sense, as continuous functions can be evaluated unambiguously at the points s and ¢.
For the same reason, the initial condition (11.49) is well-defined for functions in W. (For
arbitrary functions in L?(0,T;V), (11.49) is not well-defined.)

Assumption 11.12

i Vv 5 H 5 v is an evolution triple, V' is a separable Banach space with dim(V') =
+00.

(i) a : VxV x(0,7] — R is a bilinear form for every t € (0,T], end there exist
Ca,Ch, Cyq > 0 with

a(v,v;t) > co||lvll} — enlli)||3, forallveV,te (0,T), (11.53)
la(v,w;t)| < Collv|| [|Jw]|, for allv,w eV, t € (0,T]. (11.54)

The mappings t — a(v,w;t) are measurable for all v,w € V.

(iii) uo € H, F € L*0,T;V*).
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O

Theorem 11.13 Under the assumptions in 11.12, the initial-boundary value problem
(11.48), (11.49) has a solution u € W.

The proof consists of a sequence of Lemmas; we always assume that Assumption 11.12 is
satisfied.

As in chapter 9 we use Galerkin approximation. The idea is to solve first the initial value
problem on finite dimensional subspaces V,, of V| and to obtain the solution on V' by a
limit passage. The existence of the limit results from a compactness argument. In order
for this to work, the sequence of approximate solutions has to be bounded. This will
follow from the properties of the bilinear form guaranteed by assumption 11.12. These
properties will turn out to hold since 9; + L is uniformly parabolic.

The Galerkin approximation is based on a sequence (wy,)nen in V' with

dim(V,,) =n, V, :=span{wy,...,w,}, V =cl (U Vn> : (11.55)

neN

We want to determine functions u, : [0,7] — V,,, represented as
un(t) =Y ean(twr,  cur:[0,7] 5 R, (11.56)
k=1

such that we have, for almost all ¢ € (0,77,

(uy, (1), 0) i + aluny(t),v;t) = (F(t),v),, , foralvelV,,

un(0) = ugy -

(11.57)

The initial values ug, € V,, are uniquely defined (recall that j is injective) by

J(uon) = pluo, j(V)) - (11.58)

Here, p(uo, j(V,)) denotes the orthogonal projection of ug to the closed subspace j(V;,) of
H. This definition ensures that j(ug,) — uo in H and that ||j(uo,)||z < ||uo|lz. Let

Uon = Y Aty € Vi, (11.59)
k=1
A system equivalent to (11.57) and (11.58) is given by

> ) (wew)y + Y enr(t)a(wy, wist) = (F(t),wi)y, , 1<i<n, (11.60)
k=1 k=1
Cnk(0) = Qg 1<k<n. (11.61)

Lemma 11.14 The Galerkin equations (11.57), (11.58) have a wunique solution wu, :
[0, T] = V,, with v, € L*(0,T;V,) and

un(t) = ug, + /Ot up (s)ds. (11.62)
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Proof: The vectors wy,...,w, are linearly independent in V. Since j is injective, the
vectors j(wy), ..., j(wy,) are linearly independent in H. The matrix

B = (bix), by = (wg,wi)m, (11.63)
is invertible (exercise), and we may write (11.60), (11.61) in the form
¢ (t)+ B A(t)e,(t) = BTYE(t),  ¢,(0) = an, (11.64)
where
A@t) = (an(t)), an(t) = a(wp, wist), Ft) = (F(t),w), - (11.65)
By our assumptions, Ae L>®(0,T;R™™) and because of
[E)] = [(F(t),wi)y | < IE@v- Jwillv
we have F' € L*(0,T;R"™). The initial value problem (11.64) has a unique solution ¢, :
[0, 7] — R" with
cn(t) = ¢, (0) + /t d.(s)ds, c, € L*0,T;R"), (11.66)
0

according to the Picard-Lindel6f theorem in the version for measurable right hand sides,
see for example the book of Walter on ordinary differential equations. O

Lemma 11.15 There exists a constant C' > 0, which does not depend on n, such that

tg%é*gﬁ] [[un ()]l + ||un||L2(o,T;v) + ||U;L||L2(O7T;V*) < Clluolly + ||F||L2(0,T;v*))- (11.67)

Proof: Let n € N be fixed. We set v = u,(t) in (11.57) and obtain

(un (1), un () 1 + alun(t), un(t); ) = (F(t), un(t))y - (11.68)
We have 41
3p 2 () wn() i = (ui(8), un () a (11.69)

according to the product rule for bilinear forms (applied on the finite dimensional subspace
V,.). By our assumption on a,

a(un (), un(t);) = callun ()7 — cnllun (@)l - (11.70)

We integrate (11.68) over [0, ¢] and obtain, using (11.69) and (11.70),

1 1 !
1B = 3llua Oy +co [ lens) s
0
t t (11.71)
<o [ Nuards+ [ (F(s) () ds
0 0
According to our choice of ug,,
Juonllr < ol - (11.72)
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Using Young’s inequality, we get

[y as <G [l a5 [IF@R-a. a1

We insert (11.72) and (11.73) into (11.71), multiply by 2 and obtain

t
Jan Oy + <o [ Nen) ds
0 (11.74)

2
V* dS.

t 1 t
< ol + 200 [ (o)l ds+ - [ IF)
0 a JO

For
n(t) = lJun(t) I3 (11.75)
it follows that

a

(o) < do+ 20, (s ds, do = fuolly + ~ / IFG)R-ds, tel0T]. (176)
Using Gronwall’s lemma we conclude that
n(t) < doe***,  for all t € [0, T). (11.77)
Thus, for a suitable constant C,
lun (@I < Clluoll + 1 Fl72077+),  forall ¢ € [0, 7], (11.78)
From (11.74) it follows (with C' suitably enlarged)
lunllZ20.r0) < CllluollF + 1F 1 Z20,r0) - (11.79)

In order to estimate u], in the norm of V* we consider once more the variational equation

(U, (t),0)y, + alun(t), v;t) = (F(t),v),, , foralwveV. (11.80)
It follows that
| (un(£), )y | < Callun @Iy vl + 1E @)l vl (11.81)
thus
[un )y« < Callua@lly + 1F @)y, (11.82)

and therefore

v dt

T
20y < / (Cullun®lly + 1P|
0
2 2
< zcguunHLQ(O,T;V) + 2HF”L2(0,T;V*) .

The assertion now follows from (11.79). O
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Lemma 11.16 There exists a subsequence (up, )ren and a w € L*(0,T; V) such that u,,
converges weakly in L*(0,T; V). The limit function u satisfies

_(uo,v)Hso(O)—/o <U(t),v>v90’(t)dt+/0 a(u(t), v t)p(t) dt (11.83)

T
— [ Py et ar,
0
for allv € V and all ¢ € C*0,T] with o(T) = 0.

Proof: Due to Lemma 11.15, (u,) is bounded in the Hilbert space L?(0,7;V). Thus,
there exists a subsequence (u,, ) which converges weakly to some u € L*(0,T;V).

Let i € N, v € Vi, p € C0,T] with ¢(T) = 0. For n > i we get, because of (11.57),
T T T
|t omewydes [ aw o, o0 = [ F0.0 e 18y
0 0 0

Partial integration yields

(1 (0), ) 12 (0) — / (un(t), v}y @' (£) dt + / a(un(8), 05 ) p(t)

. (11.85)
= / (F(t),v), (t)dt.
0
Since u,(0) = ug, — ug in H, we obtain
lim —(uy, (0),v)n = —(uo, v)m - (11.86)

k—o0

We investigate the passage to the limit for the two integrals on the left side of (11.85).
The assignment

zr—>/0 (z(t),v)y ¢ (t) dt (11.87)

defines a linear continuous functional on L?(0,T; V), since

T

/0T<J(Z(t)),v>v¢’(t)dt‘ S/O 17 (=(2))]

vellvlly le' ()] dt

T
. 11.88
<15 o ol | el dt .
< 15" o I ol 19l VT2l 20221 -
The weak convergence u,, — u therefore implies that
T T
lin [ (0,00 ¢ (O dt = [ {u(®)0), 0) dt (11.89)
>*Jo 0
Analogously, from
T
| a0, vi00(0) dt < Collol Il VTV o1 (11.90)
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for all z € L?(0,T;V) we obtain that

lim a(unk(t),v;t)go(t)dt—/o a(u(t),v;t)p(t)dt. (11.91)

k—o0 0

Thus, (11.83) is proved for v € V;. Since i was arbitrary and U;V; is dense in V', the
assertion follows. O

Lemma 11.17 The expression
(a(t),v)y = a(u(t),v;t), veV, te(0,T), (11.92)
defines a function & € L*(0,T;V*) which satisfies
H@”L?(O,T;v*) < Ca”UHL2(o,T;V) : (11.93)

Proof: We have
a(u(t),v:t)| < Calla® ol , veV,

for almost all ¢ € (0, 7). Therefore,
at) e V', la@®lly- < Callu®)lly

for almost all ¢ € (0,7), and (11.93) follows from
T
JC]
0

Proof of Theorem 11.13. According to Lemma 11.16 and Lemma 11.17, for all ¢ €
Ce(0,7T) and all v € V' we have

T
< C2 [ ol ar

O

_ /0 (u(t), v) e (1) dt = — /0 (@(1), ), (1) di + /0 (F(t),0)y o(t)di. (11.94)
By Lemma 11.7, v has the weak derivative
u' € LA0,T;V*), d/(t)=—at)+ F(t),

(W' (t),v)y, +a(u(t),v;t) = (F(t),v),, veV, (11.95)

as claimed, and u € W. From Proposition 11.11 we obtain that v € C([0,T]; H). We
now replace in (11.83) the two rightmost integrals according to (11.95) and obtain

(o, 0)o(0) — / (ult), o)y ' (¢) dt = / (W (), )y (1) dt (11.96)

for all v € V and all ¢ € C'[0,T] with o(T) = 0. Since, on the other hand, the function
t — @(t)v also is an element of W, we obtain for such functions ¢ by Proposition 11.11

—(u(0),v)u#(0) :/o ('(t), p(t)v)y + (¢ (t)v, u(t))y dt. (11.97)
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Choosing in particular a ¢ with ¢(0) = 1 it follows from (11.96) and (11.97) that
(u(0) — up,v)g =0 (11.98)

for all v € V. As j(V) is dense in H, we obtain u(0) = wuy. Theorem 11.13 is now
completely proved. O

Theorem 11.18 Under the assumptions 11.12, the initial value problem (11.48), (11.49)
has a unique solution u € W. Moreover, there exists a constant C' > 0 which is indepen-
dent from ug and F such that

masc [u(t)ls + el 0 + 10 ey < Cllollg + [P llogy) - (1199

Proof: Existence follows from Proposition 11.13. For every solution v € W it follows
from Proposition 11.11 that for every t € [0, T]

1 1 Lo
00 = (0w = [ ). ulo)y ds
= —/0 a(u(s),u(s);s) d8+/0 (F(s),u(s)), ds.
Thus,
SOl + [ alus) i) ds = Slall+ [ ()l as. (100
It follows that

1 t t
SO+ 6o [ Tl ds = [ o) s

1, o ¢ [* ) I
< gllwlly + 5 [ )l ds + 5= | I1F()

Using Gronwall’s lemma, we obtain with an argument analogous to that in the proof of
Lemma 11.15

(11.101)
2. ds.

mas [u(t)ly < Clluolly + I1F o) (11.102)

From (11.101) we also obtain
HUHLZ(O,T;V) < C([luolly + HFHLQ(O,T;V*)) : (11.103)
From (11.95) and Lemma 11.17 it follows that
1] 2.y < Callull 2.y + 1E M 2.1 - (11.104)

From (11.101) and (11.104) we now obtain (11.99) as well as the uniqueness, since to the
difference of two solutions we may apply (11.99) with F' = 0, uo = 0. O

We return to the initial-boundary value problem

Ou+Lu=f inQp=Qx (0,77, (11.105)
u=0 ondQx(0,T), (11.106)
u(z,0) = ug(x) for x € Q. (11.107)
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As a weak solution of (11.105) — (11.107) we define a solution of the associated initial
value problem (11.48), (11.49), which is discussed above. In this case,

a(w,v;t) :/Q(Vw(:)s))TA(:r,t)Vv(:r) dx+/Qb(x,t)TVw($)v($) dx (11.108)

+ [ clo.puiayela) da. (11.109)

(F(t))(v):/gf(:p,t)v(x)dx. (11.110)

Theorem 11.19 (Unique solvability of the initial-boundary value problem)
Let the assumptions 11.1 be satisfied. The the problem (11.105) — (11.107) has a unique
solution w € W.

Proof: The assertion is a consequence of Proposition 11.18; we only have to check that
the assumptions in 11.12 are satisfied. As evolution triple we choose

V=Hy(Q), H=LQ), (v)(z)=o0v).
Since 0; + L is uniformly parabolic, Garding’s inequality (Lemma 3.5) implies that
a(v,v;t) > ca|lvl|} — enllv]|3;, FuralleveV,te(0,T],

holds with suitable constants c¢,, ¢,. Since the coefficients A, b, and ¢ are bounded, it
follows that

la(v,w; )| < Collv||v [|Jw|ly, forallv,w eV, te (0,T],
for a suitable constant C,. Moreover,
(FOF < [ fa@Pa < [ (fanfa [ PP
<Co [ I 0Pds - ol
Q

where we have used Poincaré’s inequality. It follows that

T T
1F a0 ey = / P dt < Cq / / P, )P da dt < Call f2s0y

therefore F' € L*(0,T; V™). O

The method described above reduces the initial-boundary value problem to an initial value
problem in the context of an evolution triple. This method can also be applied to other
partial differential equations. For example, one can reformulate hyperbolic equations (in
particular, the wave equation) as a second order equation (with leading term w”(t)) in a
form analogous to (11.48), and one can prove a corresponding existence and uniqueness
result.
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The method of Galerkin approximation can also be used for the numerical solution
of a parabolic initial-boundary value problem. One chooses V,, together with a basis
{wy, ..., w,} and solves the system

> G we), j(w)) g + Y enn(Balwe, wit) = (F(t),w;)y, , 1<i<n, (11.111)

of n ordinary differential equations for the unknown functions c,;, 1 < k < n, by a
suitable numerical method.
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12 PDEs in Continuum Mechanics

Space as a continuum. Continuum mechanics describes phenomena in space and time.
Space is modeled as R3, and time is modeled as R. With regard to space, continuum
mechanics operates on a macroscopic scale, many magnitudes of order above molecular and
atomic length scales. Nevertheless, a function with arguments in R? has a mathematical
meaning on all (even arbitrarily small) length scales. In view of this contrast, what is the
relation between “reality” and mathematical model ?

As an example we consider a porous material, that is, a body consisting of solid material
and of cavities (also called pores). Examples are a pile of sand or of rocks, or a cellular
..... Whether the cavities are empty or filled (with a gas or a fluid) does not matter at the
moment. Let G C R? be the region in space that we consider, let P C G be the region
“occupied” by the cavities. Depending on the situation we may have d = 1,2, or 3. Let
x € GG be a point, let

h
Wilz) = {z: |lz — zllc < 5} (12.1)
be a cube completely contained in G with center x and sidelength h. We define

. VOld(PmWh(l'))
() = voly(Wa(z))

= h™%oly(P N Wy (x)). (12.2)

The function ¢y, yields the fraction of cavity volume in the cube Wj(z). We want to
replace this function by a function which depends only on x, not on h. This means that
we want to define the fraction of cavity volume “at a point 2”. For this, it does not make
sense to look for a limit as A — 0; one wants to obtain a function which represents the
behaviour for small, but finite values of h.

The basic assumption which underlies such a procedure is the following:

There is an interval I of values of h, in which h — @y (z) is approximately
constant, at all points = of G.

This basic assumption means that, in this interval, averaging according to (12.2) yields
a reasonable approximation to the real situation. The values of h in I are typically big
with respect to the fine structure of the porous material. In addition, one requires that
I also includes values of h which are small when compared to the size of G. If this is not
the case, it would not make much sense to consider a dependence on x. One now models
the volume fraction of the cavities (as a variable which contributes to the description of
the porous structure) as a function ¢ : G — R which approximates ¢, from (12.2) This
function is called the porosity of the material.

We may rewrite (12.2) equivalently as
volg(P N Wy(x)) = @n(x) - h* = pp(z)volg(Wi(x)) . (12.3)

For the continuum model this means that

/U p(z) dx (12.4)
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is a reasonable approximation for the actual volume voly(P N U) of the cavity. We may
interpret the function ¢ as the density function of a measure. This measure approxi-
mates the measure v defined by v(U) = voly(PNU) which yields the actual cavity volume
in subsets U of G.

Another example of a variable which is continuous in space is the mass density. Let us
consider a solid body occupying a region G C R? Let the cube W),(z) given by (12.1)
have the mass m(W),(x)). Its average per volume is

- m(Wy())
pr(x) = voly(Wi(2))

In the same manner as above one introduces the continuous mass density p : G — R.
Then the mass of a subset U C G is taken to be

m(U) = /U p(z) dz (12.6)

Space and time as continuum. In this case, the density function depends on time,
“o = p(t,x)”. Let us assume that ¢ models a quantity of dimension G. For example,
G could be kilograms or calories. The density function ¢ has dimension GL£~¢, where d
is the dimension of space, and L is the dimension of length. The total amount of the
quantity contained in a region U C R? at time ¢ is

/Ugo(t,x) dr | (12.7)

(12.5)

which has dimension G.

We want to derive a general so-called balance equation in space dimension d = 1, that
is, for regions U = (a,b). We assume that the total amount of the quantity moving (or
“flowing”) through a given space point x € (a, b) during the time interval [t, 7] is given by

/tT q(s,x)ds. (12.8)

The function ¢ is called flux, it is also a density function. It describes the time rate
with which the quantity flows through the point z in the positive z-direction, it has the
dimension G7 !, where 7 is a dimension of time.

A balance equation describing this process is

/ab p(r,z)dr — /ab p(t,x)dr = —/tT q(s,b)ds + /th(s,a) ds . (12.9)

This equation means that the difference of the total amount of the quantity within (a, b)
between time ¢ and time 7 equals the total amount of the quantity which flows through
the boundary points @ and b during the time interval [¢t,7]. This is valid for a process
where the “items” of the quantity (e.g. the individual fluid particles) just flow but are
neither destroyed nor created.

Let us now assume that the balance equation (12.9) is valid for every space interval (a, b)
and every time interval [¢, 7]. Dividing by 7 — ¢ yields

/b p(rz) —p(ta) % /T —g(5.b) + q(s,a) ds (12.10)

T—1 T —
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Passing to the limit 7 — ¢ yields

b
/ Op(t, v)dx = —q(t,b) + q(t,a). (12.11)
Analogously, dividing by b — a passing to the limit b — a gives

Orp(t,a) = —0,q(t,a).

Since (12.9) is assumed to hold for all intervals (a,b) and [t, 7] of interest, we arrive at
the partial differential equation

Op(t,z) + 0q(t,x) =0, forall t,x, (12.12)
for the two unknown functions ¢ and q.

Since this equation is valid for all kinds of processes which conserve a quantity in the
sense described above, it is not surprising that it alone is not sufficient to determine the
functions ¢ and ¢. To describe a specific process, one needs additional properties, for
example an equation of the form

q= Q((p) , that is, Q(t7 I) = Q(So(tv SL‘)) ) (1213)

with a given function Q). (Other forms are also possible, for example ¢ = Q(Vy).) Such
an equation is called a constitutive equation. Inserting (12.13) into (12.12) we obtain

Op(t,z) + Q' (p(t, x))0pp(t,x) =0. (12.14)

As an example we consider a model for traffic flow. The interval (a,b) corresponds to a
section of a road. The quantity to be modelled is the number of cars. Thus, ¢ describes
the time dependent spatial density of the number of cars. We interpret

b
/ o(t,x)dr = number of cars in the section (a,b) at time ¢,

/tT q(s,x)ds

as the number of cars which pass the point x within the time interval [¢, 7], so that ¢(z,t)
yields the rate (amount per unit of time) at time ¢.

and

Kinematics. The so-called kinematics is concerned with the change in time of quanti-
ties which are modelled as continuous in space. It is based on the assumption that the
quantities are attached to material points (“particles”) which move in space. One fixes a
reference configuration 2 C R?. Let a material point occupy the point X € Q at time .
Its position at time ¢ is described by a function

t—a(t, X).
One assumes that this function satisfies, for all x € €2 and all times ¢ of interest,
l’(to, X) =X.
(t, X) — z(t, X) is continuously differentiable.

X — x(t, X) is bijective between  and z(t, Q2), for every fixed t.
J(t,X) =det Oxzx(t, X) > 0.
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Here, Oxz(t, X) € R®? denotes the Jacobi matrix of the derivative with respect to X,
(8Xx(t, X))jk == anl‘j(t, X) .

The values of the quantity density to be modeled can be described either as (t, z) or as
®(t, X), namely

o (t,x) refers to the value at the material point which occupies the point x at time
t (“the quantity is given in Euler coordinates”),

o O(t, X) refers to the material point at time ¢ which originally (in the reference
configuration at time ¢y) occupied the point X (“the quantity is given in Lagrange
coordinates”).

Since we intend to describe with ¢ and ® the same quantity, we must have
o(t,x(t, X)) = o(t, X) . (12.19)
The chain rule yields
0 0(t, X) = Opp(t, x(t, X)) + Vap(t, x(t, X)) - Qx(t, X) . (12.20)

This expression describes the rate of change of the quantity attached to a moving material
point (characterized by its position X in the reference configuration) at time ¢.

The velocity of this material point X at time ¢ is given in Lagrange coordinates by
V(t,X) = owx(t,X), (12.21)

this is nothing else than the tangent vector to the curve ¢t — z(t, X). In Euler coordinates

it becomes
v(t,x) =V(t, X(t,z)), vtz X)) =V(tX). (12.22)

The mapping ¢t — X (t,x) specifies from which point of the reference configuration the
material point occupying the position x at time ¢ “has started”. We have

X =X(t,z(t, X)), forall X € Q.
Expressing (12.20) in Euler coordinates we obtain the so-called material derivative
Dyp(t, ) == Opp(t, x) + Vap(t, ) - v(t, ). (12.23)

It also describes the rate of change of the quantity in a moving material point, namely in
that point which at time ¢ occupies the position z.

We define
Q) =x(t,Q) ={z(t, X) : X € Q}. (12.24)
According to the substitution formula of multidimensional integration,
voly(Q(t)) = / 1 de = / J(t, X)dX . (12.25)
Q(t) Q
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Let now ¢(t,-) be the density per volume of a quantity. Its total amount within the
volume €2(t) is given by

/ gp(t,:p)dx:/gp(t,x(t,X))J(t,X)dX:/CID(t,X)J(t,X)dX. (12.26)
Q(t) Q [¢)

In order to compute the time rate of change of this total amount within the time dependent
volume €(t), we will need the time derivative 0,J(t, X) of the determinant of the Jacobian.

Lemma 12.1 Let I be an open interval, A : I — R@D continuously differentiable, let
A(t) be invertible for allt € I. Then

%det A(t) = trace (A(t) ' A'(t)) det A(%) . (12.27)

Proof: We first compute the derivative of det : R(4% — R at a given fixed matrix A.
From linear algebra we gather the identity

(det A)T=A-A, A= (detA)A™". (12.28)
Here, A is the adjunct of A having the elements
ai; = (—1)"7 det AUD | (12.29)

where AU is obtained from A by deleting the j-th row and the i-th column. From (12.28)
we see that the diagonal elements det A of AA satisfy

d
det A=) apdy;, 1<i<d. (12.30)
k=1

Due to (12.29), the elements ax; do not depend on the elements a;; of the i-th row of A.
It follows that

Ouy, (det A) = ay, 1<i,j<d, (12.31)
and furthermore
d d d d
(D det)(A)(H) = D, (det A)hyy = > ajihi; = > Y ajihy (12.52)
i,j=1 i,j=1 j=1 i=1 :

= trace (AH), for all H € RW%,
Using the chain rule we now obtain

L et At) = (D det)(A(1) A'(¢) = trace (A(t) A'(1))

dt (12.33)
= trace (A(t) ' A'(t)) det A(t) .

Proposition 12.2 (Euler’s expansion formula)
Let (12.15) — (12.18) hold, let moreover (t, X) — Owx(t, X) be continuously differentiable.
Then

O J(t, X) = (divo)(t, z(t, X))J(t, X). (12.34)
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Proof: We apply Lemma 12.1 to
A(t) = Oxa(t, X).
For the elements of A(t) we get
a;j(t) = até?xj%(t,X) = axjatQTi(t,X) = anV;(t,X) = 8XjUi(t, SL’(t, X))
d (12.35)
= Z 8kvi(t, {L‘(t, X))anC(]k<t, X) .
k=1

It follows that

d d d
trace (A() T A'(E) = Y (AT ()l (8) = Y D (A7) dkvilt, 2, X))ary (1)
ij=1 ik=1 j=1
d
= SkiOkvi(t, x(t, X)) = (divo)(t, z(t, X)), (12.36)
ik=1
and finally
o J(t, X) = %det A(t) = trace (A(t) ' A'(t)) det A(t) = (divo)(t, z(t, X)) J (¢, X).
O
Corollary 12.3 (Volume change)
The rate of change of the volume of QU(t) is given by
iVOIQ(t) = / divo(t,z)dz . (12.37)

Proof: We again use the substitution formula of multidimensional integration. We have

vol Q(t) :/J(t,X)dX,
Q
therefore

%VOIQ(t) = /Q(divv)(t,x(t,X))J(t,X) dX = /Q(t) divo(t,z) dx .

O

We now can compute the rate of change of the total amount of a quantity described by
¢ within a time dependent volume $2(¢).

Proposition 12.4 (Transport theorem of Reynolds)
Let (12.15) — (12.18) be satisfied, let moreover (t,X) +— Owx(t,X) as well as (t,z)
o(t, x) be continuously differentiable. Then

d

@ Jog, P A= /Q(t) Dup(t, ) + (div (pv))(t, ) da. (12.38)
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Proof: From Proposition 12.2 we obtain, using the chain rule and the substitution rule

d
— got,xdx:—/got,xt,X J(t, X)dX
i, eod = g [ ettat )10 x)
d

:/Q [atQD(tax(t?X)) +Zak90(t7x(t7X))V}c(taX)
k=1
+ o(t, z(t, X)) (divo)(t, z(t, X)) | J(t, X)dX

= /Q(t) Oyp(t, ) + (div (¢v))(t, x) dz .

O

As an exemplary application of the transport theorem we consider the balance equation
for the mass. In this case ¢ = p represents the mass density, it has the dimension M L£™¢
where M is the dimension of mass. We assume that mass conservation holds, that is,
the total amount of mass within €2(¢) is constant as a function of ¢,

The transport theorem implies that
/ Op(t,x) + (div (pv))(t,z) dz = 0. (12.40)
Q(t)

Let now U C Q(t) be open, let us define
Qu=X(t,U)={X:2(t,X) e U}.

Applying the transport theorem to Q we obtain, since U = Qy (%),

/U up(t,7) + (div (pv)) (¢, 2) da = 0. (12.41)

Since U C Q(t) is an arbitrary open set, we can conclude (for example, if d;p and div (pv)
are continuous)
Op +div (pv) =0 (12.42)

in Q(t). This equation is called the continuity equation.

Conservation laws, balance equations. If instead of mass density we also consider
other quantities ¢, additional mechanisms usually come into play. Propagation of heat,
for instance, arises not only from transport but also from diffusion. Moreover, heat is
generated when other types of energy (for example, mechanical or electromagnetic energy)
are transformed into heat. Other mechanical and electromagnetic quantities are related,
too (e.g. in piezoelectricity).

In order to analyze all those dependencies, one has to understand how to express the
“flow” of a quantity through a given (d — 1)-dimensional manifold M in R
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We first discuss the concept of flux of a quantity. Let us assume that a quantity flows
in R? in a fixed direction with an intensity which is constant in space and time. The
corresponding flux is described by a vector ¢ € R?. Its direction

4

14l = 1lqllg =

specifies the direction of the flux. TIts length |q| specifies the amount of the quantity
(with dimension G) which flows per unit of time through a unit cube of dimension d — 1
perpendicular to the direction of the flux. This unit cube is a unit square in the case
d = 3, or a unit interval in the case d = 2. Thus, the dimension of the flux is given by
GT'£'74 it is a density of a time rate called the lux density.

We consider such a flux of constant intensity, given by the vector ¢ € R?, through a unit
cube E € R4 ! perpendicular to the flux direction. We imagine a second cube W which
is positioned at an angle o with respect to £ in such a manner that the same “particles”
flow through £ and W. We then have

1 =volg_1(E) = volg_1(W) - cosa.

The total flux per unit time through E is the same as through W, and is given by |q|.
The flux densities, however, are different, they are equal to

|4l
VOld_l(W)

lq|

volg_1(E) = lalcose,

=lq|,

respectively. Let n € R? be the unit normal to W in the flux direction. Then the angle
between ¢ and n is equal to «, and

(q,n) = |q| cos« (12.43)

specifies the flux density with respect to W.

We now turn to the general situation, a flux through a given (d — 1) dimensional manifold
M in R%. In the case d = 3, M is an (open or closed) surface, we denote its unit normal in
the point £ € M by n(£). The flux is described by a function ¢ : R x R — R3. According
to the explanations above, the function

& (q(t,€),n(8)) (12.44)

represents the time-dependent flux density on M, it has the dimension G7 '£'=¢. The
integral (it is a surface integral)

| (9.0 aste (12.45)

represents the total flux through M of the considered quantity in form of a time rate,
with dimension G7~!. The total amount of the quantity flowing through M within the
time interval [ty 5] is equal to

[ 2 /M (a(t.€),n(€)) dS(€) dt. (12.46)
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Let now U C R? be open with boundary M = OU, assumed to be a two-dimensional
manifold. By n(¢) we denote the exterior unit normal, that is the vector normal to OU
in £ pointing to the exterior of U. We can now formulate a conservation law by

d

G | ettaras=— [ Gae..n©) asie). (1247

This means that the total amount within U of the quantity considered changes only by
flow through the boundary of U. The minus sign arises because the scalar product (g, n)
is negative for inflow and positive for outflow. Equation (12.47) is also called the integral
form of the conservation law.

The divergence theorem states that
| a0 as(©) = | divatt.o)do. (12.48)
U U

Therefore, for all ¢
/ Owp(t,x) +divg(t,z)de =0. (12.49)
U

If the conservation law (12.47) holds for “arbitrary domains” U, we may deduce from
(12.47) the differential form of the conservation law,

Owp(t,x) +divg(t,z) =0, for all z,¢t. (12.50)

In the one-dimensional case (d = 1) we have obtained this equation already in (12.12).

When considering the flux of a quantity, one distinguishes between its convective and
nonconvective part. The convective part refers to the situation, discussed in the sub-
section on kinematics above, where the quantity ¢ is attached to particles moving with
velocity v. In (12.41), where ¢ = p, we have deduced from the transport theorem that

/U(ﬁtgo + div (¢v))(t, ) dx =0

holds for all U. The convective part gx of the flux is therefore given by (compare with
(12.49))

qx = V. (12.51)

An example for the nonconvective part gy is provided by the mechanism of diffusion.
In the simplest case we have

gvg = —AVp, A >0. (12.52)

This form is attained by Fourier’s law (for the heat flux) and by Fick’s law (for a substance
dissolved in another substance, like a pollutant in water). Let us consider a situation where
no convection is present, thus v = 0. From (12.50) we obtain

Orp —div(AVp) =0.

If A is constant, we may move A in front of the divergence and obtain, since div (V) = Ap
the equation
O = Ny (12.53)
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This equation represents the simplest parabolic equation and, due to its origin, is called
diffusion equation or heat equation.

In addition to flowing through the boundary, the total amount of a quantity within a
region may also change by supply or drain in the interior. Examples are gravity (which
acts on all “mass particles” of a solid body), chemical reactions or radiation (for example,
heating by microwaves). When their time rate of change is described by a time-dependent
density function z, the total rate of change within a volume U due to this action becomes

/ z(t,x) de . (12.54)

Considering all those terms we obtain a general balance equation in integral form,
d
— [ pdr=— (pv,n) dS — (gnrc,n) dS+ | zdx. (12.55)
dt Jy oU oU U

The functions appearing in (12.55) depend on ¢, z, or £ respectively. Using the divergence
theorem, we get

/8t<pdx——/div(<pv—|—qNK) dw+/zdm. (12.56)
U U U

As above, this yields the differential form
O + div (pv + qnk) = = (12.57)

In (12.55) — (12.57), the convective part of the flux is represented by the term div (¢q). In
many applications, one speaks of “flux” meaning the nonconvective part of the flux (this
does not make a difference when no convection is present) and writes ¢ instead of gy

So far, the quantity ¢ has been a volume density with dimension GL~¢. Its total amount
within a volume U equals

/ o(t, z)dx. (12.58)
U

However, it is often more convenient to deal with quantities related to mass, these have
the dimension GM™1. A quantity 1 related to mass is connected to a volumetric quantity
@ of the same type by

o =p. (12.59)

Here, p is the mass density as before with dimension ML~¢. The general balance equation
(12.55) then becomes

d
T Upw dr = — /8(] (ppv,ny dS — /BU (qni,m) dS + /Upgdx, (12.60)

in integral form; one then writes the rate of the internal supply in the form z = p{. The
differential formulation is

O(pp) + div (pyv + gvi) = pC - (12.61)

A density related to mass is also called specific density.
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We now investigate several special situations and exhibit the equations which result from
the general balance equation.

We have already considered the mass balance. Here, ¥ = 1 resp. ¢ = p, ¢ = 0 and
¢ = 0. Next, we mention a so-called multicomponent system. Here we have J dif-
ferent substances, for example chemical compounds. In the continuum model these are
characterized by their mass-related concentrations. ¢; : RxR? — R, 1 < j < J, taking
values in [0, 1]. The function ¢; specifies the relative proportion (or fraction) of the j-th
component as a function of (¢,z). The total amount of the j-th component within the
volume U is thus equal to

/U(chj)(tal’) dx .

For each component we obtain a balance equation. We have 1) = ¢; and therefore, in the
differential formulation,

O(pjic;) +div(picv+q5) = piG;, 1<j<J. (12.62)
Moreover it must be the case that J
> e=1. (12.63)
j=1
If the components interact, for example due to a chemical reaction, additional terms
appear on the right side of (12.62).

Momentum balance. Here ¢ = pv and ¢y = v, thus we deal with vector-valued quanti-
ties. The expression

d
4 d 12.64
a J, (12.64)

represents the rate of change of the total momentum within the volume U. For d = 3, the
general balance equation (12.55) becomes a system of 3 equations involving the 4 scalar
quantities p and ¢; = v;, i = 1,2,3. Gravity induces a momentum influx within U, thus
(on the surface of the earth)

0
¢=10], g=98067—. (12.65)
sec
-9
The first two space coordinates represent a horizontal plane, the third the vertical direc-

tion.

The nonconvective momentum flux arises from transmission by forces in the form of
stresses (in particular, pressure forces). These forces are described by the stress tensor
o(t,z) € RG3). The function

3
x—o(t,z)n(z), (on); = Z aiing,
j=1

represents the surface density of the force vector acting on a surface with normal n. The
nonconvective flux thus becomes

dNK,i = —0j,
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where o; denotes the i-th row of the stress tensor o. The special case of pure pressure
corresponds to
o=—pl, o0y =—pdi, (12.66)

where p(t,z) is a scalar quantity (the pressure). The momentum balance equation thus
has the form

i pv; dx = —/ {pv;v,m) dS—i—/ (o;,m) dS+/ pCidr, 1<i<3. (12.67)
dt Juy ouU ou U
The differential formulation becomes
O (pv;) + div (pvjv — ;) = p¢;, 1<i<3, (12.68)
or, in the case of pure pressure,
O (pv;) + div (pvv) + Op = p¢;, 1 <1i<3. (12.69)

We do not discuss the balance equation for the angular momentum; we only remark that
from it one derives that the stress tensor is symmetric, that is o;; = 0j; holds for all ¢, j.

Incompressible flow. Let us consider a flow of an incompressible fluid at constant
temperature. Then we may assume p to be constant. The mass balance d;p+div (pv) = 0
becomes

dive =0. (12.70)

From the momentum balance (12.68) we then obtain
pow; + pdiv (v;v) —dive; — pG =0, 1<i<3. (12.71)

Using the product rule we get
3
div (v;v) = v; div (v) + (Vv;, v) = (Vo v) = Zvjajvi. (12.72)
j=1
Combining this with (12.68), we obtain
& 1
@U,- + Z vjﬁjvi — —div g; = Cl . (1273)
p

Jj=1

Incompressible flow, pure pressure. This applies, for example, to water flow at
constant temperature. As above, we have divo; = —0;p. We can write (12.73) in vector
form as

1
o+ (v-V)v = —;Vp +<C. (12.74)
Here, one uses the notation

(v-V)v= (Zvjaj)v. (12.75)
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Let us consider the even more special case when the flow is stationary, that is, v and p
depend only on = but not on t. We also assume that ¢ arises from gravity according to
(12.65). We define the scalar quantity

() = 5p (v(z),v(2)) + p(2) + pgzs. (12.76)
We have
Oip(z) = p(v(x), Ov(z)) + Oip(x) + pgdis . (Kronecker delta) (12.77)
Since
3 3 3 3 3
Z U; <U, aﬂ)> = Z vivj@-vj = Z Uﬂ)j@j?}i = Z U; Z Ujajl)i s
i=1 ij=1 ij=1 i=1  j=1
we obtain, using (12.71) and (12.72)
3 3 3
<U, VQO> = Z vﬁlgo = Z V; (,OZ vjajvi + @p — pQ) =0. (1278)
i=1 i=1 j=1

The expression (v(x), Vi(z)) is nothing else than the material derivative of ¢ (note that
¢ does not depend on t). Therefore,

1
§p|\v(:v)|\2 + p(x) + grs3 = const (12.79)

holds along streamlines of the flow (that is, curves along which the material particles
move). This result, or equivalently equation (12.78), is called the Bernoulli equation.
It means that the pressure is small where the velocity is big.

Incompressible viscous flow. This describes the case with internal friction, that is,
adjacent particles with different velocity exert forces on each other. The stress tensor
then contains other terms in addition to the pressure term. The simplest case arises when
the addition term is proportional to the “velocity gradient” Duv, the Jacobian of v with
respect to z, and when

Dv + (Dv)T

o=2u — pI = p(Dv + (Dv)") — pI . (12.80)

According to (12.71), one has to compute div ;. We have

div (Dv); Z@ Dv);; z:(f“)(f‘)vZ

as well as, using incompressibility,

div (Dv)}, Zaavj 0;dive =0,

SO
divo; = pAv; — 0ip, 1<i<3. (12.81)
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Now (12.73) becomes

3
1
0o+ Y 0050 = %Avi —Op+G, 103, (12.82)

j=1

These are the Navier-Stokes equations. In vector form they are written as

1
B+ (v- Vv = %Au ~Vp+C. (12.83)

Energy balance. The energy balance is a scalar equation. Here, 1 is the specific (that
is, mass-related) energy density
1
0 :u+§yv12, (12.84)
where u stands for the specific density of the internal energy and %|v|2 represents the
specific density of the kinetic energy. The rate of change of the total energy within the
volume U is given by

d 1
— — . 12.
" Up(u+ 2]1}\ ) dx (12.85)

The internal energy may for example include

e the kinetic energy of the fluctuation of atoms and molecules (measured on the
macroscopic scale as temperature),

e the potential energy between atoms or molecules depending on their distance from

each other (for example, the elastic energy which accompanies the deformation of
solid bodies),

e the chemical bond energy,

e the nuclear energy

The nonconvective energy flux consists of the mechanical power (work per time) and the
heat flux,
qNK = =0V + qw . (12.86)

The energy inflow consists of the power due to gravity and of the absorbed specific heat
radiation (yy,

¢ =—gvs+Cw. (12.87)
The energy balance becomes
d 1 5 1,
— [ plu+ =" ) doe=— p(u+ =|v|]*) (v,n) dS (12.88)
dt Ji 2 U 2

+/8U<Jv,n> dS—/8U<qW,n> dS+/UpCdx.

This balance is called the first law of thermodynamics. After several transformations
one obtains the partial differential equation

O(pu) + div (puv + qw) = 0 : Dv+ pC, (12.89)
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where

3
o:Dv= E aijﬁjvi.

ij=1
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