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depends on its ability to capture the important features of the analytical
solution. One such feature is the smoothness of the solution, which
depends on the smoothness of the data.

Precise assumptions about the data and of the corresponding solution can
be conveniently stated in terms of function spaces.

We present a brief overview of definitions and basic results form the theory
of function spaces, focusing in particular on spaces of:

@ Continuous functions;
@ Integrable functions; and

@ Sobolev spaces.



Spaces of continuous functions

N denotes the set of nonnegative integers.
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multi-index o = (a1, ..., a,). We denote (0,...,0) by 0; clearly |0] = 0.
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Spaces of continuous functions

N denotes the set of nonnegative integers.

An n-tuple o = (a1, ..., a,) € N is called a multi-index.

The nonnegative integer |a| :== a1 + - - - + «;, is called the length of the
multi-index o = (a1, ..., a,). We denote (0,...,0) by 0; clearly |0] = 0.

Let
o (0N (0N o
T\ oxg Oxn O Oxpn

EXAMPLE. Suppose that n =3 and o = (a1, 0, 03), o € N, j =1,2,3.
Then, for u, a function of three variables x1, x2, x3:

ZDQU_@-F Pu N Ou n 23u n Pu
N 8x13 6x128X2 8X12(9X3 8x18x22 Oxlaxg‘

|a|=3
n A3u N ABu n ABu n AB3u N ABu
Ox3  Ox10x00x3  Ox30x3  Oxo0x3  Ox3’
We shall frequently write axj instead of %. o
J
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Let Q be an open set in R”, and let kK € N.

We denote by C¥(£) the set of all continuous real-valued functions defined
on Q s.t. D%u is continuous on  for all & = (aq, ..., an) with |a| < k.

Assuming that Q is a bounded open set, CK(Q) will denote the set of all u
in C¥(Q) s.t. D*u can be extended from Q to a continuous function on

Q, the closure of the set Q, for all @ = (a1, ..., a,) with |a| < k.

The linear space CK(Q) can then be equipped with the norm

ull cry = Z sug‘Dau(x)‘.

o <k *€

Note: When k = 0, we shall write C(f) instead of C%(Q).



The support, supp f, of a continuous function f on € is defined as the
closure in Q of the set

{x € Q:f(x)+#0}.

In other words, supp f is the smallest closed subset of 2 such that f =0
in Q\supp u.

L suppth ——— L suppin -
0




EXAMPLE. Let f be the function defined on R” by

__ 1
f(x)Z{ e T x| <1,

0, otherwise;

here |x| := (x4 - -- + x2)¥/2 for x € R".

Clearly, supp f is the closed unit ball {x € R": |x| < 1}.



We denote by CX(RQ) the set of all u € C¥(Q) such that supp u C Q and
supp u is bounded. Let

G (Q) = [ G ().
k>0

EXAMPLE.
The function f defined in the previous example belongs to C5°(R").
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Let p be a real number, p > 1; we denote by Lp(Q) the set of all
real-valued functions defined on 2 such that

/Q‘u(x)‘p dx < 0.

Functions which are equal almost everywhere (i.e., equal, except on
a set of measure zero) on 2 are identified with each other.

A subset of R” is said to be a set of measure zero if it can be contained in
the union of countably many open balls of arbitrarily small total volume.

L,(R2) is equipped with the norm

, 1/p
ull, (@) = </Q\U(X)\ dX) :



A particularly important case is p = 2; then,

, 1/2
Nl = ( [ Jut) dx> .

The space L»(2) can be equipped with an inner product
(u,v) = / u(x)v(x)dx.
Q
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A particularly important case is p = 2; then,

, 1/2
Nl = ( [ Jut) dx> .

The space L»(2) can be equipped with an inner product

(u,v) = /Q u(x)v(x) dx.

Clearly [|ul| 1) = (u, u)*/2.

Lemma (The Cauchy-Schwarz inequality)
Let u,v € L»(Q2); then

|(u, V)| < Nlull @IVl Lee)-




Remark. The space L»(f2) equipped with the inner product (-,-) (and the
associated norm ||ul[,(q) = (u, u)'/2) is an example of a Hilbert space.
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Remark. The space L»(f2) equipped with the inner product (-,-) (and the
associated norm ||ul[,(q) = (u, u)Y/2) is an example of a Hilbert space.

In general, a linear space X, equipped with an inner product (-,-)x (and
the associated norm ||u||x = (u, u):)l</2) is called a Hilbert space if,
whenever {up}7°_; is a Cauchy sequence in X, i.e. a sequence of elements
of X such that

n, r|7|7rgoo Hun B UmHX - 07

then there exists a u € X such that limpy o ||U — um||x = 0 (i.e., the
sequence {um}5_; converges to u in the norm of X).
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Sobolev spaces

Suppose that v is locally integrable on Q (i.e. v € L1(w) for each bounded
open set w, with @ C Q). Suppose also that there exists a function w,,
locally integrable on €, and such that

/Wa(x) v(x)dx:(—1)|a|/ u(x) D%(x) Vv e Q).
Q Q

Then w, is called the weak derivative of u (of order|a| = a3 + -+ + ap)
and we write w, = D%u.

Clearly, if u is a smooth function then its weak derivatives coincide with

those in the classical (pointwise) sense. To simplify the notation, we shall
use the letter D to denote both a classical and a weak derivative.
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EXAMPLE Let Q = R!, and let u(x) = (1 —|x|)5. Here, for a real
number y, y+ = max{y, 0}.
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EXAMPLE Let Q = R, and let u(x) = (1 —|x|)5. Here, for a real
number y, y; 1= max{y,0}. Clearly u is not differentiable at x = 0, £1.
However, because u is locally integrable on € it may still have a weak
derivative. Indeed, for any v € C§°(Q):

[T wveax= [0 veax= [ @i veas

/(1+X x)dx+/(1—x '(x) dx
—/ (-1 dx+/ (+1)v
+oo
=—/me(>
where
0, x<-1,
W)= 7 XS Thusw—u=0u o
0, x>1



Let k be a nonnegative integer. We define (with D® denoting a weak
derivative of order || )

HY(Q) = {u € Lo(Q) : Du € L5(Q), |af < k}.

H*(Q) is called a Sobolev space of order k; it is equipped with the
(Sobolev) norm

1/2

lull ey == | Y 1D%ullZ, @

o <k

and the inner product

(U, V)HkQ) = Z (D%u, D%v).

ol <k

13 / 20



With this inner product, H¥() is a Hilbert space (for the definition of
Hilbert space, see the remark in Section 1.2).
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With this inner product, H¥() is a Hilbert space (for the definition of
Hilbert space, see the remark in Section 1.2). Letting

1/2

Ul = | D I1D%ulT,0 ;
la|=k

we can write
1/2

K
lull ey = | D lultia)
=0

|| yx(q) is called the Sobolev semi-norm (it is only a semi-norm rather than

a norm because if |u| () =0 for u € H*(Q) it does not necessarily follow
that u=0on Q.)



EXAMPLE

HO(Q) = L1(Q).

HY(Q) = {ueLz(Q) D u —gueLz(Q) j=1,. }

] 1/2
ullpr(e) = {U%Z(Q) +23XJU%2(Q)} ;
=1

1/2
|ul ) = {ZaxJUL2 } :
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Similarly,

H2(Q) = {u € Lp(Q) : dyu € La(Q), Byu € La(Q), iyj=1,.. n}

1/2
n n
ull 2y = {Ufz(ﬂ) + ) gl + Y. 83,XJ-U%2(Q)} ;
=1

ij=1

i 1/2
Ul () = {Z 3)2<,-XJ-U%2(Q)} :

ij=1

16 / 20



We define a special Sobolev space,
H}(Q) = {u e HY(Q) : u=0on 9Q},

i.e. H3(Q) is the set of all functions u in H(Q) such that u =0 on 9%,
the boundary of the set Q.
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the boundary of the set Q.

We shall use this space when studying partial differential equations that are
coupled with a homogeneous (Dirichlet) boundary condition: u = 0 on 9%.

H(Q) is a Hilbert space, with the same norm and inner product as H*(Q).
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We conclude with the following important result.

Lemma (Poincaré—Friedrichs inequality)

Suppose that Q is a bounded open set in R" (with a sufficiently smooth
boundary 00) and let u € H}(2); then, there exists a positive constant
¢«(R2), independent of u, such that

2 & 2
/Qu (x) dx < c*g/g\ax,u(x)\ dx. (1)

18 / 20



PROOF. We shall prove this for the special case of a rectangular domain
Q = (a, b) x (c,d) in R?. The proof for general Q is analogous.
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PrROOF. We shall prove this for the special case of a rectangular domain
Q = (a, b) x (c,d) in R?. The proof for general Q is analogous. Evidently,

u(x,y) = u(a,y) + / Deu(€, y) de = / deulE,y)de, c<y<d.

Thus, by the Cauchy—Schwarz inequality,

/Q|u(x,y)\2 dxdy:/ab/cd /axaxu(§,y)d§
< /ab/cd(x—a) (/:\axu(s,y)f d£> dxdy
g/ab(x—a)dx </Cd/ab\8XU(€,y)\2 d§dy>

1

= S(b- 3)2/\axu(x,y)]2 dx dy.
Q

2
dxdy




Analogously,

/‘u(x,y)}2 dxdy < %(d — c)2/|6yu(x,y)‘2 dxdy.
Q Q
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Analogously,

/Q‘u(x,y)}2 dxdy < %(d — C)2/Q|6yu(x,y)‘2 dxdy.

By adding the two inequalities, we obtain

/\U(X,y)\z dxdy < c*/ (\8XUI2 +\3y“\2> dxdy,
Q Q

e = (230 - oay)
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