SOBOLEV SPACES IN SECOND-ORDER ELLIPTIC PDE

NICHOLAS ROUSE

ABSTRACT. We explore Sobolev Spaces in 1 and n dimensions. The functional
analytic properties of these spaces make them appropriate spaces for applying
the Lax-Milgram theorem. We use these techniques to describe some properties
of weak solutions to second-order elliptic partial differential equations.
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1. INTRODUCTION

As a motivating example, we can consider the following ordinary differential
equation,

u(0) = u(l) =0,

for p,q, f : (0,1) — R continuous, p continuously differentiable with p > a > 0,
and ¢ > 0. This is the Sturm-Liouville problem. Many of its properties, such as
existence and uniqueness of solutions, are within the realm of the classical theory
of ordinary differential equations. However, there is a more abstract approach to
studying this and related problems that is primarily based on linear functional
analysis. We begin with a fair amount of this functional analysis and the theory of
Sobolev spaces in one dimension, which are the natural spaces on which to apply
the abstract results. Once we have explored the classical one-dimensional Sturm-
Liouville problem, we will move to a generalization in higher dimensions. Denoting
partial derivatives by subscripts, the partial differential equation will look like

— Z (a¥ (T)ug, ), + Zbl(as)uml + c(2)u,

ij=1

{—(pu’)’ +qu=f on(0,1)

in some open set U C R subject to the boundary condition that « : U — R”™ vanishes
on QU. The generalization of the condition that p > a > 0 is the requirement that
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the matrix (a(z)) is positive-definite for almost every x € U. For this equation,
the abstract principles we developed in one dimension will have to be (somewhat
laboriously) generalized, but they will provide powerful results on an extraordinarily
general class of equations known as the elliptic partial differential equations.

2. SOME FUNCTIONAL ANALYSIS AND THE LAX-MILGRAM THEOREM
We first recall some definitions from linear algebra.

Definitions 2.1. Let F denote either R or C. Let V be a vector space over F. A
norm is a function V' — F denoted ||u|| for v € F such that

(1) | u|| = |Al|jul| for all A € F and v € V,
(2) [lu+ ol < [lull + [[o]| for all u,v €V,

(3) |Ju|] =0 if and only if u = 0.
An inner product is a function V' x V' — F denoted (u,v) for u,v € V such that
(1) Au+v,w) = A((u,w) + (v,w)) for all u,v,w € V and A € F,

(2) (u,v) = (v,u) for all u,v € V, where Z is the complex conjugate of z.

(3) (u,u) > 0 with equality if and only if u = 0.

Remark 2.2. A norm on V induces a metric d on V' defined by d(u,v) = ||u — v||.
This metric induces a topology. When we speak of open and closed sets in a
normed space, they are with respect to this topology. An inner-product induces a
norm given by ||v|| = (v,v).

We now define the most important objects and maps in linear functional analysis.
We define them over R or C, but every example we consider will be real.

Definition 2.3. A Hilbert space H is a real or complex vector space equipped
with an inner product (,) such that every sequence that is Cauchy with respect to
the norm, || - ||, induced by this inner product converges in H. This property is
called completeness.

Definition 2.4. A bounded operator 7T is a linear map H — H such that there
is some constant M < oo such that ||Tu|| < M||u|| for all v € H.

We denote the kernel of a bounded operator by N(T'), the image by R(T'), and
the identity operator by I.

Proposition 2.5. A linear map H — H is bounded if and only if it is continuous
with respect to the metric topology (often called the strong topology) induced by the
norm.

Proof. Suppose T : H — H is bounded. Then ||T'(u—v)|| < M||u—wv]|, so choosing
0 < 47 gives continuity. Conversely, if T"is continuous, it is in particular continuous
at 0. Therefore if ||v|| < d, we have ||Tv|| < 1. Then, for a general veEH,

2<5||v|\v 2IIUH 2]J]|
2 ||v||

T =
7o :

<

25|\v||
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In view of the preceding proposition we switch between the terminology of
bounded and continuous operators to suit convenience and convention. We now
begin working up to the Lax-Milgram theorem, which will be our most important
result from functional analysis when studying differential equations. We will need
several definitions and results to state and prove it. The first two results are fun-
damental and as such can be found in most elementary textbooks on functional
analysis (such as [3, ch. 4]), so we omit their proofs for space.

Theorem 2.6. (Riesz Representation Theorem) Let H be a real Hilbert space and
H* its dual space. Then for each u* € H* there exists a unique u € H such that
(u*,v) = (u,v) for allv € H.

This theorem contains the magic words “there exists a unique,” and indeed the
Riesz Representation Theorem will be an essential ingredient in the Lax-Milgram
theorem, which will be our most powerful tool for finding weak solutions to differ-
ential equations. The Riesz Representation Theorem can even be used in place of
the Lax-Milgram theorem in very simple differential equations.

Definition 2.7. Let S C H be a subspace of H. The orthogonal complement
of S, denoted S+, is the set of all u € H such that (u,v) =0 for all v € S.

Lemma 2.8. Let H be a Hilbert space and S a closed subspace of H. Then, H =
So St

Definition 2.9. We say that an operator T': H — H is bounded below if there
exists ¢ > 0 such that ||Tu|| > c||ul| for all uw € H.

Lemma 2.10. The range of a continuous operator T : H — H that is bounded
below on a Hilbert space is closed.

Proof. Since T is injective, it is an isomorphism onto its image T(H). Therefore,
there is a well-defined inverse T-! : T(H) — H. We pause to point out that
T(H) is in fact a linear subspace of H. The zero vector is certainly in the image
(T0=0). If z,y € T(H), then there exist «, 8 such that T'(«) = x and T(8) = v,
sor+y=T(a+B) € T(H). Finally, if c € R, then cx = T(ca) € T(H). Then T~!
is a linear mapping between Hilbert spaces. To show that 7! is continuous, we
first note that 7-'u = v implies Tv = u. Now we use the fact that ||Tv|| > ¢||v]|
for all v € H to obtain

1 1
T || = < Z|Twl|| = =||ull.
1T~ ull = lloll < —[1Tvf| = —lull

Then T(H) = (T~)~!(H), and so T'(H) is the preimage of the closed set H under
the continuous mapping 7! and is hence closed. ([l

We now move to proving the most important tool in answering questions about
existence and uniqueness of solutions to differential equations. Before stating the
theorem we require another definition.

Definition 2.11. A continuous, coercive bilinear form on H is a function
B : H x H — R such that

(1) B is linear in both variables,
(2) There exists M < oo such that |Blu,v]| < M|u||g|v||x for all u,v € H,
(3) There exists N > 0 such that Blu,u] > N||u||g.
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The second condition is continuity, the third coerciveness.

Theorem 2.12. (Laz-Milgram) Let B : H x H — R be a continuous, coercive
bilinear form. Let f be a bounded linear functional on H. Then there exists a
unique u € H such that Blu,v] = (f,v) for allv € H.

Proof. By continuity of B, the mapping v — Blu, v] is a bounded linear functional,
so the Riesz Representation Theorem guarantees a unique element w € H with
Blu,v] = (w,v). This w is completely determined by u. We define the (purely
set-theoretic for now) mapping A : H — H by Au = w.

We now show that A is a bounded linear operator. We note that our definition
gives us Blu,v] = (Au,v). Now, let A € R and uy,us € H. Then,

(A(Aug + ug),v) = BlAug + uz, )
= AB[uy,v] + Blug, v]
= MAuq,v) + (Aug, v)
= (AMuy + Ausg,v),
for each v € H. Technically we have only shown that (A(Au; + u2),v) = (Auy +
Ausg,v), but subtracting one side from the other and invoking bilinearity tells us
A(Aug + ug) — AMug + Aug = 0, so A is linear. To show boundedness, we compute
using the boundedness of B. That is,
| Aul|* = (Au, Au) = Blu, Au] < M||ul[]| Aul|.
Therefore, ||Au|| < M||ul].
Because B is coercive, we have the estimate
N|lul[* < Blu,u] = (Au, u) < || Aul|||ul],

by Cauchy-Schwarz. Then, we have that ||Au|| > Nl|u||, and A is thus bounded
below. Applying Lemma 2.10, we see that the range, R(A), of A is closed. Moreover,
the estimate tells us that A is injective, for if Au = Av’, then 0 = ||A(u — u')|| >
Nllu — /||, so |Ju — u'|| =0, and the definition of norm implies u = v'.

We now show that R(A) = H. If not, then R(A) has a nonzero element z, by
Lemma 2.8. But then

N||2l|* < Blz, 2] = (Az,2) =0,

contradicting z # 0.

The Riesz Representation theorem guarantees that there is a w € H such that
(f,v) = (w,v). Since R(A) = H, there is some u € H such that Au = w, so

(f,v) = (w,v) = (Au,v) = Blu,v].

Since A is injective, u is unique. O

The Lax-Milgram theorem is our most important result from functional analysis.
Much of our later work will be devoted to finding appropriate Hilbert spaces and
bilinear forms on which to verify the hypotheses of the Lax-Milgram theorem. The

appropriate spaces part will take some work, but we can already see the form that
B will take. Consider the Sturm-Liouville problem:

{—(pu’)’ +qu=f on(0,1)
u(0) = u(l) =0,
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Now multiply each side by of the differential equation by v, a smooth and compactly
supported function on (0,1), and integrate by parts. Considering the resulting
equation as a function of u and v, we have the bilinear form

B[u,v]:/lpu'v'Jr/Iquv:/va.

Then the work will be to find a Hilbert space that captures the boundary conditions
and to verify the hypotheses of the Lax-Milgram theorem.

There is a special class of bounded operators that will be useful, the compact op-
erators. In a Hilbert space, compact operators are the limit of finite-rank operators
(i.e. those with finite dimensional range space).

Definition 2.13. A bounded operator K : H — H is compact if for every
bounded set U C H, K(U) is compact.

Our next theorem makes precise the notion that, roughly speaking, compact
operators behave like linear operators on a finite-dimensional vector space. To save
space and focus more on differential equations than abstract functional analysis,
we skip the proof. We state the familiar notion of adjoint for completeness.

Definition 2.14. Given a bounded operator T': H — H, its adjoint is the unique
bounded operator T* such that (Tw,v) = (u, T*v).

Theorem 2.15. (Fredholm Alternative) Let K : H — H be a compact operator.
Then

(1) N(I — K) is finite dimensional,

(2) R(I — K) is closed,

(3) R(I - K) = N(I - K*)*,

(4) N(I — K) = {0} if and only if R(I — K) = H,

(5) dm N(I — K) = dim N(I — K*).

The Fredholm alternative deals with solvability of the equations u — Ku = f and
u— Ku =0 for f € H. In particular from the fourth assertion of the theorem, we
see that either the former equation has a unique solution for each f € H or there
are nontrivial (i.e. not the zero vector) solutions to the latter. A restatement of
this dichotomy in terms of elliptic PDE will be our last theorem.

3. SOBOLEV SPACE IN ONE DIMENSION

Our goal for this section is to work out existence, uniqueness, and regularity
for the Sturm-Liouville problem using the abstract techniques developed in the
previous section, in particular the Lax-Milgram theorem. Sobolev Spaces will be
the correct spaces to attempt to apply the Lax-Milgram theorem. We state a few
important definitions needed to define these spaces. We start by working in one
dimension, but a number of results generalize with the same proofs to n dimensions.

Definition 3.1. Let U C R be an open set. A function ¢ : R — R is said to
compactly-supported in U if the closure of the set of points x € R such that
o(z) # 0 is a compact subset of U. Such a function is a compactly-supported
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smooth or test function if it is compactly-supported and has continuous derivatives
of all orders. We denote the space of compactly-supported smooth functions on U
by Cg°(U).

Definition 3.2. A measurable function v : U — R is said to be locally summable
if for every compact subset V of U, [, |v] < co. We denote the space of locally-
summable functions by L} (U).

loc

Definition 3.3. Let U C R be an open set. A weak derivative of a function
u € Li, (U) is a function v : R — R such that for all p € C§°(U),

loc
/u(p’ = —/ V.
U U

We now record a very useful result, and omit its proof for space.

Proposition 3.4. (Fundamental Lemma of the Calculus of Variations) Let u €

L, (U). If
/ uv =0
U

for allv e C§°(U), then u =10 a.e.
This result lets us prove the following

Proposition 3.5. Suppose u € U — R has a weak derivative u'. If u has another
weak derivative ug, then v’ = uy almost everywhere in U.

Proof. Since both u’ and uf are weak derivatives of u, we have [, wv' = — [, u'v =
— [;; ub for all test functions v. Then [, (v'—up)v = 0, so applying the fundamental
lemma of the calculus of variations, we have v’ —u = 0 a.e. g

Note that the same proof works if v : U — R™ and U C R".

Definition 3.6. The Sobolev Space H*(U) is the space of all locally-summable
functions v : U — R such that u has k weak derivatives, all of which belong to
L2(U).

There is an extremely important subspace of H!(U).
Definition 3.7. Let H}(U) be the closure of C§°(U) in H*(U).

This space captures the boundary condition that «(0) = u(1) = 0, so if we find a
function satisfying the differential equation (perhaps in the weak sense) in Hg(U),
then we have found a solution to the boundary value problem.

Definition 3.8. The Sobolev norm is given by
1/2

E
||U|\Hk(U) = ZHU(UH%Z(U) )
i=0

and the Sobolev inner-product is given by
k

(u, U)Hk(U) = Z(U(i)w(i))

=0
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Remark 3.9. An equivalent norm on H*(U) is given by

k
HUHHk(U) = Z ||U(l)|\L2~
i=0

Proposition 3.10. H'(U) is a Hilbert space.

Proof. Let (u,) be a Cauchy sequence. Then for every ¢ > 0, there exists N such
that n,m > N implies ||[un — Um||g1 () < €. Therefore

[t = |22y + |y, — up, |20y <€,

so both (uy,) and (u},) are Cauchy in L?. Since L?(U) is complete, we have limits u
and v’ in L?(U), respectively of our sequences. Then in the limit

/unv’:—/u;v
U
/uv’:—/u’v.
U U

This proof also generalizes to R™ very easily. The next result is a very powerful
generalization of the fundamental theorem of calculus to Sobolev spaces. We omit
the proof for space, but it can be found in [1, pp. 204-206].

becomes

]

Theorem 3.11. Let u € H'(I) for I some open subset of R. There exists i € C(I)
such that uw = u almost everywhere in I, and

y
u(z) —a(y) = / u'(t) dt
for all xz and y in I.

This result does generalize to higher dimensions but not in a necessarily obvious
way. We make no use of the generalization, however, so we point the interested
reader to [1, p. 282]. We need one more result before moving to the Sturm-Liouville
problem. We will prove it in its full, n-dimensional generality in the next section.

Theorem 3.12. (Poincaré Inequality) Let u € HY(U) and U be a bounded open
subset of R. Then there exists a constant C' (depending only on U) such that

ull g2y < Cllv'l L2y

Example 3.13. Let I be the open unit interval, p € CH(I) with p > a > 0,
q € C(I) with ¢ > 0, and f € L?(I). Then there exists a unique u € H2(I)N Hg(I)
satisfying

u(0) = u(1) = 0.

Moreover, if f € C(I), then u is a classical solution.

{—(pU’)’ +qu=f onl

Proof. We begin by showing that there is a unique weak solution in Hg (). Mul-
tiplying both sides of the differential equation by v € C§° and integrating over I

yields
/—(pu’)’v—i—/quv:/fv.
I I I
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(A weak solution is a function u € H}(I) satisfying the above equality). An inte-
gration by parts gives the bilinear form

B[u,v]:/lpu'v’—k/Iquv:/lfv.

Of course we have not shown that any such u exists satisfying the above equality or
the one before it. For this, we use Lax-Milgram. Note that the mapping v — || 1 fo
is a bounded (by Cauchy-Schwarz) linear functional H}(I) — R. Then if B is
continuous and coercive, there will exist a unique u satisfying Blu,v] = (f,v) =
/ ; fuforallve H(I), by Lax-Milgram. For continuity, we have that

/ I
pu'v
I

< I
< maxp(o) [ o'
< M| || L2l [0 2y
< M||ulgal|vl] a2 -

Similar bounds hold for the other integral, so B is continuous. Showing that B is
coercive relies on the Poincaré inequality. Using the assumption that ¢ > 0 and

p > a > 0, we have
Blu, u] :/pu'2+/qu2 z/pu’2
I I I

> mimp(nc)/u'2
I

zel
= CHU/H%z(I)
> clfulf7,-

Then by Lax-Milgram, we have a u € H{ satisfying the weak formulation of the
differential equation. That is a w such that

/I(pU’)v’Jr/Iquv:/va,

for all test functions v. Note then that pu’ € H} as

Jorw == [ =aue.

for all test functions v, so pu’ has a weak derivative f —qu. Then v’ = (1/p)(pu’) is
also in H'. Thus v € H2. Thus by our theorem above u € C?(I). Now we arrange
our weak formulation to obtain
[y +au-pu=0
I
for all v € C§°(I), so —(pu')’ +qu = f a.e. in I. Since u € C*(I), —(pu') +qu = f
everywhere on I. ([l

4. SOBOLEV SPACES IN N DIMENSIONS

We begin by generalizing the definition of Sobolev spaces to n dimensions in the
obvious way. We can clearly generalize C§°(U) to be the set of compactly-supported
smooth functions U — R™ for U C R™.
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Definition 4.1. Let U C R" be open. The Sobolev space of order k is the set
of all functions u € L%(U) such that for every multiindex o with |a| < k, D%u exists
in the weak sense and belongs to L?(U). In set-builder notation, this definition is

H*(U) = {u € L2(U)| V]a| < kg € L?(U),/ WDy = (-1)'&'/ g Woe cg°(U)} .
U U

Here o = (aq,...,ap) is a multiindex, so D® = g—zigzz and || = >0 ;.
Then the Sobolev Space H'(U) for example is the space of L? functions with
weak first partial derivatives in L?(U). Similar to the one dimensional case we
define H}(U) to be the closure of C§°(U) in H*(U). Our next theorem is the most
important inequality in Sobolev space theory. The proof will use a generalized form
of Holder’s inequality.

Theorem 4.2. (Generalized Holder Inequality) Let 1 < p1,...,pm < 00, with
SN L =1 and u, € LP*(U) for k=1,....,m. Then,

i=1p;
m
[ vl < T oo
U k=1

Theorem 4.3. (Gagliardo-Nirenberg-Sobolev) Let 1 < p < n. There exists a con-
stant C(p,n) such that

[lullo- (R™) < Cl[Duf|Lr @n),

for all u € C}(R™), where p* = vl

Proof. We begin with p = 1. Using the fundamental theorem of calculus (the tra-
ditional one since everything is smooth and compactly supported), we have

x;
|u(x)| = / U, (T1y ooy Tim1Yis Tyt 1y ooy Tn) AYi

— 00

o0
S/ U, (T15 oy Tim 1Yy Ty oo Tn) | i

—00
[e%S)

S / ’DU(Ih~--71'i—1yiazx7,+17~-~7$n)| dy1
—00

Since this holds for all 1 <7 < n and z € R", we have

1

n o) n—1
|U(I>|ﬁ SH (/ DU(fElaaylvafn”dyz) .
=1

— 00

Integrating each side with respect to x; and denoting Du(x1, ..., ys, ..., T, ) simply
by Du for convenience gives

1

[e%¢] oo N 0o n—1
—oo —o0 ;] —oo

1
1

= (/ | Dl dy1> / H/ | Dul| dy; dz;

3
|
|
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Now we apply the generalized Holder inequality with the product functions as
1

(ffooo | Du| dyi> "1 and pi =n—1, so that Y 1", 1% = 1. Then

o0 e} ﬁ n oS e} net
/ lu| 7T dx; < (/ | Dl dy1> H/ / | Dul|dz1dy; , (%)

where we also used Fubini’s theorem to change the order of integration. Now
we integrate with respect to zo. Applying the estimate (%) and the fact that
Du(z1,ya, ..., Ty) is constant with respect to zo, we obtain

— . e
/ / ‘u|ﬁ d$1d$2 < / / |Du| dl’ldyg / H I{Lil d(EQ,
—00 J —00 —00 J —00 -0

i=1,i£2

where I; = ffooo |Du| dy; and for 3 < i <mn, I; = f:x;o ffooo | Du| dxody;. Now we
apply the generalized Holder inequality yet again to obtain

/ / |u| 7T daydas
< (/ / | Dl dxldy2> (/ / | Dl dyld:r2>
n oo 00 oS ﬁ
H (/ / / | Dl dzldzgdyi> .

Proceeding in this manner and integrating over each of z; for 3 < ¢ < n, we obtain

/ lul»=T < H / / |Dul dz;...dy;...dx,
R i=1 \/—oo  J-oo
- ( [ 1pu dw) o

which is the theorem for p = 1. If 1 < p < n, we apply (*x) on the function v = |ul|?,
for some v > 1. We obtain

n—1
(/ |ud> g/ |D|u|| da
n RTL

:7/ |u|" | Dul| dx

p—1
< </ | e dx> </ | Dul|P dx) ,

where we applied Hélder’s inequality with L#7°T and LP in the last inequality. Now
we wish to choose « to allow us to make a cancellation in the above estimate. In
this case, we need -5 = (Vp_fll)p. Solving we have v = p(:i:;). Note that this choice

n—1

1
n—1

()
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; o _ np
gives us ;5 =~ — P

=: p*. So we have

n—1

(/ ulP’ dx) 7 < (/ |ulP” dx) ’ (/ | Du|? dx) ’ )
-

dividing through we obtain

n—1 p—1

([ 1 as) < Cl|Dullg e

|[ull Lo @ny < ClIDul| L gn)-
O
This estimate lets us derive two more useful inequalities.

Theorem 4.4. Let U be a bounded, open subset of R™. If u € H}(U), then u €
LYU) for all ¢ € [1,2%], and

Jull Ly < C||Dul|p2(vy-

Proof. By construction of Hg(U), there exists a sequence of functions u,, € C§°(U)
converging to u in H}(U). Then we can define each u,, to be 0 on R" — U. Since
each function is smooth and compactly supported inside U, this extension pro-
duces a smooth and compactly supported function on R™. Then we can apply
Gagliardo-Sobolev-Nirenberg to obtain by approximation (and dominated conver-
gence) |[ull2+ () < Cl|Dul|2(r). Since U is bounded (and hence finite measure),
we have ||u|zqr) < C||Dul|r2(y for 1 < g < 2% O

Corollary 4.5. (Poincaré Inequality) Let U be a bounded, open subset of R™. If
u € HE(U), then there exists a constant C (depending only on U) such that

l[ull2@wy < Cl|Dul|z2(wy-

Proof. Since 2* = %, we have QL = % — %, hence 2* > 2 and the above theorem

applies. ([l

Our next theorem will be of great importance when we wish to show that certain
operators are in fact compact in order to apply the Fredholm theory from section
2. We first recall some definitions and results from advanced calculus.

Definition 4.6. Let G and H be Hilbert spaces with G C H. We say that G
is compactly embedded in H (denoted G CC H) if ||u]|lg < C|lu||g for some
constant C' and each bounded sequence in G has a subsequence converging to a
limit in H.

Definitions 4.7. A sequence (f,) of functions R® — R is said to uniformly
bounded if there exists an M such that |f,(z)| < M for all n € N and « € R™.
The sequence is uniformly equicontinuous if for every ¢ > 0, there exists § > 0
such that |f(z) — f(y)| < € whenever |z — y| < § for all n € N and z,y € R™.

Theorem 4.8. Let (f,) be a sequence of smooth functions R™ — R such that the
sequence (D f,) is uniformly bounded. Then (fy) is uniformly equicontinuous.

Theorem 4.9. (Arzela-Ascoli) Let (fy,) be a sequence of functions R™ — R. If (f5,)
is uniformly bounded and uniformly equicontinuous, then there exists a subsequence
(fni) of (fn) and a continuous function f such that f,, — f uniformly on compact
subsets of R™.
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We must introduce the very useful technique of mollification to prove our the-
orem. See [2, p. 713-716] for more information on mollification and proofs of the
results stated here.

Definitions 4.10. Define n: R" — R by
1
ooy = JOo () el <1
0 |z| > 1,

where C' is such that [, 7 = 1. For each € > 0 define 7. : R” — R by 7n.(z) =
£ (Z).Let U C R be open and define U, = {z € U|dist(z,0U) > ¢} and B(x,r)
to be the ball of radius r centered at x. Given f : U — R locally integrable, define
its mollification by

f6=/U775(0:—y)f(y) dy:/B(O’E)m(y)f(x—y) dy

for xz € U..
Theorem 4.11. (1) n € C=(R").

(2) ne € C>(Uo).
(3) f€ € C=(Ue).

(4) f¢— f a.e. ase— 0.

Theorem 4.12. (Rellich-Kondrachov Compactness Theorem) If U is a bounded
open subset of R™ for n > 2, then

Hg(U) cc L*(U).

Proof. The definition of the Sobolev norm gives us ||ur2y < [|u[gz ) Then we

must show that a bounded sequence (u,,) in H}(U) has a convergent subsequence.

Before beginning we note that we can take U = R™ (just by defining each u,, to

be 0 outside U) and assume that each wu,, has support contained in some bounded

set V' C R™ (since they do by construction of H}(U). Finally the boundedness

condition means that sup ||um || g3 ) < co. We begin by considering the mollifica-
m

tions of u,, and wish to show that u$, — wu,, in L?(V) as ¢ — 0 uniformly in m.
First assume wu,, is smooth (since the definition of H}(U) guarantees that smooth
functions are dense in H{(U), our result for smooth functions will hold in general
by approximation). At any rate

=4[ (5 v (55

- / N(y) (um (x — €y) — um(z)) dy
B(0,1)

La
=/B(071)77(y)/0 @(um(w—ety)) dtdy

1
——c [ aw) [ Dunla~ ety) -y dtdy.
B(0,1) 0
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Integrating we therefore find,

1
/ |t (7) — um (2)| do < 6/ n(y)/ / | Dy, (2 — ety)| dedtdy
v B(0,1) 0o Jv
< 6/ | Dty (w)] dw.
v

Then, [|ug, — ||z (vy < €l|Duml|r vy < €Cl[Dum||p2(vy < €C M, where we used
the facts that V is bounded to pass to the L? norm and that our sequence is
bounded in H} and hence L? norm for the last inequality. We therefore find that
us, — Uy, in L2(V) as € — 0 uniformly in m.

We next wish to show that (uf,) is uniformly bounded and equicontinuous for
each fixed € > 0. This is a straightforward application of the theorem that uniform
boundedness of the derivative implies equicontinuity. Anyway,

ju ()] < /B e D)l dy

CM

en’

< el | e @y llum L1 vy <

and
|Dus, ()] < / Dne( — ) [t ()] dy

x,€

CM
< ||D77€‘|L0°(R71)Hum||L1(U) < entl’

Then we have that (u,) is uniformly bounded and equicontinuous for each fixed
e>0.

Now we select € > 0 so that |[u, — wm||r2y < § for all m. Then since each ug,
is compactly supported (on the fixed set V'), we can invoke Arzela-Ascoli to find
subsequence a (uy,, ) converging uniformly on V. Then

lim sup [|ug,, — ug,, [|lz2(v) =0,
k,j—o0

so combining the previous estimate gives (by the triangle inequality)

lim sup ||t — Um, |[22(v) < 0.

k,j—oc0
Finally, we consider the subsequences (u,, ;) associated to ¢ = % Then construct
(Um,) DY Um, = Um, 1. So, for example, the u,,, is the second entry in the subse-

quence (U, 2) which satisfies lim sup ||, — U, ||r2(v) < 3. This process (known
J,k—oc0
as a diagonal argument) yields a subseqence (uy,,) satisfying

Hm sup |[tim, — U, || 227y = 0.
l,j—o0

O

5. EXISTENCE OF WEAK SOLUTIONS TO SECOND-ORDER ELLIPTIC EQUATIONS

Definition 5.1. We say a differential operator L of the form

n

Lu=— Z (aij (x)uzl)% + Zbi(x)uxi + c(x)u
=1

4,j=1
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is elliptic if there is a constant 6 > 0 such that

n

> a(@)&g; > 0)¢)

ij=1
for all £ € R™ and almost every = € U.
Note that the ellipticity condition means that the matrix (a%(x)) is positive-

definite with smallest eigenvalue greater than or equal to 6. The problem we wish
to study is the boundary value problem

{Luf on U

u=~0 on OU. (*)

We assume that U is a bounded subset of R™ and f : U — R. We assume that the
coefficient functions are in L*°(U) and satisfy the ellipticity condition. We make
further assumptions on their regularity when appropriate.

Similar to the one-dimensional case, we now define a weak formulation of our
PDE.

Definition 5.2. The weak formulation of (x) is to find u € HE(U) such that

/ Z a¥ () Uz, vz, + Z b () ug,v + c(z)uv do = / fvdex,
Ui i=1 U

for all v € C§°(U). Moreover the bilinear form associated to (x) is

Blu,v] = /UZ a¥ () Uz, va; + Z b () ug,v + c(z)uv du.
.7 i=1

With an eye towards using the Lax-Milgram theorem, we can consider v
fU fv as a bounded linear functional on H{, and thus succinctly write the weak
formulation as

Blu,v] = (f,v).

Formally, (,) represents a pairing of H}(U) and its dual space, but we can work
with just the map without concerning ourselves with the algebraic properties of the
dual space.

We now try to apply Lax-Milgram to (x). Barring some serious pathology, we
will always have continuity of B, but coerciveness is a much more delicate question.
The next result begins to make this notion precise.

Theorem 5.3. There exist constants a, 3 > 0 and v > 0 such that
| Blu,v]| < aflullgy ol g

and

BllullZy < Blu, u] +|lull7-

Before beginning the proof, note that if v > 0, we cannot apply Lax-Milgram.
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Proof. Continuity is straightforward. We apply Holder’s inequality to obtain

Blu, ]| < Z ||aw||Lm/ |uwbv%|dac—|—2||bl\|mo/ i, 0] da

1,j=1

Hlell / o] dz
U

Z |,

1,j=1

L2 |[va, [[ 2 +Z|quz

c2|[vllz> + [JullL2{|v]] L2

Now we point out that the product of the Sobolev norms of u and v is equal to
l[gallollag = (lullzz + [Dull22)(([[v]l 2] Dv] |2 ).

Then the observation that |u,,| < |Du| allows us to say that each summand in our
inequality is smaller than the Sobolev norm times some constant. Thus,

| Blu, v]| < allull gy l[v]] gy -

Proving that B is coercive requires us to use the ellipticity condition. Letting
¢ = Du and integrating we have

9/ | Du? S/ a g, g,
U i,j=1
:B[u,u]—/ biumiu+/ cu?
U-Z ' U

< Blu,u +Z|\b1||m/ |Du\|v|da¢—|—|\c|\Lm/u da.
U

=1

We now invoke the general inequality that for a, b, e > 0 we have

b2
b<ea+ —.
ab < ea +4e

This is known as Cauchy’s Inequality with e. We apply it to |Dul|u| to obtain

1
/ |Du||u\dx§e/ | Du? dz+—/ u? da.
U U e Juy

Choosing € < 0/(23°7"_, ||b'|| =), we return to our estimate and have
(9/|Du|2 dz < Blu,u] + /\Du|2dx+C/u dx

7/ |Du|2d9:§B[u,u]+C/ u? da.
2 Ju U

Now we add g fU u? dx to both sides to obtain

9(/ |Du2+u2dx) SB[u,u]—l—(O—i—e)/qux.
2 \Ju 2) Ju

Bllullf 1y < Blu,u] +7llull22 ),
as desired. 0O

Or

We can now prove an existence theorem for weak solutions to elliptic PDE.
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Theorem 5.4. There exists a constant v > 0 such that for u >~ and f € L*>(U),
there is a unique u € H}(U) such that

/ Z a’ (Jﬁ)uxivxj + Z bz(aj)udmv +e(z)u + puv du = / fvdz.
U i,j =1 v

That is, a weak solution to

{Lu—i—,uu:f on U (5)

u=20 on OU.

Proof. Define B : Hg(U) x Hy(U) = R by By[u,v] = Blu,v] + p [;; uv dz. Note
that B, [u,v] is the bilinear form corresponding to (5). From our previous theorem,
we have )
Bylu, u] = Blu, u] + pl|ul|z2 1)

> Blfullys ) + (1= Ml 2o

> Bllul 3 0y -
Thus B, is coercive. It is also clearly continuous given the continuity of B. Finally,
we note that (f,v) = [;; fv is a bounded linear functional on Hj(U) (apply Cauchy-

Schwarz in L?), so the hypotheses of the Lax-Milgram theorem are satisfied with
B, and (f,v). O

Our next existence result depends upon the theory of compact operators, namely
the Fredholm alternative discussed in section 2. Before beginning, we define the
notion of a formal adjoint to the differential operator L.

Definition 5.6. The formal adjoint L* of L is given by
L*v =— Z a’ ij Z biv,, — Zb;iv + cv,
i,j=1 i=1
where we require b* € C1(U) for each i.

The adjoint is formal because we defined L merely as a notational convenience
rather than an operator on a Hilbert space. However, since we always take U to be
bounded, a¥,c € L>(U), and here b € C1(U), Lu will lie in L? by a calculation
analogous to showing that B[u,v] is bounded. Then, we can compute the adjoint
using the L? inner product.

(u,L*p)LQ(U): / Z a’ v% u—/ Zb"vwiu—/ becivu+/cvu
Ui=1 Ui=1 U

2]1

/ Za Vg Usg, /Uvaxiqu/UZb(vu)xi+/Ucvu

1]1

/ Za Vg, Uy, /ZbZU£U+/ZbZ vqurvuz)Jr/U VU

zgl

/ Za Vg U, /szuszL/cuv

7,7=1

= (Lu, U)LZ(U)-
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We emphasize here that despite the above calculation, L is not an operator on L?(U)
since we needed additional differentiability (at least in the weak sense) assumptions
onv. (We also used the product rule without justification; the calculation is valid for
u,v € HY(U)NL>(U); See [1, p. 269]) We can, however, define the weak formulation
of the formal adjoint in the same manner as we did for L. The calculation above
shows that the bilinear form associated to the weak formulation is just Blu,v].
We denote this bilinear form by B*[v,u]. Then we say that u € H}(U) is a weak
solution to the adjoint problem

L*v=f onU
v=20 on OU

Bl = [ fu= (.
for all u € H(U). We can now state our next theorem.

Theorem 5.7. (Fredholm Alternative for Elliptic PDE) For every f € L*(U), there
either exists a unique weak solution u € Hg(U) to

Lu=f onU
u=0 on OU,

or there exists a nontrivial (i.e. not the 0 vector) solution u of the homogeneous
problem

Lu=0 onU
u=20 on OU.

Proof. For this proof, We use (,) to denote the usual L? inner product; it is equiv-
alent to (,) in this context, but we wish to perform arithmetic with other L? inner
products. We recall from our first existence result that for some v such that for g €
L2(U), there is a unique u € H}(U) satisfying Blu,v] + v(u,v) =: B,[u,v] = (g,v)
for all v € H}(U). This u is a weak solution of differential operator L,u = Lu+yu.
Then we have a well-defined mapping L?(U) — H}(U) given by g — u. We denote
this mapping by L;17 so that L;lg = wu. Linearity of this mapping follows easily
from the linearity of our differential equation.

Note that if u is a weak solution to Lu = f, then we have Blu,v] = (f,v).
Adding 7y(u, v) to each side we obtain B [u,v] = (f + ~yu,v). Since we could just
as well have started there and subtracted, we see that u is a weak solution of
Lu = f if and only if B,[u,v] = (yu+ f,v) for all v € H}(U). This means, however,
that u is a weak solution to Lyu = yu + f. Then we have u = L;l('yu + f). We
now define K := WL;lu. Note that since L;l maps from L?(U), K is an operator
L*(U) — L*(U). Also define h:= L7 f, so that we have the equation

u— Ku=h.

If we can show that K : L?(U) — L?(U) is a compact operator then we can apply
the Fredholm alternative to the above equation. We first have to show that K is
bounded. Note that Kg = u, so we need to bound the L? norm of u by some
constant times the L? norm of g. We have trivially that ||Kg||r2) < 1K 9|l a2 (-
Then, using Theorem 5.3, we have the existence of some § > 0 such that

5||”||?{&(U) = Blu,u] = (g,u) < Hg||L2(U)||uHL2(U) < H9||L2(U)||UHH5(U)7
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so then .
1K gll2y < [1K9llmywy < B”gHLz(U)?

hence K is bounded. Moreover, from the Rellich-Kondrachov compactness theorem,

we know that H}(U) cC L?(U), so K is a compact operator.

Then if for each h € L?(U), we have a unique u € L?(U) satisfying u — Ku = h,
by our previous calculations we have L,u — yu = Lyh, which implies (just by
unraveling notation) that Lu = f, and hence a weak solution. Alternatively, if
there is a nontrivial solution to u — Ku = 0, then by an analogous calculation, we
have a nonzero weak solution to the homogeneous problem. O

Corollary 5.8. Suppose that there is a montrivial solution to the homogeneous
problem

Lu=0 onU
u=0 on OU.
Then, the subspace N C HY(U) of weak solutions to the homogeneous problem

is finite-dimensional with dimension that of the subspace N* C HE(U) of weak
solutions to the homogeneous adjoint problem

L*v=0 onU
v=20 on OU.

Proof. Using the Fredholm alternative, we just have to verify (using the notation
of the previous proof) that v — K*v = 0 implies that v is a weak solution to the
homogeneous adjoint problem. For g € L?(U), we recall that Ly lg = if and only
if B, [u,v] = (g,v) for all v € H}(U), so Kg = ~yu if and only if B,[u,v] = (g,v)
for all v € H(U). Similar to our construction of K, we define K* by K*f = qv
if and only if BX[v,u] = (f,u) for all u € Hg(U). Now we just have to verify that
the operator K* we have constructed is in fact the adjoint of K. Suppose Kg = yu
and K*f = ~v. Then

(Kg, f) =(u, [) = vBj[v, u] = vBy[u,v] = (9,7v) = (9, K" g).
Thus the analogous construction for the adjoint problem will produce the adjoint

of K, and the Fredholm theory gives the result. O

Corollary 5.9. Let N* C H}(U) be the subspace of weak solutions to the adjoint
problem. The problem

Lu=f onU
u =0 on OU.

has a weak solution if and only if (f,v) =0 for allv € N*.

Proof. We recall that the third assertion of the Fredholm Alternative is that R(I —
K) = N(I — K*)*. Then u — Ku = h has a solution if and only if (h,v) = 0 for all
v satisfying v — K*v = 0. However,

1
—(Kf,v
S (Kf,v)
Thus we have a weak solution to

{Luzf on U

(F,K") = ~(f,0).

(h,U)Z = ;

1
Y

u=~0 on OU.
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if and only if (f,v) = 0. O

We conclude by pointing out that although we have some powerful results con-
cerning weak solutions, we know little about the regularity of the solutions. In
n dimensions, this is a somewhat delicate (or at least computationally involved)
problem. Details can be found in [2, Sec. 6.3].
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