22

Approximation Theorems and Convolutions

22.1 Density Theorems

In this section, (X, M, u) will be a measure space A will be a subalgebra of
M.

Notation 22.1 Suppose (X, M, i) is a measure space and A C M is a sub-
algebra of M. Let S(A) denote those simple functions ¢ : X — C such that
¢~ L({A}) € A for all A € C and let Sy(A, ) denote those ¢ € S(A) such that

w(¢ #0) < oo

Remark 22.2. For ¢ € Sy(A,p) and p € [1,00), [¢|” = 30, [2[P1(4=-) and
hence

/ 617 dp = 3" |+l p(6 = 2) < o0 (22.1)
2#£0

so that Sy(A, i) C LP(). Conversely if ¢ € S(A)NLP(u), then from Eq. (22.1)
it follows that i (¢ = z) < oo for all z # 0 and therefore p1 (¢ # 0) < co. Hence
we have shown, for any 1 < p < o0,

S7(A, ) = S(A) N L7(n).

Lemma 22.3 (Simple Functions are Dense). The simple functions,
Sg(M, p), form a dense subspace of LP () for all 1 < p < oo.

Proof. Let {(;Sn}zozl be the simple functions in the approximation Theo-
rem 18.42. Since |¢,,| < |f| for all n, ¢, € Sp(M, p) and

[f = 6ul” < (If1 +16a)” < 271" € L' ().

Therefore, by the dominated convergence theorem,

lim /|ff¢n|pdu=/ lim |f — ¢n|Pdp = 0.
n—00 n—0o0
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|
The goal of this section is to find a number of other dense subspaces of
L? () for p € [1,00). The next theorem is the key result of this section.

Theorem 22.4 (Density Theorem). Let p € [1,00), (X, M, ) be a mea-
sure space and M be an algebra of bounded F — valued (F =R or F =C)
measurable functions such that

1. M cC L? (u,F) and o (M) = M.
2. There exists vy, € M such that ¥y — 1 boundedly.
3. If F = C we further assume that M is closed under complex conjugation.

Then to every function f € LP (u,F), there exists ¢, € M such that
limp oo [|f = Sullpogy =0, t-e. M is dense in LP (u,F).

Proof. Fix k € N for the moment and let H denote those bounded M
measurable functions, f : X — F, for which there exists {¢,}..; C M such
that lim, e ||k f — ¢n||Lp(u) = 0. A routine check shows H is a subspace
of ¢° (M,F) such that 1 € H, M C H and H is closed under complex
conjugation if F = C. Moreover, ‘H is closed under bounded convergence.
To see this suppose f,, € H and f,, — f boundedly. Then, by the dominated
convergence theorem, limp, oo ||k (f = fu)ll 1o (u) = 0.! (Take the dominating
function to be g = [2C 4[]’ where C is a constant bounding all of the
{Ifal}or;.) We may now choose ¢, € M such that ||¢, — Viefullpou < 1
then

lim sup S — Gull o <lim sup [ (F = Fu)ll o
n—00 n—oo

+lim sup ||¢xfn — (j)nHL,,(M) =0 (22.2)
n—00
which implies f € H. An application of Dynkin’s Multiplicative System The-
orem 18.51 if F = R or Theorem 18.52 if F = C now shows H contains all
bounded measurable functions on X.

Let f € LP(u) be given. The dominated convergence theorem implies
limg 00 Hzpklﬂf‘gk}f— f||Lp(H) = 0. (Take the dominating function to be
g = [2C | f|]” where C is a bound on all of the |¢);|.) Using this and what we
have just proved, there exists ¢, € M such that

1
[erLisi<irf = okl gy < 7
The same line of reasoning used in Eq. (22.2) now implies limg oo || f — k|l 1o,y =

0. |
1 It is at this point that the proof would break down if p = co.
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Definition 22.5. Let (X,7) be a topological space and p be a measure on
Bx = o(7). A locally integrable function is a Borel measurable function
[ X — C such that [ |fldp < oo for all compact subsets K C X. We will
write Li, () for the space of locally integrable functions. More generally we

say f € LY (w) iff H1Kf||Lp(M> < oo for all compact subsets K C X.

loc

Definition 22.6. Let (X, 7) be a topological space. A K -finite measure on
X is Borel measure p such that pn (K) < oo for all compact subsets K C X.

Lebesgue measure on R is an example of a K-finite measure while counting
measure on R is not a K-finite measure.

Example 22.7. Suppose that u is a K-finite measure on Bga. An application of
Theorem 22.4 shows C,. (R, C) is dense in LP(RY, Bga, s1; C). To apply Theorem
224, let M = C., (R‘l,(C) and vy (x) := ¢ (x/k) where ¢ € C. (Rd,(C) with
¥ (z) = 1 in a neighborhood of 0. The proof is completed by showing o (M) =
o (CC (Rd, (C)) = Bga, which follows directly from Lemma 18.57.

We may also give a more down to earth proof as follows. Let 2o € R, R >
0, A := B(zo,R)° and f, (z) := di{n (x). Then f, € M and f, — 1p(a,R)
as n — 0o which shows 1p(y, gy is o (M)-measurable, i.e. B (zo,R) € 0 (M).
Since o € R? and R > 0 were arbitrary, o (M) = Bga.

More generally we have the following result.

Theorem 22.8. Let (X, 7) be a second countable locally compact Hausdorff
space and p : Bx — [0,00] be a K-finite measure. Then C.(X) (the space
of continuous functions with compact support) is dense in LP(u) for all p €
[1,00). (See also Proposition 25.23 below.)

Proof. Let M := C,(X) and use Item 3. of Lemma 18.57 to find functions
1, € M such that ¥ — 1 to boundedly as k — oo. The result now follows
from an application of Theorem 22.4 along with the aid of item 4. of Lemma
18.57. [

Exercise 22.1. Show that BC (R, C) is not dense in L (R, Bg,m; C). Hence
the hypothesis that p < co in Theorem 22.4 can not be removed.

Corollary 22.9. Suppose X C R" is an open set, Bx is the Borel o — algebra
on X and p be a K -finite measure on (X, Bx) . Then Co(X) is dense in LP ()
for allp € [1,00).

Corollary 22.10. Suppose that X is a compact subset of R™ and p is a finite
measure on (X, Bx), then polynomials are dense in LP(X,pu) for all1 <p <
0.

Proof. Consider X to be a metric space with usual metric induced
from R™. Then X is a locally compact separable metric space and therefore
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C.(X,C) = C(X,C) is dense in LP(u) for all p € [1,00). Since, by the domi-
nated convergence theorem, uniform convergence implies LP () — convergence,
it follows from the Weierstrass approximation theorem (see Theorem 8.34 and
Corollary 8.36 or Theorem 12.31 and Corollary 12.32) that polynomials are
also dense in LP (). ]

Lemma 22.11. Let (X,7) be a second countable locally compact Hausdorff
space and p : Bx — [0,00] be a K-finite measure on X. If h € L}, (1) is a
function such that

/ fhdp =0 for all f € Ce(X) (22.3)
X
then h(x) =0 for u — a.e. x. (See also Corollary 25.26 below.)
Proof. Let dv(z) = |h(x)| dz, then v is a K-finite measure on X and hence
C.(X) is dense in L!'(v) by Theorem 22.8. Notice that
/ f - sgn(h)dv :/ fhdp =0 for all f € Co(X). (22.4)
X X

Let {Kx}r—; be a sequence of compact sets such that K T X as in Lemma
11.23. Then 1k, sgn(h) € L*(v) and therefore there exists f,, € C.(X) such
that f,, — 1, sgn(h) in L' (v). So by Eq. (22.4),

Z/(Kk)Z/ 1k, dv = lim / SFmsen(h)dv = 0.
X m— 00 X

Since K T X as k — 00, 0 = v(X) = [ |h|dp, i.e. h(z) =0 for p — ae. z. m
As an application of Lemma 22.11 and Example 12.34, we will show that
the Laplace transform is injective.

Theorem 22.12 (Injectivity of the Laplace Transform). For f €
LY([0,00),dx), the Laplace transform of f is defined by
oo
Lf(A) = / e f(z)dx for all A > 0.
0

If Lf(N) :==0 then f(z) =0 for m -a.e. x.

Proof. Suppose that f € L'([0,00),dz) such that Lf(\) = 0. Let g €
Co([0,0),R) and & > 0 be given. By Example 12.34 we may choose {ax}x>0
such that # ({\ > 0:ay # 0}) < co and

lg(z) — Z axe | < e for all z > 0.
A>0

Then
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= '/000 (g(x) - Zmﬁ”) fz)dx

A>0
(o]
S /
0

Since € > 0 is arbitrary, it follows that fooo g(x)f(x)dz = 0 for all g €
Co([0,00),R). The proof is finished by an application of Lemma 22.11. ]
Here is another variant of Theorem 22.8.

/ " @) @)z

g(x) — Z are

A>0

[f (@)l da < e[| f]-

Theorem 22.13. Let (X, d) be a metric space, 74 be the topology on X gen-
erated by d and Bx = o(74) be the Borel o — algebra. Suppose ji : Bx — [0, 0]
is a measure which is o — finite on 74 and let BCy(X) denote the bounded
continuous functions on X such that p(f # 0) < oco. Then BCy(X) is a dense
subspace of LP(u) for any p € [1,00).

Proof. Let X) € 74 be open sets such that X; T X and pu(Xy) < oo and
let

see Figure 22.1 below. It is easily verified that M := BC¢(X) is an algebra,

Fig. 22.1. The plot of ¢, for n =1, 2, and 4. Notice that ¢n — 1(0,00)-

Y € M for all £ and ¢, — 1 boundedly as & — oo. Given V € 7 and
k,n € N,let

frn () :=min(1,n - dynx,) ().
Then {fxn # 0} =V N Xy so frn € BCy(X). Moreover

lim lim fkn = lim 1ank = 1V
k—oon—oo "’ k—o0

which shows V' € o (M) and hence o (M) = Bx. The proof is now completed
by an application of Theorem 22.4. |
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Exercise 22.2. (BRUCE: Should drop this exercise.) Suppose that (X,d) is
a metric space, p is a measure on Bx := o(74) which is finite on bounded
measurable subsets of X. Show BCj(X,R), defined in Eq. (19.26), is dense in
LP (1) . Hints: let ¢ be as defined in Eq. (19.27) which incidentally may be
used to show o (BCy(X,R)) = 0 (BC(X,R)). Then use the argument in the
proof of Corollary 18.55 to show o (BC(X,R)) = Bx.

Theorem 22.14. Suppose p € [1,00), A C M is an algebra such that o(A) =
M and p is o - finite on A. Then Sy(A, 1) is dense in LP(p). (See also Remark
25.7 below.)

Proof. Let M := Sy(A, p1). By assumption there exits X, € A such that
wWXg) < ooand X, T X as k — o0. If A € A, then X; N A € A and
w(Xk NA) <oosothat 1x,na € M. Therefore 14 = limy_o0 1x,na is o (M)
— measurable for every A € A. So we have shown that A C o (M) C M
and therefore M = o(A) C 0 (M) C M, i.e. (M) = M. The theorem
now follows from Theorem 22.4 after observing ¢y, := 1x, € M and ¢, — 1
boundedly. |

Theorem 22.15 (Separability of LP — Spaces). Suppose, p € [1,00), A C
M is a countable algebra such that o(A) = M and p is o — finite on A. Then
LP(u) is separable and

D={) ajla, :a; € Q+iQ, A; € A with p(A;) < oo}
is a countable dense subset.

Proof. It is left to reader to check I is dense in S¢(A, i) relative to the
LP(p) — norm. The proof is then complete since Sy(A, 11) is a dense subspace
of L? () by Theorem 22.14. ]

Ezample 22.16. The collection of functions of the form ¢ = > p_; ek L(ay,bi)
with ag, by € Q and ay, < by, are dense in LP(R, Bg, m; C) and LP(R, Bg, m; C)
is separable for any p € [1, 00). To prove this simply apply Theorem 22.14 with
A being the algebra on R generated by the half open intervals (a,b] N R with
a <banda,be QU{xoo},i.e. A consists of sets of the form [ [, _, (ak, bx] R,
where ag, b, € QU {£o0}.

Exercise 22.3. Show L>°([0,1],Bg, m;C) is not separable. Hint: Suppose
I' is a dense subset of L>([0,1],Bg,m;C) and for A € (0,1), let fy (z) :=
10,5 () . For each A € (0,1), choose g € I" such that || fx — gall,, < 1/2 and
then show the map X € (0,1) — gy € I is injective. Use this to conclude that
I" must be uncountable.

Corollary 22.17 (Riemann Lebesgue Lemma). Suppose that f € L'(R,m),
then

lim /Rf(x)ei/\xdm(z)zo.

A—=+oo
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Proof. By Example 22.16, given € > 0 there exists ¢ = > ;_; kL (ap, b
with ag, b € R such that

/ |f —¢ldm < e.
R
Notice that

AT _ S cn T 61')\1 m(z
/R o(z)e N dm(z) = /R > eiliw ) dmia)

n b n
= E ck./ e")‘xdm(x) = E ck)fle’“m’;
k=1 Ak

k=1

n
=)\t ch (e”‘b’“ — e““"") — 0 as |\ — oo.
k=1

Combining these two equations with

/f(l’)(ii)\den(.'E) < /(f(z)f¢(a:))ei/\zdm(z) +’/¢(aj)ei/\$dm(z)
R R R

< 17 = olam-+ | [ ote)eamia)

L)\.Ed

<e+ /R(b(x)e m(x)

we learn that
lim sup /f(x)ei)‘”dm(x) <e+lim sup /(j)(a:)e’“dm(l’) =e.
|A|—o0 | /R |A|—o0 | /R

Since € > 0 is arbitrary, this completes the proof of the Riemann Lebesgue
lemma. |

Corollary 22.18. Suppose A C M is an algebra such that o(A) = M and p
is o — finite on A. Then for every B € M such that u(B) < co and ¢ > 0
there exists D € A such that u(BAD) < e. (See also Remark 25.7 below.)

Proof. By Theorem 22.14, there exists a collection, {A;}]_, , of pairwise
disjoint subsets of A and A; € R such that [y |1p — fldu < & where f =
Z::l >\i1A1 .Let Ag =X \ UELZIAZ‘ € A then
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AllB—fldu:;AillB—fldu

:H(AOQB)Jr; /AmBHB)\i|du+/Ai\BlB/\i|du}
=n(AoNB)+ 3 (1= Nl (BNA)+ [Nl p(A\B)] (225
> (Ao 0 B)+ Y min e (B A, e (40 B)) (22.6)

where the last equality is a consequence of the fact that 1 < |\;| + |1 — ;.

Let .7{Oifp(BﬁAi)<u(Ai\B)
YT\ 1ifp (BN A) > (A \ B)

and g => 1, a;1la, = 1p where
D:=U{4;:i>0& a; =1} € A
Equation (22.5) with \; replaced by «; and f by ¢ implies
[ 1t = Lol = g (A0 B) + 3 min i (B 0 A (4 B},
X i=1

The latter expression, by Eq. (22.6), is bounded by [y |1p — f|dp < € and
therefore,

uw(BAD) :/ 1 —1p|du <e.
X
|

Remark 22.19. We have to assume that u(B) < oo as the following example
shows. Let X =R, M = B, u =m, A be the algebra generated by half open
intervals of the form (a, b], and B = US2,(2n, 2n+ 1]. It is easily checked that
for every D € A, that m(BAD) = oo.

22.2 Convolution and Young’s Inequalities
Throughout this section we will be solely concerned with d — dimensional
Lebesgue measure, m, and we will simply write L? for LP (R‘l, m) .

Definition 22.20 (Convolution). Let f,g : R? — C be measurable func-
tions. We define

frata) = [ fa= )y (22.7)
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whenever the integral is defined, i.e. either f(x—-)g(-) € L*(RZ,m) or
f(z—-)g(-) > 0. Notice that the condition that f (z —-)g(-) € L*(R?,m)
is equivalent to writing |f| * |g| (x) < oco. By convention, if the integral in Eq.
(22.7) is not defined, let f * g(x) := 0.

Notation 22.21 Given a multi-index o € Z%, let |a| = a1 + -+ + ayq,

d ) « d ) o
%= ij], and 0F = (%) = H (5‘_3:]) .
j=1 Jj=1
ForzeR% and f :RY — C, let . f : R* — C be defined by 7. f(z) = f(x—z).
Remark 22.22 (The Significance of Convolution).
1. Suppose that f,g € L! (m) are positive functions and let 1 be the measure
on (Rd)2 defined by

du(z,y) := f(x) g (y) dm (z) dm (y) .

Then if h : R — [0, 00] is a measurable function we have
[ narndu) = [ bt f @) dn @) dn)
(RY) (RY)
= [ @) e =) dn (@) dm ()
(RY)
:/Rdh(x)f*g(a?)dm(x).

In other words, this shows the measure (f * g) m is the same as S.u where
S (x,y) := x+y. In probability lingo, the distribution of a sum of two “in-
dependent” (i.e. product measure) random variables is the the convolution
of the individual distributions.

2. Suppose that L = Z‘ al<k a,0% is a constant coefficient differential oper-
ator and suppose that we can solve (uniquely) the equation Lu = g in the
form

u(a) = Kgfa) = [ o)y

where k(z,y) is an “integral kernel.” (This is a natural sort of assumption
since, in view of the fundamental theorem of calculus, integration is the
inverse operation to differentiation.) Since 7,L = L7, for all z € R?, (this
is another way to characterize constant coefficient differential operators)
and L™! = K we should have 7, K = K7,. Writing out this equation then
says

[ K=z n)ai)dy = (Ko) @0 = 2) = 7. Kg(a) = (Km.9) (o)

=/ k(z,y)g(y — 2)dy =/ k(z,y + 2)g(y)dy.
Rd Rd
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Since g is arbitrary we conclude that k(z — z,y) = k(x,y + z). Taking
y = 0 then gives
k(z,z) = k(z — 2,0) =: p(z — 2).

We thus find that Kg = p*g. Hence we expect the convolution operation
to appear naturally when solving constant coefficient partial differential
equations. More about this point later.
Proposition 22.23. Suppose p € [1,00|, f € L' and g € LP, then f * g(z)
exists for almost every z, f * g € LP and

I1f*gll, < £l llgll,, -

Proof. This follows directly from Minkowski’s inequality for integrals,
Theorem 21.27. ]

Proposition 22.24. Suppose that p € [1,00), then 7, : LP — LP is an iso-
metric isomorphism and for f € LP, z € R* — 1, f € L is continuous.

Proof. The assertion that 7, : LP — LP is an isometric isomorphism
follows from translation invariance of Lebesgue measure and the fact that
7_, o7, = id. For the continuity assertion, observe that

I7-f — Tyf”p =|lm—y (7f — Tyf)”p = [lmeyf - f”p

from which it follows that it is enough to show 7. f — f in L” as z — 0 € R?,
When f € C,(R?), 7. f — f uniformly and since the K := Uy, <1supp(s f) is
compact, it follows by the dominated convergence theorem that 7.f — f in
L? as z — 0 € R%. For general g € L? and f € C.(R%),

-9 — ng <9 - Tzf”p + 7 f - f”p +f- g”p
=rf = fll, + 21If —gll,
and thus

lim sup =9 — gll, <lim sup I f—fll, +2f —gll, =21 -4l
z— z—

Because C,(R?) is dense in LP, the term ||f — g| , may be made as small as
we please. |

Exercise 22.4. Compute the operator norm, |[7. — I{| 14 () , of 7 — I and
use this to show z € R? — 7, € L (LP (m)) is not continuous.
Definition 22.25. Suppose that (X, T) is a topological space and p is a mea-

sure on Bx = o(7). For a measurable function f : X — C we define the
essential support of f by

supp,,(f) = {z € X : p({y € V': f(y) # 0}}) > 0V neighborhoods V of x}.
(22.8)
Equivalently, x ¢ supp,,(f) iff there exists an open neighborhood V' of x such
that 1y f =0 a.e.
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It is not hard to show that if supp(u) = X (see Definition 21.41) and
f € C(X) then supp,,(f) = supp(f) := {f # 0}, see Exercise 22.7.

Lemma 22.26. Suppose (X, ) is second countable and f : X — C is a mea-
surable function and p is a measure on Bx. Then X := U \ supp,(f) may
be described as the largest open set W such that flw(x) =0 for p — a.e. x.
Equivalently put, C := supp,,(f) is the smallest closed subset of X such that

f=7lc ae.
Proof. To verify that the two descriptions of suppu( f) are equivalent,

suppose supp,,(f) is defined as in Eq. (22.8) and W := X \ supp,,(f). Then

W={xeX:37>5V > zsuch that u({y € V: f(y) #0}}) =0}
=U{V Co X : u(fly #0) =0}
=U{V Co X: fly =0 for p—ae.}.

So to finish the argument it suffices to show p (fly # 0) = 0. To to this let
U be a countable base for 7 and set

U ={VelU: fly =0ae}.
Then it is easily seen that W = Ul and since Uy is countable
p(flw #0)< > p(flv #0) =0.
Veuy

Lemma 22.27. Suppose f,g,h : R — C are measurable functions and as-
sume that x is a point in R? such that | f|x|g| (z) < co and | f|*(lg| * |h]) (z) <
oo, then

L fxg(x)=gxf(z)

2. fx(gxh)(x) = (f *g) * h(z)

8. If z € R® and 7.(|f| * |g])(z) = | f] * |g| (z — 2) < oo, then
T:(fxg)(@) = 7. f x g(x) = f x T29(2)

4. If © ¢ supp,,,(f) + supp,,(g) then f* g(x) =0 and in particular,

supp,,,(f * g) C supp,,,(f) + supp,,(9)

where in defining supp,,, (f *g) we will use the convention that “f x g(x) #
0”7 when | f| % |g| (x) = oco.

Proof. For item 1.,

1 lal @) = [ 171@=)lol Gy = [ 1716l (v =)y = lol « 171 =)

430 22 Approximation Theorems and Convolutions

where in the second equality we made use of the fact that Lebesgue measure
invariant under the transformation y — = — y. Similar computations prove
all of the remaining assertions of the first three items of the lemma. Item
4. Since f xg(x) = f*g(x) if f = f and g = § a.e. we may, by replacing
I by flswpp,,(s) and g by glgupp,.(g) if necessary, assume that {f # 0} C
supp,,, (f) and {g # 0} C supp,,(g). So if z ¢ (supp,,(f) + supp,,(g)) then
z ¢ {f#0}+{g#0}) and for all y € R?, either x —y ¢ {f #0} or y ¢
{g # 0} . That is to say either z —y € {f =0} or y € {g =0} and hence
f(z—y)g(y) = 0 for all y and therefore f*g(x) = 0. This shows that f*g =0

on R%\ (suppm(f) + suppm(g)) and therefore

R4\ (suppm(f )+ suppm(g)) C RY\ supp,, (f * g),

i.e. supp,,(f * g) C supp,,(f) + supp,, (). L

Remark 22.28. Let A, B be closed sets of R?, it is not necessarily true that
A + B is still closed. For example, take

A={(z,y):xc>0and y > 1/z} and B={(z,y):x <0andy > 1/|z|},

then every point of A+ B has a positive y - component and hence is not zero.
On the other hand, for > 0 we have (z,1/x)+ (—z,1/z) = (0,2/z) € A+ B
for all = and hence 0 € A + B showing A + B is not closed. Nevertheless if
one of the sets A or B is compact, then A + B is closed again. Indeed, if A is
compact and x,, = a,, + b, € A+ B and z,, — = € R?, then by passing to a
subsequence if necessary we may assume lim, o a, = a € A exists. In this
case

lim b, = lim (z, —a,)=2—a€B

n—oo

exists as well, showing x =a+b€ A+ B.

Proposition 22.29. Suppose that p,q € [1,00] and p and q are conjugate
exponents, f € LP and g € L9, then f * g € BO(RY), If* gl < ||f||p Hg||q
and if p,q € (1,00) then f x g € Co(R).

Proof. The existence of fxg(x) and the estimate | f * g| (z) <||f], llgll, for
all z € R? is a simple consequence of Holders inequality and the translation in-
variance of Lebesgue measure. In particular this shows || f * gl , < [If],llgll, -
By relabeling p and ¢ if necessary we may assume that p € [1,00). Since

||TZ (f*g)_f*gHu: HTZf*g_f*gHu
< lm=f = fll, lglly, = 0 as 2 —0

it follows that f x g is uniformly continuous. Finally if p, g € (1, 00), we learn
from Lemma 22.27 and what we have just proved that f,, * g, € C.(RY)
where fr, = f1|<m and gy, = gl|gj<m- Moreover,
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”f *g— f?n *g"LHoo S ”f *g— f?n *g”oo + ”f'm *g — fm *gmHoo
S F = Fmlly lglly + 1Fmll, g = gmll,
< f = Fmlly, lglly + 171, g = gmlly — 0 as m — oo

showing, with the aid of Proposition 12.23, f % g € Cy(R?). ]

Theorem 22.30 (Young’s Inequality). Let p,q,r € [1,00] satisfy

11 1
S S=14- (22.9)
p r

S

If f € L? and g € L? then |f| % |g| (x) < 0o for m — a.e. © and

1F* gl < 171, llall - (22.10)

In particular L' is closed under convolution. (The space (L', ) is an example
of a “Banach algebra” without unit.)

Remark 22.31. Before going to the formal proof, let us first understand Eq.
(22.9) by the following scaling argument. For A > 0, let fi(z) := f(A\z), then
after a few simple change of variables we find

£l = A"V fI| and (f * g)x = A%fx * ga-

Therefore if Eq. (22.10) holds for some p, ¢, 7 € [1, 00], we would also have

£ % gl =AY NC * all, < XN, llgall, = A =4e=dia £ g,
for all A > 0. This is only possible if Eq. (22.9) holds.

Proof. By the usual sorts of arguments, we may assume f and g are
positive functions. Let o, 8 € [0,1] and py, ps € (0, 00] satisfy py ' +py ' 4+r~t =
1. Then by Holder’s inequality, Corollary 21.3,

fro@) = [ [#e =00 90)0 )] £~ ) 9t) dy

Rd

1/r 1/p1
< ( /R df(:c—y)“‘“”g(y)“‘m’“dy) ( /}R ) f(x—y)apldy) x

1/p2
X( / g(y)ﬁ’”dy)
Rd
1/r
_ ( [ - y><1,a>rg<y><lfﬁ>rdy) LA, 12,

Taking the 7" power of this equation and integrating on x gives
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ety < [ ([ 7= 00rat0ray) de- 1113, Lol
1— 1-p8 ar T
= 1A= gl =) LS, Nl (22.11)

Let us now suppose, (1 — a)r = ap; and (1 — 5)r = Bpe, in which case Eq.
(22.11) becomes,
I1f = glly < If 11, Nglsp,

which is Eq. (22.10) with
p:=(1—a)r=ap; and ¢ := (1 — B)r = Bpa. (22.12)

So to finish the proof, it suffices to show p and ¢ are arbitrary indices in
[1,00] satisfying p~t +¢ =t = 1+7r~L. If a, 3, p1, p2 satisfy the relations above,

then ,
= and g =
r+p1 T+ p2
and
1 1 1 1 1r 1r+
i1t 1 _lrdp drdp
P q ap1 ap2 P p2 T
1 1 2 1
==+ —=+-=-=1+-.
pr p2 T r

Conversely, if p, g, 7 satisfy Eq. (22.9), then let o and S satisfy p = (1 — a)r
and ¢ = (1 — B)r, i.e.
r—p r—q q

o= :I—Bglandﬁ:—:l——gl.
r r r r

Using Eq. (22.9) we may also express o and (3 as
1 1
a=p(l—=)>0and f=¢q(1—=)>0
q p

and in particular we have shown «, 3 € [0, 1]. If we now define p; := p/a €
(0, 00] and p2 := g/ € (0, 00], then

1 1 1 1 1 1
—+—+-=pF-+ta-+-
pr p2 T q p T
1 1 1
=(1-=)+(1-=)+=
(=)= +s
1 1
:2—(1+—)+—:1
r T
as desired. n

Theorem 22.32 (Approximate § — functions). Let p € [1,00], ¢ €
LYRY), a:= [p. f(x)dz, and for t > 0 let ¢y(x) = t7%p(x/t). Then
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1. If f € LP with p < oo then ¢y x f — af in LP ast | 0.
2.If f € BC(R?) and f is uniformly continuous then ||¢y x f — af|l, — 0
ast ] 0.

3. If f € L™ and f is continuous on U C, R? then ¢y * f — af uniformly
on compact subsets of U ast | 0.

Proof. Making the change of variables y = ¢z implies
o1 1@ = [ =ty = [ 1o t)o:)d:
R R
so that

¢ * f(x) —af(x) = /Rd [f(z—t2) — f(x)] p(2)dz
= /R ) [Te. f(z) — f(z)] ¢(2)dz. (22.13)

Hence by Minkowski’s inequality for integrals (Theorem 21.27), Proposition
22.24 and the dominated convergence theorem,

05 £ =afl, < [ It = £l o) dz =0 ast Lo,

Ttem 2. is proved similarly. Indeed, form Eq. (22.13)

05 £ =aflo < [ lred = Flc ol dz

which again tends to zero by the dominated convergence theorem because
lim¢ o ||7%2f — fllo = 0 uniformly in z by the uniform continuity of f.
Item 3. Let Br = B(0, R) be a large ball in R? and K CC U, then

sup [r * f(z) — af (z)|
zeK

< ‘ / 1fle =t~ S@] 62| +

. [f(z —tz) = f(2)] ¢(2)d=

R

S/Bn |6(z)|dz - sup If(w—tZ)—f(w)lJr?Hflloo/B% |6(2)] dz

reK,z€BRr

<ol sw  |fl@—tz) - f(x)H?IIfIloo/">R|¢(Z)|dz

,2€BRr
so that using the uniform continuity of f on compact subsets of U,
limsup sup |¢; * f(z) — af(z)| <2 ||fHoo/ |¢(2)|dz — 0 as R — oo.
tl0 zeK |z|>R

|
See Theorem 8.15 if Folland for a statement about almost everywhere
convergence.
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Exercise 22.5. Let e
_Jetift>0
f(t)_{ 0 ift<o0.
Show f € C*(R,[0,1]).

Lemma 22.33. There ezists ¢ € CX(RY[0,00)) such that $(0) > 0,
supp(¢) C B(0,1) and [y, ¢p(x)dz = 1.

Proof. Define h(t) = f(1 —t)f(t + 1) where f is as in Exercise 22.5.
Then h € C(R,[0,1]), supp(h) C [-1,1] and h(0) = =2 > 0. Define ¢ =
Jga h(|%]?)dz. Then ¢(z) = ¢ h(|z|?) is the desired function. ]

The reader asked to prove the following proposition in Exercise 22.9 below.

Proposition 22.34. Suppose that f € L}, (RYm) and ¢ € CLRY), then
fx¢ € CHRY) and O;(f * @) = f * 0;6. Moreover if ¢ € C(R?) then
fxd e Ce(RY).

Corollary 22.35 (C* — Uryhson’s Lemma). Given K CC U C, R?, there
exists f € C°(R%,[0,1]) such that supp(f) CU and f =1 on K.

Proof. Let ¢ be as in Lemma 22.33, ¢;(x) = t~¢(x/t) be as in Theorem
22.32, d be the standard metric on R? and ¢ = d(K, U®). Since K is compact
and U°€ is closed, € > 0. Let V5 = {sc eR?:d(x,K) < (5} and f = ¢cy3xly,,,
then -

supp(f) C supp(¢es3) + Vey3 C Vacyz C UL

Since ‘_/25/3 is closed and bounded, f € C°(U) and for z € K,

flx) = /}Rd Lagy,K)<e/3 - Pe/3(® — y)dy = /}Rd bey3(x —y)dy = 1.

The proof will be finished after the reader (easily) verifies 0 < f < 1. [
Here is an application of this corollary whose proof is left to the reader,
Exercise 22.10.

Lemma 22.36 (Integration by Parts). Suppose f and g are measur-
able functions on R? such that t — f(x1,..., 2 1,t,Tig1,...,24) and t —
g1, X1, by Tig1, .., 2a) are continuously differentiable functions on R
for each fired x = (z1,...,714) € RL Moreover assume f - g, % - g and

f- (%% are in L*(R?,m). Then

O pam—— [ .29

dm.
JRd 6I1 JRd 8337,

With this result we may give another proof of the Riemann Lebesgue
Lemma.
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Lemma 22.37 (Riemann Lebesgue Lemma). For f € L'(RY, m) let
f€) = )y [ fla)e < dm(a)
Rd

be the Fourier transform of f. Then f € Co(R%) and HfHOC < 2m)"Y2) £, -

(The choice of the normalization factor, (2r)~%2, in f is for later conve-
nience.)

Proof. The fact that f is continuous is a simple application of the domi-
nated convergence theorem. Moreover,

f©] = [ @) amte) < r)y- 11,

so it only remains to see that f({) — 0 as |[{] — oo. First suppose that

f € C®(RY) and let A = Z?Zl 08—; be the Laplacian on R¢. Notice that
J

%e"f"“ = —i&e T and Ae %" = — \§|26_if‘z. Using Lemma 22.36 re-

peatedly,

R4
= -0 ™ f(©)
for any k € N. Hence

(22 |£(&)] < leI™* [ a*£]l, — 0

as €] — oo and f € Co(R?). Suppose that f € L'(m) and f € C=(RY) is
= 0.

[e'e}

Hence f € Co(R?) by an application of Proposition 12.23. [ ]

a sequence such that limy_, || f — fx|l; = 0, then limj_ ‘f, fk

Corollary 22.38. Let X C R be an open set and v be a Radon measure on
Bx.

1. Then C°(X) is dense in LP(u) for all 1 < p < oo.
2.If h € L}, (1) satisfies

/ fhdp =0 for all f € CF(X) (22.14)
X

then h(xz) =0 for p — a.e. x.

Proof. Let f € C.(X), ¢ be as in Lemma 22.33, ¢; be as in Theorem
22.32 and set ¢ := ¢ * (flx). Then by Proposition 22.34 ¢, € C*°(X) and
by Lemma 22.27 there exists a compact set K C X such that supp(¢;) C K
for all ¢ sufficiently small. By Theorem 22.32, ¢, — f uniformly on X ast¢ | 0

. ket dm() = . DAF €T d(2) = — ok [ 2= dm(z
A f)e S dmio) = [ )2k () = ~[6* [ e S amiz)
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1. The dominated convergence theorem (with dominating function being
| fllo 1), shows ¢, — f in LP(u) as t | 0. This proves Item 1., since
Theorem 22.8 guarantees that C.(X) is dense in LP(u).

2. Keeping the same notation as above, the dominated convergence theorem
(with dominating function being || f||, |k|1x) implies

0=ltlfél/xwthduz/Xltlfglwthduz/xfhdu.

The proof is now finished by an application of Lemma 22.11.

22.2.1 Smooth Partitions of Unity

We have the following smooth variants of Proposition 12.16, Theorem 12.18
and Corollary 12.20. The proofs of these results are the same as their contin-
uous counterparts. One simply uses the smooth version of Urysohn’s Lemma
of Corollary 22.35 in place of Lemma 12.8.

Proposition 22.39 (Smooth Partitions of Unity for Compacts). Sup-
pose that X is an open subset of R?, K C X is a compact set and U = {Uj};'zl
is an open cover of K. Then there exists a smooth (i.e. h; € C*(X,]0,1]))
partition of unity {hj}?zl of K such that h; < U; for all j =1,2,...,n.

Theorem 22.40 (Locally Compact Partitions of Unity). Suppose that
X is an open subset of R and U is an open cover of X. Then there exists a
smooth partition of unity of {h;}X.; (N = oo is allowed here) subordinate to
the cover U such that supp(h;) is compact for all 3.

Corollary 22.41. Suppose that X is an open subset of R? and U =
{Ua}yea C 7 is an open cover of X. Then there exists a smooth partition
of unity of {ha}aca subordinate to the cover U such that supp(ha) C Uy for
all a« € A. Moreover if U, is compact for each o € A we may choose hg s0
that hg < Uy.

22.3 Exercises

Exercise 22.6. Let (X,7) be a topological space, u a measure on Bx =
o(r) and f : X — C be a measurable function. Letting v be the measure,
dv = |f|dp, show supp(v) = supp,,(f), where supp(v) is defined in Definition
21.41).

Exercise 22.7. Let (X, 7) be a topological space, p a measure on Bx = o(7)
such that supp(p) = X (see Definition 21.41). Show supp,,(f) = supp(f) =

{F#0] for all f € C(X).
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Exercise 22.8. Prove the following strong version of item 3. of Proposition
10.52, namely to every pair of points, zg, 1, in a connected open subset V'
of R? there exists o € C®(R,V) such that o(0) = 29 and ¢(1) = z;. Hint:
First choose a continuous path v : [0,1] — V such that v (¢) = ¢ for ¢ near 0
and 7 (t) = 1 for t near 1 and then use a convolution argument to smooth ~.

Exercise 22.9. Prove Proposition 22.34 by appealing to Corollary 19.43.

Exercise 22.10 (Integration by Parts). Suppose that (z,y) € R x R¢™! —
f(z,y) € C and (z,y) € R x R - g(z,y) € C are measurable functions
such that for each fixed y € RY, x — f(x,y) and  — g(z,y) are continuously
differentiable. Also assume f - g, 0, f - g and f - 0, g are integrable relative to
Lebesgue measure on R x R4~ where Ouf(z,y) == %f(m +t,9)|t=0. Show

/ Bef(2,9) - 9(e, y)dady = — / F(1) - aglar, y)dudy. (22.15)
RxRd—1

RxRd-1

(Note: this result and Fubini’s theorem proves Lemma 22.36.)

Hints: Let ¢ € C°(R) be a function which is 1 in a neighborhood of
0 € R and set 9. (z) = ¢(ex). First verify Eq. (22.15) with f(z,y) replaced
by ¥ (z)f(z,y) by doing the z — integral first. Then use the dominated con-
vergence theorem to prove Eq. (22.15) by passing to the limit, € | 0.
Exercise 22.11. Let u be a finite measure on Bga, then D := span{e’*? :
A € R?} is a dense subspace of LP(u) for all 1 < p < co. Hints: By Theorem
22.8, C.(R?) is a dense subspace of LP(y). For f € C.(R?) and N € N, let

= Z f(z+27Nn).

nezd

Show fy € BC(R?) and x — fn(Nz) is 27 — periodic, so by Exercise 12.13,
z — fn(Nz) can be approximated uniformly by trigonometric polynomials.
Use this fact to conclude that fx € DY"() . After this show fy — f in LP(u).

Exercise 22.12. Suppose that p and v are two finite measures on R?% such
that

/}Rd e du(z) = /Rd e dy(x) (22.16)

for all A € R%. Show p = v.

Hint: Perhaps the easiest way to do this is to use Exercise 22.11 with the
measure 4 being replaced by p + v. Alternatively, use the method of proof
of Exercise 22.11 to show Eq. (22.16) implies [5q fdu(z) = [p. fdv(z) for all
f € C.(R9) and then apply Corollary 18.58.

Exercise 22.13. Again let p be a finite measure on Bra. Further assume that
Cu = [pa €M®ldp(z) < oo for all M € (0,00). Let P(R?) be the space of
polynomials, p(x) = 37|, 1< x Paz®™ With p, € C, on R?. (Notice that |p(z)|” <
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CeMl#l for some constant C' = C(p,p, M), so that P(RY) C LP(u) for all
1 < p < c0.) Show P(R?) is dense in LP(u) for all 1 < p < co. Here is a
possible outline.

Outline: Fix a A € R? and let f,,(z) = (A-z)" /n! for all n € N.

1. Use calculus to verify sup,s,t®e™ ™" = (a/M)* e~ for all & > 0 where
(0/M)° := 1. Use this estimate along with the identity

Aol < AP [l = (fap e M) (A M

to find an estimate on || f,|[,, -
2. Use your estimate on || f,||,, to show 322 || fall, < oo and conclude

N
ei/\-(-) _ Z ann
n=0 P

3. Now finish by appealing to Exercise 22.11.

lim =0.

N—o0

Exercise 22.14. Again let p be a finite measure on Bge but now assume
there exists an & > 0 such that C := [, E‘E‘du( ) < co. Also let ¢ > 1 and
h € L4(u) be a function such that [p, h(z)z*du(z) = 0 for all & € N¢. (As
mentioned in Exercise 22.14, P(R?) C L"(,u) forall1 <p < oo0,s0x — h(z)z®
is in L'(u).) Show h(z) = 0 for i~ a.e. = using the following outline.

Outline: Fix a A € RY, let f,(z) = (A-2)" /n! for all n € N, and let
p=q/(qg— 1) be the conjugate exponent to g.

1. Use calculus to verify sup;sot®e™" = (a/e)” e™* for all a > 0 where
(0/¢)° := 1. Use this estimate along with the identity

D e (e [PV
to find an estimate on || f,][,, -
2. Use your estimate on |[|f,||, to show there exists § > 0 such that

> omeo Il fnll, < 0o when |A] < and conclude for [A| < § that e =
LP(p)->"0 o i" (). Conclude from this that

/ h(z)e®du(z) = 0 when || < 6.
Rd

3. Let A € R? (|A| not necessarily small) and set g(t) := [5q € ®h(z)dp(z)
for t € R. Show g € C*°(R) and

g™ () = / (X - )" AT h(x)dp(x) for all n € N.
Rd
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. Let T =sup{7 > 0: gljo-) =0}. By Step 2., T > 6. If T < oo, then
0=gM™(T) = / (X - z)"eTA2h(z)dp(z) for all n € N.
Rd
Use Step 3. with h replaced by e7**h(z) to conclude

o(T+1) = / TN () duu() = O for all £ < 5/ ||
Rd

This violates the definition of 7" and therefore T' = oo and in particular
we may take 17" =1 to learn

/ h(z)e*Tdu(x) = 0 for all A € R%
Rd
. Use Exercise 22.11 to conclude that

[, n@lgt@)dutz) =0

for all g € LP(u). Now choose ¢ judiciously to finish the proof.




