Chapter 4

The Lebesgue Spaces

In this chapter we study LP-integrable functions as a function space. Knowledge
on functional analysis required for our study is briefly reviewed in the first two
sections. In Section 1 the notions of normed and inner product spaces and their
properties such as completeness, separability, sequential compactness and espe-
cially the so-called projection property are discussed. Section 2 is concerned with
bounded linear functionals and the dual space of a normed space. The LP-space
is introduced in Section 3, where its completeness and various density assertions
by simple or continuous functions are covered. The dual space of the LP-space is
determined in Section 4 where the key notion of uniform convexity is introduced
and established for the LP-spaces. Finally, we study strong and weak conver-
gence of LP-sequences respectively in Sections 5 and 6. Both are important for
applications.

4.1 Normed Spaces

In this and the next section we review essential elements of functional analysis
that are relevant to our study of the LP-spaces. You may look up any book on
functional analysis.

Let X be a vector space over R. A norm on X is a map from X — [0, 00)
satisfying the following three “axioms”: For Vz,y,z € X,

(i) ||z]] > 0 and is equal to 0 if and only if z = 0;
(i) flaz]| = laf[|z]l, ~ VaeR; and
(iif) [l +yll < [l=ll + llyll-

The pair (X, ||-||) is called a normed vector space or normed space for short. The
norm induces a metric on X given by

d(z,y) = [l =yl -



Hence, a normed space is always a metric space and a topological one. We can
talk about convergence, continuity, etc. in a normed space. The notion of a
Cauchy sequence also makes sense in a metric space, that is, a sequence {z,}
in a metric space (X,d) is called a Cauchy sequence if for every € > 0, there
is an ng such that d(z,,z,) < €, for all n,m > ng. Recall that a metric is
complete if every Cauchy sequence is convergent. A complete normed space is
called a Banach space. A general result asserts that every normed space is a dense
subspace of some Banach space, and this Banach space is called the completion
of the normed space.
Here are some examples of Banach spaces.

e R is a Banach space under the Euclidean norm |[|z|| = /> 2.

o [P — {$:($1,$2,---):Zj|xj’p<oo7 z; GR}, 1 < p < oo, under the
1/p
(P-norm: [|z||, = <ZJ |!L‘j|p> 1 <p <oo, [|z]leo= sup;|z;].

e (([0,1]) = {continuous functions on [0, 1]} under the uniform norm (or
sup-norm)

1flloe = sup{[f(z)| : = € [0,1]}
=max {|f(z)| : x € [0,1]}.

e C(K) where K is a compact subset in R or a compact metric space. It
is also a normed space under the sup-norm. It becomes C([0,1]) when
K =10,1].

Let X be a subspace of the normed space (X, ||||). Then (X, ||-||) is again a
normed space. The followings are some subspaces in C([0, 1]):

P(]0,1]) = {The restrictions of all polynomials on [0, 1]},

C'([0,1]) = {All continuously differentiable functions on [0, 1]},
Co([0,1]) = {All continuous functions with f(0) = f(1) =0},
C.((0,1)) = {All continuous functions on (0, 1) vanishing near 0 and 1} .

Among these four subspaces, only the third one is a Banach space.

The properties of finite dimensional and infinite dimensional normed spaces
are very different. Let us look at the finite dimensional one first.

The Euclidean space (R", ||-||) is a typical finite dimensional normed space. It
has the following four basic properties. Later we will contrast them with those
in infinite dimensional spaces.

e Completeness. Every finite dimensional normed space is a Banach space.



e Separability. Recall that a topological space is separable if it has a count-
able, dense subset. R"™ is separable as it possesses the countable dense
subset Q™.

e The sequential compactness. A normed space is sequentially compact if
every bounded sequence in X has a convergent subsequence. It is well-
known that R™ has this property.

e Projection Property. Let X; be a proper, closed subspace of the normed
space X and xg not in X;. X is called to have the projection property if
there exists some z € X, such that

|z — xo|| = inf {||lx — x| : x € X3}
In other words, there is a point on X; realizing the distance from xq to Xj.
R™ has this property.

In fact, it is instructive to see how this is proved. Let {z;} be a minimizing
sequence of d, i.e., ||z; — zo|| — d as j — oo. Taking ¢ = 1, there is some jy
such that ||z; — zo|| < d+1, Vj > jo. It follows that {z;} is a bounded sequence:
|zl < |lzj — zoll + ||zoll < d+ 1+ ||z0||. By sequentially compactness, there is
a convergent subsequence {z;, }, x;, — z for some z € X;. By the continuity of
the norm, ||z;, — zo|| — ||z — @ol|. On the other hand, ||z;, — zo| — d as {z;} is
minimizing. We conclude that ||z — || = d.

An inner product on the normed space X over R is a map : X x X — R
satisfying, for all x,y,2 € X,

(i) (x,z) >0, and equal to 0 if and only if x = 0,

(ii) (z,y) = (y, 7),
(iii) (0w + By, 2) = a (2,2) + B{y, 2), for all @, B € R,
Note it follows that

(z,y + Bz) = a(z,y) + B(z,2).

The pair (X, (, )) is called in inner product space. The Euclidean product, or
the dot product, on R™ is given by

<x7 y>e - Z ‘r]y]
7j=1

It makes R™ an inner product space. In general, an inner product induces a norm

by
x| =/ {z,2)..
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For instance, the Euclidean norm comes from the Euclidean product. An inner
product space is called a Hilbert space if it is a Banach space in the induced
norm.

Using the inner product structure on the Euclidean space, we have the follow-
ing characterization of the point that minimizes the distance between xy and X
in the projection property, namely, z is the projection of xg onto X; if and only
it satisfies
r,xg—2) =0, VreX. (4.1)

(
Now I compare C([0,1]), or C[0,1] for simplicity, with the Euclidean space.
It is easy to show that C|0, 1] is an infinite dimensional vector space.

e Completeness. Yes, C[0,1] is complete under the sup-norm. In elemen-
tary analysis we proved that the uniform limit of a sequence of continuous
functions is continuous.

e Separability. Yes. By the Weierstrass approximation theorem, every contin-
uous function on [0, 1] can be approximated by polynomials with rational
coefficients. Thus the collection of all these polynomials forms a count-
able, dense set in C([0,1]). More generally, it can be shown that C(K) is
separable when K is a compact metric space.

e The Sequential Compactness. Not any more. In fact, let f,, be the piecewise
linear function which is equal to 0 at 0 and [1/n,1] and f,(1/2n) = 1.
Clearly f,(z) — 0 Vz € [0,1]. However, it does not contain any uniformly
convergent subsequence. Suppose on the contrary that there exists some
{fn,} converging to some continuous f. Then f must be the zero function.
For every ¢ > 0, there is some jy such that

| fn, = 0|l <& J=Jo

Taking ¢ = 1/2, ||fnjHoo < 1/2 for all large j. But anjHoo = 1, contradic-
tion holds. Hence sequential compactness no longer holds in C(]0, 1]). It is
a bit striking that this property characterize finite dimensionality.

Theorem 4.1. Sequential compactness holds on a normed space X if and
only if X is finite dimensional.

See, for instance, Theorem 2.1.2 in my notes on functional analysis.

e Projection Property. No. But the construction of an example is not easy
(see exercise). I just want to point out that very often a property so obvious
for a finite dimensional space may not hold in an infinite dimensional space.
If it holds, more effort is need to established it. Fortunately, this property
holds in Hilbert spaces.



Theorem 4.2. Let X be a Hilbert space and xo ¢ X1 where X1 is a proper closed
subspace. There exists a unique z € Xq such that

||z — xo|| = inf {||x — x| : x € X1},
and (4.1) holds.

Proof. First of all, by expanding ||z + y||*= (z + y,z £ y), we have the parallel-
ogram rule
Iz + y 1+l = ylI*= 20|z *+ly]*)

which is true on every inner product space. Now, let {y;} be a minimizing
sequence for d = inf {||ly — zo|| : y € X1}, that is, ||yx — xo||— d as k — oo. Using
the parallelogram rule, we have

Yk + Ym — 2
R 0

1t = o= 2 (e = ol =l — 0]12) — 2\

As (yr + ym)/2 belongs to Xy, ||(yk + Ym)/2 — xo||> d. Given € > 0, there exists
some ng such that ||y, — xo||?*—d? < € for all n > ng. It follows that

Iy — Yl < 242 + 26 — 2d° = 2¢,

for all k,m > ng. Thus {yx} is a Cauchy sequence in X;. As X is closed, this
sequence converges to some z in X; which satisfies ||z — zo||= d.
In case there is another z; € X satisfying |21 — xo||= d, we have

2

21+ z
21 =217 = 2(lzs = @ol*+lz = zol*) — 2 12 )
o+ 2z 2
= 28 —2|| 2= — x| <0,
2
which forces z; = z. O

It is interesting to note that this property is proved by sequential compact-
ness in the finite dimensional case. While the Bolzano-Weierstrass property no
longer holds for infinite dimensional spaces, the inner product replaces sequential
compactness in establishing the projection property.

4.2 Bounded Linear Functionals

A linear functional on a vector space is a linear map from X to R. It is called
bounded if there is some M such that

Az| < M jz]|, Vze X, (4.2)



It means A maps bounded sets in X to bounded intervals.

Proposition 4.3. A linear functional on the normed space X is bounded if and
only if it is continuous.

All bounded linear functionals on X form a normed vector space under the
operator norm:
[A[l,, = sup {|Az| : [lz]| <1}

Furthermore, it is complete regardless of the completeness of X. This Banach
space is called the dual space of X and is denoted by (X, [|-[|,,)-

The dual space of R™ can be identified with itself.

Theorem 4.4. There is a bijective, norm-preserving linear map between ((R™)’, ||'||Op)

and (R, ||-]]).

In view of this, the Euclidean space is self-dual. Indeed, let A € (R™)". For
z € R", x =3 aje; where {e;} is the canonical basis of R". We have

Az =A (Z ajej> = ZajA(ej).

The map ® : (R") — R" given by ®(A) = (Aey, ..., Ae,) is the desired bijective,
norm-preserving linear map.

A fundamental result concerning linear functionals is the Hahn-Banach theo-
rem.

Theorem 4.5. Let X be a subspace of the vector space X. Suppose p is a
sublinear function defined on X . Any linear functional A on X; satisfying |Ax|<
p(x), Yo € Xy, has an extension to a linear functional N on X satisfying |N'z|<
p(z), Vo € X.

A function p : X — [0, 00) is sublinear if for all x,y € X, a > 0,

p(z+y) < plx)+ply), and
plax) = ap(z), a >0

hold. The norm is of course a sublinear function on X. Taking the sublinear
function to be a constant multiple of the norm, we have the following version of
Hahn-Banach theorem that applies to normed spaces.

Theorem 4.6. Let X be a subspace of the normed space X. FEvery bounded
linear functional A on X; satisfying |Az| < M ||z||, Vo € Xy, has an extension
to a bounded linear functional A’ on X satisfying |[Nx|< M ||z]|.



We conclude this section by a discussion on the “codimension one” property
of the kernel of A.

It is easy to see that ker A = {x : Az = 0} is a closed subspace of the normed
space X whenever A € X',

Proposition 4.7. Let A # 0 be a non-zero linear functional on X and z1 ¢ ker A.
For each x € X, there exist « € R and x5 € ker A such that

Tr = ar] + To.
Proof. Let x9 = x — ax; where o = Az/Axy. Then

Azs = Az — ax)

= Az —aAry
Ax
= A,flj' — _A$1 Axl — 0

O

This proposition tells us that the space is spanned by the kernel of a non-zero
bounded linear functional together with a one dimensional subspace spanned any
fixed vector lying outside the kernel. Consequently, the kernel is of “codimension
one”.

Theorem 4.8. Let Ay and Ay be two non-zero linear functionals on X such that
ker A = ker Ay. Then Ay = cAy for some non-zero constant c.

Proof. Pick g ¢ ker Ay. From x = (Ajx/Ajzo)xg + v,y € ker Ay = ker Ay, we
have Agx = (Ayz/A120) Ao, hence Aoz = aAjx where o = Aogzg /A 2. O

In fact, this theorem holds under the weaker assumption that ker A; C ker A,,
see exercise.

The codimension one property has the following interesting consequence for
Hilbert spaces.

Theorem 4.9. Let A € X' where X is a Hilbert space. There exists a unique
w € X such that Ax = (z,w), Vo € X.

There is a formula for w in the following proof. With further effort, one
can show that A — w is a bijective, norm-preserving linear map. Generalizing
Theorem 4.4, every Hilbert space is self-dual.

Proof. Assume that the functional A is non-zero. We pick zy ¢ ker A and let
z € ker A satisty (z,z9 — 2z) = 0 for all z € ker A. Therefore, the linear functional
A given by N'x = (x, x¢g — z) has the same kernel as A and so these two functionals



differ by a multiplying constant ¢ so that Ax = (z,w), w = ¢(zg — z). A more
explicit form of w can be obtained as follows. From the last corollary we have

A/ZEO
Nx = A
x v T
(xo, 0 — 2)
— MoToTE)
AI‘O s
2o — 2|
— oA 5
A£C0 ©

which implies Az = (z, w) where

4.3 Lebesgue Spaces

Let (X, M, u) be a measure space and 0 < p < oco. A measurable function f is
called a p-integrable function if |f|P is integrable.

Proposition 4.10 (Holder’s Inequality). Let f and g be measurable. For

1 <p<oo, ) )
L (/X|f|p du)p (/XW du)q,

where q 1s conjugate to p. Moreover, when the right hand side of this inequality
is finite, equality sign holds if and only if either (a) f or g vanishes a.e. or (b)
there are some o, 8 > 0, a8 # 0, such that o |f|’ = Bg|* a.e. .

Recall that for p,q € [1,00], p and ¢ are conjugate if 1/p+1/q = 1.

Proposition 4.11 (Minkowski’s Inequality). Let f and g be measurable. For

1 <p<oo,
P ’ P d % P %
(/X\f+g| u) s(/Xm u) +(/X|g| u)

Minkowski’s inequality could be deduced from Hoélder’s inequality, and Holder’s
inequality follows from Young’s inequality or Jensen’s inequality. You are referred
to [R] for the proofs of these inequalities.

Let

LP(X, M, u) = {all p-integrable functions on (X, M, u)}.



Letting

||f||p=</X|f|pdu>p, | <p<oo

it follows from Minkowski’s inequality that

1f +gllp< Ifllp+lgllp,  fr9 € LP(X, M, p).

It is almost a norm except that || f||,= 0 implies f = 0 almost everywhere but not
necessarily everywhere. To obtain a normed space, we introduce an equivalence
relation ~ on LP(X, M, ) by setting

f~gifand onlyif f —g=0 a.e.

This equivalence relation partitions all LP-functions into equivalent classes ]7
Define

171, =111, fef
Then (LP(X, M, 1), ||ﬂp) becomes a normed space. In practise, people do not
distinguish [|-[|, from [|-|| . They simply write LP(X, M, u) or even LP(u) for
(LP(X, M, ), |-

Theorem 4.12. Let {f,} be a Cauchy sequence in LP(u). There ezists f € LP (1)

such that || f, — fll, = 0 as n — oo. Consequently, LP(u) is a Banach space for
1<p<oo.

Proof. Let {f.} be a Cauchy sequence of p-integrable functions. For ¢ = 1/27,
there exists n; such that || f, — full, < 1/2/ Vn,m > n;. We could choose n;
such that n; T oo. Then

1 .
Fnjr = full, < 50 Vix1.

Pick a null set N; so that all f,,, are finite in X; = X \ N;. Set

gn = Z ‘fanrl - fnj| )
j=1

and

9= Z ‘fnj-&-l - f”y’
j=1



on X; and g = 0 in N;. By Minkowski inequality,

/ng dn = /X <]i1 ’f”j+1 - fnj|)pd,u
< (illfnm — fnjup)p
j=1

sl

1.

/ gP dp < liminf/ gh < 1.
X n—o0 X

Hence g € LP(u) and in particular is finite almost everywhere. Let Ny = {z €
X :g(z) =00} and Xo = X; \ Ny = X \ (N; UN,) and set

k
Z fn]+1 f"]

IN

IA

By Fatou’s lemma,

For x € Xs,

k
|hk(x)_hl(x)| < Z |fnj+1_fnj|(x)_>07 as k,l%OO7

=141

since ¢ is finite in X5. We conclude that {hy(x)} is a numerical Cauchy sequence

and hence .
h Z fn]+1 f’n]
j=1

is well-defined in X,. We may set h(z) = 0 elsewhere so that it is a measurable
function defined in X. From |h;|< g we also know that h € LP(X) as a result of
Lebesgue’s dominiated convergence theorem. By the same reason, using |h— hy|<
|h|+|hi|< 2g, we conclude ||h — hi|,— 0 as k& — oco. Define f = f,, + h. It
follows that ||f — fu,..llp= [k — h|,— 0 as k& — oco. (In fact, we also have
Joen (@) = f(x) = hi(x) — h(z) — 0 at every x € Xy, that is, the subsequence
{fn.} converges to f almost everywhere.) We conclude that f,,, — f in LP-norm
and almost everywhere as np — oo.
Now, for € > 0, there is some ng such that

g
||fn_fm||p< 57 vn7m2n0-
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On the other hand, there is some ky such that

€
e = fll, < 50 V> o
We pick ng > ng and k > kg, then
€ €
= ly S o= Sl e = fll, < 5+ 5 =

whence {f,} converges to f in LP(pu).

Finally, for a Cauchy sequence {f;} in Zp(,u), pick f, € ﬁb Then {f,} is
a Cauchy sequence of LP-integrable functions. From what we have just proved,
there exists a LP-integrable function f such that || f, — f||, — 0. Then |[f, — f|, =

| fn — fll, — 0 once we take f to be the equivalence class containing f. O
From the above proof we also have the following useful information.

Corollary 4.13. If f, — f in LP(u), there exists a subsequence {f,, } converging
to f a.e. .

This result is already known for p = 1, see the last section in Chapter 1.

After ascertaining that LP(u) is a Banach space, we study the approximation
properties of these spaces.

First, we consider the density of simple functions in LP(x). Recall that a
simple function s is in the form

s(x) = Z ajXg (1), a;#0€R, Ej measurable.
j=1

Let
S = {s: s is a simple function with u(E;) < oo, Vj =1,...,n}.

Proposition 4.14. The set S is dense in LP(u) for p € [1,00).

Proof. By writing f = f*— f~ and noting |f|” = | fT["+|f~|", it suffices to prove
the proposition for non-negative f. By Theorem 1.6, there exists a sequence of
simple functions {si} T f. Using 0 < f — sx < f, we can apply the Lebesgue’s
dominated convergence theorem to get

lim /|f—sk|pdu:/I}LILlO|f—sk]pdu:0.

k—o0

It remains to verify s, € S,n > 1, but this is evident. As s, = Z a;jx g, where
j=1
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aj > 0. As s, < f, s < |fI” implies ofu(E;) < /|f‘p dp < oo for each j. So
p(E;) < oo and s;, € S for all k. O

When the underlying space X has a topological structure, one should study
the density of continuous functions. We have

Proposition 4.15. Let X be a locally compact Hausdorff space and p a Riesz
measure on X. Then C.(X) is dense in LP(u) for 1 < p < oc.

Proof. Using Proposition 4.13 and the definition of S, it suffices to show that for
every measurable F, u(E) < oo, we can find a sequence of continuous functions
{p;} C Cu(X) such that ¢; — xg in LP-norm. By the outer and inner regularity
of E, there are descending open sets {G;} | E and ascending compact sets { K;} 1
FE with u(Gy) < oo. As X is locally compact Hausdorff, by Urysohn’s lemma,
for each j there is some ¢, € C.(X), p; =1 on Kj, spty; C G;, 0 < ¢; <1on
X. Using ¢; < x¢, and pu(G1) < oo, one can apply the Lebesgue’s dominated
convergencr theorem to conclude p; — xpg in LP(u). O]

Proposition 4.16. The space LP(R™) is separable for 1 < p < oo.

Here LP(R™) stands for the LP-space with respect to £", the n-dimensional
Lebesgue measure.

Proof. Let P, be the collection of the restrictions of all polynomials with rational
coefficients on the ball B,, centered at the origin (setting them to be zero outside
the ball) and and P = |, P,,. Then P is a countable subset in LP(R"). For
f € LP(R"), given ¢ > 0, there exists some g € C.(R") such that | f —g||, < /2.
Let n be large so that sptg C B,,. By Weierstrass approximation theorem, there
is a polynomial h € P, such that |lg — h||_ < &/(2|£"(B,)|"?). Using

lg - hll, = ( 9= dﬁ“) < 1B g — Bl

we have

If =2, < IIf = gll, + llg = All,

<5l B ——

2[L7(Bn)[*
=¢&.
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4.4 The Dual Space of L”(u)

We would like to determine the dual space of LP(u) for p € (1,00). Let g € L9(p)
where ¢ is conjugate to p. We define

Aot = / of du, eI

By Holder inequality,

A f] < ‘/gfdu‘

< /Igfl dp

<llgllg 1A, Yfe L (u).

Hence, A, € LP(p) and
1Agll < llgll,

holds. On the other hand, the function f; = |g|9" g satisfies

/Ifl\” dp = /Igl(q_”p dp = /|g|q dp < o0,

so f1 € LP(u). We have
[Ag ol < N[AGII 1AL, »

Jiattdn < il ([l an)"

lglly < 1Al

We conclude that the linear map & : LY(u) — LP(u)’ given by g — A, is norm-
preserving. Note that norm-preserving implies that ® is injective. We will show
that it is also surjective. We have

that is,

which means

Theorem 4.17. Let A € LP(u)';1 < p < oco. There is a unique g € L(u) such
that A = Ay. The correspondence between A and g sets up a norm-preserving

linear bijection between the dual space of LP() and LI(11).

To prepare for the proof of this theorem, we introduce a notion of uniform
convexity in functional analysis. A normed space is called uniformly convex if for
any two unit vectors satisfying ||z — y|| > £ for some £ € (0,1), there exists some
6 € (0,1) depending on ¢ only such that ||(z 4+ y)/2|| < 1 — 6. This terminology
comes from the shape of the unit sphere. For instance, the plane R? in the
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Euclidean metric is uniformly convex, but is not in the maximal norm ||(z,y)|| =
max{|z|,|y|}, as its unit sphere is given by the boundary of the unit square
[—1,1]%. Taking (1,1) and (1, —1) on this unit sphere, ||((1,1)+(1,—=1))/2|lec= 1.
Every Hilbert space is uniformly convex, for, by the parallelogram law, for any
two units vectors x and v,

2 2 2 2
Iz +ylI” + llz = yllI” = 2 (=" + Iy [I") =

thus,

2 2
r+y 1 9 €
=1——-|r— <l-——<1.
: H le—yl?<1-5 <

So, we can find some 6 € (0,1) such that ||(x 4+ y)/2|| < 1 — 0. We will use uni-
form convexity in the following way: In case ||(x + y)/2||— 1, then ||z — y||— 0.

The projection property holds in a uniformly convex space. This is the crucial
property that we will use.

Proposition 4.18. Let X be a proper, closed subspace of a uniformly convex
Banach space X and xq a point lying outside Xi. There exists a unique z € X
such that

Iz = @oll< [ly —xoll, Wy € Xi.

Proof. Let {y,} € X; be minimizing the distance from z to X, that is, ||y, —
zo||— d as n — oco. Noting that the distance d is positive and {y,} is bounded,
we have

. . Yn — Zo Ym — Zo

lim inf ‘

nm—=0o || [y — ol|  ||Ym — @ol|

- Ym — Lo Yn — Zo Ym — To Yn — Xg Ym — Zo

> liminf —( + >H_‘ +

n,m—00 HHyn—fL’oH |9 — wol| d d d d
> — 11m111f|| (yn + Ym) — Zo||

d n,m—oo
> 2,

after using the fact that (v, +vm)/2 € X; and ||(yn + Ym)/2||> d. In other words,

we have
— X — X

|32 )21
oo 12 \Jlg =]l IIym—fvoll
On the other hand, clearly we have

1 n - m
I3 Go=ra * o =eap) <2
2\ [lyn —@oll  [lym — ol

14




SO

1 n — m
i (e o) -1
nm—oo || 2 \ |y — 2ol [|Ym — Tol|

By uniform convexity,

. . . Yn — Xg N Ym — Zo
oy, —ym| = d mliriloo’ d d
= im
n,m—00 Hyn - l‘o|| [Ym — ol
%

as n,m — oo, that is, {y,} is a Cauchy sequence. By the completeness of Xj,
yn — 2z € X for some z € X; and ||z — x1]| = d.
If there exists another 2’ € X satisfying ||z’ — z¢|| = d, assume that

2 —x9 22— 1o

d d

for some € > 0. Then, for some 6 € (0,1) determined by ¢,

2(z+2) =
d

<1-46.

le’—xo 1z—x

274 T34

That means the distance between z and (z + 2')/2 € X is strictly less than d,

but this is impossible.
O

Theorem 4.19. The space LP(p), 1 < p < oo, is uniformly conver. Conse-
quently, it satisfies the projection property.

This theorem relies on two inequalities.

Proposition 4.20 (Clarkson’s Inequalities).
Let f and g be in LP(u). We have

(a) Forp =2,
p

I < (1A + Dol

+

|

P Hf—g

p p

(b) Forp e (1,2),

qg—1
1+ gllg+ 15 = gllg <2 (W71 + glly)™

where p and q are conjugate.

Now we prove Clarkson’s inequalities.
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Proof. (a) We note that (a) follows from integrating the following elementary
inequality

p p

r+y
2

r—Y
2

1
< 5(!I|p+|y|p), p>2 x,y€R,

after substituting x and y by f(z) and g(z) respectively. Again, using the sym-
metry in this inequality, it suffices to show it under z > y > 0. Setting z = y/z,
we further reduce to

(1;Z>p+ (1;Z)p < %(Hzp% 2 €[0,1].

p(z) = (1gz)p+ (1;2)]0— %(1+zp).

Then (0) =277 —271 <0, p(1) =1—-1=0. If ¢'(z) > 0, then p(z) < 0 on
[0,1] and we are done. We compute

o'(z) = % [(1 + 2Pt (1= )Pt~ 2p_lzp_1}

p o _ - _ 1
zﬁz” 1[(w+1)p ' (w—1)pt =2 1], w:;e[l,oo).

Let h(w) = (w+ 1P~ — (w —1)?~1 = 2771, Then h(1) = 0 and A'(w) > 0 (easily
seen after using p > 2), so h(w) > 0 and ¢'(z) > 0. We have established (a).
(b) We need another inequality

2 +yl"+ o —yl" <2(af + [y)*, zyeR (4.3)
As before it reduces to
(1+2)1+(1-2)7<2(1+22)7 z€]0,1].

Let
fla,2) =1+ 2)1+a2) + (1 —a'792)(1 —az) .

Then f(1,2) = (14 2)7+ (1 —2)? and f(2P71,2) =2(1 +2P)71 As 2P~ < 1, it
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suffices to show 0f/0a(a, z) <0 for z,a € (0,1). We have

%(a, 2)=1—-qa 21 +a2) + (1 +a"%2)(g— 1)1 +az)? 2z

—(1=g)a™ (1~ az)"! — (1—a'"2)(1 — az)z(g ~ 1)
— (1— ) [a (1 + ) — 1 — al92] (1 4+ a2)7?
(1—Q)Z[ (1—az)—1+a1q}(1_az)q—2
=(1-qz(a?-1) [(1 +az)?? —(1- az)q‘ﬂ

Using ¢ > 2 and « € (0, 1), (4.3) holds. However, (b) doesn’t come from (4.3) by
integration. We need one more result, namely, for 0 < p < 1 and non-negative

59,
1f +gll, = [I£IL, + llgll,, - (4.4)

We leave the proof of (4.4) as an exercise. Now,

||f||§i=(/|f|”du) (/|f|”1du) — L
and

1f + gl + 1 =gl = 1F + g1l + 1L = gl
<f+gl*+1f —glll,., (use0<p—1<1and (4.4))

_1_
-1

= [ farvareir -yt a

<2 [ / (|£7 + |g7) e DD du} o (by (4.3))

2 (/W u+ [lor du)pil
q—1
=2 (715 + glly)"

and (b) follows after noting (p — 1)(¢ — 1) = 1 in the last step.
[l

Proof of Theorem 4.16. It remains to show that ® is onto, i.e., for A € LP(u)’,
there is some g € L%(u) such that

A= [Fadn, Vi€ )

We fix some f; € LP(u) \ ker A. As LP(u) is uniformly convex, there is an
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ho € ker A such that

lho = fill, < If = full,, V[ € ker A

That is to say,
p(t) = llho +tf = filly

attains its minimum at ¢ = 0 and ¢’(0) = 0 (the differentiability of ¢ is left as an
exercise). We have

0= (0 =p [Iho— FiF* (ho— f)f s, ¥F € kex .

Letting g1 = |ho — fi" 2 (ho — f1), we've

/w dyt = /|h0 _ py| = /|ho AP dp < o

so g1 € Li(p) and
/glf du =0, VfekerA. (4.5)

It shows that the linear functional f — [ fgidp has the same kernel as A. Hence
A = A, for some constant c. Hence ® is onto and the duality holds. In the
following we make ¢ more explicit. You may skip it.

Recall that hg — fi ¢ ker A, so for every f € LP(u), by the codimension one
property of A we can find v and f5 € ker A such that

__ A
- A(ho = f1)

Multiply both sides by ¢g; and using (4.5) to get

f=alhy— fi)+f2, «

/f91 dp = a/(ho — fi)g dp + /f291 dp

:a/|h0_.f1|p dﬂﬂ
ie.,
A(ho —
A== [ vrer
lho = full,,
So

Af = [ fgdu

18



where

I
o — 1ilE
]

So far we have left out the dual space of L!(u), which is given by L>(u).
Now we discuss it. A p-measurable function in (X, M, u) is called essentially
bounded if there exist some M and a measure zero set N such that |f(x)| < M,
Vx € X \ N. The collection of all essentially bounded functions form a vector
space. For an essentially bounded function, let its essential supremum norm be

[flloe = mf{5 = p{z: |f(x)] = B} =0}

One can show that (L*(pu), ||-|| ) forms a Banach space after identifying f and g if
they are different at a set of measure zero. The space L (1) is not as nice as LP (1)
for p € (1,00). For example, in the case of the Lebesgue measure, L>(R", L")
is not separable and continuous functions are not dense in it. Nevertheless, it
still comes up as the dual space of L'(u) for a o-finite measure p including the
n-dimensional Lebesgue measure. Duality may not hold when the measure is
not o-finite, see [R]. On the other hand, it is clear that every function in L'(u)
induces a bounded linear functional on L*(u), but the dual space of L>®(u) is
in general larger and difficult to describe. Fortunately, it seldom comes up in
applications, see [HS] for further information.

Theorem 4.21. Let (X, M, pn) be o-finite. Then for A € L*(n)’, there exists
some g € L®(p) such that A = A,.

I let you provide a proof of this theorem.

4.5 Strong Convergence of LP-sequences

Results concerning the L!-convergence of sequences of functions are discussed in
Chapter 1. Here we present two results on the convergence of LP-functions.

Proposition 4.22 (Brezis-Lieb Lemma). Consider LP(u), 1 < p < oo. Sup-
pose that || full, < M and f, — f a.e.. Then

s 115 =152 = 57 = 157l = 0.
Proof. Note the elementary inequality (see below), for p > 1,

[la+0f" —fal”| <elal” + C b, a,beR.
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Taking g, = f, — f as a and f as b,

’ ’f +gn|p - ‘gn|p| <e |gn|p + C |f’pa

or,
—€ ’gn|p - C |f’p < |f + gn|p - ‘gn|p <e |gn|p + C. |f|p'

we have
—€lgal” = (Ce + 1" < |f + gul” = lgnl” = [fI" < lgul” + (Cc = DI,
which implies
[+ gnl” = lgnl” =[] < €lgnl” + (1 + COfI7,

and
(I1f+gul” = |gul” = 1fIP I —€lgal”) . <A+ CO|fI

By assumption the function ®, = ||f + ga|"—|g.|P—|f|’| — 0. By Lebesgue’s
dominated convergence theorem,

tiw [(1F +0u" = 1" = 11| = £lanl"), die =0,

Using
JE-a - [e-6.- [r-c < [r-a.
we have
T (11 +0u = lgu = 157 |dn <= tin [l de
As
St du= [15. =57 w2 (il aus f15 an)
T aa

where Fatou’s lemma is used in the last step, we conclude that
T [11f + 00" = lgul = 51 |du < 27710,
n—oo

and the desired result follows by letting € | 0. [

I leave the case p = 1 as exercise. Note that this proposition tells us what is
missing in Fatou’s lemma.
We provide a proof of the elementary inequality used in the proof above. We
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have
Ld
|a—|—b\p—|a\p:/o St b dr
1
:p/ la + tb[P~* (a + th)bdt .
0

Therefore,

1
la + 0" — |af’| SP/ (laf + [el)"=" (o] dt
0

< p2rt (lafPt 4 7 |0
< p2 ! aP7h [b] + p2rt (b
<elal’ +C.|b|",

where in the last step we have used Young’s inequality

a &)
T 1 1
Jiygg—i-%, E—FB:l,x,yZO

taking x = |a|P~,y = |b| and suitable «, 3

Next we have the Vitali convergence theorem. This theorem is used when a
dominator is not available so Lebesgue’s dominated convergence theorem cannot
be applied.

Theorem 4.23 (Vitali’s Convergence Theorem). Let ;1(X) < 0o and {f,} C
LY () satisfy

(a) fn— f ae., and
(b) {fn} is uniformly integrable.
Then f, — f in L' (u).

A sequence (or a set) of integrable functions is called uniformly integrable if
sup,, [|faldp < 0o and for every e > 0, there exists some § such that

/ |fol du < e ¥n whenever E is measurable with u(E) < 4.
E

Proof. By Fatou’s lemma

[1tdn < timint 15, ld
n—oo

so f € L'(u). In particular, it is finite almost everywhere. By (b), there exists
a 0 < € such that the above estimate holds. For this €, we may apply Egorov’s
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theorem to find some Fy, u(E;) < ¢, such that f, — f uniformly on X \ Fy, that
is,

Tim [ £ = fll oo vy = O-

It follows that

/!fn—f\dMZ/X\E\fn—fldwr 11~ 11 dn

< XN\ B o = Fll oo (xv iy + 26

Note that |f| du < e by Fatou’s lemma. So
Eq

im /]fn — fl dp < p(X \ B) T [ fu = Fll e ) + 22

n—o0

= 2¢,

and
fi [ 12— f1 du = .
n—0o0
0

By looking at a sequence consisting of a “bump” translating to infinity, we
see that the condition p(X) < oo cannot be removed.

4.6 Weak Convergence of [’-sequences

Weak convergence is a concept in a normed space. We call a sequence {z,}
converges weakly to x in the normed space X, written as z,, — z, if Axz,, — Ax for
all A € X', The usual convergence in norm is sometimes called strong convergence
in contrast with this new notion of convergence. It is clear that x,, — z implies
x, — x but the converse is not always true. In fact, for each A € X’,

[Awn — Ax| = [A(wn — 2)| <[]l [len — 2] =0

as r, — x in norm. The weak limit is also unique, for, if z,, — z; and z,, — x»,
then z = x; — x4y satisfies Az = 0 Vz € X. As a consequence of Hahn-Banach
theorem, there always exists a bounded linear functional Ay, satisfying Az = ||z||
(for every given z), ||z|| = A1z =0, and x1 = xs.

When adapted to the LP-setting, by duality we know that f, — f in LP(u),
1 < p < o0, if and only if

[fugdu [radn vge L)
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It is also valid for p = 1 when p is o-finite.

Example 4.1. Let f, be a continuous function in [0, 1] whose support [a,, b,]
shrinks to zo € (0,1) as n — co. We also require ||f,||, = 1. Then f, — 0
in L”(0,1). For, as all Li-functions vanishing near z, forms a dense subset of

L9(0,1) and /fng dx = 0 for such g and large n, we have f, — 0 in LP(0,1),

1 < p < oo. On the other hand, ais ||f, — 0|, = [[f.l, = 1, {f.} does not
converge to 0 strongly.

Example 4.2. Let f,(z) = sin2nnz, © € [0,1]. Then f, — in L?(0,1) for
1 < p < oo. To see this, let g € C|0, 1] first. We need to show that

1
/ sin2nmxg(x)de — 0 asn — 0.
0

We have

1 2nm
: : y \ dy
/0 sin 2nrxg(x) dx /0 sinyg (5, —) 5~
1 n /2]671’ . y
= — sin yg (—) dy
2nm kzl 2(k—1)m 2nm

1 [T k=1 =z
- i — | dz.
2nm ;/0 SHEg < n * 2n7r> :

As g € C|0, 1] is uniformly continuous, for every € > 0, there is some § such that

lg(z) — g(y)| < eif |z —y| < 0. So, for all n large such that ‘% < 4, we have
nw

- k—1 z
sin zg - + Gy dz
0
S L k—1
sinz (g +—]—9 dz
0 n 2nm n

< 2me .

27
(use/ sinzdz = O)
0

We have
2me X n

Y

1
/sin2n7r:cg(x) dx| <
0

and the desired result holds.
As C10,1] is dense in L70,1], for g € L%(0,1), and € > 0, we can find a

2nm
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g1 € C[0,1] such that ||g — g1]|, < e. Then

1 1 1
/ sin 2nmxg(x) dz| < / sin 2nmx(g — ¢1)(x) dz| + / sin 2nmxg; (x) dz
0 0 0

1
< [jsin2n7z||,|lg — g1ll, + ‘/ sin 2nwxg, (x) dx| .
0

As |sin 2n7z| < 1,

1 1
/ sin 2nrxg(x) dx / sin 2nwxg(x) dx| .
0 0

<llg — aillq
It follows that

< e+ lim

n—oo

lim
n—oo

1 1
/ sin 2nrag(x) dx / sin 2nmx gy (z) dx
0 0

<e.

We conclude that {sin2nmz} converges weakly to 0 as n — oo. Clearly the
convergence is not strong.

We examine the properties of weakly convergent LP-sequences.

Proposition 4.24. Let {f,} be a weakly convergent sequence in some LP(u),
1 <p<oo. Then {f,} is bounded in LP-norm.

This is in fact contained in a general result in functional analysis. Let {z,}
be a weakly convergent sequence in a Banach space X. It is always true that
there is some M such that ||x,|| < M for all n. This is called the uniform
boundedness principle. In the following we give a proof which applies to L”(u)
for 1 < p < oo. The cases p = 1,00 are left as exercises. If you have learnt the
uniform boundedness principle, you may skip the following proof, for the proof
of the general case is more transparent than this special one.

Proof. Suppose f, — f for some f but {f,} is unbounded. By throwing away
other f,’s and relabeling the indices, we may assume || f,||, > 4" for all n. Let

€ (0,1] be such that f,, = a,, f, satisfies || f,|[,= 4™. Let hn = | fulP~ fu /|l ful [P~
It is readily checked that [|h,[|, = 1. We let

=1
h=2 gt

where o; € {—1,1} are to be chosen later. We claim that h € L9(u). For, looking



at the difference of the partial sums

"1 1 "1
Z nghj — Z gO’jhj = Z gajhj
j=1 j=1 q m+1 q
"1
< 3 <l
j=m+1
1 1
=—-xXx—=0 asm—
2 3m

Thus the partial sums converges in Li-norm to h. Let A; be the bounded linear
functional on LP(u) induced by h,

Ag = /ghdu, g € LP(n).
We have
M= [Fahdu
[o¢] 1 .
=) 375 [ ifndpe
j=1
n 1 _ 00 1 _
= Z; 3,7 hyfrdp+ 355 [ fifndp.
]:

n+1

The second term in the right hand side is controlled by

0o 1 _ & 1 ~
> Lo, / S SEA AN TA

n+1 n+1
=1 1 [/4\"
— —,4n - = - .
37 2 \3
n+1
Now, we set o1 = 1 and take o, (after o9, ...,0,_1 are fixed) to be 1 or —1 such

n—1
1 ~ ~
that Z gaj /hjfn dp and o, /hnfn dp have the same sign. Then
j=1

"1 ~ 1 ~
j=
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Combining these two estimates, we get

1~ 1 /4\"
=—\fl -5z

3 p 2\3
_ 1 4n—> —
—2 3 ¢ as n Q.

So )
ANfp=—ANf,— o asn— oo, too,
Q

n

but this is in conflict with A; f,, — A;f. We conclude that { f,,} must be bounded.
]

Next, we show that the LP-norm is lower semicontinuous with respect to weak
convergence.

Proposition 4.25. Let {f,} be weakly convergent to f in LP(u), 1 < p < oc.
Then

1f1l, < L[| ful],,-
n—oo

This proposition looks like Fatou’s lemma, but be cautious that the assumption
of almost everywhere convergence is now replaced by weak convergence.

Proof. Let 1 < p < 0o. As f € LP(u), the function g = \f\p_2f € L9(u). Let Ay
be the bounded linear functional induced by g. We have

Hsz =N f

< [Aqll Lim | fr], -

n—oo

Noting that by duality,
D
1Al = llgll, = 11115,

SO »
[l P v P R Y

n—oo

and the result follows. When p = 1, use the function g = sgnf = f/|f| and argue
similarly. O]

This proposition is still valid for p = oo when u is o-finite. Supply a proof for
yourself.

26



Proposition 4.26. Let {f,} be weakly convergent to f in LP(u), 1 < p < oc.
There is {gn} in which each g, is a conver combinations of { f,} such that g, — f
in LP(p) strongly.

By a convex combination we mean g = > ;\;f,, where \; € (0,1], j =
1,---, N, for some N satisfying Zjvzl A=1.

This result, called Mazur’s theorem, is a general one. In fact, let {z,,} be
weakly convergent to x in some normed space X. Then x belongs to the closure
of the convex hull of {z,}. The convex hull of a set S C X is

Co(5) = {y ty = Z)\jxj, xz; €S, A€ (0,1], Z)\j =1 for some n} :

J J

The convex hull of S is the smallest convex set containing S. It is not hard to
show that its closure, C'o(S), is also convex. Actually it is the smallest closed,
convex set containing S.

In the following we give a proof tailored to LP(u) for 1 < p < oo. Recall
that LP(u) is uniformly convex for p in this range. In a general uniformly convex
space X, let K be a closed, convex set in X and xq lie outside K. The projection
property asserts that there exists z € K such that

|z = zo| < llz —zol|, Vz € K.

The proof of this fact is the same as the special case where K is a closed subspace,
see Proposition 4.18.

Proof. Let K = Co({f.}). We want to show that f € K. Assume on the contrary
that f ¢ K. Then by uniform convexity, we can find some h € K such that

1= fll, <llg = fll,, Vg€ L(n).

That means the function

p(t) =L =t)h+tg—fll,, g€ L(n), t[01],

has a minimum at t = 0. So
FO =p [In= 77 (0= Plg— W dn 20,
Taking g = f,, € K,
Jin= a7 = Pt~ hyd = 0
Observing that h — f € LP() so |h — f[P" > (h— f) € LI(p) and f, — f in LP(y),
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we have
Jin= vt = Pt [In= 57 00 7
It follows that
Jin= s = =y =0,
that is,
Jin= s du<o
which forces f = h € K, contradiction holds. O]

A nice property that makes weak convergence so important is the following
“weak Bolzano-Weierstrass property”. Recall that the Bolzano-Weierstrass prop-
erty asserts that every bounded sequence in R™ has a convergent subsequence.

Theorem 4.27. Let {f,} be bounded in LP(u), 1 < p < oo. There exists a
subsequence { fn, } such that f,, — f for some f in LP(u).

Proof. We prove this theorem by further assuming that L?(u) is separable. The
general case needs more knowledge from functional analysis, see any book on
functional analysis. See, for instance, chapter 10 in Peter Lax “Functional Anal-
ysis”.

Let {gx} be a dense subset of L9(u). By taking a Cantor diagonal process, we
can extract a subsequence { f,, } from {f,} such that klg& frgm dp exists for

each ¢g,,. We claim that
i [ fu.g du

k—o0

exists for every g € L9(u). For every € > 0, we fix some g, such that ||g,,—¢||,< €.
For large ny,n;, we have

‘ [ s~ fnjg>du‘ ‘ [ gm)du’ ¥ ‘ [t - fnj>gmdu‘

<
< Mllg — gmllqte
< (M +1)e,

where M is a bound on || f,||,. Our claim follows. Now, define the linear functional
on L(p) by

Ag = ljgrgo/fnkg dp .

We have

|Agl|

IN

lim inf
k—oco

A
=
=



which shows that A is bounded. By duality, there is some f € LP(u) such that

/gf dp = lim /gfnk dp, Vg€ L' (u),

that is,
fr, — fin LP(u).
O

We point out that this theorem is not true when p = 1. Consider the bump
functions in Example 4.1 (p = 1). We have [|f,[|, = 1, Vn. If f,, — f for
some function f € L'(p), f must be 0. But ¢ =1 € L*(0,1) and [ f,, gdz =
[ fun, dz =1 does not tend to 0.

Theorem 4.28. Forp € (1,00), let {f,} C LP(n) satisfy (a) ||full, — [ f]l, and
(b) fo—f asn — oo. Then f, — f in LP(pn).

You should compare this result with a corollary of Brezis-Lieb lemma, which
states that under (a) |[f.l, — [ fll, and (b) f. — f ae, f, — f in LP(u) for
1 <p<oo.

The proof of this theorem depends on the uniform convexity of LP(u). Recall
that X is uniformly convex if for any pair of unit vectors x and y, for every
e > 0, there exists some 6 € (0,1) depending only on € such that ||z —y|| > ¢ =
||%(:v + y)H < 1— 6. When applying to LP(u), in order to show || f, — f[|, = 0,
it suffices to show ||%(fn + f)Hp — 0.

Proof. When f =0 a.e., |[f, — 0], — [|0] = 0 is contained in (a). We assume

f#0.
As fo = f, 3(fu+ f) = f, by Proposition 4.24,

n—oo

111, < i 506+ 1)

On the other hand,

1 1
|5t =508, 5051,
By (b),
T 50+ 0| < B (5150, + 5051,) = 17,
It forces
tim 3041 =,
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Using (a) and || f||, # 0, it immediately implies

1 n
i |5 (72 + )| =1
nooo |2\ fulle 71 /1l
By uniform convexity,
0.
H Ifalls ||f||p .
By (a) again, we arrive at || f, — f[[, = 0 as n — oo. O

Comments on Chapter 4. Basic knowledge on functional analysis is needed
to have a good understanding of this chapter. Apart from [R] is our treatment
on the dual space of the LP-space. Here we use the notion of uniform convex-
ity introduced by Clarkson (1936) who showed that LP-spaces (p € (1,00)) are
uniformly convex by the inequalities that bear his name. Our proof of Theorem
4.17, which is taken from the web, is a direct extension of the arguments that
establish the self-duality of the L2-space, see also Lieb-Loss Analysis. Another
proof can be found in [HS]. Comparing with the different approach in [R], it does
not require the measure to be o-finite. The standard proof found in [R] and many
other books is due to von Neumann. It is elegant but, in my opinion, is too tricky.
We will see it in next chapter. It is nice to have more than one proofs for an
important theorem.

A new ingredient is weak convergence. It is not covered in [R], but, in view
of its importance in applications, I decide to include it here. Many results could
be proved in the more general setting of Banach spaces other than the LP-spaces.
Not to get too much involved in functional analysis, I provide self-contained
proofs here or there, and sometimes run into tedious arguments, for instance, the
proof of Proposition 4.24, which is just a special case of the uniform bounded-
ness principle. Those who have learnt functional analysis can simply ignore them.
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