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ABSTRACT. This is an expository paper discussing the foundations of measure
theory and Lebesgue integration, the resulting theory of LP spaces, and ap-
plications of these developments in the analysis of convergence of numerical
methods. Major theorems covered include the Carathéodory criterion, mono-
tone convergence, Fatou’s lemma, dominated convergence, Holder’s inequality,
Minkowski’s inequality, the completeness of LP, and approximation results in

LP.
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1. NOTATION

In this section, we develop some essential notation for later use.
Given a set A C R”, we write the characteristic function (also known as the
indicator function) of A over R" as

l,xe A

Xalw) = 0,z ¢ A

Additionally, we denote the power set of A as 24.

Given a sequence of sets A,, we say A, increases to A, denoted as A, T A,
if A, C Apyq for all n and U2, A, = A. Similarly, we say A, decreases to A,
denoted as A,, | A, if A,11 C A, for all n and N32; A4, = A.

Given a sequence a,, we write the limit superior as

limsupa,, = inf sup a,,.
m>1 m>n
Similarly, the limit inferior is

liminf a,, = sup inf a,,.
m>1mn
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Given a function f, we let fT = f where f > 0 and f = 0 everywhere else. We
let f~ = —f where f <0 and f~ = 0 everywhere else.

2. FOUNDATIONAL MEASURE THEORY

In this section, we construct Lebesgue measure, one of the fundamental results
of measure theory and the basis for our later analyses. In doing so, we also provide
a more generalized method for the construction of measures.

It is important to realize that not all sets are well-behaved. When we eventually
construct measures, it is undesirable that the functionality of those measures be
corrupted by pathological or generally ill-behaved subsets of our target set. Thus,
we require some sort of edifice to ensure that our measure is only applied to sets
that behave somewhat predictably. This is the logic behind the introduction of the
algebra, or more typically the o-algebra.

Definition 2.1. Given a set X, we say that a collection of subsets of X, denoted
A, is an algebra on X if the following properties are satisfied:

(1) X e A.
(2) For all A € A, we have A := X \ A € A.
(3) For any finite sequence of sets Ay,---, A, € A, we have Ul | 4; € A.

Properties (1) and (2) together imply () € A. Moreover, we can show that an
algebra is also closed under finite intersections. We choose a new sequence, namely
B; = X \ A;, and apply property (2) to see that B; € A Vi. We can then use
property (3) on the B;, in conjunction with De Morgan’s laws, to obtain the result.

Definition 2.2. An algebra A is called a o-algebra if Definition 1.1 (3) extends to
countable unions (and therefore, by De Morgan’s laws, to countable intersections).

We would like to be able to construct a measure, that is, a scalar-valued function
defined on a o-algebra providing some notion of the size-such as length in one-
dimensional space or area in two-dimensional space—of sets in the o-algebra.

Definition 2.3. Thus, we aim for a measure m defined on an input space and a
corresponding o-algebra, denoted (X, .A), to satisfy these properties:

(1) m(0) = 0.

(2) For all sets A € A, m(A) > 0.

(3) For a pairwise-disjoint sequence of sets {A;} C A, it holds that

o0

> m(Ai) = m(U;Ay).

i=1

Property (3) above is known as countable additivity. Note that with the physical

notions measure is intended to represent, it is intuitive that the measure of a disjoint
union should equal the sum of the individual measures. These three properties alone
give measures most of the practicality we desire, with the specific functionality
depending on the precise measure one chooses to use.

However, constructing measures is often notably difficult. We cannot be certain
that all sets of interest are measurable-that is, there exist pathological sets for
which no meaningful measure, satisfying countable additivity, exists. Thus, we
postpone the construction of concrete measures (including Lebesgue measure) until
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after introducing some preliminary notions, which will be used in conjunction with
the g-algebra to solve this problem.

We first introduce the outer measure, which is fundamental in the construction
of measures.

Definition 2.4. Given a set X, we say a function g : 2% — [0, 4+00] is an outer
measure if:
(1) u(0) = 0.
(2) For subsets A and B, A C B implies u(A) < u(B).
(3) For an infinite sequence of subsets {A;, Ag,---} C 2%, we have

(Ui A;) < Z p(Ai).

Property (3) also holds for finite sequences of subsets: to represent a length-n
sequence, we set A, 11, Apt2,- - = () and employ property (1). Also, note that the
outer measure does not necessarily preserve countable additivity, but is character-
ized by the less strict countable subadditivity.

Remark 2.5. A measure also retains the property of countable subadditivity over
any collection of subsets contained in the o-algebra the measure is defined on.

The conditions for an outer measure are weaker than those for a measure (observe
that countable additivity implies Definition 2.4 (2)). However, unlike the measure,
the outer measure is defined on all subsets of the set X. By restricting this aspect
of the outer measure, one can attain a measure.

Definition 2.6. We say a set A is measurable with respect to the outer measure
1, or that A is p-measurable, if for all subsets B C X, we have

u(B) = w(BNA)+ pu(Bn A).

Intuitively, this means that A is p-measurable if breaking any arbitrary subset B
into two disjoint components defined by A yields countably-additive behavior with
respect to u. One may describe this as a certain well-defined behavior of A with
respect to p.

As such, this route to constructing a measure is as follows: we define an outer
measure over the entire power set 2%, with relatively weak properties, and then
limit that outer measure to the subset of 2% consisting of well-behaved sets to
obtain a measure. The only potential oversights, the astute reader may notice,
are that we have not shown that the aforementioned subset (call it A) of 2% is
necessarily a o-algebra, and that we have not shown that countable additivity will
hold when we restrain the outer mesaure to A. A powerful theorem known as the
Carathéodory criterion resolves this discrepancy.

Theorem 2.7. Carathéodory Criterion.

(1) For an outer measure ji defined on 2% for some set X, the restriction of u
to the collection A of p-measurable subsets of X is a o-algebra.

(2) The restriction of u to A is itself a measure.

(8) Any subset N C X with u(N) = 0 is u-measurable and is therefore an
element of A.

Proof. We provide a brief sketch of the proof; the full proof may be found in [1],
on pages 26-28.
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To prove (1), we first show that A is an algebra by showing that it satisfies the
criteria of Definition 2.1. Note that since X¢ = (}, we have that for any B C X,

n(BNX)+u(BNO) = u(B)+ u®) = u(B).

Definition 2.1 (1) is thus verified. Confirming Definition 2.1 (2) follows from the
symmetry of the definition of a p-measurable set. Lastly, to verify Definition 2.1
(3), we note that, using induction, it suffices to show that if two sets A;, Ay are
in A, then their union is in A. This is achievable by writing the arbitrary subset
BCXas

B= (BN (A UAy))U (BN (A UA4y)°)
= (BNnA)U(BNAY N Ay) N (BN AY N AS),

further decomposing the expression BN A¢ using the definition of y-measurability,
and applying the countable subadditivity of u.

This allows us to show that A is closed under countable unions, and is therefore
a o-algebra. Then, applying the countable subadditivity of the measure and the
definition of the measurable sets allows us to see that if A = U;A;, then we have

n(A) = 3 ().
=1

This shows that u is a measure when restricted to A (as this restriction allows us
to invoke the definition of the measurable sets). Lastly, to prove (3), we write a
subset F as (ENN)U(ENNY). We then use the fact that u(N) = 0 to show that
w(E N N) = 0: then, since (EN N®) C E, we have that

MENN) +p(ENNS) = u(ENNC) < u(E).

However, subadditivity yields the reverse inequality, which means that the two sides
are equal. Since F was arbitrary, this means N € A by definition, and the proof is
thereby complete. (Il

We can now use this pipeline to construct the Lebesgue-Stieltjes measures, a
special case of which is Lebesgue measure, over the real line. Lebesgue measure
provides a notion of the “size” of sets and yields a useful integration method, which
we will see later on. It is applicable to a wide variety of sets, but, notably, not all
sets.

Denote the length function over a half-open interval (a,b] as I((a,b]). (We use
half-open intervals because they “stack” onto each other cleanly—-imagine adding
(b, ¢] onto (a,b]). We write

1((a,b]) = a(b) — afa)

where « is some increasing, right-continuous function. Thus, [ is nonnegative.
We define our outer measure on a set X as

W(E) = inf { S U4 UA D E}
where A; = (a;, b;] Vi.

Proposition 2.8. Given a length function I, the above function p is an outer
measure, and thus if m is its restriction to p-measurable sets, m is a measure.
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Proof. Observe that g > 0 since [ > 0.

Defintition 2.4 (1) is quickly verified for u, as we do not need any intervals to
cover the empty set, so u() = 0.

Take subsets A C B C X. Then any group of intervals A; that covers B also
covers A, so (i(A) cannot exceed p(B). Definition 2.4 (2) is thus verified.

To verify Definition 2.4 (3), we first fix £ > 0. We then observe that the half-
open intervals of the form (a,b] cover all of R. Therefore, for any set A; C X, we
can cover A; with the union of some intervals I;1, I;2,---. By the fact that

n(A;) = ianl(Iij),

where the infimum is over the set of intervals, we can find a set of intervals I;; such
that

5
> IIy) < pl(A) + 7
J
Since each A; is contained in U;1;;, we have U;A; C U; U; I;;. Therefore, by the
fact that p(U;A;) is the infimum, over all choices of intervals I;;, of

ZZW@%

we can write the following inequality.

(Ui A;) < Zzl(lz‘j)
< Z [M(Az') + %}
= {ZN(AZ)} +e.

Since e was arbitrary, we conclude that Definition 2.4 (3) holds for p. It follows
immediately by the Carathéodory criterion that if m is the restriction of u to u-
measurable sets, then m is a measure. (I

Which measure m we obtain from this process depends on the choice of function
a. When « is the identity transformation, m is called Lebesgue measure.

It thus follows that the Lebesgue measure of an interval is its length, and the
Lebesgue measure of a single point (and thus of a countable set) is 0.

Going forward, we will use m to denote Lebesgue measure. Additionally, we
define a measure space (X, A, u) to be a set X equipped with a o-algebra A and a
measure on A, namely p.

3. THE LEBESGUE INTEGRAL

Another useful application of measures is to functions. In this section, we first
lay out what it means for a function to be measurable, and then construct the
Lebesgue integral and analyze its useful properties. The Lebesgue integral will be
fundamental to the later analysis of LP functional spaces.

Definition 3.1. Assume we have a g-algebra A on a set X. We say a function
f+ X — R is measurable with respect to A if for any number a € R, it holds that

{z: f(z) >a} € A.
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Proposition 3.2. If the functions f and g are measurable with respect to a o-
algebra A, then so are the functions cf, f + g,—f, fg, max(f,g), and min(f,g),
where the max and min are taken pointwise.

The proof of this proposition may be found on pages 44-45 of [1].

Intuitively, measurability of f essentially means that f is well-behaved on X
relative to A. One can also interpret it as meaning that f’s behavior is compatible
with the structure of information that A allows one to observe on X (whether
f(z) > a for some a).

In order to integrate a function f over a set A C X, we first need a means to
approximate f in a simple, feasible way.

Definition 3.3. A simple function ¢ : X — R is a function that can be written in
the form

o(z) = 3 aixe, (@)
i=1

where x is the indicator function from Section 1, the F; are measurable sets, and
a; € R for each 1.

Proposition 3.4. If f > 0 is measurable on X (with o-algebra A), then there exists
a sequence of increasing simple functions ¢, (x) such that ¢,, = f pointwise on X.

Proof. For every n, we assemble the sets A;, as follows:

i—1 4
o e 5 )
n={r: S0 €[5
with n2™ of these sets (1 < i < n2") for each n. One can imagine the A;, as n2"
evenly-sized, adjacent, disjoint baskets, covering all values of f in [0,n). Addition-
ally, construct B, := {z : f(xz) > n}. B, is equal to X \ (U;A;p,).
Then, we let
i1
bu2) = [ 3 X (@)] + nxs,.

2n
=1

Regardless of the input x, exactly one of the 1+n2" indicator functions appearing
in ¢, (z) will not be zero. Specifically, the xp, will “activate” if f(x) > n, and
otherwise only the x4, resulting in the closest downward approximation of f(x)
will be nonzero.

So, ¢n(x) = n if f(x) > n, and it approximates f(x) with a maximal error of
27" if f(z) < n. Thus, ¢, — f as n — oo. O

We are now ready to define the Lebesgue integral of a simple function, from
which the definition of the Lebesgue integral of a generic measurable function f
will follow. The convergent approximations shown to exist by Proposition 3.4 will
be vital.

Definition 3.5. We define the Lebesgue integral of a simple function ¢ (defined
on a measure space (X, A, u)) as

/¢dM = /ZaiXEidM = aiu(E;)
i=1 =1
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Conventionally, if a; = 0 and p(FE;) = oo, we say a; - u(E;) = 0.

It is intuitive that the integral of a simple function with respect to Lebesgue
measure is the (weighted) sum of the “lengths” of the F;. Considering that the
a; determine the values taken on by ¢ where xg, # 0, this integral is the area (or
equivalent, depending on the dimension) under the function ¢ on the set X.

For the following two definitions, assume we have a measure space (X, A, u).

Definition 3.6. If f > 0 is measurable, then we write

/fdu:sup{/¢dﬂioﬁ¢§f}

where ¢ is restricted to be a simple function.
For generic measurable f, recall the definitions of f™ and f~ from Section 1.

‘We write
[ tin= [ rrau= [

Definition 3.7. A measurable function f is said to be integrable if [ |f]du < cc.
We now show some useful properties regarding the Lebesgue integral.

Proposition 3.8. The following hold on a measure space (X, A, p) for measurable
functions f and g:

(1) If f < g, then [ fdu < [ gdp.

(2) Forc>0,
/cfd,u:c/fd,u.

(8) If u(N) =0, then [y fdu=0.

Proof. (1) Let Cy be the collection of all simple functions that are < f. Let C, be
the collection of all simple functions < g. Since f < g, we have Cy C C,.

Let C = Cg \C f-

Thus,

/gdu= sup /cbdu = sup [ ¢du > sup /<Z>du = /fdu-
¢€Cg ¢ECfUC ¢€Cf

(2) Note that if f is measurable, then so is c¢f. Moreover, if there is a sequence
of simple functions {¢,} such that ¢, — f (as Proposition 3.4 decrees there is),
then the sequence {1, } defined by 1, = ¢ - ¢,, converges to cf. Hence,

/cfdu: {sup/¢du:0§¢§ fo simple}

= lim [ ¢,dp
n—oo

= lim | cp,du
n—oo

= lim c/gf)ndu:c/fdu.
n—oo
(3) For each simple function ¢, let the A; be measurable subsets of N.

/Nfdu:sup{/Nqbdu:0§¢§f7¢simple}
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= sup/N { iaimi}
= sup{iaiu(Ai)} = sup{iO} =0

1=

where A; C N = p(A;) =0 Vi by countable subadditivity. O

We now cover four major theorems fundamental to analysis of the Lebesgue
integral, the first of which is the monotone convergence theorem.

Theorem 3.9. Monotone Convergence Theorem.
Suppose our measure space is (X, A, ). Suppose fn is a sequence of nonnegative
u-measurable functions with fi < fo < --- pointwise and with

lim f, = f.
n—oo
Then,
lim fnd,uz/fdu.
n—oo

Proof. By Proposition 3.8 (1), we know that [ f,du is increasing. Let L be its
limit; then, L < [ fdu since each [ f,dp is less than or equal to [ fdu.

Thus, we are done if we can show that [ fdu < L.

Let ¢ be arbitrary in (0,1) and let ¢ := Zf\;l a;x g, be a simple function that is
< f pointwise.

For each value of n, define

Ay = {x D f(z) > c~<Z)(:L‘)}.

A,, increases to the whole space X as n — oo because f, increases to f, which
means that for each value of n we have

N
/fnduz/ fndMZC/ <z>du=c/ > aixe,
X An A"L A

n =1

m
= CZ a;p(E; N A)
i=1
where the last expression comes from the fact that the integral is taken over A,,
not E;, so the xg, (z) only contributes to the integral when z € A,,.
We know that A,, T X, n — oo. Therefore, sending n — oo we get (E;NA,) — E;
for each 7. Hence,

L nh_)rrgo fndp > c2azu(E2) c/(bd,u.

Since ¢ was arbitrary in (0,1), we get L > [ ¢dp, and when we take the supremum
over all ¢ obeying the constraint we get

Lz/fdu

and the equality is thus proven. O
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We next show an important property of the Lebesgue integral which has not been
proven yet, namely its linearity. Many of the following proofs would be extremely
cumbersome, if not impossible, without this property. Additionally, linearity is
extremely useful because it allows us to treat Lebesgue integration as an algebraic
operation—this will be vital in the theory of LP spaces.

Theorem 3.10. If f,g are either (integrable) or (nonnegative and measurable),
then the Lebesgue integral is linear. That is, [(f + g)du = [ fdu+ [ gdp where p
18 @ measure.

The proof of this theorem may be found on pages 9-10 of [2].

Theorem 3.11. Fatou’s Lemma.

Suppose {fn} is a sequence of nonnegative measurable functions on a measure
space (X, A, ). Then,

/hminf fndp < liminf/fndu.
n— oo n—oo

Proof. Let g, = inf;>, f;. By the definition of liminf, the g,, are increasing and
lim, o g, = liminf, . f,. By the definition of infimum, g, < f; V¢ > n. By
Proposition 3.8 (1), this implies that [ g,du < [ fidu Vi > n. Hence

[ oniin < it [ fidn.

Taking the limit as n — oo on both sides and using the monotone convergence
theorem on the left side gives the desired result. O

Fatou’s lemma, while quite a major result, indeed serves as a lemma for the proof
of a variety of other theorems. The first of these is the dominated convergence
theorem, which will give us the necessary conditions to be able to conclude that
a sequence of integrals converges to the integral of the limit of the sequence of
integrands. This will be very useful when we later analyze convergence in LP.

Theorem 3.12. Dominated Convergence Theorem.

Suppose that {fn} is a sequence of measurable functions on a measure space
(X, A, ), and that there exists an integrable function g, such that |fn(2)] < g(z)
for all n and all x. Additionally suppose that f, — f pointwise. Then,

lim fndu:/fdu.
n—oo

Proof. For all n, since |f,| < g for all z, it follows that g + f, > 0. Hence Fatou’s
lemma applies for the sequence h,, := g — f, > 0 on (X, A, u). Moreover, since f is
the limit of the f,,, we have (using linearity) that

[ tan [gin= [+ 9 < timint [ (5, + g)d = timint [ fod+ [ gdn.

The inequality comes by Fatou’s lemma.
We assumed g to be integrable, so its Lebesgue integral with respect to p is
finite. We thus subtract that quantity from the inequality

/fdu+/gdu§liminf/fndu+/gdu
n—oo
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to get
/fdu < liminf f,dpu.
n—oo
Similarly, the constraints of the theorem imply g — f,, > 0 pointwise for all n.
Exploiting this by the same steps as previously (via Fatou’s lemma, linearity, and
the integrability of g), we attain the inequality

/ (—f)dp < lim inf / (= fn)dp.

n—oo
Recognizing that the right side is equal to —limsup,,_,.. [ f,dp and negating the
entire inequality yields
fdp > limsup frdpu,

n—oo
which, together with the previous result, proves the theorem. (I

4. LP SPACES

Having developed the Lebesgue integral, we now desire a robust framework to
analyze the behavior of functions, integration and integrability, and convergence.
The LP vide useful mechanisms that allow us to perform these functional analyses.

Definition 4.1. Given a measure space (X, A, 1), we say a condition holds almost
everywhere on X, abbreviated as a.e., if it holds on X \ N where N C X and
n(N) = 0.

Definition 4.2. Given a measure space (X, A, p), we say u is o-finite if there exist
sets E1, Fs, -+ such that E; € A for all 4, u(E;) < oo for all ¢, and X = U, E;.

Definition 4.3. Moreover, a measure space is called a o-finite measure space if
the measure is o-finite.

Throughout this section, we assume that any measure y is o-finite.

We start by defining the LP norm, which provides a notion of the overall “size” or
“magnitude” of a function—although the precise meaning varies with the exponent
p. For example, the L? norm has useful applications in physics and mathematics,
as it is an example of the notion of an inner product space.

Definition 4.4. Assume we have a o-finite measure space (X, A, u). For a finite
value of p, namely 1 < p < 0o, we write the LP norm of a function f as

7= / Firdy.

For p = 400, we write the corresponding norm (L norm) of f as
[flloc = nf{M >0 p(z: |f(z)| = M) = 0}.

We let the functional space LP be the set of equivalence classes that can be
constructed from all functions whose LP norm is finite. Two functions are defined
to be in the same equivalence class if they are equal almost everywhere on the space
X. By the definition of “almost everywhere” and the countable subadditivity of
the measure, this means that all functions in an equivalence class are equal almost
everywhere. One can think about LP simply as the space of functions whose L”
norm is finite; however, attempting to rigorously construct that functional space
results in a fundamental issue with the L? norm.
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Remark 4.5. Note that L' is exactly the set of equivalence classes of all Lebesgue
integrable functions!

However, a norm must satisfy certain properties, so we have not yet shown that
the LP norm is actually a norm on the space LP.

It is clear that all but one of the norm properties are satisfied for the LP norm:
Ifll, = 0 when f = 0 ae., ||f|l, > 0 when f is not identically 0 a.e., and for
any « € R it holds that ||af||, = |||/ f|l,- These are all quickly verified from the
definitions of the L? norm for finite and infinite p.

Toward showing that the LP norm obeys the triangle inequality, we first show
another useful inequality, namely Holder’s inequality.

Definition 4.6. For a given value of p, we let ¢ be the quantity in [1, +00] solving
1 1
S 4o =1
p q

Conventionally we say that 1/oo = 0. This ¢ is henceforth referred to as the

conjugate exponent of our p.

Theorem 4.7. Hélder’s inequality.
On a measurable space (X, A,pn), let 1 < p < oo and let g be the conjugate
exponent of p. Then for A-measurable functions f and g we have

j[Ifgkhtfzﬂpr-HgHm

When p = 2 this inequality becomes the well-known Cauchy-Schwarz inequality.

Proof. If p = oo (and thus ¢ = 1), then |f| < M := ||f||s almost everywhere.
Therefore, we have

ﬂMWSM/mwzmwwl

by Proposition 3.8 (1). The inequality is symmetric with respect to p and g, so the
case p = 1,q = oo is proven the same way.

Now assume 1 < p < oco. If || ||, = 0 or ||g||l = O, then either f or g is equal to
0 almost everywhere, meaning that [ |fg|du = 0. Both sides of the inequality thus
evaluate to 0.

Therefore, we now assume || f||,, |lgll; > 0. We also assume both norms are finite,
because if either one were infinite the inequality would trivially hold.

Define F(x) = |f(2)|/||fll, and G(z) = |g(x)|/||lgllq- By construction, showing
that [ FGdp < 1 is equivalent to proving the theorem.

Since the function h(x) = e” is everywhere-convex on R, it holds for all @ < b
and all A € [0,1] that

e)\a+(1f)\)b < Ae® + (1 _ /\)eb.

We select A = %7 which makes 1 — A equal to %, and we let a = plog F'(z),b =
qlog G(z). Substituting into the convexity inequality above yields
Fap | G

p q

Using Proposition 3.8 (2) and the linearity of the integral, integrating both sides
yields

F(z)G(z) <

/F(x)G(z)du < %/F(x)pdqu %/G(x)qd,u
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L @I LT[ le(@)]ye
p/(fm>+q/<@u)
1

1 11
= ——IlflI5+ = llglli = -+ -=1.
pllfIIE" " qllglld ™™ p g

O

We can now use Holder’s inequality to prove Minkowski’s inequality, which is
the last step toward establishing the LP norm as a norm. However, a brief lemma
is first required.

Lemma 4.8. Ifp € [1,400) and a,b > 0 it holds that
(a4 b)P < 2P71(aP + bP).

Proof. We assume that a > 0 and p > 1 since the cases where a = 0 and where
p =1 are trivial.
Let & = b/a: then, after dividing both sides by a?, we realize that showing that

flx):=2r" 0P — (1+2)P >0

for all nonnegative x will imply the lemma. Using the assumption that p > 1,
convexity arguments for the function g(x) = «P yield the inequality

1P 4 oP . (1 +:c>1’.
2 - 2
Multiplying both sides by 2P shows that + > 0 = f(z) > 0. O

Theorem 4.9. Minkowski’s Inequality.
If p € [1,+00] and f,g are measurable functions on a measure space (X, A, ),
then

1 +gllo < I1fllp + llgllp-

Proof. First let p = oco. Then if || f||oc = My and ||g|locc = My, let Ay = {x: f(z) >
My} and Ay = {x : f(x) > M,}. Both sets have measure 0 by the definition of
“almost everywhere.” Then the set A := {x : |f(x)+g(z)| > M;+ M,} is contained
in the union of Ay and A,. Therefore,

H(A) < u(Af U Ag) < u(Ap) + p(Ay) = 0.

The L™ norm of f + g is therefore bounded above by My + My = || f|loo + ||9|lco-
The numerical triangle inequality tells us that |f + g| < |f| + |g| pointwise, and
so using Proposition 3.8 (1) proves the case where p = 1.
We now assume 1 < p < oo and additionally assume that neither || f||, nor |/g]|,
is infinite, and that || f + ¢||, > 0, as otherwise the inequality would trivially hold.
If we let a = |f(z)] and b = |g(z)| in Lemma 4.8 and integrate both sides using
Proposition 3.8 (1), we get

[is+apau <2 [1s@pan [1o@pa)

Therefore we know that || f + g||, is finite.
Observe that

If+ gl <IfIIf + 9P+ gllf + g7
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since we can factor |f + g|[P~! out of the right-hand side and apply the numerical
triangle inequality. Hence, letting ¢ be the conjugate exponent of p and applying
Holder’s inequality gives

J1r+ae <o [ 17+6070) " gl ([ 15 +gle00)

= (1£1lp + Ngllp) 11 + gllp/

since ¢(p — 1) = pg — ¢ = p by the conjugate exponent equation. Recognizing the
left side as || f 4 g[|% and dividing through by || f + g|[5/4 gives the desired inequality.
a

We have now proven that LP is a normed functional space. Moreover, the fol-
lowing equality condition holds.

Remark 4.10. Equality holds in Minkowski’s inequality if and only if af = bg for
real numbers a,b > 0.

A full proof of this condition may be found in pages 8 and 9 of [3].
Next, it will be important to prove that LP is complete. This will be essential
for the later justification of many important convergence arguments.

Theorem 4.11. If 1 < p < oo, then the functional space LP, when taken to be a
metric space, is complete.

Prior to embarking upon the proof of this theorem, we observe that it makes
sense to view LP as a metric space, with the LP? norm serving as the distance
function: in LP, |f — g| = ||f — gl|p- Since the L? norm is nonnegative, symmetric
(as |f —g| = |g — f]), and || f — g|l, = 0 when f = g a.e., this setup satisfies the
intuitive requirements of a metric space.

Proof. We first prove for a fixed p < co. Let f,, be a Cauchy sequence in LP. We
are tasked with showing that its limit is in LP. Since f, is Cauchy, we know that
for every €; > 0, there exists n; > 0 such that

”fn - fm“ <Egj

for all n,m > n;. Let each ¢; = 27771 and additionally assume WLOG that
n; > n;_1 (if not, we can redefine n; = n;_; + 1 and the above inequality will still
hold).

We set ng = 0 and fj to be the constant 0 function. Then, we propose the limit
function of the Cauchy sequence as

F =3 fom = Frs]

To show that this series converges absolutely (a precondition for f being in LP),
we first set g;j(z) = Y7 _, |fn..(x) = fr,._.(x)|, which clearly increases with j
pointwise. We let the limit, if it exists, be denoted by g(z). Then, we have (by
Minkowski’s inequality) that

i
lg;llp < D~ Ifam = Frmillp

m=1
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J
<l fny = Frollp + Y 27 D71

m=2

1

< fullp + 5
by our condition that ng = 0 and thus f,,(z) = 0.

Now Fatou’s lemma yields that

. . 1\P
Jls@Pau< tin [ 1g;@rdi= lin lo@]; < (1, @)+ )" <o
Jj—o0 J—>o0

where we know that || f,,, || is finite by the definition of the n; and their correspon-
dence with our chosen ¢;.

Hence the limit function g(x) is finite almost everywhere, so the series converges
absolutely almost everywhere. This means that the proposed limit function f is
well-defined almost everywhere. On the measure-zero set where the absolute con-
vergence does not hold (which may or may not be the empty set), set f = 0.

From the definition of f,

f(ﬂ;‘) = Jh_fgo [fnm ($> - fnma(aj)] = Jh_{go fry (m)
m=1

since f,, = 0. Now, Fatou’s lemma yields the following: for any j,
19 = = [17 = fu, s < tymint [ 17, ~ 1, P
— 00

i —(j+1
= lminf | fo, — fo, |l < 270FP.

This means that as j — oo, we have ||f — f,,[|, = 0. Thus, the subsequence
we built from the n; values converges under the L? metric (equivalent to the L?
norm). We aim to show that the whole sequence converges.

Fix € > 0; then there exists N € N such that || f, — fm||p < € when n,m > N.
Note that this implies that || f,, — fm||, < € as long as we force j large enough that
nj > N. Since f has been established to be the limit of f,,,, we once more employ
Fatou’s lemma and obtain that

”f - fm”g < hminf ”fn] - fm||§
j—o0

= |1 = Fumlly STiminf ||, — frullp <

since we are taking j to co. Thus, f,, — f in the LP metric as m — oc.

Now we consider p = co. Observe that we have already shown, using the ¢;
argument, that the absolute convergence of an arbitrary series in the LP norm
implies the completeness of LP. Thus, let the sequence of functions f,, be such that

S lflle < .

In other words, the series converges absolutely in L,,. Now let

k=1

and G = lim,, o0 G-
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By Minkowski’s inequality,

=[S0 <] _= 31 <=
k=1 k=1 k=1

Since |fi| < ||fxllco almost everywhere by the definition of the L norm, it follows
that |Glle < 0o almost everywhere.

Now let F'= )", fi. Convergence of F' guarantees completeness of L.

We aim to use the Cauchy criterion to show that F' converges in the L*> norm
by showing that the partial sum sequence is Cauchy. Observe that by Minkowski’s

inequality,
n [ee] (oo}
o<|r-SSal=| S Al < S e
k=1 k=n+1 O k=n+l

The last sum must go to zero by the “divergence test” since fi converges absolutely
in Ly. Hence, F' is Cauchy and therefore convergent, which means that L° must
be complete.

O

5. CONVERGENCE

A particularly helpful use of the LP spaces is to analyze the convergence of
approximation methods. In various applications, mathematicians, scientists, and
analysts aim to attain, as closely as possible, the behavior of a given function. Since
the LP distance metric gives a clear notion of the “distance” between functions, it is
an excellent method of quantifying the error of approximation. Another application
is quadrature, or the numerical integration of functions. As we will see later on,
particularly intuitive for these approaches are the L' and L? norms.

As such, in this section, we first motivate the use of our theorems. We then
prove the density of simple functions in LP for p < oo and develop useful results
including the Pythagorean identity in LP approximation. Then, we end with error
bounds in L? and Parseval’s identity.

We first lay out some different forms of convergence which will be useful for
further analysis.

Definition 5.1. On a measure space (X, A, 1), we say a sequence of measurable
functions f,, converges almost everywhere to a measurable function f if f — f, — 0
as n — oo everywhere on X \ N, where u(N) = 0.

Definition 5.2. Let 1 < p < co. On a measure space (X, A, p), we say that a
sequence of measurable functions f,, converges to a measurable function f in LP if

/If—fnl”du—>0 s If = fall, = 0
as n — oQ.

This form of convergence is intuitive when we consider the argument we used to
prove the convergence of the arbitrary Cauchy sequence in LP under the LP norm,
or metric, in the previous section. It means that “the LP metric between f and f,
vanishes as n — c0.”

Next, we aim to show that the set of simple functions is dense in LP(R) (with p <
00). This will validate the numerical approximation of integrals by step functions,
a form of quadrature.
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Proposition 5.3. On a measure space (X, A, u) and forp € [1,00), if u is o-finite,
then the set of simple functions is dense in the space LP.

Proof. We let f be a function in LP. Then, we want to find a sequence of simple
functions ¢, such that ||f — ¢n|, = 0 as n — oo, which will show that the set of
simple functions is dense in the LP “metric”.

We define a sequence of truncated functions f,, by the equation

f = {f(m>, @) <nandze 4,

0, else

where A,, is a measurable subset of X with u(A,) < oo for all n and 4, 1 X.
Then, it follows that for all n, | f,(z)| < |f(x)|, and additionally that f,(z) — f(x)
almost everywhere on X (since the 4,, increase to X).

Note that p is finite. We can thus use the dominated convergence theorem
with |f|P as the dominating function, and taking the pth root yields that ||f —
fullp — 0 almost everywhere. Therefore, it suffices to show that we can accurately
approximate each f,, using simple functions with an error that vanishes as n — oo.

We fix some n. Then, we note that f,, is, by construction, bounded with finite
support (zero outside some set A, of finite measure). We proceed by letting m € N
be the number of simple functions we want to use to approximate f,,. (The error will
vanish as m — 00.) Then, we partition the range interval [—n, +n] into K := 2nm
disjoint intervals of length 1/m by the following construction:

k—1 k
I, = —n+—,—n+—),k:1,2,---,[(.
m m

We add the point {n} to Ik, and then the I} cover [—n,n].

Next, define the set Fj as the preimage of the interval I;. Since every point in
each I maps back to the corresponding Ey, we have that Uy E, = A,,. Additionally,
the Ej are clearly disjoint.

We can now define the simple functions based on n and the fineness of the
intervals 1/(2m). We let

K
Sum () =) arxs, (z)
k=1

where each aj is the midpoint of the corresponding interval I;. Note that since
UrEr = A,, this function is also zero outside of A, because all the indicator
functions are zero.

Fix some interval width 1/m. If the point « is in E; for some j, then it is not in
any other Ej, since these sets are disjoint. Therefore, ¢pm(x) = a;. Additionally,
this means that f,,(x) € I; by construction. Since a; is the midpoint of I;, we have

(@) — G (@)] = | ful) — aj] <

2m

for all z € A,,. Moreover, the approximation error is 0 outside of A, since both
functions are equal to O.

Now we can show that f can be approximated—with respect to the LP norm—with
simple functions, and thus that the set of simple functions is dense in LP.

We have shown that || f—f,,||, — 0 a.e.. Therefore, given ¢ > 0, fix n large enough
that ||f — fnllp < /2. Then, choose m > {/u(Ay)/e. It follows by Proposition 3.8
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(1) and (2), and the fact that p > 1, that

1 fr = Snmllp = i/ /A | fu() = b (2)|Pdps < (/ /A (i)pdu

= %f/M(An) <e/2.

Finally, we apply Minkowski’s inequality to see that

g €
”f - ¢nm||p < ”f - fn”p + ”fn - d)anp < 5 + 5 =¢&.

(]

Given this result, we are now ready to prove a more sophisticated approxima-
tion result. This result will give us the notion of a “best” approximation, and is
more precise than the previous result, which only informs us that it is possible to
approximate a function in LP with step functions. The result to come is one that
will be foundational for tools such as least-squares regression and Fourier series.

Definition 5.4. We say a subset K C LP is convez if for any two functions f,g € K
and any A € [0,1], it holds that the combination

M+ (1-NgeK.
This is notably similar to the notion of convexity in finite-dimensional real spaces.

For example, if we fix a finite basis of functions g1(x),g2(x), - ,gn(z) € LP,

then the span
{Zaigi(x) ta; € R}

is convex, since taking a linear combination of two elements of the set produces
another element of the set (by the definition of a span).

Definition 5.5. We say a subset K C L? is closed if it contains all of its limit
points. In other words, K is closed if it holds that

fan € KV, ||f — follp > 0asn—00 = feK.

These notions are necessary for the following result, which is restricted to closed,
convex subsets of LP.

Theorem 5.6. Given a fized p € [1,00), a function f € LP, and a closed, convex
subset K C LP, there exists a unique function g € K—known as the best approxima-
tion function of f-that minimizes || f — gllp-

Proof. Let
= inf [|f — .
d= inf |f—hlp

We want to show that d is attained by exactly one function g.

Since d is the infimum, there exists a sequence g, such that g, € K for each n
and || f — gnllp descends to d as n — co. We aim to show that {g,} is Cauchy and
thus convergent.

Since || f — gn|| — d, we know that for every € > 0, there exists a natural number
N such that for all n > m > N we have

W = gnllp —dl <e.
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Now, we note that by Minkowski’s inequality and Remark 4.10, we have

7_7_|_7_

gn + gm _ H
/ 2 2 2

gn [ | 9m [H
2 21lp

P ‘

1 1
< 5llgn = L1+ 3 lgm = 1

as long as g, # gm. Since the value of ||g; — f||, is bounded from below by d and
we know that |||gm — fllp —dl, |lgn — fllp —d| < €, we must have g, = gm, N — oo.
This means that the sequence {g,} is Cauchy.

Next, since LP viewed as a metric space is complete (Theorem 4.11), we have
that g, must converge by the Cauchy criterion. We call the limit g, and we then
have |[f — gl = d.

Moreover, since K is closed, it contains all its limit points (or limit functions,
since LP is a functional space). Since g is the limit of {g,}, we have that g € K.

‘We now show uniqueness of g by a similar argument to before. Assume that there
exists another function g* such that ||f — g*||, = d. Then, we have by Minkowski’s
inequality that

g+ d

g 1 1 o _d d_
|- %5 Hp<2||f gllp+ 507 —g"lp =5 +5 =d

as long as f —g and f — ¢g* are not directly proportional with the same sign. Then,
we have generated a function—in K, by convexity—that achieves an LP distance from
f that is less than d, which is a contradiction.

If the functions are directly proportional, it means that 3¢ > 0 such that

f—g=clf-9).

If ¢ = 0, it implies that g = f, which means f itself is the best approximating
function (which can happen, if f € K). Then d = 0, and only a function f* that
is equal to f a.e. (and therefore in the same equivalence class as f) can attain
Ilf — f*|l, = d. Therefore, we proceed assuming ¢ > 0 and d > 0.

Observe that || f — g|l, = ||f — ¢*|lp = d. Hence, by Proposition 3.8 (2) we have

1~ glly = g//ugpdu
= (//Icplf—g*lpdu
= |c| {//If—g*lpdu

= lel-If = 9g"ll»

Hence d = |c|-d = |c| = 1. Since Remark 4.10 dictates ¢ > 0, ¢ must be equal to
1, which implies f —g = f — ¢* = ¢ = g* a.e.. Uniqueness of g is thus proven.
O
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6. CONCLUSION

We have built out the notion of a measure using the notions of outer measure
and measurable sets. The Carathéodory criterion provides a condition to pass from
an outer measure to a measure. Following this recipe for constructing measures,
we successfully constructed Lebesgue measure.

Next, we built the Lebesgue integral, and showed several useful properties, in-
cluding approximation by simple functions and monotonicity. Important theorems
include the monotone convergence theorem, Fatou’s lemma, and the dominated
convergence theorem. These theorems are crucial for various other proofs in the
following sections.

We then built the LP functional spaces, with 1 < p < oo, by first defining
the LP norm and then showing several of its properties. We proved that the L”
norm satisfies the norm properties by proving Holder’s inequality and Minkowski’s
inequality, the latter of which functions as the triangle inequality for LP. Next,
we showed LP to be a complete metric space under the LP norm, by an argument
relying on Fatou’s lemma and Minkowski’s inequality.

Finally, we discussed convergence of approximation methods in LP. We first
showed that on a o-finite measure space, the set of simple functions is dense in
LP. Using this result, we showed that under certain conditions, given a function
f € LP, there is necessarily a unique function g serving as the “best approximation”
of f under the LP norm. These results may be further built upon when discussing
the LP error estimate, convergence of specific numerical methods such as linear
interpolation, and Fourier series, the latter of which arise from orthogonal projection
from LP onto a finite-dimensional subspace.
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