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1. INTRODUCTION

Many results from linear algebra are exclusive to finite-dimensional vector spaces. As
such, one may be inclined to ask when results from linear algebra hold in the case of infinite-
dimensional vector spaces; these questions are answered in functional analysis.

Some results, like rank-nullity, simply cannot be translated to an infinite-dimensional set-
ting, as they have no reasonable parallel in such a setting. Other results, like the equivalence
of surjective and injective maps (see the example below), simply do not hold in this more
general setting.

Ezample. The derivative map D : P(R) — P(R), where P(R) is the space of all polynomials
with real coefficients, is not injective. Let x =t and y =t + 1. Then Dx = Dy = 1, but
clearly x # y. However, the derivative is surjective. We prove this using the fact that
deg(Dz) = degx — 1: due to this property of the derivative map, we choose a set S where
there is exactly one polynomial of each degree (barring the zero polynomial). Since there is
at least one element of S for each degree, we have that span S = P(R). Thus by linearity D
is surjective.

Another challenge with working in infinite-dimensional spaces is the challenge of coordinate
representations. In linear algebra, many facts can be proved by selecting an arbitrary basis
and proving the fact for any given linear combination of basis vectors. However, since only a
finite number of basis elements can be summed in the representation of an arbitrary vector,
any basis has uncountably many elements (this can be proved using the Baire Category
Theorem, which is beyond the scope of this paper; see [Car05]). Thus many proof techniques
from linear algebra are no longer feasible in functional analysis.

Despite these multiple challenges, functional analysis is a rich field with results that build
on linear algebra. For example, the Riesz representation theorem, which is trivial in finite
dimensions, becomes really insightful in infinite dimensions. Also, the fact that all vector
spaces of dimension n over either R or C are isomorphic to R™ and C™ has a somewhat
unexpected parallel in infinite dimensions.

2. PREREQUISITES

Some familiarity with the definitions of linear algebra and real analysis is necessary for
reading and fully understanding this paper. Please read [Ax197] if you need to learn linear
algebra, and [R776] if you need to learn real analysis.

Date: July 11, 2022.
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3. BANACH SPACES

Our first restriction in functional analysis is to normed linear spaces, i.e. vector spaces
equipped with a linear norm (a notion of length). We denote the norm of any element by
|| - ||, and the norm must satisfy the following axioms of a normed linear space for any scalar
a and vectors x, y:

lz]| >0
|zl =0 2 =0
lacz] = fex] [

4yl < =l + llyll;

the last of which is called the triangle inequality.

Note that we can define a metric on X by d(z,y) = ||z — y||, and this metric is said to
be induced by the norm. One can see that the axioms of a metric space are satisfied quite
trivially. Thus we note that restricting ourselves to normed linear spaces is useful as it lets us
use tools from both linear algebra and real analysis in infinite dimensions. Very loosely, linear
algebra helps us examine infinite-dimensional spaces through the lens of finite-dimensional
spaces, while analysis helps us translate the theory of finite dimensions to infinite dimensions.

One further restriction on the normed linear spaces we’ll look at is completeness.

Definition 3.1. Recall that a sequence (z,,) in a metric space (X, d) is Cauchy if for every
positive real r there exists some number N such that d(z,,,z,) < r whenever m,n > N.
The metric space is complete if every Cauchy sequence in X converges to a a point in X.

We call a complete normed linear space a Banach space. Essentially, the reason complete-
ness is useful is because it means that any sequence of vectors in a space has the property
that pairs of terms in that sequence get closer and closer to each other, then the sequence
converges to a limit in the same space. This property might seem very restrictive; however,
a result of real analysis states that any metric space (and hence any normed linear space)
X is isometric to a dense subspace W of a complete metric space X (i.e. elements of W can
get arbitrarily close to any element of X ). The space X , which is unique up to isometry, is
called the “completion” of X.

Before moving on, note that any finite-dimensional normed space X is complete, and
furthermore every finite-dimensional subspace Y of a normed space X is closed in X.

4. EXAMPLES OF BANACH SPACES

Let’s look at a couple of examples (and a non-example) of Banach spaces (see [Kre91] for
proofs of completeness).

Example. The spaces R" and C" are Banach spaces with norm defined by

for v = (z1,...,2,).
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R

Figure 1. Illustration of the unit circles of some P-norms

(image credit [Quall])

Example. Another set of Banach spaces are the sequence spaces (P, where p > 1. These
spaces contain all sequences x = (z;) where the sum

[e.e]

>yl

j=1
converges. If we consider real sequences, we get the real space 7, while if we consider complex
sequences we get the complex space (P. For these spaces, the norm is given by

o0
lzll = | D lzl?
j=1

Ezxample. Another Banach space is the sequence space £°°, the space of bounded sequences
of complex numbers under the norm

P

||| = sup [x;]
JEN
for x = (z;). The nomenclature comes from the fact that the norm on ¢* is the limit as
p — oo of the norm on 7. To see this, we can plot the set of z = (x1,23) € R? such that
||J}||gp = l'1|p + |.172|p =1.
See Figure

Ezample. Another Banach space is the function space Cla, b], the space of continuous func-
tions on the closed interval from a to b, under the norm

= t)].
] = mac Ja(1)]
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Elements of this space are continuous functions z : [a, ] — R.

Ezample. One normed linear space that is not a Banach space is the space P|a, b], the space
of all polynomials on the interval [a,b] C R, under the norm

x| = max |z(t)|.
el = s (o)
As an example of a Cauchy sequence in this space that doesn’t converge, let [a,b] = [—1, 1]

and consider the sequence (x,) where

n

n(t) = ; % € Pl-1,1]
However,

z(t) = limz,(t) = limz % =cosz ¢ P[-1,1].

5. OPERATORS ON BANACH SPACES
A huge part of linear algebra is the theory of linear operators:

Definition 5.1. A [inear operator T is an operator such that

(1) the domain ©(T') is a vector space and the range range 7" lies in a vector space over
the same field,
(2) for all z,y € O(T) and scalars «,

Tx+y) =Tz+Ty
T(ax) = aTx.
The null space, denoted null 7', is the set of all x € ©(T') such that Tx = 0.

In linear algebra, we have tools like the rank-nullity theorem, which says that
dimrange 7'+ dimnull 7' = dim ®(T');

and matrix representations by which any linear operator that takes m-dimensional space
to n-dimensional space can be represented by an (m X n)-dimensional matrix. However,
we do not have access to these tools in functional analysis simply because of the fact that
we are working in infinite-dimensional spaces and so the concepts of dimension and matrix
multiplication break down.

Although we don’t have a rank-nullity theorem for infinite-dimensional spaces, we have
some much looser results about the range and null space:

Theorem 5.2. Let T': X — Y be a linear operator. Then,
(1) The range range T is a vector space.
(2) The null space null T' is a vector space.

Proof. We'll go sequentially in this proof.

(1) We know that range 7" C Y. Furthermore T(0) = 0 so 0 € range T. Lastly,
suppose we have y;,ys € range T. Then there are some x1,zo € ©(T) such that
Tz, =y, Txy = yo. Since D(T) is a vector space, for scalars a;, as we have that

a1y + asye = a1Txy + asTry = T(a1x1 + asxs) € range T.
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Thus range T' is closed under the vector space operations and contains 0, so it is a

vector space.
(2) We know that null " C ®(T"), and clearly 7'(0) = 0 so 0 € null 7. Now, suppose we
have x1, x5 € null T'. Then

TZL’l = T(L’g =0.
Since T is linear, for scalars aq, as we have that
(&1331 + (12.732) = alTxl + (IQT.Q?Q = 0,

SO a1x1 + asxo € null T'. Thus null T is closed under the vector space operations and
contains 0, so it is a vector space.

Many relevant properties of linear operators from linear algebra are not possible to trans-
late over to all linear operators in functional analysis. One restriction that will help us here
is to bounded operators:

Definition 5.3. Let X and Y be normed spaces and 7' : ©(T) — Y a linear operator,
where ©(7") C X. The operator T is said to be bounded if there is a real number ¢ such that
for all z € ©(T),

|Tz]] < cf|z|.

Note that the word bounded here is used differently from its use in calculus. In calculus, a
function is bounded if it maps its domain to a bounded set. In functional analysis, an operator
is bounded if it maps bounded sets to bounded sets. Furthermore, all linear operators on
finite-dimensional normed spaces are bounded (see [Kre91]).

Let’s look at some examples (and non-examples) of bounded operators.

Ezxample. The identity operator  : X — X on a nonzero normed space is bounded with
norm ||| = 1.

Ezxample. The zero operator 0 : X — Y on a normed space is bounded with norm ||0|| = 0.

Ezample. Consider the normed space P[0, 1] of all polynomials on [0, 1] with norm given by
||| = max |z(t)|. We define the differentiation operator D on P[0, 1] by

Dx(t) = 2'(t).
This operator is linear but not bounded: let x,(t) = t", where n € N. Then ||z,| = 1 and
Dz, (t) = 2/ (t) = nt" ",

so ||Dzy|| = n and ||Dz,||/||zn]] = n. Since n is arbitrary, there is no fixed ¢ € R such
that ||Dz,]|/||z.]] < ¢. Thus D is not bounded. Thus there are some unbounded operators
that are of practical importance (though their theory is much more complicated than that
of bounded operators).

Ezample. A bounded linear operator on C[O 1] is the integral operator [ : C[0,1] — R
where for z = x(t) € C[0,1] and some k(¢,7) € C([0,1] x [0, 1]),

for [0
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This operator is clearly linear and we will show that it is also bounded. Note that since by
the continuity of k£ on the closed interval [0, 1] x [0, 1], we have that & must be bounded with

say |k(t,7)| < ko for some kg € R. Then
< max/ |k(t, )|z (t)] dT < ko|x||.

= max
te[0,1]

H/ /1 k(t,7)x(T)dr
—tef,1] Jy

Thus || [ x| < |lz||, so [ is bounded with || [ || = ko.

6. BOUNDED OPERATORS

In this section we look at some results concerning bounded linear operators. First of all,
restriction to bounded operators is useful because we can define an operator norm for such
operators:

Definition 6.1. We define the operator norm by
Tx
imi= sp LT
2€D(T)\{0} HJUH
If ©(T) = {0}, we set ||T|| = 0.
We can actually restrict our search for the norm of 7" to vectors of norm 1. We verify this
and the norm axioms below:

Lemma 6.2. Let T': X — Y be a bounded linear operator. Then:

(1) An alternative formula for the norm of T is

IT|| = sup [Tz

llll=
(2) The operator norm satisfies the norm axioms.

Proof. We once again go sequentially in this proof.

(1) Let 2 € X with ||z]| = a and set y = 2z € X (where z # 0). Then [ly|| = 1 and by
the linearity of T,

M—mwmme()Wmew
20 @ lyll=1

(2) Clearly ||T'|] > 0, and ||0|| = 0. Conversely if | T|| = 0 then for all z € X, Tx = 0
and so clearly T'= 0. Next, for all x € X,

sup ||aTz|| = sup |o|||Tx| = |a| sup ||Tz||.

llzll=1 flz]|l=1 llzll=1
Lastly, if we have another bounded linear operator S, then

sup ||(S+ T)x| = sup ||Sx + Tz| < sup ||Sz|| + sup ||[Tz|.

f[=]|=1 f[=]|=1 |z[=1 [lzf|=1

Thus all the norm axioms are satisfied by the operator norm.
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Another result about bounded linear operators is that these operators are exactly the
continuous linear operators:

Theorem 6.3. A linear operator T on normed spaces is continuous if and only if it is
bounded.

Proof. We first show the if direction. For 7" = 0 the statement is trivial, so take bounded
T # 0. Then ||T'|] # 0. Now, consider any zo € ©(T) and let ¢ > 0. Then since T is linear,
for every x € ®(T') such that

we have that

€
[T = Tl = |[T(x = xo)|| < [[T[[[l2 — ol < HTHW =€

Since we chose xq arbitrarily, we have that T" is continuous.

Now for the converse. Assume that 7" is continuous at an arbitrary zq € ®(7"). Then for
all € > 0 there is 0 > 0 such that whenever ||z — zo|| < 6, ||Tx — T'zo|| < e. Now take any
y # 0in ©(T) and set

)
r=2xo+ Y.
lyll
Then
)
T— Ty = 7Y.
[yl

Hence ||x — xo|| = § so by the linearity of T,

1) 16)
|7 = Tao]) = | T — o) = HT (—y) H — O iyl <.
: : Wi~ T

Thus we have that
€
1Tyl < <[lyll,

so T is bounded. [}

Theorem is important because the continuity of bounded linear operators means that
for a bounded linear operator T,

T, —xr = Tz, — T,
since as n — oo we have that
[Tz, — Tzl = |T(x, — )| < ||T|[|2n — 2|| — 0.
A last result about bounded linear operators that will be of use to us is below.

Theorem 6.4. The vector space B(X,Y) of all bounded linear operators from a normed
space X into a normed space Y is itself a normed space with norm defined by

7|

|T|| = sup ——= = sup ||Tz].
0 |zl =

Furthermore, if Y is a Banach space, then so is B(X,Y).
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Proof. To see that ||T|| is a valid norm, one can use the definition of the supremum to verify
the norm axioms.

Now, suppose that Y is Banach. We consider then an arbitrary Cauchy sequence (T,,) in
B(X,Y), and we'll show that (7},) converges to an operator T' € B(X,Y).

Since (7},) is Cauchy, for all € > 0 there is an N such that for all m,n > N,

T, — Tl <e.
Thus for all x € X, we have that
(T = Tn)zl| < | T — Tl < ellz]|-

Thus for any fixed x € X, we clearly see that (T,, —T,,)z € Y is Cauchy and thus approaches
0. Therefore T,z — y € Y by the completeness of Y.
We can thus define an operator

T:X —Y :z+—uy.
Now, T is linear since
T(ax + fz) = limT,(azx + (2)
= lim(aT,x + fT,2)
=alimT,z + Blim T,z
=aolx+ pTz.

Now, we show the boundedness of T'. Note that from the above we know that for m,n > N
we have that ||T,, — T),,|| < ¢||z|| for all z € X. Thus

(T = T)z|| = [[Tow — T|]

= lim [|T,x — T,z
m— 00

T,r — lim meH
m—00

<cellzl.

Thus (7,, — T') is bounded. Since T,, is bounded, T = T,, — (T,, — T') is bounded. As a result,
T € B(X,Y). Now, if we take the supremum of all z in the above equation, we get that as
n — oo

(T = T)z|| < 1T = Tll|=]| = ell«]| — .
Thus ||T,, = T|| — 0, s0 T,, — T |

7. DUAL SPACES

Now, another interesting aspect of linear algebra is the study of linear functionals and
dual spaces. Let’s define linear functionals and the dual space:

Definition 7.1. A linear functional f is a linear operator with its domain a vector space X
and range in the scalar field ' of X; in other words,

f : @(f) — F7
where F = R if X is real and F = C if X is complex.
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Definition 7.2. The set of all bounded linear functionals on a normed space X constitutes
a normed space with norm defined by

141 = sup 2 — oy 501,
0zl o=

and this space is called the dual space of X, denoted X’.

In finite dimensions, all linear functionals are bounded. However, this is not the case in
infinite dimensions, so we restrict our dual space to bounded functionals to maintain two
important properties from finite dimensions. First of all, X = X" (the proof of this fact
requires more tools than we develop in this paper; see [Kre91]). The second property is as
follows:

Theorem 7.3. The dual space X' of any normed space X is a Banach space.

Proof. Note that the dual space is the space of bounded linear operators from X to F. Thus
by Theorem and the fact that R and C are complete (hence Banach), we have that X’
is Banach. |

Let’s look at some examples of functionals:

Ezample. The norm || - || : X — R is a functional on X which is not necessarily linear.
Ezample. The dot product with one factor kept constant is a functional f : R® —s R where
f@)=x-a
for some fixed a € R3. Now, f is linear and bounded with

[f(@)] = [ - a] < [lz]ll|al],
so clearly || f]| < ||la||. Taking z = a, we get

HE % _ H ~ Jall

so [[£1l = llell.
Ezample. A bounded linear functional on C[0,1] is the definite integral [ : C[0,1] — R

where for z = z(t) € C[0, 1],
1
/x = / x(t) dt.
0

This functional is the integral operator from the examples of bounded linear operators with
k(t, ) being the identity map I, so it is linear and bounded with || [ || = 1.

8. HILBERT SPACES

What if we wanted an analogue to the familiar dot product from Euclidean space in our
infinite dimensional spaces? We can find this analogue by looking at inner product spaces,

defined below.
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Definition 8.1. An inner product space is a vector space X equipped with a scalar product
written (-, -) that satisfies the following properties:

(8.1) (x+y,2) =(x,2) +(y,2)  (az,y) = ar,y)
(8.2) (z,y) = (y, x)
(8.3) (x,x) >0 (x,2) =0<2=0

In other words, the inner product is linear in the first argument (1.1), conjugate symmetric
(1.2), and positive definite (1.3).

We call an inner product space that is complete in the norm induced by the inner product
a Hilbert space.
We define a norm on an inner product space by ||z| = /(x,z) and a metric on such a

space by d(z,y) = ||z — y|| = V/{r —y,z —y). We will prove that the norm satisfies the
normed space axioms, at which point it will be clear that the metric space axioms are also

satisfied. Note that the first and second axioms are satisfied by the last two inner product
axioms. Also,

laz||* = (az, az) = oz, z) = |||z,
and taking square roots on both sides we see that the third norm axiom is satisfied. Lastly,
we prove the triangle inequality below.

Lemma 8.2 (Schwarz and triangle inequalities). The Schwarz inequality states that in an
inner product space, the norm induced by the inner product satisfies

[{z )| < Ml lllyll

where equality holds exactly when {x,y} is a linearly dependent set.
The inner product norm also satisfies

[z +yll < [lzll + [yl
where equality holds when there is some nonnegative real ¢ such that x = cy or y = cx.

Proof. We begin with the Schwarz inequality, and use it to prove the triangle inequality.
Notice that the Schwarz inequality holds trivially for y = 0, since (z,0) = 0. Thus we take
y # 0. For every scalar a we have

0< ||z —ayl? = (x—ay,z — o)
= (z,z) —a(r,y) — a{y, z) — a(y,y)).

Taking @ = (y, x)/{y,y), we simplify our inequality to

<y’ " g — al(y 2y — Ly )

0= t@a) - Y) (Y. y)
= {(z,x y,x) —a({y,z) — (y,x
= (1.1 y7$> 2 < ><£L‘,y>

= [llI* -

(y)
[{z, y)|?
NES
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Rearranging, we get that |[(z,y)|> < ||z]|?||y||?, and taking square roots on both sides gives
us the Schwarz inequality.

Now, the equality cases require either y = 0 or 0 = ||z — ayl|?, in which case z = ay. In
either case, {x,y} is linearly dependent.

Now, let’s move on to the triangle inequality. By the Schwarz inequality,

[z, 9)] = [y, 2)| < |l=]llly]-
Thus we have that
lz +yl? = (z +y,z+y)
= [Jz[|* + (z, y) + (y, 2) + ly|I?
< lfl* + 2[¢z, )| + [lylI”
<l )I* + 2f|z [yl + [ly]I*
= (Il + llwl)*.

Taking square roots on both sides, we get the triangle inequality.
We have equality here exactly when

(@,y) + {y, x) = 2[|z[|[[y[].
Note that the left-hand side of this equation is 2R (z,y), where R denotes the real part. By
the Schwarz inequality, we must then have
R{z,y) = lzlllyll = [{z, m)]-

Since the real part of any complex number cannot exceed its absolute value, we must have
that both sides of the above Schwarz inequality are equal, whereby x,y are linearly depen-
dent; furthermore, the imaginary part of (z,y) must be zero, so (x,y) is a positive real
number.

Without loss of generality, say we have x = cy for nonzero y (the only case this does
not cover is y = 0, which follows by switching the variables). We will show that ¢ is a real
nonnegative number. Since we have that

0 < R(z,y) =Ry y) = ey, y)| = cllyll”,
we can divide both sides by |ly||* to get that ¢ > 0. |

Thus by Lemma(8.2] inner product spaces are normed linear spaces, and Hilbert spaces are
Banach spaces. There are many equations and inequalities that apply in any inner product
space. Let’s look at a few.

Lemma 8.3 (parallelogram equality). In an inner product space, we have that
2+ yll* + llz = yll* = 2l ]1* + [ly[I*)-
Proof. We have that
lz +yll* + llz = yl* = (@ + y, 2 +y) + (& —y.x —y)

= (z,2) +{(z,y) + (y,2) + (¥, y) + (v,7) — (2,9) — (¥, 2) + (y,9)
=2||z)* + 2|yl = 2/l ]I* + lly[*)-
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9. EXAMPLES OF HILBERT SPACES

Let’s look at some examples (and non-examples) of Hilbert spaces.

Ezample. The space R" is a Hilbert space with inner product

<$7 y> = ijyﬁ
=1

where z = (z;) and y = (y;).

Ezxample. The space C" is a Hilbert space with inner product

<$v y> = ijy_ﬁ
j=1

where z = (z;) and y = (y;).

Example. The space ¢? is a Hilbert space with inner product

(z,y) = Z LjY;
j=1

for x = (z;) and y = (y;). Actually, ¢? is the first Hilbert space, and it was investigated by
D. Hilbert in his work on integral equations.

Example. The space P with p # 2 is not a Hilbert space, i.e. the  norm cannot be obtained
from an inner product. Take x = (1,1,0,0,---,0,---)and y = (1,—1,0,0,--- ,0,---), where
clearly z,y € /P. Thus

lzll =yl =27 |lz+yll =z —yl| =2,
SO
8= |z +yl* + llz — yll* = 2(||=* + lly*) = 2. 2 227 = 22/7+2,

which does not hold for p # 2.
Therefore /P for p # 2 is a Banach space which is not a Hilbert space.

Example. The space C[a, b] is not an inner product space, i.e. the norm ||z = maxefqp [2(t)]
can’t be obtained from an inner product. To see this, take x(t) = 1 and y(t) = (t—a)/(b—a),
s0 [|z]| = [lyll = 1 and

o(t) +y(t) = 1+ 5,
t—a
x(t)—y(t)zl—b_a.

Thus ||z +y|| =2, ||z — y|| = 1, and so

lz+yll* + llz = yl* =5 # 2(/l=]|* + [lyll*) = 4.
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10. INNER PRODUCTS

In this section, we will take a look at some identities and results regarding inner products.
First of all, inner products allow us to define orthogonality, which generalizes the concept of
perpendicularity to all inner product spaces.

Definition 10.1. An element x of an inner product space X is said to be orthogonal to an
element y € X if

(x,y) =0.

We also say that x and y are orthogonal, and we write x L y. Similarly, for subsets A, B C X
wewritex L Aifx Laforallae A,and A L Bifa L bforalla € Aandbée B.

We can use this definition of orthogonality and the parallelogram equality to generalize
the Pythagorean theorem to inner product spaces:

Theorem 10.2 (Pythagoras). For elements x,y in an inner product space X, with x 1 vy,
the following equation holds:

l]* + [lyll* = [l + yI*.
Proof. Notice that if z L y, we have that
lz = yl* = (& —y,z —y)
= (z,2) + (z,y) + (v, 2) + (¥, 9)
(@, 2) + (y,y) = ll=l* + |yl

Thus the parallelogram equality becomes ||z + y||* + ||z]|* + ||y]|* = 2(||=]|* + ||y||*), which
simplifies to

Iz +yl1* = [lzl* + Iyl
m

Another equation that we can prove with the parallelogram equality is the Appolonius
identity:

Corollary 10.3 (Appolonius). For any x,y, z in an inner product space, we have that
Iz =z l* + [l = ylI* = 3llz — yll* +2[lz — 3ll(= + »)|I*

Proof. We get this directly by plugging values into the parallelogram identity, namely z +
2(z+y) and 3(z — y). Thus we get

Iz ==* + 1z =yl =z + 3z +y) + 3z =PI + 2 + 3(z +y) + 3(z = )|
=2(llz + 3= + »)I* + I3z = »I*)
=2llz + 3(z + )|l + 3llz — yll*.

As a last result, we show that the inner product is continuous.

Lemma 10.4. Any inner product is continuous.
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Proof. Note that the lemma is equivalent to saying that if (z,) — x and (y,) — vy, then
(T, Yn) — (z,y). We thus have that as n — oo,

(s Yn) — (T, )| = [(Tns Yn) — (T, ¥) + (Tns y) — (T, 9)

< llzalllyn = yll + lzn — [yl — 0.

11. ORTHOGONAL COMPLEMENT

We now build up the concept of an orthogonal complement, extending another key part
of finite-dimensional inner product spaces. We first show that any complete convex subset
(which doesn’t have to be a subspace) of an inner product space contains a unique “closest”
vector to any vector in the inner product space.

Theorem 11.1. Let X be an inner product space and M # & a convexr subset which is
complete (in the metric induced by the inner product). Then for every given x € X there
exists a unique y € M whose distance from x is minimized to a value 6 € R. In other words,

0= inf ||z — gl = ||z —y|.
Inf Jlo =gl = |z —y]
Proof. We start with the existence. By the definition of an infimum there is a sequence (y,,)
in M such that we have the decreasing sequence
(6,) — 6, O = llz = yul|-
We show that (y,,) is Cauchy. Writing y,, — = v,,, we get ||v,|| = ¢, and
[vn + vmll = llgn + ym — 22 = 2/|5(yn + ym) — = = 20.

Because M is convex, we have that %(yn + Ym) € M. Furthermore, we have y, — y,, =
Up — Unm. By the parallelogram equality,

190 = Ymll* = lvn = vall* = =llvn + vml* + 2(J0al® + llvm1*)
< —(20)* 4+ 2(62 +62) — 0,

s0 (y,) is Cauchy. Since M is complete, we have a y € M such that (y,) — y. Since y € M,
|z —y|| > 6. Furthermore, ||z — y|| = ¢ since

2 =yl < llz = yall + lyn — yll = 6 + lyn — yll —> 6.
Next, we show uniqueness. Suppose that y € M and yy € M both satisfy
|z —yll =06, ]z —wl =04
By the parallelogram equality,
ly = woll* = [I(y — ) — (yo — 2)|I?

=2lly — 21 + 2llyo — =l = (y — =) + (3o — 2)|I”

= 46% — 4/ 5(y + yo) — x>
Notice that 3(y + yo) € M, so

13(y +y0) — || = 6.
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Thus we have that
0 < Jly —oll* = 46° = 4ll3(y + yo) — «|®
< 46% — 46% =0,
so ||y — yo|| = 0 and clearly y = yo. [
Now, if we consider complete subspaces in Theorem [11.1], we get a much stronger result:

Lemma 11.2. In Theorem let M be a complete subspace Y and x € X fixed. Then
z =x —y s orthogonal to Y .

Proof. 1f we did not have that z L Y, then there would be y; € Y such that

<Z7y1> = ﬁ ;é 0.
Evidently, y; # 0. For any scalar «,
Iz = ay|” = (= — a1, 2 — ay)
= (2,2) —a(z,y1) — al{y1, 2) — @(y1,41))

= (2,2) —af — a(B —aly, 1)),
Note that ||z]| = ||z — y|| =, so taking

o= B
<y1, y1>
yields
8P = B
Iz = am|® = (z,2) — —al|fB— (y1,91)
<?Jl7 n <y1, n
2
= (z,2) — 8" < 0%,
<3/17 Z/1>
which is a contradiction since Y is convex and therefore
0= inf [lo — vl <[]z — agl| = [lz = (y + ay)||.
Thus we must have that z L Y, so the lemma has been proven. [ |

Now, before discussing Lemma [11.2] we make a quick definition.

Definition 11.3. A vector space X is said to be the direct sum of two subspaces Y and Z
of X, written

X=Y®pZ
if each x € X has a unique representation
rT=y+z yeY,ze Z.

Then Z is called an algebraic complement of Y in X and vice versa, and Y, Z is called a
complementary pair of subspaces in X.
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In finite dimensions, we define the orthogonal complement Y+ of a subspace Y as the
subspace of all elements of our inner product space that are perpendicular to Y. The reason
we call this space the orthogonal complement is that a finite-dimensional inner product space
can be represented as Y @ Y+ for any subspace Y. Can we generalize this to subspaces of
infinite-dimensional spaces? Thanks to Lemma the answer (for closed subspaces of
Hilbert spaces) is yes.

Theorem 11.4. Let'Y be any closed subspace of a Hilbert space H. Then
H=Y Y™t

Notice that this theorem implies that we can take any vector x € H and and represent it
uniquely as the sum of a y € Y and z € Y*. We can thus define a projection operator of H
onto Y by

P:H—Y
x+—y = Px.

This projection operator is an extension of the finite-dimensional projection operator,
except with the restriction that it only applies to closed subspaces. Specifically, this operator
maps H onto Y, Y onto itself, and Y+ onto {0}.

Clearly, P is bounded, and since ||z|| = ||ly[| +[|z||, we have that sup,_; || Px|| is achieved
when ||z|| =0, so

sup [|P] = Jlo] = 1.
ll=l[=1
Thus || P| = 1.

Furthermore, P is idempotent, i.e. P? = P (meaning that if you apply P twice, you get
the same end result as applying P once).

Having seen why Thm. is important, we now turn to its proof.

Proof of Theorem[11.4 Since H is complete and Y is closed, Y must be complete. Since
Y is convex, by Theorem and Lemma [11.2] we have that for every x € H there exists

y € Y such that for some z € Y+,
r=y+z
To prove uniqueness, suppose that = y + 2 = y; + 21, where y; € Y, 2, € Y. Then
y—1y, = 2—21, but since y—y; € Y while 2—z; € Y+ we must have that y—y, € YNY+ = {0}.
Thus y = y1, and by the same logic z = 2. [ |

12. ORTHONORMAL SETS

In this section, we take a brief look at orthonormal sets:

Definition 12.1. An orthogonal set in an inner product space is a subset whose elements
are pairwise orthogonal. An orthonormal set is an orthogonal set whose elements all have
norm 1.

If an orthogonal or orthonormal set is countable, we can arrange it in a sequence and call
it an orthogonal or orthonormal sequence, respectively.

A property of orthonormal sequences is the Bessel inequality:
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Theorem 12.2 (Bessel inequality). Let (e;) be an orthonormal sequence in an inner product
space X . Then for every x € X,

oo

> e <l
j=1

One great property of orthonormal sequences is that if we know that some x can be
represented as an infinite linear combination of elements of an orthonormal sequence (e;),
then the orthonormality makes finding the coefficients quite easy. By the Bessel inequality,
we then know that the norm of the infinite series of coefficients multiplied by the elements
of orthonormal sequence is bounded. This fact greatly helps us in the search for “bases” of
infinite-dimensional inner product spaces.

Proof of[12.9. The proof of the Bessel inequality requires a lot of algebra, but we prove it
here since it is a frequently used inequality. This proof is adapted from [Con19).

We will start by showing that a few equations hold for finite orthonormal sets {e1, ..., e,}
using inner product axioms and identities defined earlier. Then, we’ll derive the Bessel
inequality for finite sets. Lastly, we’ll use a limiting process to show that the Bessel inequality
holds for the infinite case of an orthonormal sequence. The first such equality is that

<x, Z(x, e;) ej> = Z(x, (x,e;)e;)

j=1 j=1

= Z <<I7€j> ejvx>

= Z <€j7$><x>€j>

= <x>ej><xvej>

Thus we have that

= <q;— <$,6k> ek,x—z<$a€j> €j>

n

T — Z(:f;,ek>6k

= <x’x — Z(x,6j> 6j> — <Z<I,6k> €k, T — Z<x76j> €j>

= (x,x) — <x, Z(m,ej> ej> — <Z<x,ek) ek,x> + <Z(z,ek> €k, Z(x,6j> e;

j=1 k=1 k=1 j=1

;
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= llell* ~ <x’z z,e5) € > <x>z<$,€j>ey’> +

n 2

Z(x,e@ e

j=1 j=1 k=1
n n n
= [llI* - <I>Z z,¢5) ¢ > - <I>Z<~’L‘,€j>€j> + ) I, en) el
j=1 j=1 k=1
n n
= [|z||* — <x,z T, e;)e > <x,z T, e;)e > Z z, ep)|
j=1 j=1 k=

= el = Y Hw,en) P = D e ep) P+ ) e, en)?
j=1 j=1 k=1

n

= lzlI* =2 [z, e} + ) |, ex)?
j=1 k=1
= Jl|® =D [, )
k=1

Now, given that we are looking at a norm in this second equation, we have that

2 n
= Jlel® =Dz, en)l’,
k=1

so consequently we have the Bessel inequality for finite sets:

n
> e < =)
k=1

n

T — Z(x,ek>ek

k=1

0<

Since for each k, we have that
[{z, ex)* =0,

we have that the sequence (y,,), where

n
= Z (2, 6/€>|2a
k=1

is bounded and increasing. Thus from the monotone convergence theorem, we have that (y,)
converges, say to some y € R. Since y, < ||z||* for each n, we have that ||h|* > limy, = y.

In other words,
1R > (e, en)?
k=1

13. BASES OF INFINITE-DIMENSIONAL SPACES

A major proof technique in linear algebra is the use of coordinate representations of a
vector under a certain basis. While this is not generalizable to infinite-dimensional spaces,
as any such space must have an uncountably large basis (in the sense of linear algebra),
we can modify this technique slightly to get it to work in our new setting. In this section,
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we’ll look at a few different types of bases for infinite-dimensional spaces, ultimately leading
up to the idea of a complete orthonormal basis. Before discussing these types of bases, we
introduce the idea of a separable space:

Definition 13.1. A metric space X is said to be separable if it has a countable subset M
which is dense in X, i.e. the closure of M is X.

The reason separability is important is that if our Hilbert space is separable, then it can
be thought of as small enough to have a countable “basis” of orthonormal elements. Here,
we allow for elements of our separable space to be represented as the linear combination of
infinitely many elements of the basis. As mentioned earlier, if we only allow for finite linear
combinations of basis vectors then our basis must be uncountable. As an aside, note that
our new definition of basis is called a Schauder basis, while the definition from linear algebra
is also known as the definition of a Hamel basis. Every nonzero vector space has a Hamel
basis (see [Kre91)); however, not every vector space has a Schauder basis. In particular:

Lemma 13.2. Any nonseparable vector space does not have a Schauder basis.

Proof. Let V be a vector space, and suppose we have a Schauder basis (e;) of V. Then for
any x € V, we have some (a;) such that

00
E o;e; = .
=1

Now, consider the set () C V whose elements can be expressed as

oo
§ qi€i,
=0

where each ¢; is rational. Since the number of rational numbers in R, the number of numbers
with rational coefficients in C, and the number of elements in our Schauder basis are all
countable, we have that () is countable.

For each «;, define a sequence of rational approximations (a;;), which must exist by the
density of rationals. Then we have a sequence (x;) — =, where

)
.I'j: E aijej.
=0

Note that for all j, z; € @, and since @) is countable we must have that the space V is
separable. ]

Our discussion over the last few paragraphs leads to the following defintion:

Definition 13.3. An orthonormal sequence (e;) in an inner-product space H (which could
be finite or infinite) is said to be mazimal if for (u,e;) = 0 for all i means that u = 0 for
all u € H. We call a maximal orthonormal sequence in a separable Hilbert space a complete
orthonormal basis.

Essentially, a maximal orthonormal sequence is the largest orthonormal sequence of nonzero
elements of an inner-product space.
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14. SEPARABLE HILBERT SPACES

We now look more closely at separable Hilbert spaces and ultimately generalize one of the
major results from finite dimensional linear algebra, which says that that any vector space
(or even inner product space) of dimension n over the field F is isomorphic to F":

Theorem 14.1. A finite-dimensional vector space V over a field F, with dimV = n, is
isomorphic to F™.

Proof. Choose a basis vy, ...,v, of V. Then we can write any vector v € V' as
vV =aivr + -+ apty.

Now take a basis ey, ..., e, of F". Then there exists a unique element x € F" where
T =aie; + -+ apty.

Thus we define our isomorphism between V' and F" by mapping every v to its corresponding
x. [

Clearly, the proof above relies on the basis representation of each vector v € V. Unfortu-
nately, we can’t utilize such representations for every infinite-dimensional vector space, but
in this section we will extend this theorem and its proof technique to the case of separable
Hilbert spaces.

We have defined complete orthonormal bases in separable Hilbert spaces; however, before
discussing further about complete orthonormal bases, let’s verify their existence:

Theorem 14.2. Every separable inner-product space contains a maximal orthonormal se-
quence.

Note that Theorem states that any separable inner-product space contains a maximal
orthonormal set. However, the existence of such sets outside of Hilbert spaces does not
matter very much because these sets do not always act like bases outside of these spaces.
This is because in incomplete spaces, there is no guarantee that a linear combination of basis
elements (which is Cauchy, as we’ll prove in the proof of Thm. converges.

Now, to prove Theorem [14.2] we will use the Gram-Schmidt procedure from linear algebra
(see [Ax197] for the finite-dimensional case).

Proof of Theorem[14.9 Take a countable dense subset, i.e. one that can be arranged as a
sequence (v;) and which exists since our space is separable. We will orthonormalize (v;) to
a sequence (e;) using the aforementioned Gram-Schmidt process while keeping the span of
this sequence the same.

Take the first element of the series satisfying v; # 0, and then set

Uj

lv; I

€1 =

Now, suppose that for the first n elements vy, ..., v, we have found m nonzero orthonormal
elements eq, ..., e, where m <n and

span (eq, ..., €y,) = span (vy,...,v,).
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If v,41 is in the span of ey, ..., e, then our above equation holds for vy,..., v, in place
of v1,...,v,. Thus assume that v, € span (eq,...,e,). It follows that

o0

W = Upt1 — Z (Un+1,€5) €5 # 0,

j=1

so that we can set w
Emil = T—.
[[w]

Now notice that e,,1 L {e1,...,en}.

We can continue this process indefinitely, and ultimately we will either get an orthonormal
set which may be finite or infinite and which we can arrange into a sequence (e;). Now, we
claim that any vector u € H that is perpendicular to each e; is the zero vector. We prove
this using the density of the elements v,,.

Choose u such that u L e;Vj. Since {v,} is dense in H, we have that there must be a
sequence (wy) of elements of {v;} with (wy) — u. Each wy, is a finite linear combination of
elements e; by construction, so by the Bessel inequality

lwell® =D Wwn, e)P =Y 1w — wi, ) < flu —wi?,

jeN jeN
which we get because of the fact that (u,e;) = 0Vj. Thus we see that evidently ||wy|| — 0,
so u = 0. |

One fact we will want to verify is that our “basis” indeed has a representation of each
element in its Hilbert space. Indeed, we will prove this below.

Theorem 14.3. If (e;) is a complete orthonormal basis in a Hilbert space H then for any
element uw € H the ‘Fourier-Bessel series’ converges to w:

u= Z (u, ej) e.
j=1
Proof. Consider the sequence of partial sums of the Fourier-Bessel series
N
uy = Z (u,e;)e;.
j=1
If m < n, then

n

lun —wnl? = D Kuep)? <D Huep)f,

Jj=m+1 j>m
which is small for large m by the Bessel inequality (Thm. [12.2). Since we assume that our
space H is complete, note that u,, — w € H. Now, notice that for all m > j we have that
(Um, €j) = (u, e;) and furthermore [(w — u,, e;)| < [Jw — u,||. Thus
<wv€j> = lim <umvej> = <u7 €j>
m—0o0
for each j. Thus we have that (u —w,e;) = 0 for all j and so by the definition of a complete

orthonormal basis © — w = 0 and thus u = w. |

The existence of a complete orthonormal basis leads us to the following result:
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Theorem 14.4. Any infinite-dimensional separable Hilbert space is isomorphic to (2.

Now, in itself this result is remarkable. However, it is even more astonishing when con-
sidered as an extension of the aformentioned linear algebra result about spaces of the same
dimension over the same field being isomorphic. This extension is especially of note when
one considers that the inner product on ¢? is an extension of the finite-dimensional dot
product (otherwise known as the inner product on F", where F is either C or R) to infinite
dimensions. Let’s prove the isomorphism (the proof is adapted from [Mel14]).

Proof of Theorem[14.4. The theorem is equivalent to saying that there exists a bijective
linear map

T:H—
such that for all u,v € H,
(Tu, Tv)pz = (u,v)y | Tul|pz = ||uHH
Thus we choose an orthonormal basis (which must exist by Thm. and set

Tu = ((u,e5));2, -
By the Bessel inequality , T maps H onto /2. Since all entries in the sequence are
linear in u, T is linear.
Furthermore, T is injective since whenever Tu = 0, (u, e;) = 0 for all ¢ and thus v = 0 by
the completeness of the basis.
Lastly, to show that T' is surjective note that if (¢;)52, € ¢? then

oo
= E , Cj€j
J=1

converges in H. By the same argument as our last proof, the sequence of partial sums is

Cauchy since if n > m,
2 n

= Z !%‘!2-

H j=m+1

n
E Cj€;

Jj=m+1

Since the inner product is continuous by [10.4) T'u = (¢;) so 7' is surjective.
The norms are equal because for u as above,

[e.9]

oo
ITufle = | > 2= Z u, ;) (u, u) = ||u]| g

J=1
|

To sum up the significance of this theorem, we have that any separable complex Hilbert
space is isomorphic to either C" or ¢2, based on the size of its complete orthonormal basis.
Now, this makes intuitive sense because the representation of some vector v with respect to
an orthonormal basis ey, ..., e, on C" is given by

n

Z <U7€j> €

J=1
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while the representation on ¢£* with respect to an orthonormal basis (e;) is given by

Z (v, e;).

J=1
15. RIESZ REPRESENTATION THEOREM

In finite-dimensional linear algebra, the Riesz representation is relatively trivial, in that it
is a direct consequence of the basis representation of vectors in the dual space.

Theorem 15.1 (Riesz representation, finite dimensions). Suppose V' is a finite-dimensional
vector space. Then for every linear functional f on V', there exists some zy € V' such that
forallz eV,

flx) = (x, zp).

Essentially, the theorem states that any inner product in a finite-dimensional space can
be represented by a linear functional over that same space. The proof is standard from
linear algebra (see [Ax197] for more details about the Riesz representation theorem in finite
dimensions).

Proof of Thm[15.1 First we show there exists a vector zy € V such that f(x) = (z, zf) for
all z € V. Let eq,...,e, be an orthonormal basis of V. Then Vx € V,

f(@) = f({z,ex) er + -+ (z,en) €n)
= (z,e1)fler) + -+ (z,en) flen)

= (z, f(er) ex + -+ flen) €n).
We let L L

zp = fler)er+ -+ flen) en,
and now we have f(x) = (z, z5), as desired.

For uniqueness, assume that there exist w,z € V with f(x) = (z,w) = (z,2). Then we
have that (z,w — z) = 0Vz € H, so taking z = w — z we get

(w—2z,w—2) = |lw—z[]* =0,
so w — z = 0 and thus w = z, showing that the representation is unique. [ |

The Riesz representation theorem can be extended to arbitrary Hilbert spaces, but we
must impose the restriction that f is bounded for the theorem to be true. Ultimately, since
in this case the space of bounded linear functionals is the dual space, we again establish the
same connection between linear functionals and inner products as in the finite-dimensional
case.

Theorem 15.2. [Riesz representation] Every bounded linear functional f on a Hilbert space
H can be represented in terms of the inner product, namely, f(x) = (z, zy) where z; depends
on and is uniquely determined by f and has norm || z¢| = || f|.

Proof. We start by proving that f has a representation. In the case f = 0, then the theorem
holds if we take z = 0. Thus let f # 0. Now, let’s look at the properties that zy must have
if a representation exists.

Firstly, zy # 0 since otherwise f = 0. Then also (z,z;) = 0 iff f(z) =0, so (z,zf) =0
exactly when z is in the null space null f. Since the inner product of z; with any element
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of null f is 0, we can surmise that z; L null f, so z; € (null f)*. Now, we know that null f
is a closed vector space. Since f # 0, null f # H so that (null f)* # {0} by Theorem .
Thus there is a nonzero zy € (null f)*. Let v = f(x)20 — f(20)z where z € H is arbitrary.
Thus v € null f since f(v) = f(x)f(20) — f(20)f(z) = 0. Thus since zo L null f,

0= (v, 20) = (f(x)20 — f(20),20) = f(x)(20, 20) — f(20){, 20)-

Since (zg, 20) = ||20]]* # 0, we can solve for f(x) to get
f(20)
T) = T, 2p).
f( ) <Zo, ZO) < 0>
Setting
f(20)
_ %o,
(20, 20) ’

we get that f(z) = (z,2) as desired, and since © € H was arbitrary we have proven the
existence of a representation.

Now we prove the uniqueness of the representation. Suppose we have two nonzero elements
w, 2 € (null f)* with f(z) = (x,w) = (x,z) Vo € H. Then we have that (z,w —2) = 0Vx €
H, so taking z = w — z we get

(w—z,w—2) = ||lw—z|* =0,

so w — z = 0 and thus w = z, showing that the representation is unique.
Lastly, we prove that ||z¢|| = ||f||. Note that if f = 0, then ||f|| = 0 and since zy = 0
| fll = llz7]l. Now take f # 0, and note that z; # 0. Then we have that

1z 1* = (2, 27) = f(2) < W f Ml

We can divide by ||z¢|| > 0 on both sides to get ||z¢|| < || f||. Now by the Schwarz inequal-
ity 8.2 we have that

[F@)] = [z, 2p) | < l]][]=]]

Thus
V4
191 = s I 29) < (2027 ) = sl
lz/|=1 [EA
Thus it is evident that || f|| = ||z¢]|, concluding our proof. |

We conclude this section with a quick corollary demonstrating the power of Riesz repre-
sentation that strengthens the connection we saw previously between (2 and F":

Corollary 15.3. The dual space of the real space (* is (>.

Proof. An isomorphism of (¢2)" onto (? is f — zy, where z; is

flz) = (z,zp).
This mapping is a bijection by the Riesz representation theorem|[15.2] Note that this mapping
is conjugate linear for 2 by af — @zy, so it is not an isomorphism. |

This is significant because this again parallels the finite-dimensional F", where (F")" = F".
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16. FURTHER READING

There are a great many applications of functional analysis. In this expository paper,
many small results were shown; however, there were not many mentions of applications of
this theory. Some applications can be found in solving integral equations, approximation
theory, and quantum mechanics. The interested reader may wish to read through some of
the books in the references of this paper to learn more functional analysis, and the author
specifically recommends [Kre91] if the reader is interested in learning about its applications.
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