VECTOR SPACES

MARK H. KIM

ABSTRACT. This set of notes concerns the basic theory of vector spaces. Ad-
vanced topics such as module theory ans spectral theory are not covered.
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1. FIELDS

We begin by considering generalizations of the real and complex number systems.

Definition 1.1. A field is a quintuplet (F,+,-,0p,1r) of a set F' equipped with
two binary operations + : F'x F' — F and - : F' x ' — F and identity elements Or
and 1 such that the following properties hold:

(FA1) addition is commutative, viz., a + b = b+ a for all a,b € F};

( ) multiplication is commutative, viz., a + b =0+ a for all a,b € F}

(FA3) addition is associative, viz., a4+ (b+¢) = (a + b) + ¢ for all a,b € F}

(FA4) multiplication is associative, viz., a(bc) = (ab)c for all a,b,c € F}

(FA5) addition and multiplication are distributive, viz., a(b+ ¢) = ab + ac and

(a+b)e=ac+ be for all a,b,c € F;

(FA6) an additive identity O exists, so that a +0p =0p + a = a for all @ € F;

(FAT) a multiplicative identity 1p exists, so that alp = 1pa = a for all a € F}

(FA8) addition is invertible, viz., each a € F admits —a € F such that a+ (—a) =
(—a)+a=0p;

(FA9) multiplication is invertible, viz., each a € F \ {0z} admits a=! € F\ {0p}
such that aa=! = a ta = 1p.

Remark 1.2. If there is no danger of confusion, we simply write 0 and 1 for O and
1p, respectively. Moreover, given n € N and x € F', we write n - x to denote the
n-fold sum = + - - - 4+ z.

Example 1.3. The set of real numbers R with usual addition and multiplication is
a field. Similarly, the set of complex numbers C and the set of rational numbers Q
with usual addition and multiplication are also fields. O

Proposition 1.4. Let F' be a field.

(1) O is the unique additive identity, and 1p is the unique multiplicative identity.
(2) Additive inverses and multiplicative inverses are unique.

(3) Op # 1p.

(4) a0p = 0pa =0 for alla € F.

(5) —(ab) = (—a)b = a(=b) for alla,be F.

Proof. Routine. O

Note that Q, R, and C all share the same addition and multiplication operations.
In what sense is Q a substructure of R, or C a superstructure of R? We formalize
these notions below.

Definition 1.5. A subfield of a field F is a subset K of F' such that
(1) Op,1p € K;
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(2) a+be K and ab € K whenever a,b € K;
(3) —a € K and a™! € K whenever a,b € K.

Remark 1.6. It follows at once that K is a field with the same addition and multi-
plication operations as F'.

Definition 1.7. A field extension of a field K is a field F' that contains K as a
subfield.

Example 1.8. Q has no proper subfield. Indeed, every subfield F' of Q must contain
all the integers and their multiplicative inverses. Therefore, % € F for all n €
Z ~ {0}. Moreover, 2 = > L must be contained in F, whence FF 2 Q. It
follows that F' = Q. [l

Ezample 1.9. R is a field extension of Q. C is a field extension of R or Q. O

Example 1.10. Let d be a squarefree integer, viz., d # 0, d # 1, and the prime
factorization of d does not repeat any prime. The subset

QVd] = {a+bVd:a,beQ}

of C is a subfield of C, called a quadratic field. If d > 0, then Q[/d] is said to be a
real quadratic field; if d < 0, then (@[\/&] is said to be an imaginary quadratic field.

Ezample 1.11 (Modular arithmetic). So far, every example of a field we have con-
sidered was infinite. Let us now construct finite fields. For each k € Z1, we define
the following equivalence relation on Z:

n ~ m if and only if n — m is divisible by k.
We denote by Z/kZ the quotient set Z/ ~j and define the addition and multipli-
cation operations by setting

[+ [m]=[n+m] and [n] -[m]=[n-m]

for all n,m € Z. It is not hard to check that these operations are well-defined.

Note that modular addition is always invertible, as [k—n] is the additive inverse of
[n]. Most integers, however, do not have multiplicative inverses, and so invertibility
of modular multiplication is a trickier matter.

We claim that Z/kZ is not a field if k is not a prime. To see this, we suppose that
p is a prime number strictly less than k that divides k. We can then find m € N
such that k = pm. If [pm] = [1] for some n € Z, then pn—1 = kn’ = pmn’ for some
n' € Z, so that p(n—mn’) = 1. But p > 2, and so p does not admit a multiplicative
inverse in Z. This is absurd, and we conclude that p has no multiplicative inverse
in Z/kZ.

Let us now show that Z/kZ is a field whenever k is prime. To this end, we make
use of the following lemma:

Lemma 1.12 (Bézout’s identity). For all n,m € Z, we can find a,b € Z such that
an + bm = ged(n, m).
Proof of lemma. We first show that if
{an+bm:a,b€Z} ={cd:ce€Z},

and d > 0, then then d = ged(a,b). Since m,n € {cd : ¢ € Z}, we see that d | n
and d | m, and so d is a common divisor of n and m. If d’ is an arbitrary common
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divisor of n and m, then d’ | an+bm for all a,b € Z. Since d € {an+bm : a,b € Z},
we see that d' | d. It follows that d = ged(m,n) as was to be shown.

What we have shown above implies that ged(m,n) € {an +bm : a,b € Z}, and
the lemma now follows. O

We now fix a nonzero integer n and apply the above lemma to find my,my € Z
such that myn + mok = ged(n, k). Since k is assumed to be prime, ged(n, k) = 1.
We now observe that

[1] = [man + mak] = [mu][n] + [mok] = [ma][n] + [0] = [ma][n],
whence [my] is the multiplicative inverse of [n]. O

Note that k- [1] = [0] in Z/kZ, even though there is no integer n such that
n -1 =0 in Z. This difference is captured by the following notion:

Definition 1.13. A field F is of characteristic k in case k is the smallest positive
integer such that k- 1p = 0. If no such positive integer exists, then we say that F’
is of characteristic zero. We write char(F') to denote the characteristic of F'.

Ezample 1.14. Q is of characteristic zero. O
Ezample 1.15. Z/pZ is of characteristic p. (I

The above two examples cover all possible cases, as far as the computation of
characteristics is concerned:

Proposition 1.16. FEvery field of positive characteristic must be of prime charac-
teristic.

Proof. Let k = char(F). We suppose for a contradiction that k& = mn for some
integers m,n > 2. Since m < k and n < k, we can find elements a,b € F' such that
m-a# 0 and n-b=# 0, respectively. Now,

O=mn-ab= (m-a)(n-b).

But then
0=0m-a) *(n-b)" = (m-a)(n-b)(m-a)*(n-b)~*
— (m-a)(m-a)~ (n-b)(n-b)~} =
which is absurd. We conclude that F' is of prime characteristic. (I

The above proposition shows that the subset
P = {OF, 1F72 . 1F; ey (Char(F) — 1) . IF}

of a field F' of positive characteristic forms a subfield of F'. In other words, a field of
positive characteristic contains a copy of Z/ char(F')Z. To formalize this, we need
to introduce the notion of field isomorphism.

Definition 1.17. A field homomorphism, or a morphism of fields, is a function
¢ F— K between two fields F' and K that satisfies the following properties:

(1) ¢(a+b) = ¢(a)+ ¢(b) for all a,b € F;
(2) ¢(ab) = p(a)p(b) for all a,b € F;

(3) ¢(0F) = 0F;

(4) ¢(1p) =1p.
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Proposition 1.18. The collection of all fields with field homomorphisms forms a
category, denoted by Field. Moreover:

(1) monomorphisms in Field are injective field homomorphisms;

(2) epimorphisms in Field are surjective field homomorphisms;

(3) isomorphisms in Field, called field isomorphisms, are bijective field homomor-
phisms;2

(4) every morphism in Field is a monomorphism;

(5) every epimorphism in Field is an isomorphism.

(6) Given a field homomorphism ¢ : F — K, the image im ¢ is a subfield of K
that is isomorphic to F.

Proof. Checking the category axioms is trivial.

(1) Let f: F — K be a function. Suppose that f is a monomorphism in Field.
This, in particular, implies that f is a monomorphism in Set, whence Example
17.8 implies that f is an injective function. The assumption also implies that f is
a field homomorphism.

Conversely, suppose that f is an injective field homomorphism. Let g1,g2 : S —
F be field homomorphisms such that f o g; = f o gs. This, in particular, implies
that fog; = fogs in Set, and so Example 17.8 implies that g; = gs.

(2) Let f: F — K be a function. Suppose that f is an epimorphism in Field.
This, in particular, implies that f is an epimorphism in Set, whence Example 17.8
implies that f is a surjective function. The assumption also implies that f is a field
homomorphism.

Conversely, suppose that f is a surjective field homomorphism. Let hy, hy : K —
S be field homomorphisms such that hy o f = hg o f. This, in particular, implies
that hy o f = ho o f in Set, and so Example 17.8 implies that h; = hs.

(3) If ¢ : F — K is a bijective field homomorphism, then ¢~!(0x) = 0 and
¢ Y(1k) = 1p. Moreover, given a,b € K, we set ¢ = p~1(a) and d = p~1(d). We
then observe that

e Ha+b) =9 (o) +o(d) = p(c+d) =c+d=p (a) + ¢ " (b)
and that

v~ (ab) = o~ (p(c)p(d)) = 97 (p(cd)) = cd = ¢~ (a) ™ (b).
Therefore, ¢ is an isomorphism in Field. The converse is trivial.
(4) Let ¢ : F — K be a field homomorphism. We define the kernel of ¢ to be
the set
kero={x € F:p(x) =0g}.
We first show that ¢ is injective if and only if If ¢ is injective, then the kernel is
clearly trivial. Conversely, we suppose that the kernel is trivial and fix a,b € F
such that ¢(a) = p(b). Note that ¢(a — b) = Ok, so that a — b € ker . It follows
that a = b, whence ¢ is injective.
Let us now define an ideal of F' to be a subset I of F' such that
e ac Fandxel imply ax € I;
e x,yclimpliesz+yel.
We show that F has only two ideals: {Or} and F'. Indeed, if = is a nonzero element
of anideal I, then lp =z 'z €I, andsoa=alp €I foralla € F.
Observe that ker ¢ is an ideal of F. Indeed, if a € F' and x € ker ¢, then

plazr) = pa)p(zr) = p(a)0x = Ok,
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so that ax € ker . Moreover, if x,y € ker ¢, then

o(x+y)=¢(@)+e(y) =0k + 0k = 0k,

and so  + y € ker .

Now, ¢(1p) = 1k # Ok, and so 1p ¢ kerp. Since ker ¢ is an ideal, it follows
that ker ¢ = {Op}, whence ¢ is injective. The desired result now follows from (1).

(5) This is a direct consequence of (1), (2), (3), and (4).

(6) Let ¢ : F — K be a field homomorphism. Evidently, 0x = ¢(0r) and
1k = ¢(lp). We fix a,b € im ¢ and find ¢,d € F such that a = ¢(c) and b = ¢(d).
Observe that

a+b=yp(c)+ p(d) =¢lc+d) €imep.
Similarly, ab € im . We also note that

1 = p(c =) = p(c)p(—c) = ap(—c),
whence —a = ¢(—c) € imp. Similarly, a=! € imy. We conclude that im ¢ is a
subfield of K.
It now follows from (5) that F' = im ¢. O

As a simple application, we establish the following property of characteristics:

Corollary 1.19. If there exists a field homomorphism ¢ : F — K, then char(F) =
char(K).

Proof. Proposition 1.18 implies that ¢ is an injective field homomorphism.
If char(F) = 0, then n- 1p # Op for all n > 1. Since ¢ is injective,

n-lg=n-p(lp)=en-1p)

is never O for any n > 1. We conclude that char(K) = 0.
If F is of positive characteristic, then an analogous argument implies that

n-lg=n-9o(lp)=¢n-1p)

is nonzero for all 1 < n < char(F) — 1 and is zero when n = char(F). It follows
that char(F) = char(K). O

What the above corollary tells us is that it is necessary to have matching char-
acteristics in order for field homomorphisms ¢ : F — K to exist. We now show
that, if F' is either Q or Z/pZ, then it is sufficient to have matching characteristics
to ensure the existence of field homomorphisms. To lay out the proper context for
this result, we introduce the notion of the prime subfield of a field, i.e., the subfield
generated by 1.

Definition 1.20. Let F' be a field and let S be a subset of F. The subfield of F
generated by S is the smallest subfield of F' that contains S, viz., the intersection
of all subfields of F' that contains S. If S = {1}, then the subfield generated by S
is referred to as the prime subfield of F.

The promised sufficiency result is established below:

Theorem 1.21. Let F be a field. If char(F) = 0, then the prime subfield of F is
isomorphic to Q. If char(F) = p for some prime p, then the prime subfield of F is
isomorphic to Z/pZ.
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Proof. Let F be a field and let P be the prime subfield of F. If char(F') = 0, then
the mapping (n/m) =n-(m-1r)~! is a field homomorphism from Q into F. Since
1r € im ¢, we see that im ¢ is a field extension of P. now, im ¢ = Q by Proposition
1.18(6). Example 1.8 shows that Q has no proper subfield, and so P = im ¢ = Q.
If char(F) = p, then the mapping ¢(n) = n - 1p is a field homomorphism from
Z/pZ into F. Analogously as above, we can deduce that P = im ¢ & Z/pZ. O

2. VECTOR SPACES

Let us now consider generalizations of the Euclidean n-space R™ and its complex
counterpart C”.

Definition 2.1. Let F be a field. A wector space over F, or an F'-vector space,
is a set V equipped with vector addition V x V — V and scalar multiplication
F x V — V that satisfy the following properties:

) vector addition is commutative, viz., v + w = w + v for all v,w € V;

) vector addition is associative, viz., (v+w)+z = v+ (w+z) for all v,w,z € V;

) the additive identity Oy exists, so that v + 0y =0y +v =wv for all v € V;

) vector addition is invertible, viz., each v € V admits —v € V such that v +
(—v) = (—v) +v = Oy;

(5) scalar multiplication is associative, viz., a(bv) = (ab)v for all a,b € V;

(6) scalar multiplication is distributive, viz., a(v + w) = av + aw and (a + b)v =

av + bu for all a,b € F and v,w € V;

(7) 1pv =w for all v € V;

(8) Opv =0y for all v € V;

(9) —lpv=—vforallveV.

Example 2.2. If we have a field F' and a subfield K, then F' is a vector space over
K. O

FEzxzample 2.3. Given a field, we define
Fr={(',...,o") v, ... 0" € F}

and endow it with coordinate-wise vector addition

(' 0" + (L w) = (v F et o ™)
for all v!, ..., o™, w!,...,w" € F and scalar multiplication
a(@t,...,0") = (av',. .., av™)
for all a,v!,...,v™ € F. F" is easily seen to be a vector space over F. O

FEzample 2.4. We generalize the above example by considering infinite copies of a
field F'. Given an index set I, we consider the I-fold cartesian product

FI=T]F ={(")aer : v* € F}
ael

and endow it with coordinate-wise vector addition
a(v®)aer = (AVY)acr-

FT is easily seen to be a vector space over F. (I
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Example 2.5. Although the construction of F'! seems completely natural, we shall
see in due course that F! is not a very useful object. Here we construct a substruc-
ture of F! that will serves as the model vector space in developing the theory of
linear algebra.

Given a field F' and an index set I, we define F®! to be the subset of F!
consisting of vectors (v%¥)4es such that v = 0 for all but finitely many indices a.
If we endow F®! with coordinate-wise vector addition and scalar multiplication,
then F®! becomes a vector space over F. Indeed, the key fact to observe is that
the coordinate-wise vector sum of two elements of F®! still belongs to F®!. (Il

The above construction motivates the following definition of substructures of a
vector space:

Definition 2.6. Let V be a vector space over a field F. A linear subspace of V is
a subset W of V' such that

(1) 0y € W,

(2) if v € W, then av € W for all a € F;

(3) if v,we W, thenv+w e W.

Remark 2.7. It follows at once that W is a vector space with the same vector
addition and scalar multiplication operations as V.

We also introduce structure-preserving maps for the category of vector spaces.

Definition 2.8. Let F be a field. A linear transformation is a function T : V — W
between two vector spaces V and W over F' that satisfies the following properties:
(1) T(v+w) =T(v) + T(w) for all v,w € V;

(2) T(av) = aT(v) for each a € F and every v € V;

(3) T(0v) = Ow.

A linear transformation is also referred to as a linear map,” an F-linear map, a linear
mapping, an F-linear mapping, a linear operator, or a morphism of vector spaces.
A bijective linear transformation is said to be a linear isomorphism, or simple an
isomorphism. We say that two vector spaces V and W over F are isomorphic, or
linearly isomorphic, if there exists a linear isomorphism V — W.

Remark 2.9. We often drop the parentheses and write Tv to denote T'(v).

Proposition 2.10. The collection of all vector spaces over a fized field F with
linear transformations forms a category, denoted by F—Vect. Moreover:

(1) monomorphisms in F—Vect are injective linear transformations;

(2) epimorphisms in F—Vect are surjective linear transformations;

(8) isomorphisms in F—Vect, called linear isomorphisms, are bijective linear trans-
formations;

(4) Given an injective linear transformation T : V' — W, we have the isomorphism
imT = V. (See Definition 5.1)

Proof. A routine modification of the proof of Proposition 1.18 works. O

3. BASES, PRODUCTS, SUMS, AND FREE VECTOR SPACES

We shall show that every vector space is isomorphic F®! for some index set I.
To this end, we single out the basic building blocks of vector spaces.
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Definition 3.1. Let V be a vector space over a field F'. A linear combination of

V1,...,0, € Vis a vector in V of the form

(32) a1vy + -0+ apy,

where ay,...,a, € V. We say that {vq,...,v,} is linearly independent in case (3.2)
equals zero if and only if a; = --- = a, = 0. The span of {v1,...,v,} is the set

span{vy,...,v,} ={a1v1 + ...+ apv, 1 a1,...,a, € F}
of all linear combinations of vy, ..., v,.

Definition 3.3. Let V be a vector space over a field F', I an index set, and
{va}acr C V. We say that {v,}acr is linearly independent if every finite subset
thereof is linearly independent. a set that is not linearly independent is said to be
linearly dependent. The span of {v®},er is the union

span{vy taer = U span A.

Ag'{”a }L.YEI
A is finite

{v*}qer is said to be a basis of V if span{vy}tacr = V and {vg}acr is linearly
independent.

Remark 3.4. We note that the span of any subset of a vector space V is a linear
subspace of V.

Remark 3.5. We insist on taking finite linear combinations, as infinite sums do not
make sense in general vector spaces.

Example 3.6. Consider F®! that was constructed in Example 2.5. We define the
standard coordinate vectors to be the set {e, }acr of vectors

o — B
ea(ﬂ){l if a = g,

0 otherwise.
{ea}acr is easily seen to be a basis of F®L. O

The most fundamental property of a basis is that every vector admits a unique
representation as a finite linear combination of the basis elements.

Proposition 3.7. Let V be a vector space over F. If V admits a basis {va }acr,
then there exists a unique function a : V.~ {0} — [[,c; F such that, for each
v eV~ {0},

(1) a(v)(e) =0 for all but finitely many o € I, and

(2) v=2Laerav)(@)va

Remark 3.8. The sum in (2) always makes sense, as (1) guarantees that the sum is
finite.

a€cl

Proof. The existence of such a function follows at once from the fact that {vy }aer
is a basis of V. To prove uniqueness, we suppose there are two such functions, a
and b. Fix a nonzero vector v in V, so that

v = Za(v)(a)va = Z b(v)(a)vg,.

ael acl
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This, in particular, implies that

O=v—v= Z (a(v)(a) — b(v)(a)) vq.
ael
Since {vq }acr is a linearly independent subset of V', we conclude that a(v)(a) —
b(v)(a) = 0 for all « € I, whence a(v) = b(v). v was chosen arbitrarily, and so
a=b. O

Theorem 3.9. Let V be a vector space over a field F. Fvery set of linearly inde-
pendent vectors in V' is contained in a basis of V.

The proof below is an archetypal “zornification” argument: construct a small
extension by hand, use Zorn’s lemma to create a maximal object, and verify that
this maximal object is the desired one.

Proof. Fix a set A of linearly independent vectors in V. If A is a mazimal linearly-
independent set, viz., every superset B of A is linearly dependent in V', then A
is a basis of V. Indeed, if there exists a vector v € V such that no finite linear
combination in A equals v, then A U {v} is a linearly-independent superset of
A, contradicting the maximality condition. We therefore assume that A is non-
maximal.

Let (A, =) be the collection of all linearly-independent supersets of A in V|
ordered by the set-inclusion relation: B < C' if and only if BC C. If {B, : a € I}
is a chain in A, then (J,.; Ba is an upper bound of {B, : « € I} in A. It now
follows from Zorn’s lemma (Theorem 18.21) that there exists a maximal element B
of A, which, by construction, is a maximal linearly-independent subset of V. [

Bases provide an extremely important isomorphic invariant in F'—Vect.

Definition 3.10. The dimension of a vector space V over a field F' is the cardinal
number corresponding to an arbitrary basis of V.

Theorem 3.11. FEvery basis of a fixed vector space V' over a field F is of the same
cardinality. In particular, the dimension of V is well-defined.

Corollary 3.12. Dimension is an isomorphic invariant in F'—Vect.

Proof of theorem and corollary. We assume for now that V' has a finite spanning
set. It follows at once from the claim below that all bases of V' must be of the same
cardinality.

Claim. If {v1,...,v,} is a linearly independent subset of V, and if {s1,...,Sm} is
a spanning set of V, then n < m.

Proof of claim. Consider the list
S1yeevsSm | V1. e,y Un;

the front list constitutes a spanning set of V', and the back list constitutes a set of
linearly independent vectors in V. Now, {s1,...,s,} spans V, and so v is a linear
combination of some vectors in {s1, ..., s, }. Therefore, there exists an s; such that
{v1,81,...,8n} ~ {s;} is still a spanning set of V. By relabeling if necessary, we
assume without loss of generality that ¢ = 1 and construct a new list:

V1,82, vy Sm | V2y vy U
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Note that the front list still constitutes a spanning set of V', and that the back list
constitutes a set of linearly independent vectors in V.
We now suppose inductively that we have the list

Ula"~uvka8k+17"'7sm|vk+17"'7vn

satisfying the properties specified above. The set {vy,..., vk, Sk+1, ..., Sm | spans V,
and 80 vj41 is a linear combination of some elements thereof. Since {vy,...,vk41} 18
linearly independent, no linear combination of vy, ..., v is vg41. This implies that
any subset of {v1,..., Vg, Sk+1,---,Sm} whose span includes vi41 must contain at
least one s; for some k+ 1 < i < m. By relabeling if necessary, we assume without
loss of generality that i = k 4+ 1 and construct a new list:

U1y« s Vk+1,Sk+25- -5, 5m | Vk+2, -+ Un-

It follows that the front list constitutes a spanning set of V', and that the back list
constitutes a set of linearly independent vectors in V.
Now, if m < n, then it follows from induction that the list

V1,-++,Um | Um+1y--+5Un
satisfies the properties prescribed above. But this is absurd: {v1,...,Vm, Vm41} is
a set of linearly independent vectors in V', and so the span of {vy,..., v} cannot
include vp,4+1. We conclude that m > n. O

We now assume that every spanning set of V' is infinite. Suppose that {vq }acr
and {wg}ges are two bases of V, both of which must be infinite. For each a € I,
let J, be the finite subset of J such that v, is a linear combination of the elements
of {wg}ges,. Proposition 3.7 guarantees that J, is well-defined.

We note that

(3.13) J=J Ja

acl
If not, then we can find By € J such that {wg}ges(s,} is still a basis of V.
This, in particular, implies that wg, is a linear combination of some elements of
{wg}ses{s,}> whence {wg}ges is no longer a linearly independent subset of V.
This is evidently absurd.

Observe that |J,| < Ng for each «, where Ng is the first infinite cardinal. We
now apply cardinal arithmetic (Definition 18.31 and the discussion that follows) to
(3.13) to conclude that

|| < No|I| = [I].
A similar argument now shows that
1] < |J],
whence it follows from the Cantor-Bernstein theorem (Theorem 18.25) that
1] = [J],

as was to be shown. This proves the theorem.

It remains to show that dimension is an isomorphic invariant in F'—Vect. To this
end, we suppose that T : V' — W is a linear isomorphism of two F-vector spaces
V and W. We invoke Theorem 3.9 to find a basis {vq }aer of V. Set w, = Tv, for
each o € I. Tt follows from the linearity of T' that {wq }aer is a linearly independent
subset of W. Since T is bijective, we conclude that {wq }aer is a spanning set of
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W, whence {wq }acr is a basis of W with the same cardinality as the basis {v4 }aer
of V. (]

Ezample 3.14. Example 3.6 implies that the vector space F®! constructed in Ex-
ample 2.5 is of dimension |I|, where |I| denotes the cardinality of the index set
I

We finally show that dimension provides a complete isomorphic classification of
vector spaces. Indeed, if V is of dimension &, then V is isomorphic to F®! for some
index set I of cardinality k.

Theorem 3.15. Every vector space of the same dimension is linearly isomorphic.

The proof employs the standard tactic of constructing a morphism by mapping
generators to generators; we shall see additional examples of this throughout these
notes.

Proof. Let V and W be two vector spaces of the same dimension. By Theorem 3.9,
we can find bases {vq }acr and {wg}ges of V and W, respectively. Theorem 3.11
implies that |I| = |J|, whence there exists a bijection f: I — J.

Let us now define a mapping 7': V' — W by setting Tv, = wj(q) for each a € I
and extending linearly, i.e., setting

N N
T <Z anvan) = Z anTvq,
n=1

n=1
for all ay,...,a, € I and a4,...,a, € F. It follows from the uniqueness of basis
expansions (Proposition 3.7), as well as the fact that {va}aer and {ws}ses are
bases of V' and W, respectively, that T is a linear isomorphism.

In light of the isomorphic classification we have just carried out in Theorem 3.15,
it is natural to seek for a construction of a “generic” F-vector space of dimension
by piecing together k copies of F. We make rigorous the notion of piecing together
different vector spaces by mimicking the constructions of F! and F®!:

Definition 3.16. The direct product of a family (V,)aer of vector spaces over
a field F is the cartesian product [],.; Vo endowed with coordinate-wise vector
addition

acl

(V") aer + (W*)aer = (V" + W) aer
and scalar multiplication
a(v)aer = (@) aer-
The direct sum of (V,,)qer is the subspace @ael V, of Hael V,, consisting of vectors
(vY)aer such that v® = 0 for all but finitely many indices a.

Remark 3.17. It follows at once that finite direct products agree with finite direct
products.

We show that these two constructions correspond to the categorical product and
the categorical coproduct.

Proposition 3.18. Let (V,)aer be a family of vector spaces over a field F. The
pair ([[oer Voo {Patacr) of the direct product [],.; Vo and the collection {pa}acr
of the standard coordinate functions pa : [[4e; Vo — Va is a product in F'—Vect.
The pair (Dyer Vas {tatact) of the direct sum @, c; Vo and the collection {ia }aer
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with the canonical injection maps o : Voo — @,y Vo that sends v € Vy, to (115)561

defined by setting
5 v if f=q
Ve =
0  otherwise;

is a coproduct in F'—Vect.

Proof. Let (@, {ga}acr) be a pair consisting of a vector space @ and a family {q,}
of F-linear mappings ¢ : @ — V,. The map ¢ : Q — [],c; Vo that sends v to
(¢a(v))aer is evidently the unique F-linear mapping such that the diagram

@ " Taes Vo
do J{ «
Va

commutes for all & € I. It follows that (], c; Va, {Pa}taer) is a product in F'—Vect.

We now let (D, {ds}acr) be a pair consisting of a vector space D and a family
{da}aer of F-linear mappings do : Vo, — D. We define the map d : @, ; Vo — D
by setting d(tq(v)) = do(v) for each o € I and every v € V,, and extending d
linearly. This is well-defined, as

span (U{La(v) RS Va}> = @Va.

a€el a€cl
By construction, d is evidently the unique F-linear mapping such that the diagram

GBQGIVL

D& Vi,

commutes for all o € I. It follows that (P,c; Va,{ta}acr) is a coproduct in
F—Vect. ([l

Ezample 3.19. It now follows at once that ! =[] ., F and that F®' =@ ., F,
where F' is considered as a one-dimensional vector space over F'.

We now show that infinite direct products are larger than infinite direct sums.
Compare the result below with Proposition 3.26, which shows that finite direct
sums agree with finite direct products.

Theorem 3.20. For each index set I and a family {V,}acr of vector spaces over
a field F', we have the following inequality of cardinal numbers:

dim <€B va> < dim <H va> )
acl acl
The equality holds if and only if |I| < oco.

Proof. By the isomorphic classification of vector spaces (Theorem 3.15), it evidently
suffices to compare the dimensions of F®! and F!, constructed in Example 2.4 and
Example 2.5, respectively. If |I| < oo, then F! = F®! and so

dim F® = dim F".
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‘We thus assume that I is an infinite index set.
‘We shall show that

(3.21) dimp FO' = dimxg K%' < dimg K' < dimp F?,

where K is the prime subfield of F. To this end, we recall from Theorem 1.21 that
K is always countable.

We have already seen that dimp F®! = |I| = dimgx K®'. As for the third
inequality, we fix a finite set {v,}2_; of linearly independent vectors in K’ and
suppose that

N
E apv, =0
n=1

for some aq,...,ay € F. We consider F' as a vector space over K and invoke
Theorem 3.9 to find a basis {fs}scs of F. For each n, we take the basis expansion

Gn = an,éfé

oeJ

of a,. Since each of these sums is finite, we swap the sums to conclude that

N N N
0= o =5 bustin = 3 (z b) s
n=1 n=14§eJ 6eJ \n=1
We let ¢5(8) = bn,5v,(B) for each § € I, which is a scalar in K. The above identity
now implies, for each fixed g € I, that

whence c5(8) = 0 for all § € J. It follows that {v, })_; is linearly independent in
FT. This, in particular, implies that any basis of K7 is linearly independent in F7,
whence dimg K7 < dimp F7T.

It remains to show that dimg K®' < dimg K. To this end, we recall from
Theorem 3.15 that dim V' = dim W if and only if there exists a linear isomorphism
T : V. — W. Linear isomorphisms are bijections, and so vector spaces of the
same dimension must be of the same cardinality. Therefore, if we showed that
|K®!| < |K!|, then the desired result would follow.

For each J C I, we define

Fr=A{f € K® :supp f = J},
so that {F;}jep(r) is a pairwise-disjoint collection. Observe that

K® = ) F;

JeP(I)
[J|<o0

Since the above union is disjoint, we apply cardinal arithmetic (Definition 18.31
and the discussion that follows) to conclude that

|K®I|: Z “FJ|

JeP(I)
[J|<o0
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For each finite subset J of I, there is an obvious injection from F; into the
|J|-fold cartesian product [],.; K of K. Since J is finite and K is countable, we

see that
II&

acJ
where N is the first infinite cardinal. It now follows that

(K = 3" |F< > N
)

JeP(I JeP(I)
|J] <00 |J|<oo

|Fsl < = |K| = Ny,

We now let I,, be the collection of n-element subsets of I, so that
UL ={7ePU):|J] < oo}
n=1
For each n € N, there is an obvious injection from I, into the n-fold cartesian

product [[_, I of I. Since || is infinite, we have the cardinal identity |[]}_, I| =
|I], and so

{J e P(): || < oo} = || In| = D [T = Ro|I| = max(Ry, |I|) = [1].
n=1 n=1

It follows that

|K@1’ < Z No < No|I| = max(Ro, |1]) = [1].

JeP(I)
[ J|<o0

Since there is an obvious injection from I into K®!, we have the reverse inequality
|I] < |K®I|. We now conclude from the Cantor-Bernstein theorem (Theorem 18.25)
that
|K¥| = |K|.

On the other hand, there is an obvious injection from ZJ to K, and so
K| > (23] = 2 = [P(D).
It now follows from Cantor’s theorem (Theorem 18.26) that
\K'| > |P(I)| > |I| = |K¥

as was to be shown. O

)

If all vector spaces in question are contained in a larger vector space, then there
is an intuitive way of constructing the direct sum.

Definition 3.22. Let V be a vector space over F. The Minkowski sum of two
subsets A and B of V is the set
A+B={v+w:ve Aand we B};

The Minkowski sum of a finite collection of subsets of V' is defined analogously.
The Minkowski sum of an arbitrary collection {A,}aer of subsets of V' is the set

Sa- U YA

acl JCI a€ed
[J|<oo

where ) ; A, denotes the finite Minkowski sum.
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Remark 3.23. We remark that the Minkowski sum of linear subspaces of a vector
space V is always a linear subspace of V.

Definition 3.24. A vector space V over a field F is said to be the internal direct
sum of a family {A,}aer of linear subspaces of V' if V' is the Minkowski sum of
{Aus}aer and if

LN S )=

peI~{a}
for all o € 1.

Remark 3.25. If V is the internal direct sum of {A,}aer, then V' equipped with
the family {tn}aes of the canonical injection maps o : Ay — V given by setting
to(z) = z for all z € A, is easily seen to be a coproduct. Therefore, V' is linearly
isomorphic to @@, .; Aa, whence we use the same @ notation for internal direct
sums.

Note, nevertheless, that A® B as an internal sum equals V', whereas A® B as an
external sum is merely isomorphic to V. Our notations in these notes shall reflect
this difference.

acl

Since finite direct sums in F'—Vect agree with finite direct products, we ex-
pect there to be natural projection maps from a finite internal direct sum onto its
summands. The following proposition spells this out.

Proposition 3.26. Let V' be a vector space over a field F' and assume that V can
be written as the internal direct sum 'V = @gzl A,,. There exist surjective F-linear
mappings py, : V. — A, such that

(z) = x  ifx € Ay
PR 70 ifa ¢ A

for all n. Moreover, (V,{p,}N_,) is a product of {A,}\_, in F—Vect. Therefore,
N

N
ve]A. =
n=1 n

Proof. Fix 1 < n < N. Proposition 3.9 furnishes a basis {vqy }acr, of A,. Another
application of Proposition 3.9 furnishes a collection {wg}ger, of vectors in V' such
that {va }aer, U{wsg}ger, is a basis of V. We define p,, : V' — A,, by setting

An.
1

e p,(Vy) = v, for all @ € I4;

o pp(wg) =0 for all g € Iy;
and extending linearly. Evidently, p,|a, =ida, .

To complete the proof, we let (Q, {g,}2_,) be a pair consisting of a vector space
Q and a family {g,})_, of F-linear mappings ¢, : Q — A,. We define ¢ : Q — V
by setting
q(r) = q(x) + -+ qn(x)

for all x € . Since q1,...,qy are F-linear, g is F-linear as well. Moreover,

_Jam(z) Em=mn
Pn(qm(z)) = {0 if m £ n;
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and so
Pn(a(@)) = pulqr(@)) + -+ + pulan () = pu(@n(@)) = @n(2)
for all 1 <n < N. It follows that V is a product of {4, }_; in F—Vect.
The final string of isomorphisms now follows from the uniqueness of product
(Proposition 17.15) and the uniqueness of coproduct (Proposition 17.18). O

If we think of p,, as an operator from V into itself, then p, o p, = p, for all
1 < n < N in the above proposition. We abstract this property to make the
following definition:

Definition 3.27. Let V be a vector space over a field F. A projection on V is a
linear operator T': V — V such that 7?2 = T.

Proposition 3.28. IfT : V — V is a projection, then there exists a linear subspace
M of T such that imT = M and T|p; = idpr. Subsequently, we call T a projection
of V onto M.

Remark 3.29. If V splits as an internal direct sum M & N, then Proposition 3.26
implies that there are projections pp; : V — M and py : V — N.

Proof. Let M =imT. If x € M, then we can find y € V such that Ty = x. Since
T? =T, we see that x = Ty = TTy = Tx. We conclude that T|y; = id ;. O

Let us now pursue further the idea of creating a “generic” vector space of dimen-
sion k. Given a nonempty set X of cardinality &, we shall construct an F-vector
space Fp(X) that has X as its natural basis. By Theorem 3.15, Fr(X) is neces-
sarily isomorphic to the x-fold direct sum F®X of F.

Definition 3.30. Let F be a field and X a nonempty set. The free F-vector space
over X is the set Fp(X) of functions f : X — F such that the cardinality of the
preimage f~1(F ~ {0}) is finite. Vector addition on Fr(X) is given by pointwise
addition

(f +9)(x) = f(z) + g(x),
and scalar multiplication on Fr(X) is given by pointwise multiplication

(af)(x) = af(z).

Proposition 3.31. Fp(X) is an F-vector space of dimension |X|. Consequently,
Fr(X) = FoX,

Proof. For each x € X, we define the function f, : X — F by setting
1 ify=u;
foly) = {O if y # .
{fz}zex is evidently a basis of Fp(X). O
Identifying f, with x, we can think of 7z (X) as the space of finite “formal sums”

N
E ApTp

n=1

of arbitrary elements x1,...,x, of X. The identification process satisfies the fol-
lowing universal property:
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Proposition 3.32. Let F be a field and X a nonempty set. Define tx : X —
Fr(X) by setting 1(x) = f,, where f, is given in the proof of Proposition 3.51.
Given an arbitrary function g : X — V from X to an F-vector space V', there
exists a unique F-linear mapping g« : Fp(X) — V such that the diagram

X <X Fr(X)

x Lg*
14
commutes.

Proof. We define g, : Fp(X) — V by setting
9(x) = g+ (u(x))

for all x € X and extending linearly. g, is clearly the unique F-linear mapping that
makes the diagram commute. [

Proposition 3.33. Let F' be a field, and let X and Y be nonempty sets. Fach
function g : X =Y admits a unique F-linear mapping Fr(g) : Fr(X) = Fr(X)
such that the diagram

X <X Fr(X)

J{ Fr(9)

Q

=~
N
=

commutes.

Proof. We apply Proposition 3.32 twice: first to ty o g to construct g1 = (ty © g)s,
and then to g; to construct (g1)«. See the diagram below:

Fr(g) = (g1)« is the desired map. Uniqueness is guaranteed by the uniqueness
clause in Proposition 3.32. O

4. MATRICES

We now focus our attention to finite-dimensional vector spaces on them. All
vector spaces in this section are assumed to be finite-dimensional.

Let F be a field. Recall the construction of F™ from Example 2.4 and the
construction of the standard coordinate vectors {ej,...,e,} from Example 3.6.
The standard matriz representation of a linear transformation S : F™ — F™ is the
m-by-n array

[Sel Sen} .

In light of this, we define an m-by-n matriz with entries in F' to be a linear trans-
formation from F™ to F and use the function notation interchangeably with the
array notation presented above. We say that M is a square matriz if m = n.
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Let V be a vector space over F. Given a basis B = {vy,...,v,} of a vector space
V', we define the coordinate map on V with respect to B to be the map ¢p : V — F”

given by the formula
n n
OB (Z akvk> = Zakek.
k=1 k=1

We write [v]g to denote ¢p(v).
We now let W be another vector space over F and C = {w1,...,wy,} a basis of
W. For each linear transformation T : V' — W, the following diagram commutes:

vV—— W

| Joc

F’n Fm
dcTog"

The matriz representation of T with respect to B and C is the standard matrix
representation of ¢¢ o1 o gi)gl:

Tlse = [[Tm]c

‘[Tvn]c] _

Let B’ = {v{,...,v,,} and C' = {w},...,w),} be bases of V and W, respectively.
The n-by-n matrix

Mpp = idvviss = ¢s o dg'

is called the change-of-basis matriz from B to B’. Indeed, we have the identity

(4.1) [T)5,cr = Me,er[T)s,c Mg s
which is derived from the commutative diagram
P!
T l[T]B,C=¢'CT¢g1 l[T]B/,cf:%fwsf

W —sF" — F™

Per
In particular, if V=W, B=_C, and B’ = C’/, then we see that
(4.2) [T = Mg [T]sMg 5.,
where [T)g = [T)p,5 and [T]p = [T]p’ 5. We note that every invertible matrix can
be written as a change-of-basis matrix. Indeed, if M : F™ — F™, is an invertible
matrix, then M is the change-of-basis matrix from {ey,...,e,} to {Mey,..., Me,}.
Two matrices A and B are equivalent if they represent the same linear transfor-

mation with respect to different bases. In other words, A and B are equivalent if
and only if there exist invertible matrices P and @ such that

B =PAQ .
Compare the above with (4.1).
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Two square matrices A and B are similar if there exists an invertible matrix P
such that

B=PAP L.

Compare the above with (4.2). Analogously, we say that two linear operators C, D :
V' — V are similar if there exists an invertible linear transformation ¢ : V. — V
such that

D = ¢Cop~ 1.

Two matrices are similar if and only if they are matrix representations of the same
linear operator, and two linear operators are similar if and only if they are repre-
sented by the same matrix.

We now introduce basic operations on matrices. Given an m-by-n matrix

aij;p a2 a3 A1n

azi @22 az3 A2n
M = ,

Am1 Am2 Am3  **°  Omn

we write M;; to indicate a;;. Given a collection {a;; : 1 <i<m and 1 < j < n} of
elements in F', we write (a;j) to represent the m-by-n matrix M such that M;; = a;;
for all choices of 4 and j.

The sum of two m-by-n matrices A = (a;;) and B = (b;;) is the sum of A and
B as linear operators in .Z(F"™, F™); see Definition 6.1. Likewise, the product of
a scalar A € F and A is the product of A and A in Z(F™, F™). If C is an n-by-p
matrix, then the product of A and C is the function composition AoC' € L (FP F™)
of Ae Z(F™,F™) and C € Z(F™, FP). It is not difficult to check that

A + B = (aij + bij)7 AA = ()\aij)7 and AC = (Z aikbkj> .
k=1

Definition 4.3. The transpose of an m-by-n matrix M = (a,;) is the n-by-m
matrix M* = (aj;). M is said to be a symmetric matriz if m =n and M* = M.

Proposition 4.4. Let A and B be m-by-n matrices with entries in a field F', let

C be an n-by-p matriz with entries in F, and X\ € F.

(1) (A%)! = A.

(2) (A+ B)t = A + B.

(3) (NA)E = N\AL.

(4) (AC) = Cr A,

(5) At = A*, where A* is the algebraic adjoint (Definition 6.11) of A as a linear
operator.

(6) If A is an invertible square matriz, then (AY)~! = (A=)t

Proof. (1) - (4) are trivial. For (5), we observe that
AlA Y =AY =1 =1.
Similarly, (A=1)tA! = I. O
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5. QUOTIENT SPACES

Let us now study the basic properties of very general linear operators, without
any additional assumptions.
We begin by introducing two fundamental subspaces associated with T

Definition 5.1. Let T : V — W be a linear operator between two vector spaces
V and W over a field F. The range, or the image of T is the set

imT ={Tv:veV},
and the nullspace, or the kernel, of T is the set
kerT'={veV:Tv=0}.

Remark 5.2. It is easy to see that im T is a linear subspace of W, and that ker T’
is a linear subspace of V.

Every linear operator 7' : V' — W can be turned into a surjective one by re-
stricting the codomain: T : V — im7T. Note now that Tv = Tw implies that
v —w € kerT. Therefore, if we identify all elements of ker T, then we get the
“injective version” of T, thus obtaining an isomorphism. Let us now make this
precise.

Definition 5.3. Let V' be a vector space over a field F', and W a subspace of V.
The quotient space V/W is defined to be the quotient set V/ ~ with respect to the
equivalence relation

v~w ifandonlyif v —weW,
endowed with vector addition
[v] + [w] = v+ w]
and scalar multiplication
afv] = [av].

The canonical surjection p: V — V/W is defined by setting

for each v € V.

Remark 5.4. p is easily seen to be a surjective linear operator.

Remark 5.5. Note that the equivalence class [v] € V/W is precisely the coset
{v+w:weW}

We typically write v + W to denote the above coset.

We observe that quotienting V' out by W collapses every element of W onto the
zero vector. Indeed, the equivalence class [0] consists precisely of the vectors in .
It is then natural to expect that the quotient space V/W is smaller if W is larger.
More precisely, if we define a partial order on the set of all linear subspaces of V
by setting

(5.6) W1 < Wy if and only if Wy is a linear subspace of Ws,
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then, given any two linear subspaces W7 and W5 of V., we can draw a lattice of
linear subspaces

Vv

|

span W1 U WQ)

S
e
|

{0}
where the arrows indicate an increase in size with respect to the partial order <.

We contend that the act of quotienting out reverses the arrows in the lattice,
ie.,

Wi

/s

V/V = {0}

|

V/ span(W7 | Wa)

V/W, V/Wa

/\
\/

/(W1 N W3)
V/i{o}=V

where the arrows now indicate the “embeds to” relation. The precise statement is
as follows:

Proposition 5.7. The relation
(5.8) V/W1 S V/Wy < there exists an embedding V/Wi — V /Wy

is a reflexive, transitive relation on the set quotient spaces of V' such that Wy > W

in the sense of (5.0) implies V/W1 S V/Wa. O

We omit the proof of the above proposition. Note that < is not quite a partial
order, for it is possible for two non-equal quotient spaces to be isomorphic, thereby
admitting embeddings in both directions. The correct set-up would be to consider
isomorphism classes of subspaces of V' and quotient spaces of V', respectively, and
consider the partial orders on these sets given by the embedding relation (5.8). The
antisymmetry property that failed in the setting of Proposition 5.7 now holds, and
this is a consequence of the following theorem:
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Theorem 5.9 (Schroder-Bernstein for vector spaces). If two vector spaces X and
Y admit embeddings X —Y and Y — X, then X is linearly isomorphic to Y.

See | ] for a discussion on the Schroder-Bernstein property on different cate-
gories. We do not pursue this matter further in these notes.

Returning to the topic at hand, we observe that shrinking the vector space
reduces the size of the corresponding quotient space. Once again, we omit the
proof of the following proposition.

Proposition 5.10. Let V' be a vector space and W a linear subspace of V. Every
linear subspace of the quotient space V/W is of the form X/W, where W < X <V
in the sense of (5.6). Conversely, if X is a linear subspace of V' containing W,
then X /W is a linear subspace of V/W. O

With this we now leave behind the order properties of quotient spaces and es-
tablish the basic tools of the trade.

Theorem 5.11 (First isomorphism theorem for vector spaces). If T:V—>Wisa
linear operator, then there exists a unique injective linear operator T : V/ker T —
W such that the diagram

VL w

~

x J}T
V/kerT

commutes. In particular, V/ker T is linearly isomorphic to imT.

Proof. Define T : V/ker T — W by setting T(v + W) = Tw for each v € V. If
v1,vg € (v+ W), then v1 —v,v9 —v € ker T, and so

Tvy —Tve =T(vy —v+v—10vy) =T(v; —v2) =0.
Therefore, T is well-defined. T is easily seen to be an injective linear operator. The
uniqueness clause follows at once from the definition. O

The same method of proof yields more, in fact:

Theorem 5.12 (Universal property of quotient vector spaces). Let V and W be
vector spaces over a field F' and M a linear subspace of V. If T : V. — W is
a linear operator such that M C kerT, then there exists a unique linear operator
T:V/M — W such that the diagram

v L s w
T

N

V/M
commutes. Moreover, ker T = ker T/M and imT = imT.

Proof. Define T : V/M — W by setting T(v + M) = Twv for each v € V. Since
M C kerT, we repeat the proof of the first isomorphism theorem (Theorem 5.11)
to conclude that T is well-defined and unique. The identities ker T = ker /M and
imT = im T follow at once from the construction. ]

We now apply the first isomorphism theorem to the study of complements of
subspaces, which we now define.
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Definition 5.13. Let V be a vector space over a field F', and M a linear subspace
of V. A complement of M in V is a linear subspace N of V such that

V=MoN.

Remark 5.14. Tt is easy to see that complements exist: just take a basis of M and
extend it to a basis of V' via Theorem 3.9. This is not necessarily true for Banach
spaces or Hilbert spaces.

An immediate consequence, by way of Remark 3.29, is that, if V is a vector space
and M is a linear subspace of V', then there exists a projection of V' onto M.

Corollary 5.15 (“Splitting lemma” for vector spaces). Let V be a vector space over
a field F, and M a linear subspace of V. FEvery complement of M is isomorphic to
V/M. Therefore,

VeMaeV/M.

Proof. Suppose that N is a complement of M in V. We know from Proposition 3.26
that there exists a surjective F-linear mapping p : V. — N such that kerp = M.
The first isomorphism theorem (Theorem 5.11) implies that

V/M =V/kerp 2 imp = N,

as was to be shown.

Let p: V/M — N be the linear isomorphism. The mapping T: M @ V/M — V
given by setting

T(v,w) =v+q(w)
is easily seen to be an isomorphism. a
Remark 5.16. An equivalent formulation of the above corollary is that
AB=C®D

with A = C implies that B =< D.

FEzxzample 5.17. Note, however, that

AeB=C®D
with A 2 C does not imply that B = D. To see this, we shall show that
(5.18) FONo = p®Ro gy pORo

for any choice of field F', where Xg = N is the first infinite cardinal. Since
FORo g p®Ro _ (F@No o F@No) o {0}7

the above claim furnishes a requisite counterexample.
Let O be the set of odd numbers in N, and let F be the set of even numbers in
N. Evidently,
FEBNO —_ FEBO ® F@E.
But |O] = Xy and |E| = ¥y, and so Theorem 3.15 implies that F®Y =2 &N and

FOF = R Tt follows that (5.18) holds. O
Ezample 5.19. (5.18) also shows that
AepB=Co®D

with A = C does not imply that B = D. This, in conjunction with Corollary 5.15,
implies that V' = W does not necessarily imply V/M = W /M, where M is a shared
linear subspace of V and W. (]
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Yet another way of writing the splitting lemma (Corollary 5.15) is that
(A@ B)/B= A/(ANB),

as AJ/AN B = A/{0} = A in the internal direct sum case. We now show that the
same statement holds for Minkowski sums:

Corollary 5.20 (Second isomorphism theorem for vector spaces). If V is a vector
space over F, and if M and N are linear subspaces of V', then

(M + N)/N=M/(MNN).
Proof. We define T: M + N — M/(M N N) by setting
Tw+w)=v+ (MNN)

for each v € M and every w € N. T is easily seen to be a surjective linear
mapping. Since ker T'= N, the first isomorphism theorem (Theorem 5.11) implies
that (M + N)/N = M/(M N N). O

To what extent do quotient spaces behave like fractions? The following corollaries
of the first isomorphism theorem shed a light on this matter.

Corollary 5.21 (Third isomorphism theorem for vector spaces). Let V' be a vector
space over a field F. If M and N are linear subspaces of V such that N C M C 'V,
then

(V/N)/(M/N) =2 V/M.

Proof. Apply the first isomorphism theorem to the mapping T : V/N — V/M
defined by setting T'(v + N) = v + M. O

Corollary 5.22. Let Vi and Va be vector spaces over a field F, and let My and
Ms be linear subspaces of Vi and Vs, respectively. Then

(Vi@ Va)/ (M1 ® Ms) = (Vi/My) & (Va/Ms).
Proof. We apply the first isomorphism theorem to the mapping T : V3 & V5 —
(Vi/My) & (Va/Ms) defined by setting T'(vy + v2) = (v + My, v + Ms). O
6. DuALITY

We now turn to the study of Hom p_vect (V, W), the collection of all linear opera-
tors from an F-vector space V' to another F-vector space W. Of particular interest
is Homp_vect(V, F'), which we call the dual space of V.

Definition 6.1. Let V and W be vector spaces over a field F. Zr(V, W) denotes
Homp_vect (V, W), the set of all linear operators from V to W. We often omit F'
and write .Z(V, W).

Remark 6.2. We can turn £ (V, W) into an F-vector space by defining
(T+S)x=Tx+ Sz and (aT)z =a(Tx)
foral T,S € Z(V,W),z €V, and a € F.

Theorem 6.3. dim Z(V,W) > dimV - dim W. The equality holds if and only if
dimV < oo or dimW = 0.
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Proof. If dimW = 0, then the theorem holds trivially. We therefore assume that
dim W > 0.

Let {v°}aer and {wP}ses be bases of V and W, respectively. We define
{18} her.pes C Z(V,W) by setting

aw® if v = av® for some a € F;

TPy =
0 otherwise;

which is a linearly independent subset of .Z(V,W). Therefore, dim.Z(V,W) >

dimV - dim W.

If V is infinite-dimensional, then we can find a partition {I1, Iz} of I such that
both I; and I are infinite sets. We fix 8y € J and define a linear operator T : V' —

W by setting
Too — who %fae]l;
0 ifa€ly

and extending linearly. It is not hard to see that T fails to be in the span of
{T*P} ner e, whence dim Z(V,W) > dim V - dim W.

If V is finite-dimensional, then we can take I to be {1,..., N} for some N € N.
Given T € Z(V,W), we take the basis expansion

Tov" = Z an,pw”
BeJ
for each 1 < n < N. The sum

N
> D ansT’

n=1pgeJ
is finite and equals T'. It follows that dim Z(V,W) =dimV - dim W. O
Definition 6.4. The (algebraic) dual space V* of a vector space V over a field F’

is the space .Z(V, F'). An element of .Z(V, F) is referred to as a linear functional
on V.

FEzxzample 6.5. Let V be an F-vector space of F-valued functions on a set X. Given
x € X, the evaluation functional at X, defined for each f € V by the formula

lo(f) = f(),

is a linear functional on V. O

The operators T°? constructed in the proof of Theorem 6.3 gives rise to the
standard basis on V*.

Corollary 6.6. Given a basis {va}acr of V, the set {vi}aecr of linear functionals
on V given by the linear extension of the formula

0 ifa#p;
is a linearly independent subset of V*, called the dual basis of V* with respect to

{va}acr- The dual basis is a basis of V* if and only if V is finite-dimensional.
Indeed, dim V* > dim V' and the equality holds if and only if dimV < oo.
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Proof. This is a direct consequence of Theorem 6.3. Alternatively, we observe that
V = 9 and V* = FI, whence the desired result follows from Theorem 3.20. [

The construction of the dual basis is not natural, in the sense that it depends on
the choice of a basis. Compare with the following result for the double dual. (See
§17.3 for category-theoretical details.)

Definition 6.7. The (algebraic) double dual V** of a vector space V of a field F'
is the space Z(V*, F).

Theorem 6.8. Given an element x € V' of the vector space V' over a field F, the
evaluation functional Z : V* — F defined by setting

(1) = U(x)
is an element of V**. The mapping x — T is an injective linear operator from V
into V** and is a linear isomorphism if and only if V is finite-dimensional.

To prove the theorem, we shall make use of an important lemma. While the
lemma might seem trivial in the context of linear algebra, While it might seem
trivial in this context, the lemma has a functional-analytic variant (Theorem 11.12)
that serves as one of the cornerstones of Banach space theory.

Lemma 6.9 (Algebraic Hahn-Banach theorem). For each nonzero vector v in a
vector space V', there exists a linear functional l, € V* such that l,(v) = 1 and that
ly(w) =0 for allw € V \ span{v}.

Proof of lemma. We find, via Theorem 3.9, a basis {v, acr 0of V such that v = v,,
for some fixed ag € I. The linear functional defined by setting

Ly (Z aava> = Qq,

a€el
is the desired linear functional. O

Proof of theorem. Suppose that 77 = 73, so that I(z7 — z2) = 0 for all [ € V*. If
x1 — xo # 0, then the algebraic Hahn-Banach theorem furnishes an [y € V* such
that lo(z1 — x2) # 0, which is absurd. It follows that 1 = xo, whence the mapping
x — T is injective.

If V is finite-dimensional, then it follows from Corollary 6.6 that V' = V* = V**,
It now follows from the splitting lemma (Corollary 5.15) that the mapping x — Z
must be surjective as well. O

Remark 6.10. Even though the proof of the algebraic Hahn—Banach theorem de-
pends on the existence of a basis, we stress that the construction of the evaluation
functionals does not depend on the choice of a basis.

The construction of evaluation functionals given above is typical. Many impor-
tant new functions are built out of old functions via analogous constructions. For
example, the same construction gives the dual operator T* : W* — V* of a linear
operator T': V' — W, which we now define.

Definition 6.11. Let V and W be vector spaces over a field F. The transpose of
T € Z(V,W) is the linear operator T* € £ (W*,V*) defined by the formula

T*(1)=10T.

T* is also referred to as the dual operator of T or the algebraic adjoint of T.
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Here is a simple but important example of a duality property.

Theorem 6.12. Let V and W be vector spaces over a field F, and let T € L (V,W).
If T is injective, then T is surjective. If T is surjective, then T™ is injective.

For the proof, we shall need the algebraic Hahn-Banach theorem, as well as its
partial converse.

Lemma 6.13. For each nonzero linear functional | € V*, there exists a nonzero
vector v € V' such that l(v) =1 and that l(w) = 0 for all w € V ~\ span{v}.

Proof of lemma. Since [ is nonzero, [ is a surjective linear operator from V to
the ground field F'. The first isomorphism theorem (Theorem 5.11) implies that
V/kerl =2 F. As per the splitting lemma (Corollary 5.15), every complement of
ker! is isomorphic to V/ker! and is therefore one-dimensional. The desired result
now follows. O

The proof of the theorem is now straightforward.

Proof of theorem. Suppose that T is injective. Given [ € V*, Lemma 6.13 furnishes
a vector v € V* such that [(v) = 1 and that {(w) = 0 for all w € V ~ span{v}.
Since T is injective, Tv is nonzero, whence the algebraic Hahn-Banach theorem
(Lemma 6.9) furnishes a linear functional L; € W* such that L;(Tw) = 1 and that
Lj(w) =0 for all w € W ~ span{Twv}. By construction, T*(L;) = L; o T = I. Since
[ was arbitrary, we conclude that T is surjective.

We now suppose instead that 7' is surjective. Suppose that l1,ls € W™ satisfy
the identity 7*l; = T*ly. By definition, {y o T = Iy o T, and s0 l1|im7 = l2]im -
Since imT = W, it follows that I; = l5, whence T™ is injective. O

As an application of the theorem, we study the dual of quotient spaces. Given
a vector space V and a linear subspace M of V', we have the canonical surjection
p:V — V/M. The injection-surjection duality implies that the transpose p* :
(V/M)* — V* is injective, whence (V/M)* is linearly isomorphic to a subspace of
V*. By definition, each [ € (V/M)*, satisfies the identity p*l = [ o p, whence p*I
must vanish on kerp = M. We thus make the following definition:

Definition 6.14. Let M be a subset of a vector space V. The annihilator of M is
the set
M ={leV*:ly =0}

Dualizing the canonical maps, we obtain the following isomorphism theorems:

Theorem 6.15 (Isomorphism theorems for annihilators). Let M be a linear sub-
space of a vector space V.

(1) (V/M)* = M°.

(2) V*/M° = M*.

Proof. (1) Consider the canonical surjection p : V' — V/M. By the injection-
surjection duality (Theorem 6.12) the transpose p* : (V/M)* — V* is injective. It
now suffices to note that im p* = M°.

(2) Consider the canonical injection map ¢ : M — V. By the injection-surjection
duality (Theorem 6.12), the transpose ¢* : V* — M™* is surjective. Since ker * =
M?, the desired result follows from the first isomorphism theorem (Theorem 5.11).

O
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With annihilators, we can refine the injection-surjection duality:

Theorem 6.16 (Injection-surjection duality of the algebraic adjoint). If T €
ZL(V,W), then

(1) kerT* = (im T)°, and
(2) imT* = (kerT)°.

Proof. (1) Observe that

kerT* ={leW*: T*l =0} ={l € W* : imIT = {0}}
={leW :T(V)={0}}={leW*:{(imT) = {0}} = (imT)°.

(2) If I € imT™, then there exists L € W* such that LT = [. For each v € ker T,
we have the identity lv = LTv = L(0) = 0. It follows that [ € (ker T')°. Since | was
arbitrary, we conclude that imT* C (ker T)°.

To show the reverse inclusion, we fix I € (ker7')°. By Lemma 6.13, there exists a
nonzero vector v € V such that I[(v) = 1 and that I(w) = 0 for all w € V \ span{v}.
Since kerl D kerT, we see that Tv # 0. The algebraic Hahn-Banach theorem
(Lemma 6.9) now furnishes a nonzero linear functional L € W* such that L(Tw) = 1
and that L(w) = 0 for all w € W \ span{Tw}. By construction, 7*(L) = LT =,
whence [ € im T*. Since | was arbitrary, we conclude that (ker 7)° C im T™*. ]

We conclude this section by studying the dual of direct sums.

Theorem 6.17. If

then
N
V' =EPvy.
n=1

Proof. By Proposition 3.26, we can find surjective F-linear mappings p, : V — V,

such that
(v) = v ifv e Vy;
Pl =0 itog v,

Since idy = p1 + -+ + pnN, we see for each [ € V* that
l=lo(pi1+-+pN)=Ips+Ips+ - +Ipy +Ip:1.

As lp, € V2 whenever n # m, we conclude that [ € @nNzl V2. Therefore,

N
vy
n=1

The reverse inclusion is trivial, as Vi, ...,V are linear subspaces of V'*. (]
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7. TENSOR ProODUCTS; CHANGE OF BASE FIELD

We now take a second look at the evaluation functionals defined in Theorem 6.8.
In the context of the theorem, we focused on constructing a mapping from V to
V** by defining

() =1(x)
for each x € V and every [ € V*. Sincel: V — F and & : V** — F are both linear,
we see that the evaluation map B : V x V* — F given by the formula

B(z,1) = (z)
is linear in each variable. This observation leads us to introduce the following

notion.

Definition 7.1 (Multilinear operators and forms). Let Vi,...,V,,,W be vector
spaces over a field F. An n-linear operator on [[,_, Vi is a mapping n : [[4_, Vi —
W that is linear in each variable, i.e., the map

V= (U1, ey Vk—1, Uy Ukt 1y - -« s Up)
is a linear operator from Vj, to W whenever vy, ..., 05_1,Vk41, ..., U, are fixed. If,
in addition, W = F, then we say that 7 is an n-linear functional. Furthermore, if
W = F and V; = ... =V, then we say that n is an n-linear form, or an n-tensor.

If n = 2, then we use the adjective bilinear instead of 2-linear; similarly, if n = 3,
then we use trilinear.

Example 7.2. As discussed above, the evaluation map B : V x V* — F given by
B(z,1) = I(x) is bilinear. O

FEzxample 7.3. Let us think of C as a 2-dimensional vector space over R. The complex
multiplication operation

(a+bi) - (c+di) = (ac — bd) + (ad + bc)i
is bilinear. O

Ezample 7.4. We let C[z] denote the set of all complex polynomials. With usual
addition and scalar multiplication, C[z] is a vector space over C. The usual multi-
plication of polynomials is bilinear.

In general, polynomial multiplication on the space F[z] of polynomials with
coefficients in a field F is bilinear. |

Our immediate goal is to devise a canonical way of relating multilinear operators
to linear operators, so as to be able to study multilinear operators with the tools
of linear algebra.

Theorem 7.5 (Tensor products). Given vector spaces Vi, ..., V, over a field F,
there exists a pair (T, @) consisting of a vector space T over F and an n-linear
mapping ¢ : [[1—, Vie = T such that every n-linear mapping n : [[r_, Vi — W into
an arbitrary vector space W over F induces a unique linear operator n: T — W,
called the mediating morphism of 1, such that the following diagram commutes:

HZ:l Vk L) T

x |

+
w

=
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Furthermore, if (T',¢") is another pair that satisfies the above universal property,
then there exists a unique linear isomorphism ¢ : T — T such that the following
diagram commutes:

HZ:l Vk L) T

\ E
¢’ v
T/
We write Vi @ --- @ V,, or @j_, Vi to denote any such vector space T and say
that ®Z:1 Vi is the tensor product of the vector spaces Vi,...,V,. Given vy € Vi

for all 1 < k < n, we write v1 ® --- ® v, to denote the element p(v1i,...,v,) of
Qi V. IfV=Vy =--- =V, then we also write V" for @;,_, V.

In other words, every multilinear operator n induces a linear operator 7 on the
tensor product in a natural manner.

Proof. We suppose for now that there are two pairs (T, ) and (77, ¢’) that satisfy
the universal property described above. We can then find linear operators ¢ and
¢’ such that the following diagram commutes:

T/

By the uniqueness clause, 4,5’95 = idp and <,27<,5’ = idys. It follows that ¢ = @
is a linear isomorphism from T to 7’. The uniqueness of ¢ also follows from the
uniqueness clause of the universal property.

It remains to construct a tensor product. For notational convenience, we assume
that n = 2. The construction for the n > 2 case is entirely analogous. We shall
construct a tensor product of V; and Va2 by singling out the ordered pairs (vq,v2)
that satisfy the desired bilinearity properties. Specifically, we start with the free
vector space Fr(Vy x V3), which was constructed in Definition 3.30. We let M be
the subspace of Fr(V; x V,) spanned by the following vectors:

(i) (v1 4 va,w) — (v1,w) — (va,w), where vy, vy € V] and w € Va;
(ii) (v, w1 +wg) — (v,wy) — (v, wa), where v € V; and wy, ws € Va;
(iii) (av,w) — a(v,w), where a € F, v € V1, and w € Va;

(iv) (v,aw) — a(v,w), where a € F, v € V1, and w € V5.

We let T be the quotient space Fr (V) x V3)/M and denote by v ® w the image
of (v,w) € F(V; x V5) under the canonical surjection p : Fr(V; x Vo) — T. By
construction, the following properties are satisfied:

(1) (v1 +v2) @ W =11 ® w+ vy ® w, where vy,vy € V7 and w € Va;
(ii) v ® (w1 + wa) = v ® wy + v ® wy, where v € V7 and wy, we € Va;
(iil) av @ w = a(v @ w), where a € F, v € V1, and w € Vy;

(iv) v®aw = a(v @ w), where a € F, v € Vi, and w € V5.

As such, the restriction ¢ = ply, xv, is evidently bilinear on V; x V3.
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Now, we consider another bilinear operator n : V3 x Vo — W into some vector
space W over F. By the universal property of free vector spaces (Proposition
3.32), there exists a unique F-linear mapping 7, that makes the following diagram
commute:

Vix Vo — 22 Fr(Vh x Va)
dl e
w <

Here vy, xv, is the canonical injection map.
Now, the universal property of quotient vector spaces (Theorem 5.12) furnishes
a unique linear mapping 77, such that the following diagram commutes:

Fr(Vi x V)

w

Combining the two diagrams, we obtain the following commutative diagram:

LV xVy

Vi x Va Fr(Vi x Vo)
Ul 71*/,/’// lp
W T

Setting 7 = 1., we see that the universal property is satisfied. The uniqueness
clause follows from the uniqueness clauses of the two universal properties we have
invoked. O

For notational convenience, we shall work with the tensor product of two vector
spaces for the remainder of this section unless more spaces are necessary.

Proposition 7.6. Let V and W be vector spaces over a field F' and let (V @ W, ¢)
be the tensor product of V. and W. If {va}aecr and {wg}ges are bases of V and W,
respectively, then {vo, @ wgtacr pes i a basis of V@ W.

Proof. That {vy ® wglaer pes is a linearly independent subset of V@ W is an
immediate consequence of bilinearity.

Define Z = span{v, ® wg}aer,pes, which is a linear subspace of V@ W. Let
X be a vector space over FFand nn : V x W — X be a bilinear map. The map
71: Z — X defined by setting 7j(v x w) = n(v,w) and extending linearly is a linear
operator such that n =770 (p|z). If f: Z — X is an arbitrary linear operator such
that n = f o (¢|z), then we must have

n(v,w) = (f o (¢lz)) (v, w) = flv@w),

for all (v,w) € V. x W, and so f = 7. It follows that (Z,¢|z) is a tensor product
of V and W.

Let vtz : Z — V ® W be the canonical injection map, and let pz : VW — Z
be a projection of V onto Z (Remark 5.14). It follows at once that the following
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diagram commutes:

Since (V @ W, ) and (Z,p|z) are tensor products of V' and W, the uniqueness
clause in Theorem 7.5) implies that pz otz = idygw and ¢z o pz = idz. This is
possible only if Z =V @ W. O

It now follows that every x € V @ W has a representation of the form v; ® wi +

-+ + v, ® wy,. This representation depends on the choice of bases of V and W,

and it is possible that expansions with respect to two different sets of bases might
different in length.

Definition 7.7. Let V and W be vector spaces over a field F' and let (V @ W, ¢)
be the tensor product of V and W. The rank of a nonzero vector x € V. ® W is the
largest positive integer N such that, if
T = Z Vg & Wk
k=1
for some vy,...,v, € VN {0} and wy,...,w, € W~ {0}, thenn > N. If N =1,
then z is said to be an elementary tensor.

We have not defined zero-rank tensors, as the only reasonable candidate would
be the zero vector. When is Y.;'_, vy ® wy = 07 The following theorem provides
the answer.

Theorem 7.8. Let V' and W be vector spaces over a field F and let (V @ W, p)
be the tensor product of V- and W. Let vy,...,v, € V and wy,...,w, € W. The
following are equivalent:

(1) Xopmr vk @ Wi = 0;

(2) S i lvp)u(wg) =0 for alll € V* and u € W*;

(3) > i lvp)wr =0 for alll € V*;

(4) iy wlwi)l(ve) =0 for all u € W*.

Proof of theorem. (1) = (2) For each | € V* and every u € W*, we define a bilinear
map (l,u) : V x W — F by setting (I,u)(v,w) = l(v)u(w) for allv € V and w € V.
Let (I,u) : V@ W — F denote the mediating morphism of (I, u) and observe that

0:(/1,\_/u)<ivk®wk> i ) (v @ wy;) i(lu ogp) (g, W)
k=1

k=1 k=1

= Z(l,u)(vk,wk) = Zl(vk u(wy,
k=1

as was to be shown.
(2) = (1). For each I € V* and every u € W*, we define a bilinear map
(l,u) : VX W — F by setting (I, u)(v, w) = l(v)u(w) for all v € V and w € W. Let
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—~—

(l,u) : V®@W — F denote the mediating morphism of (/,u) and observe that

0= lwuw) = Y (L), we) = Y (w0 ) (o)
k=1

k=1 k=1

= Z(/Za\u/)(vk@)wk) = (l,/\;) <ka®wk> .
k=1 k=1

Let z = > }_, v ® wy, and suppose for a contradiction that z # 0. Let N be

(7.9)

the rank of z and find v{,...,vy € V and wi,...,w)y € W such that
N
T = Z V), @ W
k=1
It follows from bilinearity that {v{,..., v} and {w], ..., wi } are linearly indepen-

dent subsets of V' and W, respectively. Computations analogous to (7.9) yield the
following string of identities for all [ € V* and u € W™*.

o N N
0= 03] (z o w;) S e,
k=1 k=1

Since v, ..., v}y are linearly independent, we can take the dual vectors (v})*, ...,
(vy)* (Corollary 6.6) and substitute them in place of [ in the above display to obtain
the following:

N
0= Z(vé)*u(w;) = u(w}) for all 1 <i < N and u € W*.
k=1

It follows that w} = 0 for all 1 < i < N, for otherwise we can invoke the algebraic
Hahn-Banach theorem (Lemma 6.9) to construct a w € W* such that u(w}) # 0.

We now conclude from bilinearity that z = Zivzl v}, @ wj, is the zero vector.

(2) = (3). Since u (> _; l(vg)wy) = 0 for alll € V*, it follows from the algebraic
Hahn-Banach theorem (Lemma 6.9) that >~ _; [(vg)wy = 0.

(3) = (2). Since Y ;_, l(vg)wy, = 0, we see that

Zl(vk)u(wk) =u (Zl(vk)wk> =0.

k=1 k=1
(2) = (4). Analogous to (2) = (3).
(4) = (2). Analogous to (3) = (2). O
The proof of (2) = (1) suggests the following corollary:

Corollary 7.10. Ifvy,...,v, are linearly independent vectors in V and wy, ..., w,
are vectors in W, then 22:1 v @ wi = 0 implies that wy, =0 for all1 < k < n.
In particular, v ®@ w = 0 if and only if v=0 and w = 0.

The last part of the proof of (2) = (1) can be used almost verbatim to establish
the corollary. Here we give an alternate proof.

Proof. Theorem 7.8 implies that

0= Zn: u(wy ) vy,

k=1
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for all w € W*. Since vy,...,v, are linearly independent, we see that u(wg) = 0
for all 1 < k < n. Since u € W* was arbitrary, it follows from the algebraic
Hahn—Banach theorem (Lemma 6.9) that wy, =0 for all 1 <k < n. O

P

Another interesting point about the proof of (2) = (1) is that, if ([,u) in
(7.9) accounted for all linear functionals on V ® W, then we would have been
able to invoke the algebraic Hahn—-Banach theorem (Lemma 6.9) to conclude that
Y peq Uk @ wi = 0. To what extent is this argument valid? The following theorem
provides an answer.

Theorem 7.11 (Tensor product of linear functionals). Let V' and W be vector
spaces over a field F'. There exists a unique injective linear operator 8 : V*QW* —
(V@ W)* defined by the formula (I ® u) =1 ® u, where

(@u)(vew)=I1v)u(w).
If dimV < 0o and dim W < oo, then 0 is an isomorphism.

Proof. The map © : V* x W* — (V @ W)* defined by the formula O(l,u) =1l ® u
is bilinear. The mediating morphism 6 : V* @ W* — (V ® W)* is the desired map,
whose uniqueness is guaranteed by the uniqueness clause in the construction of the
tensor product (Theorem 7.5).
To show that 6 is injective, we fix € kerf. Suppose for a contradiction that
x # 0. Let N be the rank of z and take an expansion z = Z,JCVZI Iy ® ug. By
bilinearity, {l1,...,In} and {uj,...,un} are linearly independent subsets of V*
and W™, respectively.
Observe that
N N
0=10 (Z e ® uk> (vew) =Y l(v)u(w).
k=1 k=1
forallv e Vand w € W. We fix v € V ~\ {0} and note that w — Z]kvzl Ui (v)ug (w)
is the zero functional. Since wq, ..., wy are linearly independent, we conclude that
li(v) = -+ = In(v) = 0. The choice of v was arbitrary, and so [y = --- = Iy. It
follows that & = 0, which is absurd. We now see that ker @ is trivial.
Finally, if V and W are finite-dimensional, then Corollary 6.6 and Theorem 7.6
imply that

dim(V* @ W*) = (dim V*) (dim W) = (dim V') (dim W)
=dim(V @ W) =dim (V@ W)*).
Since the first isomorphism theorem implies that (V* @ W*) = im 6, we conclude

from the above dimension computations that (V* @ W*) = im0 = (Ve W)*. O

We now generalize the above theorem to characterize tensor products of linear
transformations

Theorem 7.12 (Tensor product of linear transformations). Let Vi, Vo, Wy, Wy be
vector spaces over a field F. There exists a unique injective linear operator 0 :
.i”(Vl, V2) X X(Wl, WQ) — ,Z”(Vl QW Vo® WQ) deﬁned by the formula G(T, S) =
T® S, where

(T®S)vew)=Tve Sw.

If V1, Vo, Wy, Wy are finite-dimensional, then 6 is an isomorphism.
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Proof. The map © : Z(V1,Va) x L(W1, W) — L (V1 @ Wi, Vo ® Wa) defined by
the formula ©(T,S) =T ® S is bilinear. The mediating morphism 0 : .Z(V1,V2) ®
L (Wi, Wa) = L (V1 @ W1, Vo ® Wa) is the desired map, whose uniqueness is guar-
anteed by the uniqueness clause in the construction of the tensor product (Theorem
7.5).

To show that 6 is injective, we fix U € kerf. Suppose for a contradiction that
U # 0. Let N be the rank of U and take an expansion U = Z,Icvzl T; ® Sk.
By bilinearity, {T1,...,Tn} and {Si,...,Sn} are linearly independent subsets of
Z(V1, Vo) and .Z (W1, Ws), respectively.

Observe that

N

N
0=0 (ZTke@sk) (v@w) =Y Twe Sw
k=1

k=1

forallv € V and w € W. We fix v € V and observe that w +— Zszl Trv ® Spw
is the zero map. Since wi,...,wy are linearly independent, Corollary 7.10 implies
that Tyv = -+ = Tyv = 0. The choice of v was arbitrary, and so 11,...,Tn are
zero maps. It follows that U = 0, which is absurd. We conclude that ker 6 is trivial.

The isomorphism statement follows from the usual dimension-counting argu-
ment: see, for example, the proof of Theorem 7.11. O

We conclude this section with a discussion on how to change the base field of a
vector space. If K is a field extension of a field F', then a vector space Vi over K
can be thought of as a vector space Vp. We tackle the converse question: given a
vector space Vg, how can we turn Vp into a vector space over K7

Consider the tensor product Wrp = K ® V. Since K can be thought of as an
F-vector space, Wr is a well-defined tensor product of two F-vector spaces. On
the other hand, we can think of K ® Vg as a K-vector space by setting

a(b®v) = (ab) ® v

for all a,b € K and v € V. We then obtain the K-vector space Wi = K ® Vg,
which has the same elements as Wr but is a vector space over a different field.

Theorem 7.13. Let K be a field extension of a field F' and let Vi be a vector space
over F. Define the K-extension map u: Vp — K ® Vi by setting p(v) = 1x @ v
for all v € Vp. The map p is F-linear, and, for each F-linear map f : Vp — X
where X is a K-vector space, there exists a unique K-linear map f K@ Ve - X
such that the following diagram commutes:

Proof. Linearity of u follows at once from bilinearity of ®. Fix an F-linear map
f: Ve — X where X is a K-vector space. The map f : K ® Vp — X given by
the formula f(a ® v) = af(v) is the unique K-linear map such that the diagram
commutes. (]

Corollary 7.14. Let K be a field extension of a field F', let V. and W be vector
spaces over F', and let iy 'V — KQV and pw : W — K QW be the K-extension
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maps. For each F-linear map f : V. — W, there exists a unique K-linear map
KRV = K®W such that the following diagram commutes:

v —1 w

o | [

K®WT>K®W

Proof. Existence and uniqueness follows at once from Theorem 7.13. In fact,
dg®f: K®V — K ®W is the unique such map. [

8. NORMED LINEAR SPACES

We now turn to the analytic properties of vector spaces. A standard object of
study in the analysis on vector spaces is a normed linear space:

Definition 8.1. A norm on a vector space X over F' is the function || - || : X —
[0, 00) satisfying the following properties:
(i) ||lz|| = 0 if and only if z = 0;
(i) [z +yll < [lz[| + [ly]| for all 2,y € X;
(iii) ||Az|| = |M|||x|| for each A € F and every z € X.
X is a normed linear space if X is equipped with a norm.

With every normed linear space is a metric topology, given by the induced metric
d(z,y) = [l = yl|.

Remark 8.2. This topology turns vector addition (z,y) — = + y and scalar multi-
plication (A, x) — Az into continous maps.

The induced metric satisfies the following properties:
(i) Translation invariance. d(x + z,y + 2z) = d(x,y) for all z,y,z € X.
(ii) Homogeneous scaling. d(Az,\y) = |Ad(z,y) for each A € F and every
T,y € X.

Remark 8.3. Every vector space X with a metric that satisfies (i) and (ii) is a
normed vector space with the norm given by ||z| = d(z, 0).

Translation invariance and homogeneous scaling of the induced metric has the
following consequences:

Proposition 8.4. Let X be a normed linear space over F.

(i) A+y=A+y and (A+y)° = A° +y for each A C X and everyy € X.

(ii) MA = XA and (AA)° = M\A° for each A\ € F and every A C X.
(iii) If U is open subset of X and A an arbitrary subset of X, then U + A is open.
(iv) If A and B are compact subsets of X, then A+ B is compact.

We remark that the sum of two closed subsets is not necessarily closed. Indeed,
Z + \/2Z is a proper dense subset of R, which cannot be closed.

Another basic property of the norm topology is that the norm is continuous. In
fact, the map = — ||z|| is Lipschitz, for the triangle inequality yields the estimate

]l = llylll < [l =yl

1Henceforth, F shall denote an “arbitrary field”: R or C.
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As a consequence, the open ball
Br(z) ={y:llz—yll <r}
is open, and the closed ball
Brla] ={y : lv —yll <7}
is closed. Translation and scaling yields
B.(z) =xz+rB1(0) and B.[z] =z + rBy[0].

Remark 8.5. A metric linear space is a vector space with a translation-invariant
metric. Every ball in a normed linear space is convex, but R? with the metric

d(z,y) = V]z1 — y1] + V|72 — ol

is a metric linear space whose unit ball By (0) fails to be convex.

A basic result in the theory of metric spaces is that B,.(z) C B,[x] and B,[z]° 2
B,.(z). In a general metric space, the equalities need not hold, for any set of
cardinality at least 2 with the discrete metric

d(z,y) 0 ifz=uy;
x7 = .
Y 1 ifx#y;

has the following “unit balls”:

Bi(z) ={z}, Bi(z)={z}, Bi[z]=X.

The equality holds in normed linear spaces:

Proposition 8.6. In a normed linear space, B1(0) = B1]0].

Proof. Tt suffices to show that B1[0] C B1(0). We pick z € B;[0] and construct a

sequence
(-3)

Tp=|1—— |
n

Then z, € B1(0) for each n € N and z, — z in the norm topology, whence
T € By (O) U

Let us now introduce some fundamental examples of normed linear spaces.

Ezample 8.7. The p-norms on F", given by

oo 1/17
Z|x¢\p if 1 <p <o
Hx“P - i=1
max | if p = oo;
K2

is a norm. More generally, if (X, ) is a measure space, then the Lebesgue space
LP(X, u) of p-measurable complex-valued functions on X with finite LP-norm

1/p
(/ |f|pdu> if 1 <p <o
1Al =9 \Ux

esssup | f] if p= oo

is a normed linear space.
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Ezample 8.8. Let E be an arbitrary set, and consider the collection Z(FE) of
bounded real-valued functions on E. The L*-norm is a norm on %#(F). In partic-
ular, if F is a compact metric space, then the space €' (E) of continuous real-valued
functions on E with the L°-norm is a normed linear space. Similarly, C*([0,1]) of
continuously differentiable functions on [0,1] with a “modified” L*°-norm

A= 11l + 1 Nloo

is a normed linear space.

Example 8.9. If A is an invertible n-by-n matrix over F, then
lellap = 4z,

is a norm on F".

The Lebesgue spaces are more than just normed linear spaces— they are com-
plete metric spaces. Since these examples are of paramount importance in analysis,
we abstract this property and give it the name of one of the founders of functional
analysis, Stefan Banach:

Definition 8.10. A Banach space is a normed linear space whose induced metric
is complete.

Not every space is a Banach space, of course. €([0, 1]), as a subset of L2([0, 1]),
is a dense proper subspace, hence it cannot be closed. Nevertheless, there is a
Banach space that contains it: namely, L?([0,1]). As it turns out, we can always
find a Banach space that contains the given normed linear space.

For a precise formulation of this result, we will need some definitions. Recall
that an isomorphism of two vector spaces is a bijective linear transformation. An
isomorphism of vector spaces preserves linear structures in a way that renders the
two spaces in question “essentially the same”. An appropriate analogue for normed
linear spaces is as follows:

Definition 8.11. An isometric isomorphism between normed linear spaces X and
Y is an isomorphism 7' : X — Y of vector spaces that is isometric, viz., ||z| = || Tx||
for all z € X. X and Y are said to be isometrically isomorphic if there exists an
isometric isomorphism between them.

The adjective isometric is important, because there is another notion of isomor-
phism for normed linear spaces: namely, bijective linear transformations that are
homeomorphisms with respect to the metric topology generated by the norm. See
§17.3 for a more detailed discussion.

Isometrically isomorphic normed linear spaces are considered to be the “same”,
and so the result we wish to formalize must be understood in the isomorphic sense
as well:

Definition 8.12. An embedding of a vector space X into another vector space Y
is an injective linear transformation 7" : X — Y. An embedding T": X — Y is
said to be an isometric embedding if X and Y are normed linear spaces and T is
an isometry.

It is easy to see that T' is an isometric isomorphism between X and im7. We
are now in a position to state the following theorem:
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Theorem 8.13. FEvery normed linear space can be isometrically embedded into a
Banach space. The Banach space can be chosen in a way that the embedding is
dense. This choice is unique up to an isometric isomorphism and is referred to as
the completion of the normed linear space in question.

We will prove this result in §11 of this chapter. For now, we consider the following
simple exercise that highlights the basic concepts related to the above result.

Remark 8.14. Let (X, |-]|) be a normed linear space and M a linear subspace of X.
This this case, M is also a linear subspace of X. Moreover, if (z,,)2%; is a sequence
in X, then x, — x implies ||z,|| = ||z| in R. If (2,)22, is a Cauchy sequence,
then (||z,])52; is a Cauchy sequence.

Before we proceed, we remark that not every metric on a vector space is induced
by a norm.

Remark 8.15. The metric
o)
d(ﬂf,y) = Z 27” min(la |xn - ynD
n=1

is a translation-invariant metric on RY that does not scale homogeneously. This is
an example of a Fréchet space (Definition 15.7), a generalization of a Banach space
with multiple, rather than one, “complete norms”.

We also remark that not every norm generates a distinct norm topology.

Definition 8.16. Two norms ||-||, and || - ||y on X are equivalent if there exist two
positive constants K7 and K5 such that

Ki|zlla < [lzlls < Kafl2|la
for all z € X.

Remark 8.17. Equivalent norms induce the same metric topology, viz., a subset F
is open with respect to || - ||, if and only if E is open with respect to || - ||s.

It turns out that there is only one norm topology on finite-dimensional vector
spaces of a fixed dimension.

Theorem 8.18. All norms on a finite-dimensional vector space are equivalent.

Proof. Let X be a finite-dimensional normed linear space over F with the norm
| - |. We fix a basis {v1,...,v,} of X and consider the canonical isomorphism
T:F" — X, given by

T(A1,..o3 n) = Z A
i—1

for each A = (A1,...,A,) in F™. The Cauchy-Schwarz inequality implies that

" " 12 , 1/2
ITA < o]l < (Z ||U¢||2> (Zl&ﬁ) = K> ||All2
i=1 i=1 i=1

for each A € F”. From this, we see that A — || T'A|| is continuous, for

WAL = [T A]] | T (A1 = X2)|| £ Kal|A1 — Azlf2.
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We now take the unit sphere S = {x € F" : ||z|]|]2 = 1} in F", which is compact.
The map A — ||T'A|| therefore attains its minimum K3 on S. The minimum must
be strictly postiive, for the norm is only zero at 0. We then have

1T = AT AT > KA ]2
for all nonzero A € F", and it follows that
(8.19) Kil[All2 < [TA < Ka[[A]2.

We now take another norm || - ||’ on X. The same argument as above shows that
we have positive constants Kj and K} such that

(8.20) KMz < ITAI" < K5 A2
Let = TA. We apply (8.20) and then (8.19) to obtain the estimate

K/
"< K| A|l2 < 22|z
=l < K3l All2 < 2=l
Similarly, we apply (8.19) and then (8.20) to obtain the estimate

Ky
ol < KallAla < 22l

Combining the two estimates, we have

i Ky
-1 < < 2
el < lall < 221l

for all x € imT'. Since T is an isomorphism, this accounts for all vectors in X. [

The equivalence of norms implies that all finite-dimensional normed linear spaces
of the same dimension are homeomorphic. Since finite-dimensional vector spaces
of the same dimension are isomorphic, we see that they are isomorphic as topolog-
ical vector spaces. They are not necessarily isomorphic as normed linear spaces,
however.

Ezample 8.21. Consider (R? || -||1) and (R, |- |l2). T : (R%, |- |l1) — (R%, || - ||2)
is an isometric isomorphism, then

(8.22) (1 =Nz + Aylly = [|(1 = )Tz + ATy
for all A € R. Letting = = (1,0) and y = (0,1), we see that
1A =Nz + Ayl =1

for each 0 < A < 1. But Tz and Ty are points on the ordinary unit circle in the
coordinate plane R?, whence the segment connecting the two points cannot be on
the unit circle. It follows that

(1= XNz + Ay|l2 <1

if 0 < A < 1, contradicting (8.22). It follows that there is no isometric isomorphism
from (R?, |- [|1) to (R?, || - ]l2).

Nevertheless, all finite-dimensional normed linear spaces of the same dimension
are similar enough for the most part. For one, all of them are complete:

Corollary 8.23. All finite-dimensional normed linear spaces are Banach spaces.
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Proof. Let (X, || -||) be an n-dimensional normed linear space and fix a Cauchy
sequence (2,)5 4 in V. The equivalence of norms (Theorem 8.18) implies that the
Euclidean norm (/2-norm) on R™ and || - || are equivalent. More precisely, if we fix
a basis {v1,...,v,} of X and take the canonical isomorphism 7' : X — R", given

by
T (Z Am) = (A1, An),
=1

then we can find positive constants K7 and K5 such that
(8.24) Ki||Tz]z < o] < Kal|Tao.
We now note that (Tz,,)22 ; is Cauchy in R™, and so we can find its limit y. We

n=1

set x = Ty, so that ||Tz,, — Tz|2 — 0 as n — oo. (8.18) now implies that
lim ||z, — 2| < lim Ks||Tz, — Tz|2 =0,
n— oo n—oQ
whence X is a Banach space. ([l

This, in particular, shows that all finite-dimensional subspaces of a normed linear
space are complete. Since completeness implies closedness, we have the following
corollary:

Corollary 8.25. All finite-dimensional subspaces of a normed linear space are

closed. O

We remark that the finiteness assumption is essential. Indeed, there are many
examples of infinite-dimensional subspaces that are not closed.

Remark 8.26. Fix 1 < p < oo and recall that the space C*°([0,1]) of smooth
functions is a dense subspace of L?([0,1]). Therefore, the space C™([0,1]) of n-times

continuously differentiable functions on [0, 1] is not closed in the norm topology of
LP([0,1)).

Remark 8.27. Nevertheless, there are concrete examples of nontrivial closed infinite-
dimensional subspaces of infinite-dimensional spaces. For example, the space of
bounded and continuous functions on R is a proper closed subspace of L (R).

We also note that finiteness is used in a crucial manner in the proof of the
equivalence of norms: first, to compute the constant ("7, [|v;[|?)/2, and second,
to obtain the minimum of the map A — ||T'A|| via the compactness of the unit
sphere in F".

Ezample 8.28. On an infinite-dimensional vector space, we can easily construct
non-equivalent norms. Consider, for example, the vector space X of sequences
(2,,)22; that vanish after finitely many terms. X can then be considered as linear
subspaces of [}(N) and [?(N), respectively. We now let

N _J1 ifn<N;
"0 ifn> N;

X

and consider the family of sequences z%V = (V)% ;. We have

lz¥i =N and  [l2¥]2 = VN,

and, by sending N — oo, we see that no norm equivalence is possible.
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More generally, every infinite-dimensional vector space admits non-equivalent
norms.

Remark 8.29. Let V be an infinite-dimensional vector space and let B = {v,} be a
Hamel basis of V. Check that each function f : B — [0, 00) defines a norm || - | f,
given by

ZAO/U& = Z ‘)\a|f(va)'

Conclude that V' admits non-equivalent norms || - || and || - ||4.

This suggests that the unit sphere in an infinite-dimensional normed linear space
is not compact, for otherwise the proof of Theorem 8.18 would have gone through.

Theorem 8.30. A normed linear space is finite-dimensional if and only if the
closure of each bounded subset is compact.

Remark 8.31 (] |, Example 1.9.8). As a concrete example, we consider [?(N)
with 1 < p < co. The set {e, }nen of sequences

en(m) = 1 ifn=m;
" )0 ifn#mg

is closed and bounded in [?(N), but is not compact. Nevertheless, a closed and
bounded set K C [P(N) such that every & > 0 furnishes an index n with the
estimate

1/p
(Z f(m)|p> <e

m>n
for all f € K is compact.
Proof of theorem. The “only if” part follows at once from the equivalence of norms.

To show the “if” part, we assume that X is infinite-dimensional. We shall need the
following lemma, due to F. Riesz:

Lemma 8.32 (Riesz). Let (X, ||-]|) be a normed linear space andY a closed, proper
subspace of X. For each € > 0, we can find a vector z € X such that ||z|| = 1 and
lz—yl|>1—¢ forally €Y.

Proof of lemma. X 'Y is nontrivial, hence we can pick a vector zg in it. The
quantity

d= inf ||lzo —
Inf [lzo —yl

is positive, for otherwise z is in the closure of Y. Since Y is closed, this is obviously
false.
Now, for each > 0, we can find y,, € Y such that

d < |lzo —yyll <d+n.
We let

Zn = ”mO - ynH*l(fo - yn)'
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For each y € Y, we have the estimate

lzg —yll = ||y —llzo —ynll~ (@0 —un)|
1

= T llllzo = ynlly — (@0 — yy)
20 = yyll ! !

1
= 7o — vl lzo — (yn + lzo — ynlly)ll
n

> - .4,

because y, + ||z — yylly € Y.
We now fix a sufficiently small € > 0 and pick 7 such that #‘ln =1 —e. Letting
z = z,, we see that the above estimate translates to ||z|| = 1 and

Y P
z— —— =1-—g¢,
Y d+mn

which was the conclusion of the lemma. O

We now suppose for a contradiction that the closure of each bounded subset of
X is compact. Fix a unit vector x; in X and let Y; be the span of x;. The lemma
above furnishes a unit vector x5 in X such that [lzo —y| > 1 for all y € ¥7. In
particular, ||zo —xzq|| > %, and so the span Y5 of x1 and x5 is distinct from Y;. Since
X is infinite-dimensional, we continue this process to obtain a strictly increasing
sequence

}/]_C}/QC"'CYnC"'-

of subspaces of X, and the corresponding sequence (z,)5%; of vectors such that
|2m — zn|| > 4 whenever m # n. We can see at once that the sequence ()52,
has no convergent subsequence, despite its boundedness. It follows that {z,}nen

is a closed, bounded subset of X that is not compact, which is absurd. ([

9. BOUNDED LINEAR OPERATORS

The argument for the continuity of A — ||T'A|| given in proof of the equivalence
of norms in finite-dimensional vector spaces (Theorem 8.18) shows that A — T\ is
Lipschitz continuous. Indeed, we have

|TA1 —TAz|| < Cl|A1 — A2l|2

with the positive constant C' = (37, ||lv;]|?)'/2, and the Lipschitz continuity fol-
lows at once. Again, finiteness plays an essential role here, as not every linear
transformation between infinite-dimensional normed linear spaces is continuous.

Ezample 9.1. For example, we consider the differential operator D : €*([0,1]) —
%([0,1]) given by

Df =f.
We let f,,(z) = n~!sin(nz) for each n € N and observe that || f,||c — 0 in C*[0, 1].

We see, however, that D f,, = cosnz, and so ||Df,||lcoc = 1 for all n € N. Therefore,
Df, # 01in C[0,1], whence D cannot be continuous.
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Ezxample 9.2. As another example, we consider the space X of sequences that vanish
after finitely many terms. The map

o0
l(x) = Z T
n=1
is a linear transformation from X to R. We now let

N % if n < N;
0 ifn>N:

for each N € N and observe that |2V ]|. — 0 in X. Nevertheless, [(z") = 1 for all
N € N, so that [(zV) 4 0 in R. It follows that [ cannot be continuous.

If, however, we can find a positive constant C' such that
[Tz|| < O],

as we have in the proof of the equivalence of norms, then it is straightforward to
show that T is, in fact, continuous. We give this condition a name.

Definition 9.3. A linear transformation 7' : X — Y between (X,| - ||x) and
(Y, |l - |ly) is bounded if there exists a positive constant C' such that

[Tz|| < Cllz]]
for all z € X.

As it turns out, boundendess is also necessary for a linear transformation to be
continuous, rendering boundedness an equivalent condition for continuity.

Proposition 9.4. Let T : X — Y be a linear transformation between (X,| - ||x)
and (Y, || - |ly). The following are equivalent:

(a) T is uniformly continuous.

(b) T is continuous.

(c) T is continuous at 0.
(d) T is bounded.

Proof. (a) = (b) and (b) = (c) are trivial. To see (c) = (a), we fix € > 0 and find
a ¢ > 0 such that ||z||x < ¢ implies |[Tz|ly <e. Let z1,22 € X. If |21 — 22| x < 0,
then || T(x1 — x2)|ly = [|[Tx1 — Tzz|ly <&, and so T is uniformly continuous.

(d) = (c) is straightforward, hence it remains to show that (¢) = (d). To this
end, we find a § > 0 such that ||z|| < ¢ implies ||Tz| = ||Tx —T(0)|| < 1. Given an
arbitrary vector x € X, we now see that

2||x]| ) 2
Tzl = 2l ( — 2
I7ell = =5 |7 () | < 3l

and so T is bounded. O

We now introduce a quantitive measurement of the boundedness of a continuous
linear transformation.

Definition 9.5. Let T : X — Y be a bounded linear transformation. The infimum
of all constants C such that
[Tz < C|lz]]

for all x € X is the operator norm of T, denoted by ||T||x—y-
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The name operator norm comes from classical analysis, in which an object that
takes a function and transforms it was called an operator of functions. Since the
spaces we consider in functional analysis are, by and large, abstractions of function
spaces, much of the classical terminology remains. In fact, we shall often refer to
linear transformations as linear operators from now on.

There are a number of different ways of computing the operator norm.

Remark 9.6. If T': X — Y is a bounded linear operator, then

Tx Y
ITllxoy = sup '” Y _ g el
z#0 ||T||X [|lz||x =1

The name operator norm suggests that the collection of bounded linear operators
should form a normed linear space, and this is indeed the case.

Remark 9.7. The space Z(X,Y) of bounded linear operators from X to Y is a
normed linear space with the operator norm.

Remark 9.8. f T, = T in #(X,Y) and x,, —» = in X, then T,,x,, = T2 in Y.

We remark that the notion of convergence in Z(X,Y) is precisely the notion of
convergence on the unit sphere in X. Specifically, we have the following result:
Remark 9.9. ||T,, — T||x—y — 0 if and only if

sup ||Thx —Tz|ly — 0.

lzllx=1
Theorem 9.10. IfY is a Banach space, then so is B(X,Y).
Proof. Let (T,,)22; be a Cauchy sequence in #(X,Y). For each x € X, the se-
quence (T,x)52; is Cauchy in Y, as
[Tna = Tz|| < 1T = Ton[[|]]-

By the completeness of Y, we can find a limit Tz of the sequence (T,,x)52,. T is
clearly linear. We also observe that

1Tz|| < Tz — Tozl| + [|Taz|| < |Tx — Tox|| + || Tl 2]]-
Since (T3,)5%; is Cauchy, M = sup,, ||T%,|| is finite, and so
|Tz|| < [Tz — Tzl + M|z
We now send n — oo to conclude that
[Tz| < Mz,

and so T' is bounded. Therefore, T € Z(X,Y).

It remains to show that |7, —T'|| — 0. To this end, we fix ¢ > 0 and find N € N
such that ||T;, — T),|| < € for all m > n > N. Then ||T,x — Th,z| < ¢||z| for all
r € X, and sending m — oo yields

| Tz — Tx|| < ez
This implies that ||T,, — T|| < € for all n > N, and so T,, — T in #(X,Y), as was
to be shown. O

Let us now consider a few important special cases of the space of bounded linear
operators. If the target space Y is the ground field F, we obtain the space of linear
functionals that are continuous:
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Definition 9.11. The (topological) dual space X* of the normed linear space X is
the space Z(X,F) of bounded linear functionals.

The name topological dual space contrasts X* with a related construct, the
algebraic dual space X’'. X' is defined to be the collection of all linear functionals
on X, continuous or not (see Definition 6.4). We remark that X’ always has a
plenty of elements: just take a basis of X’ (which requires the Axiom of Choice)
and define a linear functional by assigning a scalar to each basis element. The
topological dual, however, is not always interesting: for some spaces, the topogical
duals contain nothing but the zero functional, which sends every vector to zero.
We shall have an occasion to say more about this later, when we discuss the Hahn-
Banach theorem in §11 of this chapter.

In any case, we can apply Theorem 9.10 to X* = B(X,F) even if X* is trivial.
And we do so at once:

Corollary 9.12. X* is a Banach space. t

10. COMPLETENESS: APPLICATIONS OF THE BAIRE CATEGORY THEOREM

With the foresight that the topological dual space X* is nontrivial in plenty
of cases, we now exploit the completness of Banach spaces to establish several
powerful results. These results will be derived as corollaries of the Baire category
theorem, which, in turn, deals with a characterization of the notion of smallness in
topological spaces.

10.1. Nowhere Dense Sets and the Baire Category Theorem. We begin by
singling out an “obviously negligible” class of sets in topological spaces.

Definition 10.1. A subset A of a topological space X is nowhere dense in X if
(A)° = a.

Note that a finite union of nowhere dense sets is nowhere dense. Extending this
idea, we can define a notion of smallness in topological spaces as follows:

Definition 10.2. A subset A of a topological space X is of the first category, or
meager, if it is a countable union of nowhere dense sets. A is of the second category
if A is not meager.

It is instructive to compare the notion of sets of category with the sets of measure
zero. The next theorem shows that complete metric spaces cannot be too small.

Theorem 10.3 (Baire category theorem). A complete metric space is of the second
category.

Proof. We shall need the following lemma, which shows that open, dense subsets
of a complete space cannot be too small:

Lemma 10.4. If {U,}>2, is a sequence of open, dense subsets of a complete metric
space X, then (), Uy is also dense.

Proof of lemma. Let V be an open subset of X. We shall show that the intersection
of V and ,, U, is nontrivial. To this end, we first note that U; NV contains a ball
B, (1) centered at a point z; € Uy N V. We now define B, (x,) inductively for
n > 1 as follows: noting that U, N B, _, (z,—1) has nonempty interior, we can find
a ball B, (x,) such that B, [z,] CU,NB,, ,(zn-1).
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Let us relabel (B, (z,))52; if necessary to have r, tend to zero as n — oc.
Then (z,)$2, is Cauchy in the complete metric space X, whence z,, — x for some
x € X. By the construction,

x €U, NBy (1) CU, NV

for all n, which implies the desired conclusion. (I

We now return to the task at hand. Suppose that (F,,)22 is a sequence of sets

such that (E,)° = @. For each n € N, the complement of E,, is open. In fact, it is
dense, as

(En)e = [(En)’]° = X.

By the above lemma, we have

Py —_
(B # 2,
n=1
which implies that
UE. £ X,
n=1
Therefore,
U E. # X,
n=1
and the proof is complete. (Il

10.2. The Open Mapping Theorem. We now derive three powerful corollaries
of the Baire category theorem. The first in line is the open mapping theorem, which
provides a sufficient condition for a linear operator to be open. We first recall the
definition of openness:

Definition 10.5. A function f : X — Y between topological spaces X and Y is
open if the image of each open subset of X is open in Y.

The open mapping theorem asserts that surjectivity is enough if we are dealing
with bounded linear operators between normed linear spaces.

Theorem 10.6 (Banach-Schauder, the open mapping theorem). If T : X — Y
is a surjective bounded linear operator between Banach spaces X and Y, then T is
open.

Proof. We simplify our task by making the following observation:

Lemma 10.7. Let T : X — Y be a linear operator between normed linear spaces
X andY. Then T is open if and only if T(B1(0)) has nonempty interior.

Proof of lemma. If T is open, then T(B;(0)) is a nonempty open set, whence
T(B1(0)) must have a nonempty interior. Conversely, if T'(B;(0)) has a nonempty
interior, then Proposition 8.4 implies that T'(B,(x)) must be open for each r > 0
and every z € X. We now let E be an arbitrary open set in X. For each = € F,
we can find a real number r > 0 such that B,(z) C E, whence T'(B,(x)) is an open
neighborhood of Tz contained in T'(E). It follows that T'(E) is open.
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In light of this, we shall show that T'(B;(0)) contains a ball, and generalize this
result to show that T'(B; /2» (0)) contains a ball regardless of n € N. A strengthening
of this argument will allow us to remove the closure, and the desired result will follow
from Lemma 10.7.

We first prove that 7'(B;(0)) has nonempty interior”. Since X = J,, B, (0), we
can write Y = |JT(B,(0)) by the surjectivity of T. The linearity of T allows us to
rewrite the latter identity as

Y = | nT(B1(0)),

n=1

whence the Baire category theorem (Theorem 10.3) applied to Y implies that at
least one of the nT'(B1(0)) must fail to be nowhere dense. Since nT(B1(0)) is
homeomorphic to T'(B1(0)), it follows that T'(B1(0)) fails to be nowhere dense. In
other words, T'(B1(0)) has nonempty interior. We can now pick a point yg in the
interior of T'(B1(0)) and find a ball B,(y) contained in the interior of T'(B(0)).

Let us now show that T'(B1(0)) contains a ball centered at the origin. Since
yo € T(B1(0)), we can find a point y; € T(B1(0)) and z1 € B;(0) such that
y1 = Ty and |ly1 — yol| < r/2. This, in particular, implies that the ball B, /5(y1)
is contained in B, (yo), which, in turn, is contained in T'(B1(0)).

Now, if ||y|| < r/2, then y +y1 € B, 2(y1) € T(B1(0)), whence

y=W+uy)—n=w+n) —Tn

is in T'(B2(0)). Therefore, T'(B2(0)) contains the ball B, /5(0), and a simple scaling
argument shows that

(10.8) B, jon+2 (0) C T(Bl/gn (0))

for each n € N.
Finally, we show that

(10.9) T(B1(0)) 2 B, 5(0).

To this end, we fix a point z € B, /3(0). (10.8) with n = 1 allows us to pick a
point p; € By/3(0) such that z —T'p; € B,./16(0). Similarly, we pick py € By 2 (0)
inductively such that

k
(Z - ZTP1> € Br/2k+3 (0)7

i=1

oo

applying (10.8) with n = k. The end result is a sequence (px)%, in the Banach
space X with

o0 oo 1
Z [prll < 2327]C =1
k=1 k=1

whence the following lemma implies that > pr must converge to a point p € B;(0):

Lemma 10.10. If Y ||z,]| < oo, then > x, convergences.

2This is not the same thing as T'(B1 (0)) having nonempty interior, which is the desired result.
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Proof of lemma. If 377 | ||lz,]| < oo, then the tail > - \ ||| can be made as
N o0

small as desired, whence the partial sums <Z xn> form a Cauchy sequence:
N=1

n=1

M
<Yl = 0as N,M — oo.
n=N

M
E Ln

n=N

M N
§ Tp — § Tn
n=1 n=1

It follows that the series > x,, converges. (]

By continuity of T', we have

k
—Tp|l| =1 — Tp; =
o= )]s
and so z € T(B1(0)), thus establishing (10.9). This completes the proof. O

Remark 10.11. The converse of Lemma 10.10 also holds. Indeed, a normed linear
space X is complete if and only if > ||z, | < oo implies the convergence of > x,,.

An immediate corollary of the open mapping theorem is that it is not very diffi-
cult to upgrade a linear isomorphism between two Banach spaces to an isomorphism
of topological vector spaces.

Corollary 10.12. A bijective bounded linear operator between Banach spaces is an
isomorphism of topological vector spaces.

Proof. 1t suffices to show that the inverse is continuous, which is equivalent to the
openness of the operator in question. [l

Since there is always a bounded linear isomorphism on a vector space onto itself,
it follows that all complete norms on a single vector space must produce the same
topology.

Corollary 10.13. Let || || and || - ||" be two complete norms on a vector space X .
If there exists a constant Ko such that || - ||" < Ksl| - ||, then there exists a constant
K such that Ki|| - || <| - ||, rendering two norms equivalent.

Proof. The identity operator I from (X, || -||) to (X,] -||’) is a bijective bounded
linear operator, hence an isomorphism of topological vector spaces by the previous
corollary. In particular, it is a homeomorphism, which is to say that the two norms
are equivalent. O

10.3. Closed Graph Theorem. Let us move onto the second result, the closed
graph theorem, which concerns the graph
INT)={(z,Tz) e X xY : z € X}

of a linear operator T : X — Y. We note that I'(T) is a linear subspace of the
vector space X x Y.

Remark 10.14. X xY with componentwise scalar multiplication and vector addition
is a vector space, isomorphic to the (external) direct sum X @Y.

In particular, if X and Y are normed linear spaces, then I'(T) inherits a norm
from the direct sum X X Y, as per the following exercise.
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Remark 10.15. If X and Y are normed linear spaces, then || - || xxy given by

1z, Y)llxxy = [lellx + llylly

is a norm on X X Y that generates the product topology. We refer the reader to
Section 14 for a definition of the product topology.

We also observe that T'(T') is closed in X x Y if and only if 2, — = in X and
T(x,) — y in Y implies that y = Tz. While this is a consequence of the continuity
of T, it is a priori a weaker condition than continuity.

Remark 10.16 ([ |, Example 1.7.18). The operator on the space ¢g of sequences
vanishing at infinity that maps (a,) to (na,) is unbounded, but is graph is closed.

The next theorem shows that it is equivalent to continuity, provided that the
spaces in question are complete.

Theorem 10.17 (Closed graph theorem). A linear operator T : X — Y between
Banach spaces X and Y is bounded if and only if T'(T) is closed.

Proof. We have already established the “only if” part of the theorem. To show the
“if” part, we assume that T'(T") is closed. Since X and Y are complete, X x Y is
also complete, whence the closed linear subspace I'(T') of X x Y is complete as well.

We now consider the projection map 7 : I'(T") — X given by 7n(z,Tz) =
for each z € X. m is a bijective bounded linear operator, and so Corollary 10.12
implies that 7 is an isomorphism of topological vector spaces. In particular, 77! is
a bounded linear operator, hence we can find a positive constant C' such that

(10.18) [zl + | Tz || < Clz|]

for all z € X.

Now, excluding the trivial case that T' is the zero operator, we see that there is
at least one = such that ||Tx| > 0. Therefore, the constant C' in (10.18) is strictly
larger than 1, so we can rewrite (10.18) as

1Tz]| < (C = 1)|]-

It follows that T is bounded, as was to be shown. [l

Remark 10.19 ([ ], Theorem 1.7.19). A linear operator T': X — Y between
Banach spaces X and Y is bounded if and only if there exists a Hausdorff topology
Z on 'Y that contains strictly fewer open sets than the norm topology on Y such
that T : X — (Y,.7) is still continuous. We refer the reader to Section 14 for a
detailed discussion on weak topologies.

A nice application of the closed graph theorem is the following theorem of Alexan-
dre Grothendieck on closed subspaces of Lebesgue spaces. See Chapter 4, Theorem
4.2 in | | for a proof.

Theorem 10.20 (Grothendieck). If (X, u) is a finite measure space, 1 < p < 00,
E a closed subspace of LP(X, ), and E C L (X, u), then E is finite-dimensional.
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10.4. Uniform Boundedness Principle. The third and final theorem provides
a convenient method of upgrading pointwise bounds to uniform bounds.

Theorem 10.21 (Banach-Steinhaus, the uniform boundedness principle). Let A
be a nonempty index set, and, for each o € A, we let T, : X — Y be a bouned
linear operator between two mormed linear spaces X and Y. We set

E= {IEX ssup || Taz| < oo}.
acA

(1) If E is of the second category in X, then

sup ||To ]| < oo.
acA

(2) If E =X and X is a Banach space, then

sup || To || < oo.
aEA

Proof. (2) is a trivial consequence of the Baire category theorem (10.3), and so it
suffices to establish (1). To this end, we let

E, = {:c € X :sup ||Toz| < n} ,
aEA
so that £ = Un E,. Note that each F,, is closed, for
En=({z € X : | Tazll <n}.

a€cA

E is of the second category, and so we can find some ng € N such that E,,, has non-
empty interior. Therefore, we can find zy € X and r > 0 such that B,(x¢) C E,,,
whence ||Tpx| < ng for all @ € A whenever ||z — zg|| < r. We now see that each
lly|| < r satisfies the estimate

[Tayll < [Ty + o)l + IT(=0) || = [Taly + o)l + 1T (o)l < 219
for all & € A. Therefore, if ||z]| < 1, then we have
_ 2ng
ozl = r " Tu(ra)ll < ==
for all @ € A, and so ||T,] is uniformly bounded. O

As an application of the uniform boundedness principle, we discuss the Fourier
series. Recall that the Fourier series of a complex-valued L!'-function f on the
circle group T = R/Z is given by
(10.22) > fm)e*mine,

neEZ
where

fo = [ et

for each n € Z. Here we are considering f as a 1-periodic function on R.
It is a classical result that (10.22) converges to f in the L?(T)-norm if f € L*(T).
In other words,
lim =0.
N—oc0

N ~ .
fle)= > f)ermne
n=—N

2
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This, of course, does not imply that the series converges pointwise to f. Investi-
gating pointwise convergence of functions in a large space like L' or L? is difficult,
so we opt to study a smaller space: the space €' (T) of continuous complex-valued
functions on T. As it turns out, however, we can find, for each xy € T, a function
f € €(T), whose Fourier series diverges at x.

To see this, we assume without loss of generality that g = 0. Observe that

N A .
Z f(n)e27rznm
n=—N

N
/f(t)( Z 627rin(zt)> dt
T n=—N
_ / F(O)D(x — b dt,
T

where Dy is the nth Dirichlet kernel

(Snf)(x)

N

DN (l‘) — Z eQﬂ'inI.
n=—N
Remark 10.23. It is not very hard to show that
sinm(2N + 1)z
Dy (a) = SnT@N F D
sin mx

Show also that there is a fixed constant ¢ > 0 such that [|[Dy||; > clog N for all
N eN.

We define a linear functional i , : €(T) — C by setting

Ing(f) = (Sn[f)(@).
Observe that

ol = | [ D@ at| < [11OIDN O < 1D
This is, in fact, an equality:
Remark 10.24. Show that ||ly || = |Dn||1 for all N € Nand z € T.

Combining the two exercises above, we can deduce the lower bonud ||ln | >
clog N, whence supy ||lno] = oco. Since €(T) is complete, it follows from the
uniform boundedness principle (Theorem 10.21) that (In,0)%—; is not bounded
pointwise. In other words, we can find a function f € €'(T) such that Iy o(f) =
(Sn f)(0) does not converge to f(0).

Remark 10.25. The end result can be strengthened as follows: if A is a countable
subset of T, then there exists an f € %(T) such that (S f(z))3_, fails to converge
for all x € A.

To see this, we can show first that if X is a Banach space, Y a normed linear
space, and (T, )q a collection of bounded linear maps from X to Y, then

M ={z € X :sup||Tax| = oo}

is either empty or a dense Gy set in X.
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Is it possible to find a larger set on which the Fourier series of a continuous
function diverges? A result of Lennart Carleson states that the Fourier series of an
L?-function must converge almost everywhere to the function. This, in particular,
implies that the Fourier series of a continuous function cannot diverge on too large

of a set. See Volume 2, Chapter 7 of | ], Chapter 11 of | ], or Chapter
7 of | ] for modern expositions on the theorem and the techniques used in the
proof.

11. DuALITY: THE HAHN-BANACH THEOREMS

Let us now recall from Corollary 9.12 that the (topological) dual space X* of
continuous linear functionals on a normed linear space X over F is a Banach space.
The discussion preceding the corollary establishes that the algebraic dual space
X' always has many elements, but it is not clear whether there exists a nontrivial
element in X*. The goal of this section is to show that X* has plenty of elements
in the following sense: for each nonzero element x € X, we can find I € X* such
that ||I|| = 1 and I(z) = ||z||x. Tt then follows immediately that X* separates the
points of X, viz., every pair of distinct points x1,zo € X admit [ € X* such that

Before we prove the result for the general case, we discuss some examples.
Ezample 11.1. If X is finite-dimensional, then X* = X’  and so X* is nontrivial.

Example 11.2. If X = LP(Q, ) with 1 < p < oo, then the linear functional [ :
LP(Q,u) — C

ly(f) = /fgdu

is shown to be bounded via Holder’s inequality, provided that g € L%(Q, u) with
1/p+1/q=1:
1L (O < Ngllgll £1l-

Therefore, L(Q2, 1) can be isometrically embedded into (LP (2, u))*, and (LP)* is
nontrivial. In fact, the Riesz representation theorem for Lebesgue spaces shows
that the isometric embedding is an isomorphism if 1 < p < oo, but we will not
prove this fact in this course. This result extends to p =1 if (Q, u) is, for example,
o-finite.

Ezample 11.3. In general, (L*)* is not L', even if the measure space is o-finite.
For example, if (Q, ) is N with the counting measure, then the space 6,(N) of
sequences that converge to zero is a proper subspace of the space [°°(N) of bounded
sequences. We shall show that (%p(N))* = [1(N).

The above example shows that every a = (a,) € ! can be identified with a
bounded linear functional on [®°. Therefore, a can also be identified with a bounded
linear functional on %p: indeed, if a € I* and x € %, then

E AnTn
n

by Hélder’s inequality. Therefore, there is an isometric embedding of I' into %p.

Conversely, we fix [ € (%p)*. We shall show that [ can be represented by an

element of [*. To this end, we define, for each k € N, a sequence e* = (ek)> | by

< llafl1flz/loo
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setting

& 1 ifk=mn;
e =
" 0 ifk#n.

Then, for each x = (z4)52, € %o, we see that

l(z)=1 (ixkek> = ixkl(ek).
k=1 k=1

But then
|zl ()] < Jawlli(e™)] < [lollooli(e™)],
and so
@) < Ml floollE(e™) -
It follows that [! is isometrically isomorphic to (6p)*. O

Let us now turn to the business of stating the theorem precisely. Here we work
with a generalization of a norm.

Definition 11.4. A seminorm on a vector space X over IF is a map p : X — [0, 00)
such that p(Az) = [A|p(x) and p(z +y) < p(x) + p(y) for all A € F and =,y € X.

We remark that the LP-norm is a priori a seminorm and only becomes a norm
once the almost-everywhere equality formalism is introduced. See Section 15 for
other examples of seminorms that arise naturally in analysis.

Theorem 11.5 (Complex Hahn-Banach). Let X be a vector space over C. Let Y
be a linear subspace of X, I a C-linear functional on'Y, and p a seminorm on X
that dominates 1 on'Y', viz., |l(y)| < p(y) for ally € Y. We can then find a C-linear
functional L on X that extends | and is dominated by p on X.

The complex Hahn-Banach theorem will be derived from an analogous version
of the theorem over R. We now that we can relax the hypothesis in the real case
to allow for sublinear functionals.

Definition 11.6. A sublinear functional on a vector space X is a map p : X —
[0,00) such that p(Ax) = Ap(z) and p(z +y) < p(x) + p(y) for all A > 0 and
z,y € X.

Theorem 11.7 (Real Hahn-Banach). Let X be a vector space over R. LetY be a
linear subspace of X, I an R-linear functional on Y, and p a sublinear functional
on X that dominates ! on'Y, viz., l(y) < p(y) for ally € Y. We can then find an
R-linear functional L on X that extends | and is dominated by p on X.

Proof of R-HB = C-HB. We first recall that a C-linear functional [ on X can be
written as the sum of two R-linear functionals [y = Rel and il = ¢Iml. Simple
computations show that ls(x) = =1 (iz).

‘We now suppose that the C-linear functional [ on a subspace M of X is dominated
by a seminorm p on X. This, in particular, implies that I;(z) < p(z) for all z € M,
whence the real Hahn-Banach theorem implies that we can extend [y to an R-linear
functional L; on X such that Ly (z) < p(x) for all x € X. Note that

—Li(z) = Li(—2) < p(—z) = p(z),
so that |Lq(z)] < p(z) for all x € X.
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We now set L(x) = Li(x) — iL(ix), which is an extension of [ onto X. Pick

f(x) such that
L(z) = "’@|L(x)],
and observe that
|L(x)| = e_w(z)ew(z)w(mﬂ = e‘ie(r)L(x) = L(e_w(z)x).
As |L(z)| > 0, we see that |L(z)| = L1(e~®)x) = |Ly (e~ *¥@)z)|. Tt follows that
[L(@)] = |Li (e )| < ple™ "D x) = || p(z) = p(a),

as was to be shown. O

Proof of R-HB. We shall first demonstrate how to extend a linear functional by
one dimension and then use Zorn’s lemma. We assume for now that M is a proper
subspace of an R-vector space X, and [ a linear functional on M dominated by a
sublinear functional p on X. We fix zo € X ~\ M and extend [ onto M @ Rxzg.

Let us construction an extension L : M @ Rxy — R of [ that is still dominated
by p. We shall define L(xg) such that L(zg) < p(zo), and extend onto M & Rz by
linearity:

L is clearly linear. To check that L(xz + Azo) < p(x + Azp), it suffices to show that
(11.8) L(z+x) < plx+xz9) and L(z—x9) < plz—x0).
Indeed, (11.8) implies that
L(z + Azg) = AL "z + 20)] < Ap(A 'z + 20) = p(z + Azo)
if A >0, and
L(z + Azg) = =X [L(—=A"'z — m0)] < =Ap(—A"'2 — 20) = p(z + Azo)

if A <.
We now note that (11.8) is equivalent to

L(z1) — p(z1 — @0) < L(zo) < pa2 + 20) — L(22)
for all x1,29 € M. It thus suffices to define L(zp) to safisfy this inequality, which
is possible if and only if

(11.9) sup [l(x1) — p(x1 — )] < ingw [p(x2 + o) — U(z2)] .
r1EM T2€

To see this, we observe that
Wz1) +U(w2) = U(zy — 20) + U(z2 + 20) < p(x2 + 20) + (21 — 20),
for all x1, x5 € M, so that
lz1) — p(z1 — 20) < plx2 + T0) — U22).

(11.9) now follows by taking the supremum on the left-hand side and the infimum on
the right-hand side. We have therefore successfully extended our linear functional
by one dimension. o

We now turn to the general case. We let P be a collection of pairs ~(M )
consisting of a subspace M of X that contains M and a linear functional [ on M that
extends [ such that [ dominates [ on M. We define a partial order on P by setting
(My,11) < (Ms,ls) if and only if My C M, and l2|1\711 =1. f {(M4,ls)}a is a chain

in P, then the upper bound of the chain is given by (M, 1), where M = Uy My and
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[ is defined to agree with ZN(X on M,. Zorn’s lemma therefore furnishes a maximal
element (L, X) of P. This L is unique and is the desired extension of [ onto X. O

Corollary 11.10. Let X be a normed linear space over F. For each o € X ~ {0},
we can find 1 € X* such that ||| =1 and I(x) = ||xo]|.

Proof. We fix g € X \ {0} and let Y = Fz(. Define a linear functional [ : Y — F
by {(Azo) = A||zo]| for each A € F, so that [(x¢) = ||zo||. Furthermore, each y € Y
admits a scalar A € F such that y = Azg, and so

L)| = ll(Azo)| = [Ali(xo)| = [Alllzoll = IAzoll = [lyll-

We now define a seminorm p on X by setting p(z) = ||z|, so that |I(y)| = p(y)
for each y € Y. By the complex Hahn-Banach theorem (11.5), we can extend [ to
a linear functional L : X — C that is dominated by p on X, whence L € X*. In
particular, we have

| Lz| < p(z) = [l
for all X € X, so we have ||L|| < 1. It now suffices to note that |L(zo)| = |i(zo)| =
|lzol|, whence ||L|| = 1. O

By the definition of boundedness, we have
()] < [li]] x-

for each I € X* and every € X. Instead of considering [ as a function that
takes x, we now consider z as a function taking [: more precisely, we define a linear
functional & on X* by setting Z(I) = I(x). Then we can rewrite the above inequality
to see that

z|x

2] <l x [[2]] x-,
whence ||Z||x+ < ||z||x. It follows that & is an element of the double dual X** =
(X*)* of X. Furthermore, if z # 0, then Corollary 11.10 furnishes I € X* such that
[l1]l =1 and

(1) = U(z) = ||,
and so ||Z|| x«« > ||z||x. We conclude that the map = — & is an isometric embedding
from X into X**.

Since Corollary 9.12 implies that X** is always complete regardless of the com-
pleteness of X, the isometric embedding given above is not an isomorphism in
general. Even when X is a Banach space, X** is not always isometrically isomor-
phic to X: see the %) example above. The cases in which X** is isometrically
isomorphic form an important subclass of the class of Banach spaces, and we give
them a name.

Definition 11.11. A Banach space X is reflexive if the canonical embedding x — &
into X** is an isometric isomorphism?.

We remark that the canonical embedding x — & provides a way to construct the
completion of an incomplete normed linear space that we alluded to in Theroem
8.13. Indeed, if we let Y be the image of the canonical embedding x +— &, then Y is
a complete subspace of X that includes an isometrically isomorphic copy Y of X.

3This isomorphism is natural, in the sense that the construction of the isomorphism does not
require a choice of basis: see §17.3 for a discussion.



58 MARK H. KIM

We now establish two restatements of the Hahn-Banach theorem, specialized for
particular purposes. We shall consider some applications of each restatement as
well.

Theorem 11.12 (Analytic Hahn-Banach). Let X be a normed linear space, M a
subspace of X, andl a bounded linear functional on M. Then there exists a bounded
extension L of | onto the whole space X such that ||[l||ar+ = || L] x+-

Proof. Let p(x) = ||l||a=]lz||, so that p is a norm on X. Since |i(z)| < p(z)
for all x € M, the complex Hahn-Banach theorem (Theorem 11.5) furnishes an
extension L of | onto the whole space X that is still dominated by p(z). Therefore,
IL|| x+ < ||||az+- The reverse inequality is trivially established. O

Corollary 11.13 (Existence of nontrivial annihilators). Let X be a normed linear
space over F, M a subspace of X, and xg € X such that d(xo, M) > 0. Then there
exists L € X* such that L{pr =0, L(zg) =1, and ||L||x~ = 1/d(zq, M).

See §19.2 for a discussion on the annihilators of subsets of a topological vector
space.
Proof of corollary. Let My = M & Fzy and define a linear functional [ on M; by
setting [(z + Azg) = A. Then [ =0 on M, and

[1(x + Azg)]
a20 |2+ Azo|
xeEM

12012z

Al
= sup ——————
a0 [Al[[ATz + 20|
rxeM
1
infy x A" 2 + zo||
1
infuenr [|[u+ 2ol
1

d(xo, M) )

The desired bounded linear functional L is now obtained as an extension of [ via
the analytic Hahn-Banach theorem (Theorem 11.12). O

Corollary 11.14. If the dual space X* of a Banach space X is separable, then so
is X.

Remark 11.15. [P(N) is a separable Banach space if and only if 1 < p < oo. In
tandem with the above corollary, we conclude that (I°°(N))* # [*(N).

Proof of corollary. Let {l,}nen be a countable dense subset of X*. We pick a
sequence (z,)%; in X such that ||z, || = 1 and |l,,(2,,)| > $[|ln || x+ for all n € N. If
we let M to be the span of {z,}, and L the space of finite linear combinations of
the elements of {z, }, with rational coefficients, then L is a countable dense subset
of M.

It therefore suffices to show that M is dense in X. We suppose for a contradiction
that M is not dense in X, and pick z € X such that d(z, M) > 0. By Corollary
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11.13, we can find a nonzero L € X* that vanishes on M. Now, there exists a
subsequence (I, )72, of ({,,)02, that converges to L in X*. But

1

so that ||l,,||x« — 0 as ny — oo. This evidently contradicts the fact that L is
nonzero, whence we must conclude that M is a dense subset of X. It follows that
L is a dense subset of X, and X is separable. (Il

We conclude the section by introducing the notion of adjoints, which, in a sense,
is a generalization of the complex conjugate operation on matrices.

Definition 11.16. The (algebraic) adjoint of a linear operator T : X — Y between
two vector spaces X and Y is a linear operator 77 : Y/ — X’ defined to be

le/ — y/T
for each 3/ € Y.

If [ is a linear functional on a vector space X, we often denote I(z) by (I, z).
Then the above definition states that (T"y’,x) = (y/,Tz) for allxz € X and y’ € Y.

Definition 11.17. The (topological) adjoint of a bounded linear operator T': X —
Y between two normed linear spaces X and Y is a linear operator T* : Y* — X*
defined to be

for all y* € Y*.

We remark that T*y* is indeed an element of X*, for it is a composition of two
continuous maps. Furthermore, the adjoint operation preserves the operator norm.

Proposition 11.18. [|T*|| = ||T|
Proof. Observe that

IT*|| = sup || T"y*||x+ = sup sup [T*y"(z)|= sup sup |y"(Tz)|
ly*lI<1 ly*I<1|lz|I<1 ly*I<1 flz)|<1

By the existence of nontrivial annihilators (Corollary 11.13), there exists a bounded
linear functional y* such that ||y*|| =1 and y*(T'z) = ||Tz||. Therefore,

IT*|| = sup sup [y"(Tz)| = sup |Tzl| = |[T].
1

lylI<tll=l<1 ll=]1<
Conversely,
1Tl = IT|| = sup [[iTz| < sup [[L|Tz|| = [LHT] = [T
lzl<1 lzl<1
for all [ € Y*, and so | T < |7 O

Also, bounded operators and their adjoints possess an injectivity-surjectivity
duality relation.

Proposition 11.19. Let X and Y be normed linear spaces. The adjoint T* of
T e B(X,Y) is injective if and only if im T is dense in Y.
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Proof. Before we proceed, we observe that the injectivity of T™ is equivalent to the
statement that [y o T = Iy o T implies I; = I5 for all I1,l; € Y*. This is a direct
consequence of the definition of T*.

(<) We suppose that imT" is dense in Y. If [1,ly € Y* satisfy [y o T =1l30T,
then lilimT = la|imT, and so I3 and [y are continuous functions that agree on a
dense set. It follows that I; =I5, and so T is injective.

(=) Conversely, suppose that T* is injective and assume for a contradiction
that im T is not dense. Then im T is a closed proper linear subspace of Y, whence
the existence of nontrivial annihilators (Corollary 11.13) implies that there are
l1,lo € Y* with I3 |im7 = l2|imT = 0 but I; # lo. This contardicts the injectivity of
. a

The adjoint operation is a direct generalization of the conjugate transpose of
square matrices: see Definition 16.45.

12. CONVEXITY, PART 1: THE GEOMETRIC HAHN-BANACH THEOREMS

The next restatement of the Hahn-Banach theorem tells us why the proper
functional-analytic context for the Hahn-Banach theorem is convezity. We begin
with a few definitions.

Definition 12.1. Let X be a vector space over R, and S a subset of X. A point
xg € X is an internal point of S if, for each u € X, there exists an € > 0 such that
|t| < e implies xg + tu € S.

We remark that all internal points of S are points in S. Furthermore, if X is a
normed linear space, then every interior point of S is an internal point of S. The
converse is true in R, but even in R? there are readily available counterexamples:

FEzxzample 12.2. Let
S ={(rcosb,rsinf):0 —nm<r<w—6,0<60<mr},
so that 0 is an internal point, but 0 ¢ S°.

In general, if 0 is an internal point of a subset .S of a real vector space X, then,
for all x € X, there exists a A\g > 0 such that A\ > \g implies z € AS. This motivates
us to define the following:

Definition 12.3. The Minkowski functional, or the gauge, of a subset S of a real
vector space X is given by the formula
ps(z) =inf{A > 0:2 € AS}.
Let us note some basic properties of pg:

Proposition 12.4. The Minkowski functional ps satisfies the following properties:
(a) ps is positive homogeneous, i.e., ps(Ax) = Apg(x) for all X >0 and x € S.
(b) ps(x) <1 forallxzes.

(c¢) If x is an internal point of S, then ps(x) < 1.

Proof. (a) is trivial. To show (b), it suffices to note that x € 1.5 whenever x € S.
(c) follows from the fact that there exists a 6 > 0 such that x + dz € S, so that
x e (1+8)71S. O

We now prove that the implication in (¢) can be reversed if the underlying set
is convex.
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Proposition 12.5. If K is a convex subset of a real vector space X containing 0
as an internal point, then x is an internal point of K if and only if pr(x) < 1.

Proof. Tt is enough to prove the “if” part. Suppose that px(z) < 1, and find § > 0

such that = € (1 — 0)K. Since 0 is an internal point of K, each u € X admits an

e > 0 such that [¢| < € implies tu € K. We let ¢’ = &6 and ¢’ = dt. If |t/| < &/, then

|t| < &, so that tu € K. In particular, u € §K. It now suffices to observe that
€ (1-96)K and t'u € 0K implies

r+tue(l-—0)K+IK =K,
as was to be shown. O
But what do Minkowski functionals have to do with the Hahn-Banach theorem?

As it turns out, a Minkowski functional is a sublinear functional if the underlying
set is convex.

Proposition 12.6. If K is a convex subset of a real vector space X containing 0
as an internal point, then px is a sublinear functional on X.

Proof. Tt suffices to check subadditivity of px. Let z € AK and y € uK, so that
pr(z) < Xand pr(y) < pu. We now consider the representation

Tty A x Broy

Ap A+pd X+pp
Since /A and y/u are in K, we see that (x +y)/(A+p) isin K, and so x +y €
(A + p) K. It follows that px(x +y) < A+ p. It now follows that

pr(r +y) <infA+infp = p(2) + pr(y),

where the infima are taken over all values of A and p such that pg(z) < A and
P (y) < p. O

We are now in a position to state the first version of the geometric Hahn-Banach
theorem.

Theorem 12.7 (Geometric Hahn-Banach for the algebraic dual). Let X be a real
vector space and Ky and Ko two nonempty disjoint convex sets in X. If Ky has
an internal point, then there exists a nonzero L € X' such that L(xz) < L(y) for all
r € Ky andy € Ks.

In other words, [ separates K7 and Ks: indeed, there exists a real number «

such that
zseull{)1 l(z)<a< ylenlg2 1(y).

Proof. Let x1 be an internal point of K7 and x5 a point of K. We note that K1 — K>
is convex, and that x1 — x5 is an internal point of K1 —K>. Welet K = K1 — Ky —xg,
so that 0 is an internal point of K. Since K; and Ky are disjoint, 0 ¢ K7 — Ko,
whence —z¢ ¢ K. Proposition 12.5 now implies that px(—z¢) > 1.

Let M = zoR and set I(Axg) = —A for each A € R. [ is a linear functional
on M with I(—zg) = 1 < pg(—zp). For each A > 0, linearity of | and positive
homogeneity of pj, imply that

I(—=Azo) < pr(—Azo),
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which, combined with the non-negativity of pg, yields the estimate
I(Azg) = —A <0 < pr(Axo).

Therefore, [ is dominated by pg, which, by Proposition 12.6, is sublinear. The
real Hahn-Banach theorem (Theorem 11.7) now furnishes an extension L € X’ of |
dominated by px on X.

In particular, Proposition 12.4 (b) implies that the extension L is bounded above
by 1 on K. We now fix arbitrary y; € K7 and ys € K, respectively, and note that
y1 — y2 — x9 € K. Therefore,

1> L(y1 —y2 — o) = L(y1) — L(y2) + L(—x0) = L(y1) — L(y2) + 1,
whence we have

L(y1) < L(yz).
We conclude that L is the desired linear functional. O

The second version of the geometric Hahn-Banach theorem can now be deduced
as an easy consequence of the first one.

Corollary 12.8 (Geometric Hahn-Banach for the topological dual). Let X be a real
normed linear space and K1 and Ko two nonempty disjoint convex sets in X. If K
has nonempty interior, then there exists a nonzero L € X* such that L(z) < L(y)
forallx € K7 and y € K.

Proof. As in the above proof, we construct L on X. Note that L(z) < pg(x) and
—L(z) = L(—z) < pg(—x), so that

—pi(—2) < L(z) < pg ().

Note also that K} # @ implies 0 € K°, whence we can find a ball B, (0) C K.
We claim that pg is continuous at 0. Indeed, for each ¢ > 0, we know that
B.(0) € ZK. It follows that x,, — 0 implies px (x,) — 0, and the claim is estab-
lished. In particular, L is continous at 0, hence continuous everywhere. Therefore,
LeX” O

For both cases, we remark that if all points of K7 are internal, then all points
of K are internal as well. Indeed, K = {z : px(z) < 1}, and so L(z) < 1 for all
x € K. It then follows that L(y1) < L(y2) for all y1 € K; and y» € K3. We also
remark that the same results hold for Re(L) if the underlying field is C.

Remark 12.9. The nonempty interior assumption in Corollary 12.8 is there to guar-
antee the existence of internal points, which is crucial. Consider, for example, the
subsets

Eo={fe?(-1,1]): f(0) =a}
of space L?([—1,1]), which are dense and convex in L?. Moreover, E, N Ez = &
whenever a # 3. Even so, E, and Eg do not have any interior point, and there is
no nonzero continuous linear functional [ on L? for which
sup I(f) < inf I(f).
sup 7)< inf 1(5)
Utilizing the additional geometric structure in Corollary 12.8, we now establish
the following geometric result:
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Theorem 12.10 (Hyperplane separation theorem). Let X be a real normed linear
space and A and B nonempty, convex, disjoint subsets of X. If A is compact and
B is closed, then there exists an L € X* and an o € R such that

sup L(z) < a < inf L(y).
z€EA yen

In other words, the hyperplane {z : L(z) = o} separates A and B.
Proof. Consider the Hausdorff metric
dp (A, B) = inf ||z —yl|.
yeB

Since dy (A, B) = inf,c 4 d(z, B), the minimum is attained on the compact set A.
Therefore, dg (A, B) > 0.
Let € = dp(A, B)/4. We “beef up” A and B by setting

A=A+ B.(0) and B = B+ B.(0);

note that A and B are disjoint convex subsets of X with nonempty interior.The
geometric Hahn-Banach theorem for the topological dual (Corollary 12.8) furnishes
an L € X* such that

sup L(z) < a < inf L(y).

wEA yeB

For each x € A and v € B1(0), we see that « + eu € A. This, in turn, implies

that

sup L(z+eu) = L(z)+ sup L(eu)= L(z)+¢|L| <a+e|L],

u€B1(0) u€B1(0)
whence L(z) < « for each x € A. Similarly, L(y) > « for all y € B, and L is the
desired linear functional. O

As a corollary, we deduce an alternate characterization of closed convex subsets
of normed linear spaces. We shall need the a definition.

Definition 12.11. The closed half-space of a real vector space X with respect to
le X'at a eRis
Hl,a)={zx € X :l(x) < a}.

We remark that H(l,«) is a closed subset of X if X is a normed linear space
and ! is bounded.

Corollary 12.12. FEvery closed convex set K in a real normed linear space X can
be written as the intersection of all closed half-spaces of X that contain K.

Proof. Evidently, the intersection C' of all closed half-spaces that contain K is a
closed superset of K. To establish the reverse inclusion, we suppose for a contradic-
tion that there exists zo € C'\. K and note that the singleton set {z(} is a compact,
convex subset of X. Since K is a closed, convex subset of X disjoint from {z¢}, the
hyperplane separation theorem (Theorem 12.10) applied to {z¢} and K furnishes
an L € X* and an o € R such that

L(zg) < a < mlg"{ L(x).
In particular, K C H(—L,—«), and so C C H(—L,—«) by the minimality of C.

Since g € C, it follows that —L(z¢) < —a, or L(zg) > «, which contradicts the
above inequality. (I



64 MARK H. KIM

13. CONVEXITY, PART 2: THE KREIN-MILMAN THEOREM

With the tools at hand, let us now carry out a detailed study of convex sets. We
are, in particular, interested in the “generating sets” of convex sets. To make this
notion precise, we make the following definition:

Definition 13.1. The convex hull of a subset E of a real vector space X is the
smallest convex set co(F) that contains E, viz., the intersection of all convex sets
containing E. Concretely, we can write co(E) as the collection

{Zaﬂ}i a; € [0,1], Zaiz 1, v; EL?}7

of convex combinations of elements of F

We can think of E as a generating set for the convex set A = co(E). To illustrate
the utility of generating sets, we investigate the follwoing problem of maximizing
convex functionals.

Proposition 13.2. Let E be a nonempty, bounded subset of a real vector space X
and A =co(E). If f is a continuous convex functional on X, then

sup f(x) = sup f(x).
z€EA z€E

Proof. Since f is continuous, the supremum of f over A = co(E) agrees with the
supremum over co(E). Observe that

swp f@) < s 3o acf () < 3 assup (@) = sup f(),

z€co(E) =y a;v; zeE
S a;=1
v, EE
and so sup,¢c 4 f(z) < supgcp f(z). The reverse inequality is trivial. O

Since A = co(EUF) for any subset F' C C, it is quite possible that the generating
set at hand contains many extraneous points. It is thus desirable to find a generating
set E of a given convex set A that is “minimal” in the following sense: if D is a
proper subset of E, then co(D) # A. The set of vertices of a triangle is such a set—
if any one of them is omitted, then the convex hull of the remaining two points is
merely a line.

To make the notion of minimal generating sets precise, we fix two points z and
y in a vector space X and consider the map ¢t — tz + (1 — t)y. The closed line
segment [x,y] and the open line segment ]z, y[ from = to y are the images of [0, 1]
and (0,1) under this map, respectively.

Definition 13.3. A subset E of a subset A of a real vector space X is extreme if, for
each x,y € A, the nontriviality of the intersection |z, y[NFE implies that z,y € E. A
point x € A is an extreme point if {x} is an extreme subset of A, and the collection
of all such points of A is denoted by ext(A).

Note that extreme points are precisely the points that cannot be written as a
convex combination of distinct points. As a conseqeunce, if E is a proper subset of
ext(A), then co(E) cannot be A, for none of the points in ext(A) can be generated
by taking a convex combination of points in A \ ext(A).

Example 13.4. The extreme points of a convex n-gon in R? are precisely the vertices.
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Ezample 13.5. Let X = [P(Z) and set B = {(a,) € X : |(an)]lp < 1}. Ifp =1,

then the extreme points of B are the sequence (el ) ; such that

1 ifn=N and
len | =
0 otherwise.

If 1 < p < 0o, then ext(B) = {(an) € X : ||(an)||1 = 1}, where as ext(B) = {(a,) €
X :|ay,| =1 for all n € N} if p = co. This seems like a lot, but the unit ball in the
subspace (¢ of [ has no extreme points.

Ezample 13.6. Let X = LP([0,1]) and set B ={f € X : | f|l, <1}. If p =1, then
B has no extreme points, whereas ext(B) = {f € X : ||f|l, =1} if 1 <p < 0. If
p = oo, then

ext(B) ={f € X :|f(z)| =1 for almost all z € [0, 1]}.
In particular, the unit ball in € ([0, 1]) has only two extreme points: 1 and -1.

Example 13.7. Let Y be a compact metric space with the Borel o-algebra. We
define M(Y") to be the collection of all complex Borel measures on Y, and A(Y)
to be the collection of all Borel probability measures on Y, viz., positive measures
whose total measures are 1.

Given a continuous map T : Y — Y, we say that u € A(Y) is T-invariant
if u(T~'B) = u(B) for every Borel set B in Y. The Krylov-Bogoliubov theorem
guarantees that the collection M7 (Y) of T-invariant Borel probability measures
is always nonempty. Recall now that u is an ergodic measure with respect to T if
w(BAT~Y(B)) = 0 implies u(B) = 0 and (Y ~ B) = 0. A theorem of Oxtoby
characterizes extr(Mr(Y)) in terms of ergodic measures with respect to T

While the set of extreme points is evidently minimal, they often do not serve
as generating sets for the corresponding convex sets. Indeed, some very obviously
convex sets, such as the L' unit ball, have no extreme points! The following theorem
spells out useful criteria for extreme points serving as a generating set.

Theorem 13.8 (Krein-Milman). If A is a nonempty, compact, convezr subset of a
normed linear space X, then A = co(ext(A)).

The rest of the section will be devoted to proving this theorem. To this end, we
first estbalish a few basic properties of extreme sets and extreme points.

Proposition 13.9. If F' is an extreme subset of E and E an extreme subset of A,
then F' is an extreme subset of A.

Proof. Let x,y € A and suppose that y =tz + (1 — ¢)y is in F for some ¢ € (0,1).
Since u is in the extreme subset E of A, the points z and y must be in E. F is an
extreme subset of F/, and so u € F' implies that z,y € F. O

Proposition 13.10. Let f be a convex functional on a real vector space X. For
each A C X, the preimage E = (f|a)"!(a) is an extreme subset of A, where

a =sup,c4 f(z).

Proof. If x,y € A and tx + (1 — t)y € F for some ¢ € (0, 1), then
a=flz+1-t)y) <tf(x)+ 1A -1)f(y) <ta+(1—-t)a=a,

whence tf(z) + (1 — t)f(y) = a. Therefore, f(z) = f(y) =a,and so z,y € E. O
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Let us now return to the task of proving the Krein-Milman theorem. To show
that the extreme points serve as a generating set, we need to know that extreme
points exist.

Lemma 13.11. Every nonempty compact set K of a normed linear space X has
an extreme point.

Proof. We shall exhibit a minimal extreme subset of A and check that it is a
singleton set. Let £k be the collection of nonempty, compact, extreme subsets of
K, ordered by reverse inclusion. £k is nonempty, as K is in Ex. If (E, )4 is a chain
in €k, then we claim that £ = (1), E, is the upper bound of the chain. It is clear
that E is nonempty and compact. If ,y € K and v = tz+ (1 —t)y is in F for some
t € (0,1), then v € E,, and so x,y € E,, for each a. Therefore, E is an extreme
subset of K, and thus an upper bound of (E,)q.

We apply Zorn’s lemma on £k to obtain the minimal extreme subset Ey of K.
If Fy is not a singleton, then we can find two distinct points x; and x5 in Ey. By
the hyperplane separation theorem (Theorem 12.10), there exists an | € X* such
that I(z1) < l(x2). We let § = sup,cp, I(z) and set Ey = (Ig,)~'(3). By the
compactness of K, we can find z¢ € E{j, whence, in particular, E{, is nonempty. E|
is an extreme subset of Ej as per Proposition 13.10, and thus an extreme subset of
K by Proposition 13.9. Since I(z1) < I(z2), it follows that x1 € Ey ~ E{;, which is
now a nonempty extreme subset of K smaller than Ey, contradicting the minimality
of Ey. We conclude that Ey must be a singleton. O

The rest of the proof of the Krein-Milman theorem proceeds as follows:

Proof of the Krein-Milman theorem. Let A be a nonempty, compact, convex sub-
set of a normed linear space X, and set K = co(ext(A)). Since A is convex,
co(ext(A4)) C A, and the inclusion K C A follows from the closedness of A.

To establish the reverse inclusion, we suppose for a contradiction that we can
find an element a € AN K. Applying the hyperplane separation theorem (Theorem
12.10) on K and {a}, we obtain [ € X* such that
(13.12) sup I(z) < l(a).

rEK
Let o = sup,e4 l(z) and set E = (14) 7" («). The compactness of A guarantees that
E is nonempty. F is an extreme subset of K as per Proposition 13.10, and thus an
extreme subset of A by Proposition 13.9. Furthermore, F is a closed subset of the
compact set A, hence compact.

By Lemma 13.11, E has an extreme point e. Since e € E, we see that [(a) < I(e).
On the other hand, E C K, and so (13.12) implies that [(e) < I(a). This is evidently
absurd, and we conclude that A \ K is empty, or that A = K. O

As a corollary, we now derive a useful strengthening of Proposition 13.2:

Corollary 13.13. Let A be a nonempty, compact, convex subset of a normed linear
space X and l a continuous convex functional on X. Then

(13.14) supl(z) = sup I(z)
T€EA z€ext(A)

and there exists a € A such that l(a) = sup,c 4 l(z).
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Proof. The Krein-Milman theorem (Theorem 13.8) shows that A = co(ext(E)), and
so Proposition 13.2 implies (13.14). Let a = sup,c 4 () and set £ = (I4) "' ().
The compactness of A guarantees that E is a nonempty compact set, and Propo-
sition 13.10 implies that E is an extreme subset of A. Lemma 13.11 furnishes an
extreme point a of F, whence by Proposition 13.9 a is an extreme point of A. Since
a € E, we see that
l(a) = supl(x),
z€A
as was to be shown. (I

14. WEAK AND WEAK-* TOPOLOGIES

By now, the power and utility of convexity and compactness surely needs no
further proof: we have seen, for example, the Krein-Milman theorem (Theorem
13.8), the geometric Hahn-Banach theorem (Theorem 12.8), and the hyperplane
separation theorem (Theorem 12.10). Unfortunately, compact sets are quite hard
to come by in a normed linear space. We have shown in Section 8 that the Heine-
Borel property fails in normed linear spaces (Lemma 8.30), which, in particular,
implies that closed balls are never compact. One conseqgeunce is that a compact
set in a normed linear space must have empty interior, for otherwise it contains a
suitably small closed ball, implying that closed balls must be compact.

At the core of the problem is the over-abundance of open sets. The definition of
compactness requires us to check every open cover, and a single failure to produce
a finite subcover results in lack of compactness. A natural way to circumvent this
problem is to reduce the number of open sets in a given space, thereby reducing
the severity of this obstruction.

This method comes with a catch, however. We would like our functions and
operators to be continuous whenever possible, and this property hinges on the
abundance of open sets. Indeed, the inverse images of open sets would not be open
if not too many sets were open to begin with.

14.1. The Weak Topology Paradigm and the Product Topology. To find
a happy medium, we consider the following paradigm: let X be a set, {Y,} a
collection of topological spaces, and, for each index «, a function f, : X — Y. Let
us construct the smallest topology on X that turns all f, continuous. Requiring
the continuity of f, amounts to defining f;(U,) be an open set in X whenever
U, is open in Y. This forces us to declare any union or finite intersection of these
preimage. Collecting these open sets, we obtain a topology on X generated by the
collection

U{f(;l(Ua) : U, open in Yy},

which we call the weak topology with respect to the maps fo.

Let us consider an example. Recall that the Cartesian product of a collection
{Xa}aer of sets indexed by an index set Z is defined to be the set [] ., Xa of
functions = : Z — |J, Xo such that 2* = z(a) € X,. Note that there is the
canonical projection map 7, (f) = f(a) for each a € Z. If each X, is a topological
space, then we can endow the product topology on the Cartesian product [, Xa,
which is the weak topology on [], X, with respect to the canonical projection
maps. Here we see that our aim of creating as many compact sets as possible is
accomplished quite well:
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Theorem 14.1 (Tychonoff). If {X,} is a family of compact topological spaces,
then the product topology on [[, Xo turns [[, Xo into a compact topological space.

We sketch the proof, if only to introduce the notion of generalized sequences:

Sketch of proof. A net*in a topological space X is an X-valued function ® : D — X
on a directed set D, viz., a partially ordered set in which every pair of elements «
and 8 has a common maximum 7. A net ® in X is eventually in a subset U of X
if there exists an index ag € D such that ®(a) € U for all @ > ag. @ converges to
x € X if, for each open neighborhood U of x, the net ® is eventually in U. & is
universal if, for each subset A of X, @ is eventually in either A or X \ A.

Now, a topological space is compact if and only if every universal net therein
converges. The image 7, o ® of a universal net ® in [[, X, is universal in the
compact space X, and is thus convergent. Since a net ® in [[ X, converges if
and only if the components 7, o ® converge, the desired result follows. O

The component-wise convergence criterion for convergence of nets in a product
space is worth reiterating. If X, = X for all « € Z, then the Cartesian product
X% =T[,ezr X consists of X-valued functions ¢ : Z — X on Z. In this case, the
component-wise convergence criterion states that a net (¢g) of X-valued functions
on T converges to ¢ : T — X in the product topology of X7 if and only if

Talpp) = wp(a) = (@) = ma(p)
for each o € 7.

Ezample 14.2. we consider X = F and Z = [a,b]. Here a net (p,) of F-valued
functions ¢, : [a,b] — F converges to ¢ in the product topology on Flob! if and
only if (f,) converges pointwise to ¢ in the standard Euclidean topology on F.

For this reason, the product topology is sometimes referred to as the topology of
pointwise convergence. Using this idea, we can define a notion of boundedness on
X7, provided that boundedness at each component is well-defined:

Definition 14.3. Let X be a metric space. A subset F in the product space X7
is pointwise bounded if

To(E) ={p(a) : p € E}
is bounded for each a € 7.

It turns out that this notion of boundedness yields the Heine-Borel property for
spaces of scalar-valued functions. We derive this as a quick corollary of Tychonoff’s
theorem.

Corollary 14.4 (Pointwise Arzela-Ascoli theorem). A subset K of the product
space FT with the product topology is compact if and only if K is closed and pointwise
bounded.

Proof. (<) Since the product of Hausdorff topological spaces is Hausdorff, FZ is
Hausdorff. Compact sets in a Hausdorff space are closed, and so K is closed.

4The details can be found in §19.3. For the remainder of this section, it suffices to think of nets
as sequences with “uncountable index sets” as opposed to N, retaining much of the properties that
sequences in a topological space have. In analogy with sequences, we write (zg)gep to denote a
net with indices 8 in a directed set D.
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Moreover, the continuous image 7, (K) of the compact set K is compact for each
a € a € Z, hence bounded. It follows that K is pointwise bounded.

(=) Let K be closed and pointwise bounded. K, = 7, (K) is closed and bounded
in T, hence compact by the Heine-Borel theorem. By Tychonoff’s theorem (Theo-
rem 14.1), [[,c7 Ko is a compact subset of FZ. In particular, 1., Ko contains the
closed set K, whence K must be compact. ([l

14.2. Weak-x Topology. Given a vector space X over F, let us now consider the
X-fold product
F¥ =] F

zeX
of the base field F with the product topology. FX is precisely the set of F-valued

functions on X and includes the set X’ of algebraic duals as its subset. If X is a
topological vector space, then the topological dual X* is also a subset of FX.

Definition 14.5. Let X be a topological vector space over F. The weak-* topology
on X* is the subspace topology with respect to the product topology on FX and is
denoted by o(X*, X). We write I3 — [ to denote the convergence of a net (Ig) to
in the weak-* topology.

Once again, we see that our aim of obtaining many compact sets has been met:

Theorem 14.6 (Banach-Alaoglu). Let X be a normed linear space. The norm
unit ball

B={leXx*:|i <1}

is weak-x compact. Consequently, every closed norm ball in X* is weak-x compact.

Proof. By the pointwise Arzela-Ascoli theorem (Corollary 14.4), it suffices to check
that B is weak-* closed and pointwise bounded. If [ € B, then

(@) < [l x-

for each x € X, whence B is pointwise bounded.

To show that B is weak-* closed, we take a net (Ig) in B that converges to some
element [ € FX. [ is evidently linear, and so it suffices to check that ||I||x+ < 1. For
each © € X, we have lg(x) — I(z) by the component-wise convergence criterion,
whence

lx < [lellx

|l(z)] = 1ig1|lﬂ(x)| < ligﬂllﬂUH = [|z]|.
‘We conclude that | € B. O

Remark 14.7. If X is separable, then an analogous result holds for sequential com-
pactness: the norm unit ball of X* is weak-* sequentially compact. Indeed, if a
normed linear space X is separable, then every weak-x compact subset of X* is

metrizable (see | ], Theorem 3.16). Since compactness and sequential com-
pactness are equivalent on metrizable spaces, the weak-* sequential compactness
follows from Banach—Alaoglu. O

Let us now check that the weak topology paradigm that we have introduced in
the beginning of the section has been adpoted in the construction of the weak-x
topology.
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Proposition 14.8. Let X be a topological vector space over F. For each x € X,
the evaluation functional & : X* — F by setting (1) = l(x) for each | € X*
is a continuous linear functional on X* with respect to o(X*,X). Furthermore,
o(X*, X) is the weak topology generated by the collection of evaluation functionals.

Proof. Tt suffices to mull over the fact that the evaluation functional z is precisely
the canonical projection map 7, : FX — T restricted to X*. ([

Using this characterization, we can give a simple description of the open sets in
o(X*, X).

Proposition 14.9. Let X be a topological vector space. The sets
V(zr,...,zn;e) ={l € X" |l(x;) — lo(xy)| < e for all1 <i<n},

where lg € X*, x1,...,x, € X, and € > 0, form a basis of neighborhoods of ly in
the weak-x topology o(X*, X).

Proof. Let y; = lp(x;) and observe that
(14.10) V(zy,...,one) = (& (Be(wi)
i=1

which is an open neighborhood of Iy with respect to o(X™*, X) by Proposition
14.8. Conversely, the second half of Proposition 14.8 states that every open set
in o(X*, X) is generated by the preimages of open sets in F under the evaluation
functionals, whence every neighborhood of [y can be written as a union of open sets
of the form (14.10). The desired result now follows. O

Proposition 14.8 tells us that the evaluation functionals are elements of the dual
space’ (X*)* of the weak-+ dual X* of X. If X is, for example, a normed linear
space, then the Hahn-Banach theorem guarantees that these maps are distinct, so
that (X™*)* is nontrivial. We now show that every element of (X*)* is an evaluation
functional, thereby proving that every normed linear space is reflexive’ in the weak-
* sense.

Theorem 14.11. FEvery normed linear space X 1is linearly isomorphic to the dual
(X*)* of the weak-+ dual X*.

We shall require two technical lemmas. The first provides a characterization of
continuity of linear functionals using boundedness on a neighborhood.

Lemma 14.12. A linear functional I : Y — F on a topological vector sapce Y is
continuous if and only if | is bounded on a neighborhood of 0.

Proof of lemma. (<) If | is continuous, then [=!((—1,1)) is an open neighborhood
of 0, on which [ is bounded by 1.

(=) It evidently suffices to prove that [ is continuous at 0: indeed, a minor
modification of the argument given in Proposition 9.4 would work. Suppose without
loss of generality that [ is bounded by 1 on a neighborhood U of 0. If (yg) is a
net in Y that converges to 0, then, for each ¢ > 0, we can find an index (. such
that 8 > f. implies yg € €U, or (1/¢)ys € U. It now follows that |I((1/€)ys)| < 1,

5The use of  to denote the weak-* dual is not standard and used only in this section for
notational convenience.
6See Definition 11.11
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whence [[(yg)| < ¢ for all 8 > B.. Therefore, I(yg) — 0, and we conclude that [ is
continuous at 0. O

The second linear-algebraic lemma furnishes a necessary and sufficient condition
for a linear functional to be a linear combination of other linear functionals.

Lemma 14.13. IfV is a vector space and ly, ... ,l,,1l are elements of the algebraic
dual V' of V, then | is a linear combination of l1,...,l, if and only if
(14.14) () ker(l;) C kerl.
i=1
Proof of lemma. (=) If | is a linear combination of l1,...,1,, then /;(z) = 0 for all

i evidently implies [(x) = 0, which is precisely the statement of (14.14).
(<) We define 7 : V' — F™ by setting

m(x) = (Ii(x),...,l(x))

and consider the mapping 7(x) 2y I(x) We first check that ® is a well-defined
linear functional on 7(V') C F™. Indeed, if n(x1) = w(x2), then l;(z1) = I;(x2) for
all 1 <4 <n, whence 1 —x2 € [ker(l;). (14.14) now implies that x1 — x5 € ker!,
which, in particular, shows that

O(m(x1)) = U(z1) = U(22) = (m(22))-

Now, as a linear functional on the finite-dimensional vector space w(V'), ® admits
a concrete representation:

<I>(u1, N un) = Z)\luz
i=1
It now follows that
l(z) = ®(n(z) = Y Aili(x),
i=1
as was to be shown. O

Proof of Theorem 1/.11. The mapping x +— Z is evidently linear. If & = ¢, then
l(zx—y) =0for all ] € X*. By the existence of nontrivial annihilators on a normed
linear space (Proposition 11.13), it follows that @ — y = 0, whence the mapping
T +— & is injective.

To show that the mapping x — & is surjective, we fix ¢ € (X*)* and invoke
Lemma 14.12 to find a neighborhood V of 0 on which ¢ is bounded by 1. By
Proposition 14.9, we may assume without loss of generality that V = V,, . ...
Our goal is to write ¢ as a linear combination of 7,...,Z,, which establishes the
surjectivity of the mapping = — Z.

By Lemma 14.13, it suffices to check that

ﬂ ker(Z;) C ker .

i=1
Observe that if [ is an element of the linear subspace () ker(z;) of X*, then I(x;) =0
for all 1 <4 < n, whence 8l € V,, . .. for all 6 > 0. We see that |p(dl)| < 1,
which implies that |p(l)] < §=! for all § > 0. It follows that p(l) = 0, whence
l € ker ¢, as was to be shown. (]
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14.3. Weak Topology. We now employ the weak topology paradigm on the topo-
logical vector space X itself, rather than its dual.

Definition 14.15. The weak topology o(X, X*) on a topological vector space X
is the weak topology with respect to the elements of X*, the continuous linear
functionals. We write 3 — « to denote the convergence of a net (z3) to = in the
weak topology.

Recall that if X is a normed linear space, then the mapping z +— & embeds X
isometrically into X**; let us write X to denote the image. Certainly X** is a
subset of the product space FX', and so we may consider X with the subspace
topology inherited from the product topology on FX". Here the action of a typical
canonical projection map looks like this:

m(2) = &(1) = I(x).

Therefore, the continuity of the projection maps m; is equivalent to the continuity
of the coressponding linear functionals, whence the subspace topology on XX
inherited from the product topology on FX is precisey the weak topology on X.

We now exhibit a simple collection of open sets that serves as a neighborhood
basis in the weak topology, similar to that producted in Proposition 14.9.

Proposition 14.16. Let X be a topological vector space. The sets
V(l,...,lpse) ={z € X : |l;(x) — li(zg)| < & for all 1 <i<n},

where l1,...,l, € X*, xg € X, and € > 0, form a basis of neighborhoods of zq in
the weak topology o(X, X™).

Proof. Let y; = l;(xg) and observe that

(14.17) V(i osnie) = ()7 (Be(w:),

i=1

which is an open neighborhood of zy with respect to o(X, X*). Conversely, the
definition of the weak topology on X states that every open set in o(X,X™*) is
generated by the preimages of open sets in F under the bounded linear functionals,
whence every neighborhood of xy can be written as a union of open sets of the form
(14.17). The desired result now follows. O

Remark 14.18. Using the above characterization, we can show that a bounded set in
an infinite-dimensional normed linear space can never be weak open. In particular,
the weak topology on an infinite-dimensional space is always strictly weaker than
the norm topology.

Remark 14.19. Nevertheless, it is possible for strong convergence and weak con-
vergence to coincide on an infinite-dimensional space—for example, on I*(N). If
fn— fbut f, A f, then we may assume without loss of generality that f = 0 and
|| fnll > 1 and consider a subsequence (fy, )3, and an increasing sequence (M),
of indices such that

My,
fnili =< Y | fuy(m)]

n=My_1
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for all £ € N. Letting

| Frw M)/ fror(m)  if M1 +1 < m < My, for some k;
g(m) = :
0 otherwise;

we see that | Y, fn, (m)g(m)| > 1 — 2¢, which contradicts f, — 0.

Our next task is to characterize the dual of a normed linear space X with the
weak topology. We say that a linear functional on X is weakly continuous if [ is con-
tinuous with respect to the weak topology o(X, X*). In contrast, a bounded linear
functional on X is often said to be strongly continuous. The following proposition
shows that this distinction is, in fact, unnecessary.

Proposition 14.20. A linear functional | on X is weakly continuous if and only
if it is strongly continuous.

Proof. Let U be an arbitrary open set in F. If [ is weakly continuous, then =1 (U) is
open in (X, X*), which is coarser than the norm topology on X. Therefore, [ ~1(U)
is open in the norm topology of X, and [ is strongly continuous. Conversely, if [
is strongly continuous, then [~1(U) is an element of the generating set of (X, X*)
and is thus open in o(X, X*). It follows that [ is weakly continuous. O

We remark that strong continuity always implies weak continuity, while weakly
continuous nonlinear maps are often not strongly continuous.

Remark 14.21. ] ], Exercise 4.20] We fix p,q € [1,00) and let a : R — R be a
continuous function satisfying the estimate

la(t)] < C(jtfP/* + 1)
for all t € R. Show that the operator A : LP(0,1) — L4(0, 1) defined by the formula
(Af) (@) = a(f(2))

is strongly continuous but is never weakly continuous unless «a is affine.

14.4. Concluding Remarks. For the sake of concreteness, we let X be a normed
linear space. X can be endowed with either of the following two topologies.

(1) The norm topology, which gives rise to the strong convergence zg — x of nets,
i.e., limg ||xg — x| = 0. This is equivalent to the uniform convergence of the
corresponding nets (Z3) of evaluation functionals on the norm unit ball Bj[0]
in X™**, which can also be written as

lim sup |z5(l) — 2(1)| = lim sup |l(zg) — I(x)| = 0.
o<t A<t

(2) The weak topology o(X, X™*), which gives rise to the weak convergence 3 — x
of nets, i.e., I(xg) — I(x) for all I € X*. This is equivalent to the pointwise

convergence of the corresponding nets (Zg) of evaluation functionals in the
double dual X**.

X*, on the other hand, allows for three possible topologies.

(1) The norm topology, which gives rise to the strong convergence lg — [ of nets of
linear functionals. This is equivalent to the uniform convergence of the nets
on the norm unit ball B4[0] in X.
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(2) The weak-+ topology o(X*, X), which gives rise to the weak-* convergence lg —
[ of nets of linear functionals. This is equivalent to the pointwise convergence
of the nets (Ig) on X.

(3) The weak topology o(X*, X**), which gives rise to the weak convergence lg — [
of nets of linear functionals, i.e., p(lg) — (1) for all p € X**.

Let us now discuss two cases in which some of these topologies might be the
same.

Proposition 14.22. If X is finite-dimensional, then all of the topologies are the
same.

Proof. For notational convenience, we consider R™ with the Euclidean norm topol-
ogy. We can do this without loss of generality, as all norms on a finite-dimensional
vector space are equivalent (Theorem 8.18). The projection maps onto the kth
coordinate mj(z) = x* are continuous linear functionals on R". Since the weak
topology with respect to the projection maps 71,..., T, is already the Euclidean
norm topology, the weak and norm topologies on R™ are the same. Similarly, the
weak and norm topologies on (R™)* 22 R™ are the same. The product-space defini-
tion of the weak-* topology implies that the weak-* topology on (R™)* is precisely
the weak topology generated by the projection maps 71, ..., m,, which is the same
as the weak and norm topologies on (R™)*. O

Proposition 14.23. If X is reflexive, then the weak-+ topology o(X*, X) and the
weak topology o(X*, X**) are the same.

Proof. If X is reflexive, then every element of X** is an evaluation functional.
Therefore, the weak convergence Ig — [ of nets of linear functionals in this case
is equivalent to Z(lg) — &(l) for all x € X. We can rewrite this as Ig(z) — I(z),
which is precisely the pointwise-convergence criterion for the weak-* convergence
lg 2] of nets of linear functionals. |

Much of our discussion in this section relied on net characterizations of continuity
and compactness. These can be reduced to the usual sequential characterizations
with the added assumption of metrizability. Unfortunately, metrizability turns out
to be too strong of an assumption in general. Indeed:

Theorem 14.24. The weak topology on X is metrizable if and only if X is finite-
dimensional.

Proof [Lec]. We shall require the following technical lemma.

Lemma 14.25. The vector-space dimension of an infinite-dimensional Banach
space is unctounable.

Proof of Lemma. Let X be an infinite-dimensional Banach space and suppose for
a contradiction that {v,}nen is a Hamel basis of X. For each n € N, we set
X, = span{vy,...,v,}. By Corollary 8.23, each X,, is complete, hence closed in
X. Furthermore, X, evidently cannot contain a norm ball, hence X, has empty
interior. It now follows that X = J,, X, is of the first category, which contradicts
the Baire category theorem (Theorem 10.3). O

If X is finite-dimensional, then the weak topology is the same as the norm
topology, which is evidently metrizable. Conversely, we suppose that the weak
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topology on X is induced by a metric d. We shall produce a countable spanning set
of X*. By Corollary 9.12, X* is a Banach space, and so Lemma 14.25 forces X*
to be finite-dimensional. This, in particular, implies that X* is linearly isomorphic
to X**. Since X embeds into X**, it follows that X must be finite-dimensional as
well.

For each n € N, we take the metric ball By, (0) of radius 1/n centered at 0. By
Proposition 14.16, each n furnishes a finite collection £, = {li,n,...,lg, n} € X*
and a positive scalar ¢, such that V,, = is contained in By, (0). We
shall show that £ = J,, £,, spans X*.

To this end, we fix [ € X™* and consider the weak neighborhood V;;; based at
0. There exists an N € N such that By,y5(0) C Vj;1, so that Vy C Vi;;. We claim
that [ is a linear combination of the elements of L. By Chapter Lemma 14.13, it
suffices to show that

ll,nv“wlkn,n?‘fn

kN
ﬂ ker(l; n) C kerl.

i=1
If iv(z) = 0 for all 1 < i < kpy, then |; y(Mz) = 0 for all M > 0, whence
Mz € V,, C V1. This, in particular, implies that [[(Mz)| < 1, or |i(z)| < 1/M for
all M > 0, whence [(z) = 0. The proof is now complete. O

Similarly, the weak-* topology on X* is metrizable if and only if X is finite-
dimensional.

15. LocaLLy CONVEX SPACES

The natural setting for many of the results developed so far is a topological
vector space with sufficiently many open convex sets, which we define precisely as
follows:

Definition 15.1. A topological vector space is said to be locally convez if it has a
neighborhood basis consisting of convex sets.

We see at once that normed linear spaces are locally convex; this is a consequence
of the triangle inequality. The following proposition provides a typical way of
creating a locally convex space.

Proposition 15.2. Let X be a vector space, {pa}acz a family of seminorms on
X, zg a fized point in X, and B(xg) a collection of sets of the form

V(ag,...,an;e) ={x € X : po,(x — ) <& foralll <i<n}.

Then B(xq) is a basis of neighborhoods of xg consisting of convex sets, and the
topology generated by

(15.3) U PB(x0)
ro€EX
turns X into a locally conver space.
In particular, if X is a normed linear space, then the weak topology o (X, X*)

turns X into a locally convex space (Proposition 14.16), and the weak-x topology
o(X*, X) turns X* into a locally convex space (Proposition 14.9).
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Proof. Let X be endowed with the topology generated by (15.3). We observe that
a net (zg) in X converges to o € X if and only if po(zs — z9) — 0 in for all
«. Indeed, the seminorm convergence criterion shows that that each single-index
neighborhood V(«;¢) admits an index (8, such that 8 > « implies x5 € V(a;e).
We then see that g is in
Viat,...,an;e) = ﬂ V(e e)
i=1

for all 8 > max{fBi,...,58,}. Since Z(xy) is a basis of neighborhoods of zg, it
follows that zg3 — x¢. The converse is established analogously.

We now show that X is a topological vector space. If ((A\g,zg))g be a net in
F x X that converges to (A, z), then

Pa(Aps = Az) < pa(As(zs — ) + pal(As = A)z) = 0

for all a;, whence the scalar multiplication operation is continuous. To show that
vector addition is continuous, we fix a net (zg,ys) in X x X that converges to
(z,y). We observe that

pal(z +yp) — (x +y)) < palzs —2) + palys —y) = 0

for each «, whence x5 + yg — = + y. It follows that the vector addition operation
is continuous, and X is a topological vector space.

It remains to show that X is a locally convex space. To this end, we observe
that V(«;e) based at xq is convex, for if 2,y € V(a;e), then

pa([(I=Nz+ Xy —z0) = pal(l=A)(z—z0) + Ay — x0))
< (I =XNpa(z —20) + Apaly — 0)
< e

whence (1 —X)z+ Ay € V(o;¢) for all 0 < A < 1. Since intersections of convex sets
are convex, Z(xg) consists of convex sets, and the desired result follows. (]

We now generalize the notion of bounded operators (Definition 9.3) via semi-
norms.

Proposition 15.4. Let X and Y be locally convex spaces whose topologies are
generated by {pa}ta and {og}g, respectively, a la Proposition 15.2. A linear operator
T:X =Y is continuous if and only if each Y -index 8 admits a finite collection of

X-indices {aq,...,an} and a positive constant A such that
(15.5) o3(T2) < A3 pi, ()

i=1
forallx € X.

Proof. (<) Let (z) be a net in X that converges to € X. By Proposition 15.2,
pa(ry —2) = 0 for all a, whence o3(Tx, —Tx) — 0 by (15.5). It follows that T is
continuous.

(=) Suppose that T is continuous, so that the preimage T-1(V(53;1)) of

V(B ={y €Y :0p(y) <1}
is an open neighborhood of 0. By Proposition 15.2, we can find a neighborhood
V(ai,...,an;e) of 0 that is entirely contained in T-1(V(3;1)).
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We fix z € X. If p,,(z) # 0 for some 1 < i <n, then we can define the vector

() -

so that ()
€ PoT
Po;(2) == == <e
&= S e tw)
for all 1 <4 < n. Therefore, z € V(ay,...,an;e) €T~ HV(B;1)), and we have
T
e op(Tz) _ o5(T2) < 1,

23 pa; ()

whence it follows that
2 n
O'ﬂ(TJ}) < g Zpai ($>7
i=1

as was to be shown.

On the other hand, if p,,(x) = 0 for all 1 < i < n, then p,,(Mz) = 0 for all
M > 0. This implies that Mz € V(aq,...,a,;e) € T-HV(B;1)) for all M > 0,
which, in turn, shows that og(Tx) < 1/M for all M > 0. It follows that o3(Tx) = 0,
and (15.5) is obtained trivially. O

As a corollary, we obtain a generalization of the notion of equivalence of norms
(Definition 8.16).

Corollary 15.6. Two collections of seminorms {pa}ta and {og}s generate the
same topology on a vector space X if and only if the following two conditions hold:

(1) For each B, there exist indices o, ...,q, and a positive constant A such
that

o5(Tx) A pa, (@)

i=1

forallxz € X.
(2) For each «, there exist indices B1,...,B, and a positive constant B such
that
pal(Tz) < BY a5, ()
i=1
forallx € X.

Proof. For notational convenience, we write X, and X3 to denote X with topologies
generated by {p.} and {og}, respectively. If (1) and (2) hold, then Proposition 15.4
implies that the identity map id : X, — Xg is a homeomorphism. Conversely, if
Xo = Xg, then id : X, — X3 is a homeomorphism, whence (1) and (2) follow from
Proposition 15.4. ([l

The generalizations we have carried out above suggest that much of the Banach-
space theory could be carried over to an appropriate class of locally convex spaces.
We now introduce a metrizable topological vector space that is complete with re-
spect to the seminorms that generate the topology.

Definition 15.7. A Fréchet space is a topological vector space X whose topology
is generated by a complete translation-invariant metric.
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In what sense is a Fréchet space complete with respect to seminorms? The next
three propositions detail a typical method of creating a Fréchet space.

Proposition 15.8. The topology on a topological vector space X generated by a
countable family of seminorms {pn}nen is metrizable by the following translation-

tmoariant metric:
=1 pulz—y)
,y g 27 1+ pn xr — y)

Proof. For notational convenience, we write X, and X to denote X with topologies
generated by {p, } and d, respectively. Our goal is to show that X, is homeomorphic
to Xg4. To do so, it suffices to show that an open set in X, is open in X, and vice
versa.

(=) By Proposition 15.2 and the translation invariance of the two topologies at
hand, it suffices to show that

V(ni,...,nke) ={x € X : pp,(x) <eforall 1 <i<k}
is open in Xy. We fix ¢ € V(ny,...,ng;e). If y € X satisfies the lower bound
Pn; (y) > € for some 1 < i <mn, then
L pn(z—vy)
2mi 1 + Pn; (.’13 - y)
1 |pm (x) — Pn; (y)l

d(z,y) >

triangle inequality for p,,) > .
( ) 2% 1+ pn, () + pn, (y)
L pn,(y) — pn,(2)
f pn, > i :
(upper bound of pu, (2)) 2 5 =) )
1 Pni(y) — max pn,(z)
(removing dependence on n;) > —
27 (14¢) +pn,(y)
€ — max pp,(z)
1 1<i<n' °
1 bound of p,, > .-
(lower bound of p,,(y)) > 5 o
. , ST DK P (z)
H d d i > 9—max{ni,..ng} S1sn
(removing dependence on n;) > T %

It then follows that

€~ 1max, pn ()

1+2¢
implies p,,(2) < e for all 1 < ¢ < n, hence z € V(ny,...,nk;e). Therefore,
V(ni,...,nk;€) is open in Xg .

(<) By the translation invariance of the two topologies at hand, it suffices to
show that B.(0) is open in X,. For each z € B,(0), we set

d(ﬂj,z) < Q*max{nl ..... ng} .

r= %min {d(x,0), e —d(x,0)|}

and note that B,(z) C B.(0). We find a natural number k such that 27% < r/2
and observe that p;(z — y) < r/k implies
k

1 pi( z—y) L r
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whence V(1,...,k;r/k) is an X ,-open neighborhood of z in B,.(x), hence in B.(0).
It follows that B.(0) is open in X,. O

Proposition 15.9. A sequence () in a topological vector space X generated
by a countable family of seminorms {pm}men converges to x € X if and only if
pm(xn —x) = 0 for each fized m € N.

Proof. This is a trivial consequence of Proposition 15.8. (]

Proposition 15.10. Let {pm}men be a countable family of seminorms that gen-
erates the topology on a topological vector space X . If every sequence (x,)5% 1 such
that pm(Tn, — Zn,) = 0 as ny,ny — 0o for each fized m € N converges to a limit
in X, then X is a Fréchet space.

Proof. By Proposition 15.9, the hypothesis translates to the metric

o~ 1 pulz—y)
d(z,y) = — I
(@) ;2”1+pn(w—y)
being complete, whence the desired result follows from Proposition 15.8. ([l

We now consider two of the most important examples of Fréchet spaces.

Ezample 15.11. The space € (K) of smooth functions on a compact subset K of
R comes with the natural seminorms

pu(f) = sup | ()]
zeK

which are complete in the sense of Proposition 15.10. Similarly, the Schwartz space
7 (R) of smooth functions f : R — C such that the quantity

prm(f) = sup |z™ f™) (z)|
zER

is finite for each m,n € N is a Fréchet space with the seminorms p,, ,,. These are
examples of spaces of test functions, which forms the basis of distribution theory.

We conclude this section by placing some of the major theorems established in
this chapter in their proper contexts. The omitted proofs can be found in many of
the standard functional analysis textbooks.

Theorem 15.12 (Banach-Schauder, open mapping theorem). If T : X — Y is a
surjective continuous linear operator between Fréchet spaces X and Y, then T is
open.

Theorem 15.13 (Closed graph theorem). A linear operator T : X — 'Y between
Fréchet spaces X and Y is bounded if and only if T'(T) is closed.

Theorem 15.14 (Banach-Steinhaus-Dieudonné, uniform boundedness principle).
Let X be a Fréchet space, Y a normed linear space. Let T' be a nonempty index set,
and, for each o € A, we let Ty, : X — Y be a continuous linear operator. If

sup | Toz|| < 0o

a€EA
for all x € X, then {Ty}aeca 18 equicontinuous, viz., for each € > 0, there exists a
0 > 0 such that d(z,y) < § implies ||Tox — Toy|| < € for all x,y € X and a € A.
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Theorem 15.15 (Analytic Hahn-Banach). Let X be a locally convex space, M a
subspace of X, and | a continuous linear functional on M. Then there exists a
continuous extension L of | onto the whole space X.

Theorem 15.16 (Existence of nontrivial annihilators). If X is a locally convex
space and M a closed proper subspace of X, then there exists a nonzero continuous
linear functional L on X such that L]y = 0.

Theorem 15.17 (Hyperplane separation theorem). Let X be a real locally convex
space and A and B nonempty, convex, disjoint subsets of X. If A is compact and
B is closed, then there exists an L € X™* and an o € R such that

sup L(z) < a < inf L(y).

T€A yeB

In other words, the hyperplane {z : L(z) = a} separates A and B.

Theorem 15.18 (Krein-Milman). If X is a locally convexr space and K a non-
empty, compact, conver subset of X, then K = co(ext(A)).

Theorem 15.19 (Banach-Alaoglu). Let X be a topological vector space. If K is
the collection of continuous linear functionals on X that are bounded by 1 on a fixed
neighborhood of 0 in X, then K is weak-+ compact.

16. HILBERT SPACES

We now turn to the study of Hilbert spaces, a topological vector space that
retains many geometric properties of the Euclidean space.

16.1. Inner Products. Recall that two vectors v and w in R™ are orthogonal if
their dot product v -w = Y v;w; is zero. If we are to speak of orthogonality in a
broader context, it is first necessary to generalize the dot product.

Definition 16.1. An inner-product space is a complex vector space X with a map
(-,+) : X x X — C such that
(i) {ax + By, z) = alz, 2) + B(y, 2),
(11) <y’x> = <x7y>,
(iii) (z,z) >0, and
(iv) (x,x) =0if and only if z =0
for all , 8 € C and x,y,z € V.

(i) and (ii) imply that (-,-) is a Hermitian form, and (iii) implies that (-,-) is a
positive-definite form; a positive-definite Hermitian form is a semi-inner product.
If X is a real vector space, then Hermiticity reduces to bilinearity, i.e.,

(ax + By, z) = alz, z) + Bly, z) and (x,ay + Bz) = alz,y) + Bz, 2),
and symmetry
(z,y) = (y, 7).
Therefore, a semi-inner product on a real vector space is a positive-definite, sym-
metric bilinear form, and (iv) turns it into a real inner product. We prefer to work
with complex inner products, as they possess certain advantages over real inner

products that we shall see in later sections.
By the positive definiteness of the inner product, we see that

2]l = vz, )
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is nonnegative, and hermiticity implies that it is homogeneous just like a norm. We
shall show that || - || is indeed a norm in due course, but, for now, we harness the
basic properties of the inner product (-, -) and the associated “norm” ||-||. The first

is a simple computational principle that directly generalizes the law of cosines in
R2.

Proposition 16.2 (Generalized law of cosines). For all z,y € X,
lz + 9l = l|z]1* + lly[|* + 2 Re(z, ).
Proof. Hermiticity. O

In classical Euclidean geometry, the Pythagorean theorem could be deduced as
a special case of the law of cosines in which the two sides are perpendicular to each
other. We now generalize the notion of perpendicularity and use it to establish a
Pythagorean identity for inner-product spaces.

Definition 16.3. Two vectors x,y € X are orthogonal if (z,y) = 0. We write
z 1 y to denote that x and y are orthogonal.

Proposition 16.4 (Generalized Pythagorean theorem). For all z1,...,2, € X
such that x; L x; for all1 <i<j<n,

n 2 n
D il = el
i=1 i=1

Proof. For n = 2, this is a special case of the generalized law of cosines. For n > 2,
it suffices to apply the n = 2 case repeatedly. ([

The next result is the foundational inequality of Schwarz, which generalizes
Cauchy’s inequality in R™.

Proposition 16.5 (Schwarz’s inequality). |(z,y)| < ||z||||y|| for all z,y € X, and
the equality holds if and only if x is a scalar multiple of y.

The key idea is to decompose x into two orthogonal vectors and to obtain an
estimate via the Pythagorean theorem. This decomposition is (almost) always
possible, and we take this up in Theorem 16.24.

Proof. We assume without loss of generality that y # 0 and set § = ||y|| 'y, so
that ||g]] = 1. We let
u = <I,g>g and v=1x— <xayA>yA7

so that x = u + v and v 1 v. By the Pythagorean theorem, we have

2] = flull + [lv]]* = [z, 9)911* + |z — (=, 5)3]>.
Combined with the positive-definiteness of the inner product, the above identity
implies that
2[* > [z, 991> = [z, 9)P191° = [z, 9)%,
where the equality holds if and only if ||x — (z,§)9||*>. The inequality is precisely
Schwarz’s inequality; the equality condition is equivalent to the attainment of the
identity

(16.6) = (0,§)f = (W) T
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Therefore, if the equality in Schwarz’s inequality holds, then (16.6) holds, whence,
in particular, = is a scalar multiple of y. Conversely, if x = Ay, for some scalar A,
then

Iyl = (2, vy = lyll >y, y)y = Ay = =,

which is precisely (16.6). O
With Schwarz’s inequality at hand, we can now deduce that || - || is indeed a

norm.

Proposition 16.7. ||z|| = \/{(x,z) is a norm on X.

Proof. Homogeneity follows hermiticity; positive-definiteness is inherited. To verify
the triangle inequality, we observe that

lz+yl* = [l + lly]* + 2 Re(x, )

by the law of cosines. Applying Schwarz’s inequality, we see that

2Re(z,y) = (z,y) + (z,y) < lzlllyll + [=(llyll = 2}z [llyll,

whence we have

lz +yl1* < (2l + lyl)?,
as desired. |
We now define the single most important object in functional analysis.

Definition 16.8. A Hilbert space is a complete inner-product space, in the sense
that the norm associated with the inner product induces a complete metric.

FEzxzample 16.9. The Euclidean spaces R™ and C" with the usual dot products are
Hilbert spaces.

Ezample 16.10. The space L?(X, u) of square-integrable functions on a measure
space (X, p) with the inner product

(f,9)2= / fgdu
X
is a Hilbert space.

Example 16.11. Let T be the set of all trigonometric polynomials

N
p(x) _ ane%rinw
n=1

on [0,1], with the inner product

N
(p.@) = Pulln-
n=1

is an inner-product subspace of L?([0,1]). The space Ty of trigonometric polyno-
mials of degree at most IV is a closed subspace of T and hence a Hilbert subspace
of L?([0,1]).
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Ezample 16.12. Let K € %,.(R?) be nonnegative and symmetric, i.e., K(z,y) =
K(y,z). The weighted L* inner product

(.9 = / / F@) g K (. y) da dy

is a complete inner product on L?(R?). Here we only show that

1l = ( [ 1@rrea dy)m

is a complete norm. To this end, we let (f,,)52; be a Cauchy sequence with respect
to |- ||k and extract a subsequence (f,, )52, such that || fn, — fu.,. |k < 27%. This
subsequence converges pointwise almost everywhere to

f(@) = fo,(x) + Z(fnk+1 (@) = [ (2)),
k=1
which is in L?(R?). Now, |f., — fI?K € L*(R?), and so

Ji (|fo, — flic = lim // Foa (9) — £, 0)PK (2, y) dar dy

k—o0

[ dim 1 e0) = o) PE ) de dy
0

by the dominated convergence theorem. The desired result now follows.

16.2. Orthogonality. Having reviewed the definition and basic examples of a
Hilbert space, we now turn to the promised discussion on orthogonality. The next
result encodes the orthogonality property of inner product spaces in a norm identity,
attributed to Pascual Jordan and John von Neumann in | .

Theorem 16.13 (Parallelogram law / Polarization identity). If X is an inner-
product space, then the parallelogram law

Iz +yl* + Il = yl* = 2]l2[1* + lylI*)

and the polarization identity
1 ) . ) .
(@y) =7 (e +yl” = lle—ylI* +illz +iy[|* - ile - iy]*)

hold. Conversely, if X is a normed linear space that satisfies the parallelogram law,
then the quadratic form given by the polarization identity is an inner product on
X.

Proof. If X is an inner-product space, then the parallelogram law follows from the
law of cosines (Proposition 16.2) and the polarization identity from the hermiticity
of the inner product. Conversely, we assume that X is a normed linear space
satisfying the parallelogram law and consider the quadratic form (-, -) given by the
polarization identity. Observe that

Koy) = e +yl? = llo—yl? +ille + iy —ille — iy||?
ly +)* = ly — l® +illy — izl|* — illy +ix]?
= (ly+=? = lly —«l* —illy —ix]* +illy + ix]?)

= 4y, x).
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In particular, (z,z) = (x,z), and so
Az, x) = 4Re(z,z) = |lo + 2] + ||z — z|* = 4]|z|]%,

whence (-, -) is positive-definite. In particular, (z,z) = 0 if and only if z = 0.
It remains to show that (-,-) is linear in the first variable. By the parallelogram
law, we have

A(z, 2) + (y,2))
= |z +y) +22|° = (& +y) — 22> +ill (@ +y) + 2i2* — [[(& +y) — 262
8({(z +)/2, 2)).
In particular, (x,z) = %(2:5, z), and so
(16.14) (,2) + (y,2) =2((x +v)/2,2) = (x + ¥y, 2).
Iterating these two identities imply that

(16.15) i an2™{x, z) << Z an2”> >

for all N € N and a,, € N.
Now, the norm is continuous, and so (-,-) is continuous in the first variable. If
this claim holds, then (16.15) implies that

(16.16) r(z,z) = (rz, 2)

for all » > 0. Simple computations show that —(x, z) = (—x, z) and i(z, z) = (ix, 2),
whence (16.16) now implies that

Mz, z) = (Az, 2).

This, combined with (16.14), establishes the hermiticity of (-,-), thereby showing
that (-,-) is an inner product. O

The continuity property used in the above proof holds in general:
Proposition 16.17. The inner product is continuous as a map from (-,-) into C.

Proof. If x,, - x and y,, — y, then

i [(2,9) — (@09 < T [l — 21y~ 9]l = 0
by Schwarz’s inequality (Proposition 16.5). O

With the parallelogram law and the polarization identity at hand, we can now
construct the Hilbert completion of an inner-product space. Given an inner-product
space X, we take its Banach completion (Theorem 8.13) X. Since the norm is
continuous, the parallelogram law on X evidently carries over to X, whence the
inner product given by the polarization identity turns X into a Hilbert space. In
light of this, analysts often refer to inner-product spaces as pre-Hilbert spaces.

Example 16.18. €*[0,1] with the inner product

/f d:v+/f

is a pre-Hilbert space. Its Hilbert completion is the Sobolev space of order 1, denoted
by H'.
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Ezample 16.19. While all norms on R™ are equivalent (Theorem 8.18), not too
many of them admit an inner product. For example, the maximum norm

2l = max [z

does not satisfy the parallelogram law. Indeed,
112,0) + (0, D13 +11(2,0) = (0, D13, = 8 # 10 = 2(][(2,0) | % +1(0, 1)[1%.),
and this counterexample can easily be extended to handle the R™ case.
We now exploit the orthogonality property to study the geometry of Hilbert

spaces. First, we generalize the notion of vectors perpendicular to a plane used in
the study of three-dimensional Euclidean geometry.

Definition 16.20. Given a subset E of an inner product space V', we define the
orthogonal complement of E to be the set

Et={xecV:z Lyforallyc E}.

Recall that a projection on a vector space V is an idempotent linear endomor-
phism, i.e., a linear transformation P : V' — V such that P? = P. Note that Plimp
is the identity operator I, and that we have the direct-sum decomposition

V=pPV)el-P)(V),
viz., each € V can be written as the sum « = y 4+ z with y € P(V) and z €
(I — P)(V) in precisely one way: namely, y = Pr and z = (I — P)r =2 — Pz. In
view of the direct sum decomposition, we often refer to P as the projection of V'
onto P(V') along (I — P)(V).

One of the most important results in Hilbert-space theory is the existence of
orthogonal projections:

Definition 16.21. Let M be a closed linear subspace of H. The orthogonal pro-
jection of H onto M is the projection P of H onto M along M.

Remark 16.22. P is an orthogonal projection if and only if (im P)* = ker P.

Lemma 16.23. If E is a subset of an inner-product space X, then E* is a closed
linear subspace of X .

Proof of lemma. It is clear that E= is a linear subspace of X. To show that B+ is
closed, it suffices to note that

E* = (N {y}",
yeE
and that each {y}* is the preimage of {0} of the continuous mapping z ~ (z,y)
(Proposition 16.17). O

Theorem 16.24 (Existence of orthogonal projections). Let H be a Hilbert space.
If M is a closed, convex subset of H, then there exists a linear operator each x € H
admits precisely one xpr € M such that

x — x| = inf ||z —y.

| wl = inf flo—yl

If M is, in addition, a linear subspace of H, then there exists a projection P of H

along M=+ onto M, called the orthogonal projection of H onto M. In particular,
H=MeM".



86 MARK H. KIM

We remark that the hypothesis that M is a closed convex linear subspace is
superfluous, as every linear subspace is convex.

Proof of theorem. Assume for now that M is a closed, convex subset of H. Let
(yn)22; be a sequence in M such that

— Y|l = d(z, M) = inf |z —y|.
|z = ynll = d(z, M) = inf ||z —y]|

lim

n—o0
Since M is convex, (yn + yYm)/2 € M, and so ||x — (yn + ym)/2|| > d(x, M). The
parallelogram law (Theorem 16.13) implies that

dd(z, M)* < 4z~ (yn +ym) /2|
< Az - (yn+ym)/2”2+ ”yn*ym”2
1@ = ym) + (@ = y)II” + (@ = ym) — (@ — ya) |12
= 2|z —yul? + llz — ynl*),
whence

lim yn —yml* < lm 2(|z = yl* + [lo = yal*) — 4d(z, M)?

| = 2(d(z, M)? +d(z, M)?)) — 4d(x, M)?
0.

It follows that (y,)%2, is Cauchy.
We invoke the completeness of H to find xy; = lim,, y,,. By construction, ||z —

xpm|| = d(x, M). To show that the minimizer is unique, we let y € M be another
minimizer, i.e., |z — y|| = d(xz, M). This, in particular, implies that ||z — (zas +
y)/2|| = d(z, M), and so

4d(z, M)?* = 2(d(z,M)* +d(z,M)?)

= 2(lz —zum|? + = — yl*)
= @ —am) + @ = yIP + [I(z — zar) — (= — )|
= Allz = (ea +9) /217 + ly — 2ul®

Ad(x, M)? + |ly — zu)?

by the parallelogram law (Theorem 16.13). It follows that ||y — x/]|?> = 0, whence
Yy==xp-.

We now assume that M is a closed linear subspace. Define an operator P : H —
‘H by setting Px = x); for each x € H. We claim that P is a projection of H along
M+ onto M. To this end, we first note that P2z = (x5)y is evidently 27, for the
unique distance minimizer for any element of M is the element itself. Therefore,
P? = P, and the argument also shows that M C P(M). and P is a projection.
Secondly, we have shown above that the distance minimizer is always in M, and so
P(M) C M. It follows that P is a projection onto M.

Lastly, we must check that (I — P)x = x — xj/ is an element of M=, which is a
closed linear subspace by Lemma 16.23. This amounts to showing that (x — zp, y)
vanishes for all y € M*. To this end, we fix y € M+ and consider f : R — [0, 00)
given by the formula

F@) = llz — 2+ ty|>.
By the law of cosines (Proposition 16.2), we can write

F(#&) = llz — 2] + 2llyll* + 2t Refz — xar,y).
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Now, we observe that

f@t) = llz = (zar — ty)|?
and xp; —ty € M, whence the distance function f is minimized when z,; —ty = xay,
or t = 0. Therefore,

lz = 2arll* = f(0) < £(8) = llz — wnr]|* + |lyll* + 2t Re(w — 2ar,y)

for all ¢ € R. This is only possible if (x — zpr,y) = 0. It now follows that P is a
projection along M-, thus completing the proof. ([

An immediate corollary of the direct-sum decomposition is that proper closed
subspaces must have a nontrivial orthogonal complement.

Corollary 16.25 (Existence of nontrivial orthogonal complements). If M is a
closed proper linear subspace of H, then there exists a nonzero vector y € H such
that (x,y) =0 for all x € M. O

For each u € M+, we obtain a linear functional [, : H — C given by [, (z) =
(z,u). By the continuity of the inner product (Proposition 16.17), I, is bounded.
Furthermore, I, vanishes on M, whence [,, is an an element of the annihilator of M,
viz., the collection of bounded linear functionals on that vanish on M. In this sense,
Corollary 16.25 can be thought of as the existence of nontrivial annihilators that
we have established in Corollary 11.13. Direct comparisons bewteen orthogonal
complements and annihilators are made in Appendix A, Section 19.2.

The construction of the bounded linear functional [,, evidently applies to any
u € H, and this shows that there are plenty of bounded linear functionals on .
Shockingly, they fill up H*, as we shall see in the following result.

Theorem 16.26 (Riesz representation). Every bounded linear functionall : H — C
can be written as an action of the inner product against a vector uw € H, i.e.,

lx = (z,u)

for all x € H. Furthermore, this u is unique, and ||l|| = ||u||, whence H is isomet-
rically isomorphic to H* and is thus reflezive.

We remark that the natural notion of isomorphisms between Hilbert spaces is
that of a unitary isomorphism:

Definition 16.27. A linear operator T : X — Y between two inner-product spaces
is wnitary if (Tx,Ty) = (x,y) for all x,y € X. T is a unitary isomorphism if T is
a unitary operator and a linear isomorphism.

Nevertheless, the polarization identity (Theorem 16.13) implies that a linear
isomorphism between pre-Hilbert spaces is unitary if and only if it is isometric. In
practice, therefore, we never have to check whether the inner product is preserved.

Proof of theorem. If | is the zero functional, then 0 is clearly the only vector that
does the job. If [ is nontrivial, then ker! is a closed proper linear subspace of H,
whence (ker )1 is nontrivial by Corollary 16.25. We pick a unit vector z € (kerl)*
and set u = (Iz)z. Note that (Iz)z — (I2)x € kerl for all z € H, and so

0= ((lx)z — (l2)z, z) = (Iz) (2, 2) — (2, (I2)2) = Iz — (@, u),
or lxz = (x,u). Finally, we observe that

lull = [(2)] = [tz] < [l2l1=] = 1121
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and
2| = |L2(||2] = [Julll|=]];

the latter implies that ||u|| > |||, whence ||u| = [/I]|. O

We pause to reflect on a particularly useful consequence of the orthogonality
property of the Euclidean space: R"” is equipped with n mutually orthogonal axes
that admit a particularly convenient coordinate representation of n-vectors. Our
next goal is to recover this coordinate representation in the Hilbert-space setting.
The proper way to set up “mutually orthogonal axes” is via an orthonormal set
vectors.

Definition 16.28. A set of vectors {us}aez in an inner-product space X is or-
thonormal if ||ug|| = 1 for all @ € Z and u, L ug for all a # 5.

The next result shows that a finite orthonormal set is, in general, not sufficient
for a full-blwon coordinate representation.

Proposition 16.29 (Finite Bessel’s inequality). If {u1,...,un} is an orthonormal
set in an inner-product space X, then

N
Dl un)® < la)?
n=1

for all x € X, and the equality holds if and only if

N

T = Z(w,un>un.

n=1
Proof. Since (3 {(x,u,)uy) is orthogonal to z — Y (z,u,), the Pythagorean theorem
(Proposition 16.4) implies that

2 2

N N
2] = || (@ un)un | + ||z =Y (@ un)un
n=1 n=1
Now, the vectors (x,u1)us,..., (z,u,)u, are mutually orthogonal, and so another

application of the Pythagorean theorem yields

N 2

Izl = e, wnduall® +

N
- Z(:m U ) Un,
n=1

n=1
N N 2
= Z (@, un)? + ||z — Z(x,un>un
n=1 n=1
The desired result now follows. O

We now recall that the sum of an infinite set {74 }oez of nonnegative real numbers
is defined as the supremum of all the finite partial sums. If >~ r, is finite, then all
but countably many elements in {r,} must be zero, for otherwise we can extract a
monotonically increasing sequence (r,)22 ; in {r,}. With this observation, we can
extend finite Bessel’s inequality to infinite orthonormal sets.
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Corollary 16.30 (Bessel’s inequality). If {uq}acz i an orthonormal set in an
inner-product space, then
> @ ua)? < e

acel
for all x € X. In particular, {a : (x,uq) # 0} is a countable set. O

In order to recover the equality condition we have established for finite Bessel’s
inequality, we must deal with infinite sums of vectors. The appropriate notion of
convergence for us is that of unconditional convergence: a countable sum

o0
>
n=1

of vectors in a topological vector space converges uncounditionally if there exists
a vector x such that the sequence of partial sums converges to x for all possible
reordering of indices. Note that unconditional convergence of vectors in a normed
linear space is not equivalent to the absolute convergence

)
D llanll < oo;
n=1

in fact, a theorem of Dvoretzky and Rogers ([ ], Theorem 1) shows that un-
conditional convergence implies absolute convergence in a Banach space if and only
if the space is finite-dimensional.

With this in mind, we deal with the task of recovering the equality condition:

Proposition 16.31 (Definition of orthonormal basis). Let % = {uq}tacz be an
orthonormal set in a Hilbert space H. The following are equivalent:
(a) % is an orthonormal basis, viz.,
x = Z(m, Ug ) Ug
acl

for all x € H, where the sum converges unconditionally;
(b) Parseval’s identity holds for % , viz.,

2] = 1w, ua) P
a€cl
forall x € H.
(c) % is complete, i.e. %+ = {0}.

Proof. (a) = (b). By Bessel’s inequality, the set Z, = {a € T : (z,u,) # 0}
is countable. We index the elements of Z, by natural numbers: Z, = {a,}nen.
Parseval’s identity is now obtained by considering the limiting case of the identity

N

N
1 =D [, un) * +
n=1

from the proof of finite Bessel’s inequality.
(b) = (c). If + contains a nonzero vector z, then

2] > 0= {2, ua)l*

acl
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(¢) = (a). By Bessel’s inequality, the set Z, = {a € T : (x,uq) # 0} is countable.
We index the elements of Z, by natural numbers: Z,, = {a;, }nen. Bessel’s inequality
implies that Y |(x,uq)|? < oo, whence it follows from the Pythagorean theorem
(Proposition 16.4) that

N+m N+m
n=N n=

for all m € N. By completeness of H, the series > (x, u,)u, converges. Now,

<x — (Z(m,un>un> ,un> = (z,un) — (x,u,) =0

for all n € N, whence by the completness of % we conclude that x—> (z, up)u, = 0,
or = (T, Up)Uy. O

With the new tools available, we can now establish swiftly the coordinate repre-
sentation we have advertised.

Theorem 16.32. FEvery Hilbert space has an orthonormal basis.

Sketch of proof. Apply Zorn’s lemma on the collection of orthonormal sets ordered
by inclusion: the maximal element is complete. [

The existence of an orthonormal basis, combined with Parseval’s identity, implies
the following characterization of Hilbert spaces.

Corollary 16.33. Every Hilbert space is unitarily isomorphic to 1*(Z) for some
set T with the counting measure.

Sketch of proof. Let H be a Hilbert space. By Theorem 16.32, H has an orthonor-
mal basis {uq }aer. For each 2 € H, we define f, € I2(Z) by setting

fola) = (z,uy).

The mapping x — f, is then an isometric isomorphism. U

16.3. Separability. While theoretically sound, the coordinate presentation give
by Theorem 16.32 is unwieldy in many cases. In practice, it is useful to have a
countable orthonormal basis, so as to dispense with the infinite-sums-as-suprema
business. To this end, we recall that a topological space is separable if it contains a
countable dense subset. An orthonormal set % is an orthonormal basis if and only
if the rational linear combination of % is dense, and so we expect to see a strong
connection between separability and the existence of a countable orthonormal basis.

Theorem 16.34. A Hilbert space H has a countable orthonormal basis if and only
if H s separable.

Proof. The equivalence is trivial if H is finite-dimensional, hence we assume that
‘H is infinite-dimensional.

(<) Let % be a countable orthonormal basis of H and take the collection % of
rational linear combinations of . % is dense in span %, and % is dense in H by
the completeness characterizaiton of orthonormal bases (Proposition 16.31). Since
2 is countable, it follows that H is separable.

(=) Let {zm}men be a dense subset of H. We build a countable linearly in-
dependent subset {e,}nen Of {Zm}men as follows: let e; = x; and my = 1; for
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each n > 1, we let m,, be the smallest natural number bigger than m,_; such
that {e1,...,€n—1,%m, _,+1,---,ZTm, } is linearly independent. This process must
continue indefinitely, as span{z,,} = span { e, }. In particular, span{e,} = H.

The bulk of the remaining work is to establish the infinite-dimensional general-
ization of a familiar tool from linear algebra:

Lemma 16.35 (Gram-Schmidt process). If {e, }nen is a linearly independent sub-
set of H, then there exists an orthonormal set {uy}nen such that span{e,} =
span{un} and that each uy is a linear combination of e1,...,eN.

Proof of lemma. We first note that ||e1|| > 0 by the linear independence of {e,}.
Set
€1

U = ——
Y el

and, for each N > 1, define
N
EN+1 — Zn:1<€N+1a €n)en

HBN—Q—l - ZnN=1<€N+1a en>en

UN+1 =

At each step, the linear independence of {e,, } implies that up; is well-defined and
{u1,...,un41} is an orthonormal set whose linear span agrees with the linear span
of {e1,...,en+1}. The lemma now follows. |

We now observe that Proposition 16.23 implies
{un}* = (span{un})™ = (span{en})™ = (spanfe,})" = H* = {0},

whence by the completeness characterization of orthonormal bases (Proposition
16.31) {un} is an orthonormal basis. O

Corollary 16.36. All infinite-dimensional separable Hilbert spaces are unitarily
isomorphic to one another.

Proof. This follows at once from Theorem 16.34 and Corollary 16.33. O

Note that we do not need Zorn’s lemma to develop the theory of separable Hilbert
spaces, which, in turn, makes the theory more constructive. The reliance of the
above collary on Theorem 16.32 (from which Corollary 16.33 follows) is merely for
convenience. Duplicating the proof of Corollary 16.33 with Theorem 16.34 instead
of 16.32 allows us to avoid Zorn’s lemma.

We conclude the subsection by recording some examples of separable Hilbert
spaces and their orthonormal bases.

Ezample 16.37 (Kronecker delta basis of [?). Let
1 ifn=m;
en(m) = .
0 otherwise
for all n,m € Z. Then {e, }nez is an orthonormal basis in 2.

Ezample 16.38 (L? theory of Fourier series). The Fourier basis {e, = €¢"},¢z
on [—m, 7] is an orthonormal basis on L?([—n,n]). The basis property yields the
Fourier inversion formula

@) = Sttenen =3 (5= [ s ar) e

nez neZ
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and Parseval’s identity yields the Plancherel identity

L[ pepa =32

™ 2

. i —int

o | f®)e " dt
neZ

2

—T

Ezample 16.39 (One-dimensional dyadic harmonic analysis). A dyadic interval in
R is an interval of the form

[m27F, (m +1)27%)
for some m, k € Z. Given a dyadic interval I = [m27% (m + 1)27%), we let
Ip =[m27% (m+1/2)27%) and Ir = [(m+1/2)27%, (m +1)27%)
and define the Haar function associated with the interval 1

he =m(1)~2 (x1, = X1a) -
The collection
A = {hy : Iis a dyadic interval in R}
is a countable orthonormal basis in L(R), called the Haar wavelet basis of L?(R).
In general, ¢ € L*(R) is called a wavelet if the set {pn, 1 : m,k € Z} consisting
of the functions
Omi(r) =27"2p(2mz — n)
is an orthonormal basis of L?(R). Observe that the Haar function hio,1) is a wavelet.
It can be shown that a smooth wavelet exists.
Dyadic harmonic analysis is deeply intertwined with Littlewood-Paley theory of
frequency localization: see Chapter 8 of | ] or Chapter 4 of | ] for details.

16.4. Algebra of Operators. We conclude the section with a quick development
of the algebra of bounded operators on a Hilbert space, which is a generalization
of the algebra of matrices (Section 4).

For the remainder of this section, we fix a Hilbert space H over C.

Definition 16.40. The product TU of two operators T, U € %B(H) is the composite
function T o U.

We observe at once that TU € Z(H). The following basic properties of the
multiplication operators are trivially verified.

Proposition 16.41. Let T, U,V € Z(H) and A € C. The multiplication operation
satisfies the following properties:

(a) Associativity. (TU)V =T(UV);

(b) Distributivity. T(U +V)=TU +TV and (T+U)V =TV +UV;

(c¢) Bilinearity. \(TU) = (A\T)U = T(\U);

(d) Existence of Unit. IU = UI = I, where I is the identity operator.

The above properties turns Z(H) into a unital associative C-algebra:

Definition 16.42. A vector space .7 over F is an associative algebra over F, or
an associative F-algebra, if there exists a multiplication map m : & X &/ — &/ that
is

e associative, i.e., x(yz) = (xy)z,

TOf course, associative algebras over a ring R can be defined by considering R-moudles with
an appropriate multiplication operation, but this level of generality is unnecessary for this course.



VECTOR SPACES 93

o distributive, i.e., x(y + z) = xy + 2z and (z + y)z = zz + yz, and
e bilinear, i.e., NMzy) = (Az)y = z(\y)
for all z,y,z € & and A € F, where we have written zy to denote m(z,y). An
associative F-algebra o7 is unital if there exists an element 1 € &7 such that
lr=z1=1
for all x € &, and commutative if

Ty = yx
for all z,y € «.

Recall that every normed linear space is a topological vector space. Indeed, the
vector addition operation and the scalar multiplication operation are continuous. It
is then natural to expect that newly-defined multiplication operation is continuous
as well—and it indeed is.

Proposition 16.43. |TU| < ||T|||U|| for all T,U € B(H).

In fact, we have already used this fact once in the proof of Proposition 11.18.
This turns Z(H) into a unital Banach algebra:

Definition 16.44. An associative F-algebra o is a Banach algebra if there exists
a norm || - || on & that satisfies the inequality

eyl < ll2[lllyll

forall z,y € o/. A Banach algebra 7 is unital or commutative if of as an associative
algebra is unital or commutative, respectively.

We now generalize the conjugate transpose operation on ., (F). Recall the
definition of the adjoint T* : Y* — X* of a bounded linear operator 7' : X — Y
between normed linear space from Definition 11.17. If X =Y = H, then X* and Y'*
are isometrically isomorphic to H by the Riesz representation theorem (Theorem
16.26), and so we could consider T* as an element of #(H). Indeed, for each | € H*,
the Riesz representation theorem yields a unique y € H such that lx = (z,y), and
SO

(T*1)(z) = (IT)(x) = I(Tw) = (T, y).
By the Riesz representation theorem, there exists a unique y* € H such that
T*I(z) = (z,y*), and so

(z,y") = (T")(z) = (Tz,y).
Considering T* as the operator that sends y to y*, we are led to the following

definition:

Definition 16.45. The Hilbert adjoint, or Hermitian adjoint, of T € PB(H) is the
operator T : H — H that satisfies the identity
(Tz,y) = (z,T"y)
for all x,y € H.
By the above discussion, we see that the Hilbert adjoint of an operator is always

well-defined. Since the conjugate transpose A* of an n-by-n matrix A with complex
entries satisfies the dot-product identity

(Az) -y =z - (A%y),



94 MARK H. KIM

the Hilbert adjoint can be considered as a direct generalization of the conjugate
transpose operation.
The following basic properties of the adjoint operation are easily verified.

Proposition 16.46. Let T,U € B(H) and X € C.

(a) % is an involution: (T*)* =T. B
(b) * is conjugate-linear: (T'+U)* =T* +U* and (\T)* = A\T*.
(¢) * is contravariant: (TU)* = U*T*.

The above properties turn Z(H) into a unital Banach x-algebra:

Definition 16.47. An involution on a Banach algebra « is a map * : &/ — &
such that (z*)* = z for all z € &/. A Banach *-algebra® is a Banach algebra o/
with an involution operation * that is

e conjugate-linear, i.e., (x +y)* = x* +y* and (\z)* = \z*,

e contravariant, i.e., (vy)* = y*x*, and
forall z,y € o and A € F. A Banach *-algebra o is commutative if </ as a Banach
algebra is commutative, and unital if &7 as a Banach algebra is unital and satisfies
the additioanl identity

o 1*=1.

To illustrate that the *-involution is indeed a generalization of the complex
conjugate, we now recover the standard fact that (A=1)* = (A*)~! for all A €
My (F) in the Banach -algebra setting.

Definition 16.48. An element = of a unital associative F-algebra is invertible if
there exists an element y such that xy = yx = 1, called an inverse of x. There is
at most one inverse of x, and we write ~! to denote the inverse if it exists.

Proposition 16.49. An element z of a unital Banach x-algebra is invertible if and
only if * is; if x is invertible, then (z*)~t = (z71)*.

Proof. 1 =1* = (zz~1)* = (x71)*2* by contravariance. O

We now extend the notions of self-adjoint, normal, and unitary matrices to
Banach *-algebras. As a particular instance of the following generalization, we
obtain the definitions of self-adjoint, normal, and unitar operators.

Definition 16.50. An element of a Banach x-algebra «f is self-adjoint if z* = x
and normal if x*x = xa*. If &/ is unital, then x € & is unitary if ¥z = xa* =1,
or, equivalently, if z* = 2~ L.

We have seen in Proposition 11.18 that the adjoint operation preserves the oper-
ator norm. Since matrices of the form A* A were of pivotal importance in the study
of diagonalizable matrices in linear algebra, we seek to know more about operators
of the form T*T'. An important basic property of such operators is the following
proposition:

Proposition 16.51. [|[T*T|| = |T*|||T|| = |T||* for all T € B(H)

8Again7 we could define a *-algebra by defining a x-involution operation on an associative
F-algebra, thereby dropping the “Banach” portion of the definition.
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Proof. The adjoint operation is an isometry (Proposition 11.18), and so we have
the identity | T*||||T|| = ||T||*. Since %(H) is a Banach algebra (Proposition 16.43),
we have the norm inequality [|T*T|| < [|T*||||T||, whence it suffices to establish the

converse inequality. To this end, we fix a sequence (z,,)52; in H such that ||z,| =1
and lim, ||Tz,| = ||T|| and observe that
IT°T|| = sup ||[T"Tz||
llzll<1
(def. of operator norm) > lim ||T"Tzy,]|
n—oQ
(el =1) = lim [[T"Ta, ]
(Schwarz) > lim [(T*Tx,,z,)]
n—oo
(def. of Hilbert adjoint) = lim |[(Tx,,Tx,)]
n—oo
(def. of inner product norm) = lim ||Tz,|?
n—oo
(def. of (z,)) = |IT)?
(isometry) = [[T*|||IT1],
as was to be shown. O

The above property turns B(H) into a unital C*-algebra, as advertised in the
beginning of this section:

Definition 16.52. A Banach x-algebra o is a C*-algebra if every element x of &/
satisfies the C*-identity

* 2
]| = [lz]”.
A C*-algebra «f is unital or commutative if &7 as a Banach *-algebra is unital or
commutative, respectively.

We observe that the identity akin to that in Proposition 16.51 holds for all
C*-algebras.

Proposition 16.53. The x-involution on a C*-algebra <7 is an isometry, whence
(16.54) la* 2| = |||

for all x € of . Conversely, if the x-involution is an isometry, then (16.54) implies
the C*-identity.

Proof. If the C* identity holds, then
lzl* = llz*z]| < [l2* ][],
and so [|z*|| < ||z||. Similarly,
lz*[1* = (@) 2™ || = llaz™|| < ] fl2*],

and so ||z*|| > ||z||. It follows that the *-involution is an isometry, whence (16.53)
follows. The converse is trivially established. O

In fact, (16.54) implies (16.53) without the isometry condition on the x-involution

The theory of C*-algebras provide powerful tools for studying operators. In
fact, the abstract definition presented in Definition 16.52 grew out of the study of
operator algebras, which we define below.
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Definition 16.55. The C*-algebra of an operator T € B(H), denoted by C*(T),is
the norm closure of the space of polynomials in two variables T and T*. In other
words, C*(T) is the norm closure of the span of the set

{Tn}neN U {(T*)n}nez-

In general, a C*-algebra of operators in ZB(H) is a closed linear subspace o/ of
PB(H) such that T,U € & implies TU € &/ and T* € <.

Indeed, the name C*-algebra comes from “Norm-Closed *-subalgebra of Z(H).”
A fundamental theorm of Gelfand and Naimark shows that the study of C*-algebras
is no more general than the study of operator algebras.

Theorem 16.56 (Gelfand-Naimark theorem). Every C*-algebra is isometrically
x-isomorphic to a C*-algebra of operators. In other words, for every C*-algebra <,
there exists a Hilbert space H, a norm-closed Banach -subalgebra B of B(H), and
an isometric isomorphism w: o — A such that w(x*) = w(x)* for all x € <.

See Chapter 4 of | ], or Chapter 1 of | ] for a proof. The former
reference covers the topics of this chapter in much greater detail; the latter is a
standard textbook in the basic theory of C*-algebras, assuming some exposure to
the theory of commutative Banach algebras.

The term C*-algebra was coined by Irving Segal in [ ] and was used in the
context of concrete operator algebras a la Definition 16.55. The abstract definition
appeared as Definition 16.52 in this section was first introduced by Gelfand and
Naimark | ] as a technical hypothesis for proving a weaker version of Theorem
16.56; here Banach algebras as in Definition 16.44 are referred to as normed rings,
and Banach x-algebras (Definition 16.47) with isometric *-involutions as *-rings.
Abstract C*-algebras were first studied systematically by Charles Rickart in | 1,
where he employs the term B*-algebras for what we have named C*-algebras in this
section. But the full version of the Gelfand—Naimark theorem—which is the one we
stated as Theorem 16.56—implies that C*-algebras and B*-algebras are precisely
the same, and the division of concrete algebras as C* and abstract algebras as B*
is no longer necessary. In fact, performing searches on widely used mathematical
databases such as MathSciNet, MathOverflow, and Math StackExchange indicates
that the term B*-algebras is no longer in use, even though fairly modern textbooks
such as | ] and | | continue to use the term to refer to abstract C*-
algebras.

17. APPENDIX: CATEGORIES

In this appendix, we introduce a few elements of the category-theoretic language.
This allows us to discuss the similarities between different mathematical structures
in a clear, rigorous manner. We stress that the contents of this section are purely
linguistic: we shall not attempt to discuss category theory proper, which can be
found in, for example, | ]. In particular, we shall not concern ourselves with
foundational issues.

17.1. Basic Definitions.

Definition 17.1. A category C consists of the following:

e a class ObC of objects;
e a set Home (A, B) of morphisms for all A, B € Ob(C;
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e an identity morphism ida € Home (A, A) for each A € ObC;
e a composition function Home(A, B) x Home (B, C') — Home (A, C) when-
ever A, B,C € Ob(C.
We write f : A — B to denote a generic element of Hom¢(A, B). Given f: A — B
and g : B — C, we write g o f to denote the element of Hom¢(A, C) produced
by the composite function. The composition functions are subject to the following
axioms:
o Associativity. (hog)o f="ho(go f) whenever f: A— B, g: B— C, and
h:C — D;
e [dentity. idgof = foids = f whenever f: A — B.
A category C’ is a subcategory of C if

e Ob(’ is a subclass of Ob(;

e for all A, B € Ob(’, the set Home (4, B) is a subset of Home (A4, B);

e the morphisms of C’ are subject to the same composition functions as those
of C.

Ezample 17.2. The simplest example is the category Set of sets. Here Ob(Set)
is the class of all sets, and Homget(A, B) is simply the set of all functions from
A to B. The category FinSet of finite sets with all functions as morphisms is a
subcategory of Set.

Example 17.3. The category Top of topological spaces with continuous functions
as morphisms is a category. The isomorphisms are homeomorphisms.

FEzample 17.4. The category F—Vect of vector spaces over I with linear transfor-
mations as morphisms is a category. The isomorphisms are linear isomorphisms.

Ezxample 17.5. Let us fix a base field F. The category Top Vect of topological vector
spaces consists of topological vector spaces with continuous linear transformations
as morphisms. f is an isomorphism in TopVect if and only if f is an isomorphism
in Top and F—Vect.

Ezxample 17.6. The category NLS of normed linear spaces consists of normed linear
spaces with bounded linear transformations as morphisms. The category Ban of
Banach spaces is then a subcategory of NLS.

For technical reasons, category theorists often restrict the morphisms in NLS
and Ban to be short linear maps, viz., linear maps 7' : X — Y whose norm ||T'|| is at
most 1. One reason for this is that NLS and Ban as we have defined above have too
many isomorphisms. Indeed, any bounded, bijective linear transformation whose
inverse is bounded is an isomorphism in these categories, whether it is isometric
(see Definition 8.11) or not. If we only consider short linear maps to be morphisms,
then the categorical isomorphisms are surjective linear isometries.

To highlight this distinction, NLS and Ban with bounded linear transformations
as morphisms are often referred to as isomorphic categories, and those with short
linear maps as morphisms isometric categories.

Definition 17.7. Let C be a category, and let A, B,C € ObC. A morphism
f A — Bis monic, or a monomorphism, if, for each pair of morphisms ¢g; : C — A
and go : C — A, the identity fog; = fogo implies that g1 = g2. f: A — B is epi,
or an epimorphism, if, for each pair of morphisms hy : B — C and hs : B — C, the
identity hy o f = hg o f implies that h; = hs. f: A — B is an isomorphism if there
exists a morphism ¢ : B — A such that go f =id4 and f o g =idp.
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FEzample 17.8. In Set, monomorphisms are injective functions, epimorphisms are
surjective functions, and isomorphisms are bijective functions.

Proof that monic = injective. Suppose that f: A — B is an injective function. Let
g1:C — Aand go : C — B be functions on another set C such that fog; = fogs.
For each z € C, we have f(g1(z)) = f(g2(z)), whence injectivity of f implies that
g1(x) = g2(x). We conclude that f is monic.

Conversely, we suppose that f is monic. We fix z,y € A and suppose that
f(z) = f(y). We let C = {0} and define g1,g2 : C — A by setting g1(0) = x and
g2(0) = y. With these, we have the identity f og; = f o gs. Since f is monic, we
conclude that g; = g2, which implies that x = y. It follows that f is injective. [

Proof that epi = surjective. Suppose that f : A — B is a surjective function. Let
h1: B — C and hy : B — C be functions into another set C' such that hiof = hgof.
This, in particular, implies that hi(x) = ha(x) whenever z € im f. Since im f = B,
it follows that h; = he. We conclude that f is epi.

Conversely, we suppose that f : A — B is epi. Let C = {0,1} and define
hi,hs : B — C by setting hqi(x) =1 for all z € B and

1 if z €im f;
ha(w) =41 BTeImS
0 ifx¢imf.
By construction hj o f = hg o f, and so h; = hs. This implies that im f = B, and

so f is surjective. O

It is trivial to show that isomorphisms in Set are precisely bijective functions. [

Proposition 17.9. If f : A — B is an isomorphism, then there is precisely one
morphism g : B — A such that go f =ida and f o g = idg. We say that g is the
inverse morphism of f and denote it by f~'.

Proof. If g and h are two such morphisms, then
h=idgoh=(gof)oh=go(foh)=goidg =g,

as was to be shown. O

Definition 17.10. Let C be a category and A € ObC. An endomorphism on Ais a

morphism f: A — A. If f is an isomorphism, then f is said to be an automorphism
on A. The collection of automorphisms on A is denoted by Aut(A).

The following result is obvious.

Proposition 17.11. If f : A — A and g : A — A are endomorphisms, then
gof: A — A is an endomorphism. If f and g are automorphisms, then so is

gof. O

Remark 17.12. Aut(A) is always a group with respect to the function composition
operation.

We shall use commutative diagrams as visual aids occasionally. The simplest
diagram is of the form

A%B

)



VECTOR SPACES 99

which is just another way of writing f : A — B. Multiple arrows denote a composite
morphism. For example,

ALB%O

denotes the composite morphism go f : A — C that we obtain from f: A — B
and g: B — C.

Multiple arrows to the same destination indicate that all possible paths should
yield the same composite morphism. For example,

f1 B

A
e ]
c 24D

means the two composite morphisms

AL, p-2,p
and
A-L,0-2,p
are identical. In this case, we say that the diagram commutes.
The arrows can be marked to specify various properties of morphisms. For

example, we write

AcLB

to denote a monomorphism f: A — B, and
A—%B

to denote an epimorphism ¢g: A — B.

indicates that h is the unique morphism satisfying some properties.

17.2. Universality. A fundamental notion in the category-theoretic way of think-
ing is that of universality. Instead of giving a formal definition of universality, we
introduce two universal constructions that will occur throughout these notes.

Definition 17.13. Let C be a category and {A;};cr a set of objects in C. The pair
(P,{p:i}icr) of an object P in C and a set {p;};cr of morphismis p; : P — A; is said
to be a product of {A;};er if every pair (@, {q;}icr) of an object @ in C and a set
{q; }ier of morphisms ¢; : @ — A; admits a unique morphism ¢ : @ — P such that
the diagram

commutes for all 4 € I.

Exzample 17.14. In Set, the cartesian product [[, X; of sets {X;} with the usual
coordinate functions m; : HZ X; — X, is a product. Indeed if we have a pair
(Y, {fi}icr) of a set Y and a collection {f;}ics of functions f; : ¥ — X, then the
function f:Y — [, X; that sends y to (fi(y))ier is evidently the unique function
such that m; 0 f = f; for all 7 € I.
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Proposition 17.15. Let C be a category, and {A;}icr a set of objects in C. If
(P, {pi}icr) and (Q,{qi}icr) are products of {A;}icr, then there exists an isomor-
phism from P to Q. We write (I],c; As, {pi}icr) to denote any one of these isomor-
phic product objects; the morphisms p; are referred to as the canonical projection
maps.

Proof. By the definition of products, there exist morphisms p: P — Q and ¢ : Q@ —
P such that the diagram

commutes for all 4 € I. Since

also commutes for all i € I, the uniqueness clause in the definition of products
implies that gop = idp. Similarly, we can show that pog = idg, whencep: P — Q
is an isomorphism. O

Definition 17.16. Let C be a category and {A4;};er a set of objects in C. The
pair (C,{¢;};er) of an object C' in C and a set {¢;};c; of morphismis ¢; : A; = C
is said to be a coproduct of {A;};cr if every pair (D,{d;};jer) of an object D in C
and a set {d;};er of morphisms d; : A; — D admits a unique morphism d : C' — D
such that the diagram
C
a.”’ TLJ_
i

DTA

<

commutes for all j € I.

Example 17.17. In Set, the disjoint union
1% = U{@.0) 25 € X5}
J Jjel
with the usual injection maps ¢;(z) = (z,j) is a coproduct.
Proposition 17.18. Let C be a category, and {A;};jer a set of objects in C. If
(C,{¢;}jer) and (D,{d;}jer) are products of {A;}jer, then there exists an isomor-

phism from C to D. We write (HjeI A;,{1;}) to denote any one of these isomorphic
product objects; the morphisms v; are referred to as the canonical injection maps.

Proof. Proceed as in the proof of Proposition 17.15. (]
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17.3. Natural Transformations. A covariant functor F : C — D from a category
C to another category D is a rule that sends each object A € ObC to F(A) €
ObD and every morphism f € Home (A, B) to F(f) € Homp(F(A), F(B)). A
contravariant functor G : C — D from C to D is a rule that sends each object
A € ObC to G(A) € ObD and every morphism f € Hom¢(A, B) to G(f) €
Homp(G(B),G(A)).

Ezample 17.19. Define the dual functor D : NLS — NLS by setting D(V) =
V* and D(T) = T*, the topological adjoint of T' (Definition 11.17). This is a
contravariant functor, as the “arrow” V Ly W reverses its direction when the
adjoint is taken: W* Iy,

The double dual functor D? on NLS. D? is given by the composition of the dual
functor D D? is a covariant functor, as the arrow V' Iow gets flipped twice. For

illustrative purposes, we write down the action of 77%* : V** — W** explicitly: for
each ¢ € V** and every | € W*, we have

(T @)l = (pT™)l = o(T1) = (IT).

Ezample 17.20. The dual functor is a special case of Hom functors. Given a category
C and an object A in C, we define the covariant Hom functor Hom(A, —) from
C to Set by sending each B € ObC to Hom¢(A, B) and f € Home(B,C) to
f* =Hom(A4, f) € Homget (Home (A, B), Home (A, C)), given by the formula

g =Tfeg
Similarly, we can define the contravariant Hom functor Hom(—, A) from C to Set by

sending each B € ObC to Hom¢ (B, A) and f € Home (B, C) to f. = Hom(f, A) €
Hom Set(Hom¢(C, A), Home (B, A)), given by the formula

filg)=gof.

In this sense, the dual functor D can be thought of as the contravariant Hom
functor Homnys(—,F). Here the base field F is considered as a one-dimensional
normed linear space with some norm. Note that the Hom-set Homnys (X, F) is
precisely the dual space X*, which, in fact, is given the structure of a normed

linear space. Therefore, the contravariant Hom functor Homny,s(—,F) also maps
NLS into NLS.

Given two covariant functors F' and G from C to D, we can define a natural
transformation (of covariant functors) a : F — G from F to G as a rule that
associates a morphism a4 € Homp(F(A),G(A)) to each object A € ObC such
that the diagram

FA) - p(B)
G(4) 5~ G(B)

commutes, i.e., (Gf)as = ag(Ff), for all A, B € Ob(C. If each a4 is an isomor-
phism, then « is said to be a natural isomorphism.

FEzxample 17.21. As an example, we establish a natural transformation from the
identity functor I that does nothing to the objects and the morphisms to the double
dual functor D?. Recall that there is a canonical embedding ay : V — V** of a
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vector space V into its double dual V**, which associates each x € V to & € V**.
Z is given by the formula

zl =z
for each | € V*. We claim that « : I — D? that associates V to ay is a natural

transformation from the identity functor I to the double dual functor D?. In other
words, the diagram

\% w
Vx* — W **
T

commutes for all normed linear spaces V and W. To prove this assertion, we first
note that T"*ayx for a fixed x € V is an element of W** hence it takes elements
of W* and produces a scalar. We now fix [ € W* and observe that
(T ayx)l = (T™z)l = (@7l =z(T*)=z(T)
= (IT)z=1(Tz) = (Tz)l = (awTa)l,

—~

which is the desired result.

Ezample 17.22. We remark that «y in the above example is an isomorphism if
V' is finite-dimensional, hence « is a natural isomorphism if we restrict to the
category of finite-dimensional normed linear spaces. The same argument shows
that « is a natural transformation on the category of Banach spaces, and a natural
isomorphism on the category of reflexive Banach spaces.

18. APPENDIX: SETS

Formally, a set is any object that satisfies the axioms of Zermelo—Fraenkel set
theory with the Aziom of Choice (ZFC). For our purposes, however, the exact details
are immaterial, and it suffices to think of a set as a collection X such that every
mathematical object x should either be an element of X or not, but not both. We
take for granted that the reader is acquainted with basic notions of set theory such
as relations, functions, and orders, as well as many examples of sets, including

the empty set &,

the set of natural numbers N = {0,1,2,...},

the set of positive integers numbers Z* = {1,2,...},
the set of integers Z ={...,-3,-2,1,0,1,2,3,...},
the set of rational numbers Q,

the set of real numbers R, and

the set of complex numbers C.

The purpose of this section is merely to spell out the nontrivial set-theoretic results
that we shall call upon in these notes. While the primary references for this section
are Chapters 2 and 3 of | I, [ | is recommended for readers unfamiliar with
basic set theory. The latter contains detailed exposition at a more leisurely pace
than the former.



VECTOR SPACES 103

18.1. Order theory. Among the main objects of study in set theory are posets,
or partially ordered sets.

Definition 18.1. A partial order on a set X is a relation < on X that satisfies the
following properties:

(1) reflexivity. = < z for all z € X;

(2) antisymmetry. if x <y and y < z, then = = y;

(3) tranmsitivity. if x <y and y < z, then = < z.

A partialled ordered set, or a poset is a pair (X, <) of a set X equipped with a
partial order <.

Ezample 18.2. The usual less-than-or-equal-to relations on N, Z, Q, and R are
partial orders. O

Ezample 18.3. Recall that the power set P(X) of a set X is the collection of all
subsets of X. Given a set X, the C-relation on P(X) is a partial order. O

We take the category-theoretic approach and introduce at once the notion of
structure-preserving maps between posets.

Definition 18.4. An order-preserving map, or a morphism of posets between two
posets (X, =) and (Y, <) is a function f : X — Y such that 1 < zo implies

f(x1) < flzo).

Proposition 18.5. The collection of all posets with order-preserving maps as mor-
phisms forms a category, denoted by poset. Moreover:

(1) monomorphisms in poset are injective order-preserving maps;

(2) epimorphisms in poset are surjective order-preserving maps;

(8) isomorphisms in poset, called order isomorphisms, are bijective order-
preserving maps whose inverses are also order-preserving.

Proof. Checking the category axioms is trivial.

(1) Let f: (X,=) = (Y, <) be a function. Suppose that f is a monomorphism
in poset. This, in particular, implies that f is a monomorphism in Set, whence
Example 17.8 implies that f is an injective function. The assumption also implies
that f is an order-preserving map.

Conversely, suppose that f is an injective order-preserving map. Let g1,gs :
(Z,5) — (X, =) be order-preserving maps such that fog; = foge. This, in
particular, implies that f o g; = f o gs in Set, and so Example 17.8 implies that
g1 = g2.

(2) Let f : (X,=) = (Y, <) be a function. Suppose that f is an epimorphism
in poset. This, in particular, implies that f is an epimorphism in Set, whence
Example 17.8 implies that f is a surjective function. The assumption also implies
that f is an order-preserving map.

Conversely, suppose that f is a surjective order-preserving map. Let hi,hs :
(Y, <) — (Z,5) be order-preserving maps such that h; o f = hg o f. This, in
particular, implies that hy o f = ho o f in Set, and so Example 17.8 implies that
hy = ha.

(3) This is trivial. O

FEzample 18.6. To qualify as an isomorphism in poset, it is not enough for an
order-preserving map to be merely bijective. Indeed, we let X be a nonempty set,



104 MARK H. KIM

=< be a partial order on X, and < be X x X, so that z <y for all x,y € X. Then
every bijection f : X — X is order-preserving, but it is not hard to pick < and f
such that f~! is not order-preserving. O

It is often useful to consider the following variant of partial orders:

Definition 18.7. A strict partial order on a nonempty set X is a relation < on X
that satisfies the following properties:

(1) irreflexivity. = A for all x € X;
(2) transitivity. if x < y and y < z, then z < z.

We can define order-preserving maps for strict partial orders analogously.

Remark 18.8. If < is a partial order on X, then we can define a strict partial order
< on X by declaring < y if and only if x < y and = # y. Similarly, if < is a strict
partial order on X, then we can define a partial order < on X by declaring x < y
if and only if either z < y or x = y.

Order-theoretic concepts such as maximum, minimum, supremum, and infimum
admit straightforward generalizations in the context of partial orders:

Definition 18.9. Let X be a nonempty set, < be a partial order on X, and E be
a subset of X.

(1) An upper bound of E in X is an element v € X such that u = x forallz € E. A
supremum of E in X is an upper bound s of F in X such that s < u whenever
u is another upper bound of F in X; sup F is necessarily unique.

(2) A lower bound of E in X is an element [ € X such that | < z for all z € E.
An infimum of E in X is a lower bound ¢ of E' in X such that ¢ > [ whenever
[ is another lower bound of E in X; inf ' is necessarily unique.

(3) A greatest element of E is an upper bound of F in X that is also an element
of E,

(4) A least element of E is a lower bound of E that is also an element of E.

(5) A maximal element of E is an element m € E such that no x € E satisfies the
relation x > m,

(6) A minimal element of E is an element m € E such that no « € E satisfies the
relation < m.

The usual orders on N, Z, Q, and R are more than just partial orders. We
abstract the additional properties of these order relations:

Definition 18.10. A (strict) partial order < on X is a (strict) linear order, or a
(strict) total order if < satisfies the trichotomy principle, i.e., one of the following
three must hold for arbitrary z,y € X:

(1) z <y

(2) z=y;

(3) = >y.

Definition 18.11. A linear order < on a nonempty set X is a well-order if each
nonempty subset £ of X contains an element m € E such that m < z for all x € F.

Example 18.12. N with < is a well-ordered set.

FEzample 18.13. Z, @, and R with < strictly linearly ordered sets but not well-
ordered sets. Indeed, {—n : n € N} is a subset of each of these sets that is not
bounded below.
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Our goal is to devise a generalization of the natural number system such that
every well-ordered set is order-isomorphic to one of the numbers in this generalized
system. The crucial property is as follows:

Definition 18.14. A set X is transitive if every element of X is a subset of X.

Ezample 18.15 (Von Neumann definition of natural numbers). A constructive way
of defining the natural numbers in ZFC is as follows.

0=g;

1= {0} = {o};

2=A{0,1} ={o,{a}};

n={0,1,...,n—1};

Note that, under this construction, each natural number is a transitive set. More-
over, the element relation € is a strict well-order on each natural number. Indeed,
n < m in the usual sense if and only if n € m in our construction, and the axioms
of a well-order can be checked easily. (]

In light of the above construction, we introduce the following definition:

Definition 18.16. An ordinal number, or an ordinal is a set that is transitive and
well-ordered by the element relation €. Given two ordinals o and 3, we write a < 3
if and only if a € 3.

It can be proved that aoU{«} is an ordinal whenever « is an ordinal. In light of
this, we write & + 1 to denote o U {a} and make the following definition:

Definition 18.17. An ordinal « is a successor ordinal if there exists an ordinal 3
such that o = 8 + 1; if not, then « is said to be a limit ordinal.

Ezxample 18.18. As per Example 18.15, every natural number other than 0 is a
successor ordinal. The set of all natural numbers w = N is a limit ordinal, called
the first infinite ordinal. O

The key property of ordinal numbers is the following infinitary generalization of
mathematical induction:

Theorem 18.19 (Transfinite induction). Let C be a collection of ordinals. If C
satisfies the following properties, then C contains all ordinals:

(1) 0 €C;

(2) ifaeC, thena+1€C;

(3) if « is a nonzero limit ordinal and B € C for all ordinals § < «, then a € C.

Proof. We shall make use of the following fact, whose proof we omit:
Claim. If C is a nonempty collection of ordinals, then inf C is an ordinal.

Suppose for a contradiction that C does not contain all ordinal numbers. Let a
be the least such ordinal, which exists by the claim. If « is a successor ordinal, then
we can find 8 € a such that S+ 1 = «. Since « is the least ordinal in C, 8 must be
in C, whence (2) implies that a € C. If « is a nonzero limit ordinal, then (3) and
the least-ordinal property imply that a € C. Both cases reach a contradiction, and
so we conclude that C contains all ordinals. [
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An important consequence of transfinite induction is Zorn’s lemma, which is
precisely the incarnation of infinitary mathematical induction that is used in most
fields of mathematics. To this end, we shall need a preliminary definition.

Definition 18.20. Let X be a nonempty set and < a partial order on X. A chain
in X is a subset E of X such that the restriction of < on F is a linear order.

Theorem 18.21 (Zorn’s lemma). Let X be a nonempty set with a partial order <.
If every chain in X has an upper bound in X, then X has a mazimal element.

Proof. We let ¢ : P(X) ~ {2} — UP(X) ~ {@}) be a choice function, i.e., a
function that picks out an element of each of the sets in the collection P(X) \ {&}.

We let ap = ¢(X) and define a,, inductively for each ordinal « by declaring a,, to
be an element of X such that a, > ag whenever 5 < a; we terminate the process
when there is no such element a,. To check that this process continues until the
point of termination, we must check the limit ordinal stages, as per the principle
of transfinite induction (Theorem 18.19). But indeed, if « is a limit ordinal, then
{ag : f < a} is a chain in X, whence by assumption we can find an upper bound
Qe

We can now find an ordinal « such that no € X satisfies the relation x > a,.
It follows that a is a maximal element of X. O

Remark 18.22. We have tacitly made use of the aziom of choice, which guarantees
the existence of choice functions. Moreover, the definition of (a ), requires transfi-
nite recursion, which, essentially, allows us to make infinitary recursive definitions.

18.2. Cardinality. Let us now examine the problem of comparing sizes of sets.
Two sets X and Y are said to be equinumerous, or of the same cardinality, if there
exists a bijection f : X — Y. We write |X| = |Y| to denote that X and Y are
equinumerous. In case f is merely an injection, we say that the cardinality of X is
at most the cardinality of Y and write | X| < |Y].

Example 18.23. Since

2n if n > 0;
Jn) = {2(—n)—1 ifn<0

is a bijection from Z to N, we conclude that |[N| = |Z|. O

Two basic properties of the “less than or equal to” cardinality relation are the
following.

Proposition 18.24 (Partition principle). |X| < [Y| if and only if there exists a
surjection g : Y — X.

Proof. If there exists an injection f : X — Y, then the codomain restriction f” :
X — im f is a bijection. We define a surjection g : Y — X as follows: fix o € X
and set
oy) = (f)7 'y ifyeimf;
T ify ¢ f.

Conversely, if g : Y — X is a surjection, then the set P = {g7!({z}) : x € X} is
a partition of Y. The function f: X — Y that sends each x € X to some element
of g71({x}) is an injection. O
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Theorem 18.25 (Cantor—Bernstein). If | X| < |Y| and |Y| < |X]|, then |X| =|Y].
Proof. We shall make use of the following claim:
Claim. If A1 C B C A and |A1| = |A], then |A1| = |B| = |A|.

We assume the claim for now and suppose that there exist injections i : X — Y
and j : Y — X. This, in particular, implies that the composite function joi: X —
X is an injective function, and so | X| = |im(jo?)|. Now, im(joi) C im j|im; C imj.
Since im j C X, the claim implies that

IX| = im0 9)] = [im .
Since im j =Y, we conclude that | X| = |Y].

It therefore suffices to prove the claim. To this end, we take a bijection ¢ : A —

A; and define three collections of sets {4, }nen, {Bn}nen, and {Cy, }nen as follows:
(1) let Ag = A and By = B;
(2) for each n > 2, we define A,, = ¢(A4,,_1);
(3) for each n > 1, we define B, = ¢(Bp_1);
(4) for each n € N, we define C,, = A,, \ B,,.
We also let

C= G Cin.
n=0

By definition, Ag 2 A;. Since Ay = ¢(A;) must be a subset of imp = A, we
see that A1 O As. We now fix N > 3 and assume inductively that A,,_; O A,, for
all n < N. Since Ay_2 D An_1, we see that

Any_1=9(ANn_2) 2 p(AN_1) = AN.

It follows that Ay_1 D Ay for all k € N. Similarly, By_1 D By for all k € N.
Since Ay O By, we see that

A1 = ¢p(Ao) 2 ¢(Bo) = Bu.

Repeating this process, we conclude that Ay O By for all £ € N.
We now claim that ¢(Cy) = Ciq for all k € N. To see this, we fix k € N and
pick an arbitrary x € Cy. Since C, C Ay, we see that

o(z) € (Ck) C p(Ak) = Ay

Moreover, x ¢ By, and so injectivity of ¢ implies that ¢(x) ¢ @©(By) = Brt1. It
follows that © € Ax41 \ Br41 = Ck41. Since x was arbitrary, we conclude that
¢(Ck) C Ci1-

To show that Cry1 = ¢(Ck), we fix an arbitrary y € Ci41. Since y € Ciy1 C
Ag41, relation p(Ax) = Ag41 implies that we can find an « € Ay, such that p(z) =
y. Now, if x € By, then ¢(z) € ¢(By) = Bgy1, which would, in turn, imply that
o(x) ¢ Cry1. This is evidently absurd, and so ¢ Bj. We conclude that « € Cy,
so that y € ¢(Cy). Since y was arbitrary, the desired result now follows.

An important consequence of relation Cyx11 = ¢(Cy) is that

v(C) = Cw.
k=1
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We set D = A~ C and define

fz) =

plz) ifzeC;
T ifzeD.

flc is precisely a restriction of ¢ and so it is injective. Similarly, f|p is a restric-
tion of the identity function , and so it is injective. It follows that f is injective.
Moreover,

f(Cyu f(D) = (U An\Bn> UlA~ (U An\Bn> = B,
n=1 n=0
and so f is surjective. It follows that f is a bijection from A to B, whence |A| = |B|.
The claim is now established. (]

We shall construct a generalization of natural numbers that allows us to quantify
sizes of infinite sets. We first show that such an endeavor is nontrivial by exhibiting
many different orders of infinity:

Theorem 18.26 (Cantor). |X| < |P(X)| for every set X.

Proof. The function f(z) = {x} is injection from X to P(X), and so | X| < |P(X)].
Now, if g : X — P(X) is an arbitrary function, then

Dy={zeX:z¢gx)}

is not in the subset of im g. Therefore, g is not a surjection, and so | X| # |P(X)].
]

Ezample 18.27. Every real number admits a unique binary expansion, and so |R| =
|P(Z)]. By Cantor’s theorem,

IN[ = |Z] < |P(Z)] = |R],

and so R is uncountable.
It cannot be determined within ZFC whether there exists a set X such that

IN| < |[X] < [R];
this is the continuum hypothesis. ([

Since it can be proved that every well-ordered set is order-isomorphic to a unique
ordinal, we might quantify the size of each well-ordered set by its isomorphic ordinal.
The problem is that different ordinals can be of the same cardinality. Indeed,
|w| = |w + 1], as the mapping

fla) =

a+l ifa<w
0 ifa=w
is a bijection from w + 1 to w. We therefore make the following definition:

Definition 18.28. A cardinal number is an ordinal a such that |«| # |8| whenever
B < a.

It now follows at once that every well-ordered set X admits a unique cardinal
number & such that | X| = k. By Cantor’s theorem (Theorem 18.26), every cardinal
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number admits a cardinal number greater than itself. This leads us to introduce
the following enumeration of infinite cardinal numbers:

R, R,y Rury vy Ry Rty oo

Here Xy = w. Ny as an ordinal number is called the first uncountable ordinal and
is denoted by w;.

The restriction that the set needs to be well-ordered in order to assign a cardinal
number is immaterial:

Theorem 18.29 (Well-ordering theorem). Every set can be well-ordered.

Proof. Let X be a set. If X is finite, then well-ordering can be done by hand. We
therefore assume that X is an infinite set.
We make use of the following fact, whose proof we omit.

Claim. Ordinals are well-ordered by <.

We use transfinite induction to label each element of the set X by a unique
ordinal, whence X can be well-ordered by the claim. We let ¢ : P(X) \ {@} —
UP(X) ~ {@}) be a choice function (see the proof of Theorem 18.21). We set
ag = ¢(X) and define a,, inductively for each ordinal « by setting

aq =c(X ~{ag: B < a});
we terminate the process when X \ {ag : f < a} is empty.
We now let v be the least ordinal number such that X = {ag : 8 < v}. The set
{ap : B < k} consists precisely of the elements of X, labeled by ordinals up to +.

We define an order < on X by declaring a, = ag if and only if a < S or o = 3. It
follows from the well-ordering of ordinals that < is a well-order on X. O

Remark 18.30. Once again, we have made use of the axiom of choice and transfinite
recursion in the above proof.

We can define arithmetic operations on cardinal numbers; here A is the B-fold
cartesian product of A, i.e.,
IT 4

zEB

Definition 18.31 (Cardinal arithmetic). Given two cardinals x and A, we define
the arithmetic operations as follows:

(1) k+A = |AUB]|, where A and B are disjoint sets such that |A| = k and |B| = \;
(2) k- A=|A x B|, where |A| = k and |B| = A;

(3) k* = |AB|, where |A| = k and |B| = \.

It can be shown that these operations are well-defined, i.e., they are independent
of the choice of A and B.
Here are some basic facts about cardinal arithmetic, whose proofs are easy:

Proposition 18.32. Let k, A, and p be cardinal numbers.
(1) K+ X=X+ K;

(2) K- A=X-kK;

(3) (K+A)-p=rK-p+Ap;

(4) (k- A" = it N

(5) KM = k> - kM
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(6) () = ks
(7) If k < A, then kK* < \H;
(8) If 0 < A < pu, then k* < KH;
(9) K =1;
(10) 1% =1;
(11) If k > 0, then 0" = 0.

Here are a few additional computational principles.
Proposition 18.33. If k < A and if A is an infinite cardinal, then kK + X = \.

Proof. If k is a finite cardinal, then this is trivial.

We assume that x is an infinite cardinal. Let A and B be disjoint sets such
that |A| = x and |B| = A. Let A be a collection of pairwise-disjoint collections
{E4 : a € I} of subsets of B such that |E,| = Ry for all @ € I. We define a partial
order < on A be declaring that {E, :a € I} < {Fz: € J}if and only if I C J
and E, C F, for all @ € I. Each chain in A admits an upper bound—namely,
the union—and so Zorn'’s lemma (Theorem 18.21) furnishes a maximal collection
E.={Ey:a€l}in A

We claim that &, is a partition of B. To this end, we set

C= | Ea.
a€cl,

and assume for a contradiction that D = B\ C'is nonempty. We note that D must
be finite, for otherwise we can extract a countable subset of D and throw it into &,,
contradicting the maximality of &.. Since D is finite, we see that |E,| = |Ey U D|
for all a € I,. Since D is nonempty, we can fix an index ag and replace E,, with
L., UD to obtain a larger collection than &,, contradicting maximality. It follows
that C = B.

Since |Ey| = g for each « € I, we see that |B| = [N x I,|. Let E and O denote
the sets of even natural numbers and odd natural numbers, respectively. Since
IN| = |E| = |0, we see that

|B| = [N x L| = [NJ|L|

— E|IL| = [E x L

— [O||L| = O x L.
Now, |A| < |B| = |E x L], and so

[AUB|=|A|+ |B|<|Ex L|+|0Ox L|=|Ex LLUO X I, = |Nx L] = |B|.

Conversely, |B| < |A U B|, and so it follows from the Cantor-Bernstein theorem
(Theorem 18.25) that |AU B| = |B|. O
Proposition 18.34. If k < X and if X is an infinite cardinal, then k- A = .

Proof. If k is a finite cardinal, then we see at once that k- A = Z;;l . Proposition
18.33 implies that > 5 ; A = A.

Suppose that x is infinite. We assume for now that A\ = k and establish the
desired result. If kK = X, then it suffices to note that the map f: N x N — N given
by the formula f(m,n) = 2™(2n + 1) — 1 is a bijection. We suppose that x > N
and pick a set X such that |X| = k. We let Dy be a countably infinite subset of X.

Set

A={(a,D): DC X and a: D x D — D is a bijection}.
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We have shown that |Dg x Dg| = Xg - Rg = Rg = | Dy, and so A is nonempty. We
define a partial order < on A by declaring (a, D) < (a’, D’) if and only if D C D’
and a = o'|p. If {(an, Dy) : o € I} is a chain in A, then the ordered pair (a, Do)
defined by setting Do = J,e; Do and

a(z) = an(x) for any « € I such that x € D,,

is an upper bound of the chain. Zorn’s lemma (Theorem 18.21) now furnishes a
maximal pair (A4, D) in A. This, in particular, implies that |D x D| = |D|.
It suffices to check that D = X, as this implies that

k-k=|X x X|=|X|=k.

To this end, we suppose for a contradiction that D # X. If |D| = | X|, then we can
find a bijection b : X — D, whence we can define an extension A’ : X x X — X of
A by setting A'(x,y) = (b~ o A)(b(x),b(y)). As A’ is a bijection, the maximality
condition on (A, D) is violated.

We now assume that |D| < |X| and set E = X ~ D. We must have |E| = |X]|,
for otherwise Proposition 18.33 implies that X = D U E' is equinumerous to either
D or E, which is absurd. Let us now fix a subset E’ of E such that |E’| = |D|.
Since D and E are disjoint, we see that B/ x E', E' x D, and D x D’ are pairwise
disjoint. Since

|E’ x E'| = |E'||E'| = |D||D| = |D|
|E x D| = |E'||D| = |D||D| = |D|
D x B = |D||Z| = D D] = D)
we invoke Proposition 18.33 to conclude that
G=(E' xE)U(E'xD)U(DxE")

is equinumerous to D. We let g : E' — G be the corresponding bijection.
We now define a bijection h: DU E’ — (D x D) UG by setting

_JA Y (2) ifzeD;
he) = {g(m) ifxeFE.

(h is well-defined, as DNE’ = @.) It follows that (h, DUE) = (A, D), contradicting
the maximality condition on (A, D). We therefore conclude that

KK =K

for every infinite cardinal .
We now suppose that x and A\ are infinite cardinals such that x < A. To this
end, we observe that

A=1-A<k-\
By what we have proved above,
E- A< A A=A\

It now follows from the Cantor-Bernstein theorem (Theorem 18.25) that A = & -
A O
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Proposition 18.35. Let {rkq : a € I} be an indexed set of cardinal numbers. We
define the infinite sum of the cardinals in the collection to be

Zma: UX(,

ael acl

)

where {X, € a € I} is a pairwise-disjoint collection of sets such that | X,| = Kq
for all « € 1. It is true that, if X is a cardinal number such that A < |I| and if

Ko >0 for all o < A, then
ZFCQ = \-sup kq-

a<A a<A

In particular, if ko, = Kk for all « € I, then
Z k=k-|I|

Proof. If kK, = k for all «, then we can assume that there exists a set X such that
Xo = X for all a and consider the bijection f : I x X — (J,c; Xo given by the
formula f(«,z) = x4, where x,, is the unique element of X, such that z, = x.

We now assume that x, are not necessarily equal to one another. Let s, =
SUp,y and o = )\ Ka. Since ko < & for all a, we see that

Z/@a < Zm*:m~)\.
a<A a<A
Conversely, ko, > 1 for all a, and so
IR NS
a<A a<A
Moreover, o > K, for all a, and so
Z Ko = K.
a<A
It follows from Proposition 18.34 that
Z Ko = max(\, £y) = X - Ky
a<A

The Cantor-Bernstein theorem (Theorem 18.25) now implies that o0 = A k.. O

19. APPENDIX: ANALYTIC MISCELLANIES

In this appendix, we collect miscellaneous analytic facts about vector spaces
relevant to the main exposition.

19.1. Quotient Spaces of a Normed Linear Space. In this subsection, we
develop a version of the quotient space formalism and the isomorphism theorems
that come with it, as developed in Section 5, for normed linear spaces.

Definition 19.1. Let (X, || - ||) be a normed linear space and Y a subspace of X.
The quotient norm on the quotient vector space X/Y is given by

19.2 = inf = inf .
(19.2) Ifelll = ing =1 = in o+
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Note that the canonical projection 7 : X — X/Y is a bounded linear operator.
Indeed,

[m(@)|| = inf ||z]| < ||z
z€|z]

The next result shows that act of taking quotients preserves completeness in
many cases.

Proposition 19.3. If X is a Banach space and Y is a closed linear subspace of
X, then X/Y is a Banach space.

Proof. Let ([x,])52; be a Cauchy sequence in X/Y and extract a subsequence
([#n,])52, such that

Iz, = Znpalll = [on] = [2n, ]I < 27°

for each & € N. We now pick zg € [z1] and fix, for each k£ € N, an element
2k € [Tny, — Tn,,,] such that ||z < 27%. Setting ax = 20 + -+ + 2k, we see that
(ax)g2, is a Cauchy sequence in X, whence it converges to a limit « € X. Now,

o0
a—ag = E Zk

k=K+1
is an element of [a] — [ax] = [a] — [Tn,] = [@a — s, ], and so
o] = fznedll < || D 2f < Do llanl <275,
k=K+1 k=K+1
It follows that [z, ] — [a] in X/Y, and the desired result follows. O

The first isomorphism theorem generalizes readily to the category of Banach
spaces, taken as a subcategory of the category of topological vector spaces. We
remark that the isomorphism we get is not an isometric isomophism in general.

Theorem 19.4 (First isomorphism theorem for Banach spaces). If T : X — Y is
a bouned linear transformation, then

X/kerT =2imT
in the category of topological vector spaces.

Proof. We take the linear isomorphism T : X /ker T — T constructed in the proof
of Theorem 5.11. We observe that

ITf]ll = 1Tzl < | TIll=]
for each z € [z], whence taking the infimum over [z] yields
IT ]l < I T[] -

Therefore, ZZ’ is bounded. It now follows from the open mapping theorem (Corollary
10.6) that T~ is bounded. O
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19.2. Annihilators. In this subsection, we generalize the notion of orthogonal
complements to Banach spaces.

Definition 19.5. Let X be a topological vector space. The annihilator of a subset
Y of X is the collection of all continuous linear functionals [ : X — [ that vanish
on Y. The annihilator of Y is denoted by Y.

If X is a Hilbert space, then the Riesz representation theorem (Theorem 16.26)
implies that Y is precisely the orthogonal complement (Definition 16.20) of Y.

If X is a normed linear space and Y a closed subspace of X, then Corollary 11.13
guarantees that Y1 is nontrivial as long as Y is a proper subspace. The following
proposition quantifies this phenomenon precisely.

Proposition 19.6. If X is a Banach space and Y a closed linear subspace of X,
then Y+ =2 (X/Y)* and Y* = X* /YL in the category of topological vector spaces.

Proof. To establish the first isomorphism, we let 7 : X — X/Y be the canonical
projection onto the quotient space X/Y. Observe that the adjoint 7* : (X/Y)* —
X* is injective. Indeed, if 7*(I1) = 7*(l3), then

ll = llﬂ' = W*(ll) = 71'*([2) = lgﬂ' = l2

by the surjectivity of 7. In particular, ker 7* is trivial, and the first isomorphism
theorem (Theorem 19.4) implies that (X/Y)* = Y+, provided that im7* = Y*.
But this is trivial, as 7*(I) = 7 are precisely the linera functionals that vanish on
Y.

To establish the second isomorphism, we let ¢ : Y — X be the canonical embed-
ding. Observe that the adjoint ¢* : X* — Y™ is surjective. Indeed, if [ € Y*, then
the analytic Hahn-Banach theorem (Theorem 11.12) furnishes an L € X* such that

J(L)=Le=Lly =1.

It now follows from the first isomorphism theorem (Theorem 19.4) that implies
that X*/Y1 = Y* in the category of topological vector spaces. provided that
ker* = Y+. But this is trivial, as .*(I) = lo = I|y. O

~

We remark that the isomorphism Y+ 22 (X/Y)* by itself does not guarantee
the nontriviality of Y*. The Hahn-Banach theorem, however, guarantees that
X* is always “bigger” than Y*. Therefore, if Y is a proper subspace, then Y+
must be nontrivial to make up for this difference, as quantified by the isomorphism
Y* = X* /YL

Tacitly used in the proof of the above proposition is an assumption that an-
nihilators are subspaces. In fact, the quotient construction requires Y1 to be a
closed subspace of X*. We address this in the following proposition, which does
not require completeness.

Proposition 19.7. If Y is a subset of a normed linear space X, then Y+ is a
closed linear subspace of X*. Furthermore,

(19.8) Y+ = [span(Y)]*.
Proof. Whenever l;,lo € Y+ and A € F
(N1 +12)(y) = Ai(y) +12(y) =0+0=0
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for all y € Y. Therefore, Y is a linear subspace of X*. To show that Y is closed,

we pick a sequence (1,,)°; in Y+ converging to [ € X* and observe that
1Y)l = 1i(y) = la(y)l = Tim [i(y) = la(y)] < lim [ =L [[ly]] =0

forally e Y.
It remains to verify the formula (19.8). Y C span(Y’) clearly implies that Y+ D
[span(Y)]*, and so it suffices to show the reverse inclusion. But for each | € Y+,

lspan(y) = 0 holds trivially and the desired result now follows form the continuity
of . O

Experiences with finite-dimensional inner-product spaces suggest that the or-
thogonal complement of the orthogonal complement of a subspace should be the
subspace itself. This is not true in general, but we can prove an analogous result
for reflexive Banach spaces.

Proposition 19.9. IfY is a subset of a reflexive Banach space X, then
(YH)+ = span(Y).
In particular, if Y is a closed linear subspace, then (Y )+ =Y.

Proof. We prove the “in particular” part of the proposition, from which we can
derive the proposition in its full generality via Proposition 19.7. We therefore
assume that Y is a closed linear subspace of X. By Proposition 19.6, we see that

Because every closed subspace of a reflexive Banach space is reflexive”, it follows
that (Y1)t =Y. O

Annihilators provide a useful way of thinking about dense subspaces of a space
whose dual space admits a concrete characterizations.

Example 19.10. Let 1 < p < oo. By the LP Riesz representation theorem, the
dual of LP(X, ) is isometrically isomorphic to LY(X, ), where 1/p+1/qg=1. By
Propositions 19.6 and 19.7, a subspace D of LP(X, i) is dense in LP(X, u) if and
only if each u € L1(X, ) satisfying

/Xfuduzo

for all f € D must be the zero function. Standard examples of dense subspaces of
LP(R?) include the space of simple functions on cubes, the space €' (R?) of contin-
uous functions, the Schwartz space .7 (R9), and the space €>°(R%) of continuous
functions with compact support.

Familiar examples of denses subspaces abound if we restrict our attention to
compact subsets of R?. For example, the Weierstrass approximation theorem
asserts that polynomials on [a,b] are dense in %([a,b]), which is then dense in
L?([a,b]). It now follows from (19.8) in Proposition 19.7 that any u € L9 satisfying
f; f(x)x™dx = 0 for all n € N must be the zero function. Similarly, the L? Fourier
inversion theorem shows that trigonometric polynomials on [—m, 7| are dense in
L2([—m, 7)), whence any f € L? satisfying f(n) = = [T f(z)e"™* dx for alln € N

9See | |, Proposition 3.20 for a proof via Kakutani’s theorem; see [ ], Chapter 8,
Theorem 15 for a proof without Kakutani.
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must be the zero function. In particular, the Fourier series of an L?-function is
unique.

19.3. Moore—Smith Theory of Nets. In this subsection, we develop the theory
of nets, a topological generalization of the theory of sequences. of nets. In particu-
lar, we focus on generalizing the sequential characterization of compactness. Recall
that sequential compactness and compactness are equivalent on metric spaces.

Theorem 19.11 (Sequential criterion for compactness in metric spaces). A set K
in a metric space is compact if and only if every sequence in K admits a convergent
subsequence.

Unfortunately, this criterion does not hold in the category of topological spaces.

Proposition 19.12. The space [0, 1] of [0, 1]-fold product of [0, 1] with the prod-
uct topology is compact but not sequentially compact.

Proof. By Tychonoff’s theorem (Theorem 19.25), [0, 1]1%1 is compact. To see that
[0, 1][071] is not sequentially compact, we define the nth binary expansion function
B, : [0,1] — [0,1] by setting B, (z) to be the nth digit of the binary expansion of
z, so that (B,)3%, is a sequence in [0,1][%1). Given a subsequence (B,, )5 ,, we

n=1
fix z € [0, 1] such that
0 if k is odd;
1 if k£ is even.

Ther;0 (1]Bnk (x))72, clearly does not converge, whence neither does (B, )72, in
[0, 17191, O

Proposition 19.13. The first uncountable ordinal wy (§18.2) with the order topol-
ogy s sequentially compact but not compact.

Proof. Observe first that w; is noncompact, for the open cover
{[07'%) ‘K E [val)}

clearly doesn’t admit a finite subcover.

On the other hand, w, is sequentially compact. To see this, we pick an arbitrary
sequence (k)52 ; of ordinals in w;. We define the limit superior of the sequence
by setting

lim sup K, = min sup K,
n n20 m>n

which exists by the well-ordering of ordinals. Note that

n

hrnnsup K m>151 mgn Ko, -
Since a countable union of countable ordinals is a countable ordinal, we see that
k = limsup,, Ky, is a countable ordinal.

It therefore suffices to produce a subsequence subsequence of (k) that converges
to K, which we could if x were a limit point. We suppose for a contradiction
that there exists an open interval (u,v) containing s that does not contain any
term of the sequence (k,). This, in particular, implies that x cannot be attained
as the supremum of a subsequence. By the well-ordering of ordinals, however,
K = Sup,,,> y km for some N € N, which is absurd. O
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Similarly, it is not necesarily true that f(x,) — f(x) for all convergent sequences
(z,,) implies the continuity of f. Sequential characterizations provide a convenient
way to think about topological properties concretely, so it is desirable to introduce
the notion of generalized sequences that will allow us to recover them. Let us first
introduce generalized index sets:

Definition 19.14. A directed set is a partially ordered set (D, <) such that every
pair of elements « and S of D has a common maximum < in D, i.e., v > « and
v =B

Note that the set of natural numbers with the usual ordering is a directed set.
Observing that sequences are functions on the directed set N, we make the following
generalization:

Definition 19.15. A net in a topological space X is a function ® : D — X on a
directed set D.

For convenience, we typically write (zg)gep or (zg) to detnote a net. The
convergence of a net is defined analogously to that of a sequence:

Definition 19.16. A net (zg) in X is eventually in U C X if there exists an
index By such that zg € U for all 8 > By. (zg) converges to x € X if, for each
neighborhood U of z, the net (zg) is eventually in U.

Immediately, we recover the sequential characterization of continuity.

Proposition 19.17. A function f: X — Y between topological spaces is continu-
ous if and only if, for each x € X and every net (xg) in X converging to x, the net
(f(zp)) converges to f(x).

Defining subnets requires some care. We would like to recover, for example, the
Bolzano-Weierstrass property, but the notion of subnets given by truncating the
initial terms of a net is too restrictive for this.

Definition 19.18. A function h : D’ — D between directed sets is final if, for
each By € D, there exists 5} € D’ such that 8’ > (3 implies h(3') > So. A subnet
of anet ®: D — X in X is the composite map ® o h with a final function h.

At this point, we present the required machinery for the net-theoretic proof of
Tychonoff’s theorem. The key concept, whose clever definition absorbs the bulk of
the work, is as follows:

Definition 19.19. A net (zg) in X is universal if, for each subset A of X, the net
(x) is eventually in either A or X \ A.

The next lemma, due to Kelley, shows that universal nets exist. In fact, there
are lots of them. For the sake of brevity, we introduce the following definition.

Definition 19.20. A net (zp) is frequently in A C X if, for each index By, there
exists an index 8 > [y such that xg € A.

Note that (zg) is frequently in A if and only if (zg) is not eventually in X \ A.
Lemma 19.21 (Kelley’s theorem). Every net has a universal subnet.

Proof. Let (zg)pep be a net in a topological space X. We consider a collection
of all subsets C of P(X) such that
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(1) if A €C, then (zg) is frequently in A, and
(2) if A,BeC,then ANBeC.
2 is nonempty, as C = {X} is such a set. The inclusion relation is a partial order
on 2, and any chain on ¥ has a maximum—namely, the union of the sets in the
chain. It follows from Zorn’s lemma that (2, C) has a maximal element Cy.

We set D' = {(A,5) € Co x D : x5 € A} and define a partial order < on D’ by
setting

(A1,51) < (A2,B2) if and only if Ay 2 Ay and 1 < fa.

If (A1, 1), (Ag,B2) € D', then A = A; N Ay is in Cy. Moreover, 81 and 2 have a
common maximum f’, and we can find 8 > ' such that 3 € A. It follows that
(A, B) is a common maximum of (Ay, 51) and (As, f2), whence D’ is a directed set.
The function (A, 8) — f is a final map from D’ to D, hence we obtain a subnet of
(75), which we denote by (2(4,8))(4,8)eD’-

We shall show that (z(4 ) is universal. We fix a subset £/ of X and suppose
that (2(4,4)) is frequently in E. We shall show that (z(4)) is eventually in E,
which establishes the desired result. For each index (Ay, 5p), we can find another
index (A, 3) > (Ao, Bo) such that x4,y € E. By definition, 25 = x(4,4) is an
element of A, whence 3 € EN A. Furthermore, Ay D A, and so ENAy 2 ENA.
It follows that zg € E N Ap. Since By was arbitrary, we conclude that (zg) is
frequently in £ N Ag. By maximality of Cy, the collection Cyp must include F and
En Ag for all Ag € Co. In particular, (z(4,5)) cannot be frequently in X \ E, for
otherwise £'N (X \ E) = @ is in Co, which is absurd. We conclude that (z(4,g)) is
not frequently in X ~\ E, hence eventually in F. O

We now establish three useful characterizations of compactness.

Lemma 19.22. Let X be a topological space. The following are equivalent.

(1) X is compact.

(2) Universal net criterion. Every universal net in X converges.

(3) Bolzano-Weierstrass property. Every net in X has a convergent subnet.

(4) Finite intersection property criterion. If a collection of closed sets in X
has the finite intersection property —the intersection of any finite subcollection
is nonempty—then the intersection of the entire collection is nonempty.

Proof. (1) = (2). Let X be a compact space and suppose for a contradiction that
there exists a universal net (zg) that does not converge. For each x € X, we
pick a neighborhood U, such that (x3) is not eventually in U,. By universality,
() is eventually in X ~\ U,, whence we can find an index 8, such that 5 > j,
implies x5 ¢ U,. We now extract a finite subcover {Uy,,...,U,, } of the open
cover {Uytrer and set Byg = max{B.,,...,0z,}. Then, for each S > By, we see
that g ¢ Uy, for all 1 <4 < n, whence z ¢ X. This is evidently absurd, and we
conclude that every universal net converges.

(2) = (3). This is a trivial consequence of Kelley’s theorem (Lemma 19.21).

(3) = (4). We let € be a collection of closed subsets of X with the finite
intersection property. Adding in finite intersections of elements of ¥ does not
break the finite intersection property, so we assume without loss of generality that
% is closed under finite intersection. This turns 4 into a directed set with O as
the partial order. We define a net on € by fixing an element x¢ of each index set

ce?.
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By the Bolzano-Weiestrass property, we can find a directed set D and a final
map f : D — ¢ such that the subnet (z(3))sex converges, say, to x. For each
C € €, we can find S¢c € D such that 8 > B¢ implies f(5) > C. Unraveling the
definitions, we have the inclusion relation

ryp) € f(B)CC

for all § > B¢, whence by the closedness of C' the point  must be in C. Since C
was arbitrary, it follows that 2 € (o C, as was to be shown.

(4) = (1) Let {U,} be an open cover of X. Let C, = X \ U, for each index «
and consider the collection ¢ = {C,}. Since |JU, = X, the intersection () C, is
empty, whence the contrapositive of (4) implies that there exists at least one finite
subcollection {C1,...,C,} of ¥ whose intersection is empty. Setting U,, = C,,
this implies that the union of the subcollection {Us,...,U,} of {U,} is X, whence
{U1,...,Uy,} is the desired finite subcover. O

We are almost ready to present a proof of Tychonoft’s theorem. We require two
more relatively simple lemmas.

Lemma 19.23. If ® : D — X is a unwersal net and f : X — Y an arbitrary
function between topological spaces, then f o ® is a universal net in'Y .

Proof. We let x5 = ®(8) for notational convenience. Given A C Y, the net (xg) is
eventually in either f=1(A4) or X \ f71(4) = f~H(Y \ A). It follows that f(zg) is
in either A or ¥ \ A. g

Lemma 19.24. A net (z5)s in [[, Xo converges to x = (x) if and only if each
component net (v3) = (7a(zp))s converges to x = my(z).

Proof. Suppose that xg3 — x. If U, is a neighborhood of z¢, then we can find an
index [y such that x5 € 7~1(U,) for all 8 > By, whence zg € Uy for all B> fo. It
follows that z§ — 2.

Conversely, we suppose that x§ — 2 for all . If U is a neighborhood of z,
then we can find neighborhoods U, of z such that [[, Uy, € U and U, = X for
all but finitely many «. If U, = X, then zg is trivially in U,. We let aq,...,a,
be the indices such that U,, # X,, and find an index g; such that 8 > g; implies
xg € Uy, Setting By = max{f1,..., 8.}, we see that 3 > (B implies 2§ € U, for
all o, hence in U. It follows that zg — . 0

Finally, the theorem and the proof:

Theorem 19.25 (Tychonoff). If {X,} is a family of compact topological spaces,
then the product topology on [[, Xa turns [[, Xo into a compact topological space.

Proof. Let (v5) be a universal net in [], X,. By Lemma 19.23, (2§) is a universal
net in X, for each «, whence by Lemma 19.22 it is a convergent net in X,. We
invoke the Axiom of Choice to fix a limit #® of (z2) for each . By Lemma 19.24,
the net (xg) converges to = (z®) in [[, Xo. Therefore, every universal net in
[1., Xa converges, and it follows from Lemma 19.22 that []_ X, is compact. ([l
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