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1 Definition: An inner-product space, with complex scalars C, is a complex vector space V with a complex-valued
function (v, w), called the inner product, defined on V x V that has the following properties:

(1) For all veV, (v, v)>0.

(2) If (v, v) =0 then v=0.

(3) For all v and w in V, (v, w)= (w, v).

(4) For all vy, vo and w in V, (v]+ v, w) = (v, w) + (va, w).

(5) For all v, w in V| and all scalars a, {(av, w)=a (v, w).

In case the scalars are real, the axioms are the same, except that (v, w) is assumed to be real-valued, so the complex
conjugation is dropped in (3): (v, w) = (w, v).

When (3) is combined with (4) and (5) in turn, we have

(4) For all vy, vy and w in V, (w,v; + ve) = (w,v1) + (w, va).

(5') For all v, w €V, and all scalars a, (v,aw) = a (v, w).

Thus the inner product is linear in the first variable, and conjugate linear in the second.

The “dot product” in Euclidean space is the basic example of an inner product (the scalars are real in that case...).
Note that Re (v, w) is an inner product on the real vector space obtained by restricting scalar multiplication to the
real numbers.

Examples include (C itself with (z, w) = zw; complex C([0, 1]), with (f, fo g(x) dz; and L2(R™),
with (f, = [ f(=)

2 Definition: The norm of an element v in an inner product space is denoted ||v||, and is given by taking the
non-negative square root of |[v||> = (v, v). That is, ||v|| = /{0, v).

Simply calling ||v|| a “norm” does not make it one. To prove this is a norm, we’ll use the very important Schwarz
inequality in the proof of the triangle inequality.

3 Theorem (The Schwarz Inequality): In an inner product space V, for all vectors v, w,
| (v, w) | < o] {|wl],

and equality holds if and only if one of v and w is a multiple of the other.

Proof: This argument uses the quadratic formula. If one of v and w is zero, then equality holds, and the one that
is zero is a multiple of the other. So suppose that neither of v and w is zero. Let z € C. Consider |jv— zw|?.
Let us express z in “polar coordinates.” For 6 real and fixed (to be chosen later), and for ¢t € R, put z = te',
and let f(t) = |lv — zw||®. The following are typical e x pansion steps:

v,0) = (2 (v, w) + 2(w, v)) + |2[*(w, w)
v,v) — 2Re Z (v, w) + |2|*(w, w)
= |lv]|* = 2tRe e~ (v, w) + 2 |w]|*.

=
=
= (v,v) — (v, zw> (zw,v) 4+ (zw, zw)
=
= (v

Next, choose 6 so that e~ (v, w) = | (v, w)|. With this choice of #, we can write
2 2
F(&) = [lolI* = 2¢] (v, w) [+ [l

Then the quadratic polynomial f(¢), being non-negative for all real ¢, has no real roots, or one repeated root. In
either case, it has non-positive discriminant. That is, 4] (v, w) |2 < 4 ||| [|w]®, as desired.

If equality holds, then f(¢) has zero discriminant, hence a root for the chosen value of 6. By the definition of f,
this means that v = zw.
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4 Theorem: An inner product space, with ||v|| as norm, is indeed a normed space.

Proof: By (1) and (2) in the definition of an inner product space, ||v|| is non-negative, and is 0 if and only if v = 0.

When ¢ is a scalar, ||cv||* = (cv, ev) = |¢?|[v]|*. The triangle inequality is an application of the Schwarz inequality:
2 2 2 2 2 . .

lo+wl|” = [[v]|” + 2Re (v, w) + [lw]|” < [lv]|" + 2 [[ol w]| + [[w]” = (Jv]l + [[w])? the inequality follows.

An inner product space is a Hilbert space if it is complete with respect to the norm just defined. Usually we work

with Hilbert spaces, since it’s handy to have limits of Cauchy sequences available. The first and third of the examples

are Hilbert spaces. The second is not. Finite dimensional inner product spaces are Hilbert spaces.

The parallelogram identity is useful:

5 Forall w and v in V, |ju+4v|]>+|ju—v|> = 2]ul> +2|v>.

The proof is a direct calculation, by expansion of the left-hand side.
The polarization formula:

3

6 (v, w>:iZikHv+ika2.
k=0

This is proved by expansion and simplification on the right-hand side.

7 Definition: Vectors v and w in an inner product space V are orthogonal if (v, w) = 0. In particular, 0 is
orthogonal to every vector v. Notation: v L w.

An inner product space can be embedded into its dual space by a conjugate-linear isometry

If V' is an inner product space, we let V* denote the space of continuous linear functionals on V. Called the dual
space of V, V* is a Banach space, ' namely one in which Cauchy sequences converge, and the norm we will use
on V*, at least at first, is

8 [0*[l, == sup [v"(v)].
loli<t

We will use the notations (v, w) for the inner product of v and w, and |v| for the norm, in V, of v.
A conjugate-linear embedding of V into V*

There is always a natural embedding of a topological vector space into the dual space of its dual space. In the special
case of inner product spaces, there is a natural embedding of V' into V*, given not by a linear mapping, but by a
conjugate linear mapping E. For each v, € V, we define Fv,(v) := (v,v,). It is routine to show that Fuv, is a
linear functional on V.

9 Claim: the linear functional Ev, belongs to V*, and ||Ev,|, = ||v.]| -

Proof:  |Ev,(v)| = [{v,v0)| < ||v]| ||voll, by the Schwarz inequality. Therefore ||Ev,|, < ||voll. If v, # 0, then
v1 = o/ [[U]| yields Ewo(v1) = (vo/ [[Uollsv0) = [|voll < [[Ewoll, lva]l = [[Evoll, , so actually [[Ev,|l, = [lvo|l (if
Vo =0, then Fv, =0 (of V*)).

A pair of properties of the mapping E: E(v,+v1) = Ev,+ Evi, and Eav, = aEv,; that is, F is conjugate linear.
In particular, FE(v, —v1) = Fv, — Evy. These properties are proved using the definition of E. Therefore,

10 E is an isometry (a distance-preserving map) of V' onto a subset of V*.
The conjugate-linear embedding E of V into V* has dense range
11 Theorem: FE(V) is densein V*.

Proof: What we have to prove is that, for each v* in V*, there exists a sequence {v,} of elements of V such
that Ev, — v* in the norm of V*. Let v* € V*. If v* =0, then EF0 = v*, so we may assume that v* # 0.
Further, we may assume that |[v*||, = 1. Then,

Completeness is shown in “deferred proofs,” Item 5.
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there exists a sequence {v,} of elements of V, with |lv,|| =1 for each n, such that 0 < v*(v,) — 1, from below,
as n — oo.

The non-negativity of v*(v,) is a useful convenience. It is assured by multiplying some “original wv,’s” by suitable

complex numbers of unit length, as in the proof of the Schwarz inequality. See Deferred proofs, Item 1 for details.

We will show that, as n — oo, Fwv, — v*, in the norm of V*. If we expect v*(v) to be the limit of (v,v,) and if
w L v, we would expect v*(w) to be a smaller and smaller fraction of ||w||, as n increases. First we will prove
a Lemma to that effect, and a useful Corollary of it. The Lemma gives an estimate for v*(w) when w L v,.

12 Lemma: If v* € V* veV, and ||v*||, =1=||v||, then whenever w € V and w L v,
13 o (w)| < /(1= ")) [lwl]-

Remark If we knew that v*(w) = (w, 0) for some ¢ in V, this would follow from the fact that the cosine of the
angle between ¢ and w is more or less equal (in absolute value) to the sine of the angle between ¢ and v in the
real vector space spanned by ¢ and v.

Proof: We notice that |v*(v)| < 1, so the square root makes sense. We’ll use the quadratic formula to make the
estimate. Let a be a complex number. Since v and v* have norm one and w L v,

[ (av + w)| < [lv*]], flav + w] = 1- \/\al2+2Re {av, ) + [[w]|* = \/Ial2+llwll

Thus [v*(av + w)[? < |af? + Jw]?
Here is another way to express |v*(av + w)|?:
[v* (av 4+ w)|? = [v*(av) + v* (w)|* = |a|*v* (v)? + 2Re av* (v)v*(w) + |v* (w)|?.

Therefore,
a0 (v)* + 2Re av* (v)v* (w) + [v* (w)[* < |a|* + [[w]|*.

Now we let a = re’¥ where r is an arbitrary real number and we choose ¢, also real, so that av*(v)v*(w) =
rlv*(v)||v*(w)]. After we substitute this formula a = re'® into the last inequality and do some rearranging, we find
that, for all real r,

14 0 < 72(1 = " (0)) = 2rfo” (o) [|o” (w)| + (]| = [v* (w)[*).
There are two cases to consider now: |v*(v)|? =1 and [v*(v)|*> < 1. If |v*(v)|*> =1 then 14 becomes
forall reR, 2rjo*(w)| < (w]®— o (w)?),
which can only be true if v*(w) = 0. Thus 13 holds in this case. Thanks here are due to [4]!
If [v*(v)|?> <1 the discriminant of the non-negative quadratic in 14 must therefore be non-positive; that is,
[0 (0)Plo* (W) < (1= [ (@) ) (Jwll* = [v* (w)[?).

We add (1 — [v*(v)]?)|v*(w)|* to both sides of this inequality and take square roots to complete the proof of 13.

15 Corollary: If v* € V*, v eV, |v*|,=1=|v||, and 0 < v*(v), then |Ev—v*||, <&+ §2, where § is
2

non-negative and 62 := 1 —v*(v)2.
Proof: For any u €V,
(Bo—v") () = (u,0) — 0" () = {u, 0) — 0" (1 — (u,0)0) — {2, 0)0* () = (1 — v (@) {u, 0) — 0" (),

where w :=u — (u,v)v L v. By Pythagoras’ Theorem, applied to u = w + (u,v)v, ||w| < |ul.
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Thus by Lemma 12, with /1 — |v*(v)|? there replaced by 4, so that |v*(w)| < d||w| <6 ull,

|(Bv = v*)(u)] < [{u, 0)|(1 = v (0) + 8 Jwl < [lu] (5% + ).
This completes the proof (we actually got the smaller but uglier estimate ||[Ev —v*|l, <&+ (1 —v*(v)) ).

We can now quickly complete the proof of Theorem 11. We had to show that as n — oo, Fv, — v* in the norm
of V*. Weset ¢, :=+/1— |v*(v,)|?. By Corollary 15, |[Ev, —v*|| <d,(1+d,) — 0 as n — oo.

Consequences of Theorem 11, and what preceded it

1. {Ev,} is a Cauchy sequence in V* because it converges. By the isometric property of E, {v,} is Cauchy in
V, soif V is already complete, and v :=lim,, .o, v, then v* = Ev. Thus, if V is a Hilbert space, E is onto as
well as one-to-one. This gives us

16 The Riesz Representation Theorem (for Hilbert spaces): Let H be a Hilbert space. If A(z) is a
continuous linear functional on H, then there exists a unique y € H such that A(z) = (z,y), and ||\, = ||yl -

In other words, E is an isometric one-to-one correspondence between H and H*.
2. If E is onto, the isometric property shows that, because V* is complete, so is V.
3. The inner product can be “exported” to V*. We begin by assuming that V is not complete. We let

3
. . . 2 . .
W, w")* := lim — E zkHwn—i—zkvnH = lim (wp,v,), for v*, w* in V,
n—oo 4 n—oo
k=0
where FEv, — v*, Bw, — w*.

To show (v*,w*)* is well-defined

Suppose Ev,, — v*, FEw, — w*. Then
[+ P¥n]|” = || — wn + 1w + P58]|* = [l — w|> + 2Re (@ — wn, wy + i*5,) + |Jwn + 56|

The first two terms tend to zero. That is, ||@, +ikf)n’|2 = ||wn + ikﬁnHQ + 0(1). We repeat the calculation, to
replace ||wy, + zkfjnHQ +o(1) by ||wn+ ikvnHQ + o(1). Each of {v,}, {w}, etc., is Cauchy in V because the
mapping F is isometric.

To show: the well-defined quantity (v*,w*)* is an inner product

It is immediate that (v*,w*)* is additive in each argument. Congugate symmetry and the properties of (v*,v*)*
are also immediate. Since Ev, — v*, for any scalar a, E(av,) — av*, so

(av*,w*)* = lm (wy,, av,) = a(v™, w*)*.
n—oo

*

A similar arugment shows (v*, aw*)* = a(v*, w*)* since E(aw,) — aw*.

The norm given by this inner product:
”U*HQ = lim (vy,v,) = lim ”UHHQ = lim Ev,(v,) = lim HEvn”i = ||U*||f
n—oo n—oo n—oo n—oo

thus agrees with the standard norm |[v*|, in V*, and this completes the proof that (v*,w*)*

on V* whose norm agrees with the functional norm.

is an inner product

If V is a Hilbert space, we use (v*,w*)* := (E~1w*, E~1v*), not the limits, to define the inner product on V*.
We have shown:

17 Theorem: If V is an inner product space, then V* is a Hilbert space that is homeomorphic to the completion
of V' with respect to its norm. Moreover, (Ev, Ew)" = (w, v) for all v and w in V.
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Orthogonal decomposition and projections

We can “drop a perpendicular” in a Hilbert space. Put another way: if d is the distance from a point y to a closed
convex set X in H , then the closed ball of radius d, center y, meets X at exactly one point. With reference to
that point, “real” angles between y and points in X are at least 90°.

18 Theorem: If X is a closed convex set in a Hilbert space H, then for every y in H, there is a unique £ € X
such that Re (y —&,x — &) <0 for all x € X. Indeed, & is the element of X closest to y.

Proof: This classic argument exploits the parallelogram identity. Let d := dist(y, X) = inf,ex ||y — z||. Then
there is a sequence {z,} in X such that d =lim, .o ||y — z,|. We define €, by €2 = ||y — z,||> — d2. Then

2 2 2 2
(Y —2n) + (Y = 2)|” + |2m — zall” = 2[ly — zull” + 2|y — 20",

or (making changes on both sides of this equation)

2
P i
! Hy = I I o — = 42 + 265 + 262,
Since X is convex, ||y — Zoffm|| > d. Hence 4d®+ ||z, — zn? < 4d? 4262 +2¢2,. Thus {z,} is Cauchy, and so

converges to an element ¢ of X. This argument, applied with some other minimizing sequence {#,} in place of
{z,,} and €,% in place of €2,, shows the uniqueness of €.

m>

To verify the statement about angles in the “real” version of H, let = € X. Then
2 2 2 2
d” <y —z[|” = lly = &lI" + 2Re (y =&, & — ) + [|§ — ="

Since d = [ly ||,
1
0<2Re (y—&&—a)+ ¢ — ||, which yields: Re {y — &2 —€) < Z[le — ¢

For 0 <r <1, let z*:=¢+r(z—¢&) = (1—r)é+rz € X, so Re(y—¢&,2*—€) < L |lz* —¢|*. Since z* —¢€ = r(z—¢),
we have Re (y — &0 —§) < § |z —&|I>. We now let r — 0.

Remark The argument just completed really took place in the real vector space spanned by x, y and &, using
the real part of given inner product.

19 Corollary: If X is a closed subspace of H, then y—¢& 1 X. If € € X and y—¢& 1 X, then & =¢.

Proof: Because X is a subspace, we also have z*:=¢—r(z—¢&) € X, so Re (y—& x—&) >0 as well. The same
is true when r is replaced by ir, or by —ir. This yields Im (y — &,z — &) =0, so that y —& L X.

If ¢eX and y—& L X, then
2 2 2 2
E=lly—&IP=ly—&+& =& =ly=&I +1¢ =&I” > @ + 1€ = ¢,
and this implies that ¢ = ¢&.

20 Definitions of orthogonal complement and orthogonal projection

If X is a closed subspace of H, set Xt ={y€ H:(z,y) =0 forall z € X}. Then X1 is a closed subspace
(routine to show it), and X+ N X = {0}. X is called the orthogonal complement of X. For u € H, let
P(u) = Px(u) denote the element of X closest to u. Recall that P(u) is unique and P(u) is the only element
¢ of X such that u—¢ L X. Let us show that w +— P(u) is a linear map. Suppose that a, b are scalars, and
u, v elements of H. Then

(au 4+ bv — (aP(u) + bP(v)),z) = (au — aP(u),z) + (bv — bP(v),x) = a{u — P(u),z) + b{v — P(v),x) =0
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for all € X. Hence, P(au+ bv) = aP(u) + bP(v). Now we can express u = Pxu + (u — Pxu) as the sum of
terms Pyu € X and (I — Px)u = u — Pxu € X*. This implies too that I — Px = Pyx.. These are called the
orthogonal projections onto X and X, respectively. It is routine to show that they are projections, e.g. that
P2 = Px. Orthogonality shows that |lu]|®> = ||Pxul|® + |[u— Pxu|®> > ||Pxul|*, so Px is continuous, and has
(routine) operator norm 1. The formula I — Py = Px. leads easily to a proof of the relation (X+)+ = X. All
this can be applied to deduce such things as: Ths span of a subset S of H is dense in H if and only if y L S
implies y = 0.

An additional property of these projections: self-adjointness

21 Theorem: A linear mapping P : H — H is the projection Px onto some closed subspace X of a Hilbert
space H if and only if P?> = P and for all u, v € H, (Pu,v)= (u, Pv); thatis, P is self-adjoint.

Proof: First we will suppose that P = Px, where X is a closed subspace of H. We have already seen that
P? = P in this case. To show that we can move P from one side of the inner product to the other, let v and v
be given in H. Then v = Pv+ (I — P)v and (I — P)v € X+, while Pu € X, so (Pu, v) = (Pu, Pv). The same
argument, applied to (u, Pv) with the roles of u and v reversed, shows that (u, Pv) = (Pu, Pv).

Next we assume P? = P and for all wu, v € H, (Pu,v)= (u, Pv). To show P is a bounded operator:
[Pul® = (Pu, Pu) = (u, P*u) = (u, Pu) < ||u]||Pull
by the Schwarz inequality. We can cancel |Pu| if ||Pu| # 0. Even if ||Pul]| =0 we have |Pul| < |ju| for all
u € H, so P is bounded.
We define X to be the image of P, namely X := {z € H : Px = z}. This is the image of P since P? = P.
To show X is closed, suppose z, € X and z, — y. Then z, = Pz, — Py, so Py=1y. Thus X is closed.
To finish the proof it is enough to show that for all v € H, v — Pu 1 X. Let « € X. Then

(u — Pu, z) = (u, ) — (Pu, ) = (u, ) — (u, Pz) = 0.

Existence and properties of an orthonormal basis

22 Definition: A set S in an inner product space is orthogonal if v 1 w whenever v and w are two different
elements of S. If every element of an orthogonal set S has norm 1, we say S is orthonormal. A non-empty
orthonormal set is linearly independent. A non-empty orthogonal set can be linearly dependent, for it may contain
the zero vector.

23 Theorem: Every non-trivial inner product space has a maximal orthonormal set.

Proof:  This argument uses one of the forms of the Axiom of Choice, “The Maximal Principle,” 25(a) in [2, p. 33].
The collection of (non-empty) orthonormal subsets of an inner product space is non-empty, since for each non-zero
veV, {v/||v]]} is a non-empty orthonormal set. If a collection of orthonormal sets is linearly ordered by inclusion,
it is routine to show that the union of them all is an orthonormal set. Hence, there is a maximal such set.

24 Corollary: Every orthonormal subset of a Hilbert space is contained in some maximal orthonormal set.
25 Theorem: The span of a maximal orthonormal set in a Hilbert space is dense.

Proof: Suppose not. Let X denote the closure of the span of the maximal orthonormal set under discussion. Let
y € H\ X. Then 0+# v=y— Pxy € X', sothe union of the given maximal orthonormal set and {v/ ||v||} is a
larger orthonormal set, contradicting maximality.

26 Definition: A maximal orthonormal set in a Hilbert space is called an orthonormal basis.

An orthonormal basis is not a basis in the usual sense, unless it is finite. This is a consequence of completeness, and
will be shown later, in Deferred proofs, Item 2. One feature of orthonormal sets is:

27 Theorem (Bessel’s inequality): If O is an orthonormal set in an inner product space V, then for each
v € V, at most countably many of the numbers (v,y) with y € O can be non-zero, and 3_ o (v, y)[2 < |Jv]|>.
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Proof: Let F be a finite subset of O. Let X :=spanF, w = Zyef@,y}y. Then w = Pxv. By orthonormality,

2

ol = >,y || =3 [,y

yeF yeF
and y L v—w for each y € F. Thus, w L v—w, so ||[v]* = |w||>+ v — w|* > |||, as claimed, at least for
finite orthonormal sets.

It follows that there are only finitely many y € O such that [(v,y)| > 1, [{(v,y)| >1/2, [{(v,y)| >1/3, and so on.
This proves the countability assertion. We define - o [(v, y)|? as follows:

> Ko,y = > ).

yeO g , YeF
F finite

Each sum on the right is bounded by ||v||*, so Bessel’s Inequality holds.
Remark: We used: |v]®> = Syer (0, )+ [lv — w|?*, where w = > yer(v,y)y. We can view this as

v—w|®*= inf v — , and then, if V is a Hilbert space, write
b F
WE span
lol* =" o)+ i \U—WH > ()P + %,
yeO yeO

where d? denotes the square of the distance from v to spanO. Let us prove this (in Deferred proofs, Item 3)
after we look at some applications. If @ is an orthonormal basis then d? =0, and so, in a Hilbert space,

28 Theorem (Parseval’s relation): If O is an orthonormal basis in a Hilbert space, then for all x € H,

lz)* = [z, ).

yeO

Polarization in H, then Parseval, then polarization on the right in C give Plancherel’s Theorem:

29 Theorem (Plancherel’s Theorem): Suppose O is an orthonormal basis in a Hilbert space H. Then, for

all x € H, y € H,
(@,y) =Y (z,u)(u,y).
ueO

An application of Parseval’s relation: if (x,y) = (2’,y) for all y in an orthonormal basis of a Hilbert space, then
x =2a' (wereplace x by x —a’ in Parseval’s relation).

Just as these numerical series converge, so do vector-valued series of the form ) yeo CyYs where O is an orthonormal

set in a Hilbert space, whenever Zye@ ley|? < oo. Proof that the “sum” is independent of the order of the terms
will be part of Deferred proofs (Item 4). Proof that a specific (as to order) such “sum” exists is part of the proof
of the next Theorem, in which we change our point of view, starting there with a set of coefficients as “givens.”

30 Theorem of Fischer and Riesz: If O is an orthonormal set in a Hilbert space H, and for each y € O, ¢,
is a given complex number such that 3 o lcy|? < oo, then there exists x € H such that (xv,y) = ¢, for all
ye 0.

Proof:  Since ) o ley|? < oo, the set of y such that ¢, is not zero is countable. They can be enumerated
in some way: 1, Y2, ... Consider z, := ZZ=1 crYr, where cp denotes the cumbersome c,,. If m < n, then
20 — 2m|]® = > hema1 lcrl?, so {zn} is Cauchy, hence has a limit = in H . By continuity of the inner product,
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for k fixed (x,yx) = limy—oo(Tn,yx) = cx. If y € O is not one of the yi, then (x,,y) = 0 for every n, so
(x,y) =0=cy.
Hilbert space isomorphism

Here we take up the question of when two Hilbert spaces are isommorphic in a way that preserves “Hilbert space
structure.” The answer depends on the cardinal number of an orthonormal basis.

31 Theorem: Two orthonormal bases in a Hilbert space have the same cardinal number.

Proof: Let U, V be orthonormal bases for a Hilbert space H. If one is finite so is the other and they have the
same number of elements, by the replacement theorem from linear algebra. Otherwise, without loss of generality
we may assume card V < card Y. For each v € V, let U(v) = {u € U : {u,v) # 0}. Each U(v) is nonempty,
countable, and UveV U(v) =U. In particular, if V is countable, so is U. If not, the cardinal number of the union
is at most card V. Hence card V > card U, so card V = card U, as desired.

32 Definition: The common cardinal number of the orthonormal bases of a Hilbert space is called the Hilbert
space dimension of H.

I don’t know how common this term is...

Two Hilbert spaces are isomorphic as Hilbert spaces if there is a linear one-to-one correspondence between them that
preserves inner products. These special operators are called unitary operators. A linear one-to-one mapping that
preserves inner products is a unitary mapping from its domain onto its image.

33 Problem Show that, if f: H; — Hs is a function that is onto and that preserves inner products (that is, for
all w, ve& Hy, (f(u), f(v))g, = (4, v)g, ), then f islinear and one-to-one, so that f is unitary.

Theorem: Hilbert spaces Hi and H, are isomorphic as Hilbert spaces if and only if they have the same Hilbert
space dimension.

Proof: Let Op, Oy be orthonormal bases in Hy, Hs respectively. If the Hilbert space dimensions are the same, let
A be a one-to-one correspondence between O1 and O,. Then Uz =3 o (z,y1)A(y1) is a unitary isomorphism.
This is an application of previous theorems. Now suppose U : Hy — Hy is a unitary isomorphism. Then U(O;) is
an orthonormal set in Hsy. Since

spanU(01) = U(spanO;) = U (spanO; ) = Ha,
U(0,) is maximal, so dim Hy = card U(O;) = dim H;.

34 Theorem: A Hilbert space H is separable if and only if it has a countable orthonormal basis.
Proof: If H has a countable orthonormal basis then H ~ ¢2, which is separable.

If H is separable and U is an orthonormal basis of H then there is a countable dense subset {y;}7°, of H. For
each element u € U there is some positive integer k(u) such that |lu —ypll < 1/2. If U were uncountable there
would exist w1 # ug in U such that k(up) = k(ug) =: K. But then 2 = [Ju; —ua||? < (|Jur —yx || +|lyx —uz|))? < 1.
This contradiction shows that U/ is countable.

35 Problem Prove that every « € H has the norm-convergent “Fourier series”
r=Y (z,y)y
yeO

with respect to an orthonormal basis (. The order of summation is irrelevant when the sum is taken over those
y € O such that (x, y) # 0. How is this related to the Theorem of Fischer and Riesz?

36 Gram-Schmidt orthogonalization

Suppose that F is a non-empty, linearly independent set in a Hilbert space. According to the “Well-Ordering
Principle,” (25(h) in [2, p. 33]), F can be well-ordered. Or perhaps we have assigned a well-ordering to F. In that
ordering, for each f and g in F we say that f<"Wg if f precedes ¢ in the ordering and f # ¢g. Next we define

(37) Vi :=span{g € F : g<W f}, sothat Vy, = {0} if f, is the least element of F.
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If we let f; denote the “next” element of F, namely fi = min{f € F: f>W fy}, called the successor of fo, then
Vi = Cfo. In general f € Vit though, if F is infinite, f can belong to some V; with g <Vt

In case {g € F : g<Wf} is finite, V; =: spanS(f) (where S(f) := {g € F : g<"W f}, the initial section of F
preceding f) and Vj is closed, so the closure operation in this case is redundant, and f ¢ Vy. But if S(f) is
infinite, both can be false.

Example: We take H = (? and we let F be e; +e3, e5+ €5, €5 + e, ..., followed by f, :=> 7, %,
and then by f,i;:=e;, j=1,2,... This F is linearly independent, fo =e; +e3 and f; =es+es,....

But spanS(f.,) is not closed, and f, isin Vy, =spanS(f.).

To construct orthonormal bases of the Vy, using just the elements of each S(f) (and the closure of its span) we
begin with Vy, = span{e;+e3} andset By, := {fo/v2} = {(e1+e3)/v/2}, an orthonormal basis for V},. Our plan
is to add vectors to this set so that the next set is orthonormal and forms an orthonormal basis for the next space,
V}, = span {e1+e3, e3+es}. We use the “Fourier series idea,” or “projection,” setting w1 := f1—(f1, fo) fo/llfoll?> =

(—e1 + e3 + 2e5)/2 which is perpendicular to fo, giving By, := {fo/V2, \/2/3w1}.

In the finite case we continue in this way, projecting each fx;1 on the orthonormal basis of the preceding space,
then normalizing the difference wyy1 between fr41 and that projection to construct the next orthonormal basis
by adding wg41/||wry1]] to it. At each stage we create an orthonormal basis of Vy,_, aslongas Vy, , # spanF.
If F is finite the process eventually stops. The process does not stop in our example. Moreover, if we imagine it
continuing indefinitely, there will still be another sequence of vectors left. Thus we have to proceed in a “transfinite”
manner.

In a well-ordered set every non-empty set has a least element. But not every non-empty set has a greatest element,
if the well-ordered set is infinite. We can distinguish between elements f € F according to whether S(f) has a
greatest element, or not. Those f such that S(f) does not have a greatest element are called limit elements, and
the others are said to have an immediate predecessor, namely g, the greatest element of S(f), and f = g*. In our
example, there are two limit elements, fy; and f,. If we wish we can create a third one that will be the “greatest
element” of our well-ordered set, namely F itself.

We can now produce the bases very “simply.” We do not need to assume that F is linearly independent, nor that
each f € F is non-zero. But we will assume that fo # 0. For each f € F we set wy := f — Pyf, where Py is
the orthogonal projection onto Vy. Next we define §:F — H by B(f):=0 if wy =0, and B(f) :=wys/|lwys| if
wy # 0. We then define B:= §(F)\ {0}. Finally, for each f € F we define By := (Vy)NB.

Claims: For all f € F, By is an orthonormal basis for V¢, and B is an orthonormal basis for spanF.

Proof: If B is not an orthonormal basis for V := spanF there exists 0 # g € V \ spanB. With Pg denoting
the projection on spanB, 0# h:=g— Pgg L spanB. But then h L f forall f € F, so h L V. Since g € V,
h =0, a contradiction. Thus B is an orthonormal basis for V. The same argument works if we regard S(f)U{f}
as a new F, so all claims hold.

Deferred proofs
Item 1 The following appeared in the proof that E(V) is dense in V* (Theorem 11).

We assumed that ||v*||, = 1. We want to show that there exists a sequence {v,} of elements of V, with [jv,| =1
for each n, such that 0 <v*(v,) — 1, as n — oo, with all v*(v,) < 1.
|[v*|l, = 1 means that there exist vectors @, # 0 such that ||7,]| <1 and |v*(3,)] — 1. We set v, = e,

where the numbers 6,, will be chosen in a moment, we have, since ||, || <1, that

Un

[[n]|

1

15n]|

1> [o"(vn)| = [0 (@n)] = [0 (0n)] = 1,

v™(

|-

so |v*(v,)| — 1, by the Squeeze Principle. We now choose ,, so that v*(e!"9,) = e’v*(v,) = |[v*(9,)|. When
we divide by ||0,|| we get what we wanted: v*(v,) = |v*(v,)] — 1.

Item 2 An orthonormal basis is not a basis in the usual sense, unless it is finite. This is a consequence of completeness.
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Suppose not, namely, we have an infinite orthonormal basis that is a basis in the usual sense.

We may select a denumerable set {y,}52; of members of the orthonormal basis. Then the following series (i.e.
sequence of partial sums) converges in the Hilbert space to a non-zero vector x:

Proof that this is so is left to the reader. It involves straightforward checking that the definition of “Cauchy sequence”
is satisfied by the partial sums. The limiting vector x is non-zero because (z,y;) = 1.

Since our o.n. basis is a linear-algebra basis, we can also write = = )
o.n. basis. Therefore

yeF CyY, where F is a finite subset of our

But F is finite, so for all k sufficiently large we have to have

_ Ooyn - - Yn . 2
0<;ﬁzcyy7yk>< Fayk>1/ka

yeF n=1

which is a contradiction.

Remark Completeness was really used in the last argument! Here is an example of a normed incomplete space with
a countable basis in the linear-algebra sense. Let V' be the collection of all polynomials in d real variables. This
means that a typical element of V' has the form

P(z) = Zpaxa,

a>0

where only finitely many of the coefficients p, are non-zero, the quantities o are “multi-indices” belonging to
N¢, the collection of all d-tuples of non-negative integers, and z® := z{t - z?. For example, P(z) := |z|* =

ZZZl x2€k .

We define the norm of P by ||P|> := > <, [p2|. The set {2*:a € N} is a basis for V in the sense of linear
algebra. This example is useful in applications.

Item 3 We are to show that for all v € H (and we will assume v # 0)

2 . 2
loll® = Yl + it flo—wl* = 3 (0.5 +d2
yeO P yeO

where d? denotes the square of the distance from v to spanO.

First, we know that the projection operator P, for spanQ is defined and continuous. We are given some v € H.
Thus we know that
= inf |v—w|?®=|v-Pu|?>.
we span O

For the given v, welet NZ:={y € O: (v,y) #0}. Then NZ is countable, so we can enumerate the elements in
NZ, putting them into a sequence {y;}72 ;. Let us define v, := > po, (v, yx)yr. To show that this definition makes
sense, we set v, 1= ZZ=1 (v, yx)yr and proceed as we did in the proof of the Theorem of Fischer and Riesz, to show
that the sequence {v,} is Cauchy. We then set v, equal to the limit. In particular, we have ||v, —v,| — 0. Now
suppose that y € @. Then

(Vo,y) = lim (vn,y) = lm > (v, yx)ys,y) = 0, if y¢ NZ.

n—oo n—oo

- {(v,y), if ye NZ

k=1
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Therefore for all y € O, we have (v —v,,y) = 0. The same is true when y is replaced by any element of span O.
Now let us suppose that w € span . Then there is a sequence {wg} of elements of span O such that w, — w.
This gives us

(v —vo,w) = lim (v — vy, wg) = 0.

k—o0

That is, v — v, L w for all w € spanO. By the uniqueness of the projection, v, = P,v. Therefore

S
loll* = llv = voll® + o> = o = Pov > + D [{o,ya) P = d* + Y [(v,9)]*, as desired.
k=1 yeO

Item 4 Proof that the “sum” }: ., cyy, where O is an orthonormal set in a Hilbert space, and >° leyy)? < oo,
is independent of the order of the terms.

As in Ttem 3 and as in the proof of the Theorem of Fischer and Riesz, for every enumeration of the non-zero
coefficients ¢,, we have a well-defined element of H given by a Cauchy sequence. Let us choose one enumeration
as the starting one. Then every other enumeration is a rearrangement of the chosen one. Let us distinguish them
by the name of the mapping 7 : ZT — ZT, one-to-one and onto, that accomplishes the rearrangement. Thus we let
¢ denote the coefficients of the starting element, x, := Zzil ¢ Yk, and we let x, := ZZOZI Crn Ynn- We want to
show that =, = x, no matter which 7 is used. We can do this by showing that, for all € > 0, ||z, —z,| <e. We

may choose K so large that
> el < €2/9.

k>K

We know there is some N so large that for each k < K, it is true that k € {x1, ... #N}. Then

o~ Tx = chyk+RoK_Zcﬂnyﬂn_ 7,N >

where the terms with R denote the “tails” of the corresponding series. All the terms in the very first sum are
cancelled by terms in the first “negated” sum. We can thus write

N
To — Ty = RO,K - Z[ﬂ—n > K]Cﬂ'n Yrn — Rﬂ',N'

n=1

Thus ||zo — zx|| < [|[Ro. x|l + || ny:l[wn > Klcan Yrnl|l + || Rxn||. By construction, ||R, k|| < €/3. Since we have
made no use at all of rearrangement invariance, we can use Parseval’s relation on the Hilbert space span Q. Thus

N 2

Z[Wn > KlCrn Yrn

n=1

N
Zﬂn>K Jlean|® < Z lek]? < €2/9

k>K

and (similarly) ||R. n|*> < €?/9. Thus |z, — x,| < e. It follows that =, = x,, which is what we had to show.

This work allows us to regard series of the form
Zyeo ley|? < o0.

Item 5 Proof that V* is complete: suppose that v —v* ||« — 0 as min{n, m} — oo. Then for all v €V we
have |v¥(v) — vk (V)] < ||vX — vk |l«llv]l = 0 so {v(v)} is Cauchy, hence converges to a limit f(v). Since each v}
is linear in v, the Limit Theorems imply that v +— f(v) is linear. To show this is a continuous linear functional we
notice that |f(v)| = |limy, v} (v )| < sup,, ||[vi(v)|| < sup, ||vi]l«||v]] since Cauchy sequences are bounded. Now we
rename f: v*(v):= f(v) so v* € V*. To see that v} — v* in V*, we use the same idea: given € > 0,

yeo CyY as well-defined vectors in a Hilbert space, provided that

[lv* — v« = sup |[v*(v) —vi(v)|= sup lm [|v) (v) —vi(v)] < sup |jv), —vi|l« <€ if n islarge enough.
lv]l<1 lvll<1 o0 m2n
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