Chapter 1

Hilbert spaces and operators

We begin by studying finite dimensional Hilbert spaces. We do so abstractly rather than
just the concrete Hilbert space C™, as many Hilbert spaces will arise in higher linear algebra
which do not exactly look like C". We study the abstract complex x-algebra B(H) of
linear operators on a Hilbert space H rather than M, (C) for the same reason. Some proofs
may certainly be simplified by replacing B(H) with M, (C) and a ‘unitary algebra’ (finite
dimensional C*/W*-algebra) with a multimatrix algebra. However, the proofs here are really
operator algebraic in nature and many can be adapted to the infinite dimensional setting
(with more work).

1.1 Finite dimensional vector spaces

In this section, we rapidly recall the basic notions from finite dimensional linear algebra that
will be used in this book. Many proofs are omitted, as this material is assumed prerequisite.
We always work over the field of complex numbers.

We assume the reader is already familiar with complex vector spaces, together with the
notions of what it means for a set of vectors to be linearly independent or to span a vector
space V. A set of vectors which spans and is linearly independent is called a basis for V.

Exercise 1.1.1. Prove that if B C V is a basis, then every element of V' can be written
uniquely as a (finite) linear combination of elements of B.

Exercise 1.1.2. Show that every linear map V' — W is completely determined by where it
sends a basis of V. Deduce that one may define a linear map simply by specifying where it
sends a basis.

The first important theorem in linear algebra concerns when subsets of C" can span or
be linearly independent. It is proven using the Gaussian elimination algorithm, which we
omit from this book.
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Suppose S = {vq,..., v} C C".
e If S spans C", then k£ > n.
e If S is linearly independent, then k£ < n.

Hence every basis of C" has exactly n elements.

Proof. Consider the n x k matrix A whose columns are the v;

Uk:|7 (1.1.4)

and consider the matrix ref(A) in row echelon form obtain by applying the Gaussian Elimi-
nation Algorithm to A. The v; span C" if and only if there is a leading one/pivot in every
row of ref(A), which implies k& > n. The v; are linearly independent if and only if there is a
leading one/pivot in every column of ref(A), which implies k£ < n. O

In this book, we will be primarily concerned with finite dimensional vector spaces. We
begin by considering those spaces which are finitely generated, i.e., V admits a finite spanning
set S.

Given a finite spanning set S for V, there is a basis
B C S for V. Thus every finitely generated vector space admits a finite basis.

Proof. The proof consists of the following algorithm, presented as a flowchart.
¢ [Replace S with S\ {v; }]

[Is S linearly independent?j [S \ {v;} spans V]

A
yes no (Exercise!)

[S is linearly dependent] — [El v; € span(S '\ {vj})]

Since S is finite, the algorithm terminates. ]

| Definition 1.1.6 (Coordinate map) — Suppose B = {ey,...,e,} is a basis for V. The
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coordinate isomorphism [-] =[-]p : V — C" is given by

A1
Vav:Z)\iei»—ﬂv]B = 1. | e C" (1.1.7)
An

Suppose S, T C V such that S spans V and T is linearly indepen-
dent. Then |T'| < |S].

Proof. Let B C S be a basis, which exists by Corollary 1.1.5. Enumerate T" = {vy, ..., v}

The map
A1

Crs || — Z)\ivi — [Z/\ivi]B eC”
Ak

is a composite of two injective maps and is thus injective. Using Theorem 1.1.3, we conclude
that |T| =k <n=|B| <|S]. O

Definition 1.1.9 (Dimension) — By Theorem 1.1.8, every basis of a finitely generated
vector space V' has the same cardinality. This cardinality is called the dimension of V/,
denoted dim (V).

Exercise 1.1.10. Dualize the flowchart in Corollary 1.1.5 above to prove that every linearly
independent subset of a finite dimensional vector space can be extended to a basis.

Definition 1.1.11 (Coordinates for linear maps) — Given bases B = {e;}}_, for V and

C = {fi}r, for W and a linear map x : V — W, we can define a matrix [x] = [2]§ €
Mipxn(C) by

11§ = [fevio] | fevnle
That is, the j-th column of [z]$ is given by [z]; := [zv,]c. Here, the columns correspond

to the basis of the source, and the rows correspond to the basis of the target. Under
this isomorphism, composition of linear operators corresponds to matrix multiplication.
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That is, the following diagram commutes.

yx

(Vi {estio) ——= W {fiti)) —— (X {addto)

[-Q l{-] lm
e .

(][]

Thus studying maps between vectors spaces and operations between them is studying

matrices and their operations. We may thus replace a vector space V with C" and the space

of linear maps Hom (V' — W) with M,,x,,(C) without loss of generality.

Definition 1.1.12 — Given a vector space V, its dual space is V¥ := Hom(V — C),
the space of linear maps V' — C. There is a canonical map from V' to the double dual
VYV given by v — [eval, : f +— f(x)]. When V is finite dimensional, this map is a linear
isomorphism, i.e., it is invertible.

Construction 1.1.13 — Given a basis {vy,...,v,} for V, the dual basis {vy,...,v)’
for V'V is defined by the formula

=
Uzy(vj)_dltj_{o oy

One verifies the dual basis is actually a basis.

Even though dim(V) = dim(V") so that V' = V'V, there is no
canonical isomorphism. That is, one gets a linear isomorphism for any choice of basis
for V', but choosing different bases gives fundamentally different isomorphisms. Indeed,
the space of ordered bases for V' is GL(V'), which is not contractible. (It is harder to
describe the space of unordered bases, so we will not do so here.)

Remark 1.1.15. One can define the coordinate map [-]p : V' — C" in terms of the dual

basis for B = {vy,...,v,} as [v]; == U}/(U)-

Definition 1.1.16 — There are two fundamental subspaces associated to a linear map
x:V—=>W:

o ker(z) ={veV]zv=0} CV, and
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e im(z) =2V ={av|jveV}CW.

The rank of x is rank(z) := dim(im(z)), and the nullity of = is nullity (z) := dim(ker(z)).

For a linear operator x : V. — W where V. W are
finite dimensional,
rank(z) + nullity (z) = dim(V).

Proof. By using coordinates, without loss of generality, V = C" and W = C™. Using the
Gaussian Elimination Algorithm, rank(z) is the number of columns of ref([z]) with leading
ones/pivots, and nullity(z) is the number of columns of ref([z]) witout leading ones/pivots.
Clearly these sum to n = dim(C"). O

1.2 Normed spaces

Before delving into our study of Hilbert spaces, we begin with the notion of a normed space,
which should be viewed as a vector space equipped with a notion of length for vectors.

Definition 1.2.1 — A normed space is a vector space V equipped with a norm, i.e., a
function || - || : V' — [0, c0) satisfying:

e (subadditive) ||+ & < ||| + [|€]| for all n,§ € V/,
e (homogeneous) ||An|| = |A|||n|| for all n € V and X € C,
e (definite) ||n|| = 0 if and only if n = 0.

The norm, which should be viewed as the a length function, induces a notion of distance
between vectors.

Definition 1.2.2 — A metric on a vector space V consists of a function d: V x V —
[0, 00) such that:

e (triangle inequahtY) d<€17 62) S d(gla 77) + d(77a 62) for all 617 m, §2 € V7

e (symmetry) d(n, &) = d(&,n) for all n,£ €V,
e (definite) d(n, &) = 0 if and only if n = &.

Exercise 1.2.3. Prove that every norm || - || on V gives rise to a metric d(n,§) = ||n — &||.
Conversely, show that a metric d on V' arises in this way if and only if it satisfies:

e (homogeneous) d(An, &) = |A|d(n, &) for all n,& € H and X € C.
Hint: Set ||n|| == d(0,n) forn € H.
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Exercise 1.2.4. Prove that [|£||; := Y |&| and [|€]| := max [¢;| are norms on C". Then
prove that

[€lloe < (1€l < m- (1€l vEeCn

Note: The norm || -||1 is endearingly known as the taxi-cab norm. The corresponding metric
d(z,y) = ||lx — y||1 is sometimes called the Manhattan metric.

Definition 1.2.5 — Suppose V, W are vector spaces. A (linear) map x: V — W is a
function which is

e (linear) x(A\n+ &) = Aan + x€ for all n,£ € H and ) € C.

When W = C, we say that x is a linear functional.

It is straightforward to verify that a linear operator is invertible (an inverse exists)
if and only if it bijective. Observe that x : V' — W is bijective if and only if ker(z) = 0
and im(z) = W, where

ker(z) = {n e V|zn =0} and im(z) =2V ={zn|ne H}.

Example 1.2.6 — Every matrix A € M,,x,(C) gives a linear map L4 : C* — C™ by
left multiplication.

Definition 1.2.7 — Suppose V, W are normed spaces. For a linear map = : V — W,
we define its operator norm by

[ ]lop == sup {[|AE[||€ € V' with [[]| = 1}.

Exercise 1.2.8. Prove that || - [|op is @ norm on the space of linear maps from V' — W when
V, W are normed spaces such that |[z£]| < ||z||op - [|€]| for all £ € V.

Exercise 1.2.9. Suppose V, W are normed spaces and = : V' — W is linear. Prove that if
C > 0 such that ||z£]| < C - ||¢|| for all £ € V, then ||z|op < C. Deduce that ||z, is the
infemum of such C' > 0.
The following are equivalent for a sequence (n;) C C" and n € C".
(1) |lme — n|| — 0 for some norm || - || on C", and
(2) mr — n component-wise.

Hence all norms on C” induce the same topology.

Proof. Translating (1) by 1, we may assume 1 = 0.
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(1)=(2): Given & € C" = M;4,(C), its i-th component is given by E;{ where E; € My, (C)
is the matrix with a 1 in its ¢-th component and zero elsewhere. By Exercise 1.2.8, left

multiplication by F; is a continuous map from (C", || - ||) — (C,]| - |).
(2)=-(1): Observe ||ng||cc = max |E;n;| — 0. O
All norms on C" are equivalent. That is, if || - ||1,] - ||2 are two

norms on C", there is a C' > 0 such that C7Y| - |l < || 1 < C|| - ||

Proof. Without loss of generality, we may assume that || - || is our favorite norm on C".
We fix our favorite for which we know that the unit ball is compact. (Ours is || - ||s, for
which the unit ball is [—1,1]".) Then the unit sphere (the x € C" such that ||z|s = 1) is
also compact. By Lemma 1.2.10, the || - ||;-image of the || - ||o-unit sphere (which does not
contain the zero vector) is a compact, connected subset of (0, 00), which is some closed and
bounded subinterval. Pick C' > 0 such that both

C™' < min |z| and max ||z]j; < C.
l|lzll2=1 l|z|l2=1

Then whenever x € C" is non-zero,

C‘lg‘

1.3 Hilbert spaces

X

R <C <= Ml <zl < Clla]. H

1

Definition 1.3.1 — A Hilbert space is a vector space H equipped with a positive definite
inner product, i.e., a function (-|-) : H x H — C such that

e (linear in second variable) (n|A&; + &2) = A(n|&1) + (n]&2) for all n,&,& € H and
A eC,

e (anti-symmetric) (n|&) = (¢|n) for all n,& € H,
e (positive definite) (n|n) > 0 for all n € H with equality if and only if n = 0.

(Since H was assumed to be finite dimensional, there is no completeness condition!) The
length of n € H is ||n|| = +/(n|n). (The length is a norm; this is Exercise 1.3.7 below.)

Example 1.3.2 — The space C" is a Hilbert space with (n|§) = >°7_; 7;¢;. Under
the identification of C* = M, ,1(C), (n|¢) = n'¢, where  denotes taking the conjugate
transpose.

17



Exercise 1.3.3. A sesquilinear form on a complex vector space V is a function (+|-) : V* — C
which is linear in the second variable and anti-linear in the first variable, i.e.,

(A + m2€) = X(n1|€) + (n2€) for all 1,10, € V and X € C.

(1) Prove that every sesquilinear form satisfies the polarization identity
3
Anlg) = M€ +iFnl¢ +iFn). (1.3.4)
k=0

(2) A sesquilinear form is called positive if (n|n) > 0 for all n € V' and self-adjoint (or
Hermitian) if (n|€) = (&|n) for all n,& € V. Prove that positive implies self-adjoint.

Suppose (-|-) is a positive sesquilinear

form on a vector space H, and set ||£]| = /(£[€). We have

[ < inll - lgll for all n,& € H. (C-S)

If moreover (-|-) is definite so that H is a Hilbert space, we have equality if and only if
n, & are proportional.

Proof. We may assume (n|¢) € R by multiplying n by a phase. Consider the real non-negative
polynomial

p(t) = (n = t&ln — &) = nl* — 2t(nl&) + *[1€]1*.
If ||€|| = 0, then the only way p(t) > 0 for all ¢ is if (n|¢) = 0. If ||£]| # 0, then p(¢) achieves
its minimum at to = (n|€)/||¢]|?, at which

0 <plto) = [nll* = Wle?*/lIEl> <= @& < lnll - lIE]l-
Equality holds if and only if p(ty) = 0. If (:|-) is definite, this is equivalent to n = #,&.

O
Exercise 1.3.6. Deduce from the proof of the Cauchy-Schwarz Inequality (C-S) that if (-|-)
is a positive sesquilinear form on a vector space H, then (£|¢) = 0 if and only if (n|£) =0
for alln € H.

Exercise 1.3.7. Use the Cauchy-Schwarz Inequality (C-S) to show that || - || is a norm on
H.
Exercise 1.3.8. Let (V|| - ||) be a normed space. Show that the expression

() = Zz’“uﬁﬂ n||>

determines an inner product if and only if || - || satisfies the parallelogram law:

201€11* + 2llnll* = lI§ +nll* + 1€ — nll*.

Thus being a Hilbert space is a property of a normed space.
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Definition 1.3.9 — An orthonormal basis (ONB) for H is a finite set {e;}}_, C H
such that

e (linearly independent) > Aje; = 0 implies A\; = 0 for all j,

e (spans) every 1 € H can be written as a linear combination n = ) A;e; for some
scalars \q,..., A\, € C, and
1 ifi=y

e (orthonormal) (e;le;) = d;—; = {O |
else.

Each element e; of an ONB is a unit vector, meaning it has unit length.

Example 1.3.10 — The computational basis for C" is {|0),...,|n — 1)}, where |i) is
the vector which is one in the (i 4+ 1)-st coordinate and zero in every other coordinate.

Exercise 1.3.11. If {e;}_, C H is an ONB, then n ="

j=1

(ejlm)e; for allm € H.

An ONB exists for every Hilbert space.

Proof. We use the Gram-Schmidt algorithm. We assume we have a basis {vy,...,v,} of H.
Set e; := v1/||v1]|, and then inductively set wy = vy — Zf;ll (ejlvk)e; and ey == wyi/||wgl]. O

Definition 1.3.13 — A linear map between Hilbert spaces is called an isomorphism if
it is invertible and preserves the inner product, i.e., (zn|z&)x = (n|&)y for all n, & € H.
(In §1.4 below, we will call such maps unitary.)

The notion of isomorphism of Hilbert spaces is finer than the notion
of isomorphism of the underlying vector spaces.

Example 1.3.15 — Suppose z is an invertible operator on H. Define a second inner
product on H by (n|€), = (zn|z&), and let H, denote H with this second inner product.
The operator H, — H given by n + xn is unitary.

Each Hilbert space H is isomorphic as a Hilbert space to C" where
n = dim(H).

Proof. Let {ei1,...,e,} be an ONB for H. The coordinate map [-] : Y27, Aje; = (A;)7;
is the desired isomorphism. One checks that this map is invertible and satisfies (n|)y =

([I[E])cn for all n,& € H. 0
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Definition 1.3.17 — Given a Hilbert space H, the conjugate space H is the set of
symbols {77| n € H} with vector space structure given by

n+&=n+¢ and A=A 7

and inner product given by (7|€) = (¢|n). We identify H = H itself.

The dual space HV is the space of linear functionals H — C. For example, every
n € H gives a linear functional (n| : H — C by (n|¢ = (n|§). We endow H" with the
operator norm

H n|H — e [l
ll€]l=1

As with finite dimensional vector spaces, there is a canonical linear isomorphism H =
HYY, which is unitary by the following theorem.

Sz. The dual space H" is canonically isomorphic
as a Hilbert space to H via the map 77 — (7].

Proof. First, (An +&| = Mn| + (€|, so this map is linear and thus well-defined. If (| = (0|,
then (n|¢) =0 for all £ € H, so n = 0. Finally, if f : H — C is a non-zero linear functional,
pick an ONB {e;}"_, of H, and observe that f is completely determined by f(e1), ..., f(en).
It is readily checked that f =", f(e;){e;l.

We now check the map 77 — (] is isometric. Observe that for all £ € H with ||£]| < 1,

el < Il el HwH < llnll = 1l
(C-9)

-
(Exer. 1.2.9)

Conversely, (nln) = [[n]2 implies that |7 = [In]l < HwH' =

Definition 1.3.19 — Given z : H — K, we define the conjugate T :_F — K by
Z(7) := 71. Observe that idy = idz, T = o under the identification H = H, and
T oy = x oy whenever x,y are composable.

Similarly, we define the transpose x¥ : KV — HY by (§| — ({|ox : H — C. Observe
that (idy)Y = idgv, ¥ = z under the identification HYY = H, and (x oy)” = y¥ oz
whenever z,y are composable.

Exercise 1.3.20. Prove that the operations (), (), (-)V all commute. Then prove that for
r:H— K, zt =2V.
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In order to identify the operation x +— 2" with the transpose, one
must choose bases for H, K and use these bases to construct (highly non-canonicall)
isomorphisms H = HY and K = KV. Thus a more mathematically precise moniker for
x — V¥ is the Banach adjoint. We obviously avoid this terminology to not confuse the
reader with the Hilber space adjoint.

Exercise 1.3.22. Use the Riesz Representation Theorem 1.3.18 to show that the data of a
Hilbert space is equivalent to a vector space V' equipped with an isomorphism ¢: V & VV =
Hom(V — C) such that:

e (Hermitian) For every &, €V, ©(€)(n) = ¢(7)(€), and

e (Positive) For every £ € V, ¢(£)(§) > 0 in C.

1.4 Operators

Linear maps between Hilbert spaces are also commonly called (linear) operators. Given
Hilbert spaces H, K, we denote the space of linear operators H — K by B(H — K) or
Hom(H — K), and we write B(H) = B(H — H) and End(H) = Hom(H — H).

Definition 1.4.1 — Given a linear map = : H — K, observe that the map
H>n— (&azn) for{e K

is a linear functional in HY. Hence there is some vector ¢ € H such that the above
map is equal to (zf¢|. It can be verified that the adjoint map

t: B(H - K) — B(K — H)
=l
is an isomorphism such that:
e When z,y are composable operators, (zy)’ = 3’27, and
o 2t =z for all operators .

We call ' the adjoint of .

Just as we defined coordinates for linear maps between finite dimensional vector spaces,
we have coordinates for operators between finite dimensional Hilbert spaces.

Definition 1.4.2 (Orthonormal coordinates) — Given ONBs {e;}7_, for H and {f}}7~,
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for K, the coordinate isomorphism B(H — K) = M,,y,(C) is given by
z —> [z] = ({filze;))i; - (1.4.3)

Here, the columns correspond to the ONB of the source, and the rows correspond to
the ONB of the target. In addition to composition of linear operators corresponding to
matrix multiplication, since we used ONBs for our coordinates, we also have that the
adjoint corresponds to the conjugate transpose, also denoted by f. That is, the following
diagram commutes.

(K, (i) == (H, {e;}7))

Hl lu
e

\ n

[]"

Thus studying operators between Hilbert spaces and operations between them reduces
to studying matrices and their operations. Below, we use the abstract language of Hilbert
spaces, but the reader may safely replace B(H) with M, (C) if they choose.

Exercise 1.4.4. Suppose B C H is a basis which is not an ONB. Find an operator x € B(H)
such that [zT] # [z]T.

Exercise 1.4.5 (Bra-ket notation). Every vector n in a Hilbert space H gives rise to its
associated bra operator (n|: H — C given by £ — (n|£). Similarly, there is an associated ket
operator |n): C — H given by A — An.

(1) Prove that the map n +— |n) is an isomorphism of vector spaces H = Hom(C — H).
(2) Show (n|" = |n) forn € H.

(3) Interpret the unitary H — H" from the Riesz Representation Theorem 1.3.18 as the
adjoint : B(C — H) — B(H — C).

(4) For n,& € H, verify (n|¢) = (n|o|¢) € B(C) 2 C.!

(5) For an ONB {e;}7_, of H, prove 15 = > |e;){e;| and deduce f = > f(e;)(e;| for
feHY.

Exercise 1.4.6. Show the polarization identity (1.3.4) for operators:

3
4oty = Z i*(z + i) (2 4 i*y).
k=0

'That is, a “bra” and a “ket” form a “braket”, motivating this terminology coming from physics.
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Definition 1.4.7 — Given n € H and £ € K, the rank one operator |£)(n|: H — K is
given by ¢ = (n|¢)¢.

Example 1.4.8 — If x € M, (C) commutes with all y € M, (C), then z = Al for some
A € C. To see this, observe that since z|e;)(e;| = |e;)(e;|z for all 4, j, it follows that x is
diagonal, and all diagonal entries are equal.

Definition 1.4.9 — An operator « € B(H) is called:
o normal if vaf = zfz
e self-adjoint (or Hermitian) if 27 = x
e positive (or non-negative) if ({|x€) > 0 for all £ € H (denoted z > 0)
e an (orthogonal) projection if 2% = x = z!
An operator u € B(H — K) is called:
e a partial isometry if u'u is a projection.
e an isometry if ufu = 1.

e a unitary if u is invertible with ™' = uf.

Remark 1.4.10. Here we have the following implications:

unitary = isometry = partial isometry

!

projection = positive = self-adjoint = normal

We will show that positive implies self-adjoint in Corollary 1.4.19.

Example 1.4.11 — Given an orthonormal set S = {eq,...,ex} C H, we get an orthog-
. k
onal projection onto span(S) by > 7, |e;)(e;].

Exercise 1.4.12. Given an orthonormal set {ej,..., e} C H and another orthonormal set
{f1,---, fx} C K of the same size, prove that 2?21 le;)(f;| is a partial isometry.

Exercise 1.4.13. Prove that the projection 25:1 le;)(e;| is independent of the choice of
ONB of span(5).
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Definition 1.4.14 — A system of matriz units in B(H) is a collection of operators
{e;;} satistying

(SMU1) ejjere = dj=ker,
(SMU2) Zj €5 = 1, and
(SMU3) el =e;;

for all 7, j, k,£. Observe that each e;; is a partial isometry and each e;; is an orthogonal
projection.

Exercise 1.4.15. Let {e;} be an ONB for H. Show that e;; := |e;){e;| is a SMU in B(H).

Exercise 1.4.16. What sizes of systems of matrix units can occur in M, (C)?
For all € M,,x,(C), ker(z) = ker(zfz). In particular, 2Tz = 0
implies x = 0.

Proof. Clearly xn = 0 implies 2Tan = 0. Conversely, if 2Txn = 0, then ||zn||? = (n|aTan) = 0,
so xn = 0. For the final statement, observe z'z = 0 if and only if ker( ) =ker(zfz) =C". O

The following are equivalent for x €
B(H).

1) x

(
(
(2) (n|xn) =0 for all n € H, and
(

3) (n|x&) =0 for all n,& € H.

Proof. Clearly (1) = (2).

(2)=-(3): Suppose (n|zn) = 0 for all n € H. Consider the sesquilinear form (n|§) = (n|x¢).
By (1.3.4),

3 3
Anlxg) = A(nlg) =Y iF(E+iFnle+itn) = i +itnla(E+i*n) =0 Vn,& € H.
k=0 k=0

Thus (n]|z&) =0 for all n,§ € H.
(3)=(1): If (n|z€) =0 for all n,& € H, then x{ =0 for all £ € H, so x = 0. O
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Positive operators are self-adjoint.
Proof. When x > 0,

(€lz"e) = (atele) = (lag) = (€lag) > 0 for all £ € H.
Hence (¢](z — z1)€) = 0 for all ¢ € H, and thus x = z' by Lemma 1.4.18. O

Exercise 1.4.20. Prove that z € B(H) is normal if and only if ||zn|| = ||z'n]|| for all n € H.

Exercise 1.4.21. Show that the map x — (-|x -) is a bijective correspondence between B(H )
and sesquilinear forms on H. Then prove that (:|z-) is self-adjoint/positive if and only if z
is self-adjoint/positive respectively. Finally, show (-|z-) is non-degenerate (for every n € H,
there is a £ € H with (n|z€) # 0) if and only if x is invertible.

Hint: For a graphical calculus proof, see Corollary 1.6.21.

Exercise 1.4.22. We say two projections p,q € B(H) are (Murray-von Neumann) equiva-
lent, denoted p = ¢, if there is a partial isometry u € B(H) such that uu* = p and u*u = q.
Prove that = is an equivalence relation on P(B(H)), the set of projections of B(H). Then
describe the set of equivalence classes P(M,,(C))/ ~.

There is a bijective corre-
spondence between orthogonal projections in B(H) and subspaces of H given by p — pH
and H D K — 2521 le;)(e;] where {e;}*_, is an ONB of K.

Proof. Note that the second map is well-defined by Exercise 1.4.13. Given an ONB {e; ;?:1
of K, im <Z?=1 |ej>(e]-\> = K. Given a projection p and an ONB {e;}¥_, of pH, notice
Exercise 1.3.11 yields

k

k
ej\pn Z (pejlme; Z ejlne; Z le5)(ejln- u
7j=1

7j=1

TM»

Exercise 1.4.24. For a subspace K C H, its orthogonal complement is
L={neH|{¢n) =0fralécK}.

(1) Show that if p is the orthogonal projection onto K, then 1 — p is the orthogonal
projection onto K+.

(2) Show that H = K @ K= is the internal orthogonal direct sum. That is, K N K+ = 0,
vectors in K and K+ are orthogonal, and H = K + K.
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Definition 1.4.25 — Let K C H be a subspace of H and z € B(H). We say K is
tnwvariant for x when K C K.

Suppose p € B(H) is a projection and = € B(H) is an operator.
(1) pH is invariant for z if and only if xp = pzp.

(2) pH is invariant for x and ' if and only if xp = pa.

Proof. To prove (1), observe that pH invariant for x means that pzpn = zpn for all n € H,
and thus prp = xp. Conversely, if prp = zp, then zpH C pH.

To prove (2), observe that if pH invariant for x and 27 is equivalent to zp = prp and
2'p = pxfp. Hence pr = (27p)" = (px'p)! = pap = xp. Conversely, zp = px implies both
xp = prp and xfp = pafp. O

Remark 1.4.27. Given an operator x € B(H) and a projection p € B(H), we can view z
as matrix with operator entries

. { prp pr(l —p) ]
(I—=p)zp (1 —p)z(l—p)

acting on pH @ (1 — p)H = H. Under this identification,

10 0 0
p—{o O} and 1—p—{0 1].

Thus (1) of Corollary 1.4.26 above is equivalent to = being upper triangular, and (2) of
Corollary 1.4.26 above is equivalent to x being diagonal.

The following are equivalent for v € B(H):

u is a partial isometry.

(1)

(2)

(3) u = ulual.
(4) u' is a partial isometry.
(1) = (2): Observe that

(u — wu'u) (v — vulu) = (uf — uluu®) (v — wu'u) = ulu — 2uluuu + wluuTuutu = 0,

so u — uufu = 0 by Lemma 1.4.17.
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(2) = (1): Multiply both sides on the left by u' to see u'u = uTuu'u, which is self-adjoint.
(2) < (3): Just take adjoints.
(3) & (4): Apply (1) & (2) to ul. O

Remark 1.4.29. Proposition 1.4.28 above gives a geometric interpretation about what it
means to be a partial isometry. Indeed, v : H — K restricts to a unitary isomorphism
from ufuH onto uu' K with inverse u. Every partial isometry is of this form; that is, given
projections p € B(H) and ¢ € B(K) and a unitary isomorphism v : pH — ¢K, we can
extend u to an operator in B(H — K) satisfying u'u = p and uu' = ¢ by defining u on
(1 —p)H to be zero. Viewing u: pH & (1 —p)H — qH & (1 — ¢)H as in Remark 1.4.27,

Definition 1.4.30 — Define a partial order on B(H) by x <y if y — z > 0.

Exercise 1.4.31. Show that if z <y and z € B(H), then zfzz < 2Tyz.
Exercise 1.4.32. Prove that for projections, p < ¢ if and only if pH C ¢qH.

Exercise 1.4.33. Show that if py, ..., p, are projections such that ) p; =1, then p;p; =0
when i # j. Deduce that (SMU1) can be replaced with e;;je;, = ey for all i, j, k.

Definition 1.4.34 — We call a non-zero projection p € B(H) minimal if pB(H)p = Cp.
Exercise 1.4.35. Show that the following are equivalent for a non-zero projection p.

1) p is minimal.

(1)

(2) 0 < g <pimplies ¢g=0or q=np.
(3) pH is 1-dimensional (rank(p) = 1).
(4) p

= &) (¢| for some unit vector £ € H.

1.5 Direct sum and tensor product

Definition 1.5.1 — Given two Hilbert spaces H, K, their direct sum is defined as a
Hilbert space H & K together with isometries i1y : H - H ® K and ix : K - H® K
which satisfy igit; 4 ixit, = 1. By Proposition 1.4.28 and Exercise 1.4.33, it follows
that ilix = 0 and ib.i5 = 0. By Remark 1.4.27, operators on H @ K can be viewed as
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matrices of operators:

x_FMMiMW]{MH%H)MKﬁE
— litzig itzig B(H— K) B(K — K)|’

Given a second direct sum H &' K with isometries jy : H — H &' K and jg :
K — H &' K satisfying jHjL + jKjI( = 1, there is a unique unitary isomorphism
U = jHiL —i—jKi}( :H® K — H &' K which is compatible with iy, ik and jg, jx in the
sense that the following diagram commutes.

Hi—H>H@K<LK

Hoe' K

The uniqueness of the above unitary implies that given three choices for the direct sum
HoK,H&' K, H®" K , the unique unitaries fit into the following commutative diagram.

Ho K = s Ho' K

R

o

He' K

Thus models for H & K form a contractible space.

There is an important distinction between a property and a structure
for mathematical objects. To highlight this difference we consider the following two
mathematical objects:

e the direct sum H @ K of two Hilbert spaces, and
e an ONB for a Hilbert space H.

Here, we write the direct sum, as the space of direct sums is contractible. Even though
a choice of direct sum comes equipped with choices of isometries, these maps are com-
pletely determined by a universal property, and there is a unique isomorphism between
any two choices. Thus choosing a model for the direct sum is not a substantive choice
in any way.

On the other hand, we write an ONB, indicating this choice is much more significant.
Indeed, there is a set of ONBs for any Hilbert space; for C”, this set can be identified
with the unitary group

U(n) = {u € My(C) |uu' = ulu=1}.
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There are no ‘maps’ between ONBs.

On a similar note, a vector space is not a Hilbert space, as there is a set of possible
inner products. For the vector space C, this set can be identified with R.q = [0, 00).
We warn the reader that even though R+ is contractible as a topological space with the
norm topology, the space of inner products is really R.q with the discrete topology.

Exercise 1.5.3. Prove that an internal orthogonal direct sum decomposition H = K & K+
as in Exercise 1.4.24 is a direct sum of Hilbert spaces.

Exercise 1.5.4. Show that Definition 1.5.1 agrees with the usual definition, i.e.,

Ho K ={(n¢|ne€HLEeK} ((m,&)1(n2,&2)) = (mm)u + (&1lé2) k
with the obvious inclusions satisfies the universal property.
Exercise 1.5.5 (Quotient spaces). Suppose V' is a vector space and W C V is a subspace.
Define V/W as the set whose elements are symbols of the form v + W for v € V' up to the
equivalence relation u +W =v+ W if u —v € W.

(1) Show that V/W is a vector space with operations

(u+W)+ w+W)=(u+v)+W u,v €V
A (u+W) =) +W AXeC,ueV.

(2) Observe that by definition, the canonical surjection V-— V/W by v +— v+ W is linear
with kernel W. Show V/W satisfies the following universal property:

e For every map f: V — U into a vector space U with W C ker f, there exists a
unique map f: V/W — U such that the following diagram commutes:

W 5
N

Now consider when K C H are Hilbert spaces.

0 : V > V/W —— 0

lf ////~
oA
U

(3) Show that the map H/K — [0,00) given by ||n + K| := infeck ||n + &|| is a norm.

(4) Prove that the map K+ — H/K given by n — n + K is isometric and invertible.
Deduce that the infemum norm above is a Hilbert space norm on H/K.

(5) Deduce the analogous universal property for Hilbert space quotients:
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e For every operator x: H — L into a Hilbert space L with K C ker x, there exists
a unique operator =: H/K — L such that the following diagram commutes:

0 > K > H » HHK —— 0

Definition 1.5.6 — Given two Hilbert spaces H, K, their tensor product is the Hilbert
space H ® K, which can be defined in a number of ways. The easiest is in terms of
choosing ONBs {e;} of H and {f;} of K. The tensor product H ® K then has ONB
the formal symbols {e; ® fi}. Thus dim(H ® K) = dim(H) ® dim(K).

It can be readily checked that if we chose different ONBs {e’} of H and {f;} of K,
there is a canonical isomorphism of Hilbert spaces from the Hilbert space H ® K with
ONB {e;® fi.} to the Hilbert space H ®" Kwith ONB {e® f;.}. This map is canonical in
the sense that given a third choice {€7} of H and {f}'} of K, the canonical isomorphisms
between H @ K, H ® K, H ®" K fit in the following commutative diagram.

14

Heo K » HRU K

IR

=

H® K

Thus models for H ® K form a contractible space.

Example 1.5.7 — The computational basis for C™ @ C" is usually denoted by

{lij)|i=0,....m—1and j=0,...,n—1}.

Exercise 1.5.8. Show that H ® K = @dlm K and H® K = @dlm Ny

Definition 1.5.9 — The Kronecker product of © € Myxe(C) and y € M,,x,(C) is the
matrix
Ty - Tuy

Ty - TreY

Exercise 1.5.10. Show that the choices of ONBs for H, K give a canonical isomorphism
B(H ® K) = B(H) ® B(K).

One can also define the tensor product via universal property, representing bilinear maps
(which are linear in both entries). Any object which satisfies the universal property is unique
up to unique isomorphism, i.e. the space of such objects is contractible.
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Definition 1.5.11 — The tensor product Hilbert space of H, K is a Hilbert space H®Q K
together with a bilinear map ® : H x K — H ® K which satisfy the universal property
that for every Hilbert space L and every bilinear map T : H x K — L, there is a unique
linear map T : H ® K — L such that the following diagram commutes.

HoK T s L

Exercise 1.5.12. Use the universal property above to prove that the tensor product Hilbert
space (H ® K,® : H x K — H ® K) is unique up to unique isomorphism.

Exercise 1.5.13. Show that Definition 1.5.6 and Definition 1.5.11 agree, i.e., the construc-
tion in Definition 1.5.6 satisfies the universal property in Definition 1.5.11.

Exercise 1.5.14. Construct a linear isomorphism H ® K = B(K — H).

Exercise 1.5.15. Suppose H is a Hilbert space and {e;} is an ONB. Show that the element
Y e;®e€ € H® H is independent of the choice of ONB.

Exercise 1.5.16 (Associator). Suppose Hy, Ho, H; are Hilbert spaces. Construct associator
unitary isomorphisms

ammm: Hi @ (Hy ® H3) — — (H, ® Hy) ® Hs.

Do this in two ways: by hand and using Exercise 1.5.12. Then prove that the following
diagram commutes:

(Hy® Hy) ® (Hs ® Hy)

/\

H, ® (Hy® (Hs @ Hy)) (Hy ® Hy) ® H3) @ Hy

B A

H, ® ((Hy ® H3) ® Hy) —— (H, ® (H, ® H3)) ® Hy

(67

Exercise 1.5.17 (Parenthetizations). Use induction to show that the number of ways of
parenthesizing a word of length n is given by the n-th Catalan number

c - 1 (Qn)
n+1\n
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For example, there are 5 ways to fully parenthesize a word of length 4, corresponding to the
vertices of the pentagon in Exercise 1.5.16 above. Then show that C), satisfies the following
recurrence relation:

—_

Cn = CkCn—k with CO =1.

0

B
I

Exercise 1.5.18 (Unitors). Construct left and right unitor unitary isomorphisms
Ay :C®OH S H< H®RC: py.

Do this in two ways: by hand and using Exercise 1.5.12. Then prove that the following
diagram commutes:

R(CR®K) —2» (HRC)®

\/@

H®K

Exercise 1.5.19. Construct braiding unitary isomorphisms

Do this in two ways: by hand and using Exercise 1.5.12. Then prove that the following
diagram commutes:

H3®(H1®H2) L) (H3®H1)®H2

% Aol

(H1®H2)®H3 (H1®H3)®H2

T _

H1 X (H2®H3) W H1 X (H3®H2)

Note: This is known as the Yang-Bazter equation.
Furthermore, show that the following symmetry condition holds:

Ho K ! sy Ho K

N A

K®H
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1.6 Graphical calculus

In this section, we introduce a powerful and elegant graphical calculus for working with
operators between Hilbert spaces. When we first learn algebra, we write equations linearly,
e.g.,
az? 4+ bz + ¢ = 0.

[ronically, linear algebra is best described using equations drawn in a 2-dimensional plane,
as we have two composition operations: composition of linear operators and tensor product.
These two operations satisfy a certain commutation relation, allowing for this 2-dimensional
graphical calculus. For example, the trace of a linear operator a € M, (C) is given by the
linear expression Tr(a) := > " | a;. The fact that Tr(zy) = Tr(yz) for x € M,,x,(C) and
Yy € Myxm(C), while following from a simple algebraic computation, is best proven via this
2-dimensional graphical calculus.

z
y
7

In this section, we build the necessary tools to understand how the above expression consti-
tutes a proof.

= Tr(zy) (1.6.1)

Definition 1.6.2 — We represent the Hilbert space H by drawing a line/string/strand
labeled by the space, and we represent an operator x : H — K by a coupon labeled by x
between the two labeled strands. (We will sometimes omit labels if they can be inferred
from the rest of the diagram.) By convention, we represent C by drawing the empty
strand; see Warning 1.6.5 below. (We sometimes denote C with a dotted line to avoid
confusion or to make a pedagogical point, but we try to represent it by empty space as
much as possible.) We read our diagrams from bottom-to-top. The authors endearingly
refer to this as the optimistic convention (always look up!).

—> r: H— K.

The composite of x : H — K with y : K — L is denoted by the vertical stacking
of diagrams. The tensor product of x with z : L — M is given by the horizontal
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juxtiposition of diagrams.

— yox: H— L

— tRz: HIL > KM

There is an immediate ambiguity in interpreting the following diagram:

Ly Lo

, @)

. ?
(y1021) ® (y20x2) = Ki Ky = (11 ® y2) 0 (21 ® x2).

Hy Ho

(1.6.3)

Fortunately, these two expressions agree on the nose, so there is actually no such ambiguity.

Exercise 1.6.4. Prove the interchange law: for all x : Hy — Ky and y : Hy — Ko,

K1 Ko
#ﬁ KL
= (J} ® idK2) © (idH1 ®y) = (idKl ®y) © (CL’ ® idHQ) = :
Ho Hy

We will rely on Exercise 1.5.16 to completely ignore the difference
between H® (K ®L) and (H® K)® L. Similarly, we rely on Exercise 1.5.18 to completely
1gnore copies of C under tensor product and represent them as the empty line. We will

discuss why this is OK later in Part [[II]] §[[7]].

We now recontextualize the correspondence between projections and

subspaces from Proposition 1.4.23 in terms of this diagrammatic calculus.

Given a

Hilbert space H, a projection p € B(H) satisfies p = p" for all n. So in the presence
of a p on a H-string, we can proliferate copies of p until we think of them as densley
populating a section of the H-strand. Taking some kind of continuum /thermodynamic
limit, we can think of p as splitting as a retract r : H — pH and a section s : pH — H
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such that r o s =id,y and sor = p.

We will explore this notion in detail in Part [[I1]] §[[7]].

Example 1.6.7 — We have the following important skein relation which may be applied
locally in any string diagram. Given an ONB {e;} for H, the relation idg = >, |e;) (e
is represented graphically by

H JH
i) .

i <6,J| ) e;-r
H IH

In this second graphical representation, we identify e; = |e;) : C — H and simply write
T
e, for (e;].

In the graphical calculus for Hilbert spaces, we will elide the dif-
ference between H and H" as they are canonically unitarily isomorphic via the Riesz
Representation Theorem 1.3.18. Often, we will choose the more compact notation H
over the heavy notation HY. However, it is important to note that the linear transpose
operation x — z" and the anti-linear conjugation operation x + T are not the same on
operators. (See Definition 1.3.19.) We will be carefuly to use the notation HY when we
are discussing the transpose operation to avoid confusion.

Example 1.6.9 — There is a distinguished map evy : H ® H — C given by evaluation
of the covector (n| at the vector |£):

eva((n] ® [£)) = (nl€).

We graphically represent evy by drawing a cap.

C
evyg = FmH — ﬁmH
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There is also a distinguished coevaluation map coevy : C — H @ H given by
Ic — ) le:) ® (el

where {e;} is a choice of ONB. This sum is independent of the choice by Exercise 1.5.15.
We graphically represent coevy by drawing a cup.

UL
coevyg = HUH =
C

Exercise 1.6.10. Prove that evy and coevy satisfy the zig-zag/snake azioms:

Hm =|H =idy and MH:
H H

Exercise 1.6.11. Recall from Exercise 1.4.5 that we may view elements £ € H as maps
C — H. Prove that

H :ldﬁ.

H

" =(&|:H—C.

Notation 1.6.12 — Sometimes we use evaluations and coevaluations together with
their adjoints in the same mathematical expression. When doing so, in order to easily
differentiate between evy and COGVJ;{ in the graphical calculus, we introduce a framing
for strands corresponding to H and HY = H. We denote this framing by a lighter
shaded thick line to the right side of the strand for H and the left side of H as follows.

H

‘ i

i i :
We can then represent evy, coevy, evy, coevy unambiguously as
7N H H H H t M t
i =ev = coev =ev _ = coevy .
H H . J " \_/ = H o H

Exercise 1.6.13. Suppose x : H — K. Prove that the transpose 2V : K¥ — H" is given by
either rotation

n (Cn
Exercise 1.6.14. For = € M,(C), prove that c= =Tr(z) = cr .

n cn
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Example 1.6.15 — Using Exercises 1.6.13 and 1.6.14, we see that (1.6.1) is a well-typed
proof. Indeed, for y € M, ,,(C), setting

Ccm | cr cr

cm cm

= e ,
Cm (Ex.1.6.13) Cn

©® cm cm

we can make the equation (1.6.1) more verbose.

The Frobenius reciprocity isomorphisms

BH®K - L)~ B(H— L®K)

give a canonical isomorphism of vector spaces. Moreover, these maps are natural in
H,L,ie., forall x: HH — Hy and y : L; — Lo the following diagram commutes.

B(Hy® K — L) +—%%) B 9K - L) —%  B(Hi ® K — L)

3 - 3

B(Hy = 1 @ K) «—" _ B(H, » 1o K) 22", B(H, 5 [,®K)
Similarly, we have canonical Forbenius reciprocity unitary natural isomorphisms
B(H—-K®L)2BK®H—L).

Proof. That these maps are mutually inverse follows by the exchange relation (1.6.3) and

Exercise 1.6.10.
A )
T
= = l‘
K (1.6.3) (Exer. 1.6.10) .
" H X H K
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We leave the other composite to the reader. As only the K-strand wiggles, naturality follows
immediately. [

There is an canonical isomorphism of vector spaces K @ H =
B(H — K) given by [n) ® (¢] — |n)(].

Proof. Apply Proposition 1.6.16 to
H® K=B(C— H®K)
as vector spaces as in Exercise 1.4.5. ]

Exercise 1.6.18. Prove that the canonical isomorphism in Corollary 1.6.17 above can be
promoted to a unitary isomorphism of Hilbert spaces if B(H — K) is equipped with the
inner product

(zly) = Trpan (z'y) = T (yzh).

Exercise 1.6.19. Prove that under the canonical unitary isomorphism H® H = B(H) from
Corollary 1.6.17 and Exercise 1.6.18, coevy(1c) — idy.

Exercise 1.6.20. Prove that under the unitary isomorphism B(H) = H ® H from Corollary
1.6.17 and Exercise 1.6.18, the multiplication and unit are given by

MueH = /ﬂ\\ Lyem = U :
H H§ H H
Write out myoz and 1.7 in bra-ket notation.
The map z +— (-|z-) is a bijective
correspondence between operators B(H) and sesquilinear forms such that:

e 1 is self-adjoint if and only if (-|z-) is self-adjoint,

e 1 is positive if and only if (-|z-) is positive,

e 1 is invertible if and only if (:|z-) is non-degenerate.
Proof. The second Frobenius reciprocity unitary 1.6.16 for L = C and K = H is given by

g a
SRR

H

We leave the verification of the correspondence of properties as an exercise. O

Exercise 1.6.22. Most of the facts above discussed for Hilbert spaces can be adapted to
vector spaces using V'V in place of V. Go through this section again and rework it after
forgetting the inner products.

38



1.7 Spectral theory

Definition 1.7.1 — Suppose x € B(H — K) and y : K — H. If yr = 1y, then y is
called a left inverse for x or a retract. If xy = 1k, then y is called a right inverse for x
or a section. If y is both a left and a right inverse, then y is called an inverse for x. We
say x is invertible if it admits an inverse.

Exercise 1.7.2. Prove that if x : H — K has a left inverse y such that yx = 15 and a right
inverse z such that zz = idg, then y = z. Deduce that inverses are unique when they exist.

By the above exercise, we denote the inverse of x € B(H) by x~! when it exists.
Exercise 1.7.3. Suppose z € B(H).

(1) Show that if |1 — x| < 1, then = is invertible.
Hint: Prove that >_(1 — x)" converges to x~! in operator norm.

2) Deduce that if x € B(H) is invertible and ||z — y|| < ||#~||7%, then ¥ is invertible.
Y Yy

(3) Deduce that the set of invertible operators B(H)* is open and the map z — x7! is

continuous on B(H)*.

Definition 1.7.4 — The spectrum of an operator z € B(H) is
spec(x) == {\ € C| X — x is not invertible} .

This set is the same as the set of eigenvalues of z after identifying B(H) = M, (C),
which is also the set of roots of the characteristic polynomial x,(A) = det(\ —z). Recall
that spec(x) # () by the Fundamental Theorem of Algebra (every complex polynomial
has a root).

Remark 1.7.5. Since every A € spec(z) is an eigenvalue of z, say with unit eigenvector &,

observe that
Al =IAE]l = [l=€]| < |lf].

Exercise 1.7.6. Suppose ()\,) is a bounded sequence in C, and F' C C is a finite set such
that any convergent subsequence (\,,) converges to a point in F. Prove that for any open
neighborhood U of I, eventually A\, € U. That is, for every € > 0, there is an N € N such
that n > N implies every A, is at most € away from some A € F.

If z,, = = in B(H) in the operator norm,
then for every open neighborhood U of spec(z), eventually spec(x,) C U.
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Proof. Let U be an open neighborhood of spec(x) and p € U¢. Suppose u, — p. Then
Ty — fp, — . — u € B(H)*, which is open. Thus eventually =, — u, € B(H)*, so eventually

fin & spec(z,).

To see that this fact implies the result, observe that since z, — z, |J, spec(z,) is a
bounded set. Thus if ()\,) is some sequence with A, € spec(x,), then for any convergent
subsequence (A, ), the limit of ()\,,) must be an element of spec(x). The result now follows
by Exercise 1.7.6. O

Exercise 1.7.8. Suppose z € M, (C) isnormal. Prove that if A € spec(z) with corresponding
eigenvector 7 € H, then \ € spec(x') with corresponding eigenvector 7.
Hint: Use Fzxercise 1.4.20.

The following are equivalent x € M,,(C).
(1) There is an ONB of C" consisting of eigenvectors for x.
(2) There is a unitary u € M, (C) such that u'zu is diagonal.

(3) x is normal.

Proof.

(1) = (2) : Let {e;} be such an ONB of eigenvectors for z, and set u to be the change of basis
matrix
u::[el Gn].

The eigenvalue equation implies xu = ud where
d = diag(Ay, ..., \p)

is the diagonal matrix whose entries are the corresponding eigenvalues of x. Then w is unitary
as its columns are orthonormal (see Example 1.3.15), so ulzu = d.

(2) = (3) : When d = u'zu is diagonal,
'z = ud'uludu’ = ud'du' = udd'u' = udu'ud'u’ = z2f.

(3) = (1) : Suppose z is normal and let A € spec(z) with eigenvector n € C". By Exercise

1.7.8, 1 is also an eigenvector of z' with eigenvalue A € spec(xt). Hence Cn is invariant for
x and z'. By Corollary 1.4.26, p = px where p = |n)(n|. By Remark 1.4.27, z is diagonal
with respect to the direct sum decomposition C"* = im(p) @ im(1 — p). We now replace x by
(1 —p)x = x2(1 — p) (which is again normal) acting on im(1 — p) C C" (which has dimension
n — 1) and iterate the above procedure to obtain the desired ONB of eigenvectors. O]

Exercise 1.7.10 (Real Spectral Theorem). Prove that the following are equivalent for x €
M, (R)
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(1) There is an ONB of R" consisting of eigenvectors for .

(2) There is an orthogonal matrix u € M, (R) satisfying u”u = 1 = uu” such that v’ zu is
diagonal.

(3) x is symmetric, i.e., v = xT.

Definition 1.7.11 (Functional calculus) — Suppose x € M,(C) is normal. For A €
spec(z) let E) C C™ denote the corresponding eigenspace, and let py € M, (C) be the
orthogonal projection onto E\. We call the py the spectral projections of x, and we note
that they are mutually orthogonal (pyp, = 0 for A # p in spec(x)) and sum to 1.

Note that

xr = Z AP and zh = Z YN

AEspec(x) AEspec(x)

as both operators agree on an orthonormal basis of C", namely the orthonormal basis
consisting of eigenvectors for x from the Spectral Theorem 1.7.9. For f : spec(z) — C,
we define

fl@) = Y FNpr€ Mi(C).

A€spec(x)

Observe that spec(f(z)) = f(spec(x)), as f(x) is a diagonal operator with respect to
the projections p,.

Exercise 1.7.12. For an operator z € M, (C), we define its spectral radius to be
p(x) :=max {|A|| X € spec(x)}.
For x normal, show that ||z| = p(z).

At this point, we have not yet discussed the notion of a complex x-algebra; we will do so
in Definition 7?7 below. However, the next theorem in best stated in these terms.

Suppose x € M, (C) is normal, and let C'(spec(z)) denote
the unital x-algebra of C-valued functions on spec(z). The map

C(spec(z)) > f — f(x) € M,(C)

is an isometric unital *-algebra homomorphism onto the unital x-algebra generated by
x. That is, for all f, g € C(spec(x)),

(f +9)(@) = f(2) + 9(), (f9)(@) = f(x)g(z), and  [f(z) = [f(z)",
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and [ f(2)[ = [|flle@pectay) = max{[f(A)][ A € spec(a)}.

Proof. Tt is straightforward to verify that f — f(x) is a unital x-algebra map by checking the
action of f(x) on the ONB of eigenvectors of = from the Spectral Theorem 1.7.9. Injectivity
follows as f # g on spec(x) implies that f(A)py # g(A)py for some \ € spec(z). Since the
image contains 1, z, and z' by construction, it is onto the unital *-algebra generated by x.
The last claim follows by Exercise 1.7.12 since f(z) is again normal. O

Exercise 1.7.14. Use the functional calculus to prove that every positive x € M, (C) has a
unique positive square root. That is, if x > 0, there is a unique positive operator /= € M, (C)
such that /2~ = .

Suppose z,, — z is a convergent
sequence of normal operators in operator norm and f : U — C is a continuous function
on some open neighborhood U of spec(z). Then f(z,) is eventually well-defined by
Proposition 1.7.7, and f(z,) — f(x).

Proof. Clearly the result holds for polynomials p € C[z,Z]. Now by the classical Stone-
Weierstrass theorem, we may uniformly approximate f by a polynomial p € C[z,Z]. Thus

1£(2) = Fe)| < [ £(2) = p@)]| + [p(e) — pla)]| + [p(ea) — Fl)]

g

n—00

:Hffp”C(spcc(z)) —0 :”f*pllc(spcc(zn))

Since | spec(z,,) is bounded, we can make || f — p||c(spec(z)): [|.f — Pllc(spec(ar)) uniformly small
over all n, and the result follows. O

Exercise 1.7.16. In this exercise, we prove that the set GL, (n) of positive invertible n x n
matrices is contractible.

(1) Prove that any real vector space V is contractible via the strong deformation retraction
[0,1] x V — V given by (t,£) — t£. Deduce that M, (C)s, is contractible.

(2) Prove that exp : M,,(C)sa — G L4 (n) is a homeomorphism with inverse log : GL, (n) —
M, (C)ga. Deduce that GL, (n) is contractible.

Suppose z,y € M,(C) with  normal and zy = yz. Then
f(z)y = yf(z) for every f € C(spec(x)).

Proof. Since spec(z) is a finite set, there is a polynomial p such that p = f on spec(z). Since
™y = yx™ for every n, p(x)y = yp(z), and the result follows. O

Exercise 1.7.18. Let z € M, (C).

(1) Show that x can be written uniquely as Re(z) + ¢ Im(x) where both Re(z),Im(z) are
self-adjoint.
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(2) Show that if = is self-adjoint, then = can be written uniquely as z = z, — x_ where
x4, r_ are both positive and z,x_ = 0.

(3) Show that if z is self-adjoint, then z < ||z||, i.e., ||z|| — 2 > 0.

(4) Show that if x is self-adjoint, then x can be written as a linear combination of two
unitaries in M, (C).
Hint: if ||z|| < 1, consider u =z + i1 — 22.

If x > 0, then any unit vector n € C" which maximizes
= (n|zn)
is an eigenvector corresponding to p(x) = ||z|| (see Exercise 1.7.12).

Proof. By Exercise 1.7.18, ||z|| — x > 0. Thus

(lzn) =llz| <= 0= @l(lz] —2)n) = |l - 2)"n]

which implies (||z|| — z)'/?n = 0. Multiplying by (||z| — x)'/2, we see that zn = ||z|n. O

The following are equivalent for z € M, (C).
(1) z > 0.
(2) « is normal and all eigenvalues of x are non-negative.
(3) There exists y € M,(C) such that y'y = z.
(4)

There exists y € M,,xx(C) for some k € N such that y'y = x.

(1) = (2) : Positive implies self-adjoint by Corollary 1.4.19; and self-adjoint clearly implies
normal. If 7 is an eigenvector of x with eigenvalue A, 0 < (n|xn = A(n|n), so A > 0.

(2) = (3) : Use the functional calculus to define \/z € M, (C) as in Exercise 1.7.14 above.
Observe /7 is self-adjoint and satisfies \/z° = .

(3) = (4) : Trivial.

(4) = (1) : Observe that for all n € C*, (n|an)c. = (N]yTyn)cn = (ynlyn)cr > 0. O

Definition 1.7.21 — For an operator x € M, (C) its support projection is

supp(x) =1- Pker(z)
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where pier(z) is the orthogonal projection onto ker(x). Observe that x = xsupp(z).

Remark 1.7.22. When z is normal, x = 2 supp(z) = supp(z)z, and supp(z) is the sum of
all spectral projections of z except for pg if 0 € spec(z). Lemma 1.4.17 allows us to replace
x for the normal operator z'z in general. Thus supp(z) is well-defined independent of the
action of M,,(C) on C™.

Definition 1.7.23 (Polar decomposition) — Suppose £ € M,x»(C). Using functional
calculus, we define |z| := Vafz. The map u : |z|¢ — z€ on supp(z)C" and v = 0 on
(1 — supp(z))C™ is an isometric linear operator and thus well-defined:

€]l = (lz[¢ [ |z]€) = (€ [12l*€) = (ElaTzg) = (2€]€) = [|l€]*.

Hence we may write x = u|x| where u is a partial isometry and |z| > 0; this is called
the polar decomposition of x.

Remark 1.7.24. When = € M, (C), the partial isometry u constructed above commutes
with all unitaries v € M,(C) which commute with z and z'. Indeed, such a v commutes
with z'z, and thus with |z| and supp(|x|) by Proposition 1.7.17. This means uv = 0 = vu
on (1 —supp(z))C" and on supp(z)C",

vuv®|x|§ = vulx|v € = vev*§ = x€.
Thus vuv* = u, so vu = uw.
Exercise 1.7.25. In this exercise, we will prove the uniqueness of the polar decomposition.
(1) Prove that u is the unique partial isometry such that = u|z| and ker(u) = ker(x).

(2) Deduce that u is the unique partial isometry such that with = u|z| and ufu =

supp(|z|). In this sense, the polar decomposition is independent of the action of
M5 (C) on C™.

(3) Deduce that if x = vy where y > 0 with supp(y) = supp(|z|) and v is a partial isometry
with vTv = supp(|x]), then y = |z| and v = u.
Suppose z € M,,x,(C), and let x = u|x| be its polar decomposition.
(1) u'u = supp(r) and vu' = supp(z'), and
(2) 'z = |z| and x = |zT|u, and
(3) the polar decomposition of z is given by u'|z'|.

Proof.
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(1): First, since ker(u) = ker(z), ulu = 1 — pyer(z) = supp(z).
Second, since zf = |z|ul, ker(u') C ker(z'). If n € ker(z'), then 0 = 2T = |z|uln, so
u'n € ker(|z|) = ker(u). Hence uu'n = 0, so n € ker(uu') = ker(u') by Lemma 1.4.17. Thus
ker(z') = ker(u'), so uu’ =1 — Prer(at) = supp(xh).

(2): Since ker(z) = ker(|z]), supp(|x|) = ulu by (1). Thus ulz = ulu|z| = supp(|z|)|z| = |z|
by Remark 1.7.22.
Since vu'|z’| = |27 and |z|u'u = |z|,

(u|2"|u)? = ul |zt fuul |2t |u = ul|2'Pu = ulzaTu = |2]? = 2f2.
Hence uf|zf|u = |z| by uniqueness of the positive square root (Exercise 1.7.14). Hence
z = ulz| = vu'|z"|u = supp(|z'|)|2z"|u = |2'|u.
(3): Taking 1 in the second equation in (2) gives 7 = wf[zT]. Since we showed ker(u') =
ker(z') in (1), it is indeed the polar decomposition. O
For € M,,x,(C), the following are equivalent.

(1) z has a left inverse.

(2) z'z is invertible.

(3) In the polar decomposition x = u|z|, u is an isometry.

Dually, = has a right inverse if and only if z2! is invertible if and only if u is a coisometry.

Proof. Since ker(z) = ker(z'z), x has a left inverse if and only if ker(zfz) = ker(z) = 0 if
and only if x'z is invertible by the Rank-Nullity Theorem 1.1.17. Moreover, ker(x) = 0 if
and only if u'u =1 — prer) = 1.

The dual statement for (1) < (2) follows formally by considering x'. The dual statement
for (2) < (3) follows as ker(z) = 0 if and only if uu' = 1 by part (3) of Lemma 1.7.26. [

45



	I Hilb: Finite dimensional Hilbert spaces
	Hilbert spaces and operators
	Finite dimensional vector spaces
	Normed spaces
	Hilbert spaces
	Operators
	Direct sum and tensor product
	Graphical calculus
	Spectral theory


	II 2Hilb: Finite semisimple unitary categories

