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INTRODUCTION

Quantum mechanics has a reputation for being a difficult subject, and it really deserves
that reputation. It is, indeed, very difficult. This is partly due to the fact that, unlike
classical mechanics or electromagnetism, it is very different from what we feel the world
is. But the fault is on us. The world does not behave in the way that we feel it should
from our everyday experience. Of course, the reason why classical mechanics works so well
for modelling stones, rockets and planets is that the masses involved are much larger than
those of, say, elementary particles, while the speeds are much slower than the speed of light.
However, even the stone that one throws doesn’t follow a trajectory governed by Newton’s
axioms. In fact, it doesn’t follow a trajectory at all. The very idea of a point particle
following a trajectory turns out to be entirely wrong. So don’t worry if your classical
mechanics course didn’t go well. It’s all wrong anyway!

We know from the double slit experiment that the reality is more complicated. The
result of the experiment can be interpreted as the electron going through both slits and
neither slit at the same time, and in fact taking every possible path. The experiment has
been replicated with objects much larger than an electron®, and in principle it would work

even if we used a whale (which is not a fish!).

!Eibenberger et al., Matter-wave interference with particles selected from a molecular library with masses
exceeding 10000 amu, https://arxiv.org/abs/1310.8343
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1 Axioms of quantum mechanics

People discovered what was wrong with classical mechanics bit by bit and, consequently,
the historical development of quantum mechanics was highly “non-linear”. Rather than
following this development, we will afford the luxury of having a well-working theory of
quantum mechanics, and we will present it from the foundations up. We begin by writing
down a list things we would like to have.

1.1 Desiderata?

A working theory of quantum mechanics would need to account for the following.

(a) Measurements of observables, unlike in classical mechanics, don’t just range over an
mterval I C R.

Recall that in classical mechanics an observable is a map F: I' — R, where I' is
the phase space of the system, typically given by the cotangent space T*(Q of some
configuration manifold ). The map is taken to be at least continuous with respect
to the standard topology on R and an appropriate topology on I', and hence if T" is
connected, we have F(I') = I CR.

Consider, for instance, the two-body problem. We have a potential V(r) = —%

and, assuming that the angular momentum L is non-zero, the energy observable (or
Hamiltonian) H satisfies H(T") = [Epin, o0) C R.

However, measurements of the spectrum of the hydrogen atom give the following
values for the energies (in electronvolts) assumed by the electron
{-13.6 x -5 | n € NF} U (0,00).
Hence, we need to turn to new mathematics in which we can define a notion of
observable that allows for a spectrum of measurement results for a quantum observable
A of the form
0(A) = discrete part U continuous part.

An example would be the energies of the hydrogen atom

o(H) = % i
—13.6eV  0eV

Note that one of the parts may actually be empty. For instance, as we will later show,
the simple quantum harmonic oscillator has the following energy spectrum

o(H) = T
1
shw

while the spectrum of the position operator @ is o(Q) = R.

2Educated term for “wishlist”.



Also, the continuous part need not be connected, as is the case with spectrum of the
Hamiltonian an electron in a periodic potential

o(H) =

It turns out that self-adjoint linear maps on a complex Hilbert space provide a suitable
formalism to describe the observables of quantum mechanics.

An irreducible impact that each measurement has on the state of a quantum system.

The crucial example demonstrating this is the Stern-Gerlach experiment, which con-
sists in the following. Silver atoms are heated up in an oven and sent against a screen
with a hole. The atoms passing through the hole are then subjected to an inho-
mogeneous magnetic field, which deflects them according to the component of their
angular momentum in the direction of the field. Finally, a screen detects the various
deflections.

S Wre

inhomogeneous

magnetic field

Since the angular momentum distribution of the silver atoms coming from the oven is
random, we would expect an even distribution of values of the component along the
direction of the magnetic field to be recorded on the final screen, as in S. However,
the impact pattern actually detected is that on the W7y screen. In fact, 50% of
the incoming atoms impact at the top and we say that their angular momentum
component is 7, and the other 50% hit the bottom region, and we say that their
angular momentum component is J. This is another instance of our earlier point:
there seem to be only two possible values for the component of angular momentum
along the direction of the magnetic field, i.e. the spectrum is discrete. Hence, this is
not particularly surprising at this point.

Let us now consider successive iterations of this experiment. Introduce some system
of cartesian coordinates (z,y,z) and let SG(x) and SG(z) denotes a Stern-Gerlach
apparatus whose magnetic field points in the x and z-direction, respectively.



Suppose that we sent the atoms through a first SG(z) apparatus, and then we use
the zM-output as the input of a second SG(z) apparatus.

ZT

SG(z)

The second SG(z) apparatus finds no z*-atoms. This is not surprising since, intu-
itively, we “filtered out” all the z*-atoms with the first apparatus. Suppose now that
we feed the 2z output of a SG(z) apparatus into a SG(x) apparatus.

xT

50%
ZT

SG(z)
zt

— SG(») — 50%
P

Experimentally, we find that about half of the atoms are detected in the state T and
half in the state o+. This is, again, not surprising since we only filtered out the 2"
atoms, and hence we can interpret this result as saying that the z', 2t states are
independent from the 2T, z+.

If our ideas of “filtering states out” is correct, then feeding the z'-output of the
previous set-up to another SG(z) apparatus should clearly produce a 100% zT-output,
since we already filtered out all the z% ones in the previous step.

Z‘T

50%
J:'T

SG(z)
t '

& SG(z) — 50%

a:'\L

Surprisingly, the output is again 50-50. The idea behind this result is the following.
The SG(z) apparatus left the atoms in a state such that a repeated measurement
with the SG(z) apparatus would give the same result, and similarly for the SG(x)



apparatus. However, the measurement of the SG(x) apparatus somehow altered the
state of the atoms in such a way as to “reset” them with respect to a measurement
by the SG(z) apparatus. For more details on the Stern-Gerlach experiment and
further conclusions one can draw from its results, you should consult the book Modern
Quantum Mechanics by J. J. Sakurai. The conclusion that we are interested in here
is that measurements can alter the state of a system.

(c) Even if the state p of a quantum system is completely known, the only prediction one
can make for the measurement of some observable A is the probability that the mea-
sured value, which is an element of the spectrum o(A), lies within a Borel-measurable
subset E C R, denoted by u;‘(E).

In particular, one cannot predict which concrete outcome an isolated measurement
will produce. This is even more annoying given that the precise impact that a mea-
surement has on the state of the system (see previous point) depends on the observed
outcome of the measurement.

A suitable theory that accommodates all known experimental facts has been developed
between 1900 and 1927 on the physics side by, among others, Schrodinger, Heisenberg and
Dirac, and on the mathematical side almost single-handedly by von Neumann who invented
a massive proportion of a field known today as functional analysis.

1.2 The axioms of quantum mechanics

We will now present the axioms of quantum mechanics by using notions and terminology
that will be defined later in the course. In this sense, this section constitutes a preview of
the next few lectures.

Axiom 1 (Quantum systems and states). To every quantum system there is asso-
ciated a separable complex Hilbert space (H,+,-,(:|-)). The states of the system are
all positive, trace-class linear maps p: H — H for which Trp = 1.

Remark 1.1. Throughout the quantum mechanics literature, it is stated that the unit, or
normalised, elements 1) € H (that is, (¢|¢)) = 1) are the states of the quantum system.
This is not correct.

States can be pure or mixed. A state p: H — H is called pure if

(Y]er)
(¥l)

Thus, we can associate to each pure state p an element 1) € ‘H. However, this correspondence

IpeH:VaeH: pla)=

0.

is not one-to-one. Even if we restrict to pure states and impose the normalisation condition,
there can be many 1 € ‘H representing the same pure state p.

Therefore, it is wrong to say that the states of the quantum system are the normalised
elements of the Hilbert space, since they do not represent all the states of the system, and
do not even represent uniquely the states that they do represent.



The terms used in Axiom 1 are defined as follows.
Definition. A complex Hilbert space is a tuple (H,+,-, (-|-)) where
e 7 is a set
e +isamap +: HXH > H
e -isamap -: Cx H — H (typically suppressed in the notation)
such that the triple (H,+,-) is a vector space over C, and

e (-|") is a sesqui-linear*inner product, i.e. a map (-|-): H x H — C satisfying

(1) () = (Plp) (conjugate symmetry/Hermitian property)
(il) (plzyr + 2) = z(p|Y1) + (@|Y2) (linearity in the second argument)
(iii) (|¥) >0 and (¢P[) =0 =0y (positive-definiteness)

for all p,1,19 € H and z € C,

and moreover

e H is a complete metric space with respect to the metric induced by the norm induced
in turn by the sesqui-linear map (-|-). Explicitly, for every sequence ¢: N — H that
satisfies the Cauchy property, namely

Ve>0:dINeN:Vn,m>N: |pp— dm| <e,

where ¢, := ¢(n) and ||¢|| := /(¥[1)), then the sequence converges in H, i.e.

JdoeH:Ve>0:INeN:Vn>N: |p—odn] <e.

Note that the C-vector space (H,+,-) need not be finite-dimensional and, in fact, we
will mostly work with infinite-dimensional Hilbert spaces.

Definition. A map A: D4 — H, where the subspace D4 C H is called the domain of A,
is a linear map if

Vo, €Dy :VzeC: Alzp+v) = zA(p) + A(Y).

From now on, if there is no risk of confusion, we will write Ap := A(p) in order to
spare some brackets. We will be particularly interested in special types of linear map.

Definition. A linear map A: D4 — H is densely defined if D4 is dense in H, i.e.
VpeH:Ve>0:FJa€Dy: [[a—9| <e.
Definition. A linear map A: D4 — H is said to be positive if

Vip € Da: (] Ag) > 0.

3sesqui is Latin for “one and a half”.




Definition. A linear map A: D4 — H is said to be of trace-class if D4 = H and, for any
orthonormal basis {e,} of H, the sum/series

Z(en]Aen) < 0.

n

If A: H — H is of trace-class, one can show that the value of ) (e,|Ae,) does not
depend on the choice of orthonormal basis {ey,}.

Definition. Let A: H — H be of trace-class. Then the trace of A is

TrA:= Z(en]Aen)

where {e,} is any orthonormal basis of H.

Axiom 2 (Observables). The observables of a quantum system are the self-adjoint
linear maps A: Dy — H.

While the notion of a self-adjoint map is easy to define in finite-dimensional spaces, it
is much more subtle for infinite-dimensional spaces.

Definition. A densely defined linear map A: D4 — H is said to be of self-adjoint if it
coincides with its adjoint map A*: D~ — H, that is

e Dy=Dye
e VpeDy: Ap= A*p.

Definition. The adjoint map A*: Da» — H of a linear map A: D4 — H is defined by
e Dys :={peH|Vae€Dy:3IneHH: (Y|Aa) = (n|a)}
o A*p:=m.

We will later show that the adjoint map is well-defined, i.e. for each « € Dy and ¢ € ‘H
there exists at most one 7 € H such that (|Aa) = (n|a).

Remark 1.2. If we defined Dy~ by requiring that n € Dy, we would obtain a notion of self-
adjointness which has undesirable properties. In particular, the spectrum (to be defined
later) of a self-adjoint operator would not be guaranteed to be a subset of R.

Axiom 3 (Measurement). The probability that a measurement of an observable A
on a system that is in the state p yields a result in the Borel set E C R is given by

HA(E) = Tr(Pa(E) o p)

where the map Pa: Borel(R) — L(H), from the Borel-measurable subsets of R to the
Banach space of bounded linear maps on H, is the unique projection-valued measure
that is associated with the self-adjoint map A according to the spectral theorem.




We will later see that the composition of a bounded linear map with a trace-class map
is again of trace-class, so that Tr(P4(F) o p) is well-defined. For completeness, the spectral
theorem states that for any self-adjoint map A there exists a projection-valued measure Py
such that A can be represented in terms of the Lebesgue-Stieltjes integral as

A= /R)\dPA(/\).

This is the infinite-dimensional analogue of the diagonalisation theorem for symmetric or
Hermitian matrices on finite-dimensional vector spaces, and it is the theorem in which the
first half of the course will find its climax.

Axiom 4 (Unitary dynamics). In a time interval (t1,t2) C R in which no measure-
ment occurs, the state p at time tq, denoted p(t1), is related to the state p at time ta,
denoted p(t2), by

p(tz) = Uty — t1)p(t)U " (ta — t1)

with the unitary evolution operator U defined as
U(t) := exp(—3 Ht),

where H is the energy observable and, for any observable A and f: R — C, we define

£(4) = / () dPA(A).

Note that, as was the case for the previous axiom, the spectral theorem is crucial since
it is needed to define the unitary evolution operator.

Axiom 5 (Projective dynamics). The state pagter 0f a quantum system immediately
following the measurement of an observable A is

i = PA(E) O Pbefore © PA(E)
after - TI'(PA(E) O Phefore © PA(E))

where pyefore 1S the state immediately preceding the measurement and E C R s the
smallest Borel set in which the actual outcome of the measurement happened to lie.




2 Banach spaces

Hilbert spaces are a special type of a more general class of spaces known as Banach spaces.
We are interested in Banach spaces not just for the sake generality, but also because they
naturally appear in Hilbert space theory. For instance, the space of bounded linear maps
on a Hilbert space is not itself a Hilbert space, but only a Banach space.

2.1 Generalities on Banach spaces
We begin with some basis notions from metric space theory.

Definition. A metric space is a pair (X, d), where X is a set and d is a metric on X, that
is, a map d: X x X — R satisfying

(i) d(xz,z) >0 (non-negativity)
(ii) d(z,y) =0 & z=y (identity of indiscernibles)
(ili) d(z,y) = d(y,z) (symmetry)
(iv) d(z,z) < d(z,y) +d(y, 2) (triangle inequality)

for all z,y,2z € X.

Definition. A sequence {z, },en in a metric space (X, d) is said to converge to an element
x € X, written lim x, =z, if
n—oo

Ve>0:dINeN:Vn>N: d(z,,z) <e.
A sequence in a metric space can converge to at most one element.
Definition. A Cauchy sequence in a metric space (X, d) is a sequence {zy, }nen such that
Ve>0:dNeN:Vnm>N: d(xg, o) <ec.
Any convergent sequence is clearly a Cauchy sequence.

Definition. A metric space (X, d) is said to be complete if every Cauchy sequence converges
to some = € X.

A natural metric on a vector space is that induced by a norm.

Definition. A normed space is a (complex) vector space (V,+,-) equipped with a norm,
that is, a map || - ||: V — R satisfying

(i
(ii

(iii

£l =0 (non-negativity
[fll=0 & f=0 (definiteness

) )
) )
) Mz flE= 121l (homogeneity /scalability)
(iv) If +gll < 111+ llgll (triangle inequality /sub-additivity)

for all f,g €V and all z € C.



Once we have a norm || - || on V', we can define a metric d on V' by

d(f,g) = If — gl

Then we say that the normed space (V, || - ||) is complete if the metric space (V,d), where
d is the metric induced by || - ||, is complete. Note that we will usually suppress inessential
information in the notation, for example writing (V, || - ||) instead of (V,+, -, - )

Definition. A Banach space is a complete normed vector space.

Ezample 2.1. The space C2[0,1] := {f: [0,1] — C| f is continuous}, where the continuity
is with respect to the standard topologies on [0,1] C R and C, is a Banach space. Let us

show this in some detail.
Proof.  (a) First, define two operations +, - pointwise, that is, for any x € [0, 1]
(f +9)(z) == f(x) + g(x) (z- )(x) == zf ().
Suppose that f,g € C2[0,1], that is
Vo€ [0,1]:Ve>0:30>0:Va € (xog—0d,z0+9): |f(x)— flzo)| <e
and similarly for g. Fix zg € [0,1] and € > 0. Then, there exist d;,d2 > 0 such that

Vo€ (xg—01,x0+ 1) : |f(z)— flzo)| <
Ve (xg—d2,x0+2): |g(x) — g(zo)| <

IO pojm

Let § := min{d1,d2}. Then, for all z € (zg — d, 29 + J), we have

((f +9)(@) = (f + g)(wo)| == | f(2) + g(z) — (f(z0) + 9(20))]
= |f(z) = f(@0) + g(z) — g(z0))|
< |f(@) = flzo)| +g(z) — (o))l
<5+5
= €.

Since xg € [0, 1] was arbitrary, we have f + g € C2[0,1]. Similarly, for any z € C and
[ € C2[0,1], we also have z - f € C2[0,1]. It is immediate to check that the complex
vector space structure of C implies that the operations

+: C2[0,1] x C2[0,1] — C2[0,1] - Cx CQ0,1] — C2[0,1]
(f,9)—=f+g (z.f) =z f
make (C2[0,1],+,-) into a complex vector space.

(b) Since [0,1] is closed and bounded, it is compact and hence every complex-valued
continuous function f: [0,1] — C is bounded, in the sense that

sup |f(z)] < oo.
z€[0,1]

~10 -



We can thus define a norm on C2[0, 1], called the supremum (or infinity) norm, by

[flloc :=sup |f(z)].
z€[0,1]
Let us show that this is indeed a norm on (C2[0,1],+,-) by checking that the four
defining properties hold. Let f,g € C2[0,1] and z € C. Then

(b.i) [|flleo := sup |f(z)| > 0 since |f(x)| > 0 for all z € [0,1].
z€[0,1]
(b.ii) ||flleo =0 < sup |f(z)| =0. By definition of supremum, we have
z€(0,1]

Vzel0,1]: |f(z)] < sup [f(z)]=0.
z€]0,1]

But since we also have |f(x)| > 0 for all = € [0, 1], f is identically zero.
(biii) [[2- flloo == sup [2f(x)] = sup |z[[f(x)] = |2| sup [f(x)] = |2][|f]lcc-

z€(0,1 z€[0,1 z€(0,

(b.iv) By using the triangle inequality for the modulus of complex numbers, we have

1+ gl := sup |(f + g)(z)]

z€[0,1]

= sup |f(z)+g(z)]
z€[0,1]

< sup (|f(2)] +g(=)])
z€[0,1]

= sup |f(z)| + sup |g(z)]
x€[0,1] z€[0,1]

= [1flloc + lI9ll-

Hence, (C2[0,1], ]| - ||oo) is indeed a normed space.

(c) We now show that C2[0,1] is complete. Let {f,}nen be a Cauchy sequence of func-
tions in C2[0, 1], that is

Ve>0:INeN:Vnm>N: ||fn— fmlle <e.
We seek an f € Cg [0,1] such that lim f, = f. We will proceed in three steps.
n—oo
(c.i) Fix y € [0,1] and € > 0. By definition of supremum, we have

[fa(y) = (W) < sup [fu(z) — f (@) = || fn — finlloo-

z€[0,1]
Hence, there exists N € N such that
Vn,m>N: |foly) — fm(y)] <e,

that is, the sequence of complex numbers { f,,(y) }nen is a Cauchy sequence. Since
C is a complete metric space®, there exists z, € C such that lim f,(y) = 2.
n—o0

4The standard metric on C is induced by the modulus of complex numbers.
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(c.ii)

(c.iii)

Thus, we can define a function

f:[0,1] —=C

T > Zg,

called the pointwise limit of f, which by definition satisfies
Vo e[0,1]: li_>m fn(z) = f(x).

Note that this does not automatically imply that li_)rn fn = [ (converge with
n—oo

respect to the supremum norm), nor that f € C’g [0,1], and hence we need to
check separately that these do, in fact, hold.

First, let us check that f € C2[0,1], that is, f is continuous. Let zo € [0, 1] and
e > 0. For each x € [0, 1], we have

[f (@) = f(xo)| = [f(2) = fu(2) + fa(x) = fa(z0) + fu(xo) — f(0)]
< |[f(@) = fa(@)] + | fulz) = falzo)| + [ fn(x0) — f(z0)]-

Since f is the pointwise limit of {f,, }nen, for each x € [0, 1] there exists N € N
such that
Vi N |f(@) - fule)] < .

In particular, we also have
Vn = N: [fa(zo) — f(zo)] < 3
Moreover, since f,, € C2[0,1] by assumption, there exists § > 0 such that
Vo € (xo—6,x0+0) 1 |falz) — fu(zo)| < 5.
Fix n > N. Then, it follows that for all x € (xg — d, 29 + J), we have

|f (@) = f(o)]

IN

[f(2) = fa(@)] + [ fn(z) = frlzo)| + [fulz0) — f(z0)]

()
+E+

<

M wln
wlm

Since zg € [0, 1] was arbitrary, we have f € C2[0,1].
Finally, it remains to show that lim f, = f. To that end, let € > 0. By the
n—ro0

triangle inequality for || - ||oo, we have

an - f”oo = an — fm+ fm — f”oo

Since { fn }nen is Cauchy by assumption, there exists N1 € N such that

Vn,m > Nl : an - meOO < %

- 12 —



Moreover, since f is the pointwise limit of {fy,}nen, for each z € [0, 1] there
exists INo € N such that

Vm > Nyt |fule) - f2)] < 5.
By definition of supremum, we have

Vm 2 Nyt |[|[fm = fllo = sup |fm(z) — f(2)] <
z€[0,1]

Let N := max{Nj, No} and fix m > N. Then, for all n > N, we have

[fn = flloo < {lfn = fimlloo + [[fm = fllo <5+ 5 =

Thus, lim f, = f and we call f the uniform limit of { f, }nen-
n—0o0

[\elf0)

This completes the proof that (C2[0,1], | - |e) is a Banach space. O

Remark 2.2. The previous example shows that checking that something is a Banach space,
and the completeness property in particular, can be quite tedious. However, in the following,
we will typically already be working with a Banach (or Hilbert) space and hence, rather
than having to check that the completeness property holds, we will instead be able to use
it to infer the existence (within that space) of the limit of any Cauchy sequence.

2.2 Bounded linear operators

As usual in mathematics, once we introduce a new types of structure, we also want study
maps between instances of those structures, with extra emphasis placed on the structure-
preserving maps. We begin with linear maps from a normed space to a Banach space.

Definition. Let (V|| - ||y/) be a normed space and (W, || - ||w) a Banach space. A linear
map, also called a linear operator, A: V' — W is said to be bounded if

| Afllw
rev Ifllv

< 00

Note that the quotient is not defined for f = 0. Hence, to be precise, we should write
V'\ {0} instead of just V. Let us agree that is what mean in the above definition. There
are several equivalent characterisations of the boundedness property.

Proposition 2.3. A linear operator A:' V. — W is bounded if, and only if, any of the
following conditions are satisfied.

(i) sup [|Afllw < o0
I£lv=1

(i) Ik >0:VfeV: |flv<1l= ||Af|lw <k
(1)) 3k >0:VfeV: ||Afllw <kl flv

(iv) the map A: V — W is continuous with respect to the topologies induced by the respec-
tive norms on' 'V and W

(v) the map A is continuous at 0 € V.

~13 -



The first one of these follows immediately from the homogeneity of the norm. Indeed,
suppose that || f|ly # 1. Then

A ~
”” f,”vw = 1£15 1A S lw = AU llw = 1A Fllw

where f:: I f||‘;1 f is such that ||f||v = 1. Hence, the boundedness property is equivalent
to condition (i) above.

Definition. Let A: V — W be a bounded operator. The operator norm of A is defined as

A
|A||l ;== sup ||Af|lw = sup I f“W
I £llv=1 rev Ifllv

Ezxample 2.4 . Let idy : W — W be the identity operator on a Banach space W. Then

id
Supm:sup1:1<oo.
rew I fllw Few

Hence, idy is a bounded operator and has unit norm.

Ezample 2.5. Denote by Cé[(), 1] the complex vector space of once continuously differen-

tiable complex-valued functions on [0, 1]. Since differentiability implies continuity, this is

a subset of C2[0,1]. Moreover, since sums and scaling by a complex number of continu-

ously differentiable functions are again continuously differentiable, this is, in fact, a vector

subspace of C2[0, 1], and hence also a normed space with the supremum norm | - |sc-
Consider the first derivative operator

D: C¢[0,1] — C2[0,1]
fe= .

We know from undergraduate real analysis that D is a linear operator. We will now show
that D is an unbounded?® linear operator. That is,

w ID7le
p

fecion) [[flloo
Note that, since the norm is a function into the real numbers, both ||Df||s and || || are
always finite for any f € CL[0,1]. Recall that the supremum of a set of real numbers is its
least upper bound and, in particular, it need not be an element of the set itself. What we
have to show is that the set

{HDflloo
[1flloo

contains arbitrarily large elements. One way to do this is to exhibit a positively divergent

’ feC’é[O,l]} cR

(or unbounded from above) sequence within the set.

5Some people take the term unbounded to mean “not necessarily bounded”. We take it to mean “definitely
not bounded” instead.
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Consider the sequence { f,}n>1 where f,(z) := sin(2mnx). We know that sine is con-
tinuously differentiable, hence f,, € CL[0,1] for each n > 1, with

Df,(x) = D(sin(2rnzx)) = 2mn cos(2mnx).

We have

| fulloo = sup |fn(z)| = sup |sin(27nz)| =sup[-1,1] =1
z€[0,1] z€[0,1]

and

|IDfnlloo = sup |Dfp(z)] = sup |27ncos(2mnzx)| = sup [—27n, 27mn] = 27n.
z€[0,1] z€[0,1]

Hence, we have

D D
sup 1P flo > 7H Flloo = sup 2mn = oo,

fGC(l:[O,l] ||f”oo B {fn}nZI ||f”OO n>1

which is what we wanted. As an aside, we note that CL[0, 1] is not complete with respect
to the supremum norm, but it is complete with respect to the norm

I£ller := 11 flloo + 1 llo-

While the derivative operator is still unbounded with respect to this new norm, in general,
the boundedness of a linear operator does depend on the choice of norms on its domain and
target, as does the numerical value of the operator norm.

Remark 2.6. Apart from the “minor” detail that in quantum mechanics we deal with Hilbert
spaces, use a different norm than the supremum norm and that the (one-dimensional)
momentum operator acts as P(v) := —ihi)’, the previous example is a harbinger of the fact
that the momentum operator in quantum mechanics is unbounded. This will be the case
for the position operator () as well.

Lemma 2.7. Let (V,||-||) be a normed space. Then, addition, scalar multiplication, and the
norm are all sequentially continuous. That is, for any sequences { fn}nen and {gn}tnen in
V' converging to f € V and g € V respectively, and any sequence {z, }nen in C converging
to z € C, we have

(i) lim (futg0) = f +3
(i1) nli_)rgloznfn =zf.
(i) T | £a) = 1]

Proof. (i) Let € > 0. Since lim f, = f and lim g, = g by assumption, there exist
n—oo n—oo
N1, Ny € N such that

Vn>Ni: |[f = ful <
Vn>No: |lg—gal <

NIM pojm

~15 —



(iii)

Let N := max{Ny, No}. Then, for all n > N, we have

I(fo+9n) = (f + )l = [ fo — f+ g0 — 4l
< \fo = fll + llgn — 4l
<5+5

=c.
Hence lim (fn, +gn) = f+g.
n—oo
Since {zp }nen is a convergent sequence in C, it is bounded. That is,
Jk>0:YneN: |z <k.
Let € > 0. Since lim f,, = f and lim z, = z, there exist N1, Ny € N such that
n—oo n—oo

€
>Ny — fn —
VN lf - full < o

5
Vn>Ny: ||z — 2z < =

20711
Let N := max{Ny, Na}. Then, for all n > N, we have

[2nfn = 2f = l2nfn — 2nf + 2 f — 21|
= llzn(fo = ) + (zn — 2)f||
< zn(fo = O+ I(zn — 2) f
= lznlllfn = fIl + [2n — 2]l f]]

g 15
<kt
ok ol

=ec.
Hence lim z,f, = zf.
n—oo
Let € > 0. Since lim f,, = f, there exists N € N such that
n—oo
Vn>N: |fn—fll<e.
By the triangle inequality, we have
[full = 1fn = f+ FI < 1fu = FIT+ ]

so that || full = [IfI| < [|fn = fIl. Similarly, |f]| = [[full < [If = full. Since

1f = fall = 1 = (Fn = DI =1 = 1llfn = FIl = [fn = £,
we have || fu — FI| < Ifull = £ < llfu = 71| or, by using the modulus,
[ fall = 11 < 11 = £
Hence, for all n > N, we have ||| fo| — ||f||} < € and thus li_)ln | fall = 11 £l

~16 —
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Note that by taking {z, }nen to be the constant sequence whose terms are all equal to
some fixed z € C, we have lim zf,, = zf as a special case of (ii).
n—o0

This lemma will take care of some of the technicalities involved in proving the following
crucially important result.

Theorem 2.8. The set L(V, W) of bounded linear operators from a normed space (V, ||-||v)

to a Banach space (W, || - |lw), equipped with pointwise addition and scalar multiplication
and the operator norm, is a Banach space.

Proof.  (a) Define addition and scalar multiplication on L(V, W) by
(A+B)f:=Af+Bf (zA)f := zAf.

It is clear that both A + B and zA are linear operators. Moreover, we have

[(A+B)fllw _ Af+Bfllw
rev fllv rev flv
< sup MASlw +IBflw
fev 1fllv
IASllw IBfllw
= sup + sup
rev Wfllv yev Ifllv
< o0

since A and B are bounded. Hence, A + B is also bounded and we have
1A+ Bl < [JAll +[IB]-

Similarly, for zA we have

A zAflw
D =
rev fllv rev Iflv
N
rev fllv
_ | Afllw
= |z| su
rev IIfllv
< o0

since A is bounded and |z| is finite. Hence, zA is bounded and we have

[zA]l = [=[[| Al
Thus, we have two operations
+: L(V,WWV) x L(V,W) = L(V, W) 2 Cx L(V,W) — L(V,W)
(A,B)—~ A+ B (2, A) = zA

and it is immediate to check that the vector space structure of W induces a vector
space structure on L£(V, W) with these operations.
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(b) We need to show that (L(V,W),|| - ||) is a normed space, i.e. that || - || satisfies the
properties of a norm. We have already shown two of these in part (a), namely

(biii) [[zA] = [=[[[A]
(biv) [[A+ Bl < [lA] +[[B].

The remaining two are easily checked.

A
(b.i) [|A|l := sup [ASllw > 0 since || - ||y and || - || are norms.
rev Iflv
(b.ii) Again, by using the fat that || - ||y is a norm,
A
rev IIfllv

s VeV |Af|lw =0
S VfieV: Af=0
& A=0.

Hence, (L(V,W), | -||) is a normed space.

(c) The heart of the proof is showing that (L(V,W),|| - ||) is complete. We will proceed
in three steps, analogously to the case of C2[0, 1].

(c.i) Let {Ap}nen be a Cauchy sequence in L(V,W). Fix f € V and let € > 0. Then,
there exists NV € N such that

Vn,m>N: [[4, — Apnl < £
1fllv

Then, for all n,m > N, we have

[Anf — Amfllw = I(An — Am) fllw

e NG — A flw

= IRt

< |y sup 11dn—Am)/llw
o T

= I 4n — Au

<||f||VW

= &.

(Note that if f = 0, we simply have ||A,f — Anfllw = 0 < ¢ and, in the
future, we will not mention this case explicitly.) Hence, the sequence {A, f}nenN
is a Cauchy sequence in W. Since W is a Banach space, the limit lim, oo Apf
exists and is an element of W. Thus, we can define the operator

AV W
f— lim A,f,
n—oo

called the pointwise limit of {A;, }nen.
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(c.ii) We now need to show that A € L(V,W). This is where the previous lemma
comes in handy. For linearity, let f,g € V and z € C. Then

A(zf +g) = lim Au(2f +9)

le (zAnf + Ang)
=z lim A,f+ lim A,g
n—oo n—oo

=:zAf + Ag

where we have used the linearity of each A,, and part (i) and (ii) of Lemma 2.7.
For boundedness, part (ii) and (iii) of Lemma 2.7 yield

[Afllw = lim [ A, 7w

| 1A fllw
= tim |f]y 1Al
2 IV Sy
A,

< Tim [flly sup 1AnSIw

o, Wl s =

= I7llv lim [},

for any f € V. By rearranging, we have

IS
Ay =

VfeV:

Hence, to show that A is bounded, it suffices to show that the limit on the right
hand side is finite. Let € > 0. Since {Aj, }nen is a Cauchy sequence, there exists
N € N such that

Vn,m>N: [[4, — Apl| <e.

Then, by the proof of part (i) of Lemma 2.7, we have
|”AnH - HAmH‘ <A —Anll <e

for all n,m > N. Hence, the sequence of real numbers {||A4,|/}nen is a Cauchy
sequence. Since R is complete, this sequence converges to some real number
r € R. Therefore

|Aflw _

< lim [|A,||=r < oo
D Ty S s 4

and thus A € L(V,W).

(c.iii) To conclude, we have to show that ILm A, =A. Let ¢ > 0. Then

[An — Al = [An + A — A — Al < [|An — Ao + [[Am — A].
Since {A,, }nen is Cauchy, there exists N1 € N such that

Vn,m> Ni: [|A, — Ayl < 5.
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Moreover, since A is the pointwise limit of {4, },en, for any f € V' there exists
Ny € N such that

5”va
2

Vm > No: |[Anf — Afllw <

and hence, for all m > No

_ ellfllv
| Am — A| := sup |Amf — Afllw < 2 €
rev v 1l 2

Let N := max{Ny, No} and fix m > N. Then, for all n > N, we have

Thus, ILm A, = A and we call A the uniform limit of {A, },en-
This concludes the proof that (L(V,W), ] -||) is a Banach space. O

Remark 2.9. Note that if V' and W are normed spaces, then £(V,W) is again a normed
space, while for L(V, W) to be a Banach space it suffices that W be a Banach space.

Remark 2.10. In the proof that £(V,W) is a Banach space, we have shown a useful in-
equality which we restate here for further emphasis. If A: V' — W is bounded, then

VeV lAfllw <Al fllv
The following is an extremely important special case of L(V, W).

Definition. Let V be a normed space. Then V* := L(V,C) is called the dual of V.

Note that, since C is a Banach space, the dual of a normed space is a Banach space.

The elements of V* are variously called covectors or functionals on V.

Remark 2.11. You may recall from undergraduate linear algebra that the dual of a vector
space was defined to be the vector space of all linear maps V — C, rather than just the
bounded ones. This is because, in finite dimensions, all linear maps are bounded. So the
two definitions agree as long as we are in finite dimensions. If we used the same definition
for the infinite-dimensional case, then V* would lack some very desirable properties, such

as that of being a Banach space.

The dual space can be used to define a weaker notion of convergence called, rather
unimaginatively, weak convergence.

Definition. A sequence {f,}nen is said to converge weakly to f € V if

VeV lim o(fy) = ¢(f).
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Note that {¢(fn)}nen is just a sequence of complex numbers. To indicate that the
sequence { fy, }nen converges weakly to f € V' we write

w-lim f, = f.

n—0o0

In order to further emphasise the distinction with weak convergence, we may say that
{fn}nen converges strongly to f € V if it converges according to the usual definition, and
we will write accordingly

s-lim f, = f.

n—oo

Proposition 2.12. Let {f,}nen be a sequence in a normed space (V| - ||v). If {fn}nen
converges strongly to f € V, then it also converges weakly to f € V, i.e.

s-lmf,=f = wlimf,=/Ff.
n—oo n—oo

Proof. Let € > 0 and let ¢ € V*. Since { f, }nen converges strongly to f € V, there exists

N € N such that -

Vn>N: |fn—fllv <
lell

Then, since ¢ € V* is bounded, we have

lo(fn) — (N = le(fn — f)]
< [lelllfn = fllv

< llellgr
¥
el
=c
for any n > N. Hence, lim o(f,) = ¢(f). That is, w-lim f,, = f. O
n—oo n—oo

2.3 Extension of bounded linear operators

Note that, so far, we have only considered bounded linear maps A: Dy — W where Dy is
the whole of V, rather than a subspace thereof. The reason for this is that we will only
consider densely defined linear maps in general, and any bounded linear map from a dense
subspace of V' can be extended to a bounded linear map from the whole of V. Moreover,
the extension is unique. This is the content of the so-called BLT® theorem.

Lemma 2.13. Let (V,||-||) be a normed space and let D4 be a dense subspace of V.. Then,
for any f € V, there ezists a sequence {cu, }nen in D which converges to f.

Proof. Let f € V. Clearly, there exists a sequence { fy, }nen in V' which converges to f (for
instance, the constant sequence). Let £ > 0. Then, there exists N € N such that

Vo> Nz fn—fIl <3

5Bounded Linear Transformation, not Bacon, Lettuce, Tomato. 3 ety
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Since D4 is dense in V' and each f, € V, we have

VneN:Ja, €Da: |lan — ful < 5.

The sequence {ay, }rnen is a sequence in Dy and we have

lan = FIl = llown = fo + fr = £
< llawn = full + [.fn = £l
<5+5

=&

for all n > N. Hence lim oy, = f. O

n—oo

Definition. Let V, W be vector spaces and let A: D4 — W be a linear map, where Dyq C V.
An eztension of A is a linear map A: V — W such that

YVaeDy: Ao = Aa.

Theorem 2.14 (BLT theorem). Let V' be a normed space and W a Banach space. Any
densely defined linear map A: Da — W has a unique extension A: V. — W such that A is
bounded. Moreover, ||A| = ||A]|.

Proof.

(a) Let A € L(Dy,W). Since Dy is dense in V, for any f € V there exists a
sequence {ay,}nen in Dy which converges to f. Moreover, since A is bounded, we
have

VneN: [[Aay — Aamllw < || Allllan — amllv,
from which it quickly follows that {Aay,}nen is Cauchy in W. As W is a Banach
space, this sequence converges to an element of W and thus we can define

AV W
f— lim Aaq,,

n—o0

where {ay, }nen is any sequence in D4 which converges to f.

First, let us show that A is well-defined. Let {an }nen and {8y }nen be two sequences
in D which converge to f € V and let € > 0. Then, there exist N1, No € N such that

€
Vn>Ni: o — fllv < o
2||All

€
Vn>Ny: [|Bn— fllv < =5
2[A]

Let N := max{Ny, Na}. Then, for all n > N, we have
[Aan — ABnllw = [|A(an — Bn)llw
< [[Allllan = Bullv
= [[Allllen = f + f = Bullv
< [[A[l(llewm = fllv +11f = Bullv)

1 £
Al - &
< 1417+ 37a7)
:8’
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where we have used the fact that A is bounded. Thus, we have shown

lim (Aa,, — AB,) = 0.

n—oo

Then, by using Lemma 2.7 and rearranging, we find
lim Aa, = lim AB,,
n—oo n—oo

that is, A is indeed well-defined.

(¢) To see that A is an extension of A, let o € D4. The constant sequence {v, }nen with
an = « for all n € N is a sequence in D4 converging to o. Hence

Aa = lim Ao, = lim Aa = Aa.

n—oo n—oo

(d) We now check that A € L(V,W). For linearity, let f,g € V and z € C. As Dy is
dense in V| there exist sequences {ay,}nen and {B,}nen in Dy converging to f and
g, respectively. Moreover, as D4 is a subspace of V', the sequence {7, }nen given by

Yn 1= 20n + Bn
is again a sequence in D4 and, by Lemma 2.7,
lim v, =z2f +g.
n—oo
Then, we have
A\(zf +g):= lim Av,
n—oo
= lim A(zan + Bn)
n—oo
lim (zAa,, + ABy)
n—oo
= z lim Aa, + lim AB,
n—o0 n—oo
=: zAf + Ag.

For boundedness, let f € V and {ay}nen a sequence in Dy which converges to f.

Then, since A is bounded,

1Afllw o= | lim_ Acva|y,
= lim [Aan|w
n—oo
< lim || Allflom v
n—oo
= J|A] lim flanlv
= [ Allllf]lv-

Therefore

A A
1Aflw ALl — sup [|4] = 4] < o
rev Iflv ~ rev Iflv rev

and hence A is bounded.
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(e) For uniqueness, suppose that Ae L(V,W) is another extension of A. Let f € V and
{an}nen a sequence in D4 which converges to f. Then, we have

|Af — Aanllw = |Af — Aanllw < |AllIlf — anllv-
It follows that
lim (Af — Aa,) =0

n—oo
and hence, for all f € V,
Af = 1i_>m Aoy, =: f/l\f

Therefore, A=A

(f) Finally, we have already shown in part (d) that

rev Ifllv

< [l Al

On the other hand, since D4 C V, we must also have

A A A .
IA| == sup H fHW = sup H fHW < su H fHW =: || A]|.
repa v pepa fllv " ev Ifllv
Hence, we also have ||A|| < ||A||. Thus, || 4] = ||A]. 0

Remark 2.15. Note a slight abuse of notation in the equality || A || = [|A||. The linear maps
A and A belong to L(V, W) and L(D4, W), respectively. These are different normed (in
fact, Banach) spaces and, in particular, carry different norms. To be more precise, we
should have written

Al ey = 1Al .

where .
IASllw

_ A S llw
A 1= sup and A ‘= sup '
Az, = sup o™ 1 Alle@sw) = 20 Ty
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3 Separable Hilbert Spaces

3.1 Relationship between norms and inner products

A Hilbert space is a vector space (H,+, ) equipped with a sesqui-linear inner product (-|-)
which induces a norm || || with respect to which # is a Banach space. Note that by “being
induced by (-|-)” we specifically mean that the norm is defined as

|-: V=R

f= VAL

Recall that a sesqui-linear inner product on # is a map (-|-): H x H — C which is con-
jugate symmetric, linear in the second argument and positive-definite. Note that conjugate
symmetry together with linearity in the second argument imply conjugate linearity in the
first argument:

(291 + 2lp) = (plzth1 + 12)

plin) + (plt2)
elvr) + (plv2)
P1lp) + (2|p).

o
=
3

Of course, since Hilbert spaces are a special case of Banach spaces, everything that we
have learned about Banach spaces also applies to Hilbert paces. For instance, L(H,H),
the collection of all bounded linear maps H — H, is a Banach space with respect to the
operator norm. In particular, the dual of a Hilbert space H is just H* := L(H,C). We will
see that the operator norm on H* is such that there exists an inner product on H* which
induces it, so that the dual of a Hilbert space is again a Hilbert space.

First, in order to check that the norm induced by an inner product on V is indeed a
norm on V', we need one of the most important inequalities in mathematics.

Proposition 3.1 (Cauchy-Schawrz inequality”). Let (-|-) be a sesqui-linear inner product
on V. Then, for any f,g € V, we have

[{fla)? < (f1F)glg)-
Proof. If f =0 or g =0, then equality holds. Hence suppose that f % 0 and let

19 o

(1)

" Also known as the Cauchy-Bunyakovsky-Schwarz inequality in the Russian literature.
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Then, by positive-definiteness of (|-), we have

<(zf —glzf —g)

= |2I2(f1£) = 2(flg) — =gl f) + (9l9)

DR L1y L1

Sl Kol [(flg)]

T 919

_[{f19)]
gyt (9lg)-
By rearranging, since (f|f) > 0, we obtain the desired inequality. O
Note that, by defining || f|| := /(f|f), and using the fact that [(f|g)| > 0, we can write

the Cauchy-Schwarz inequality as

[(Fla] < 1 f1lllgll-

Proposition 3.2. The induced norm on V is a norm.
Proof. Let f,g € V and z € C. Then
@ If1 = VA1 =0
(i)
(i) [12f1 == v/@F12f) = V221 = VP = |21 = = A
)

(iv) Using the fact that z+Zz = 2Re z and Re z < |z| for any z € C and the Cauchy-Schwarz
inequality, we have

—

1fl=0 < |fI?’=0 < {(f|f) =0 < f =0 by positive-definiteness

If + gl ={f +9lf +9)
= {f1f) + (Flg) + (9l f) + {glg)
= (f1f) +(flg) + (lg9) + (gl9)
= (F15) +2Re(flg) + {gl9)
< (f15) +2[(flg)] + (glg)
< (F15) + 2l £ gl + (glg)
= (IIF1I+ llglh>.

By taking the square root of both sides, we have || f + g|| < ||fIl + llg]|- O

Hence, we see that any inner product space (i.e. a vector space equipped with a sesqui-
linear inner product) is automatically a normed space under the induced norm. It is only
natural to wonder whether the converse also holds, that is, whether every norm is induced
by some sesqui-linear inner product. Unfortunately, the answer is negative in general. The
following theorem gives a necessary and sufficient condition for a norm to be induced by a
sesqui-linear inner product and, in fact, by a unique such.
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Theorem 3.3 (Jordan-von Neumann). Let V' be a vector space. A norm || - || on V is
induced by a sesqui-linear inner product (-|-) on V if, and only if, the parallelogram identity

1f +gl® + 11f = glI* = 2IIII* + 2llg]?

holds for all f,g € V', in which case, (:|-) is determined by the polarisation identity

3

(flg) = 3 S IF + i Fgl?

k=0
1 ) . ) .
= (I + gl> = IIf —gl* +illf —igl* =il f +igl/?).

Proof. (=) If || - || is induced by (:|-), then by direct computation

If+gl>+If —gll> = (f+glf +9)+{f—glf —g)

= (fIf) + (flg) + (4lf) + (gl9)
+ (f1) = {flg) — (glf) + (gl9)

= 2(f|f) +2(glg)

=: 2| £]1* + 2|91,

so the parallelogram identity is satisfied. We also have

If+gl?>=Nf —all> = (f+9|f +9)— (f —glf — g)

= (fIf) + (flg) + (gl f) + (gl9)
= (f1f) + (flg) + (gl f) — (glg)
= 2(flg) + 2(gf)
and
iI1f —igl® =il f +igl* = i(f — iglf —ig) — i(f +ig|f + ig)
= {f|f) + (flg) — (glf) +i{glg)
—i(f1f) + (flg) — (9l f) —glg)
= 2(flg) —2(gf)-
Therefore

1F+ gl = ILf = gll> +il f —igll® —illf +ig]* = 4(fl9)-

that is, the inner product is determined by the polarisation identity.

(<) Suppose that || - || satisfies the parallelogram identity. Define (-|-) by

(flg) = i(Hf + gl = If = gl +illf —igl® = illf +1igl®).

We need to check that this satisfies the defining properties of a sesqui-linear inner
product.
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(i) For conjugate symmetry

(flg) =

T+ 9l =117 = glP +il1f = igl* =il f +ig]?)

(f +gl* = IlF = glI> =il f —igll® + il f +igl*)

(f + 9> = If = glI> =il (D) G + 9)I* +illi(=if + 9)[1*)
(g + £I7 = llg = £ =10 = iD?Ng + 1 I1P + (D) g — if[*)
(g + £ = llg = fII> —illg +if 1> +illg — if1I*)

1f)

(i) We will now show linearity in the second argument. This is fairly non-trivial
and quite lengthy. We will focus on additivity first. We have

N N N > N

I
—~
Q

1 . L . N
{flg +hp = 2 (1f + 9+ W2 =\f =g —BlI> +illf —ig —ihl]® =i f +ig + ih[).

Consider the real part of (f|g + h). By successive applications of the parallelo-
gram identity, we find

If+g+h|*>=1|If —g—hl*
If+g+hlP+f+g—nl>=f+g—hl*=IIf —g—hl?

Re(flg +h) = 4(
(
2If +glI? +2[Al* = 2[1f = Al* = 2l|g]*)
(
(2

201 F + gll* + 20 £11” + 2[1p1* = 211 f — RlI* = 211 £1I* - 2/lg]1*)

1F +gl® + I + Rl + 11f = RI* = 201 = 21 = 11 + gl* = If — gl®)
= (I + gl + 1 f +hIZ =1 =Rl = 1If —gll?)
= Re(flg) + Re{f[h).

1
1
1
1
1
1
1
1
Lo
1
=1

Replacing g and h with —ig and —ih respectively, we obtain

m(flg + h) = Im(f|g) + Im(f[h).

Hence, we have

(flg +h) = Re(flg + h) +1Im(flg + h)

Re(flg) + Re(f|h) +i(Im(flg) + Tm(f[h))
= Re(flg) +1Tm(f|g) + Re(f[h) + iIm(f[h)
(£lg) + (flh),

which proves additivity.

For scaling invariance, we will proceed in several steps.

(a) First, note that
(£10) = 112 = IAIP + AP = 5l1F11%) =

and hence (f|0g) = 0(f|g) holds.
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(b) Suppose that (f|ng) = n(f|g) for some n € N. Then, by additivity

(fl(n+1)g) = (fIng + g)
= (fIng) + (flg)
=n(flg) + (flg)
= (n+1){(flg).

o~ o~

+
+

Hence, by induction on n with base case (a), we have

Vn e N: (flng) =n(flg).

(c) Note that by additivity

(Flg) + (fl—g) = (flg — g) = (Fl0y D 0.

Hence (f|-g) = —(f19)-
(d) Then, for any n € N

(f1=ng) © ~(fIng) & —n{flg)
and thus
Vn € Z: (flng) =n(flg).
(e) Now note that for any m € Z\ {0}

m(flLg) L (flmLg) = (flg)

and hence, by dividing by m, we have <f\%g> = %(f|g>

(f) Therefore, for any r» = * € Q, we have

(Flrg) = (F120) D n(f1Lg) < 2(flg) = r(flg)

and hence
VreQ: (flrg) =r{flg).

(g) Before we turn to R, we need to show that |(f|g)| < v/2||f|||lg||. Note that
here we cannot invoke the Cauchy-Schwarz inequality (which would also
provide a better estimate) since we don’t know that (-|-) is an inner product
yet. First, consider the real part of (f]|g).

If+ 91> = Ilf = gllI”)
2l + gl = If +gl> = 1 — gl

Re(flg) = 4

1

L

LI + gl = 2041 - 2llgl?)
5

4

i

2(L£11+ llgl)? = 20717 = 2ll91%)
20717 + 4l gl + 2llgl* = 201 £17 — 2llgl*)
= [/ [Hlgll
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Replacing g with —ig and noting that || —ig|| = | —i|||g|l = ||g]|, we also have

Im(flg) < [[fIlllg]-

Hence, we find

[(flg)| = I Re(flg) +iIm(f|g)]
= V/(Re(flg))? + (Im(f|g))?
<V I£ Mgl + (£ lglh?
= V2| fllllg]l-

(h) Let » € R. Since R is the completion of Q (equivalently, Q is dense in R),
there exists a sequence {r, }nen in Q which converges to r. Let € > 0. Then,
there exist Ny, No € N such that

Vn >Ny |r,—r

€
< e
22| fIlllgll
€
Vn,m>Ny: |rp—rp| < ———.
2v2| fllgl

Let N := max{Ny, No} and fix m > N. Then, for all n > N, we have

Irn(flg) — (flrg)l = |rnflg) — rm(flg) +rm{flg) — (flrg)|
D 11 (£19) = rnFlg) + (Flrmg) — (flrg)]
= | — 7o) (1g) + ] — 7))
< [(rn — ro (F10)| + 1| — 7))
€ e — ral gl + V3L (o — gl
= Vo — rmllF gl + V2o — ol 7161

Vo & Ve c
N T TR

:5’

£ 1gl

that is, li_)m ro(flg) = (flrg).
(i) Hence, for any r € R, we have
. . h
r{(flg) = (lim 1) (flg) = lim ra(flg) & (fIrg)

and thus
(j) We now note that

(flig) = L(If +1igl*> — | f — igl* +1l f — i%g|* — il f +i%g[*)
= Hi(=illf +igl> + | f —igll®> +illf + gll* = If — gl
=:1(flg)

and hence (flig) = i(f|g).
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(k) Let z € C. By additivity, we have

(flzg) = (fl(Rez +ilm2)g)
.<fKRedg>+<fhﬂmzhﬁ
D (fI(Re2)g) +i(f|(Im 2)g)
0

= Re z(f|g) +iIm z(f]|g)
= (Rez +iImz)(f|g)

= 2(flg),

which shows scaling invariance in the second argument.

S

Combining additivity and scaling invariance in the second argument yields lin-
earity in the second argument.

(iii) For positive-definiteness
U= 201+ FIP = 1 = £+ =12 =l +1717)
= (AP +1 =PI =1+
= A+ =P =i+ 1) £
14+ 21— 20)||F|I?
= |IfI%.

Thus, (f[f) = 0 and (f|f) =0 & f=0.

Hence, (-|-) is indeed a sesqui-linear inner product. Note that, from part (iii) above,

VAL = LI

That is, the inner product (:|-) does induce the norm from which we started, and this

we have

completes the proof. O

Remark 3.4. Our proof of linearity is based on the hints given in Section 6.1, Exercise
27, from Linear Algebra (4th Edition) by Friedberg, Insel, Spence. Other proofs of the

Jordan-von Neumann theorem can be found in

e Kadison, Ringrose, Fundamentals of the Theory of Operator Algebras: Volume I:
Elementary Theory, American Mathematical Society 1997

o Kutateladze, Fundamentals of Functional Analysis, Springer 1996.

e Day, Normed Linear Spaces, Springer 1973.

Remark 3.5. Note that, often in the more mathematical literature, a sesqui-linear inner
product is defined to be linear in the first argument rather than the second. In that case,
the polarisation identity takes the form

3

(Fla) = 3 SHIF + gl

k=0
1 ) . ) .
= U +all* = 1f = gI” +llf +igll* il £ - ig]*)-
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Ezample 5.6. Consider C2[0,1] and let f(z) = z and g(z) = 1. Then
[llo =1, gllo =1, If+9lo=2,  [If —9gllc=1

and hence
If+ 912+ If = gllZ =5 #4=2|fl% +2lglZ-

Thus, by the Jordan-von Neumann theorem, there is no inner product on C’g [0, 1] which
induces the supremum norm. Therefore, (C2[0,1], || - [|oo) cannot be a Hilbert space.

Proposition 3.7. Let H be a Hilbert space. Then, H* is a Hilbert space.

Proof. We already know that H* := L(#,C) is a Banach space. The norm on H* is just
the usual operator norm
fle
Il = sup L)

peEH HwHH

where, admittedly somewhat perversely, we have reversed our previous notation for the dual
elements. Since the modulus is induced by the standard inner product on C, i.e. |z| = v/2Z,
it satisfies the parallelogram identity. Hence, we have

2 2
I+ 913+ 15 gl o= (sup LLEDEL (o 0N

e llelln e llelln
+ 2 _ 2
_ sup IV 9)2(90)\ +osup 1Y 9)2(90)\
pEH ||90H7-[ PEH ||90HH
_ up (@) 9P +11(0) ~9(2)I?
e lell3,
_ 2001+ 2lg(0)
= sup 5
e I3,
2 2
— 2 sup !f(s0)2\ 2 sup lg(cpl!
per o3 e llell3,

= 2| I3 + 209l

where several steps are justified by the fact that the quantities involved are non-negative.
Hence, by the Jordan-von Neumann theorem, the inner product on H* defined by the
polarisation identity induces || - ||3+. Hence, H* is a Hilbert space. O

The following useful fact is an immediate application of the Cauchy-Schwarz inequality.
Proposition 3.8. Inner products on a vector space are sequentially continuous.

Proof. Let (-|-) be an inner product on V. Fix ¢ € V and let lim 1, = . Then
n—oo

[{leon) = (Pl = [(plton — )]
< llelliyn — ¢

and hencelim (pltn) = (¢|o).
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3.2 Hamel versus Schauder?

Choosing a basis on a vector space is normally regarded as mathematically inelegant. The
reason for this is that most statements about vector spaces are much clearer and, we main-
tain, aesthetically pleasing when expressed without making reference to a basis. However,
in addition to the fact that some statements are more easily and usefully written in terms
of a basis, bases provide a convenient way to specify the elements of a vector space in terms
of components. The notion of basis for a vector space that you most probably met in your

linear algebra course is more properly know as Hamel basis.

Definition. A Hamel basis of a vector space V is a subset B C V such that

(i) any finite subset {ei,..., ey} C B is linearly independent, i.e.
n .
d Neg=0 = M=-.=X"=0
=1

(ii) the set B is a generating (or spanning) set for V. That is, for any element v € V,
there exist a finite subset {eq,...,e,} € Band A',... ;A" € C such that

n

v = Z Ne;.

i=1
Equivalently, by defining the linear span of a subset U C V as

spanU := {2": N,

=1

/\1,...,)\”€C,u1,...,unEUanan1},

i.e. the set of all finite linear combinations of elements of U with complex coeflicients,
we can restate this condition simply as V = span B.

Given a basis B, one can show that for each v € V the Al,... A" appearing in (ii)
above are uniquely determined. They are called the components of v with respect to B.

One can also show that if a vector space admits a finite Hamel basis B, then any other
basis of V is also finite and, in fact, of the same cardinality as B.

Definition. If a vector space V admits a finite Hamel basis, then it is said to be finite-
dimensional and its dimension is dimV := |B|. Otherwise, it is said to be infinite-

dimensional and we write dim V' = oo.
Theorem 3.9. Every vector space admits a Hamel basis.

For a proof of (a slightly more general version of) this theorem, we refer the interested
reader to Dr Schuller’s Lectures on the Geometric Anatomy of Theoretical Physics.

Note that the proof that every vector space admits a Hamel basis relies on the axiom

of choice and, hence, it is non-constructive. By a corollary to Baire’s category theorem, a

8 Not a boxing competition. ‘r
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Hamel basis on a Banach space is either finite or uncountably infinite. Thus, while every
Banach space admits a Hamel basis, such bases on infinite-dimensional Banach spaces are
difficult to construct explicitly and, hence, not terribly useful to express vectors in terms
of components and perform computations. Thankfully, we can use the extra structure of a

Banach space to define a more useful type of basis.

Definition. Let (W, ||-||) be a Banach space. A Schauder basis of W is a sequence {e, }nen
in W such that, for any f € W, there exists a unique sequence {\"},cN in C such that

n oo
_ 1 T, . i,
f—Jl_)rgoz;/\ez—.z;)\ez
1= i=

or, by explicitly using the definition of limit in W,

=0.

n
. o ) .
i |1 2 Ne
1=
We note the following points.

e Since Schauder bases require a notion of convergence, they can only be defined on
a vector space equipped with a (compatible) topological structure, of which Banach
spaces are a special case.

e Unlike Hamel bases, Schauder bases need not exist.

e Since the convergence of a series may depend on the order of its terms, Schauder bases
must be considered as ordered bases. Hence, two Schauder bases that merely differ
in the ordering of their elements are different bases, and permuting the elements of a

Schauder basis doesn’t necessarily yield another Schauder basis.

e The uniqueness requirement in the definition immediately implies that the zero vector
cannot be an element of a Schauder basis.

e Schauder bases satisfy a stronger linear independence property than Hamel bases,

namely
D Xe;=0 = VieN: N =0.
=0

e At the same time, they satisfy a weaker spanning condition. Rather than the linear
span of the basis being equal to W, we only have that it is dense in W. Equivalently,

W = span{e,, | n € N},
where the topological closure U of a subset U C W is defined as

U:= {nli_{glouﬂVneN:unEU}.
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Definition. A Schauder basis {e,, }nen of (W, || - ]) is said to be normalised if
VneN: |e,| =1.

Multiplying an element of a Schauder basis by a complex number gives again a Schauder
basis (not the same one, of course). Since Schauder bases do not contain the zero vector,
any Schauder basis {e,, }nen gives rise to a normalised Schauder basis {€, },en by defining

~ en
€n = —.
" lenll

3.3 Separable Hilbert spaces

Separability is a topological property. A topological space is said to be separable if it
contains a dense subset which is also countable. A Banach space is said to be separable
if it is separable as a topological space with the topology induced by the norm. Similarly,
a Hilbert space is said to be separable if it is separable as a topological space with the
topology induced by the norm induced in turn by the inner product.

For infinite-dimensional Hilbert spaces, there is a much more useful characterisation of
separability, which we will henceforth take as our definition.

Proposition 3.10. An infinite-dimensional Hilbert space is separable if, and only if, it
admits an orthonormal Schauder basis. That is, a Schauder basis {en}nen such that

1 ifi=j
0 ifi#tj

Whether this holds for Banach spaces or not was a famous open problem in
functional analysis, problem 153 from the Scottish book. It was solved in 1972, ?

Vi,j e N: <6i|€j> = 52']' = {

more that three decades after it was first posed, when Swedish mathematician (/
Enflo constructed an infinite-dimensional separable Banach space which lacks J%y \\ﬁ
a Schauder basis. That same year, he was awarded a live goose? for his effort.

Remark 5.11. The Kronecker symbol d;; appearing above does not represent the compo-
nents of the identity map on H. Instead, d;; are the components of the sesqui-linear form
(-|-), which is a map H x H — C, unlike idy, which is a map H — H. If not immediately
understood, this remark may be safely ignored.

Remark 3.12. In finite-dimensions, since every vector space admits (by definition) a finite
Hamel basis, every inner product space admits an orthonormal basis by the Gram-Schmidt
orthonormalisation process.

From now on, we will only consider orthonormal Schauder bases, sometimes also called
Hilbert bases, and just call them bases.

Lemma 3.13. Let H be a Hilbert space with basis {e,}nen. The unique sequence in the
expansion of ¥ € H in terms of this basis is {{en|) }nen-

‘https://en.wikipedia.org/wiki/Per_Enflo#Basis_problem_of_Banach

— 35 —


https://en.wikipedia.org/wiki/Per_Enflo#Basis_problem_of_Banach

Proof. By using the continuity of the inner product, we have

(eily) = < Z)‘ 6J>

= <€i nli_)rgOZ)\Jej>
§=0

_ 1 . Jo.

_77,11—>Igo<el Z)\ 6j>
j=0

_ i

- Jim > ¥l

=0

= Z N6
=0

=\,

n

which is what we wanted. O

While we have already used the term orthonormal, let us note that this means both
orthogonal and normalised. Two vectors ¢, € H are said to be orthogonal if (p|p) = 0,
and a subset of H is called orthogonal if its elements are pairwise orthogonal.

Lemma 3.14 (Pythagoras’ theorem). Let H be a Hilbert space and let {1, ..., n} C H
be a finite orthogonal set. Then

n 2
sz =

1=0

>l
=0

Proof. Using the pairwise orthogonality of {ty, ..., %y}, we simply calculate

2 n n n n
= <Z " Z¢j> =S il + S = Sl O
i=0 5=0 i=0 i#j i=0
Corollary 3.15. Let ¢ € H and let {en}nen be a basis of H. Then

)1 = Z! eily)|?

Proof. By continuity of the norm, we have

2 n

im Y [(eifv)?lleil|* = Z\ (edlv)|? O

=0

n
2 = Jim

0 (1> (eilv)es

1=0

3.4 Unitary maps

An insightful way to study a structure in mathematics is to consider maps between different
instances A, B, C,... of that structure, and especially the structure-preserving maps. If
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a certain structure-preserving map A — B is invertible and its inverse is also structure-
preserving, then both these maps are generically called isomorphisms and A and B are
said to be isomorphic instances of that structure. Isomorphic instances of a structure are
essentially the same instance of that structure, just dressed up in different ways. Typically,
there are infinitely many concrete instances of any given structure. The highest form of
understanding of a structure that we can hope to achieve is that of a classification of its
instances up to isomorphism. That is, we would like to know how many different, non-
isomorphic instances of a given structure there are.

In linear algebra, the structure of interest is that of vector space over some field F. The
structure-preserving maps are just the linear maps and the isomorphisms are the linear
bijections (whose inverses are automatically linear). Finite-dimensional vector spaces over
F are completely classified by their dimension, i.e. there is essentially only one vector space
over F for each n € N, and F" is everyone’s favourite. Assuming the axiom of choice,
infinite-dimensional vector spaces over F are classified in the same way, namely, there is,
up to linear isomorphism, only one vector space over F for each infinite cardinal.

Of course, one could do better and also classify the base fields themselves. The classi-
fication of finite fields (i.e. fields with a finite number of elements) was achieved in 1893 by
Moore, who proved that the order (i.e. cardinality) of a finite field is necessarily a power of
some prime number, and there is only one finite field of each order, up to the appropriate
notion of isomorphism. The classification of infinite fields remains an open problem.

A classification with far-reaching implications in physics is that of finite-dimensional,
semi-simple, complex Lie algebras, which is discussed in some detail in Dr Schuller’s Lectures
on the Geometric Anatomy of Theoretical Physics.

The structure-preserving maps between Hilbert spaces are those that preserve both the
vector space structure and the inner product. The Hilbert space isomorphisms are called
unitary maps.

Definition. Let H and G be Hilbert spaces. A bounded bijection U € L(H,G) is called a
unitary map (or unitary operator) if
Vi, € H: (Ud|Up)g = (lo)n-
If there exists a unitary map H — G, then H and G are said to be unitarily equivalent and
we write H Zq; G.
There are a number of equivalent definitions of unitary maps (we will later see one

involving adjoints) and, in fact, our definition is fairly redundant.

Proposition 3.16. Let U: H — G be a surjective map which preserves the inner product.
Then, U is a unitary map.

Proof. (i) First, let us check that U is linear. Let 1, p € H and z € C. Then
U2 + ¢) = 2Up = Ul = (U9 + ¢) — 2U = Up|U (24 + ¢) — 2U — Up)g
= (U2 + @)U (29 + 0))g + |2/ U|U)g + (Up|Up)g
—2(U(2¢ + ) |U)g — (U(zv + 9)|Up)g + 2(U|Up)g
—Z{UU(2¢ + ¢))g — (Ue|U(2¢ + ¢))g + 2(Up|Utb)g
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= (29 + @2t + o) + |2 (W) + (plo)n
— 2(2% + plv)n — (2¥ + @l)u + Z(Wlp)n
—Z(Y|2¢ + o) — (plzy + ©)u + 2(p[)u
= 2212 (Y1) + Z(Wlp)n + 2{pl)u + 2(el)u
— |22 (@l — 2{pl)n — Z(lo)n — (elo)n + Z{Wlo)n

— |22 (@) — Z(Wle) — 2(elv)r — (le)n + 2{plv)n
=0.

Hence |U(2¢ + ¢) — 22Uy — Ugp|lg = 0, and thus
Uz + @) = 2U¢ + Uep.
(ii) For boundedness, simply note that since for any ¢ € H

1Ullg == V(Up|U)g = /(Wlb)n =t [|[9b]l2,

we have

1Ullg _

=1< o
ver 1Yllu

Hence U is bounded and, in fact, has unit operator norm.

(iii) Finally, recall that a linear map is injective if, and only if, its kernel is trivial. Suppose
that 1 € ker U. Then, we have

(W[)n = ({UY|Ush)g = (0/0)g = 0.

Hence, by positive-definiteness, ¢» = 0 and thus, U is injective. Since U is also
surjective by assumption, it satisfies our definition of unitary map. O

Note that a map U: H — G is called an isometry if

Ve : [[UYllg = [[¢]ln-

Linear isometries are, of course, the structure-preserving maps between normed spaces. We
have shown that every unitary map is an isometry has unit operator norm, hence the name
unitary operator.

Example 3.17. Consider the set of all square-summable complex sequences

A(N) := {a: N—C ‘ i |ai|* < oo}
1=0

We define addition and scalar multiplication of sequences termwise, that is, for all n € N

and all complex numbers z € C,

(a+b)y :=an+ by

(z-a)y == zay.
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These are, of course, just the discrete analogues of pointwise addition and scalar multipli-
cation of maps. The triangle inequality and homogeneity of the modulus, together with the
vector space structure of C, imply that (¢2(N), +,) is a complex vector space.

The standard inner product on £2(N) is

This inner product induces the norm

lalle := V/{ala)p =

with respect to which £2(N) is complete. Hence, (¢2(N),+,-, (-|-),2) is a Hilbert space.
Consider the sequence of sequences {e, },en Where

eo = (1,0,0,0,...)
er = (0,1,0,0,...)
ez = (0,0,1,0,...)

i.e. we have (en)m = 6nm. Each a € £2(N) can be written uniquely as

(o)
a= E e,
=0

where A\' = (e;|a);2 = a;. The sequences e, are clearly square-summable and, in fact, they
are orthonormal with respect to (-|-),2

[e.9]

<€n’em>£2 = (en>l(em)z = Z5m(5mi = dpm.-

=0 =0

Hence, the sequence {e,}nen is an orthonormal Schauder basis of ¢2(N), which is
therefore an infinite-dimensional separable Hilbert space.

Theorem 3.18 (Classification of separable Hilbert spaces). Every infinite-dimensional sep-
arable Hilbert space is unitarily equivalent to ¢>(N).

Proof. Let ‘H be a separable Hilbert space with basis {e, }nen. Consider the map
U:H — *(N)
Y = {{enl¥) 3 fnen.

Note that, for any ¢ € H, the sequence {(e,|¥)x }nen is indeed square-summable since we
have

D leilhal® = Il < oo.

=0
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By our previous proposition, in order to show that U is a unitary map, it suffices to
show that it is surjective and preserves the inner product. For surjectivity, let {a,}nen
be a complex square-summable sequence. Then, by elementary analysis, we know that
nh_g)lo |an| = 0. This implies that, for any ¢ > 0, there exists N € N such that

n
Yn>m>N: Z|ai|2<5.

=m

Then, for all n,m > N (without loss of generality, assume n > m), we have

n m 2 n 2 n n
Zaiei — Zajej = Z aeill = Z ]ai\QHeiH% = Z lai|? < e.
i=0 §j=0 H i=m+1 H o i=m+1 i=m+1

That is, {Z?:o aiei}n N is a Cauchy sequence in H. Hence, by completeness, there exists

1 € H such that
Y= Z ;€
i=0

and we have Ut = {an }nen, so U is surjective. Moreover, we have

(Ylpyn = <Z eil)nei Z ejle) 'H€]>
‘ H

j=0

— ZZ (€ilv) g (ejle)nlelem

—~ O
Q)
3
<
~
X
—
3
m
Z
——
—~
Q)
3
S
~
x
—
3
m
2
~

Hence, U preserves the inner product, and it is therefore a unitary map. O
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4 Projectors, bras and kets

4.1 Projectors
Projectors play a key role in quantum theory, as you can see from Axioms 3 and 5.

Definition. Let H be a separable Hilbert space. Fix a unit vector e € H (that is, |le|| = 1)
and let ¥ € H. The projection of ¢ to e is

Y= (ely)e
while the orthogonal complement of v is
Y=y =y

We can extend these definitions to a countable orthonormal subset {e¢;}ien C H, i.e. a
subset of H whose elements are pairwise orthogonal and have unit norm. Note that {e;};en
need not be a basis of H.

Proposition 4.1. Let ¢ € H and let {e;}ien C H be an orthonormal subset. Then
(a) we can write ¢ = Yy + 1, where

Y= (eil)es, L= —
i=0
and we have
VieN: <1/JJ_‘6Z> =0

(b) Pythagoras’ theorem holds:
1117 = lall® + .

Note that this is an extension to the finite-dimensional case.

(c) for any v € span{e; | i € N}, we have the estimate
1 =l =l
with equality if, and only if, v = 1.
Proof. First consider the case of a finite orthonormal subset {eg,...,e,} C H.

(a) Let ¢ and ¢, be defined as in the proposition. Then ¢y + ¢ =9 and

%

V) (ejleq)

n

(6oles) = <w =3 (eslb)e;

7=0

§
5
M:

n

0
Z Ylej)dji
0

J
J
for all 0 < i <n.
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(b) From part (a), we have

S ed)e > = S eil) W fei) = 0

1=0

(Yolvn) = <

=0

Hence, by (the ﬁnite—dimensional) Pythagoras’ theorem
1117 = llyon +3 1 = lvnll* + [l |
(c) Let v € span{e; | 0 <i < n}. Then v=>"7" e, for some 7y, ...,v, € C. Hence
1 =A% = Il + v — A1

= “wL+Z €1|T,ZJ Z’Y@ez
2
_ Hm £ el -
=0

= JoLl® + ) leilw) =l

1=0

and thus [|[¢) — || > ||¢L|| since \(ei]@ —]? > 0 for all 0 < i < n. Moreover, we
have equality if, and only if, |{e;|1)) — ;| = 0 for all 0 < i < n, that is v = ¥y.

To extend this to a countably infinite orthonormal set {e; };en, note that by part (b)
and Bessel’s inequality, we have

n

Z eilv)e;

=0
Since [(e;1)[* > 0, the sequence of partial sums {37 ](ei|1/))|2}n€N
increasing and bounded from above by ||¢||. Hence, it converges and this implies that

n

Z (eal)? < [l

=0

is monotonically

o

Y= (eilp)e
i=0
exists as an element of H. The extension to the countably infinite case then follows by
continuity of the inner product. O

4.2 Closed linear subspaces

We will often be interested in looking at linear subspaces of a Hilbert space H, i.e. subsets
M C H such that
Vip,pe M:VzeC: z¢p+ ¢ e M.

Note that while every linear subspace M C H inherits the inner product on H to become
an inner product space, it may fail to be complete with respect to this inner product. In
other words, not every linear subspace of a Hilbert space is necessarily a sub-Hilbert space.

The following definitions are with respect to the norm topology on a normed space and
can, of course, be given more generally on an arbitrary topological space.
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Definition. Let H be a normed space. A subset M C H is said to be open if
VpeM:I3r>0:YVoeH: ||v—p|<r = ¢pecM.

Equivalently, by defining the open ball of radius r > 0 and centre ¢ € H

Br(y) :={peH ||y -l <r},
we can define M C H to be open if
VypeM:3r>0:B.(v) C M.
Definition. A subset M C H is said to be closed if its complement H \ M is open.

Proposition 4.2. A closed subset M of a complete normed space H is complete.

Proof. Let {1, }nen be a Cauchy sequence in the closed subset M. Then, {1, },en is also
a Cauchy sequence in H, and hence it converges to some v € H since H is complete. We
want to show that, in fact, ©» € M. Suppose, for the sake of contradiction, that ¢ ¢ M,
ie. 1) € H\ M. Since M is closed, H \ M is open. Hence, there exists r > 0 such that

VoeH: |lp—v|<r = ¢eH\M.
However, since 1 is the limit of {1y, }nen, there exists N € N such that
Vn>N: ||, -9 <

Hence, for all n > N, we have ¢, € H \ M, ie. ¢, ¢ M, contradicting the fact that
{tn}nen is a sequence in M. Thus, we must have ¢ € M. O]

Corollary 4.3. A closed linear subspace M of a Hilbert space H is a sub-Hilbert space with
the inner product on H. Moreover, if H is separable, then so is M.

Knowing that a linear subspace of a Hilbert space is, in fact, a sub-Hilbert space can
be very useful. For instance, we know that there exists an orthonormal basis for the linear
subspace. Note that the converse to the corollary does not hold: a sub-Hilbert space need
not be a closed linear subspace.

4.3 Orthogonal projections

Definition. Let M C H be a (not necessarily closed) linear subspace of . The set
M= {Y eH|VpeM: (ply) =0}
is called the orthogonal complement of M in H.

Proposition 4.4. Let M C H be a linear subspace of H. Then, M=+ is a closed linear
subspace of H.
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Proof. Let 11,12 € M* and z € C. Then, for all ¢ € M

(plzir + 12) = 2(p|1) + (plp2) =0

and hence 21 + 9o € ML, Thus, M*’ is a linear subspace of 7. It remains to be shown
that it is also closed. Define the maps

fooH—C
Y= (pl).

Then, we can write
M= () preim;, ({0}).
peM
Since the inner product is continuous (in each slot), the maps f,, are continuous. Hence, the
pre-images of closed sets are closed. As the singleton {0} is closed in the standard topology
on C, the sets preimy ({0}) are closed for all ¢ € M. Thus, M+ is closed since arbitrary
intersections of closed sets are closed. O

Remark 4.5. Note that M is also not open (which is not necessarily the same as closed).
To clarify, equally the preimage of {0} is an open set (as {0} is open), however it is only
finite intersections of open sets that are open. So the inclusion of the intersection plays an
important role.

Note that by Pythagoras’ theorem, we have the decomposition
H=MaoeM ={Y+¢o|veM,pec M}
for any closed linear subspace M.

Proposition 4.6. For any closed linear subspace X C H its true that X+ = X.

Proof. Let € X, then for all y € X+ we have (z,y) = 0 and so z € X*+. This gives
X C xt+

Now consider z € X+, As X is closed from the above note we know it can be decomposed
as z=x +y forz € X and y € X. We then have

0= (y,2)
=(y,z+y)
=(2) + (Y
= [yl
= y=0
where the last step comes from the definiteness of ||-||. So we have z € X and X+ C X. O

Proposition 4.7. For any linear subspace M C H it is true that M+ = M, where the
latter is the topological closure of the set.
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Proof. We start with two observations:

(i) M C M*+ which was shown at the start of the last proof (as there was no use of
the fact that X was closed there.

(i1) If M; C My then M%‘ C ./\/lf, which can be shown easily.

First let’s show that M1+ C M. Clearly M C M (where the equality hold only if M is
closed), and so from (ii) we have M C ML, which in turn gives M++ C M. But M
is closed and so from the previous proposition we have M++ C M.

Now we need to show the reverse inclusion. From Proposition 4.4 we know that ML+
is closed. Then (i) instantly tells us that M C M+, O

Definition. Let M be a closed linear subspace of a separable Hilbert space H and fix some

orthonormal basis of M. The map

PM:H—>M
P =Y

is called the orthogonal projector to M.

Proposition 4.8. Let Pyi: H — M be an orthogonal projector to M C H. Then
(i) Parg o Py = Puy, sometimes also written as P%/t = Pup
(i) Vb, o € H o (Prd]) = (¥[Pumyp)

(1i1) Ppqrth =41

(iv) Ppo€ L(H,M).

Proof. Let {e;}icr and {e;};cs be bases of M and M respectively, where I,.J are disjoint
and either finite or countably infinite, such that {e;};c;us is a basis of H (Note that we
should think of I U J as having a definite ordering).

(i) Let ¢ € H. Then

Pr(Pare) = Py (Z@ih@ei)

el

=S (e | Stedres ey
RCIPALD
= (e eslede;
jerI el
= Z(6i|¢>€i
icl
=: Pyo.
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(i) Let ¢, ¢ € H. Then

(Prtle) = (S teilv)e

‘)
il

=D (ald)eile)

icl

= (el (les)

iel
- (v ie21<ei|w>e@->
=: (Y|Pmep).

(iii) Let ¢ € H. Then
Paith+ Pty = Y (eilv)ei + Y (eil)ei = D (eilv)e; = ¢,

icl icJ ieluJ
Hence
Pyt =9 —Pup =9 — oy =19
(iv) Let ¢ € H. Then, by Pythagoras’ theorem,

Pl _ ol 0 = )
B v e Y 17 s A T

<l< o O

Quite interesting, and heavily used, is the converse.
Theorem 4.9. Let P € L(H,H) have the properties
(i) PoP =P
(i) Vib,p € H: (PYlp) = (BIPy).
Then, the range P(H) of P is closed and
P =Ppwu)-
In other words, every projector is the orthogonal projector to some closed linear subspace.

4.4 Riesz representation theorem, bras and kets
Let H be a Hilbert space. Consider again the map
fo:H—=C
Y= (plt).

for ¢ € H. The linearity in the second argument of the inner product implies that this map
is linear. Moreover, by the Cauchy-Schwarz inequality, we have

Lo _ el _ el _
SR o Tl S S e el <o

Hence, f, € L(H,C) =: H*. Therefore, to every element of ¢ of H, there is associated an
element f, in the dual space H*. In fact, the converse is also true.
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Theorem 4.10 (Riesz representation). Every f € H* is of the form f, for a unique ¢ € H.

Proof. First, suppose that f = 0, i.e. f is the zero functional on H. Then, clearly, f = fo
with 0 € H. Hence, suppose that f # 0. Since, ker f := preim,({0}) is a closed linear

subspace, we can write
H = ker f @ (ker f)*.

As f # 0, there exists some ¢ € H such that ¢ ¢ ker f. Hence, ker f # H, and thus
(ker )+ # {0}. Let & € (ker £) \ {0} and assume, w.l.o.g., that ||¢| = 1. Define

¢ = f(E)E € (ker f)*.

Then, for any ¢ € H, we have

Note that
FUEOY = fF(W)E) = fE () — fF(¥)f(§) =0,

that is, f(£)¢ — f(1h)€ € ker f. Since ¢ € (ker f)*, we have
ElfE©y - f)€) =0
and hence f,(¢) = f(¢) for all ¢ € H, i.e. f = f,. For uniqueness, suppose that
f=For = fe
for some ¢y, @1 € H. Then, for any ¢ € H,

0= f@1(¢) - f@2(w)
= (p1]v) — (p2lt))
= (p1 — @2|¥)

and hence, 1 = @s by positive-definiteness. O

Therefore, the so-called Riesz map

R:H—H*
@’_)f505<90|'>

is a linear isomorphism, and H and H* be identified with one another as vector spaces.
This lead Dirac to suggest the following notation for the elements of the dual space

fo = (ol
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Correspondingly, he wrote [¢) for the element 1) € H. Since (-|-) is “a bracket”, the first
half (-| is called a bra, while the second half |-) is called a ket (nobody knows where the
missing ¢ is). With this notation, we have

fo() = (pl(I¥) = (el

The notation makes evident the fact that, for any ¢,1 € H, we can always consider the
inner product (p|¢)) € C as the result of applying f, € H* to ¢ € H.

The advantage of this notation is that some formulee become more intuitive and hence
are more easily memorised. For a concrete example, consider

b= (eilv)e;
1=0

where {e, }nen is a basis of H. This becomes

o0

) =) (eili)]es).

=0

By allowing the scalar multiplication of kets also from the right, defined to yield the same
result as that on the left, we have

Z ) eil).

=0

“Quite obviously”, we can bracket this as

o0

= (X leated ) )

1=0

where by “quite obviously”, we mean that we have a suppressed tensor product (see section
8 of the Lectures on the Geometric Anatomy of Theoretical Physics for more details on
tensors)

_ @0 o) ® <ei|) ).

Then, the sum in the round brackets is an element of H ® H*. While H ® H* is isomorphic
to End(H), its elements are maps H* x H — C. Hence, one needs to either make this
isomorphism explicit or, equivalently,

(Z e @ (el ) (- 10).

All of this to be able to write

o0

D les)(e] = idy

1=0
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and hence interpret the expansion of |¢) in terms of the basis as the “insertion” of an identity

1) = idw ) = (Z \ei><eir) ) = 3 erl)ler).
1=0 1=0

But the original expression was already clear in the first place, without the need to add
hidden tensor products and extra rules. Of course, part of the appeal of this notation is
that one can intuitively think of something like |e;)(e;| as a map H — H, by imagining
that the bra on the right acts on a ket in H, thereby producing a complex number which

becomes the coefficient of the remaining ket

(lea){eil) [v) = les){eslih) = {eilv)ler).

The major drawback of this notation, and the reason why we will not adopt it, is that
in many places (for instance, if we consider self-adjoint operators, or Hermitian operators)
this notation doesn’t produce inconsistencies only if certain conditions are satisfied. While
these conditions will indeed be satisfied most of times, it becomes extremely confusing to
formulate conditions on our objects by using a notation that only makes sense if the objects
already satisfy conditions.

Of course, as this notation is heavily used in physics and related applied sciences, it is
necessary to be able to recognise it and become fluent in it. But note that it does not make
things clearer. If anything, it makes things more complicated.
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5 Measure theory

This and the next section will be a short recap of basic notions from measure theory and
Lebesgue integration. These are inescapable subjects if one wants to understand quantum

mechanics since
(i) the spectral theorem requires the notion of (projection-valued) measures

(ii) the most commonly emerging separable Hilbert space in quantum mechanics is the
space L?(R?), whose definition needs the notion of Lebesgue integral.

5.1 General measure spaces and basic results

Definition. Let M be a non-empty set. A collection ¥ C (M) of subsets of M is called
a o-algebra for M if the following conditions are satisfied

(i) MeX
(i) if A S, then M\ A€z
(iii) for any sequence {Ap}nen in X we have (J,— A, € 2.

Remark 5.1. If we relax the third condition so that it applies only to finite (rather than
countable) unions, we obtain the notion of an algebra, often called an algebra of sets in
order to distinguish it from the notion of algebra as a vector space equipped with a bilinear
product, with which it has nothing to do.

Remark 5.2. Note that by condition (ii) and De Morgan’s laws, condition (iii) can be equiv-
alently stated in terms of intersections rather than unions. Recall that De Morgan’s laws
“interchange” unions with intersections and vice-versa under the complement operation.
That is, if M is a set and {A4;};er is a collection of sets, then

M\ <L€JIA> :Q(M\Ai), M\ (QA) :g(M\Ai).

A o-algebra is closed under countably infinite unions (by definition) but also under
countably infinite intersections and finite unions and intersections.

Proposition 5.3. Let M be a set and let ¥ be a o-algebra on M. Let {A,}nen be a
sequence in . Then, for all k € N, we have

(i) Ung An € %
(i) g An €Y and Ny An € 2.

Proof. (i) Let the sequence {By,},en be defined as follows:

A, if 0<n<k
B, =
o if n>k.
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Then, {By}nen is a sequence in X, so | J;—, Bn € X. Hence, we have:

Q- (08)o( 0 2)- U

n=0 n=k+1
and thus Ui:o A, eX.

(i) As {An}nen is a sequence in X, so is {M \ A, }nen and hence (J72 o (M \ Ay) € &
Thus, we also have
M\ (U (M\An)> ex
n=0
and since M \ (M \ A,) = Ay, by De Morgan’s laws, (),~, A, € . That this holds
for finite intersections is shown by defining { B, },en as above. O

Definition. A measurable space is a pair (M, ) where M is a set and X is a o-algebra on
M. The elements of X are called measurable subsets of M.

Our goal is to assign volumes (i.e. measures) to subsets of a given set. Of course, we
would also like this assignment to satisfy some sensible conditions. However, it turns out
that one cannot sensibly assign volumes to any arbitrary collection of subsets of a given
set'0. It is necessary that the collection of subsets be a o-algebra. In addition, just like
in topology openness and closeness are not properties of subsets but properties of subsets
with respect to a choice of topology, so does measurability of subsets only make sense with
respect to a choice of g-algebra. In particular, a given subset could be measurable with

respect to some g-algebra and not measurable with respect to some other o-algebra.

Ezample 5.4. The pair (M, Z(M)) is a measurable space for any set M. Of course, just
like the discrete topology is not a very useful topology, the power set &(M) is not a very
useful o-algebra on M, unless M is countable.

Definition. The extended real line is R := R U {—o00, +00}, where the symbols —oco and
+oo (the latter often denoted simply by oco) satisfy

VreR: —oo <71 <00
with strict inequalities if r € R. The symbols +oo satisfy the following arithmetic rules
(i) VreR: oo+ 7 =r+o00=+oc0
(ii)) Vr > 0: r(£oo) = foor = +o0
(iii) Vr <0: r(d+oo) = foor = Foo
(iv) 0(£o0) = 000 = 0.

Note that expressions such as co — 0o or —oo + 0o are not defined.

Ohttps://en.wikipedia.org/wiki/Non-measurable_set
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Definition. Let (M, X) be a measurable space. A measure on (M,X) is a function
2 X — [0, o0l
where [0, 0] := {r € R | r > 0}, such that
(i) u(@)=0

(ii) for any sequence {Ay}nen in ¥ with A; N A; = & whenever i # j, we have
M< U An) = Z/’L(An)
n=0 n=0

A sequence {A;, }nen that satisfies the condition that A; N A; = @ for all i # j is called
a pairwise disjoint sequence.

Remark 5.5. Both sides of the equation in part (ii) of the definition of measure might take
the value co. There are two possible reasons why > > ; u(A,) might be infinite. It could
be that ;1(Ay,) = oo for some n € N or, alternatively, it could be that u(A4,) < oo for all
n € N but the sequence of partial sums {3 ;" 1(A;) }nen, which is an increasing sequence
since p is non-negative by definition, is not bounded above.

Definition. A measure space is a triple (M, X, u) where (M, Y) is a measurable space and
p: X — [0,00] is a measure on M.

Ezample 5.6. Let M =N and ¥ = Z(N). Define p : ¥ — [0, o0] by:

n if A is a finite set with n elements

oo if A is not a finite set

p(A) = |A] = {

Then, by definition, pu(&) = 0. Moreover, if {A,},en is a pairwise disjoint sequence in X
such that all but a finite number of A,’s are empty and each A, has a finite number of

M@O A) = iuw

by counting elements. Otherwise, that is, if an infinite number of A,’s are non-empty or if

elements, we have:

at least one A, is infinite, then

M<Q0An> =00 = gu(z‘ln)

and thus, the triple (N, £2(N), ) is a measure space. The measure p on (N, Z(N)) is called
counting measure and it is the usual measure on countable measurable spaces.
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Proposition 5.7. Let (M, %, ) be a measure space.

(1) If Ao, ..., A € ¥ and A;NA; = for all 0 < i # j <k, then:
k k
,UJ< U An) = ZM(AR)
n=0 n=0
(i) If A,B €% and A C B, then u(A) < u(B)

(1)) If A,B €3, AC B and p(A) < oo, then (B \ A) = u(B) — u(A).

Proof. (i) Let A, = @ for all n > k. Then, {A, },en is a pairwise disjoint sequence in X
and hence, we have:

k 00 00 k
(U ) =i U ) = ) = 3t
n=0 n=0 n=0 n=0
(i) We have B= AU (B\ A) and AN (B\ A) = @. Hence, by part (i),
p(B) = (AU (B\ A)) = p(A) + u(B\ A),
and since u(B\ A) > 0, we have u(A) < u(B).
(iii) By decomposing B as above and rearranging, we immediately get

w(B\ A) = u(B) — u(A).

Note, however, that this only makes sense if u(A) < oo, for otherwise we must also
have p(B) = oo by part (ii), and then u(B) — u(A) would not be defined. O

Proposition 5.8. Let (M, %, u) be a measure space and let { Ay }nen be a sequence in 2.

(i) If {An}nen is increasing, i.e. Ay, C Aptq for alln € N, then
(ii) If n(Ap) < oo and {An}nen is decreasing, i.e. Any1 C Ay for allm € N, then
o0
() = st

We say that p is (i) continuous from below and (ii) continuous from above.

Proof. (i) Define By := A and B,, := A, \ A,—1. Then, {B),},eN is a pairwise disjoint
sequence in ¥ such that

U&:% and G%:Gm.
i n=0 n=0
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Hence, we have

(ii) Define By, := A \ Ay. Then, B, C By,4+1 for all n € N and thus, by part (i), we have

1(U ) = Jim )
n=0
= 1111_{1;0(;1(140) — w(4n))

= p(Ao) — Tim p(Ay).

Note that, by definition of B,,, we have

U Bn =40\ () 4
n=0 n=0

Since p(Ag) < oo, it follows from the previous proposition that
1(Ao) —u(ﬂ An) = u(Ao\ N An>
n=0 n=0
-(U»)

n=0

Therefore, we have
o0
] ( ﬂl An> = nh_}ngo w(Ay). O
n—=

Remark 5.9. Note that the result in the second part of this proposition need not be true
if u(Ap) = oo. For example, consider (N, Z(N), u), where p is the counting measure on
(N,Z(N)). It A, = {n,n+ 1,n+2,...}, then {A,},en is a decreasing sequence. Since
p(Ay) = oo for all n € N, we have nl;rglo p(Ap) = co. On the other hand, 2, A, = @ and

thus p(,— An) = 0.
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Proposition 5.10. Let (M,%, u) be a measure space. Then, p is countably sub-additive.
That is, for any sequence {Ap}nen in X, we have

u(poAn> Sniou(fl

Proof.  (a) First, we show that u(AUB) < p(A)+ p(B) for any A, B € ¥. Note that, for
any pair of sets A and B, the sets A\ B, B\ A and AN B are pairwise disjoint and
their union is AU B.

A B

By writing A = (A\ B)U(ANB) and B = (B\ A) U(AN B) and using the additivity
and positivity of u, we have

p(A) + u(B) = u((A\ B) U(AN B)) + u((B\ A) U (AN B))
A\ B) +2u(ANB) + u(B\ A)

AUB)+ pn(ANB)

AUB).

(b) We now extend this to finite unions by induction. Let {A,},en be a sequence in X
7 ( U Ai) <> u(A
i=0 i=0
for some n € N. Then, by part (a), we have
n+1 n
i=0 i=0
< utdnin) +( U 4:)

=0

< p(Anr) + 3 (A
=0

and suppose that

Hence, by induction on n with base case n = 1 and noting that the case n = 0 is
trivial (it reduces to pu(Ag) = pu(Ap)), we have

VneN: ”(OAi> g;u(A

=0
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(c) Let {An}nen be a sequence in X. Define B, := [J;_,An. Then, {B,}nen is an
increasing sequence in X. Hence, by continuity from above of u, we have

A(G)-H(3
= lim p(By)

= s (U )

=0

< HILH;OZ;N(Ai)

= ZM(Ai)
i=0

which is what we wanted. O

Definition. Let (M, X, 1) be a measure space. The measure p is said to be finite if there
exists a sequence {A, }nen in ¥ such that (J;2 A, = M and

VneN: ul(A,) < .

Example 5.11. The counting measure on (N, Z2(N)) is finite. To see this, define A, := {n}.
Then, clearly |J;2, An = N and p(A,) = {n}| =1 < oo for all n € N.

5.2 Borel og-algebras

We have already remarked the parallel between topologies and o-algebras. A further sim-
ilarity stems from the fact that, just like for topologies, interesting o-algebras are hardly
ever given explicitly, except in some simple cases. In general, they are defined implicitly by
some membership condition.

Proposition 5.12. Let M be a set and let {3; : i € I} be a collection of o-algebras on M.
Define the set
Si=()Zi={Ac P(M)|Ac%;Viell
el
Then, ¥ is a o-algebra on M.

Proof. We simply check that 3 satisfies the defining properties of a g-algebra.
(i) We have M € ¥; for all i € I and hence M € ¥.

(ii) Let A € ¥. Then, A € ¥; for all 7 € I and, since each ¥; is a o-algebra, we also have
M\ A€, foralliel. Hence, M\ AcX.

(iii) Let {A,}nen be a sequence in X. Then, {A,},eN is a sequence in each 3;. Thus,
[o.¢]
viel: |JAnex.
n=0
Hence, we also have J;~ , A, € 2. O
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Definition. Let M be a set and let &€ C (M) be a collection of subsets of M. The
o-algebra generated by £, denoted o (&), is the smallest o-algebra on M containing all the
sets in £. That is,

Aeco(f) < forallo-algebrasXon M: ECY = A X
or, by letting {¥; | i € I} be the collection of o-algebras on M such that £ C 3,

o(€):= m ¥
iel
The set & is called a generating set for o(£). Observe that the second characterisation
makes it manifest that o(&) is indeed a o-algebra on M by the previous proposition.

Theorem 5.13. Let (M,Y) be a measurable space. Then, ¥ = o (&) for some € C P(M).

This generating construction immediately allows us to link the notions of topology and
o-algebra on a set M via the following definition.

Definition. Let (M, Q) be a topological space. The Borel o-algebra on (M, Q) is o(O).

Recall that a topology on M is a collection O C & (M) of subsets of M which contains
@ and M and is closed under finite intersections and arbitrary (even uncountable) unions.
The elements of the topology are called open sets. Of course, while there many choices of
o-algebra on M, if we already have a topology O on M, then the associated Borel o-algebra
is very convenient choice of o-algebra since, as we will soon see, it induces a measurable
structure which is “compatible” with the already given topological structure.

This is, in fact, the usual philosophy in mathematics: we always let the stronger struc-
tures induce the weaker ones, unless otherwise specified. For instance, once we have chosen
an inner product on a space, we take the norm to be the induced norm, which induces a
metric, which in turn induces a topology on that space, from which we now know how to
obtain a canonical o-algebra.

We remark that, while the Borel o-algebra on a topological space is generated by the
open sets, in general, it contains much more that just the open sets.

Ezxample 5.14. Recall that the standard topology on R, denoted Og, is defined by
AeOr & VaceA:Je>0:VreR: |r—a|l<e =recA

In fact, the elements of Or are at most countable unions of open intervals in R. Consider
now the Borel o-algebra on (R, Or). Let a < b. Then, for any n € N, the interval (a — %, b)
is open. Hence, {(a — %, b) }nen is a sequence in o(Or). Since o-algebras are closed under
countable intersections, we have

[e.9]

()(a—%b)=[a,b) € o(OR).

n=0
Hence, 0(Or) contains, in addition to all open intervals, also all half-open intervals. It is not
difficult to show that it contains all closed intervals as well. In particular, since singletons
are closed, o(OR) also contains all countable subsets of R. In fact, it is non-trivial'l to
produce a subset of R which is not contained in o(ORg).

"https://en.wikipedia.org/wiki/Borel_set#Non-Borel_sets
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5.3 Lebesgue measure on R?

Definition. Let (M,X, 1) be a measure space. If A € ¥ is such that u(A) = 0, then A is
called a null set or a set of measure zero.

The following definition is not needed for the construction of the Lebesgue measure.
However, since it is closely connected with that of null set and will be used a lot in the
future, we chose to present it here.

Definition. Let (M, 3, 1) be a measure space and let P be some property or statement.
We say that P holds almost everywhere on M if

1ZeX¥: u(Z)=0 and Vme M\ Z: P(m).

In other words, the property P is said to hold almost everywhere on M if it holds
everywhere on M except for a null subset of M.

Ezample 5.15. Let (M, 3, 1) be a measure space and let f,g: M — N be maps. We say
that f and g are almost everywhere equal, and we write f =, g, if there exists a null set
Z € % such that

VmeM\Z: f(m)=g(m).

The case f = g corresponds to Z = &.

Definition. A measure p: ¥ — [0, 00] is said to be complete if every subset of every null
set is measurable, i.e.

VAeX:VBe Z(A): uw(A)=0= BeX.

Note that since for any A, B € ¥, B C A implies u(B) < p(A), it follows that every
subset of a null set, if measurable, must also be a null set.

Definition. Let (M,X, u) be a measure space and let (M, +,-) be a vector space. The
measure 4 is said to be translation-invariant if

VmeM:VAeX: A+meX and p(A+m)=pu(A),

where A4+ m:={a+m|ac A}

Theorem 5.16. Let Oga be the standard topology on RY. There exists a unique complete,
translation-invariant measure
A o (Opa) = [0, 0]

such that for all a;,b; € R with 1 < i <d and a; < b;, we have

d

)\d([al,bl) X X [ad,bd)) = H(bz — ai).

i=1

Definition. The measure A% is called the Lebesque measure on R%.
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The superscript d in A% may be suppressed if there is no risk of confusion. Note that
the Lebesgue measure on R, R? and R? coincides with the standard notions of length, area
and volume, with the further insight that these are only defined for the elements of the
respective Borel o-algebras.

Proposition 5.17. The Lebesgue measure on R is finite.
Proof. Consider the sequence {[ay, a, + 1)},en where

{—511 if n is even
ap =

s(n+1) ifnisodd.

That is, {an }nen is the sequence (0,1,—1,2,—-2,3,-3,...).

Clearly, we have |J;” j[an,an +1) = R. Since, for all n € N, [an,a, + 1) € 0(Or) and
A([an, an +1)) =1 < oo, the Lebesgue measure A is finite. O

This can easily be generalised to show that A? is finite for all d > 1.

5.4 Measurable maps

As we have remarked earlier, once we introduce a new structure, we should immediately
think about the associated structure-preserving maps. In the case of measurable spaces, a
measurable map is one that preserves the “measurability” structure.

Definition. Let (M, X)) and (IV,Xy) be measurable spaces. A map f: M — N is said
to be measurable if
VA€ Xy : preims(A4) € Xy

Note that this is exactly the definition of continuous map between topological spaces,
with “continuous” replaced by “measurable” and topologies replaced by o-algebras.

Lemma 5.18. Let (M,Xys) and (N,Xy) be measurable spaces. A map f: M — N is
measurable if, and only if,
VAeE&: preimg(A) € Xy,

where £ C P(N) is a generating set of Y.

Corollary 5.19. Let (M,Opr) and (N,Opn) be topological spaces. Any continuous map
M — N is measurable with respect to the Borel o-algebras on M and N.

Recall that a map R — R is monotonic if it is either increasing or decreasing.
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Corollary 5.20. Any monotonic map R — R is measurable with respect to the Borel o-
algebra (with respect to OR).

Proposition 5.21. Let (M,Xys), (N,Xn) and (P,Xp) be measurable spaces. If f: M — N
and g: N — P are both measurable, the so is their composition go f: M — P.

Proof. Let A € Xp. As g is measurable, we have preim (A) € Xy. Then, since f is

g
measurable, it follows that

preim ¢ (preim (A)) = preim g, ((A4) € L.
Hence, g o f is measurable. O

Proposition 5.22. Let (M,X;) and (N,Xn) be measurable spaces and let {fy}nen be a
sequence of measurable maps from M to N whose pointwise limit is f. Then, f is measur-

able.

Recall that {f,}nen converges pointwise to f: M — N if
VmeM: lim f,(m)= f(m).
n—oo

This is in contrast with continuity, as pointwise convergence of a sequence of continuous
maps is not a sufficient condition for the continuity of the pointwise limit. In the case
of real or complex-valued maps, a sufficient condition is convergence with respect to the
supremuim norm.

5.5 Push-forward of a measure

If we have a structure-preserving map f between two instances A and B of some structure,
and an object on A (which depends in some way on the structure), we can often use f to
induce a similar object on B. This is generically called the push-forward of that object
along the map f.

Proposition 5.23. Let (M, X, 1) be a measure space, let (N,X ) be a measurable space
and let f: M — N be a measurable map. Then, the map

f*/L: YN — [0,00]
A= p(preimg(A))

is a measure on (N,Xy) called the push-forward of u along f.

That f.u is a measure follows easily from the fact that p is a measure and basic
properties of pre-images of maps, namely

preim(A\ B) = preim(A) \ preim(B)

preim <U Ai) = | J preim(4,).

el iel
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6 Integration of measurable functions

We will now focus on measurable functions M — R and define their integral on a subset
of M with respect to some measure on M, which is called the Lebesgue integral. Note
that, even if M C R?, the Lebesgue integral of a function need not be with respect to the
Lebesgue measure.

The key application of this material is the definition of the Banach spaces of (classes
of) Lebesgue integrable functions LP. The case p = 2 is especially important since L? is, in
fact, a Hilbert space. It appears a lot in quantum mechanics where it is loosely referred to
as the space of square-integrable functions.

6.1 Characteristic and simple functions
Definition. Let M be a set and let A € &(M). The characteristic function of A, denoted
xa: M — R, is defined by

1 ifmeA
xa(m) =

0 ifmé¢ A
Ezample 6.1. Below is the graph of x(9: R = R.

1+ Oo—@ X(1,2]

i I |
T T T

0 1 9 3

The following properties of characteristic functions are immediate.

Proposition 6.2. Let M be a set and let A,B € P (M). Then
(i) Xz =0
(1) xauB = XA+ XB — XAnB
(iii) XanB = XAXB
(i) Xapa +xa =1

where the addition and multiplication are pointwise and the 0 and 1 in parts (i) and (iv)
are the constant functions M — R mapping everym € M to 0 € R and 1 € R, respectively.

Definition. Let M be a set. A function s: M — R is simple if s(M) = {ry,...,rp} for
some n € N.

Equivalently, s: M — R is simple if there exist r1,...,r, € Rand Ay,..., A, € (M),

for some n € N, such that
n

S = ZT’Z‘XAi.

i=1
So s is simple if it is a linear combination of characteristic functions.
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Ezample 6.5. Consider the simple function s: R — R given by s := x[1.3] + 2X[2,5]-

34 oo
21 o o
11 O

0 1 9 3 4 5

By observing the graph, we see that we can re-write s as

s =X[,2) +3X[2,3 T 2x@3,5)-

Definition. A simple function is said to be in its standard form if

n
s = E TiXA;»
i=1

where A; N Aj = @ whenever i # j.

Any simple function can be written in standard form. It is clear that if s is in its
standard form, then A; = preim ({r;}).

Proposition 6.4. Let (M,Y) be a measurable space and let A, Ay, ..., A, € P(M). Then
(i) xa is measurable if, and only if, A € X

(ii) if s = > " rixa, is a simple function in its standard form, then s is measurable if,
and only if, we have A; € ¥ for all1 < i < n.

Proof. (i) We have x4 : M — R with possible values {0,1}. Equipping R with its Borel
o-algebra w.r.t. the standard topology, o(OR), we have:

(a) (=) We have
A=M\ preimXA([O, 1)),
but [0,1) € 0(Or) and so preim, ,([0,1)) € . Then by property (ii) of a o-
algebra F € X..

(b) (<) Let a = [1,0), f = (—00,0) and v = [0,1]. Clearly «, 3,7 € 0(Or) and
aUpB U~y =R. Then

A,
9,

preim, , ()
preimx M (8)
preim, , (1) = M,

all of which are measurable sets on M and so x4 is measurable.
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(ii) First define x4, := rix4,, which satisfies

r; ifm e A;

Xartm) = {0 if m ¢ A

As s is in its standard form we know X4, N x4; = @ for all i # j. Combining these
two things, and defining «; = [r;, 00), 7; = [0, 7], the result follow from part (i).
O

6.2 Integration of non-negative measurable simple functions

We begin with the definition of the integral of a non-negative, measurable, simple function.

Definition. Let (M, 3, u) be a measure space and let s: M — R be a nowhere negative,
measurable, simple function whose standard form is s = > _" | rix4,. Then, we define

/ sdp = Zrm(A,-).
M i=1

Note that the non-negativity condition is essential since p takes values in [0, co], hence
we could have p(A;) = oo for more that one A;, and if the corresponding coefficients r;
have opposite signs, then we would have f a $dp = 00 — oo, which is not defined. For the
same reason, we are considering s: M — [0, c0) rather than s: M — [0, co].

Ezample 6.5. Consider the measure space (N, Z(N), 1), where p is the counting measure,
let f: N — R be non-negative and suppose that there exists N € N such that f(n) =0 for
all n > N. Then, we can write f as

N

F=>" Fm)xmy-

n=0

That is, f is a non-negative, measurable, simple function and therefore

N N
/N fau=S" fmudn}) =Y ).
n=0 n=0

Hence, the “integral” of f over N with respect to the counting measure is just the sum.

The need for simple functions to be in their standard form, which was introduced to
avoid any potential ambiguity in the definition of their integral, can be relaxed using the
following lemma.

Lemma 6.6. Let (M,X, 1) be a measure space. Let s and t be non-negative, measurable,
simple functions M — R and let ¢ € [0,00). Then

/(chrt)d,u:c/ sd,qu/td,u.
M M M
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Proposition 6.7. Let (M,X, ) be a measure space and let s = > " | rixa, be a non-
negative, measurable, simple function M — R not necessarily in its standard form. Then

n

/MS dp = ZTiM(Ai)~

=1

Corollary 6.8. Let (M,X, 1) be a measure space. Let s and t be non-negative, measurable,
simple functions M — R such that s <t (that is, s(m) < t(m) for allm € M ). Then

/sd,ug/td,u.
M M

Lemma 6.9. Let (M,X, 1) be a measure space and let s = 1 | ;X 4, be a non-negative,
measurable, simple function M — R. Define the map

vs: X — [0, 00]
A »—>/ sxadu,
M
where sx 4 is the pointwise product of s and x 4. Then, vs is a measure on (M,X).

Proof. First, note that we have

/ sxadp = / <Z riXA¢XA>d,U = / (Z m-XAmA> dp =" rip(A;i N A).
M M\ M N1 i=1

We now check that v satisfies the defining properties of a measure.

n n

(i) vs(@) := /Msxg dp = Zri,u(Ai Ng)= Zmu(@) =0

i=1 =1

(ii) Let {Bj}jen be a pairwise disjoint sequence in ¥. Then

_ Z“(G (4N B»)
i=1 J

0

= Z Z Ti,u(Ai N Bj)

§=0 i=1

=y /MSXBj dp

S(Bj)'

.
Il
=)

o

i
o

Thus, vy is a measure on (M, X). O
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6.3 Integration of non-negative measurable functions

As we are interested in measurable functions M — R, we need to define a o-algebra on R.
We cannot use the Borel o-algebra since we haven’t even defined a topology on R. In fact,
we can easily get a o-algebra on R as follows.

Proposition 6.10. The set ¥ :={A € Z(R) | ANR € 0(OR)} is a o-algebra on R.

In other words, we can simply ignore the infinities in a subset of R and consider it to
be measurable if A\ {—o00,+00} is in the Borel o-algebra of R. We will always consider R
to be equipped with this o-algebra.

Lemma 6.11. Let (M,Y) be a measurable space and let f,g: M — R be measurable. Then,
the following functions are measurable.

(i) cf + g, for any c € R

(ii) 1] and 12
(11i) fg (pointwise product) if f and g are nowhere infinite
(iv) max(f,g) (defined pointwise).

Definition. Let (M,Y, 1) be a measure space and let f: M — R be a non-negative,
measurable function. Denote by S the set of all non-negative, measurable, simple functions
s: M — R such that s < f. Then, we define

fdu:= sup/ sd.
M s€S JM

Remark 6.12. Tt is often very convenient to introduce the notation

AJWMMMEA/MM

where z is a dummy variable and could be replaced by any other symbol. The reason why
this is a convenient notation is that, while some functions have standard symbols but cannot
be easily represented by an algebraic expression (e.g. characteristic functions), others are
easily expressed in terms of an algebraic formula but do not have a standard name. For

instance, it is much easier to just write

| utaa)

than having to first denote the function R — R, z — 22 by a generic f or, say, the more

/ sqr du.
R

In computer programming, this is akin to defining anonymous functions.

specific sqr, and then write
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Definition. Let (M,Y,u) be a measure space and let f: M — R be a non-negative,
measurable function. For any A € ¥ (that is, any measurable subset of M), we define

/A fdu = /foA .

Note that the product fx4 is measurable by part (iii) of Lemma 6.11.

Lemma 6.13. Let (M, %, 1) be a measure space, let f,g: M — R be non-negative, mea-
surable functions such that f < g, and let A, B € ¥ be such that A C B. Then

(i) /MfdMS/Mgdu

(ii) /Afdué /deu-

Proof. (i) Denote by Sy and S, the sets of non-negative, measurable, simple functions
that are less than or equal to f and g, respectively. As f < g, we have Sy C S, and

fdu:= sup/sd,ug sup/sdu::/gd,u.
M seSy JM s€Sg JM M

(ii) Since A C B, for any m € M we have

hence

fm)xa(m) < f(m)xs(m).

In fact, we have equality whenever m € A or m € M \ B, while for m € B\ A the
left hand side is zero and the right-hand side is non-negative. Hence, fxa < fxp and
thus, by part (i), we have

/A fdp = /foAdug /foBdu - /B fdu -

Proposition 6.14 (Markov inequality). Let (M, X, 1) be a measure space and let f: M — R
be a non-negative, measurable function. For any z € [0,00], we have

/ fdu > 2 p(preimg([z, o).
M

Equality is achieved whenever z is an upper bound for f.

preim([z, oo])
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The following is the pivotal theorem of Lebesgue integration.

Theorem 6.15 (Monotone convergence theorem). Let (M, 3, 1) be a measure space and let
{fu}nen be a sequence of non-negative, measurable functions M — R such that fni1 > fn
for all n € N. If there exists a function f: M — R such that

Vme M : nl;rgofn(m) = f(m)

(i.e. [ is the pointwise limit of { fn}nen), then f is measurable and
lim fndu = / fdu.

Remark 6.16. Observe that this result is in stark contrast with what one may be used
from Riemann integration, where pointwise converge of a sequence of integrable functions
{fn}nen is not a sufficient condition for the integral of the limit f to be equal to the limit
of the integrals of f, or, in fact, even for f to be integrable. For these, we need stronger

conditions on the sequence { fy, }nen, such as uniform converge.

The definition of the integral as a supremum is clear and geometrically reasonable.
However, it is in general very difficult to evaluate the integral of any particular function
using it. The monotone convergence theorem provides a much simpler way to evaluate the
integral. One can show that, for any non-negative, measurable function f, there exists an
increasing sequence {s;,}nen of non-negative, measurable, simple functions (which can be
explicitly constructed from f) whose pointwise limit is f, and hence we have

/ fdpu = lim Sn du,
M n—oo M
where the right-hand side can usually be evaluated fairly easily.

Ezample 6.17. Consider the measure space (N, Z(N), ), where p is the counting measure,
and let f: N — R be non-negative. Note that the choice of o-algebra Z?(N) on N makes
every function on N (to any measurable space) measurable. Define, for every n € N,

sn =Y F(i)xgy-
1=0

Then, {s,}nen is an increasing sequence of non-negative, measurable, simple functions
whose pointwise limit is f and therefore, by the monotone convergence theorem,

n o0
/Nf dp= lim | sndp = T}gg(}% Fo)u({i}) = ZO £(@).
1= 1=
If you ever wondered why series seem to share so many properties with integrals, the reason

is that series are just integrals with respect to a discrete measure.

The monotone convergence theorem can be used to extend some of the properties of in-
tegrals of non-negative, measurable simple functions to non-negative, measurable functions

which are not-necessarily simple.
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Lemma 6.18. Let (M, %, 1) be a measure space, let f,g: M — R be non-negative, mea-
surable functions and let ¢ € [0,00). Then

(i) /M(Cf +g)du = C/Mf dp + /Mg dp

(11) the map vy: ¥ — [0,00] defined by vy(A) ::/ fdu is a measure on (M, )
A

(1ii) for any A € 3, we have/ fdu:/fd,u—i— fdpu.
M A M\A

Proof. (i) Let {sp}nen and {¢, }nen be increasing sequences of non-negative, measurable,
simple functions whose pointwise limits are f and g, respectively. Then, it is easy to
see that {cs, + ty }nen is an increasing sequence of non-negative, measurable, simple
functions whose pointwise limit is ¢f 4+ ¢g. Hence, by Lemma 6.6 and the monotone
converge theorem

/ (cf +g)dpu = lim [ (csp+t,)du
M

n—oo M

= lim <c/ sndu—t—/ tnd,u>

=c lim Spdp + lim tndp

:c/ fdu+/gdp.
M M

(ii) To check that v is a measure on (M, X), first note that we have

vi(9) = /fdu :=/ fxodp = 0.
@ M
Let {A;}ien be a pairwise disjoint sequence in X. Define, for any n € N,
Jn = IX(Uy 40):

Since, for all n € N, we have |J j A; C U?:Jrol A; and f is non-negative, {fn}nen 18
an increasing sequence of non-negative, measurable, simple functions whose pointwise
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limits is fX(UC-’io A;)° Hence, by recalling Proposition 6.2, we have

Vf( Al> = / fdu
Z'L—J() Ufio Aq

= /Mf X(Uzzg 4) W

= fy XU A

n—oo M
= i [ (1w )an
= vp(Ay).

=0

(ili) Note that AN (M \ A) = @. Hence, by using the fact that v; from part (ii) is a
measure on (M, ), we have

[ fdu=ry 00 =y () 4O\ ) = [ Faus [ e m
M A M\A

Part (i) of the previous lemma and the monotone convergence theorem also imply that,
for any sequence {f, }nen of non-negative, measurable functions, we have

/M (nio fn) dp = 2 /an dp.

Again, note that this result does not hold for the Riemann integral unless stronger condi-
tions are places on the sequence { fy, }nen-
Finally, we have a simple but crucial result for Lebesgue integration.

Theorem 6.19. Let (M,Y, 1) be a measure space and let f: M — R be a non-negative,
measurable function. Then

/fd:u:o & f=ae 0.
M
Proof. (=) Suppose that [y, fdu = 0. Define A, := {m € M | f(m) > 25} and let

1

By definition of A,,, we clearly have s, < f for all n € N. Hence,

os/sndug/fduzo
M M
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and thus, [, s, du =0 for all n € N. Since by definition

[ suidi = syuan)
M

we must also have u(A,) =0 for all n € N. Let A:={m € M | f(m) # 0}. Then, as

f is non-negative, we have

A=JAa=UlmeM] f(m)> A5}
n=0

n=0

and, since A,, C A, 1 for all n € N, we have
u(A) = u( UO An) = lim p(4,) = 0.

Thus, f is zero except on the null set A. That is, f =,.. 0.

(<) Suppose that f =, 0. Let S be the set of non-negative, measurable, simple functions
s such that s < f. As f =, 0, we have s =, 0 for all s € S. Thus, if

n
S = E TiXA;»
i=1

we must have either r; = 0 or u(A;) =0 for all 1 <14 < n. Hence, for all s € 5,

n
/ sdu = ZTiM(Az‘) =0.
M i=1
Therefore, we have

/fdu:—sup/ sdu = 0. O
M seS JM

This means that, for the purposes of Lebesgue integration, null sets can be neglected
as they do not change the value of an integral. The following are some examples of this.

Corollary 6.20. Let (M, %, 1) be a measure space, let A € ¥ and let f,g: M — R be
non-negative, measurable functions.

(i) If u(A) =0, then/fd,uzO

A
1) If f =ae g, th dp = d
(ir) If f g ten/Mf ft /Mg p

(ii) If f <ae. 9, then/ fdué/ gdpu.
M M

Proof. (i) Clearly, fxa =ae. 0 and hence

/Afdu = /MfXAdM = 0.
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(ii) As f =ae g, we have f — g =, 0 and thus

0= /M(f —g)du= /Mf dp — /Mg dp.

(i) Let B:={m e M | f(m) > g(m)}. As f <ae g, we have u(B) =0 and f < g on

M\ B. Thus
/fduz/fdwr/ fdu</ gdu</gdu
M B M\B M\B M

where we used part (i) and Lemma 6.13. O

Ezample 6.21. Consider (R,0(OR), ) and let f: R — R be the Dirichlet function

Fr) im {1 ifreQ

0 ifreR\Q.

The Dirichlet function is the usual example of a function which is not Riemann integrable
(on any real interval). We will now show that we can easily assign a numerical value to
its integral on any measurable subset of R. First, note that a set A € o(Or) is null with
respect to the Lebesgue measure if, and only if|

Ve>0:IHItpen: AC |JIn and D AU, <e
n=0 n=0

where {I,}nen is a sequence of real intervals. From this, it immediately follows that any
countable subset of R has zero Lebesgue measure. Thus, A(Q) = 0 and hence, f =, 0.
Therefore, by the previous lemmas, we have

/Afd/\zo

for any measurable subset A of R.

6.4 Lebesgue integrable functions

Since the difference oo — 0o is not defined, we cannot integrate all measurable functions.
There is, however, a very small extra condition (beyond measurability) that determines the

class of functions to which we can extend our previous definition.

Definition. Let (M, Y, 1) be a measure space and let f: M — R. The function f is said
to be (Lebesgue) integrable if it is measurable and

/M\fldu< 00.

We denote the set of all integrable functions M — R by Z3 (M, X, i), or simply Z1(M) if
there is no risk of confusion.
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For any f: M — R, we define f* := max(f,0) and f~ := max(—f,0), which are
measurable whenever f is measurable by part (iv) of Lemma 6.11.

~ Y
/

Observe that f = f* — f~ and |f| = fT + f~. Clearly, we have f* < |f| and f~ < |f],
and hence

/|f|du<oo & /f+du<oo and/fdu<oo.
M M M

Definition. Let (M, Y, 1) be a measure space and let f: M — R be integrable. Then, the
(Lebesgue) integral of f over M with respect to u is

It should be clear that the role of the integrability condition [ | fldp < oo is to prevent
the integral of f from being co — 0o, which is not defined.

In quantum mechanics, we usually deal with complex functions. The extension to the
complex case of the integration theory presented thus far is straightforward.

Definition. Let (M,¥, u) be a measure space. A complex function f: M — C is said to
be integrable if the real functions Re(f) and Im(f) are measurable and

/ |fldu < oo,
M

where |f| denotes the complex modulus, i.e. |[f|> = Re(f)? + Im(f)?. We denote the set
of all integrable complex functions by Z2 (M, X, u), or simply £ (M) if there is no risk of
confusion.

Definition. Let (M, 3, u) be a measure space and let f: M — C be integrable. We define

/Mf dp = /MRe(f) dp —H/Mlm(f) dp.

The following lemma gives the properties expected of sums and scalar multiples of
integrals. Note, however, that before we show that, say, the integral of a sum is the sum of

the integrals, it is necessary to first show that the sum of two functions in £*(M) is again
in Z1(M).

792 -



Lemma 6.22. Let (M, 3%, i) be a measure space, let f,g € LY (M) and let ¢ € R. Then

/fdu‘ /\fldu

(ii) cf € LY(M) and /Mcfdu:c/Mfd,u

(i) |fl € LY(M) and

1 B
(i) f+ge€ L (M) and /M(f+9)du— /Mfdqu/Mgdu
(iv) LY(M) is a vector space.

Proof. (i) As ||f|| = |f|, we have |f| € £*(M). Then, by the triangle inequality,

\/ fdu' \/ - [ 5 du‘
‘/ f*du‘ ’/ fdu'
= [ rrauws [ ra
S AGEISLY

Z/leldu-

[ leftan - /\CHf\du— o [ 1l <o

and hence, we have cf € L1 (M
Suppose ¢ > 0. Then, (cf)t = chr and (cf)” = c¢f™ and thus

[ etdu= [ @ntan= [ @) au
—C/Mf+du—c/ fdu

—c [ (=)

—0/ fdu

(ii) We have
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Now suppose ¢ = —1. Then, (—f)" = f~ and (—f)~ = f*. Thus

Jenan= [ cotau= [ = au
o [
= ([ [ )

—— [ (=)

The case ¢ < 0 follows by writing ¢ = (—1)(—c) and applying the above results.

(iii) By the triangle inequality, we have |f + g| < |f| + |g| and thus

/|f+g|du§/|f|du+/lg|du<00-
M M M

Hence, f + g € £(M). Moreover, we have
frg=f"=f+g"—g =(T+g") - +9),

where f* + g™ and f~ + ¢~ are non-negative and measurable. Note that, while
(f+9)" # fT+gT and (f+9g)~ # f~ +g, one can show that f*+¢g* and f~+ g~
give an equivalent splitting of f + g to define its integral. Therefore

[ +adu= [ ¢ aan= [ (o

/Mf+ du+ /Mg+ dji /Mf‘ i — /Mg— i

= [t =t [ @

- /Mfd,u " /Mg e

(iv) The set of all functions from M to R is a vector space. By parts (ii) and (iii), we have
that £1(M) is a vector subspace of this vector space and hence, a vector space in its
own right. O

Some properties of the integrals of non-negative, measurable functions easily carry over

to general integrable functions.

Lemma 6.23. Let (M, ¥, 1) be a measure space and let f,g € L1 (M).

(i) If f =ac. g, then /Mf dj = /Mg dy

(i) If f <ae. g, then /Mf dp < /Mgdu-
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Just as the monotone convergence theorem was very important for integrals of non-
negative, measurable functions, there is a similar theorem that is important for integrals of
functions in £ (X).

Theorem 6.24 (Dominated convergence theorem). Let (M, 3, u) be a measure space and
let { fn}nen be a sequence of measurable functions which converges almost everywhere to a
measurable function f. If there exists g € LY (M) such that | f,| <ae. g for alln € N, then

(i) f €LY M) and f, € LY(M) for alln € N

(i) tim [ 1= flan=0

(117) lim / frndu :/ fdu.
Remark 6.25. By “{fn}nen converges almost everywhere to f” we mean, of course, that
there exists a null set A € X such that

VmeM\A: nh_)rrolofn(m) = f(m).

6.5 The function spaces LP(M, X, )

While in quantum mechanics we need the theory of LP spaces only for p = 2, it is worthwhile
to develop the theory in more generality, by considering LP for all 1 < p < cc.

Definition. Let (M, X, 1) be a measure space and let p € [1,00). We define
LM, 5, p) = {f: M —R ‘ f is measurable and / lfIPdp < oo}
M
and, similarly,

LE(M, 2, p) = {f M—C ‘ Re(f) and Im(f) are measurable and /M]f|pdu < oo}

Whenever there is no risk of confusion, we lighten the notation to just Z?.

Definition. Let (M, Y, i) be a measure space and let f: M — R. The essential supremum
of f is defined as
esssup f :=inf{c € R| f <o c}.

Then, f is said to be almost everywhere bounded (from above) if esssup f < oo.

Alternatively, f: M — R is almost everywhere bounded if there exists a null set A € &
such that f restricted to M \ A is bounded.

Definition. Let (M, X, 1) be a measure space. We define
LRE(M, X ) = {f: M —R ‘ f is measurable and esssup |f| < oo}
and, similarly,

LM, 2, ) = {f: M —C ‘ Re(f) and Im(f) are measurable and esssup |f| < oo}.

Whenever there is no risk of confusion, we lighten the notation to just £?, for p € [1, 00].
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All the £P spaces become vector spaces once equipped with pointwise addition and
multiplication. Let us show this is detail for ,,2”8

Proposition 6.26. Let (M,3, 1) be a measure space. Then, .i”g s a complex vector space.

Proof. The set of all functions M — C, often denoted MC, is a vector space under pointwise
addition and multiplication. Hence, it suffices to show that fg is a subspace of MC.

(i) Let f € %2 and z € C. As |z| € R, we have:

/ = dp = |z|2/ P dp < oo
M M

and hence, zf € £2.
(ii) Let f,g € £2. Note that
If+9l>=(f+9)(f +9)

=(f+9(f+9)

=ff+fg+9f+gg

= |fP+ fg+9f + 9/
Moreover, as

0<|f =gl =1/~ fa—gf +lal,
we have fg+gf < |f|*>+|g/*, and thus
| +gl* < 2|77 +2lg/*.

Therefore

[1r+gansz [ (fPanse [ o du< o,
M M M
and hencef+g€$g. O

Ideally, we would like to turn all these .£P space into Banach spaces. Let us begin by
equipping them with a weaker piece of extra structure.

Proposition 6.27. Let (M,X, 1) be a measure space and let p € [0,00]. Then, the maps
|- llp: £P — R defined by

1l = (/M’f’pd”> Jorl<p<eo

esssup | f] for p = o0
are semi-norms on LP. That is, for all z € C and f,g € L7,

(1) Ifllp =0
(@) 12 fllp = [2[[[fllp
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(i) |1 + gllp < [1£llp + llgllp-

In other words, the notion of semi-norm is a generalisation of that of norm obtained by
relaxing the definiteness condition. If the measure space (M, X, 1) is such that the empty
set is the only null set, then || - ||, is automatically definite and hence, a norm.

Ezample 6.28. Consider (N, Z(N), 1), where p is the counting measure. Then, as p(A) is
the cardinality of A, the only null set is the empty set. Thus, recalling that functions on N
are just sequences, the maps

0 1
P
<§ \anp) for 1 <p< oo
n=0

sup{|an| | n € N}  for p =00

{annenlly =

are norms on .Z?(N). In particular, note that we have .Z?(N) = ¢2(N).

However, in general measure spaces, we only have

HfHP =0 <~ f —a.e. Oa

as we have shown in Theorem 6.19 for Z!, and it is often very easy to produce an f # 0
such that || f||, = 0. The solution to this problem is to construct new spaces from the £? in
which functions that are almost everywhere equal are, in fact, the same function. In other
words, we need to consider the quotient space of ZP by the equivalence relation “being
almost everywhere equal”.

Definition. Let M be a set. An equivalence relation on M is a set ~ C M x M such that,

writing a ~ b for (a,b) € ~, we have

(i) a~a (reflexivity)
(ii) a~b & b~a (symmetry)
(ii) (a~bandb~c) = a~c (transitivity)

for all a,b,c € M. If ~ is an equivalence relation on M, we define the equivalence class of
m € M by [m] :={a € M | m ~ a} and the quotient set of M by ~ by

M/~ = {[m] | m e M}.
It is easy to show that M/~ is a partition of M, i.e.

M = U [m] and [a] N [b] = @ whenever a # b.
meM

In fact, the notions of equivalence relation on M and partition of M are one and the same.

Lemma 6.29. Let (M,%, 1) be a measure space and let ~ be defined by

f~g % f=acyg

Then, ~ is an equivalence relation on LP.
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Proof. Let f,g,h € ZP. Clearly, f ~ f and f ~ g < g ~ f. Now suppose that f ~ g and
g ~ h. Then, there exist null sets A, B € ¥ such that f = gon M\ A and g =h on M\ B.
Recall that o-algebras are closed under intersections and hence, AN B € 3. Obviously, we
have f =h on M \ (AN B) and, since

u(ANB) < p(AU B) < p(A) + p(B) =0,
the set AN B is null. Thus, f ~ h. O
Definition. Let (M, X, 1) be a measure space and let f ~ g < f =, g. We define
7= o) = {f] | f € 27},
Lemma 6.30. Let (M,X, 1) be a measure space. Then, the maps
(i) +: LP x LP — L? defined by [f] + [g] := [f + g]
(ii) -: C x LP — LP defined by z[f] := [z f]
(iii) || - [|lp: LP — R defined by [|[f]llp == [ fllp
are well-defined. Moreover, | -||,: LP — R is a norm on LP.

Lemma 6.31 (Holder’s inequality). Let (M, X, 1) be a measure space and let p,q € [1,00]
be such that % + % =1 (where é :=0). Then, for all measurable functions f,g: M — C,

T s (e (s

Hence, if [f] € L? and [g] € L9, with 1 —|— =1, then [fg] € L' and

IFgllle < LA

The equality holds if and only if |f|P and |g|? are linearly dependent on L'. That is,
there exists non-negative real numbers «, 8 € R such that

al fIP =a.e. Blg|*
Note it is clear that o and 8 cannot both vanish.
Theorem 6.32. The spaces LP are Banach spaces for all p € [0, 00].

We have already remarked that the case p = 2 is special in that L? is the only LP space
which can be made into a Hilbert space.

Proposition 6.33. Let (M,X, 1) be a measure space and define

Then, (-|-) 2 is well-defined and it is a sesqui-linear inner product on L*.
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Proof. First note that if [f] € L?, then [f] € L? and hence, by Holder inequality, [fg] € L.
This ensures that <[f]|[g]>L2 € C for all [f],[g] € L.
To show well-definedeness, let f’ =, f and ¢ =ac. g. Then, f'¢’ =, fg and thus

)2 -—/f’g dp = /fgdu— [9]) 12

Now, let [f], [g], [h] € L? and z € C. Then

) (1la]) e = /Mfgd,uz /Mfgdﬂ (G| s

= 2([f1]lg]) 1> + (LA[[R]) -
(iii) We have ([f] L2 —/ ffdu= / |f|>dp > 0 and

M =0 © /M|f12du=o & lfl=o.
Thus, [f] =0 := [0]. O

The last part of the proof also shows that (-|-) 72 induces the norm || - ||2, with respect
to which L? is a Banach space. Hence, (L?, (-|-)72) is a Hilbert space.

Remark 6.34. The inner product (-|-) 2 on L&(N, 22(N), u1) coincides with the inner product
(:]);2 on £2(N) defined in the section on separable Hilbert spaces.
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7 Self-adjoint and essentially self-adjoint operators

While we have already given some of the following definitions in the introductory section

on the axioms of quantum mechanics, we reproduce them here for completeness.

7.1 Adjoint operators

Definition. A linear map or operator A: D4 — H is said to be densely defined if Dy is
dense in H, i.e.
Ve>0:VypeH:FaeDy: |la—9| <e.

Equivalently, D4 = H, i.e. for every ¢ € H there exists a sequence {ay}nen in Dy
whose limit is .

Definition. Let A: D4 — H be a densely defined operator on H. The adjoint of A is the
operator A*: D4+« — H defined by

(i) Dax :={peH|AneH :YaeDy: (Y|Aa) = (n|a)}
(ii) A*¢:=mn.
Proposition 7.1. The adjoint operator A*: D« — H is well-defined.
Proof. Let 1 € ‘H and let i, € H be such that
VaeDa: (Y[Aa) = (n|e) and (P|Aa) = (1]a).
Then, for all & in Dy, we have
(n—nla) = (la) = (le) = (Y]Aa) — (¢]Aa) =0
and hence, by positive-definiteness, n = 7. O

If A and B are densely defined and D4 = Dp, then the pointwise sum A+ B is clearly
densely defined and hence, (A + B)* exists. However, we do not have (A + B)* = A* + B*
in general, unless one of A and B is bounded, but we do have the following result.

Proposition 7.2. If A is densely defined, then
(A+zidp,)* = A" +Zidp,
for any z € C.

The identity operator idp, is usually suppressed in the notation, so that the above
equation reads (A + z)* = A* +Z.

Definition. Let A: D4 — H be a linear operator. The kernel and range of A are
ker(A) := {a € Dy | Aa = 0}, ran(A) := {Aa | a € Da}.

The range is also called image and im(A) and A(Dy) are alternative notations.
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Proposition 7.3. An operator A: Dy — H is
(i) injective if, and only if, ker(A) = {0}
(i) surjective if, and only if, ran(A) = H.

Definition. An operator A: D4 — H is invertible if there exists an operator B: H — Dy
such that Ao B =idy and Bo A =idp,.

Proposition 7.4. An operator A is invertible if, and only if,
ker(A) = {0} and ran(A) =H.
Proposition 7.5. Let A be densely defined. Then, ker(A*) = ran(A)*.
Proof. We have
Y eker(A*) & AW =0 & VaecDy:(Aa)=0 < ) cran(A)’. O

Definition. Let A: D4 — H and B: Dp — H be operators. We say that B is an extension
of A, and we write A C B, if

(i) Do C Dp
(ii) Vo € Dy : Aa = Ba.
Proposition 7.6. Let A, B be densely defined. If A C B, then B* C A*.
Proof. (i) Let ¢ € Dp+. Then, there exists n € H such that
V3 eDp: (¥|BB) = (lb).
In particular, as A C B, we have D4 C Dpg and thus
Va e Dy CDp: (Y|Ba) = (¢|Aa) = (n]a).
Therefore, 1) € D4+ and hence, D+ C D 4+.
(ii) From the above, we also have B*1 :=n =: A*¢ for all ¢ € Dp-. O]

7.2 The adjoint of a symmetric operator

Definition. A densely defined operator A: Dy — H is called symmetric if
Vo, €Da: (a|AB) = (AalB).

Remark 7.7. In the physics literature, symmetric operators are usually referred to as Her-
mitian operators. However, this notion is then confused with the that of self-adjointness
when physicists say that observables in quantum mechanics correspond to Hermitian op-
erators, which is not the case. On the other hand, if one decides to use Hermitian as a
synonym of self-adjoint, it is then not true that all symmetric operators are Hermitian. In
order to prevent confusion, we will avoid the term Hermitian altogether.
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Proposition 7.8. If A is symmetric, then A C A*.
Proof. Let 1) € Dy and let n := At. Then, by symmetry, we have
VaeDa: (¥lAa) = (nfa)
and hence 1 € Dy«. Therefore, Dy C Dax and A*Y :=n = Av. O
Definition. A densely defined operator A: Dy — H is self-adjoint if A = A*. That is,
(i) Dy = Da~
(ii) Yo € Dy : Aa = A*a.

Remark 7.9. Observe that any self-adjoint operator is also symmetric, but a symmetric
operator need not be self-adjoint.

Corollary 7.10. A self-adjoint operator is mazximal with respect to self-adjoint extension.

Proof. Let A, B be self-adjoint and suppose that A C B. Then
ACB=B"CA*"=A
and hence, B = A. O

In fact, self-adjoint operators are maximal even with respect to symmetric extension,
for we would have B C B* instead of B = B* in the above equation.

7.3 Closability, closure, closedness

Definition. (i) A densely defined operator A is called closable if its adjoint A* is also
densely defined.

(i) The closure of a closable operator is A := A** = (A*)*.
(iii) An operator is called closed if A = A.

Remark 7.11. Note that we have used the overline notation in several contexts with different
meanings. When applied to complex numbers, it denotes complex conjugation. When
applied to subsets of a topological space, it denotes their topological closure. Finally, when
applied to (closable) operators, it denotes their closure as defined above.

Proposition 7.12. A symmetric operator is necessarily closable.

Proof. Let A be symmetric. Then, A C A* and hence, D4 C Dy+. Since a symmetric

operators are densely defined, we have
H=DyC Dy CH.

Hence, Dy« = H. O
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Note carefully that the adjoint of a symmetric operator need not be symmetric. In
particular, we cannot conclude that A* C A**. In fact, the reversed inclusion holds.

Proposition 7.13. If A is symmetric, then A™ C A*.
Proof. Since A is symmetric, we have A C A*. Hence, A** C A* by Proposition 7.6. O

Lemma 7.14. For any closable operator A, we have A C A**.
Proof. Recall that D« :=={¢p € H |Va € D4 : (¢|Aa) = (n|a)}. Then
Vip € Dax :Va € Dy : (P]|Aa) = (A"Y|a).

Since ¥ and « above are “dummy variables”, and the order of quantifiers of the same type
is immaterial, we have

Vip €Dy :VaeDax: (a|Ay) = (A aly).

Then, taking the conjugate on both inner product terms and moving them across the equal
sign, we have

Vi) € Dy :Va €Dy (YA a) = (AY|a).
Now, letting n := Ay € H we see that ¢ € Dy«, and so D4 C Dy«~. Moreover, by
definition, A**4) :=n := A3 for all ip € A, and thus A C A**. O
Corollary 7.15. If A is symmetric, then A C A C A*.
Corollary 7.16. If A is symmetric, then A is symmetric.
Theorem 7.17. Let A be a densely defined operator.
(i) The operator A* is closed

(ii) If A is invertible, we have (A~1)* = (A*)~1

(iii) If A is invertible and closable and A is injective, then A~1 = a’

These theorems are proved using a graphical formulation which has not been presented

here, so in order to save space all the proofs are not given. However as a example of the

technique, we shall provide the proof for (i).!2

Proof. Let ‘H and K be two Hilbert spaces and let A : H — K be densely defined. We
define the graph of A as
['(A) := {(h, Ah) | h € Dy}.

In this context, we say A is closed if and only if I'(A4) is closed w.r.t. the product topology
on H & K. Next define the operator

T HOK>HOK
ha ke (—k) @ h.

We now wish to show that I'(A*) = [J(I'(A))]*, as the right hand side is closed due
to the orthogonal projection, which gives us that A* is closed.

12Many thanks to Alfredo Sepulveda-Ximenez for providing a brilliant answer to this on Quora.
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(=) Let 2 € Dy and y € Dg~. We have y ® A*(y) € T'(A*), and

(y© A™(y), T (x® A(x)) = (y © A%(y), —A(z) © )

and so I'(A*) C [J(T(A))]*.
(<) Let x € Dg and y @ 2 € [T (T(A))]*. Then,

(y @2z -Alx)©x) =0
{y, A(2)) = (2, 2),

which, from the definition of the adjoint, tells us that y € Dg+ and z = A*(y) and so
y® 2z cT'(A%) and [T(T(A))]* C T(A%).

7.4 Essentially self-adjoint operators

Usually, checking that an operator is symmetric is easy. By contrast, checking that an
operator is self-adjoint (directly from the definition) requires the construction of the adjoint,
which is not always easy. However, since every self-adjoint operator is symmetric, we
can first check the symmetry property, and then determine criteria for when a symmetric
operator is self-adjoint, or for when a self-adjoint extension exists.

Two complications with the extension approach are that, given a symmetric operator,
there could be no self-adjoint extension at all, or there may be several different self-adjoint
extensions. There is, however, a class of operators for which the situation is much nicer.

Definition. A symmetric operator A is called essentially self-adjoint if A is self-adjoint.
This is weaker than the self-adjointness condition.
Proposition 7.18. If A is self-adjoint, then it is essentially self-adjoint.

Proof. If A= A* then A C A* and A* C A. Hence, A* C A* and A* C A* so A" = A**.
Similarly, we have A** = A*** which is just A= A . O

Theorem 7.19. If A is essentially self-adjoint, then there exists a unique self-adjoint ez-
tension of A, namely A.

Proof. (i) Since A is symmetric, it is closable and hence A exists.
(ii) By Lemma 7.14, we have A C A, so A is an extension of A.

(iii) Suppose that B is another self-adjoint extension of A. Then, A C B = B*, hence
B** C A*, and thus A** C B*** = B. This means that A C B, i.e. B is a self-adjoint

extension of the self-adjoint operator A. Hence, B = A by Corollary 7.10. O
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Remark 7.20. One may get the feeling at this point that checking for essential self-adjointness
of an operator A, i.e. checking that A** = A**  is hardly easier than checking whether A
is self-adjoint, that is, whether A = A*. However, this is not so. While we will show below
that there is a sufficient criterion for self-adjointness which does not require to calculate
the adjoint, we will see that there is, in fact, a necessary and sufficient criterion to check
for essential self-adjointness of an operator without calculating a single adjoint.

Remark 7.21. If a symmetric operator A fails to even be essentially self-adjoint, then there
is either no self-adjoint extension of A or there are several.

Definition. Let A be a densely defined operator. The defect indices of A are
dy := dim(ker(A* — 1)), d_ := dim(ker(A* 4 1)),
where by A* i we mean, of course, A* £1i-idp,..

Theorem 7.22. A symmetric operator has a self-adjoint extension if its defect indices
coincide. Otherwise, there exist no self-adjoint extension.

Remark 7.23. We will later see that if dy. = d— = 0, then A is essentially self-adjoint.

7.5 Criteria for self-adjointness and essential self-adjointness

Theorem 7.24. A symmetric operator A is self-adjoint if (but not only if)
dze€C: ran(A+z2) =H =ran(A +2).

Proof. Since A is symmetric, by Proposition 7.8, we have A C A*. Hence, it remains to be
shown that A* C A. To that end, let ¥ € D~ and let z € C. Clearly,

A%+ 7z € H.
Now suppose that z satisfies the hypothesis of the theorem. Then, as ran(A +z) = H,
JdaeDy: A +z¢p = (A+2)a.

By using the symmetry of A, we have that, for any 8 € Dy,

(YI(A+2)B) = (A +2)"|B)
A" + 74| B)
(A+7Z)alB)
AalB) + 2(aB)

= (a|AB) + (af=8)
al(A+ 2)B).

o~ o~ o~~~ ——~

Since € D4 was arbitrary and ran(A + z) = H, we have

VoeH: (Plp) = {(alp).

Hence, by positive-definiteness of the inner product, we have ¥ = «, thus ¥ € D4 and
therefore, A* C A. O
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Theorem 7.25. A symmetric operator A is essentially self-adjoint if, and only if,
Jdze€ C\R: ran(A+ z) = H =ran(4 + 2).

The following criterion for essential self-adjointness, which does require the calculation
of A*, is equivalent to the previous result and, in some situations, it can be easier to check.

Theorem 7.26. A symmetric operator A is essentially self-adjoint if, and only if,

Proof. We show that this is equivalent to the previous condition. Recall that if M is a
linear subspace of H, then M= is closed and hence, M++ = M (Proposition 4.7). Thus,
by Proposition 7.5, we have

ran(A + z) = ran(A4 4 z)*t = ker(4* 4+ 2)*

and, similarly,
ran(A + z) = ker(A* + 2)*.

Since H*+ = {0}, the above condition is equivalent to

ran(A + z) = H =ran(4 + 2). O
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8 Spectra and perturbation theory

We will now focus on the spectra of operators and on the decomposition of the spectra of
self-adjoint operators. The significance of spectra is that the axioms of quantum mechanics
prescribe that the possible measurement values of an observable (which is, in particular, a
self-adjoint operator) are those in the so-called spectrum of the operator.

A common task in almost any quantum mechanical problem that you might wish to
solve is to determine the spectrum of some observable. This is usually the Hamiltonian,
or energy operator, since the time evolution of a quantum system is governed by the expo-
nential of the Hamiltonian, which is more practically determined by first determining its
spectrum.

More often than not, it is not possible to determine the spectrum of an operator exactly
(i.e. analytically). One then resorts to perturbation theory which consists in expressing the
operator whose spectrum we want to determine as the sum of an operator whose spectrum
can be determined analytically and another whose contribution is “small” in some sense to
be made precise.

8.1 Resolvent map and spectrum
Definition. The resolvent map of an operator A is the map
Ra: p(A) = L(H)
2 (A—2)71
where L(H) = L(H,H) and p(A) is the resolvent set of A, defined as
p(A):={zeC|(A~2)"" € L(H)}.

Remark 8.1. Checking whether a complex number z belongs to p(A) may seem like a daunt-
ing task and, in general, it is. However, we will almost exclusively be interested in closed
operators, and the closed graph theorem states that if A is closed, then (A — 2)~! € L(H)
if, and only if, A — z is bijective.

Definition. The spectrum of an operator A is o(A) := C\ p(A).
Definition. A complex number A € C is said to be an eigenvalue of A: Dy — H if
3¢ € Da\ {0} : Av = M.
Such an element 1) is called an eigenvector of A associated to the eigenvalue A.
Corollary 8.2. Let A € C be an eigenvalue of A. Then, X € o(A).
Proof. If X is an eigenvalue of A, then there exists ¢ € D4 \ {0} such that Ay = A, i.e.
(A=XNy =0.

Thus, ¥ € ker(A — \) and hence, since ¢ # 0, we have

ker(A — \) # {0}.

This means that A — X is not injective, hence not invertible and thus, A ¢ p(A). Then, by
definition, A € o(A). O
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Remark 8.3. If H is finite-dimensional, then the converse of the above corollary holds ad
hence, the spectrum coincides with the set of eigenvalues. However, in infinite-dimensional
spaces, the spectrum of an operator contains more than just the eigenvalues of the operator.

8.2 The spectrum of a self-adjoint operator

Recall that a self-adjoint operator is necessarily closed since A = A* implies A = A**.
While the following refinement of the notion of spectrum can be made in greater generality,
we will primarily be interested in the case of self-adjoint operators.

Definition. Let A be a self-adjoint operator. Then, we define

(i) the pure point spectrum of A

opp(A) :={z € C|ran(A — z) =ran(4 — z) # H}

(ii) the point embedded in continuum spectrum of A

Opec(A) :={z € C|ran(A — z) #ran(A — z) # H}

(iii) the purely continuous spectrum of A

opc(A) :={z € C|ran(A — z) #ran(A — z) = H}.

These form a partition of o(A), i.e. they are pairwise disjoint and their union is o(A).
Definition. Let A be a self-adjoint operator. Then, we further define

(i) the point spectrum of A

0p(A) == 0pp(A) Uopec(A) = {z € C|ran(A — z) # H}

(ii) the continuous spectrum of A
0c(A) = 0pec(A) Uopc(A) = {2z € C|ran(A — z) # ran(4 — 2)}.
Clearly, op(A) Uoc(A) = o(A) but, since op(A) Noc(A) = opec(A) is not necessarily
empty, the point and continuous spectra do not form a partition of the spectrum in general.
Lemma 8.4. Let A be self-adjoint and let \ be an eigenvalue of A. Then, X\ € R.

Proof. Let ¢ € Dy \ {0} be an eigenvector of A associated to A. By self-adjointness of A,

M) = (YIM) = (Y] Ay) = (Ap|y) = (ply) = M)

Thus, we have
(A= X)) =0
and since ¢ # 0, it follows that A = . That is, A € R. O
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Theorem 8.5. If A is a self-adjoint operator, then the elements of o,(A) are precisely the
eigenvalues of A.

Proof. (<) Suppose that A is an eigenvalue of A. Then, by self-adjointness of A,
{0} # ker(A — \) = ker(A* — \) = ker((A — \)*) = ran(A — \)* = ran(4 — \)*,
where we made use of our previous lemma. Hence, we have
ran(A — \) =ran(4 — )t #£ {0}t =H
and thus, X € o,(A).

(=) We now need to show that if A € o,(A4), then A is an eigenvalue of A. By contraposi-
tion, suppose that A € C is not an eigenvalue of A. Note that if ) is real, then A = X\
while if X is not real, then X is not real. Hence, if A is not an eigenvalue of A, then
neither is X. Therefore, there exists no non-zero 1 in D4 such that Ay = \¢p. Thus,
we have

{0} = ker(A — X) = ker(A* — X) = ker((A — \)*) = ran(4 — \)*

and hence
ran(A — \) = ran(4 — A+t = {0} = H.

Therefore, A ¢ o,(A). O

Remark 8.6. The contrapositive of the statement P = () is the statement —Q = — P, where
the symbol — denotes logical negation. A statement and its contrapositive are logically
equivalent and “proof by contraposition” simply means “proof of the contrapositive”.

8.3 Perturbation theory for point spectra of self-adjoint operators

Before we move on to perturbation theory, we will need some preliminary definitions. First,
note that if ) and ¢ are both eigenvectors of an operator A associated to some eigenvalue
A, then, for any z € C, the vector z1) + ¢ is either zero or it is again an eigenvector of A

associated to A.
Definition. Let A be an operator and let A be an eigenvalue of A.

(i) The eigenspace of A associated to A is
Eigs(A) :={¢ € Da | AY = M}

(ii) The eigenvalue A is said to be non-degenerate if dim Eig4(\) = 1, and degenerate if
dim Eig ,(\) > 1.

(iii) The degeneracy of X is dim Eig 4(X).

Remark 8.7. Of course, it is possible that dim Eig4(A\) = oo in general. However, in this
section, we will only consider operators whose eigenspaces are finite-dimensional.
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Lemma 8.8. FEigenvectors associated to distinct eigenvalues of a self-adjoint operator are
orthogonal.

Proof. Let A\, X be distinct eigenvalues of a self-adjoint operator A and let ¢, p € D4\ {0}
be eigenvectors associated to A and )\, respectively. As A is self-adjoint, we already know
that X\, \ € R. Then, note that

(A= X)) = Adle) = N (le)
= (M) — (Y[ Xo)
= (AYlp) — (¥]Ayp)
= (UlAp) — (Y|Ap)
=0.
Since A — X # 0, we must have (¢p|p) = 0. O

A. Unperturbed spectrum

Let Hy be a self-adjoint operator whose eigenvalues and eigenvectors are known and satisfy
Hoens = hneng,
where
e the index n varies either over N or some finite range 1,2,..., N
e the real numbers h, are the eigenvalues of Hy
e the index ¢ varies over the range 1,2,...,d(n), with d(n) := dim Eigy, (hy)

e for each fixed n, the set
{ens € D, |1 <6 <d(n)}

is a linearly independent subset (in fact, a Hamel basis) of Eigp, (hn).

Note that, since we are assuming that all eigenspaces of Hy are finite-dimensional, Eig g, ()
is a sub-Hilbert space of H and hence, for each fixed n, we can choose the e,s so that

<€na|en,3> = 5046'
In fact, thanks to our previous lemma, we can choose the eigenvectors of Hy so that
<ena’emﬁ> = 5nm5a,8-

Let W: Dy, — H be a not necessarily self-adjoint operator. Let A € (—¢,¢) C R and
consider the real one-parameter family of operators {H) | A € (—¢,¢)}, where

Hy := Hy + \W.

Further assume that H) is self-adjoint for all A € (—&,¢). Recall, however, that this
assumption does not force W to be self-adjoint.
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We seek to understand the eigenvalue equation for Hy,

H)\ené()\) = hné()‘)enﬁ()\)a

by exploiting the fact that it coincides with the eigenvalue equation for Hy when A = 0.
In particular, we will be interested in the lifting of the degeneracy of h, (for some fixed
n) once the perturbation W is “switched on”, i.e. when A # 0. Indeed, it is possible, for
instance, that while the two eigenvectors e,1 and e,z are associated to the same (degenerate)
eigenvalue h,, of Hp, the “perturbed” eigenvectors e,1(\) and e,2(\) may be associated to
different eigenvalues of H). Hence the reason why we added a §-index to the eigenvalue in
the above equation. Of course, when A = 0, we have h,5(\) = hy, for all é.
B. Formal power series ansatz'®
In order to determine h,5(\) and e,s(A), we make, for both, the following ansatz

hns(\) = by + A0S + 2202 + O(3?)

ens(A) =: ens + /\ES(S) + )\26535) +0(\3),

where 97(115), 97(125) € R and 65115), 6225) € Dp,.

Remark 8.9. Recall that the Big O notation is defined as follows. If f and g are functions
I CR —Rand a € I, then we write

f(z) = Olg(x)) asa—a

to mean
dk,M >0:Vxel: 0<|z—a|l <k = |[f(x)] < M|g(z)|.

The qualifier “as £ — a” can be omitted when the value of a is clear from the context. In
our expressions above, we obviously have “as A — 0"

C. Fixing phase and normalisation of perturbed eigenvectors

Eigenvectors in a complex vector space are only defined up to a complex scalar or, alterna-
tively, up to phase and magnitude. Hence, we impose the following conditions relating the
perturbed eigenvalues and eigenvectors to the unperturbed ones.

We require, for all A € (—¢,¢), all n and all 9,

(i) Im<en6|en5()‘)> =0
(i) flens(M]* = 1.

Inserting the formal power series ansatz into these conditions yields
(i) Tm{ensle™)) =0 for k=1,2, ...

(i) 0=2ARe(enslely)) + A2(2Relens|el) + €X]2) + O(A3).

13German for “educated guess”.
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Since (ii) holds for all A\ € (—¢, ), we must have
Re(ensleng) =0, 2Re(enslel) + [leng |2 = 0.
Since we know from (i) that Im(en5|€g§)> =0 and Im<6n5|e;25)) = 0, we can conclude

1 2
(ensleng) =0, (enslely) = =3Il
That is, e%) is orthogonal to e,; and

2
) = 1)) 5 4 @

for some e € span({e,s})*.

D. Order-by-order decomposition of the perturbed eigenvalue problem

Let us insert our formal power series ansatz into the perturbed eigenvalue equation. On
the left-hand side, we find

Hyens(N) = (Ho + AW)(ens + Aelly + A2e + O(X))
= Hoens + \(Weps + Hoe( )) + )\Q(We( ) ¢ Hoe( )) + O\,

while, on the right-hand side, we have

hns(Nens(A) = (hn + MY + 23202 4 O(N)) (ens + Ael) + 222 + 0(A?))
— Bnens + Ahneld + 00 ens) + N2 (hnet 461 ;g +0%e,5) + OO,

Comparing terms order-by-order yields

(Ho — hn)emS =0
(HO - hn)egll(s) = *(W - 9(1))6716
(Ho— hn)eny = —(W = 05)eb) + 053 ens.

Of course, one may continue this expansion up to the desired order. Note that the zeroth
order equation is just our unperturbed eigenvalue equation.

E. First-order correction

To extract information from the first-order equation, let us project both sides onto the
unperturbed eigenvectors e, (i.e. apply (enq|-) to both sides). This yields

(enal(Ho — hn)e') = —(enal (W = 01)ens).
By self-adjointness of Hy, we have
1 1
(€nal(Ho — b)) = (Ho — hn)* enalel) = (Ho — hn)enalely)) = 0.

Therefore,
0= —(enalWens) + (€nal0 S ens) = —(enalWens) + 0505
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and thus, the first-order eigenvalue correction is
1
6% = (ens|Wens).

Note that the right-hand side of the first-order equation is now completely known and
hence, if Hy— h,, were invertible, we could determine e%) immediately. However, this is only
possible if the unperturbed eigenvalue h,, is non-degenerate. More generally, we proceed as
follows. Let E := Eigy (hy). Then, we can rewrite the right-hand side of the first-order

equation as

—(W = 03)ens = —idg (W — 017 ens
=—Pr+Pp)(W — 97(115))6”5

d(n)

=— Z(enﬁ](W — 6%))%5}6”5 —PpiWeps + Hﬁblts)PEL €ns
B=1

= —PEL W€n§

so that we have (Hy — hn)egé) € E*. Note that the operator
Ppio(Hy—hy): B+ — E+
is invertible. Hence, the equation
Ppi(Ho — hy)Pprel) = —PpiWeps

is solved by
Puiel) = Py (Hy — hy) P Weps.
(1)

The “full” eigenvector correction €, s is given by

d(n)
idy el = (Pp +Pgi)ely = > cspens — Pos (Ho — hn) " 'Ppi Weps,
B=1

where the coefficients csg cannot be fully determined at this order in the perturbation.
What we do know is that our previous fixing of the phase and normalisation of the perturbed
(1)

eigenvectors implies that €, s is orthogonal to e,s, and hence we must have cs5 = 0.

F. Second-order eigenvalue correction

Here we will content ourselves with calculating the second-order correction to the eigen-
values only, since that is the physically interesting formula. As before, we proceed by
projecting both sides of the second-order equation onto an unperturbed eigenvector, this
time specifically e,s. We find

(ens|(Ho — hn)e' Dy = —(ens|Wel)) — 60 (enslel)y + 02 (e5]ens).

n

Noting, as before, that
(ens|(Ho — hn)e)y =0
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and recalling that <en5\egg> = 0 and (ens|ens) = 1, we have

0% = (ens[WelDy,
(1)

Plugging in our previous expression for €, s yields

d(n)
62 = <en5 W cspens — WPpL (Ho — hn) "' Py Wen5>
B=1
d(n)
— Z csplens|Weng) — (ens|WPgL (Ho — hn) ™ 'Pri Weps)
B=1
d(n)

= Z cssy, 565 — (ens|WPg1 (Ho — hy) Pt Wens)
_<en5‘WPEi (Ho — hn)ilpEi Wens)

since ¢ss = 0. One can show that the eigenvectors of Hy (or any other self-adjoint operator)
form an orthonormal basis of H. In particular, this implies than we can decompose the

identity operator on H as
d(n)

o
idy = ZZ ensl - )ens.

(2)

By inserting this appropriately into our previous expression for 0 ¢, we obtain

d(

2

@ _ = N\~ ems[Wens)|
Oy == T
m=1 =1
m#n

Putting everything together, we have the following second-order expansion of the perturbed

eigenvalues

has(X) = b + 201 + 2202 1 O(2%)

oo d(m)
— hn +)\<6n5’W€n5> _ )\2 Z |<€mﬁ|We7’L5>‘ + O()\3)
im —
mzn 7"

Remark 8.10. Note that, while the first-order correction to the perturbed nd eigenvalue
only depends on the unperturbed nd eigenvalue and eigenvector, the second-order correction
draws information from all the unperturbed eigenvalues and eigenvectors. Hence, if we try
to approximate a relativistic system as a perturbation of a non-relativistic system, then the
second-order corrections may be unreliable.
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9 Case study: momentum operator

We will now put the machinery developed so far to work by considering the so-called
momentum operator for two cases: a compact interval [a,b] C R, and a circle. As the
name suggests, this operator is meant to be the QM observable who’s eigenvalues are the
momenta of the system. It is clear, therefore, that we require (recall H = L*(R%) up to
unitary equivalence)

P: Dp — L*(RY)

to be self adjoint.

We will specialise to the case of d = 1 in order to simplify things, while also demon-
strating the main ideas. The concepts can be extended to higher values of d. We will also
set A = 1 throughout this section.

9.1 The Momentum Operator

Definition. The momentum operator is an operator P given by

P: Dp — L*(R)
1/} = (_i)wla
where the prime indicates a derivative.

The first obvious question is why does this deserve its name? (i.e. how is it related
to what we know classically as the momentum?) The answer, unfortunately, can not yet
be provided in full detail as it requires us to know the spectral theorem and Stone-von
Neumann theorem. However these details are provided here as they will help later when
discussing these theorems. For now we must just take it in faith.!*

There is yet another important question we must ask: how do we choose Dp? The
immediate response might be ‘such that the derivative is square integrable.” However, this
is not good enough. We also require that P be self adjoint and, as we have seen previously,
the concept of self adjointness depends heavily on the domains considered.

Luckily, not all hope is lost. The method will be as follows: guess a reasonable Dp and
then search for a self adjoint extension, should one exist. Before doing so, though, we will
first introduce some new definitions that will prove invaluable.

9.2 Absolutely Continuous Fucntions and Sobolev Spaces

During the calculations that follow we will naturally encounter three spaces:

(i) The space of once-continuously differential functions over some interval, I; C*(I),
(ii) The Sobolev space H!(I), and

(i) The space of absolutely continuous functions; AC(I).

14Very unlike Dr. Schuller.
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As we shall see they are related via
CH(I) C H'(I) € AC(I),

and so they will provide a convenient way to compare the domains Dp, Dp+, etc, to test
for self adjointness.

Definition. Let I C R. A function : I — C is called absolutely continuous if there exists
a Lebesgue integrable function p: I — C such that

vla) = (@) + [ p(w)d,
for all compact subsets [a,z] C I.

Corollary 9.1. Given a absolutely continuous function, it is clear that p =4.¢. V', where the
almost everywhere condition comes from the fact that a Lebesque integral does not distinguish
two elements that differ by a measure zero.

Definition. The set of absolutely continuous functions is simply
AC(I) := {4 € L*(I) | % is absolutely continuous}.

Definition. Let Q C R be open, and 9: 0 — C be Lebesgue measurable. 1 is called
p-locally integrable if, for 1 < p < oo,

/wmwm<m
K

for all compact subsets K C ). The set of all functions is

LP

loc

(Q) :={¢: Q — C|v measurable, v|x € LP(K),VK C 2, K compact}.
Remark 9.2. For case p = 1, we just call ¥ locally integrable.

Theorem 9.3. Every ¢ € LP(Q) for 1 < p < oo is locally integrable. In other words
LP(Q) C L} (D).

loc

Definition. A function ¢ € L} () is called weakly differentiable if there exists a p €
L} (Q) such that

| @@= [ playeds,

Q Q

for all p € C°(Q)1°. This function is known as the weak derivative of 1) and is denoted by
p =1

Corollary 9.4. Note that for any weakly differentiable function the integration by parts
result,

/wmwmm:—/wmwmm,
Q Q
holds for all ¢ € C°(Q).

15The subscript indicates that ¢ vanishes at the limits of integration.
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Corollary 9.5. Given that ¢ € C*(Q), ¢ € C(Q), we can show by induction that
| i@ @) = (=1 [ 60 @)eta)

where YY) (x) means the a-order derivative of 1(x).

Remark 9.6. In the above Corollary we have used the fact that we are only considering
one dimensional problems here. The expression is much the same for higher dimensional
problems, however one has to take into account the different derivative directions.

Definition. Let 2 C R be open, Kk € N and 1 < p < oco. The Sobolev Space is the space
with set
WP = {y € L2(Q) N WH(SQ) [4©) € LP(Q),V]a] < k},

where W is the set of all locally integrable functions that also have weak derivates of order
a for all |a| < k. We introduce the notation H¥(Q) := W*2(Q).

Remark 9.7. Sobolev spaces can be made into Banach spaces by equipping them with a
norm and H¥(2) can be made into a Hilbert space.

Proposition 9.8. We can rewrite the space H'(2) as
H'(Q):= {y € AC(Q) |¢¥' € L2(Q)},
where 1)’ denotes the normal notion of derivative.
Proof. See Theorem 7.13 in ‘A first Course in Sobolev Spaces, Giovanni Leoni’. O

9.3 Momentum Operator on a Compact Interval

Let’s now consider the case where the physical space is some compact interval in R (i.e.
we have a particle moving along the bottom of a well). W.lo.g. take [0,27] =: I, the
justification for which will is clear from the fact that next we will consider a circle.

We now need to come up with a reasonable guess for the domain Dp. First recall

P: Dp — L*(I)
¥ (=)

It is therefore reasonable to restrict ourselves to ¢ € C'!(I). Equally, physically we expect
the function to vanish at the boundaries (the walls of the well). This gives us our first guess

Dp = {y € C1(I) |9(0) = 0 =y (2m)} =: C.(I).

The question still remains, though, as to whether P is self adjoint. Recalling the results
of Lecture 7, it is first instructive to see if P is symmetric.
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A. Symmetric?

Let ¥, ¢ € Dp, then
271" J—
(6, Po) = /0 42 (z) (i) ()
2T
- /0 dx(—i) P (@)p(x) — i[F(@) ()]

- /0 " a0 (@) ()
= (P, p),

where integration by parts was used. So, yes P is symmetric.

B. Self Adjoint?

From above we know that P C P*, and so Dp C Dp+, so we need to ask the question of how
P* behaves outside the domain Dp. The obvious answer is to just extend the definition to
be

P*: Dp- — L*(I)
P (=)

Note that the 1 here is not necessarily the same as the 1 in above. The same symbol is
just used and the context tells us where it lives.
All that is left to check is the domain Dp«. From the definition of the adjoint we have

¢ € Dp- = In € L*(I): Vo € Dp: (4, Py) = (n, ¢),

with n := P*i). Before proceeding further with the calculation first introduce a function
N: I — C such that n =,.. N’. Note N is Lebesgue integrable and that the almost
everywhere condition is sufficient as 7 appears in a Lebesgue integral. Therefore we have,

2r 2r
/ darw(x)(—i)go’(a?):/ dxN'(z)p(x)
o 0 0
/0 02 [P(a)(~i)¢ (@) + N(2) (2)] = [F(e)p(@)]>"

27
i /0 de (@) — iN(@)]¢'(2) = 0
<w_iNa90/> :07

which tells us that
¥ —iN € {¢|p € Dp}.

This does not appear to have got us any closer to determining the domain Dp«. However
consider the following two Lemmas.

Lemma 9.9. {¢/ | € Dp} = {€ € COI)| ™ ¢(x)dx = 0},
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Proof. Let A:={y'|p € Dp} and B := {¢ € C°(I) | f027r &(z)dx = 0}.
Now consider a ¢’ € A, then

2
/0 o (2)dz = [p(x)]2" =0,

so clearly £ := ¢ and A C B.
Now comnsider a £ € B and define

Then, since £ € CO(I) it follows that ¢ € C1(I). It also follows that ¢(0) = 0 = ¢(27) and
so ¢’ € Aand B C A. O

Lemma 9.10. Let {1} denote the set consisting of the element 1 € L*(I) with 1(z) = 1c
forallxz € 1. Then

{¢'[v€Dpy = {1}

Proof. From the previous Lemma we have

{¢'|peDp} ={€C()|(1,§) =0}
={£e () [(1,¢) =0}
={¢e L*(I)|(1,6) = 0}
= {1}+,
where the fact that C%(I) is dense in L?(I) to go from the second to third line. O

Putting this all together we have
Y —iN e At = AL
— (AJ_)J_J_
— (AJ_J_)J_
At
— {1yt
= {1}
={C:1—C|z+— Cc},
where C¢ is a constant in C. Recalling that IV is Lebesgue integrable we see that
Y(x) = Cc +iN(z) € AC(I),
and so
Dp« C AC(I).
Now recalling
P*: Dp- — L*(I)
¥ (=),
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and using Proposition 9.8, we have
Dp- C HY(I).

Finally we see that because all of the integration by parts results above were of the form

[ o @)ote) = [ i) @)
for arbitrary ¢ € CL(I). Now since C°(I) C CX(I), the integrals also hold for any ¢ €
C2°(I), but this is just the condition for weak derivative and so we see that
Dp. = H'(1),

and
Dp G Dp-,

so P is not self adjoint.

C. Essentially Self Adjoint?

We have managed to show that our initial guess for P is not self adjoint. The next step
is to ask if there is a self adjoint extension and if this extension is unique. Recall that a
symmetric operator has a unique self adjoint extension if it is essentially self adjoint (i.e.
P = P** is self adjoint). We follow the same method as above,

¢ € Df = VSD € DP*: <¢7P*S0> = (fﬂ),g@)

Now, recall that for a symmetric operator P C P C P* so it’s clear that

(P, ) = (P, )

in the above. Writing as integrals we have

27 o 27
4o (z)¢/ (z) = /O (=) () ()

>~

2w

27
—z’ /0 dz[§(2)¢ (z) — Ba)e (2)] = i[B(@)p(x)]?
0 = (2m)p(2m) — 1 (0)p(0),

where again integration by parts has been used. We need to be careful in what conclusions
we draw from this final statement, though. ¢ € Dps = H'(I), which places no restrictions
on the values of ¢ on the boundary, nor does it make any conditions between the two values
©(0) and ¢(27) — they are independently arbitrary. We must, therefore, conclude that

Y(2m) = (2m) = 0 =(0) = 4(0),
and so, at best,
Dy ={y € H'(I) |9 (2m) = 0= (0)} G Dpx,
and so P # P*, which, after taking the adjoint of both sides, tells us that P # P, and so
‘P is not even essentially self adjoint.
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D. Defect Indices

We only have one tool left to check for a self adjoint extension of P, check the defect indices
to see if a self adjoint extension even exists. Recall

dy = dim (ker(P* — z)), d_ :=dim (ker('P* + Z)),

and a symmetric operator has a (not necessarily unique) self adjoint extension if di = d_.
We therefore need to determine how many ¢ € Dp~ lie in ker(P* F i):

(P*Fi)p =0
—iy Fip =0

¥(r) = ayre™”

for ay,a_ € C. There is only one solution for each and so d =1 = d_. We therefore know
that there does exist at least one self adjoint extension of P, however we don’t know the

form of any of them.!”

Remark 9.11. If instead of a compact interval we take a half line I = [a, 00), then dy # d_
and so there is no self adjoint extension of P, meaning there is no notion of a QM momentum
in this case. Note however that people often talk about free particles along an infinite line
in QM, however they always require the wave function (¢) to vanish at +oo. This is clearly
just the same as taking a large, yet finite, compact interval I = [a, b].

9.4 Momentum Operator on a Circle

We now want to repeat all of the above but for a circle instead of a finite line segment.
Fortunately almost all the work is done, the only slight difference is in the definition of Dp:

Dp = {¢ € C1(I) [(2m) = $(0)},
which is exactly the same as before apart from now we do not require @ to vanish at the
boundary. We still have
P: Dp — L*(R)
¥ (=),
so it follows that Pj ; P., where the I and ¢ denote interval and circle respectively. In
other words P, is an extension of Pj.
A. Symmetric?

Repeating the steps from above it is clear that P is still symmetric. Note however, it is
symmetric for a different reason: before we had [¢(z)¢(z)] = 0 as both ¥ and ¢ vanished
at the limits, whereas now it holds simply because ¥ (27) = (0) and likewise for ¢.

16Whew!
"Not whew!
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B. Self Adjoint?

As before we have

) € Dpy = Vo € Dp, : (¥, Peyp) = (Peyp, ).

However, recalling that the adjoint flips the inequality sign we have P} C P; and therefore
Dp: C HY(I). We can, therefore, replace the unknown P; with the known Pj in the final

part of the above, i.e.
(P, o) = (Prb, ).

Then, following the exactly as before, we arrive at

giving us'®

Dpy = {y € H'(I) |4(2r) = ¢(0)} = Hyy(1),

so Dp, ; D%, , and therefore P, is not self adjoint.

C. Essentially Self Adjoint?

Again, as before, we have P. C P. C P¥ and

¢ € Dp- = VYo € Dp:: (Y, Pip) = (P, o) = (Piab, ),

which results in

and so
Dy, := H],.(I) = Dpy,

cyc

so we conclude that P, is essentially self adjoint and P.. is the unique self adjoint extension.

To summarise, we have found the momentum operator on a circle:

Psi: HL () = L*(R)
P (i)Y

¥ Note we are OK extend the domain to all of H'(I) provided we impose the conditions above.
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10 Inverse spectral theorem

This section is devoted to the development of all the notions and results necessary to
understand and prove the spectral theorem, stated below.

Theorem 10.1 (Spectral theorem). For every self-adjoint operator A: Dy — H there is a
unique projection-valued measure Py: o(Or) — L(H) such that

A= /iRdPA = /APA(d)\),
R R

where iR: R — C 1is the inclusion of R into C.

While useful in theory, existence results are often of limited use in practice since they
usually only tell us that something exists, and not how to construct it. However, we should
note here that the proof of the spectral theorem is, in fact, constructive in nature. Hence,
given any self-adjoint operator A, we will be able to explicitly determine its associated
projection-valued measure P4 along the following steps.

(i) For each ¢ € H, construct the real-valued Borel measure u;?]: o(ORr) — R given by

A6
pi((—00,A]) == lim lim dtIm(yp|Ra(t + ie)),

0—0t e—=0t J _o
where R4: p(A) — L(H) is the resolvent map of A. This is know as the Stieltjes
inversion formula. Note that while not every element in o(OR) is of the form (—o0, ],
such Borel measurable sets do generate the entire o(Og) via unions, intersections and
set differences. Hence, the value of ,uﬁ(ﬂ) for € 0(Or) can be determined by
applying the corresponding formulae for measures, namely o-additivity, continuity
from above and measure of set differences.

(ii) For all ¥, ¢ € H, define the complex-valued Borel measure u;z#p: 0(ORr) — C by
1o () 1= F (5o (Q) = ph— () + i1, (2) — i1, (2))-

(iii) Define the projection-valued measure Pq: o0(Or) — L(H) by requiring P4(Q2), for
each 2 € 0(ORr), to be the unique map in £(H) satisfying

Vo eH: (HPAQ)) = /R xadul .

We will now make all the notions and constructions used herein precise. In fact, we
will present the relevant definitions and results by taking the inverse route, starting with
projection-valued measures and arriving at their associated self-adjoint operators, obtaining
(and proving) what we will call the inverse spectral theorem.
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10.1 Projection-valued measures

Projection-valued measures are, unsurprisingly, objects sharing characteristics of both mea-
sures and projection operators.

Definition. A map P: 0(Or) — L(H) is called a projection-valued measure if it satisfies
the following properties.

(i) Ve a(Or): P(Q)" =P(Q)

(i) VQ € 0(Or) : P(Q)oP(Q) = P(Q)
) P(R) =idy
)

(iv) For any pairwise disjoint sequence {2, }nen in 0(Or) and any ¢ € H,

ZP WU = P(UQ)

(iii

Remark 10.2. Note in the final condition we included ¢ € H as, for the case countably
infinite n € N we need to check convergence, which involves using the norm. Without the
we would need to use the norm on £(#) which may prove difficult. However, by including
the ¥ we can work with the norm on H itself.

Lemma 10.3. Let P: 0(Or) — L(H) be a projection-valued measure. Then, for any
Q,91,Q9 € 0(OR),

(i) P(@) =0, where by 0 we mean 0 € L(H)
(i) P(R\ Q) = idy — P(©?)

(iit) P(1 U Q) =P(Q1) + P(Q2) — P(21 N Q)
(iv) P(Q1 N Q) =P(Q) o P(Q2)

(v) if Q1 C Qq, then ran(P(21)) C ran(P(Q2)).
Proof. Let Q,Q1,Q9 € 0(ORr),
(i)

P(2)) = P(2 U o)y =(P(2)+P(2))¢ = 2P(2)
S P@)Y =0y = P(©)=0.

PR)=P(R\Q)UQ)=PR\Q) + P(Q)
S PR\ Q) =idy —P(Q).

where we used the fact that (R\ Q)N Q = 2.
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(iii)
P(Q1) = P((2 NQ2) U (Q1\ Q2)) = P((UNQ2)) + P((\ ),

and similarly for P(Q9). Also

P(Ql \ Qg) + P(QQ \Ql) + P(Ql N Qg) = P((Ql \Qg) U (QQ \ Ql) U (Ql N Qg))
= P(Ql U Qg)

Putting this all together gives the result.
(iv) First consider 3 Ny = @. Then, using (ii) from the definition we have

[P(21 U Q) = [P() + P(2)]?

P(Q1UQy) = P(Q) + P(Qs) + P(Q1) 0 P() + P() 0 P()
S P(Q) 0 P(Q) = —P(Qy) 0 P(4)
= P() 0 P(22) o P(€22) = —P({2) o P(Q1) 0 P(Q2)
P() o P(22) = P(22) 0 P(Q2) o P({11)
P(Q1) o P(Q2) = P(22) o P({11)
- P(Q1) 0 P() = 0 VO N, — o,

Now from P(Q) = P((21\ Q2) U (1 N Q) = P(Q \ Q2) + P( N Qy), we have

P(Q1) 0 P(Q) = [P\ Q2) + P(U N Q)] o [P(Q2\ Q1) + P(Q1 N Q)]
P(Ql N QQ) o P(Ql N Qg)
P(

Q1N Qg)

where we have made use of the fact that (1 \ Q2) N (Q2\ Q1) = @ etc.
(v) If Q1 C Q2 we have
P(Q) = P((Q2\ Q1) U) = P(Q2\ ) + P(),
which along with the fact that P(€2) > 0 gives the result.

O

Note most of these properties make sense simply by thinking of P(2) as the area of
the set Q € 0(OR). For example P(21) = P(1 \ Q2) + P(21 N Q) is

Ql QQ Ql Q2
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Remark 10.4. As noted before, it suffices to know P ((—oo, )\]) for all A € R, and for this
reason a new notation is introduced;

P(X) := P((—o0, A]).

However, as they are written they appear to have different domains. We therefore give a
new name to P()); the resolution of the identity.

10.2 Real and Complex Valued Borel Measures Induced by a PVM
Definition. For all ¢, p € H we define the C-valued measure
fyp: 0(Or) = C
Q= iy () = (1, P(Q)p).

Definition. For all ¢y € H we define the R-valued measure

Hop 2= fap o)
Proof. that py(2) € R.
fup(§2) = (4, P()1))
= (P(Q)¢, )
= (¢, P(Q)¥)
= py(92),

where we have used the fact that P is self adjoint to go from the first to the second line. O

10.3 Integration With Respect to a PVM

We now wish to make sense of the operator [, fdP for measurable f : R — C. We will
build this up in three steps:

(i) For simple f,
(ii) For bounded f, and
(iii) For not necessarily bounded!® f.

Remark 10.5. As we shall see, if f is bounded (in the sense that there exists a a € R such
that |f(x)| < a for all x € R) that the integral part of the operator will have nice properties.
For example it will be linear in f, i.e.

/R(af—i-g)dP:a/RfdP—i-/RgdP,

for @ € C. However, if f is unbounded, domain issues will destroy the equality above. It is
important to note, though, that it is exactly the latter case we need as

f=ir: R C
Tr+— T

in the Spectral theorem, which is clearly unbounded.

19Recall footnote 5 from lecture 2: to us the term ‘unbounded’ means definitely not bounded.
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A. Simple f

Recall a simple function is a measurable function that takes a finite number of results in
the target, i.e. if f: R — C then

fR)y=A{f1,...fn}CC

for some N € N. This allows us to rewrite f as

N
f = Z anQn7
n=1

where €2, := preim({f,}) and X is the characteristic function.

Definition. For simple f: R — C and PVM P we define

N
/R FdP =3 faP(0).
n=1

Proposition 10.6. For simple f, fR fdP is linear in f.

Proof. Let S(R,C) denote the set of all simple functions f : R — C. We can make this set
into a C-vector space by inheriting the addition and s-multiplication from C, namely define

(f+9)(z) = f2) +g(z),  (a-f)(z):=a- [f(z),

for all f,g € S(R,C), a € C.
Now consider the preimage part: As f and g are both simple it follows that

(f —|—g)(m) = fa+ 9n
for some f,, g, € C, so the preimage term becomes
preimf+g{fn + gn} - {(L‘} - preimf{fn}
= preim {gn}.

It follows trivially, then, that

/R(f—i—g)dP:/RfdP—lr/RgdP.

A similar method gives the a € C condition of linearity. O

Remark 10.7. Observe that yq for any Q2 € o(OR) is simple (it only takes the values 0 or
1), and hence

/XQdP: 1. P(Q) +0- P(o\ Q) = P(Q).
R
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Remark 10.8. Observe also that for any ¢, p € H,

<w,(/fdp)> w,an 2)¢)

= anw,P 0

where Proposition 6.7 was used.

Definition. For simple f we can define the map

(/de) . S(R,C) = L(H)
/e /R fap,

which, if we equip S(R,C) with the suppremum norm and £(H) with its operator norm,
has operator norm || [5 dP|| = 1.

Proof. We have already shown that [, fdP € L£(H) (i.e. it is linear), so we just need to
show the norm condition. First, let f € S(R,C) and ¢ € H, then

ICfe)el, = (o) (L))
= <gfnP<Qn>w,nime<ﬂm>w>

wfn P () P( Qo))

1

n

= <¢ Z TfménmP(Qm)¢>

n,m=1

N

= > 1P, P()e)

n=1

N
= [Py ()
n=1

= /R [Py

. H(/fdp>wH < 1 flleoll®lre
R H

[
S
&=

ZﬁMZ
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where we have used the definition of the norm in terms of the inner product, the fact
that P is self adjoint, the fact that P(€,)P(Qy,) = 6pm for pairwise disjoint €2, /€2, and
Proposition 6.27 along with the fact that || f||oc := sup,egr f(2). The equality in the last
line can be assumed provided f and 1 are sufficiently chosen.

|

Thus we have

/dPH _ I e 2Pl 20

sup
FESR,C) [ f1loo

(S FdP)y |,
= su su
sesimerven  f ol
= 1.

B. Bounded Borel Functions

Definition. The set of all bounded, measurable functions is denoted
B(R,C) := {f: R — C|measurable, || f|lcc < o0}.
Proposition 10.9. The set B can be made into a Banach space by defining the norm

1fll5 := sup |f ()]
zeR

Proof. We turn the set into a linear vector space in the usual manner; we inherit the addition
and s-multiplication from C.

Now prove || f||5 is @ norm. Comparing to the definition given at the bottom of Page
9, for f,g € B(R,C) and z € C we have

(i) Clearly | £]5 > 0.
(i)

[flls=0
& sup[f(z)] =0

z€R
< flz)=0 VzeR
so f=0.
(iii)
[z fllg :=sup|z - f(z)]
z€R
= |z[sup|f(z)|
z€R

=:|Z|-[|fls-
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1f + gl :=sup |(f + g)(@)]

z€eR

= sup |f(z) + g()|
z€eR

< sup|f(z)| + sup|g(z)]
zeR zeR

=: || fllz + llgll5-

Now let { f }nen be a Cauchy sequence in B(R, C), that is: Ve > 0,IN € N: Vm,n > N

we have

d(fmfm) = an - meB = Sug ’fn(x) - fm(m)| <e.
Te
Now from the definition of the supremum we have
[fn(2) = fm(2)| < |If = gl

so it follows that the sequence {f,,(z)}nen is a Cauchy sequence in C. But C is a complete
metric space so we know that this Cauchy sequence converges in C, i.e.

lim f,(z) =2, € C.
n—oo
We can thus define a point-wise limit f of the sequence {f,,}nen C B(R,C) as

f(@) = lim fu(2) = z

T—r00

for all z € R. Then, by equipping C and R with their respective Borel o-algebras, Proposi-
tion 5.22 tells us that f is measurable.
Finally from the fact that B(R,C) C L(R,C), Theorem 2.8 tells us that f is bounded

and so B(R,C) is a Banach space. O

Corollary 10.10. Observe that S(R,C) is in-fact a dense, linear subspace of B(R,C). Thus,

the BLT theorem tells us that we have a unique extension of the operator

(/de): S(R,C) — L(H)

to the domain B(R,C) with equal operator norm. That is, we have an operator
(/ dP) : B(R,C) — L(H)
R

with || dP| = 1.

Corollary 10.11. By suitable definition we can turn the space B(R,C) into an C*-algebra
and our operator then has the following properties

(1)

/ 1dP = idy
R
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(i)

fi =) [
o= (fo)

These properties collectively make the operator a C*-algebra homomorphism.

(iii)

C. General Borel Function

We now want to allow for the case that f is unbounded. We will write the following such
that it reduces to the above when f is bounded.

Definition. Let f : R — C be measurable, then we define the linear map

</RfdP>DfRfdp—>H

Dy fap = {lﬁEH) /R|f’2dﬂw <00} CH,

is a dense, linear subspace. The linear map is defined via

(rar)e = |(fpar)s]

where the sequence {f,,}nen € B(R,C) defined by

where

frn = X{zeR|f(x)<n} S

Remark 10.12. Note that the map above includes the f, it is not just the integral defined
in the previous section. Note also for the case when f € B(R,C) we just recover the case
above and we have DfR sap = H (i.e. we have £L(H)). Otherwise it is a proper subset.

Remark 10.13. The literature often introduces the notation

Dy := DfRfdPa

however this could lead one to think of the domain of f itself, which here is R. We will

avoid this notation.

Remark 10.14. The sequence { f,, }nen can be thought of as ‘chopping’ f into bounded parts.

f
f1

A
A 4
f
\
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Lemma 10.15. The sequence {fn nen is Cauchy in L3(R). This in tern implies that the
sequence {( [ fndP)Y}nen is Cauchy in H, which is required for the limit in the definition
to make sense, i.e. the result lies in H.

For this general case of a measurable f we have:

/RfdP: (/RfdP>*.

(ii) For o € C and f, g measurable,

(a/RfdP+/RgdP> Q/R(af—i-g)dP,

where the equality holds only for bounded f. As explained earlier, the inequality

(i) As before

arises due to domain issues. We can now see this more explicitly from the defini-
tion of D I FdPS just because f and g are both measurable, it does not mean that
their respective map domains will coincide. However, the domain for the LHS is

Dy (jaf|+lg))dP-
(iii)

(/RfdP)o(/RgdP> g/R(f.g)dp’

again where the equality holds only when f and g are bounded.

10.4 The Inverse Spectral Theorem

We are now in a place where we can understand the inverse spectral theorem.

Definition. Given a PVM, P, we can construct a self adjoint operator Ap as
Ap = / idg dP,
R

where idg: R < C is the inclusion map.

Proof.
(Ap)* = / idrdP
R
= / idr dP
R
= AP7
so Ap is self adjoint. O
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11 Spectral theorem

The inverse spectral theorem tells us how to construct a self adjoint operator Ap given a
projection valued measure P. The aim of this lecture is to do the opposite; given a self
adjoint operator A we want to find a PVM P4. We want the two methods to be in unison
— that is we want Ap, = A and P4, = P. We shall start by assuming that A can be
written in integral form, and then shall remove this restriction.

11.1 Measurable Function Applied To A Spectrally Decomposable Self Adjoint
Operator

The term spectrally decomposable means that is has integral form.

Definition. Let the self adjoint operator A be spectrally decomposable; i.e. there exists a

PVM P such that
A= / idr dP,
R

then for any measurable function f : R — C, we define the operator
f(A): Dy yap = H,

given by

F(A) = /R(foidR)sz/Rf()\)P(d)\).

Remark 11.1. The spectral theorem will show that every self adjoint operator A is spectrally
decomposable by virtue of a uniquely detemerined P.

Corollary 11.2. If f: R = R, then f(A) is again self adjoint.

Proof.

A = [ [ foidR)dP]*

Let us now consider two important examples.

Ezample 11.3. Let A =[5 AP(dA) be self adjoint. Then

exp(A):::]feAfwdA)
R
is self adjoint due to the previous Corollary. However

mm@:éwmﬁ)
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is not self adjoint. This latter case is of high importance in QM, as can be seen by revisiting
Axiom 4 at the start.

Ezample 11.4. Let A =[5 AP(dA) be self adjoint and © € o(Ogr). Then
P(Q) = / xodP
R
implies

sq(P(Q)) := [ (sqo xqdP

T

R
[x (V)] P(d))

I
S

xa(A)P(dN)
Q),

I
s

which is one of the projection conditions.

11.2 Reconstruct PVM From a Spectrally Decomposable, Self Adjoint Opera-
tor

The key to reconstructing the associated PVM P is to consider the resolvents.

Definition. Given a spectrally decomposable operator A and an the resolvant set p(A),
we define
r.(A) = Rz(A) == (A — zidy) ™},

which is rewritten as

r,: R—>C
1

A
'_))\—z’

and, due to the fact that A is spectrally decomposable, satisfies

TZ(A)—/R(TZoidR)dPE/R/\izP(d/\),

Note, using the results in the previous lecture, we have that for any ¢ € H,

0 Rayw) = (v ([ 0idm)ar)v)

= /('rz o idR)d e
R
)

R )\ — ZMQ/) ’

Definition. A Herglotz function is an analytic complex function that maps the upper
half plane into itself, but need not be surjective or injective. They are also known as
Nevanlinna/Pick/R functions.
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Theorem 11.5. The function

(Y, Ra(-)¢): C—C
Z / P (dX)
1s Herglotz.

Proof. Recall
iy 0(Or) — RE

is real-valued. Then using

tm(r) = 3 (r—7),

we have
(0, (216 = [ 1 (5 (@)
- ;/R [Alz Alz]uw(d)\)
= /R MM(CM)
= tm(2) [ ().

Then, since the fact that the integral is Lebesgue and the intergrand is non-negative and

SO

m(, Ra(2)y) >0 < Im(z) > 0.
O

Recalling the start of last lecture, if we can find a way to construct ju,, from our A then
we can use that to reconstruct P. The result of this is the previously mentioned Stieltjes
Inversion Formula, and it is obtained as follows.

Let t,e € R. Then, since A is self adjoint and so its spectrum is purely real, t+ie € p(A).
This allows us to act on it with R4. Thus, consider

to to
lim * / T (e, Ralt + ie)0) = lim © / dt / o

e—=0T T Jiy e—0t T

— R T
et R<7T/t1 )2 +e )’W’( ),

where Fubini’s Theorem?® has been used. The inner integral is a standard integral, with

1/t2dt c 1 arcta t=A\]"
— — = — | arctan .
Tty (A=t)?+e2 7w e 4

Now strictly, at this stage, we cannot simply pull the € limit into this expression; we would

result

need to check that the above result is bounded first and then, by dominated convergence,

20Gee Wiki
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we can pull it in. This will turn out to be true, and so in order to simplify the following we
consider € to be small here.

In order to work out the above expression, we can use the A-graphs. Let’s plot both
terms (including the overall minus sign that comes with ¢;) on the same graph:

Fy

1
2 1

™

arctan (“;A)

3] | | ty A

% arctan (t2;>‘)

D=

Taking the limit and adding gives

1+ C, I
3 o) o)
0 <> ! ! e |
t1 to A
So we have
T 1 /t2 gt € 1( n )
im — —_— = o
e=0+ T Jy, (AN—t)2+e2 2 X(tr,t2) T Xt ta])
and

.1t , 1
hm / dtIm<w7RA<t+Z€)¢> = /R(X(tl,tz) +X[t1,t2])/"[’w(d)\)

e—0t+ T t 2

Finally, we have the Stieltjes Inversion Formula.

Theorem 11.6 (Stieltjes Inversion Formula). Given a spectrally decomposable, self adjoint
operator A and its associated resolvent map R4, we can construct a real-valued measure

1 A0
uﬁ((—oo,)\]) = lim lim / dtIm(yp, Ra(t + i€)v).

=0t e—=0+t T J_
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Proof.

N B . 1
lim lim / dtIm(¢), Ro(t + ie)y) = lim / (X(—oo,)\+§) +X(_Oo’5]),uw(d)\)
R

§—=0t e=0+ T J_o 50+ 2

:/RX(—OO,A]:[W(CD‘)
= Mw((_ooa A,

where we used the fact that the x(€2) is bounded to move the limit inside the integral along
with the fact that
lim (—o00, A+ 0) = (—o0, A].

6—0t

O

Remark 11.7. Note the fact that (¢, R4 (t +ic)1) is Herglotz with the fact that e > 0 gives
us that “112 > 0, which is required for it to be a real-valued measure.

Remark 11.8. If we already know that A is spectrally decomposable w.r.t. some PVM P,
then we can recover P from A by virtue of: for any Q € o(Or) and for all ¥, p € H

<¢:P<Q)¢>::/£Xﬂdﬂww7

where 1 , is obtained from g, using the method given at the start of the previous lecture.

11.3 Construction Of PVM From A Self Adjoint Operator

We need to free ourselves from the fact that A is known to be spectrally decomposable
from the start. We could do this by trying to recreate the above method, i.e. arrive at the
Stieltjes Inversion Formula for an operator A, by showing that

(i) (¥, Ra(-)¢) : C — C is Herglotz for any self adjoint A
(ii) (¢, P(Q)¢) := [ xdfiy,p is indeed a PVM.,
In order to prove these we first need a new theorem.

Theorem 11.9 (First-Resolvent Formula). For any operator A: Dy — H and a,b € p(A)
we have

Ra(a) — Ra(b) = (a — b)Ra(a)Ra(b) = (a — b)Ra(b)Ra(a).

Ra(a) — (a —b)Ra(a)Ra(b) = (A—a) ' —(a—b)(A—a) L (A-b)!
= (A—a)'[idy —(a—b)(A—b)""]
= (A—a) '[idy —(a— A+ A—Db)(A-b)"]
= (A—a)! [ldy +(A—a)(A—b)"t - (A—-b)(A— b)*l}
= (A=)~
= Ra(b),
and similarly for the the other result. O
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The proof of (i) and (ii) above was on a problem sheet. Return and do this later.
Conclusion, the Spectral Theorem, Theorem 10.1, together with the recipe for the
construction of the PVM P from a self adjoint operator A holds.

11.4 Commuting Operators

The study of QM is teaming with so called commutators. However, they are not as simply
defined as is often erroneously assumed. In particular, the commutator between the position
and momentum given by

[in Pj] = Zhél]

is not even defined, unless further provisions are given. This formula appears in the opening
sections of almost all QM textbooks though, and so it’s important we understand what is
meant.

One can happily write the commutator provided the operators involved are bounded
(which from the lecture 9 we see that at least P; is not).

Definition. Let By, By € L(H), i.e. they are bounded linear operators from # to H. Then
one may define
[B1, Ba] := By o By — By o By,

where
[B1, Ba] € L(H).
Remark 11.10. The tuple (L(H),+,-,[,]) is a Lie algebra?!.

Corollary 11.11. Let A, B,C € L(H) then the following holds
[AoB,C]=[A,C]oB+ Ao [B,C].
Proof. Consider the action on some arbitrary 1 € H.

[Ao B,CJip := (Ao B)o (C¢) —Co (Ao By)

= Ao (BoCy)—Co(AoBy)

= Ao (CoByYp+[B,Cltp) —Co (Ao By)

= (AoC)oByY+ Ao[B,CJtp —Co (Ao By)
(CoA+[A,Cl)oBYy+ Ao [B,Clp —Co (Ao By)
[A,C)o By + Ao [B,Cly
= ([A4,Clo B+ Ao [B,C]),

where we used the associativity of the composition of maps. Then, as ¥ was arbitrary, we
have our result. O

Corollary 11.12. Let A and B be two operators. Then if one of the them is unbounded
the domain Dy p) may only have a trivial definition, i.e. Dy p) = {Ox}.

21Gee Dr. Schuller’s Lectures on the Geometric Anatomy of Theoretical Physics
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Proof. Let A:Ds — H be unbounded with D4 C H, and define the bounded operator
B, H—H
o= <SD7O‘>Q:Z) = gﬂﬁ(a)w
for some fixed ¢, € H where ¢ ¢ D4. So we have ran(B,) = H \ D4. Then from the first

term in

[A,By| := Ao B, — B,o A,

it follows that
D[A,Bv] = ran(B@) NDy = {04}

Definition. Two bounded linear operators A, B € L(H) are said to commute if
[A,B] = 0.

Corollary 11.13. Let A,B € L(H) be commuting operators. Then if A is also non-
degenerate then any v that is an eigenvector of A is also an eigenvector of B. In other
words, the set of A’s eigenvectors is contained within the set of B’s.

Proof. Let ¢ € D\ {0} be an eigenvector of A with eigenvalue A € C. Then we have

[A,B]p := (Ao B— Bo A
— A(BY) - B(Ay)
= A(BY) = AB(¢),
where we have used the fact that B is linear. Then from the fact that [A, B] = 0 it follows

that B is also an eigenvalue of A with eigenvalue A. Finally from the fact that A is
non-degenerate it follows that B = pi must hold for some p € C. O

However, as highlighted at the start of this section, we also want to look at situations
when one of the operators may not be bounded. In other words we want to know how to
extend the idea of commuting to

(i) A self adjoint and not necessarily bounded, B bounded.
(ii) Both A and B self adjoint and not necessarily bounded.

As is often the case in maths/physics problems, the strategy is to reduce the problem
to the known case. We then have three possible bounded, linear operators constructed from

A:

(i) From the Spectral Theorem we know that if A is self adjoint then there exists a unique
PVM P such that A is spectrally decomposable. Recall that, from Remark 10.7,
PA(Q) € L(H) for any Q € o(OR).
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(ii) From the definition of the resolvent set, we have R4(z) € L(H) for any z € p(A).

(iii) Again, as A is self adjoint it is spectrally decomposable and so we can consider
exp(itA) for some t € R, which was defined in Example 11.3. Again this is not a self
adjoint operator, but it is unitary, which means || exp(itA)|| = 1.

Definition. Let A be self adjoint and B be bounded. A and B are said to commute if
either of the following holds

(i) [Ra(z),B] =0 for some z € p(A).
(ii) [exp(itA), B] =0 for some t € R\ {0}.

Definition. Let A and B be self adjoint. They are said to commute is one of the following
holds

(i) [Ra(za),Rp(zB)] = 0 for some z4 € p(A) and zp € p(B). This is known as the
Resolvent way.

(ii) [exp(itA),exp(isB)] = 0 for some ¢,s € R\ {0}. This is known as the Weil way.
(iii) [Pa(Q), Pe(2)] =0 for all Q € 0(Or). This is known as the Projector way.

Remark 11.14. The literature normally uses a practical, yet misleading, notation at this
point. For any of the above we simply write [A, B] = 0 for commuting A and B. However
this commutator is not the same as the one defined at the start —i.e. it does not correspond
to Ao B — Bo A. Really we should write it slightly differently to highlight this, i.e. make
it red; [A, B|.

Theorem 11.15. Let A and B be self adjoint and bounded. Then

[A,B]=0 < [A,B]=0.

- 120 -



12 Stone’s Theorem and Construction of Observables

In this lecture we aim to answer two questions by deriving and using Stone’s Theorem.
They are

(i) How arbitrary is the stipulation of Axiom 4; that the dynamics in the absence of a
measurement be controlled by

U(t) :=exp(itH)
for some self adjoint operator H?

(ii) How does one practically construct observables, including the question of how to find
the correct domain such that the operator is at least essentially self adjoint?

Remark 12.1. Clearly for (i) we want U(t) o U(s) = U(t + s) and U(0) = idy.

12.1 One Parameter Groups and Their Generators

Definition. A group is the double (G, (), where G is a set and {: G — G satisfying:

(i) For all g,h,k € G, (Associativity)

(9Oh)Ok = gO(hOK).

(ii) There exists e € G such that for all g € G (Neutral Element)
g0e =g =g.
(iii) For all g € G there exists g~! € G such that (Inverse)

909 =g 0g=ce.

Definition. A Abelian group is a group is one whose group operation is symmetric. That
is for all g,h € G
gOh = h{g.

Remark 12.2. Abelian groups are also known as commutative groups and the condition is
refered to as the commutativity of the elements with respect to the group operation.

Example 12.8. The real numbers equipped with addition form an Abelian group, with e =
0cRand g ! =—g.

Note it is important that we consider all of R, and not just the positive numbers, as in
the latter case the inverse would not lie in the group.

Ezample 12.4. The set R\ {0} form an Abelian group with respect to multiplication, with
e=1land g™ ' =1/g.
Note here we have to exclude 0 as 1/0 is not an element of R.
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Ezample 12.5. The set R\ {0} is not a group with respect to division as it fails to satisfy
associativity.

Definition. A one-parameter group is a group whose underlying set is
G = {U(t)|t€RY,
and whose group operation satisfies
U(t)0U(s) = U (d(t, s)),
for some §: R x R — R.

Remark 12.6. Unless the group is Abelian then d0(s,t) # (¢, s).

We will only deal with Abelian one-parameter groups, in which case one can always

reparameterise so that
Ut)OU(s) = U(t + s)

where the commutativity with respect to ¢ is inherited from the commutativity with respect
to +. We also choose the parameterisation such that U(0) = e. In particular, we will look
at unitary one-parameter groups, i.e. those with

G={U(t) € L(H) [t e R, U ()U(t) = idy [|U(#)]| = 1},
that are strongly continuous in the parameter,
Vi € H : thﬁr% (U(t)y) = Ulto)y.

Definition. Let U(-): R — L(H) be a unitary, Abelian, one-parameter group (UAOPG).
Then its (generator) is the linear map

A: DY 5
q
b Ay = lim (U ()0 ),
where )
Stone .__ : 3 _ 3
Dy = {y e H| glil[l) 6 (U(e)y — ) exists}.
Remark 12.7. Note

lim E(U(s)@b —¢) =ilim UQO+e)y = U0 =i [U(-)y]'(0),

e—0¢€ e—0 IS

and so we can rewrite
DY =D = {y € H|i[U()¥]'(0) exists}.

Note also that [U()?ﬁ]l R—H.
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12.2 Stone’s Theorem
Theorem 12.8 (Stone’s Theorem). Let U(-) be a UAOPG that is strongly continuous and

whose group operation is the composition of maps, i.e.
U(t)oU(s) =U(t+s)
U(0) =idy .
Then its generator A: Dfl — H is self adjoint on Dfp and
U(t) = exp(—itA).
Before proving this, consider the following.

Corollary 12.9. Given U(t) = exp(—itA) for some self adjoint A then the Spectral Theo-
rem tells us that U(t) is a UAOPG.

Proof. (i) First show U(t) oU(s) = U(t+ s):
U(t)oU(s) := exp(—itA) o exp(—isA)
= / e e AP (d))
R
= / e p(d)
R
=U(t+s),

where Example 11.3 has been used.

We also have
U(0) := exp(0) = idy .

Now show Abelian property:

U*(t) :== e_it’\P(d)\)>*

=~

e+it)\P(d)\)
R

|
S—

Then from the above we have U*(¢)U(t) = U(—t +t) = U(0) = idy. Then noticing that
WU @) = ||U*(t)] it follows that

IO = VIlidu | = V1=1,
where we have used the fact that the norm is strictly positive to remove the negative root,
and so it is unitary.
Finally show that it is a group. This is easily done, and we have e = idyy = U(0) and
U] =U(-1). O
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Corollary 12.10. Let ¢ € Di for some generator A andt € R. Then
U)W (t) = —iAU(t)¢,

and

U(t)D5 = D5.

Try do proof later.
Now we can proceed with the proof of Stone’s Theorem. To do so, we will need to

show:
(i) The generator A is densely defined (otherwise we A* wouldnt be defined properly).
ii) A is symmetric on D5 and that it is essentially self adjoint.
A

(i) U(t) = exp(—itA**), from which it follows that A = A** and so it is self adjoint (as
A** is).

Proof. (Stone’s Theorem)

(i) Let v € H. If we can show that an arbitrarily small neighbourhood N around
contains a ¢ € Dﬁ, then we know Di is dense in H. Consider the real family, for all
T€ER

by = /0 arU (r)y,

i (%) =

This is just the idea of the points in a neighbourhood, and so we know, therefore,
that there exists a 7y such that ¢, € N. Now consider

which satisfies

(U — ) = U(e) /0 U - /O o

0 0
T+ T T
= / drU(r)y + / drU(r)y — / drU(r)y
T € 0
= /H_6 drU(r)y — ) drU(r)y — /T drU (r)y
T T 0
= T+a drU(r)y — ) drU (r)y
T 0
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Now using the fact that ||U(7)|| = ||idy || = 1 and so they’re bounded, we can take a
limit and push it through the operators. Thus we have

U] (0) = lim © (U, - vr)

e—0¢
1
= i[U(7) — idy ] lim —v.
=i[U(7) — idy |2,

which is an element of H, and so we know that v, € Di and therefore there exists a
Y, € NNDA.

Let ¢, € DY, then
(v 40 = (o lim 2 (U~ ) )
= lim <;(U*(s) —idy)gp,@[)>

e—0

= < lim L(U(—a) — idH)<P71/1>

e—0 —¢

— <limi(U(€)—idH)%¢>

e—0¢

=: (Ap, ),

where we have used the continuity of the inner product to move the limit in and out,
the result U*(t) = U(—t), the fact that the identity is self adjoint and the fact that
we’re taking the limit to ‘ignore’ the minus signs on second to last line.

We now want to show that it is essentially self adjoint. Recalling Theorem 7.26, we
need to check if: for z € C\ R that

ker(A* —z) = {0y} = ker(A* — 2).
Let ¢ € ker(A* — %) N D5.. Then for all ¢ € D3

[, U] () = (¢, [U ()

UI'(t)
= (¢, —tAU(t

(1))
)
= —i{A%, U (t)y)

= —i(zp, U(t)Y)

= —iz{p, U()P)(t)

= (p, UC))(E) = (o, )™,

where we have used Corollary 12.10 and the fact that U(0) = idy. But, since z
is purely imaginary, the exponential is unbounded and so the RHS is unbounded.
However, the LHS is bounded (as U(-) is bounded) and so the only way the equality
holds is if (p, 1) = 0. Finally since we took all ¢ € H it follows that ¢ = {0y} and

so ker(A* —z) = {0y }. The proof for ker(A* — z) follows trivially from this result —
i.e. the RHS just becomes unbounded in the opposite direction.
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(iii) We know that A is essentially self adjoint, which means that A** is self adjoint. Now

construct

U(t) := exp(—itA™) = / AP g (dN).
R
Now let ¢ € Dfl C D+ and consider the real family

Y(t) = [exp(—itA™) — U(t)] .
Then
Y (t) = [ — tA™ exp(—itA*™) + i AU (t) |y = —iA™(t),

where we have used the fact that A = A** on Di. Then we have

(@12 = (), (1))
= 2Re(y(t),9'(t))
= 2Re (—i(y(t), A™Y(1)))
=0,

where we have used the fact that (1, A**1(t)) € R as A** is self adjoint. So we have
that ||¢(t)]| is a constant w.r.t. t. From the definition, we have ¥(0) = 0 and so
lv(@)|| = ||v(0)]] = 0, which from the definition of the norm tells us ¢ (¢) = 0 for all
t. Finally it follows that

exp(—itA) =: U(t) = exp(—itA™) = A=A".

12.3 Domains of Essential Self Adjointness ("Cores")

Stone’s Theorem showed us that the generator A: Dfl — H is self adjoint. Sometimes a
compromise in choosing the domain is in order, as we shall see in the two section’s time.

Corollary 12.11. Inspection of the part (ii) of the proof shows that if one considers A: D —
H for some dense D C Dfl that also satisfies U(t)D = Dy, then we A is essentially self
adjoint on D.

12.4 Position, Momentum and Angular Momentum

Employ Stone’s Theorem to properly and easily define these three operators in quantum
mechanical systems. For the rest of this lecture we shall take H = L?(R3, \) =: L? where A
is the Lebesgue measure.

Definition. The position operators, denoted @7 for j = 1,2, 3, are defined as the generators
of
Ui(-): L? — L2,

with _
(U7 (0)) () = g (w)e ",
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for (z) := (a1, x2,x3). That is, they are the self adjoint
Q’: Dy, — L
with
(Q9)(x) = /().

Remark 12.12. Note clearly U(t)oU(s) = U(t+s), U(0) = idz2 and ||U(t)y| = ||¢|| which
tells us ||U(t)|| = 1, all of which are required for U(t) to be a UAOPG.
Definition. The momentum operators, denoted P; for j = 1,2,3, are the generators of
U;(-): L* — L,

with

(Ui(a)y)(@) := (s’ —a,..),
i.e. they shift the j*® slot to the right by a. That is they are the self adjoint operators on
their Stone domain that satisfy

Pjip = —idjip.
Remark 12.13. Note this is exactly the definition we used for the action of the operator in

Lecture 9.

Definition. The orbital angular momentum operators, denoted L; for j = 1,2,3, are the
generators of
U;(): L* — L%
with
(Uj(a)p)(z) == y(Dj(a)z),
where Dj(a): R® — R3 is the operator that describes the rotation about the j*" axis by
angle a. They satisfy
(L) (x) = —i(a?D3) — 2> Do)
(Lay)(z) = —i(2*0hep — 2 O31))
(L) (x) = —i(z'Op — 22 O13p)
Corollary 12.14. The spectrum for the orbital angular momentum is contained within the
integers; o(Lj) C Z for j =1,2,3.
Proof. From Stone’s theorem we have
Uj(a) = exp(—iaLj),
which together with D;(a + 2m) = D;(«) gives
exp(—i2mL;) =idy .
Then, from the fact that L; is self adjoint, we can use the Spectral theorem to decompose
both sides

/ e AP (d)) = / Pr,(dX),
R R
and so \ € Z. O
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12.5 Schwartz Space S(RY)

As we have just seen, Stone’s theorem gives us a nice way to define the position, momen-
tum and orbital angular momentum operators. However there are two problems with the
definitions we have, both of which relate to their Stone domains. They are

() D £ D§ £ D £ D3
(ii) Dg # DgOQ # DgOQOQ # ... and similarly for P and L.

This, at first, might not seem like such a big deal but on a second look we see that
it means havoc when it comes to trying to define the QM version of kinetic energy as
(P o P)/2m. The problem is especially bad when it comes to considering commutators, as
highlighted before.

We get around this problem using the compromise given in Corollary 12.11.

Definition. The Schwartz Space on R?, denoted S(RY), is the vector space with set

S(RY = (v € C®(RY | sup [2%(950)(«)] < o0, Var, B € N5%),

xER4
where
NX4 .= N, N,
0 = Vo X ... X Ny,
N———
d-fold
and

7 = plotmea) (:L’l)o‘l...(asd)ad,

d
85 = 8(517.”’5” = (81)ﬁ1...(8d)’3 .

Remark 12.15. The Schwartz Space is also known as the space of rapidly decaying test
functions.

Remark 12.16. Clearly the space C°(R?), as defined in footnote 15 in Lecture 9, is a
contained within S(R%).

Lemma 12.17. The Schwartz space is closed under pointwise multiplication; if 1, €
S(R?) then v e o € S(RY). In fact we have the Schwartz algebra (S(RY), +, -, ).

Proof. This result follows simply from the so called Leibniz Rule, which is an extension of
the product rule.??

gy |2%(95(¢ @ 9)) (2)| = sup [2%(9s(v) @ ¢ + 1 Ds(p)) ()|

zER4
< sup 2 (95(0) # ¢) (@)] + sup [o* (v 05()) (@)
< 00.

Then, using the fact that the pointwise multiplication of two smooth functions is smooth,
we have 1) ® ¢ € S(R?). Finally using the linearity of everything involved we get the
algebra. O

22Gee Dr. Schuller’s Lecture’s on the Geometric Anatomy of Theoretical Phsyics for a definition in
context.
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Lemma 12.18. For 1 < p < co we have S(R?) C LP(R?).

Proof. Let ¢ € S(R?). Then |(z)| < oo for all z € R, and so it is integrable. Then
Corollary 5.19 tells us that it is measurable with respect to the Borel o-algebras, so 1 €
L'(RY). Then finally from L'(R%) ¢ LP(R?) for all p > 1, the result follows. O

Lemma 12.19. One can show that the Fourier Transform is a linear isomorphism from
S(R?) onto itself.?3

Theorem 12.20. The Schwartz space as defined above satisfies
(i) S(RY) C L2(R%,\) is dense,
(ii) S(R?) C DS,D;?,,DE is dense,
(iii) Q7: S(R®) — S(R3) is essentially self adjoint. Same for P; and L;.

Remark 12.21. From the last condition we see that we can repeatedly apply the operators,
in any order, to a system. This fixes our problem above.

23Gee lecture 18.
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13 Spin

In the previous lecture we defined orbital angular momentum. The emphasis on ‘orbital’ was
not a mistake; this lecture aims to discuss what is referred to as general angular momentum
(or just angular momentum) in QM. This latter case gets its name from the fact that any
concrete set of three operators, {Jy, J2, J3} say, obey analogous commutation relations to

{L1> L27L3}~
Recall, for ¢ € S(R?) we have

L;: S(R?) — S(R?),
essentially self adjoint with

(L1p)(z) = —i(2*03¢) — 2°0a),
(Lov)(z) = —i(z’0h) — z' D31p),
(Ls)(z) = —i(z' 021 — 2*019).

We can, therefore, calculate their commutation relations.

Lemma 13.1. The orbital angular momentum operators obey the following commutation

relations:
(L1, Lo) = iLs,
[Lo, L3) =iLy,
[Ls, L1] = iLo.

Proof. The proof follows from direct computation. Consider

[L1, Lo)Yp = (L1 o Ly — Lyo Ly)tp
= (—1)%(2203 — 230y (23010 — ' 031p) — (=) (230) — 2103) (22030 — z3090))
= — (22019 + 222703019 — 2?21 059 — (2°)202017 + 2’2 02037))
+(2%2%0105¢ — (2%)201020 — 2' 22059 + 22203000 + 2 Oo)
= 2 00tp — 2?0
=1iL31,

where we have used the fact that S(R%) C C°°(R?) C C?(R?), and so we can swap derivative
order, i.e.

01029 = 02017).

The same method is used for the other two commutation relations. O

Remark 13.2. The vector space with set V' := spanc{Li, L2, L3} can be defined, and we
have that iL; € V, and so the above tells us that (V,+,,[,-]) is the orbital angular
momentum Lie algebra.
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Remark 13.3. We can re-write the commutation relations in the compact and convenient
form
[Li, Lj| = i€ Ly,

where €51, is the totally antisymmetric Levi-Civita symbol, defined as

+1 if (4,4,k) is an even permutation of (1,2, 3)
€jk = 4 —1 if (i,7,k) is an odd permutation of (1,2, 3)

0 otherwise.

Proposition 13.4. It is not possible have a common eigenvector between the operators
(L17L27L3)-

Proof. Let V := spanc{Li, Lo, L3}. Now assume that ¢» € D\ {0} is an eigenvalue of
both L and Lo with eigenvalues A, p € C, respectively. Then we have

(L1, o]ty := L1(Lot)) — La(L1)
= pLi(y) — ALgy
= pAp — At
=0,

where we have used the linearity of the operators. It follows from the commutation relations
that L3gw = 0. However, from the other commutation relations we then have

[Lo, L3l = 1Ly
La(L3) — L(L2tp) = i\
L(0) — pLgyp = iXy
0 — 10 = X
= A =0,

and similarly you can show g = 0. It follows then that for any D € V we have Dy = 0,
which can only be true is 9 = 0. But this contradicts the opening assumption and so it

can’t be true. 0

Remark 13.5. People often say that "two non-commuting operators have no common eigen-
vectors", however this statement is not strictly true. What is meant is "two operators, whose
commutator does not contain the zero vector in its range, do not have common eigenvec-
tors." This is subtly different, however the distinction is important. For example, in the
previous proposition if we instead had [Li, Lo] = iLg and [Le, L3] = 0 = [L3, L1], we would
not need to require A = 0 = p, and so, unless further constraints were placed on the system
of operators, it is possible that v is a common eigenvector to L1 and Ls.
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13.1 General Spin

At this point we might ask why we are bothering to work out these commutation relations?
After all they appear to be of no use when it comes to calculating things such as the spectra
of the operators (as is evident by Corollary 12.14). The answer to this is that we want to see
what information we can obtain about the system (specifically its spectrum) using solely the
commutation relations, as then any other set of observables that shares these commutation
relations immediately obey the same results.

To emphasise, given a Lie algebra that contains three operators, S, .52, S5 say, with

Sj:D—>D,

for some D C H, that obey commutation relations analogous to those of Lemma 13.1, will
instantly satisfy any results we derive, using only the commutation relations, for the orbital
angular momentum.

Example 13.6. An example of such a set of operators are the so-called Pauli spin algebra,

which has 1
Si = 50’1,

with D = H = C2, where

(o1 (o (v
o) >~ \io) P lo-1)

known as the Pauli spin matrices. It is easily checked, through the rules of matrix multi-
plication, that this algebra obeys the correct commutation relations. This is an example of
a so-called spin—% system.

Remark 13.7. We can not expect the commutation relations to necessarily tell us everything
about the spectrum (or any other quantity we try to calculate) as they can be derived
by several different operator sets with potentially differing spectra. But, as said above,
whatever we can infer from the commutation relations alone must hold for all the operator
sets.

13.2 Derivation of Pure Point Spectrum

We start from a general Lie algebra with our required conditions. We shall denote the
operators by Ji, J2, J3, however they need not be the orbital angular momentum operators.
Equally the domain, D, is left arbitrary, up the condition that the operators are at least
essentially self adjoint on them.

Definition. A Casimir operator for the algebra (V,+,-,[-,]), is a symmetric operator
Q:D—D

that commutes with every element in V.
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Remark 13.8. Note, due to the bilinearity of the commutator, we only need to check that
Q) commutes with the basis elements of V.

Proposition 13.9. The operator
Q:=JioJi+Jyo0Js+J30J3
is a Casimir operator for the algebras we’re considering.

Proof. The symmetric part follows trivially from the fact that Corollary 12.11 tells us
J1, Jo, J3 are all symmetric. Next let v € D and consider

[Q, JiJY = [J1oJy + Jao o+ Jg0J3, J1]¢
= [JioJi, 1]+ [Ja o Jo, J1|tp + [J3 0 J3, Ji|¢p
= (JioJioJi)p = (JioJio 1)y
+(Jao0Jyo J1)p — (JyoJyo Jo)p
+(J30J30J1)Yp — (Jy o J30 J3)
= (J2oJioJo)tp + (Ja0 o, 1])Y — (Jro Sy 0 o)
+(Jz0J10J3)¢ + (Jz0 [J3, i)Y — (Ji o Jz 0 J3)¢
= (JioJao o)t + ([J2, Ji] 0 o) + (J2 0 [Jo, 1])Y — (J1 0 Ja 0 J2)t
+(J1oJz0d3)Y + ([J3, J1] 0 J3)Y + (J3 0 [J3, Ji])ip — (J1 0 J3 0 J3)¢
= —i(JsoJ2)tp —i(Ja 0 J3)tp +i(J2 0 J3) +i(J3 0 J2)y
— 0,

which because i) € D was arbitrary tells us [, J;] = 0. The same method gives [, Jo] =
0=1[Q,J3]. O

Definition. Let Ji, Js, J3 be three operators that satisfy our conditions. Then define

J+ = Jl + iJQ,
J_ = Jy —iJs,

known as the ladder operators, for a reason that will soon become clear.

Remark 13.10. We can choose to consider the set {J, J_, J3} in place of the set {J1, Jo, J3}
while still keeping all the information — as we can simply reconstruct J; and Jy from Jy
and J_. Note, however, in doing this we have broken the symmetry of the algebra (in the
sense that none of the J;s are special, they all obey the same commutation relations) by
singling out Js, while taking linear combinations of J; and Js. Indeed we did not need to
make this choice of symmetry breaking, but in fact we could have chosen to keep J; while
defining J4 and J_ as linear combinations of Js and J3. Importantly, the results that follow
will hold equally for whichever J we choose, and so in order to stick with convention we pick
J3. Note also that we no longer have a set of observables as (J4)* = J_ and (J_)* = J;.
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Lemma 13.11. J; and J_ satisfy the following commutation relations

[y, J_] = 2Js,
[J3, J+] = £J4,
[Q, Jy] =0.
Proof. From direct computation. Not done here to save space. O

Lemma 13.12. We can rewrite our Casimir operator as
Q=JyoJ_+Jzo(Js—idp),
or equally as
Q=J_oJi+ J30(J3+1idp).
Proof. We shall just show the first one:
JrodJ_+Jso (J3 — idD) = (J1 + iJz) o (Jl — iJQ) + J3o (Jg — idp)
JioJi+Jyody—i(JioJy —JaoJi) + J30J3 — J3
= J1OJ1+JQOJ2+J3OJ3—i[J1,J2]—J3

= JioJi+JaoJo+ JsoJs— ()2 T3 — J3
= Q.

O

Remark 13.153. Both of the expressions in the above definition are always true. It is not
that one is true under certain circumstances and then the other is true. This is an important
observation that we shall use.

At this point we might wonder why we are going through so much effort introducing the
Casimir, when what we're looking for is the spectra of the operators Jy, Jo, J3. The answer
is to make the problem seemingly more complicated by now considering only eigenvectors
that are common to both Js and €). Note it is necessary that they commute if they are to
have common eigenvectors — as is easily verified from the definition of the commutator.
That is we want to find a 1 , € D\ {0}?* such that

J3Ur = r
QQ;Z)A,;L = )‘w)\,/u

where the subscript is included in order to label the eigenvector by its eingenvalues.
Again this appears to be a more complicated problem — we now not only need to
check our v is an eigenvector of J3 but we also need to check that it’s an eigenvalue of €.
However, we can show that every eigenvector of J3 (and equally for J; and J3) is also an
eigenvector of 2. For a proof of this see Peter Ferguson’s well detailed answer on Quora.

24Recall that an eigenvector can not be the zero-vector by definition. We shall use this later.
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We might also ask whether this will give us the spectrum of J3 anyways, as Js is only
essentially self adjoint on our Schwartz domain, D. We are OK, however as (J3)** is self
adjoint on the D and so we could just use this instead, where the operation is defined to
be the same as J3 — just as we did for the momentum operator in Lecture 9.

Lemma 13.14. The eigenvalues for these common eigenvectors satisfy

A >l +1).

Proof. We shall consider both cases for the rewriting of 2, however, as explained above, the
cases bracket does not mean one is true under certain conditions and the other otherwise,
they are both true. We shall also drop the o symbols to lighten notation. Thus we have

MU V) = (as QA )
{<¢/\w (J4J— + J3(J3 — idp))tx )
(aps (J=Jt + J3(J3 + idp) ) ¥ )
_ {<J@m, Tt + (i — 1)
(J+xp J+au) + plpe + 1)

<"7Z)/\,;u d})\,;)
<1/})\,,u7 ¢A,u>7
where we have used the fact that (J_)* = J; and vice versa.?®

Now recalling that 1) , is an eigenvector, and so, by definition, not the zero vector we
know the inner product is positive definite, and thus we can divide by it, giving

J_Paull?
| T—bx,ull + (e —1)

2
g (et 1),

Finally, from the fact that the norm is non-negative definite (i.e. the first term in each case

{u(u -1)

p(p+1)

_ {—u(—u +1)
pp+ 1),

and so it follows that A > |u|(|p| + 1). O

is either positive or vanishes) we have

A

Y

Lemma 13.15. The elements J1y , are common ‘eigenvectors’ of Q and J3 with eigen-
values A and (p £ 1), respectively.

Proof. First consider 2. We have

QJ:I:w)\,,u = J:N:Qw)\,,u + [Q7 J:t]w)\,u
= Ji()‘wk,u)
= AJ+Ua ),

Z5Really what you need to do is expand out J_ and J in terms of J; and J> and then take the adjoint.
The result holds.
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where we used the fact that [, J1] = 0, and the linearity of J..
Now consider Js3,

J3 = J+ 3y + [J3, J+]Ua
= p(Jxhr ) £ Jeau
= (£ 1)(JL¥a ),

where again we used the commutator, [J3, Ji] = +J4. d
Remark 15.16. The previous allows us to conclude that Jyy , o 9y ,41.

Remark 15.17. This is why J1 are known as ladder operators, with J; known as the raising
operator and J_ the lowering operator. As we see these names derive from the eigenvalues
they produce as eigenvectors of J,.

If the J, eigenvalue of 1)) , corresponds to the u-th rung of a ladder then the eigenvalue
of Jy1y, corresponds to the (u + 1)-th rung, and J_%)y , the (u — 1)-th. Note each one of
the rungs is separated by exactly the same distance, and that we get the (u + n)-th rung
from (J1)"y, and similarly for the (¢ — n)-th rung.

o J+Papu (H+1) | o
L E
g =
E ¢)\,,u H é
g &0
AW (n—1) |F

The next question would be is this a ‘proper’ ladder; that is does it have a top and bottom
rung or does it continue forever? The answer comes in the form of the next lemma.

Lemma 13.18. There exists a Py such that Jyyag = 0. Equally there exists a 1y, such
that J_vy, = 0.

Proof. We know from Lemma 13.14 that |u|(Ju|+1) < A holds for any common eigenvector
of 2 and J3. We see from Lemma 13.15 that (J1)"1y , is such a common eigenvector, and
so must obey |u£n|(|u+n|+1) < A. However, A is unchanged by this repeated application
of the ladder operators, and so, unless remedied, this inequality will eventually be broken
— that is we need to somehow cap the available n values.

Consider first the raising operator. In this case p + n gets bigger and bigger, and so
we need to cap n from above. In other words, we require there to be an m € N such that
for all n > m, (J4)"x, = 0. This fixes our problem as this corresponds to the zero vector
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and so, by definition, it cannot be a eigenvector, and the A inequality no longer need hold.
We define
Uag = (J+) " ap
The idea is exactly the same is true for the lowering operator, however now pu — n is
getting smaller and smaller, and so its modulus (after n > p is reached) gets bigger and

bigger. So again we need to cap n from above. We require there to be a ¢ € N such that

for all n. > ¢, (J_)"y ,, = 0. We define

Uap = (Jf)%’/\,u'

Note we do not have any a priori relation between the values of m and ¢. To use the
ladder analogy, m is the number of rungs above u-th rung and ¢ is the number of rungs
below the u-th rung. For a given A, the highest value of p is denoted fi(A) and the lowest
value (). O

Remark 15.19. Note the above tells us that Ji1 are not strictly eigenvalues, as it could be
the zero vector. This is why we wrote ‘eigenvectors’ in inverted commas in Lemma 13.15.

Proposition 13.20. The maximum and minimum values of p satisfy
(i) A =1\ ([EN) +1),
(i) p(A) = =p(A),
(ii1) m(A) € No.
Proof. (i) From the proof of Lemma 13.14, and the fact that Jy 9 zn) = 0, and so

[ J+9x g0 |l = 0, we have
A= FO) @) + 1)

(ii) Repeating the above argument but with the fact that |[J_1y ,(\) || = 0, we have

A=pN)(p(N) = 1)
= —p(N) (= pN) +1),

and so pu(A) = —7.

(iii) From the previous, along with the fact that 7(A) — pu(X) € Ng this result follows

trivially.
O

Remark 13.21. In order to be consistent with the literature we shall introduce the following

relabelling
J =N, m = W.

. N
Note we have j € 3.
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Theorem 13.22. The common eigenvectors of {2 and J3 come as families (j41) m, where
m=—j,—j+1,....5—1,5. The eigenvalue j(j + 1) is associated to Q2 and m is associated
to Js.

One normally normalises these eigenvectors and defines

o, . YiGrym
” %541y mll

Then, from Lemma 8.8 and the fact that the eigenvectors have distinct eigenvalues, we have
<(I)j,m’q)k:,n> = jk(s’mn-
Corollary 13.23. We have m € %

Proof. This comes from just allowing j € % to be any element and then using m =
—Jyens O

Proposition 13.24. The the common eigenvectors ®; ., satisfy

Je®jm =[G +1) —m(m £ 1)@ 4.

Proof. We shall show this for J,, the method of J_ follows analogously. Recall from
Lemma 13.12 that
J_Jp = Q— J3(J3 + idD).

Now consider

(T T4 ) = (D TP )
Djims Q@jm) — (P, J3(J3 +1dp) P m)
I+ I P@jm, @jm) — m(m + 1)( P, Pjm)

(
(G +1) — m(m+1).

(
{
J
J

Combining this with Remark 13.16 allows us to conclude the result. O

13.3 Pure Spin-; Systems

Definition. A quantum mechanical system is called a pure spin-j system if its Hilbert
space is (2j 4+ 1)-dimensional that possesses an orthonormal eigenbasis {®;,,} for the three
operators Jp, Jo, J3 defined on H.

Corollary 13.25. The Hilbert space is isomorphic to C*+1.

Corollary 13.26. For a pure spin-j system the spectrum of the operators is
o(Ji) ={-j,—j+1,...,5 - 1,7},

fori=1,2,3.

Example 13.27.
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j o), i=1,2,3

0 0
12| {-1/2,1/2}
1 {-1,0,1}

Remark 15.28. When you introduce spin to a particle, its Hilbert space becomes a product
space. For example for an electron (spin-1/2) in R3 its Hilbert space is

H. = L*(R®) ® C2.
We shall return to this and expand on it in the next lecture.

Remark 13.29. You can also have non-pure spin systems. For the orbital angular momen-
tum, you take a direct sum of the Hilbert spaces. That is if H; is the Hilbert space associated
to the pure spin-j system then the composite system’s Hilbert space is

Heomp = P H;.
J

We shall return to this in two lectures time.
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14 Composite Systems

Recall Axiom 1, which says that to every quantum system there is an underlying Hilbert
space. The question we now want to ask is: Let H; be the Hilbert space associated to one
system and Hg be the Hilbert space associated to another. What is the underlying Hilbert
space associated to the composite system?

To clarify what we mean, imagine having a proton and an electron. We first look at the
proton by itself and call this system one. We then look at the electron separately and call
that system two. We now want to look at both of them together, but we wish to use the
fact that we have already studied them separately to simplify the problem. It may seem
‘natural’ to model the composite H as the so called direct sum, which as a set s

7-ll GBHZ = {(T/MP)W’ G%DQOE HZ}’

and where the linearity is inherited from H; and Hs, namely

(arpr + P2, b1 + p2) = ab(1, 1) + a(1, p2) + b(ha, p1) + (P2, p2).

This is what we do in classical systems and it tells us that if we know everything about the
states?” of our two systems, then we also know everything about the states of the composite
system.

However, as with all things quantum, things are more complicated, and the above is
not the case. The main problem comes from the fact that not all linear combinations of
elements of the form (1, ¢) can also be written in that form.

Example 14.1. Let 91,19 € H1, @1,p2 € Ho and a,b € C. Then, assuming the linearity as
above, we have

a(th1, 1) + b(Y2, v2) = (a1, 1) + (2, bpa)
= (a1 + Y2, 1 + bp2)
= a(Y1, 1) + b(2, p2) + ab(th1, p2) + (Y2, 1),
a clear problem.

Note this example actually tells us that we H; & Hs is not closed under the linearity,
and so would not be a vector space. We could just restrict ourselves to elements that
do obey these rules, however, as we shall see when considering entanglement, we require
elements of this form in our underlying Hilbert space.

This calls for a slight refinement of axiom one. We add the addendum?®:

If a quantum system is composed of two (and hence, by induction, any finite number)
of ‘sub’systems, then its underlying Hilbert space is the tensor product space Hi®@Hs,
equipped with a inner product.

26This definition holds as we are only taking the direct product of two spaces, and so the index set is
finite. See wiki for details on this.

2TRecall that the elements of the Hilbert space are not the states, but are associated to them. We shall
return to this at the end of the lecture.

28We shall define what these new terms are in the next section.
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Example 1/.2. Remark 13.28 is an example of such a composite system.

14.1 Tensor Product of Hilbert Spaces

In order to give a nice definition for the tensor product of two vector spaces, we first need
to introduce the so called free vector space.

Definition. Let V' be a F-vector space and let B C V' be a generating subset of V' (i.e.
any element of V' can be obtained via finite linear combinations of elements of B). The the

free vector space is
F(B) := spang(B),

i.e. the set of all linear combinations of elements of B.
Lemma 14.3. Every vector space is a free vector space with B being a Hamel basis.

Remark 14.4. Note it need not be true that F(B) = V, as it might be the case that the
same element in V is reached via two different linear combinations of elements of B. In
fact if F(B) =V, then B is just a Hamel basis.

The free vector space for vector spaces might seem almost redundant, given that every
vector space has a basis. However if your vector space is countably infinite then such a
basis might be incredibly difficult to construct. However you can simply take the entire set
for B and construct the free vector space F'(V'), which will be a huge set, mind. Note, then,
that any linear combination of elements in this set is automatically still in the set, and so
it is indeed a vector space.

Definition. Let V and W be two F-vector spaces, and let A C V and B C W be generating
subsets. Then we define their tensor product as the vector space with set

VoW :=F(AxB)/.,

where x is the Cartesian prodcut and ~ is an equivalence relation such that: if a,ay,as € A,
b,b1,bo € B and f € F then

(i) (a,0) ~ (a,b),

(i1) (a1,b1) + (a1,b2) ~ (a1,b1 + b2) and (ai, b1) + (ag,b1) ~ (a1 + ag, b1), and continued
by induction,

(iii) f(a,b) ~ (fa,b) and f(a,b) ~ (a, fb).
(iv) Combinations of (ii) and (iii), e.g. (a1,b1) + f(a1,b2) ~ (a1,b1 + fbe).

Remark 14.5. Note the equivalence relation looks a lot like a linearity condition on V@ W,
however on closer inspection it is not quite. The linearity condition that make V ® W into

a vector space is simply

fla1,b1) + (az,b2) €V @ W.
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This, in itself, does not need to satisfy the equivalence relation. However, if we did not
include it we could end up with a huge redundancy in elements, as a repercussion of Re-
mark 14.4. This equivalence relation makes the corresponding set of equivalence classes a
vector space in the way we normally think of them (there is no repeated elements).

This is exactly the type of structure we need to overcome the problem highlighted
before (that not all linear combinations can be expressed as a single term), as now we only
require that linear combinations of linear combinations are linear combinations, which they
obviously are.

Proposition 14.6. Let Hi and Ha be our two vector spaces. We can define the map

TH @M, ¢ (Hl ® H2) X (7‘[1 &® 7‘[2) — (7‘[1 & Hg)
([(1/1’ Spl)]’ [(1% ()02)]) = [(wa 901)] TH1 @M [(1/}7 902)] = [<w7 901) + (wv ()02)]7

where the additions inside the brackets are w.r.t. Hi and Ho.

Proof. We need to show this is well defined. We shall write +12 now in order to lighten
notation. Consider it case by case.

(1) Assume (J? &I) = <wa 901)'

(a) If (QZ, ©2) = (1, ¢2), then it follows trivially that

[(12;7 a) + (17/;7 @)] = [(dj) 801) + (,QZ}? (102)]7
and so B N
(¥, 1)) +12 [(, 02)] = [(¥, 1)] +12 (¥, 2)]-
(b) Tf (v, $2) = (1, 3) + (1, ¢3), where @y = ¢} + 3, we have
(%, 81) + (¥, 2)] = [(, 1) + (¥, 03) + (3, 93)]

(
(
(¥, 1 + @2)]
(¥, 1) + (¢, p2)],

[
[
[
[

and so

[({Ea ﬁ)] +12 [({/;7 @)] = [(¢7 901)] +12 [(wv @2)]
(c) If (4, 2) = f(,43), where 3 = fi3, then
(&, 81) + (v, B2)] = [(,01) + F(t, 3)]

(W, 01) + (&, f3)]
[(¢7 Qpl) + (¢a @2)]5

and so

[({[;7 @i)] +12 [(7;5’ @)] = [(w7 901)] +12 [(1/}7 902)]
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(ii) Assume ({/;, 1) = (¥, go%) + (v, cp%) where 1 = go% + go%.

(a) If (¥,53) = (1, p2) then we have essentially the same as (i)(b), so we wont
re-write it here.

(b) If (4, 92) = (v, 0}) + (¥, ¥3), where 2 = @} + 3, we have

(&, 21) + ($,@2)] = [(, 1) + (¥, 03) + (¥, 03) + (¥, 93)]
(¥, 01 + @5 + 05 + ©3)]

(

(

Y, 01 + p2)]

[
[
[
(¥, 1) + (¥ + @2)],

and so

[, 20)] +12 (8, 82)] = [(W, 01)] +12 (¥, 02)]-

(c) If ({E, v2) = f(1, <p§) where @y = f(p%, then we have

(0, 1) + (0, 82)] = [(¥, 1) + (¥, %) + f(v, £3)]
¥, 01 + ©1 + f03)]

U, 01+ p2)]

Y, 1) + (¥, p2)]

and so

[({[;7 @i)] +12 [(7;5’ @)] = [(w7 901)] +12 [(1/}7 902)]
(iii) Assume (¢,1) ~ g(v, ¢?), where ¢1 = gy,

(a) If (¢, 33) = (¥, ¢3), then we have basically same as (i)(c) and so we wont write
it again.
(b) If ({/5,{55) = (1, ¢3) + (¥, ¢3), where p2 = @i + 2, then we are basically the

same as (ii)(c) and so we wont write it again.

(¢) If (¢, P2) = f(1,¢3), where a2 = f3 then

9, %) + F (¥, 93)]
(¢, 97 + fe3)]

(¥, 1 + 2]

(¥, 1) + (¥, p2)]

(4, 81) + (¥, %2)]

—_— o o

and so

[({Ea ﬁ)] +12 [({/;7 @)] = [(¢7 901)] +12 [(wv @2)]
OJ

Remark 14.7. We can do exactly the same thing but for a map that has the first element
different and the second element the same.
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Definition. Let H; and Hs be complex Hilbert spaces with sesqui-linear inner products
(-, )1, and (-, -)3,, respectively. Then the composite Hilbert space is the Hilbert space with
set

Hi @ Ho = F(H1 x Ha)/~,

where the overline indicates the topological closure, and with sesqui-linear inner product:
for ¢1,19 € H1 and 1, o € Ho,

<[(1/)17 901)]7 [(¢27 902)]>H1®H2 = le 7/’2>7—L1 : <9017 @2)7—[27

extended by linearity, with respect to which the closure is taken (i.e. the topology is derived
from here).

Remark 14.8. Note, we need to take the topological closure as the free vector space only
considers finite linear combinations, but our Hilbert spaces could be infinite dimensional.

Proof. (that we have a sesqui-linear inner product).

(i) Conjugate symmetry.

<[(¢1’ 901)]’ [(sz)% 902)]>’H1®7-L2 = <'¢17 1/}2>7-£1 : <901a @2>H2
= (Y2, Y1) m, - (02, 01) 1
= ([ 2], (01290 Vg,

(ii) Linearity in second argument. The extension by linearity means

<[(¢17 901)]7 Z Zl[(wlv SDi)]>H1®H2 = Z Zi <¢1; wz>'H1 ) (‘Pl’ ¢i>H2

— Zz&[(wwpl)}a (i, 00)]) 3, 034

for z; € C.

(iii) Positive-definiteness. As (-, )3, (-, ), > 0 it follows that?® (— —)3;,0%, > 0. Then

from
(OHU(:O) = (0 : wa‘P) ~ 0(%@) ~ (%0 : 90) = (w,OHg),

we have
(031, 0)] = [(¥, 094,)] =2 O3ty 094 -

Finally, from

0= <[(1/}a 90)]7 [(1/}7 90)]>H1®H2
= <'¢,w>7{1 : <Q0a Q0>7'l2a

which implies either ¢ = 0y, and/or ¢ = Oy,, and so [¢, @] = O, @H,-

29We shall use ‘—' for empty slots on the composite space.
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We also need to check that the sesqui-linear inner product is well defined.

Proof. The proof follows a similar method to the proof of Proposition 14.6. We shall just
show the first two results here in order to save space.

(i) Assume (i1, 51) = (Y1, 01).
(a) If (1’/72 ,92) = (12, ¢2). The inner product result follows trivially.
(b) (%7 @) = (¢27 (P%) + (w27 903)7 where Y2 = Y3 + ©Y4q,

(1, 8D [0, 22))), I, (2, 68) + (2, )]
1, [(¥2,09)] +12 [(v2, 90‘21)”12
e1,00)], (2, 09)1) 15 + ([(1,00)], (W2, 03)]) 1
= (1, %2)1(¢1,93)2 + (1, ¢2)1 (1, ¥3)2
Y1, Pa)1 - <<901,902)2+ (01, 05)2 )
Y1(p1, 93 + ©3)2
V1, ¥2)1(p1, p2)2
(1, 01)], (2, 02)]) 1,

¢1» ¥1

—~ o~
<
=
AS)
—
~— ~— ~—

—~

s
<
)

P N A T U e

We introduce the new notation

PR = [, o)l

Here we have used a X for the tensor product of two vectors. We have done this in order to
highlight the fact that it is not the same thing as ®, which is the tensor product between
vector spaces. We will, however, end up using ® for all tensor products later, as this is the
common notation. It is important to remember that they are distinctly different objects,
and, if in doubt, we should go back to the definitions to clarify the circumstance.

In this new notation we can rewrite the definition for the sesqui-linear inner product
simply as

<1/) My, X @)Hl XHa = <1/)7 ¢>7‘l1 <907 (;5>'H27

extended by linearity.

Example 14.9. This example acts as a further warning that its important that we consider
the space F'(H1 x H2) and not just Hi X Ha.

Let H; = Ho = C?. Then we can express the elements at 2x1 matrices, in which case
we can consider X to be the outer product. Note then that

o)) -6)=) = (0)- ()= (%)

is in H1 ® Ha, but it cannot be written as ) X ¢ for some ¥ € H; and ¢ € Ho.
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Theorem 14.10. Let {e;}i—1,... dim(#,) @nd { fiti=1,..dim(#s) be a Schauder (ON)-bases for
H1 and Ho respectively. Then we can construct a Schauder (ON)-basis for Hi1 @ Ha as

{ei X fi}izt,... dim(He)
j=1,....dim(Hz)

Corollary 14.11. We can rewrite

dim(H1) dim(Hz)
1

Hi1 @ Ho Z:{ Z aijeiﬁfj
1 =

Qg € Caz |aij’2 < OO},
i7j

1=
from which it also follows that
dim(Hl & 7‘[2) = dim(Hl) . dim(Hz).
14.2 Practical Rules for Tensor Products of Vectors
This short section just highlights a couple rules obeyed by X.

(i) Let 91,19 € Hi, ¢1,p2 € He and «, 8 € C. Then the following holds
(Y1 + aa) W (1 + Bep2) = Y1 K1 + aghs K1 + Bih1 Mo + afihaps.
(ii) Given that {e; X f;} is a basis, we have:

YU € Hi ® Ho HaijEC U= Zaijeiﬁfj.

.3

Remark 14.12. Note, obviously, that the order matters when taking a tensor product. In
other words, in general

YR # kY.
Note, its not even a case of ‘choosing the right 1 and ¢’, as the LHS is an element of
Hi1 ® Ho whereas the RHS is an element of Ho ® Hi. So, unless the two spaces are the
same, they could never be equal.

14.3 Tensor Product Between Operators

Definition. Let A : H1 — H1 and B : Ho — Ho be linear maps. Then we define their
tensor product as

A@B THIQHL — H1Q Ho
YR (ABB) (¢ K ) := (Ay) X (Byp).

Theorem 14.13. If A : H1 — H1 and B : Ho — Ho are self adjoint then their tensor
product ARB is also self adjoint on Hi @ Hs.
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Proof. We have A = A* and B = B*, i.e. that their domains coincide and Ay = A*y for
all ¢ € D4 and similarly for B and B*. Then we have

ARB :Dy®Dp — H1® Ho
P X (Ay) X (Byp),
and
A*®B* :Dy @ Dg — H1 @ Ho
Y@= (A%) W (BT ) = (AY) K (By),

and so the domain concides and they have the same result for all Y X € Dy ® Dp. So it
is self adjoint. O

Theorem 14.14. If A: Hi — H1 and B : Ho — Hs are self adjoint then

(i) 0(ARB) = o(A) - 0(B), where the overline is the topological closure and the - indicates
all possible products of elements in the sets.

(ii) o(A®idy, +idy, ®B) = o(A) + o(B), where again the overline is the topological
closure.

An application of the second of these results finds use when you know how to measure
the observable A on system 1 and B on system 2, then you can measure them on the
composite system.

14.4 Symmetric and Antisymmetric Tensor Products

Recalling Remark 14.12; if we do have H; = Hs it is possible to define a symmetric and a
antisymmetric tensor product. These definitions are important in quantum mechanics as
they allow us to categorise particles according to their so called exchange statistics. The
symmetric composite system concerns a system of two (and by induction, any number) of
bosons, whereas the antisymmetric one corresponds to fermions. These are both examples
of what are known as indistinguishable particles, meaning that two fermions of the same
type (two electrons, say) cannot be distinguished from each other. A good analogy is to
consider two identical looking balls. Imagine being in a room with the two balls on the
floor. Someone asks you to leave the room and then calls you back in. They then ask you
whether the two balls, still in the same places on the floor, have switched places or not?
Of course there is no way for you to know, as they look identical, and you weren’t present
when they potentially could have switched.

The version in QM is related to whether they live on the same Hilbert space. Recalling
Remark 13.28, we see that this means that, not only are they allowed to move within
the same physical space, they also have the same angular momentum (or spin). For the
two particles to be indistinguishable, their composite Hilbert spaces must be the same.
For example, if a divider was put between the balls, and you knew the balls could only
move along the floor, you would know that they couldn’t possibly have changed places —
this could correspond to one electron having L?(U, \) and the other having L?(V, \) where
UV CR withUnV =g.
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Definition. Let ¢, p € H, then we define their symmetric tensor product as

YOp =R+ pRY)

which is an element of the symmetric composite Hilbert space, defined as

dim(H)
HOH = { Z a;i;j€; Dej aij € C,Z |aij]2 < OO},

i,j=1 2]

where {e;} is a basis of H.

Remark 14.15. Note it follows from the definition that a;; = a;; for a symmetric composite
Hilber space.

Definition. Let ¢, ¢ € H, then we define their antisymmetric tensor product as

YBp = (@R pRY),

which is an element of the antisymmetric composite Hilbert space, defined as

dim(H)
HOH = { Y ayeiBej|ay; €CYy layl* < OO}

,j=1 1]

Remark 14.16. Note it follows from the definition that a;; = —aj; for a antisymmetric
composite Hilber space.

Remark 14.17. For ¢ € H we have ¥ N ¢ = 0, which is known as the Pauli exclusion
principle for Fermions.

Remark 14.18. For v, ¢ € H where ¢ and ¢ are linearly independent, then

1 ~
wﬂwzi(@b@w—s&@w)#vﬁ@&,

for some QZ, @ € H. Which again emphasises that its important we consider the space of all
linear combinations.

Definition. Let A, B : H — H be linear operators. Then we can define the symmetric
tensor product of linear maps as

AGBHOH —-HOH
Y (ADB) (¢ D) = (Ay) O (By).

Definition. Let A, B : H — H be linear operators. Then we can define the antisymmetric
tensor product of linear maps as

ADB HOMH —-HOH
VB~ (ADB) (Y O ¢) == (A) B (Bep).
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14.5 Collapse of Notation

As mentioned before, we shall now change our notation to that of the standard literature.
That is

®,8,8 - ®,

©,H8,0 = o,

O,0,0 = A.
14.6 Entanglement

As has been stressed many times, recall
{v@elyeHti,pe Mt} G H1@Ho

Definition. We call an element ¥ € H; ® Ho simple if there exists a ) € Hj and a p € Ha
such that

U=19®ep.
If it is not of this form (i.e. you need linear combinations) then it is called non-simple.

Recall: A state p: H — H is called pure if

IpeH :VaeH : pyla)= EZ:;'Zid),
or, equivalently, we can think of
N <¢’ >

Definition. Let ¥ € H; ® Ho. Then a pure state py on the composite system is called
non-entangled if there exists p, and p, for ¢ € H1 and ¢ € Hy such that39

Pu = Py @ Py
Otherwise, the state is called entangled.
Lemma 14.19. A state py is non-entangled if and only if ¥ is simple.

Proof. Assume ¥ is simple. Then

(Y, )10

p\I/() - (‘P,\I’>12
(e,
S Wendogn of
_ <¢7'>1<90">2

(U, ) 1{p, ¢)2

_ <¢7‘>1 <90">2
B (<w,w>1w> N («mﬁ)
= (py () ® (pp(-)),

39Note the tensor product here is that between linear operators.
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where in the last two lines the ® is the tensor product between linear maps.
The reverse part of the proof (starting from py non-entangled) follows from working
backwards through the above. O

Lemma 14.20. A state pg is entangled if and only if ¥ is non-simple.

Proof. This proof is trivial given the previous one, as if ¥ is non-simple then pg cannot be
non-entangled, and vice versa. O
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15 Total Spin of Composite System

The lecture aims to answer the following question: "What is the total angular momentum
(or spin) of a bi-partite system if we know the spin of each constituent system?"

More precisely, in the context of quantum mechanics, consider a spin-j system with
Hilbert space H 4 and angular momentum operators Ay, Ao, A3 and a spin-jp system with
Hilbert space Hp and angular momentum operators Bi, Bs, Bs. Then what is the spin of
the composite system with Hilbert space H4 ® Hp and how do we construct the angular
momentum operators for this composite system?

Proposition 15.1. The operators A; ® idy, for i =1,2,3, satisfy the spin commutation
relations. Similarly for idy , ®B;.

Proof. We shall use the general expression involving the Levi-Civita symbol. Consider the
action on a general element a ® f € Hy @ Hp,

[A; ® idy,, Aj @ idy,] (e ® B) == (4 ®idy,) ((4ja) ® B) — (4; ®idyy,) ((Aia) @ B)
= Ai(Aja) @ B — Aj(Aia) ® B
= ((Ai4; — Aj4i)a) ® B
= ([Ai, Ajla) ® B
= i€k (Ara) ® B
= ieijr(Ar @ idy, ) (a ® B),

which because a ® 8 was arbitary (or equivalently by the linearity of the operators) this
holds for any element of H4 @ Hp.
The method is identical for the idy , ® B; case. OJ

Now before moving on recall (page 137) that we have an ON-eigenbasis3! for each
constituent system. That is if A% is the Casimir operator for the spin-j4 system then we
have the ON-eigenbasis

{aZ:A Fma=—jasia

with
A% = ja(ja+ 1)ar,
Similarly we have B? and {852}, mp = —jp, ... i

15.1 Total Spin

Remark 15.2. From now on we shall simply write 1 instead of idy, and idy,, and the
placement relative to the tensor product will indicate which is meant.

In everything that follows it is important to note that j4 and jp are fixed. This
condition shall come in use later.

31ON here stands for orthonormal.
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Definition. We define the self adjoint angular momentum operators Ji, Jo, J3 on the com-
posite space H4 ® Hp as
Ji=4,1+1 B,

and we call them the total spin operators.

Proof. (that they obey the spin commutation relations)
Consider

[Ai ® 1,10 Bjj(a® f) := (A ® 1)(a ® B;f) — (1@ B;)(Aia ® p)
= (Aia) ® (B;f) — (Aia) ® (B;f)
-0,

which from the fact that the commutator bracket is antisymmetric in its entries, along with
Proposition 15.1 gives the result. O

Definition. We define the Casimir operator for the composite system as always,

3
= Z J; o J;.
i=1

Definition. We define the total ladder operators as
Jr=A: ®1+1® By

We now want to find the common eigenvalues of J? and one of the total spin operators,
J3 say. We will show the following results:

o(J?) = {lja—iBl,--nja+ jB}
o(J3) ={—(ja+3jB), -, ja+jB}.
Remark 15.8. Note from Theorem 14.14, we can already obtain the second of these two
results. That is
o(J3) = 0(A3®1+1® Bs)
= 0(As3) + o(Bs3)
= {-Jas-jay +{-Jjp, . iB}
={-0Ua+jB),-.ja+is}

15.2 Eigenbasis For The Composite System in Terms of Simultaneous Eigen-
vectors of A°®1, 1® B?, A3®1 and 1® B>

We already know that {a'* @ B[P} for ma = —ja,...,ja and mp = —jp, ..., jB, are
common eigenvectors of all four operators with eigenvalues

(4 @ 1)(ait @ BP) = jalia + Dot @ B8
(1@ B*) (o] ® B],7) = jp(ip + 1)a ’”“@B’”B
(A3 ® 1)(al'* ® B]77) = maal* @ B]'7
(1@ Bs)(a] ! @ B]7) =mpal * @ BF.
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It also follows from the definition of the composite inner product that it is an ON-eigenbasis.
That is,

m’ m/ m’ m
<aZA®BEB,aj;‘A®5ij> < AA>1< Z;B,Oaj/Bh

=0; 5 105 i 0

a0 Oma,m/, Ojp,js Omp,m/y

So we have an ON-eigenbasis for the eigenvectors of these operators. As we shall see,
this basis shall be crucial to finding the eigenvectors of J? and J3, and so their spectra.

15.3 Conversion to Eigenbasis in Terms of J?, J3, A2® 1, 1 ® B?
The first thing we note here is that not only is J? a Casimir operator of Ji, Jo, J3 but so
are A2®1 and 1 ® B2. This is seen straight from the linearity of the commutator bracket,
[A2®1,J;] =[A’®1,4,21+1 B
= [A201,4,21]+[A221,1® B
= 0,

as each bracket vanishes. Similarly for 1 ® B?. We also have, using Corollary 11.11 that
[J2,A2®1)=0=[J%1x BY.

We can therefore consider eigenvectors of J3 that are not only common to J? but also

to A2® 1 and 1 ® B2, and so we have a simultaneous eigenbasis, { which satisfies

;?jAva}
J2§ZZjA,jB =j0+ 1)‘5?73',41]'3
J3§]T',nj,4,j3 = mg;??jA:jB

(A @ )&, ip = dalia + DES, in
2

(1 ® B )gj,JA JB jB(]B + 1)§jyjijB'

Now since we already have the ON-eigenbasis {amA ® Z;B} for A2®1 and 1 ® B? it
follows (by the definition of a basis) that this new basis can be expanded as3?

&nds = Z Z @it @ B3 Ean) gt © B7F
maA=—ja mp=—jB
Definition. We define the Clebsch-Gordan coefficients (CGc) as

m,ma,mp ./ ma m
a0t @B CGain)s

and so we can rewrite the previous expression as

CommAmB mA
JAJB - Z Z J:JAIB ® B

MmA=—jA MB=—jB

32We shall drop the subscript on the inner product here to lighten notation, but obviously it is the one
for the composite Hilbert space.
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Remark 15.4. The Clebsch-Gordan coefficients are just complex numbers. Although they
might be rather difficult to calculate in practice, the method should now be clear. All we
need to do is calculate the CGc and then we instantly have our new eigenbasis, and so we
get the spectra for J2 and J3.

As just noted, they are pretty hard to calculate, stemming from the fact that J i

appears both on the LHS and within the inner product, however we can do it indirectly.
This forms the remainder of this lecture.

The strategy is as follows: start from some convenient eigenvector {j Giagp and its
associated CGes, then use the ladder operators to obtain the eigenvector {J jj is and the

resulting CGes. We will then change the value of j itself and repeat the process. In this

manner we will build up a table of CGes.

Change j value

Clebsch-Gordan

coeflicients

Apply ladder operators

15.4 Value of m

Consider the action of J3 on both bases,
J3§;?:LjA JB mgjvjAva
J3(at @ BiF) = (ma +mp)(a]) ® B]F).

Then, from the fact that the CGces are simply complex numbers and the fact that Js is
linear, it follows from the expansion equation that we require

m=my+ mp.

In other words, whenever m # m4 + m + B, we require that the CGc vanishes. We can,
therefore, place this as a constraint on our summands giving us

m _ m,ma,mp m, mp
Ginin = D Cpimame (e @ B72),

ma,mp
ma+mp=m

where we have left the ranges of m4/mp out, but they are of course just —jqa,...,j4 and

_j37 "'7jB'
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15.5 Clebsch-Gordan Coefficients for Maximal j

We are now in a position to choose our convenient initial eigenvector. It follows from the
ranges of m4 and mp along with the condition m = m4 +mp and m = —j, ..., j that the
maximum value j can take is j4 + jp. It follows then that

JjatiB _ JATIBIAIB (L JA JB
atindads = Ciatiniais (a © Bip ),

and all other CGcs at the level CJJ:AIJ;B’»_’_- vanish. Then from the fact that both eigenbases
ATIB,JA)B

are normalised we know that
Jja+iB,jadB |2 _
el =1,

and so the two eigenvectors vary only by a complex phase. However, seeing as we are only
interested in eigenvalues here, and an overall phase plays no effect on the eigenvalue, we
are free to set this phase however we like. We choose it such that
Jja+iB,jasdB _
Ciatisiais = 1-
We can now start applying the ladder operators to lower the value of m = j4 + jB.
Using Proposition 13.24 we have

ia+7 . A . . . . . . jat+ip—1
Jogaris =V a+iB)a+is+1) — (ja+iB)ia+is — V)EATES
: - ja+in—1
= V204 + )53 in jais
However we equally have

J JBY — J J
J_(aj‘:®ﬁj§)—(A_®1‘+1®B‘_)(aj‘:®ﬁj§)‘ .
= V2ja(e? 71 @ BI2) + \/2jp (o)t @ BT,

JA JB

Then, equating these two, we obtain

Ciatis—lja=lis _ JA

JA+IB,JAIB ja+iB

CJatip—Ljagp=1 _ JB
. . )
JATIBJA,IB JA +]B

with all other CGces at this level vanishing.
C‘jA+jB_2)_7_

Atinindn and iterate

We can repeat this process to obtain the CGces at the level
until we reach m = —(j4 + jp), which is where it must terminate.

15.6 Clebsch-Gordan Coefficients For Lower Than Max j

We now wish to reduce j itself to produce the second column of our table. We first need
to ask what the next highest allowed j value is. Recalling that j € No/2 we might try
ja + jB — 1/2, however this is not allowed. The answer to why follows simply from the
fact that j4 and jp themselves are fixed, so all we can change is m4 and mpg, which must
change in integer steps. Combining this with the m = m 4 4+ mp, which holds generally, we
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would not be able to get m = —j, ..., 7. That is, the next CGcs are of level 5:1;5:11,7;,;3'

Then using the fact that there are only two ways to obtain this (either mgq — my — 1 or
mp — mp — 1) we have

gatin=1
jatie—1,Ja,0B

JjatiB—1.ja—1JB/ ja—1 B JjatiB—1l.ja,j—1/ ja JB—1
Tatin—1ings (g OB+ CGE s (g, @B ).

We then use the fact that the eigenvectors in this equation are all orthonormal to obtain

)

_ ja+ip—1,ja—1,jB|2 ja+is—1,ja,iB—1|2
L= |Cor o+ e

and we also use the fact that the RHS eigenvectors are the same here as with the J_ case

above however the LHS eigenvectors are necessarily orthogonal to give

jatio—Lia—Lis  cdatis—Lia-Lis _ _cdatio—Lias—1 cda+is—ljage-1

JjatiB,ja.iB ja+ie—1,54,9B - Jjat+iB,ja.iB Jja+ie—1,ja.0B
JA . CjAJer—l,jA—LjB _ JB . CjAJer—l,jA,jB—l
- . e 1 = - . e i
ja+ B jatis—L,ja,jB ja+iB jatis—L,ja,jB

jatip—lja—lijs _ _ [IB  jatip—ljajs—1
Jjat+is—1ja.jB ja jatis—1ljags -
Solving simultaneously,

JB jatip—ljads—1(2 _
(jA + 1) =1

}CjAJer—LjA,jB—l‘ _ JA
AT TIBT LAY = /- :
Jatis—1,j4,0B ja+iB

jatip—1,ja—1,jB JB
—1,54, - .
} Jja+tiB—1l.ja.JB | ja+JB

Finally we just fix the phases as we want to give

C]:A+JjB*117J:A,jB*1 _ JA C]:A+]:B*117]:Af17.7'3 _ JB
— . . 9 _ . . .
jatijp—1lja.jB Ja+IiB Jjatijp—1lja.jB ja+jB

We can then apply the J_ operator as before to move down this column. We can
repeat this process of lowering j again to obtain the third column, and iterate until we
reach j = [ja — jp|, where it must terminate. We see that this is the termination point
quickly from m = —j, ..., j along with m = m4 + mp. On the next page I have included
a table (from David J. Griffiths’ QM book) for some calculated CGes. As we can see...
they’re not pretty things.

15.7 Total Spin of Composite System

We conclude, then, that in quantum mechanics when we want to compose a spin-j4 system
with a spin-jp system we do not just get a spin-ja + jp system, but instead we get the
direct sum

(spin-j, 1 ;,) @ (spin-;, i 1) @ ... & (SPin-;,_j))-
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16 Quantum Harmonic Oscillator

As has been remarked, the world and everything in it are quantum by nature. There is
no ‘classical’ ball which we make quantum, there is a quantum ball that we approximate
classically. Equally there isn’t a ‘classical’ harmonic oscillator which we use to construct
the quantum one. We will thus not entertain any type of so called ‘quantisation’ idea —
that of starting from the classical system and somehow transforming it into the quantum
counter part. We shall demonstrate explicitly in the first section why this is not a good
idea, but a quick argument explains it.

Imagine you have some general theory. Of course you can obtain any special theory
related to it by taking approximations/constraints, however you have no real hope of doing
the opposite — you should not expect to be able to obtain the general theory by ‘unapproxi-
mating’ the special one. Quantum mechanics is the general theory, with classical mechanics
is the special one. It is therefore a ridiculous idea to try and obtain quantum theory this

way.

16.1 What People Say

Despite the clear message above, people still choose to do such a thing; they take the
equations governing a system classically and ‘replace them’ with the quantum versions. To
be fair, it is not that the physics community are unaware of the above fact, it is simply that
they argue ‘we only do it in special cases where we know no problems arise.’

However, even in said special circumstances, we argue, it is still a terribly misleading
and potentially devastating (theoretically speaking!) idea. We shall quickly highlight why
this is.

The procedure is as follows. Take the function representing your classical observable
f(p,q), where p is the position and ¢ the momentum, and simply rewrite the function but
replacing p with the quantum mechanical operator P and g with Q.

f(paQ>N‘N"‘4>f(PaQ)

For example the energy observable for the harmonic oscillator

2

1 mw 1 Mo
W(p.) = 5" + T oo Hi= W(PQ) = 5 =P o P+ "2Q0 Q

It follows from
P,Q:SR)— SR,

with
(P)(x) = =it/ (z),  (QY)(z) = z¢(),
that
H:S(R)— S(R),
with
h? mw?
(H)@) = (@) + " a2 (a)
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This often appears as

n* d? L mw?
— 4+ —2x
2m da? 2 77

or for a more general case (i.e. not a harmonic oscillator) as

H:= —

h? d?
H = + V(z),

 2mda?

where V() is the potential associated to the system.
This all looks very nice, and indeed it is correct, however there is a serious problem
here. Classically we could add

(rq — ap)g(p; 9),

for some other observable of the system g¢(p,q) without changing anything, as the bracket
vanishes. That is

f(p,q) = f(p,a) + (pg — ap)g(p, ).

However if we then applied the ‘~~~~~>" approach to this we would get

which is obviously not true for general g(P, Q). So it appears that even in these simple cases
where ‘there is no danger’, there is a serious theoretical problem. For this reason we shall
just not do this at all, and instead simply define what we mean by the energy observable
(or Hamiltonian) of our system and proceed from there.

16.2 The Quantum Harmonic Oscillator

In keeping with Axiom 1, we need an underlying Hilbert space; we use # = L?(R). We also
have (in agreement with Axiom 4) an energy observable, known as the Hamiltonian of the

system,
1

2m

1
H PoP+§mw2QoQ.

However, a note must be made. If H is to be an observable, it must be self adjoint.
But in the above expression we have used the essentially self adjoint @, P : S(R) — S(R).
This is not a large worry as we can simply take their unique self adjoint extensions. We
still have a problem though. Although Po P and Qo @ (as the self adjoint extensions) will
be self adjoint, their sum need not be, as the adjoint does not necessarily distribute across
the addition.

What we shall do is consider the essentially self adjoint operators throughout, and then
at the end we shall present Theorem that allows us to conclude that H (constructed from
the essentially self adjoint operators) is essentially self adjoint, and so a unique self adjoint
extension exists.

As above, we shall not employ a different notation for the self adjoint and essentially self
adjoint operators, but instead infer which we are dealing with by considering the domains.
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16.3 The Energy Spectrum
Recall that the spectrum of an operator is given by

o(H)=o0p,(H)Uo.(H).
The aim of this lecture is to calculate o,(H) and show that o.(H) = @.
Definition. Consider the operators @, P : S(R) — S(R). Then define a4 : S(R) — S(R)
via .

mw i
a4 =] — P.
* eF V2hmw

2h
Corollary 16.1. We can re-express the Hamiltonian as

1.
H = hcu(a+a_ + 5 1dS(R)>-

Proof. The proof follows from direct substitution. Let

PR (NP
. 2h . 2hmw
hw(onQ Q+52POP+zaﬁ(QP PQ) + 71d5 )>
1
:hw( 2Q0Q+ﬁ2PoP+ia,ﬁ[Q,P]+idS(R))
1 1.
:hw( Qo Q—FTPOP—FZﬁ(Zﬁ)Ids( ) QldS(R)>
2
= -PoP+7-QoQ,
where we have used [Q, P] = ihidg ). O

Proposition 16.2. The following commutation relations hold:
(i) la—,aq] =ids(r),
(ii) [H,a1) = hwas,

(iii) [H,a_] = —hwa_.

Proof. They all follow from direct substitution, using H as written in the previous Corollary.
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[a_,ay] = [aQ + ifP,a@) — iP]
= o’[Q, Q] —iaB[Q, P] +iBa[P, Q] + *[P, P]
= —i203(Q, P|
= —i2a8(ih) idg(r)

2h .
= 57 dsR)

= idg(r),
where we have made use of the linearity of the commutator bracket.
(i)
[H,ay] = |hwata_ + %idS(R), ay
= hwlara—,aq] + %[idS(R)a a-]
= hw(ay[a—, at] + [at,at]a-)

= hwa+ ldS(R)
= hCUCL+

(iii) This follows exactly analogously to (ii).

O

Remark 16.3. Strictly speaking in the previous proof we should have considered the action

of the commutator on an element of S(R) and showed that the expressions hold for an

arbitrary element. Doing it this way will return the same results, however this will not

always be true, and so care must be taken in future.

There are four more basic facts that allow us to obtain the spectrum in its entirety.

We claim that, for the H-eigenvalue v, the following hold:

Proof. (i) From the previous result we have

H(ay) = ay (HY) + [H, aq ]
= Fa vy + hwaip
— (B + ho)(ayv)
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ii) Given that (a4 )* = a_ and vice versa,33
(ii) +

layol* = (ayiplag )
= (¥[(a+) as-)
= (Yla—asy)
= (Ylara—v) + (Ylla—, at]¥)
= (a—la_1p) + (¥|idgr) ¥)
> (YY)

1%,

where we used the fact that the inner product is non-negative definite in the second
to last last step (i.e. the first term is non-negative). The result follows from taking
the square root and imposing the condition that the norm is non-negative definite.

(iii) This is done exactly analogously to (i).

(iv) Consider

E@l) = (V|EY)
= (V[HY)

Then from the fact that ¢ is an eigenvector (and so cannot be the zero vector), the
inner product is non-vanishing and we can divide through by it, giving the result.

O

We can, thus, draw some conclusions. For any H-eigenvector, 1, with eigenvalue F we
have:

1. From (i) and (ii) it follows that ai1 is a eigenvector, as (i) tells us it obeys the
eigenvalue equation and (ii) tells us its not the zero vector. Thus we know that the
sequence

{(a4)"}neng

where the power indicates n-th order composition of operators, is a sequence of eigen-
vectors with correspoding eigenvalues

{E + nhCU}nGNO .

33To show this you need to consider the definition of the adjoint and work from there, as you don’t know

that it will distribute across the addition in the definitions.
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2. (iii) and (iv) tell us that the sequence of eigenvectors

{(a=)"Y}neng

maust terminate for some n = N € N. That is, we can not continue to keep lowering
the eigenvalue E forever, as (iv) says it bounded from below. Note this tells us that
a_1 is not strictly a H-eigenvalue (just as J+ weren’t for Q2 and J3).

In other words there is a non-vanishing ¢y € S(R) defined as
o = (a=)"y
such that a_1) = Og(r). It follows, then, from the definition of the Hamiltonian that

hw
Hio = hwata—1po + 7%

hw
- 71%,
and so it has the lowest possible eigenvalue, by (iv).

3. The entire sequence (as defined above) of eigenvalues is

Vel a)}

Equivalently, we say the n-th eigenvector

VYn = (a4)"P

has the corresponding eigenvalue

1

4. Considering again a_19 = Og(r) along with the definition of a_ we have

1 d
( %x + i\/%(_m)dx)%(x) =0,

which is just a ODE. We can solve this using separation of variables; rearranging, we
have

mw
bo(@) = —wao(x),
which using standard separation of variables technique gives
mw
1 =——
oo (z)| = ~ o
Yo(z) = +eCe™ M7

mw .2

Yo(z) = Ae” 2™,

22+ C

2

for complex constants C' and A := +¢©.

Imposing a normalisation condition, we can then write the n-th eigenvector in terms

of the n-th Hermit polynomial, H,, as

% 0.8 Hn(“ WZU$)€_W21;I2.
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Corollary 16.4. From 4. we note that (up to the usual ambiguity of a complex multi-
ple) there is only one eigenvector to each eigenvalue. That is we have the 1-dimensional
eigenspace

Bigy(En) = spang (),

which tells us not only that 1y exists in the first place, but that it is unique.

Remark 16.5. At the end of the last corollary we said that we confirmed the existence of
1o in the first place. This might seem like a strange comment given the whole calculation,
however it is actually rather important. To illustrate why Dr. Schuller mentions a doctoral
proposal he once saw in which the student had derived some truly impressive formulae,
only to have someone point out that towards the start of his calculation he had 0, and so
everything that followed could have just been a repercussion of that (i.e. 0-n = 0 for any
n in your space). It is therefore to check that the things you are using actually exist, in

this case 9y doesn’t vanish and so is an eigenvector.

The Hermit polynomial expression is equally an important result as it tells us that
Yy, € S(R) (as all polynomials are in S(R)), which it needs to be if we are to act on it with
our operators. Moreover, one can show that the set

{wn|n € NO}

is an ON-eigenbasis for L?(R), which leads us to the theorem promised at the start of the
lecture.

Theorem 16.6. If a symmetric operator has as its eigenvectors an ON-basis, the operator

1 guaranteed to be essentially self adjoint.

This theorem tells us that H is essentially self adjoint, and the fact that we have an
ON-eigenbasis for L(R) tells us that the continuous spectrum is empty.
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17 Measurements of Observables

So far we have discussed the spectrum of an observable, which tells us all the possible
measurement outcomes, but tells us nothing about the actual act of taking a measurement
itself. This comes through axioms 3 and 5. In order to illustrate these two axioms we will
repeatedly use the quantum harmonic oscillator as an example, but it is important to note
the methods are not specific to this case. Any restrictions required for the methods to hold
will be clearly stated.

This lecture can be read in two ways. One could read sections 4 and 5 first (on how you
prepare a given state) and then return to read sections 1-3 (on how you take measurements
of this state); or one could simply read it as presented (i.e. 1-5). Both reading orders
have their advantages, but we present it here in the order taught by Dr. Schuller. Also
in correspondence with the lecture given, we shall also translate some of the notation into
the commonly used bra-ket notation (see lecture 4), even though we do not use it in this
course. All these expressions shall appear in blue.

17.1 Spectral Decomposition of H For The Quantum Harmonic Oscillator
Recall: We found an ON-basis of H-eigenvalues which we labelled 1), obeying

H % = En¢m
with .

More precisely we derived

and

(o) = Anla) i) o 1, (1 ) e (= )

The only thing we will actually use in this lecture is the fact that the {t,} is an
ON-basis,
<wn|¢m> = 5nm7

and the fact that the spectrum is given by

o(H) = {m(nJr;) ‘n c No}.

The key to understanding measurement theory in quantum mechanics is that you know
the spectral decomposition of the observable(s) you want to measure. In order to obtain
the spectral decomposition of H we consider the projectors
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Note that this operator is bounded as

[Pn () [l |0} [ln® (¥l )|

sup =sSup———F—5—— — =SuUp ——5— < X0
per lleld wen el per ol

We can, therefore, employ the operator norm on £(#H) to decide convergence of the following

ip =idy .
n=0

Definition. For every Borel set (2 € R, define

Py(Q):= Y Py,

n
En,e

sum with the result

i.e. the sum over the projectors such that the energy eigenvalue corresponding to the state3
corresponding to v, is within your Borel set.

Remark 17.1. From now on we shall drop the E,, € Q on the sum, to lighten the notation,
but it is important to remember that it belongs there whenever we use Pp. It will prove
highly instrumental to the results that follow.

Ezample 17.2. Let Q = {E,,}, i.e. just the set containing the single eigenvalue E,,. Clearly
then

P (Q)) = Pp,.
Ezample 17.3. Let Q = {Ey,, Ex}. Then we have
PH(Q) =P, + P.

Proposition 17.4. The map Py : 0(R) — L(H) is a projection valued measure, and in

fact corresponds to the projection valued measure that appears in the spectral theorem for
H. That is

Remark 17.5. The above proposition makes sense. The Hamiltonian (the energy operator)
is given by the energy eigenvalues multiplied by a projector that projects the state into
a state whose energy eigenvalue was the prefactor. This is clearly just the eigenvector
equation.

31 Again recall ¢, are not the states themselves, py,, are
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Remark 17.6. Note there was nothing specifically special about the fact that we were con-
sidering the Hamiltonian above. Indeed the same method holds for any observable you
wish to measure. First find an ON-basis of eigenvectors for your operator, A say, and then
define the PVM associated to the observable

Py O’(R) — ﬁ(’H)
in the same way and then plug it into the spectral theorem.

17.2 Probability to Measure a Certain Value

As stated in the opening of this lecture, the method is the same for all observables and
their measurements, but we shall use the energy of the quantum harmonic oscillator as our
working example.

Recall, the spectrum of H is the set of principally possible measurement outcome
results. We want to show this pictorially, as it will help with understanding what’s to
follow.

As we measuring anything in the real world, we need some kind of measuring device.
You feed in the thing you want to take a measurement of and the meter on the device tells
you the measurement value. The one slightly different, but highly important, difference
to note with quantum mechanics is that the device potentially alters the thing you were
measuring. We shall draw this as follows.

pbéE j%%

H

The H tells us that it is the device associated to the observable H, the scale markings
tell us the spectrum?®, the arrow tells us the actual measurement made, py is the state
before the measurement and p, is the state after the measurement.

Remark 17.7. Note that the pointer here will not move continuously between the notches;
it moves between the values by jumping between them. In other words, it can no point at
in between two notches, as this would not be part of the spectrum.

Recall: a state of a quantum system is a self adjoint operator that is:

35Here we are considering the spectrum of the harmonic oscillator, and so the notches are evenly spaced.
Clearly this will not always be true. In general we have notches of varying separation as well as ‘blocks’ for
the continuous parts of the spectrum.
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(i) Trace-class: Tr(p) = >, (enlp(en)) < 0o, where {e,} is any ON-basis.
(ii) Unit trace: Tr(p) = 1.
(iii) Positive: Yo € H, {(¢|p(p)) > 0.3
Also recall: Axiom 3 assorts that the probability to obtain a measurement outcome (a
‘pointer position’) within a Borel set € when measuring an observable H on a system in
state p is given by
Tr (Pu(Q) o p),

where Py is the unique PVM from the spectral decomposition of H. In terms of our picture
it asks the question ‘What is the probability that the pointer points within the range € on
the scale?’

Q

pHE jﬂ

H

Remark 17.8. We wish to emphasise this point again here. The spectrum of an observable
only tells you the possible measurements and the results of last lecture give you information
on the probability of each possible measurement. This is where the probabilistic nature
enters into quantum mechanics. When a measurement is made, the result is concrete. You
get exactly that result. This in tern effects the state of your system, giving a (potentially)
new state. This is where the indeterminate nature of quantum mechanics enters.

That is, prior to the measurement you can only say with what probability you get
one of the possible final states, but once the measurement is made, it is exactly that one,
and which final state you get depends on which measurement result you get. This is the
quantum behaviour of the system.

As we shall see in section 5 there is another form of probability concerned with quantum
mechanics, but this probability does not stem from the quantum nature of the system itself.
It stems from the ‘ignorance’ of the experimenter/the equipment in order to be able to
distinguish which measurement was made. This results in what are known as mized states.

17.3 Measurements of Pure States

One can think of pure states as the most precise information one can obtain about a
quantum system. Recall that any pure state can be written as

= SU1) 19 (]
YT Wl (vl

36Note that this should really be called ‘non-negative’, however this is just how it is named.
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for some ¢ € H.

Remark 17.9. Again we emphasise that people often refer to ¢ as being the pure state itself.
This might still seem forgivable, but as mentioned previously this is in fact uncountabley
infinitely incorrect, as we have a complex scaling ambiguity: for any A € C\ {0},

PrY = Py

One might then say ‘Ok, just take the normalised 1) elements,” but again this is still incorrect
as multiplying by e’ for a € C would still given the same result. One could say, then, ‘a
state of the system is given by an element of the Hilbert space, up to arbitrary rescaling.’

Now lets employ Tr (PH(Q) o p¢) to calculate the probability to measure a certain
energy of the harmonic oscillator for the state p,. As we are dealing with the harmonic
oscillator, which has a purely discrete spectrum, we can simply make our Borel sets such
that they contain only one measurement (one notch on the scale). We have then, for some
ON-basis {ey}

Tr (Py({Er}) 0 py) = Z <en‘ (Pu({Ex}) o pp)en) -
n
Now seeing as e, need only be some ON-basis, we are free to use our ON-eigenbasis {1, },
giving®”

Tr (P ({Ex}) 0 pp) = D (nl (Pu({Ex}) © py)tn)

<wn > <wm\p¢<wn>>wn>

Y <wk <pr|‘1$>90> wk>

{oltn)

@'ff;; (ul)
[ {pltn) I
L
Bl

Tol?

where we have used the fact that ||[¢,]| = 1 to get to the last line.

=01 == -

N

We now note that although we no not require ¢ to be an eigenvector of H, we can
always express it as a linear combination of the ON-eigenbasis {1, }. The following two

37Recall that in the definition of Py the sum is taken such that the energy eigenvalue with that index is
within the Borel set.
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examples shall highlight this point and demonstrate how one could almost instantly deter-
mine the probabilities of obtaining a given energy measurement given the expression for ¢
corresponding to a pure state.

Example 17.10. First imagine that ¢ is an eigenvector of H, then we clearly have

= Aty
for A € C and some fized £. Plugging this into the formula we obtain

|| P (Agp) |12
| Ape|?
|| (Wr| Avpe) |2
| A2 |32
_ A kle) Pllooel?
|A2

Tr (Pu({Ek}) 0 py) =

= Oe,

so the probability of obtaining energy measurement E}, vanishes unless vy = 1, in which
case we are certain to get that measurement.

Remark 17.11. In the above we could call ¢ an energy-eigenstate. In this case the use of the
word ‘state’ is truly forgivable as all the other eigenvectors with the same eigenvalue would
produce the same state (as in both cases we have the same scaling ambiguity). However, if
we wish to avoid confusing ourselves, we need not say this.

Example 17.12. Now let’s assume ¢ isn’t a H-eigenvector, but is a linear combination, say
()0 = Awp + Bwtp
for A, B € C and p # q. Then we have

| Pe (A, + By ||
Tr(PH({Ek}) OPcp) = 1Ay + By
| (x| Ahp + Big) ie]?
(At + Bipg| Ay + Bilyg)
_ [|(A8kp + Bogg) |
|A]? + |BJ?
_ ‘A(Skp + B5kq‘2
AP+ B2
AP | B|?q
AP+ B2 A2+ B

where we have used the fact that (1|;) = 0 in the denominator and then in the last step
used the fact that 0,0k, = 0 as p # q.

So we see that the coefficients A and B tell us the measurement probabilities. The
extension to liner combinations with more elements follows trivially to give: if

o= Zcﬂbz‘: Zcz‘ i),
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for ¢; € C then the probability to measure energy Ej, is

_ > lei?6ki _ |ex|?
Zi ’Ci|2 Zz ‘Ci’2

Tr(Pu({Ev}) © py)

17.4 Preparation of Pure States

Axiom b asserts that upon measurement of H the state py is projected to the state p, given
by38

_ _ Pu(@)pPu ()
P T (Pu () Pu ()
if € is the Borell set in which the actual, really observed, really having happened, measure-
ment (pointer reading) came to lie — that is it depends on the measurement result (past
tense!).
This fact, however, can be used to our advantage in order to prepare a state of our
choosing. We shall consider the following two cases separately:

(i) The observable H with a discrete, non-degenerate spectrum,
(ii) Allowing for degeneracy of the spectrum.

For (i) we can prepare a pure state py, where 1, is an eigenvalue of H by the following
device

Measurement Output

ra

Po—> E T Filter k j —Pu

H

We feed in a general pure state of our system into the H device, which measures the
energy of that pure state. It then sends this measurement output into the filter device.
The state post measurement is then fed into the filter device, which is designed to only let
something pass through it if the measurement was Ej. In this way the only pure state that
can leave is py, .

Note, although the final output is guaranteed to be py, , that does not mean that the
output from the H device is always p,, — it could be any of the possible output states. It

38This is known as ‘wave-function collapse’ in the literature. Dr. Schuller does not like using the wave
analogy and so, if anything, he called this ‘collapse of the state’.
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is also important that H is non-degenerate, otherwise the filter would let multiple different
states through, all of which gave E} as their measurement output.

For (ii) we allow for degeneracy of H. We overcome this by considering a mazimal set
of mutually commuting observables, {Ay, ..., Ay}, for which there are common eigenvectors
@bal,...,af with

Ai@bal,...,af = ai¢a1,...,af~
The maximal set means that these states are uniquely determined using these operators;

that is we have a subset of eigenvectors which we differentiate using this maximal set of
commuting operators. The device looks like

pw_,[: t $ | :]I: i $G1Fyi_l.twegf:]_>pwal,m,af

A Ay Ay

17.5 Mixed States

Mixed states encode the ‘ignorance’ (in the sense of lack of knowledge) on behalf of the
experimenter/equipment. For example, the experimenter’s inability to see exactly where the
pointer is pointing, and so takes a guess at the reading. This introduces further uncertainty
into which final state we obtain. It is important to note, though, that this is not and
inherently quantum mechanical property.

The typical set up for preparing a mixed state is as follows:

| 2
Probability

| Generator

Pyp—> E f :E Filter ¢ :E

The ‘probability’ generator here is some method of choosing which input (left) to output

Y

:] — ppy, + (1 =) py,

(right), where there is a probability p to use the top input (). For example it could be a
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person rolling a dice that says "If I roll a ‘1’ then I shall use the top input, otherwise I'll
use the bottom one," in which case p = 1/6. Normalisation is taken care of by requiring
the other possible outcome to have probability (1 — p).

Remark 17.13. 1t is very important to realise the the output for a mixed state is the sum
of two states; it is not the state made from the sum of two eigenvectors, as was the case
with Example 17.12. That is

PPy, + (1- p)p(l—l))w # Ppip+(1—p)ipe -

We highlight this point here as it demonstrates one of the misleading aspects of using bra-
ket notation. People often talk about a pure state as one that can be written as a linear
superposition of the eigenstates (as with Example 17.12), writing

|¥) = alihr) + blty),

for a,b € C and k # ¢, where the normalisation condition requires |a|> 4+ |b|> = 1. But
if were to think of |¥) as the state then this would look like a mixed state — it is the
superposition of two pure states.

In order to differentiate a pure state from a mixed state they introduce the density
matrices, which are the ps we’ve been using, and say that the density matrix of a mixed
state is of the form

Pmixed = sz |¢Z> <w2|a
i
where p; is the probability of being in the corresponding state, but then going back to the

start of section 17.3, we see this is just the same as what we wrote for a mixed state, without
any of the potential confusion.
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18 The Fourier Operator

This lecture will begin our systematic approach to the study of the so-called Schidinger

operator:
H : Dy — L*(RY),
with
h2
(HY)(2) = =5 —(AY) (@) + V()p(z),

where A := 07 + ... + 83 is the Laplacian operator and V(x) is the potential. The Fourier
operator is an indispensable toll in conducting the study.

We will start by expanding on Lemma 12.19. We will then use the fact that the Schwartz
space is densely defined on L?(R?) along with the BLT theorem to provide a proscription
for taking the Fourier transform on L?(R?).

18.1 The Fourier Operator on Schwartz Space
Recalling the definition of the Schwartz space, it is clear that the following facts hold: If
f € S(R?) then

(i) Q*f € S(RY) for all k = 1,...,d, where Q" is the k-th position operator.

(ii) Py.f € S(R?) for all k = 1,...,d, where P, is the k-th momentum operator.

We shall use these facts in the following calculations.

Definition. The Fourier operator on Schwartz space is the linear map § : S(R?) — S(R?)
with 1
_ = dd —ixy
FN) = G [ e,

where zy := z1y1 + ... + T4yq-

Remark 18.1. We are using the 1/(27)%? convention in the definition above. As we shall
see, all that is required is a ‘total of” 1/(27) between the Fourier operator and it’s inverse.
This convention is often used as it makes comparing to the inverse easier. Other conventions
(for example having 1/(27) appear in the inverse and just have unit coefficient in the above)

find use in certain cases (for example if you were only concerned with taking §).

Remark 18.2. We shall also called the action of the Fourier operator on a function f € S(R?)
the Fourier transform of the function.

We now wish to make some remarks on notation.

(i) Particularly in physics, it is often intuitive to think of f as a function on ‘position
space’ (in the sense that its argument is a position space), while thinking of the
Fourier transform §f as a function on momentum space. Thus, one often relabels the

variables as follows

3 ®) = ml)m /R e (o)
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While this does have its advantages at times (the famous example being the motivation
behind the derivation of Heisenberg’s uncertainty relation, a truly vital relation in
quantum mechanics), it can also lead to misconceptions. For example, when thought
of this way, one may think that you can not take the double Fourier transform §(§f),
as the first one gives a momentum space, which the second does not ‘act on’. However
from the definition given, this is clearly nonsense — of course you can take it twice

as § : S(R?) — S(RY).

We shall, however, stick to this notation, but we should not be fooled by what we can
take the Fourier transform of because of it.

(i) Recall that (QFf)(x) = ¥ f(z) which is just a real number. It is therefore totally
meaningless to write something of the form

However having to define the operators each time and then taking the Fourier trans-
form of their action on a function could end up quite lengthy, so instead we introduce
the following notations

o f(x) = Q).
and
(o 2 f(2)),
and similarly for other operators.

The former of these two is how one usually sees the Fourier transform written, and it
often just written as

/g\ = Sg’
where g is the result of the action of the operator on f (so here g := Q¥ f).

Proposition 18.3. Let f € S(RY) and v € N&. Then
(i) (=)0, f)(p) =y - (31) ().
(ii) F(x = a7 f)(p) = i"[0,(3F)] ().

Proof. We shall prove these both by induction.

(i) Let v =k, and so |y| = 1. Then, using integration by parts, we have

F(—i0kf)(p) := 1d/2 / d*ze P (—i) (O f) (x)

(2m) Rd .
=~ L dine D )+ | e )

1 —ipx
= Pk (27T)d/2 /Rd dd.’lj‘e b f(LU)

= pr- () (p),

R4
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where we have used the fact that the elements of the Schwartz space are rapidly
decaying to remove the boundary term.

Now assume it is true for |y| = n. Then, if 7/ is the next step, from the fact that

Orf € S(R?) we have

F((=8)"105,055...04, 1 F) B) = F((—1)"0y,055...0, (—i0s, ., ) (p)
= Py1Pvyae Py S( — 10y, f) (p)
= DPyi-PynPyny1 * (3]0) (p)
=:py - (§f)(p)
(ii) Again let v = k, then

F(o > 2 (@) (p) = Wl)d/z | dlacatsa)

1 . 8 —ipx
= o M)

=: i<£k§f> (p)-

Then using the notation 0y, gives the result here. In fact, we should have really written
Ok(p — e~P) on the second line — i.e. you take the derivative before you evaluate
at . Now assume its true for |y| = n. Then, if 4/ is the next step, we have

F(z a2 f(2))(p) = S(w = (y y“’”“f(y))) (p)
= i"[0y,--03, 3 (y = ¥ f(v))] ()
=" 0,(31)] ()

Proposition 18.4. Let f € S(R?).
(i) Let a € R%, then

—

flz —a)(p) =" f(2)(p)-
(ii) Let A € C, then
7o) = gt (-

A
Proof. (i) Using the change of variables y = x — a, we have
1 d,., —ipT
Fla =) = s [, e 71w~ a)
1

_ d, o~ P(y+a))

—ipa 1 —ipx
=" " (2m)d/2 /Rd d?we™" f(x)

=: ¢~ f(z)(p),
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where we relabelled y — = again.

(ii) Using the change of variables y = Az

1 d,. —ipT
W iy d xre p f(/\l')
1 1 d —ip¥
(2m)d/2 /Rd ﬁd ye "3 f(y)

_ 1 1 d,. —ilx
—)\dW/Rdde’e )\f(.f)

2
1 —
= /@ (i)

where again we relabelled y — .

fz)(p)

18.2 Inverse of Fourier Operator

Remark 18.5. This is often also called ‘the inverse Fourier transform’.

Lemma 18.6. Let x € R? and z € C with Re(z) > 0. Then the following is true.

— 7 N 1 1
2 _ 2
exp ( -5 )(p) = a3 &P ( — 5P )
Proof. We shall prove this for the case d = 1. Let

G.(z) :==exp ( — gﬁ)

Then we have
(0G.)(z) = —22G.(z)
ip- (§G:)(p) = —iz[0(3G=)] (v),

which is an ODE for §G,. Solving by separation (as done when considering the quantum

harmonic oscillator) we arrive at

2

(5G2) () = Aexp (- 1-).

Plugging in p = 0 and the definitions for the LHS gives

]. z .2
—— [ dzxl-e 2% = A.
\/27T/R

Then employing the fact that the integral above is holomorphic®® we we extend the standard

2 s

—10x
/ dxe =4/,
R g

39Gee ‘Fourier Series, Fourier Transform and Their Application to Mathematical Physics’ by V. Serov
Capter 16

integral result
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for o € R to the case we are considering, giving
1

A:ﬁ'

Theorem 18.7. The Fourier operator § : S(R?) — S(R?) is invertable with inverse
1 ,
-1 _ d, +ipz
= | dipetirrg(p).
(5 '9)(x) @n)? /R L dpetg(p)

Proof. Need to show that [§'(Ff)](z) = f(z). In order to do so, we shall have to
introduce a regulator

lim e 2P =1

e—0
into the integral. We shall then use the fact that (S f ) (p) will be dominant and the fact that
we are using Lebesgue integrals to pull out the limit. We shall also use Fubini’s theorem to

move the order of the integrals.
1 ,
57 @)@ = G [, e (00

1 . —£p? ipx
= @ o TGN

=l o [ e G

= lim (27r1)d/2 /Rd ddpe§p2eipx(2ﬂl)d/2 /Rd dlye=" f(y)
= ;i_r>r[1)(27rl)d/2 /Rd ddy(Qﬂl)d/2 /Rd dpe= 50" TP £ (y))
= 5%0 2771)d/2 /Rd ddy 2771)d/2/ d¥pe~ 507, DT =IPY £ (4

— lim 1 d 1 d £p2 —ipz

_8_)0 QW)d/Q/RddZ 27r)d/2/ d"pe” 2 flz+z)
I 1

:5—>O CoLE /Rdd z[exp 2p)( )]f(z+x)

, 1 .1 1,
i%wrw/d“gd/ﬁxp( 57 )1+ )

o 1 d1_d/2 L n2 '
—ili%mw/ e o (= g (2)°) F(VE + )

1 1,, . /
:W ddz exp(—i(z)Q)il_lg%f( )
- W(%)dﬂf@)

where we have used the substitutions z = y +x and then z = /2’ along with the standard
integral result used in the previous lemma. O
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18.3 Extension of § to L?(R%)

We already know that § is densely defined on L?(R?), so if we can show it is bounded the
BLT theorem will tell us there is a unique, bounded extension of § on L%(R%).

Theorem 18.8 (Parseval’s Theorem). Let f € S(R?), then

/ | (35) )2 = / dz|f ().
Rd Rd

Proof. The proof follows by direct calculation.

LawlGnwl = [ | [ dlae)
Lol e
= [t [ el

- / da) f ()2,
Rd

where we used the fact that the integral is over a real domain. O

2

It follows from Parseval’s theorem, then, that

15 £112
I3 == sup - SFD
fES(RY) HfHS(Rd)

Ve 4] (55) )
= sup
fesRY) [ g dia| f(z)]?

B Jra @] (31) ()|
- feS;(gd) Jra d%z| f ()|
= 1,

so we have a unique extension
3: L*(R?) — L(R?).

In practice if we wanted to take the Fourier transform of a function f € L2(RY)\ S(R?)
then we do it via the following prescription: Let {fy,}nen C S(RY) with lim, o0 fr = f,
then

5/ =5 Jim fu) = lim (3/a).

where we have used the fact that § is bounded to remove the limit.
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18.4 Convolutions

Definition. The convolution of two functions f,g € L'(R?), written f * g, is the L'(R?)
function defined pointwise by

(Fro)a@) = [ dufta =)
Lemma 18.9. The convolution of two functions is symmetric, i.e.
frg=gxf

Proof. The result comes from simple change of variables along with the commutativity of

the complex multiplication,
(Feo)a) = [ d'y fa =9t
= (—1)% dZ z xr—z
= (-0 [t fgla 2
= [ g - 2)1(2)
Rd
= | d'ygta i)

=: (g* f)(=),
where the (—1)2¢ term comes from the fact that dy = —dz along with the fact that the
integral limits swap. Since x € R? was arbitrary, we have the result. O

Lemma 18.10. The convolution is associative, i.e.
(fxg)xh=[x(gxh).
Proof. By direct calculation using Fubini’s Theorem, and the previous lemma:
((fxg)xh)(@) = (h*(f*9) (@)
= [ dyha=)(f <)@

d*yh(z —y)(g = f)(x)

dyhte—y) [ d'zg(:=o)f()

IS%

[

dlu | d%zh(u)g(z —u—y)f(2)

9
o)
9

I
SH
IS
N
—
py)
IS8
SH
S
S
=
I\
|
<
|
£
>
—
<
~—
N————
~
—~
&

IS

-
X
e =
*

*
Z <
SN— S
—~
8
S—

I
—~
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which holds for all z € R?, giving the result. O

Lemma 18.11. The convolution is distributive across addition, i.e.
frlg+h)=fxg+ [fxh,

where the addition is defined pointwise.

Proof. This follows from the linearity of the Lebesgue integral:

(f (g + ) () —/ dy f(z — y)(g + h)(z)

- o [ -

*g)(z) + (f *h)(x
which holds for all 2 € R?, giving the result. O

Theorem 18.12. The Fourier transform of the convolution of two functions is proportional
to the product of their Fourier transforms, explicitly

F(f xg) = 2m)*F(f) - F(9)-

Proof. By direct calculation,

SU 00 = G [ e (T 2 0)(w)

)
27r1)d/2 /Rdd px/ d%y f(x — y)g(a:)>
)

(
27T1)d/2/Rdd < —ip(at+y /Rdddyf(z)g(:C)>
/

1 pz —1
= G /Rdd dy e f(2)e"Pg(y)

= (o [ 710 (G [, #ve™om)
2 P(E ) - (G0)0).

where we have used the fact that we can consider the convolution integration variable (the

y) as a constant when relabelling the Fourier transform variable, and used the fact that the
Fourier transform of a function is finite to make the integral of an integral into a product
of integrals. Finally since this is true for all p € R? the result follows. O
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19 The Schrodinger Operator

The Schrodinger operator for a vanishing potential if given by

hQ
Hiree := _27 A
m

and it corresponds to the energy observable for a free particle?® of mass m.

This lecture aims to derive the spectrum of Hy.e and use it to study the time evolution
of pure states. We shall consider d = 3 throughout this lecture, and shall make use of the
results of last lecture heavily. We shall also use units such that m = %hQ in order to lighten
notation; i.e. Hpee = — A\.

19.1 Domain of Self Adjointness of Hgce

If we want to talk about Hgee being an observable, we need to show that it is self adjoint
on some domain. From (i) in Proposition 18.3 it follows that

F(= 29)(p) = [P F)(p) =: (P*4)(p),
where |p|? := p? + p3 + p3. In other words,
F(— Ap) =: P2,

Remark 19.1. The physicists says "in momentum space the Laplacian acts simply by mul-

tiplication of the norm of the momentum, |p|?".

We can now rewrite the above by inserting idzz2Rrs) = T to give
gonreeogil ng = P203¢7

from which is follows
ngreeg_l - sz

whose maximal domain is
Dp2 = {1 € L2(R®) | P2 € L2(R®)}.

Theorem 19.2. A maximally defined real multiplication operator is self adjoint on its
mazximal domain.

Proof. Let
A :DA —H
R

4OFree particle here means what we think of classically as a free particle, it experiences no potential.
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where a € R and D is the maximal domain of A (i.e. there are no elements outside this
domain such that ay) € H). This operator is clearly symmetric as, for 1, p € D

(V[Ap) = (Plap)
= a(Ylp)

= (@)lp)

= (atlp)

= (AY[p) .

We have therefore A C A*, which means D4 C D4+ with A*yp = Ay for all v € Dy, but Dy

is maximal so there is no ¥ ¢ D4 such that A*)) = ayp € H and so Dy C Dy. Therefore
A = A* on this maximal domain. O

From this theorem, then, we have that FHpeed ' is self adjoint on the domain Dps.

19.2 Spectrum of Hfpee

One can quickly find the spectrum of Hg.e using the resolvent map,

1

Rp2(z) = =2’

from which is clearly follows that the resolvent set is simply
p(P%) = {z € C|z # Ip]*}.
Then using the fact that [p|? € R with [p|? > 0! we have
p(P?) = C\R{.

Then finally using the definition of the spectrum as the compliment of the resolvent set we
get
0(Hpeo) = 0(P?*) =R{.

Remark 19.3. This is not the method used in the lectures, which I*? find more confusing.
As T don’t fully understand the latter parts of the proof provided (I think the main idea
is introducing a form of the spectral theorem in which the integral is performed over the
spectrum of the operator and then use the characteristic function Dr. Schuller introduced)
I shall not type it up here to avoid potential confusion to the readers. If you do follow the
complete method please feel free to contact me and I can add it and give you credit.

Proposition 19.4. For every self adjoint operator there is always some transformation
which transforms the operator into a mere multiplication operator.

Remark 19.5. Once you know the transformation the self adjoint operator of interest, the
spectrum always follows by the same method.

41We use a strict equality as if [p|*> = 0 then there is no momentum and so the operator P? just maps it
to 0.
421 being Richie
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19.3 Time Evolution
Recall that Axiom 4 tells us the evolution of a state is given by?3

—i(tg—tl)H ei(t—Q—tl)H

pwtgze p¢t1

)
which for a pure state becomes

(to]) Uy, = e—ilta—t)H (P, iy, it H

<d}t2 |¢t2> <¢t1 Wn)
If we now choose to view the RHS as the following composition
1 . . 1 . ‘
—l(tg—tl)H l(tg—tl)H _ —’L(tg—tl)H l(tz—tl)H
—F— e ) o e = —-|€ o e ,
th |"7Z)t2> ( <¢}t1| > ) (wtl ) th |wt2> ( |¢tl> ) ( <11Z)t1 ‘ )

it follows that we can represent the time evolution of a pure state via the evolution of the
Hilbert space element as

Yy, = efi(bftl)Hwtl ]

Remark 19.6. We are assuming here that H is time-independent. If it wasn’t you would
simply use an integral in the exponential.

Remark 19.7. We should note that in the above time is viewed as a parameter, not a
coordinate — i.e. this is not a spacetime picture. The elements v, and 1, are simply
elements of the Hilbert space, each of which is associated to a different time. This can be
compared to saying classically that the position of a particle is an element of R?, and at a
later time its position is still an element of R3, although potentially a different one.

Now for the free particle we have
§ 1 P’F = Hiree,
which, along with the fact that P? is a multiplicative operator, gives us
o tHiree 371 _ 371 efitPQ_
Acting both sides on 12 = §Y gives
ety = 57 (p s 0P (),
which a convolution of functions. It is then tempting to use use

frg=0n"*5 G - (39)

to give us*

o (57 e ) 5 ) (@),

—itHiree —

43We're using units such that & = 1.
“Remember d = 3 here.
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and then use Lemma 18.6 to give

1
(2t)3/2

3—1(]9 N e—itlp\z)(x) _ e—%itm?,
however there is a problem with both of these steps.

Firstly for us to use the convolution theorem we require both functions to be L!(R?).
For 9y we can simply take the intersection ¢ € L?(R3)NL!(R?), however the exponential term
is unavoidably not in L'(R3) (if you take the absolute value you get 1, and then integrating
over all of R? gives a divergent result). On top of that, in order to use Lemma 18.6 we
require the real part of the coefficient to be strictly positive (in order to avoid the branch
cut), but Re(it) = 0.

Luckily we can fix both of these problems with the same step, regularisation. We
regularise both by introducing a positive, real factor into the exponential and then taking
the limit,

et _ i e~ (it+o)lp*
e—0
The addition of € stops the integral diverging (because of the minus sign) and we also have
Re(it + &) = e > 0 and so we can use Lemma 18.6.
So, using the continuity of the product and the inverse Fourier transform we have

. ° :
e~ ey () = [il—{% <x — (271)3/2 (2(it :8))3/2 exp ( N 4(2‘1£L-5)>> * 7/)} (z)

ST S _lx—yl2>
= lim ()" /de yexp< i+ e) U(y).

Finally using dominated convergence to take the limit inside the integral, we have?

5

|z —y|?

1
Vi, () = W/RS dsyexp<— At >¢t1(y)~

19.4 Physical Interpretation (for the Patient Observer)

After massaging the above result a bit we arrive at the famous ‘spreading of the wavefunc-
tion’ result.
First start by expanding

|z —y|* = [z]> + |y|* — 22y

to give
_ =P

exp i 2
Vi, () = W /R3 dS?J €xXp < - Z;Q) €xp < - %)%1 (),

which is a Fourier transform with result

ex - % 2 X
it = ) e i (2)

P Note t = to — t; here.
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We now use the fact that we have a patient observer (i.e. one who watches for a long
time) to take the asymptotic behaviour® to give

Yty (36) ~ emp(_ﬂ:)itl < = >,

(i2t)3/2 2t

which, if the ¥s were viewed as ‘waves’ (i.e. plots on a graph) would indicate that the ‘wave
spreads out over time’. In other words, simplifying to R instead of R? we’d have something

f\

along the following diagram.

U,

Uty

R

So the function appears to spread out (keeping the area under it constant) over time.

46That is take the limit ¢ — oo at places where it wont cause problems.
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20 Periodic Potentials

This lecture aims to look at periodic potentials and find the most general information we

can about their energy spectrum. In order to do this we will use so-called Rigged Hilbert

Spaces.*”

Definition. The Hamiltonian for a periodic potential is of the form
h2
H=———A+V
2m +V(@),
with

(i) Periodicity in V(x), i.e. V(z +a) = V() for all x € R® where a is the periodicity of
the system

(ii) V is pointwise continuous and bounded.

V(x)

7 R

As we shall see, by making no assumptions apart from the above, we will be able to
extract a remarkable generic conclusion about the energy spectrum of particle moving in
a generic periodic potential. This is truly a amazing result as the potential can even be
discontinuous (countably) infinite times! A huge application of this formalism is in the
study of solid state physics, where the periodic potential comes from that generated by a
regular lattice of so-called lattice constant a,

As we shall see the general result is that the energy spectrum comes in continuous,
open intervals in R, known as bands.

—0O O E

47T am currently reading up on these, and will add an additional section to the end of these notes once I
have a better idea on them.
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20.1 Basics of Rigged Hilbert Space

48 in order to find

As mentioned at the start, we wish to make use of rigged Hilbert spaces
the spectrum of the energy observable. The basic reason behind this is that rigged Hilbert

spaces essentially extend what we usually think of as the eigenvalue equation
Hy = EY,

where F is a discrete value in R, to the case where E can be continuous. This is known as
the generalised eigenvalue equation.

We do this because ultimately we know that the spectrum will be continuous intervals,
however even if it was purely discrete, or a combination of both, the theory of rigged Hilbert
spaces would still account for this.

The basic idea behind rigged Hilbert spaces is to consider elements ¥ that satisfy the
generalised eigenvalue equation, but do not lie in L2(R%). It turns out that they lie in the
adjoint of a densely defined subspace, which for us is the Schwartz space. In this way we
construct our so-called Gelfand Triple:

S(RY) ¢ L*(RY) c §*(RY).

The easiest way to see that we need such a construction here is that, as the Hamiltonian
is constructed using derivative operators, its eigenvalues are likely to be of the form

U x e,
which is clearly not square integrable (it’s modulus is 1).

Remark 20.1. Tt is important to note here that a rigged Hilbert space is not some extension
of the physics or of quantum mechanics, but indeed it is the most natural mathematical
structure required in order to study quantum mechanics. In fact it is the rigged Hilbert
space structure which provides the full mathematical foundation in order to understand
Dirac’s bra-ket notation, and it introduces the well known Dirac delta function. This gives
the first insight into what a rigged Hilbert space is — it is the equipping (i.e. the ‘rigging’)
of a Hilbert space with a theory of distributions.

Proposition 20.2. Any H-eigenvector U € Sx(R%)\ L2(R?) has a purely continuous energy
spectrum.

20.2 Fundamental Solutions and Fundamental Matrix

Definition. A set of solutions {1, ...,1,} for a system of linear, homogeneous ordinary
differential operators is known as a fundamental set of solutions if

(i) They are linearly independent

(ii) Any other solution to the ODEs can be expanded using the set {11, ..., ¢, }.

48 Again, coming soon!
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In other words, they form a basis for the solution space.

Proposition 20.3. The cardinality of the fundamental set of solutions of a system of n-th
order ODEs is n.

Example 20.4. Let the system of ODEs just be the single equation

() + wih(x) =0,
for some non-vanishing w € R. The the fundamental set of solutions is
1 = cos(wz) and 9 = sin(wz).

It is easy enough to see that these two solutions do indeed form a basis for the solution
space.

Lemma 20.5. Let {41, ..., } be a set of fundamental solutions for some system of ODEs.
Then the set {c191, ...,cnn} for ¢; € F (the underlying field) is also a set of fundamental
solutions.

As our Hamiltonian is a second order ODE there are 2 fundamental solutions. These
fundamental solutions depend on the value of E and so we label them as {1 ¥}, We
remove the ambiguity in the coefficients by requiring

vPO)=1,  (f)(0)=0
$F(0)=0,  (5)(0)=1.

Definition. An entire function is a complex valued function that is holomorphic (C-

differentiable in the neighbourhood of a point) at all finite points in the complex domain.
Theorem 20.6. The fundamental solutions w{f and 1/15 are entire functions on E.

Remark 20.7. Note in order to make the above theorem true, we require that our eigenvalues
are complex, £ € C. This is clearly unphysical, however do this here in order to exploit the
strong results of complex analysis, and then we shall restrict ourselves to E € R at the end.

Definition. The fundamental matriz of a system of linear, homogeneous ODEs, with the
fundamental set of solutions {1, ..., 1, } is the matrix

i(@) - dn(x)

Lemma 20.8. The determinant fundamental matriz for our system is constant®®

[ det ME]/(x) =0.

4O Note we also label M with a superscript E.
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Proof. By direct calculation, and using the generalised eigenvalue equation,
[Wf (05) — W) ¥5] (2) = [(WF) WF) +oF (W5)" — W) W) — (f)"vf] (@)
2
[ ( E—W%ﬂ—(—gﬁE—vw@wﬂm>
0.

Corollary 20.9. It follows trivially from the conditions we placed on wfj and wf that
det MP(x) = 1.

20.3 Translation Operator

Definition. The translation operator is the linear operator such that its action on an
element in its domain is given by

(T)(x) i= d(x) = (x +a),
for some a € C.

Proposition 20.10. Let T be the translation operator with a being the periodicity of our
system. Then the T commutes with the Hamiltonian,

[T,H] = 0.
Proof. Consider the action on an element ¢ in the codomain of both operators,

[T, H]ip(z) = T(Hw)(f) — H(Ty)(x)

T
< — 5 AT+ VT¢>( ) = H()(x)
H(T — H(T)(x)

0,

where we have used the fact that the translation by a constant doesn’t effect the result of
differentiating a function and the fact that 7' is linear. O

Lemma 20.11. Let ¥F be a H-eigenvector of our system. Then 1’/;E = TYF is also a
H -eigenvector.

Proof. From the commutation result,

H(TYP) (@) = T(HY®)(2)
HEP(x) = T(BY®)(2)
= (T ()

= EyE(x)
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So we have that the translated solution is also a solution. We now use the fact that
{yF ¥} is a fundamental set of solutions to expand the translated fundamental solution,

Bz +a) Za]w

for j =1,2.
Now consider the case for x = 0, then we have

7 (a) = a7 (0) + a® 5 (0)
and similarly

from which it follows that

for A', A% € C.

Remark 20.12. As we showed previously the translation operator and the Hamiltonian com-
mute, and so they share common eigenvectors. We shall label these eigenvectors as follows

HwE,)\ — ET/}E’/\
TwE A )\q/)E A

We can reformulate the second eigenvalue equation as follows: using TP (z) =
PP (z + a) we have

PENz +a) = w“«c)

2
> A ME @) Wl (a AZA )
where we have introduced a A label (not an index!) on A to indicate that it corresponds
to a specific A. Now using the linear independence of the fundamental solutions, we can

equate coefficients, then noting that the LHS is just matrix multiplication we see that we
can write Ay as a column matrix with two entries

Al
Ay = 2
A (Ai) ’

which is an eigenvalue of the fundamental matrix at a with eigenvalue .
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If we let A\; and g be the two eigenvalues of M¥(a), then there is some basis such that

A0
M (a) = (0 M) ,

from which we have®®

det MP(a) = A\ - Xo
TI'ME(CL) = + Ao.

Then using the result det M*(a) = 1, we have the condition

A= —
1 )\27

and we just want some way to find the trace to work out what the second condition is.

20.4 Application to Our Quantum Problem

Theorem 20.13 (Floquet®!). Let V(z) be a complex, piecewise continuous, periodic func-
tion with minimum period w. Then the solutions to the ODE

v +V(z)y=0
are linearly independent and can be written as

fi(z) = ePpy(a)
fo(x) = e py(a),

for 0 € [—m,m) and where p1(z) and p2(x) are periodic with the same period as V(x).

Remark 20.14. Floquet’s theorem also tells us that the eigenvalues are simply
Al = e and Aoy = e,
We have, then, that
VE(a) + 9F (a) = Tr MP(a) = € + 7 = 2cos 0.
We now define the function

w(E) = 5 (¥f(a) + ¢5(a)) = cosb,

N

where the subscript indicates that its for the type of potentials we're considering.

50Note these results are basis independent for any transformation given by an endomorphism.
51Based on a combination of the one given in the lectures and the one given on Wolfram.
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20.5 Energy Bands

Recall that ¥ and £ are entire functions of £, and so their sum is also an entire function.
From this it follows that the restriction of vy to the reals,

'YV’R :R— C,
is at least smooth. Thus we know that

(i) If (Eo,09) solves the equation vy (Ep) = cosfp, then any E in a sufficiently small
neighbourhood of Ej solves the equation vy (E) = 6 for some 6.

(ii) Equivalently, if Ey does not solve vy (E1) = cos(0;) for any 01 € ([m,7), then no E is
any sufficiently small neighbourhood will.

From these conditions we can draw the remarkable conclusion: For any periodic, piece-
wise continuous and bounded potential, the energy spectrum is a countable union of open
intervals, known as energy bands.

Remark 20.15. Note the fact that we only have continuous parts to our spectrum is con-
sistent with our rigged Hilbert space ideas; the functions 1 contain a phase factor and
then a periodic function, and so are not square integrable, but they are bounded and so are
elements of S*(R%) \ L2(R%).

20.6 Quantitative Calculation (Outline)

To obtain the precise intervals (bands) one needs to find (perhaps numerically) the funda-
mental solutions. One obtains, for instance, for a potential of the form

V(z)

results in energy bands of the form
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21 Relativistic Quantum Mechanics

As we shall see the transition into relativistic quantum mechanics is highly non-trivial; in
the sense that we don’t simply add a new term onto our expressions that accounts for the
relativistic effects. This lecture is meant as a very brief overview /introduction to quantum
field theory, and so does not claim to be self contained in any sense. The main idea we
want to highlight is how the ideas change once we start accounting for relativistic effects,
and what the repercussions of those changes are.

21.1 Heuristic Derivation of the Schrédinger Equation

Schrédinger recognised that he could obtain the Schrodinger equation from the classical
energy-momentum relation

2
E=2 4y,
2m
using the substitutions
E ~~nri> ThOy, P, ~o~rn> —ih0O,
giving
h2
Zhat'l/J = _780,66%/) + va
2m
for ¢ : R = C.

If we want to get the probabilistic interpretation that quantum mechanics is built on,
we need to introduce an object that

(i) Is non-negative definite,
(ii) Integrates to unity,
(iii) This integral doesn’t change in time.

As we have been using all along the such needed object is

p = [y[*.

We might ask ourselves ‘How does one come up with the idea to such an object?’; the
answer for which comes from the following.

Firstly its clear that p > 0, by definition of the inner product. We can also always
arrange for the integral over all space to be unity by normalisation. Now consider the
Schrédinger equation and its complex conjugate

h2
ihop) = ——0,00 + Vi
2m

2
—ihO = — 8,09 + V.
2m
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If we multiply the former from the right by v and the latter from the left by v, then subtract
the two results we arrive, after rearranging a bit, at

(D) + 9(0)] = o [1(2,0°) — (2u0 V)]
DUD) = -0, [(0"5) — (9)].

Then defining

e -a ih a, @,/ \ /s
we arrive at the continuity equation
Op + 045" =0,

from which it follows that
at/ d?’:cp(:c):/ d3x(dp) ()
R3 R3
IR
R3
0,

where we have used the fact that we are integrating over all of R® (which has no bound-
ary/surface) with the fact that 0,5 is a purely surface term.

21.2 Heuristic Derivation of the Relativistic Schrédinger Equation (Klein-
Gordan Equation)

A note is made on the structural difference between non-relativistic spacetime and the
spacetime of general relativity. For a much deeper discussion of this the reader is directed
to Dr. Schuller’s International Winter School on Gravity and Light®?

Schroddinger, quite courageously, tried to apply the method of the previous section to
the relativistic energy-momentum relation (¢ = 1 here),

E? = p® +m?,

which gives

—h20? = —1%9,0° + m?,
which, after rearranging, gives the so-called Klein-Gordan equation®3
(@+m*)ep =0,

where we have introduced the d’Alembert operator

O:.= 8,52 — 0,0%

52 Available via YouTube.

531t is named such as Oskar Klein and Walter Gordan also arrived at this result after Schroédinger, and
proceeded to try and interpret it as the description of relativistic electrons, which we shall see shortly is
not the case.
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https://www.youtube.com/watch?v=7G4SqIboeig&t=3811s

The question we now have to ask is ‘can we still obtain some probability interpretation
using ¢?7’ The answer is no, as we shall now show.

In correlation to the non-relativistic case, in order to ensure the integral is a constant
in time, we wish to find a J* such that

Q" = 9pJ° + 9,J* = 0.

Again similarly to before, by considering the Klein-Gordan equation and its complex con-
jugate we arrive at

JH = (") — Y (9"Y),
and Gauss’ theorem tells us that the only candidate for the probability amplitude p is

pi= IO = (006) — v(O"%).

This all looks fine, in fact it looks exactly like the non-relativistic case. However there is one
subtle, yet highly important, difference. In the Schréodinger equation we had only first order
time derivatives, whereas the Klein-Gordan equation is second order in time derivatives.
This means that for the latter we can prescribe as initial conditions not only ¢(t) but its
derivative (0;¢)(t) at some time. We can thus choose these initial conditions such that
p < 0 at some time, which violates the interpretation of p as a probability density. This is
a problem that cannot be removed at this level, the reason for which we shall soon see.

Remark 21.1. Historically, Schrodinger actually arrived at the relativistic equation first (as
he knew this was ultimately where he wanted to go), however when running into the problem
highlighted above he decided instead to consider the non-relativistic case and ended up with
the Schrédinger equation.

Remark 21.2. Note some people often refer to the time and spatial derivatives being on an
equal footing in the Klein-Gordan equation. This is a highly misleading choice of words.
They are not on an equal footing, as the temporal derivatives come with a positive sign,
whereas the spatial ones come with a negative sign. This is not just some little difference
to be brushed over. Indeed, without this minus sign stems from Maxwell’s equations, and
without it the Klein-Gordan equation would be physically useless; the gist being that if
time and space were on an equal footing then we would not be able to predict the future,
which is the main driving force of physics. What people should say is that they are on a
similiar footing.

21.3 Dirac Equation

So, as we have seen, it is this second derivative that causes us the problems, so the natural
question is ‘How do we avoid it?” The immediate answer is to try considering

E = /p*+m?,

and then using the substitutions as above. However this is no better as now the RHS is
the square root of a differential operator, and so in the expansion about m? we will end up
with a theory with infinite spatial derivative order. Not good at all!
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Dirac then asked the question ‘What if I use a different substitution prescription such
that the whole of the RHS becomes a single order derivative?’ Following this thought, after
several calculations, he arrives at the so-called Dirac equation

(iv" 0y — mly) ¥ =0,
where the v# are 4 x 4 matrices satisfying the anticommutation relation
{7 = A Aty =2
known as the Dirac algebra, where n*¥ is the Minkowski metric given by®*
nt = diag(—1,1,1,1).

The vector ¥ here is a 4 component object known as a spinor, where (after some work) we
can think of two of the components being a particle and the other two being the associated
antiparticle.

So the Dirac equation introduces antimatter into the mix, however it turns out that it
still doesn’t fix the probability problem addressed by the Klein-Gordan equation!

21.4 The Deep Route of the Problem

It turns out the problem stems from perhaps the most well-known equation in the world...
E = mc?, which tells us that we need not conserve particle number. For example the
interaction between two particles could result in any number of resulting particles (provided
the energy is in sufficiently large)

If this information is contained within E = mc?, it is also contained in the relativistic
energy-momentum equation E? = p? + m?c*, and so we were unjustified to look for an
equation in the relativistic context that describes one (or any fixed number) of particles.
In other words, our theory needs to account for this non-conservation of particle number,
including have no particles (i.e. the vacuum). Mathematically the idea is to construct a
direct sum of Hilbert spaces, each of which describes a different number of particles. This

is known as the Fock space,

F=CoHOHIH)P(HIHRIH)D ...

*Using the (-,+,+,+) signature.
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We can then construct the inner product on F from the inner products on the Hilbert
spaces, all of which are obtained from the inner product on H. That is if ¢, o € F given by

Y =ap D a1y ® Zaéj(%i ® 1ha;) B
j
P =bo®bip1 @ Y by (92 @ 02;) B ..y
]
then the inner product is given by
(]} = Gobo + @iy (Wrl1)y, + > aP b5 (s @ vajl0ak @ P2e) e + -
ijke

Remark 21.3. For the Klein-Gordan equation it is actually the symmetrised tensor products
we need, giving this symmetric Fock space

OF =COHOH) O (HOHOH)®

and it describes bosonic systems.
Similarly for the Dirac equation we require the anti-symmetrised tensor product, giving

ANF=COHAH)S(HAHAH)D
which describes fermionic systems.

We claim that once you lift the Klein-Gordan and Dirac equations onto their respective
Fock spaces, that the problem of negative probability density vanishes.

21.5 Feynman Diagrams

Richard Feynman developed a pictorial representation of the highly complicated interaction
of particles. The basic idea is to take a perturbation expansion of the interaction and
represent each order by a set of diagrams. The order of the diagram is associated with the
number of so-called vertices present.

For example the first few terms for the process of electron-electron scattering would be
drawn as:
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The first diagram (which has no vertices) is the zeroth order diagram, the second one
(with two vertices) is the second order diagram and the last two (which both have 4 vertices)
are the fourth order diagrams. The furthest most left and right arrows (i.e. the ones that
have a non-vertexed end) are known as external lines, and the other ones are known as
internal lines. Particles represented by internal lines are often referred to virtual particles.

Remark 21.4. One should be careful when it comes to drawing the arrows on the internal
lines, however, as (unless the rest of the diagram indicates otherwise) we could have a
particle or an antiparticle (whose arrow points the opposite way). It is for this reason that
the so-called loop in the third diagram does not have arrows. On the final diagram we do
draw the arrows, as conservation of electric charge forces us to ensure our virtual particles
are electrons (not positrons, the anti-electron).

Note also on loop internal lines we have simply written e and not e~ or e™ (the positron),
this further indicates that we do not know which is which, only that one must be an electron
and the other a positron.

Mathematically Feynman diagrams correspond to integral equations, and there is a
set of rules (cleverly named Feyman Rules) which tell you how to convert the diagrams
into these integrals. They are a indispensable tool when it comes to studying relativistic
particle physics, as not only are they quicker to draw then writing out integrals, they have
some incredibly elegant properties (such as so-called crossing symmetry) which make the
calculations significantly easier. However, we shall not go into any more detail here; the
unfamiliar reader is directed to the massive resource of information in textbooks/on the

internet.
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