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Preface

There are two perspectives one can take to appreciate this intricate connection
between mathematics and physics: The first perspective is what I think most
physicists take. That is, to be amazed by the fact that using only simple and
elegant mathematical language can one model how our universe works. But I
prefer to think of this the other way around: Why does the universe work in
a way that can be described by profound and elegant mathematics? I believe
there must be some deeper reasons for this question, since the interplay of
mathematics and physics is too beautiful to be just a coincidence.

This book starts with an introduction to classical physics: Newtonian me-
chanics, classical field theory, special and general theory of relativity. Then a
considerable portion of the book is dedicated to quantum mechanics. I should
be absolutely clear that this book is by no means comprehensive: We only
cover the basic knowledge of theoretical physics needed by mathematicians
interested to work in mathematical physics. So certain topics (despite their
importance) are ignored. For example, there is no discussion of black holes in
the general relativity section, nor is there a discussion on perturbation theory
in the quantum mechanics portion.

Of course, as suggested by the title of this book, a significant portion of
this book will be dedicated to the mathematics that arise from these theories.
There are several major topics that I choose to cover: Riemannian geometry is
carefully developed in the general relativity portion, since this is the foundation
of the theory. For quantum mechanics, people have different tastes: Many
people choose to cover a lot of analysis and operator theory, such as [5]. But
my taste is more geometric, so I made a decision to include Lie groups and
representation theory before the analysis portion as this is such a beautiful
theory with profound applications to quantum mechanics.

A few words about the prerequisites to read this book: I assume the reader
is comfortable with basic analysis, linear algebra, and group theory. A basic
understanding of topology and smooth manifolds are recommended, but not
required. A good reference for such material will be [1], but this is too much.
For practical purposes, the first part of my notes [16] would suffice. Although
it could be very helpful, no previous knowledge of physics is assumed.

The idea to write this book came from a year long course on mathematical
physics that the author took in his first year graduate study taught by Prof.
Ron Donagi at the University of Pennsylvania. But there are many more
people to thank: The chapter on general relativity was based on the course
taught by Prof. Gary Horowitz. The chapter on quantum mechanics was
mostly based on a reading course with Prof. David Morrison, but I also
incorporated some notes from my quantum mechanics course with Prof. Gary



Horowitz. Thank you all for being such amazing teachers and for constantly
inspiring me in my study. This book is dedicated to all of you.

Tianyi Wang'
Sep 2024, Philadelphia.

Figure 1: A drawing of me on a spaceship, explaining Yang-Mills theory
and Einstein’s general relativity to a robot. It is a good approximation of me
generated by ChatGPT as I used my actual photo as input.

Ltywang9@sas.upenn.edu


tywang9@sas.upenn.edu
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Relativity



Chapter 1

A Quick Review of Classical
Mechanics

1.1 Hamiltonian Formalism

In classical mechanics, the space that we use to describe physical systems that
we can observe is called the configuration space, which we denote by B. Say
one has a single particle moving in 3d space, then its position is completely
characterized by 3 coordinates, (q1(t),q2(t),q3(t)). The configuration space,
i.e., the set of all possible positions that the particle can go to, will then be
R3. If we have n particles, then their trajectory can be described by specifying
3n coordinates, hence the configuration space will be R3".

The more interesting situation arises when the systems have some con-
straints: e.g. if some particles are attached to each other by rigid rods that
has fixed length. But since these constraints are usually given by algebraic
equations, we have that in general, the configuration space B will be some
submanifold of R3". For now, let us assume that the configuration space is a
manifold B, with local coordinates q1, ...., gn-

The phase space, which describes all possible position and velocity of the
collection of particles, is defined to be M = T* B, the cotangent bundle of the
configuration space B. One might be confused why we did not use the tangent
bundle T'B to define phase space, since we are talking about velocities. As it
turns out, on T*B, there is a natural symplectic structure, which leads us to
the following

Definition 1.1. A symplectic manifold is a pair (M,w), where M is a
smooth manifold, and w is a closed, nondegenerate 2-form on M, where:

e closed means dw = 0.

 non-degenerates means that the map w : T)M — T M given by X, —
w(Xp, —) is an isomorphism at every p € M.

Proposition 1.2. Given any manifold B, its cotangent space T*B is always
a symplectic manifold with a natural symplectic form.

Proof. We construct the natural symplectic form w in local coordinates first:
Let ¢, ..., qn be local coordinates on B, and let pq, ..., p, be fiber coordinates
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on T*B. Then consider the 1-form

n
a= sz‘dqz‘-
=1

We then define a 2-form by

W:d@:idPiAd%-

=1

Then one can check that a,w can be globally defined, because we can define
them locally as above, and we may check that in the intersection of two charts,
their values agree. We claim that w is symplectic. Closedness is easy since
dw = d%a = 0. Nondegeneracy is also easy to check. ]

In classical mechanics, the observables, i.e., quantities we may measure
through experiments, are smooth functions on the phase space, i.e., C*°(T*B).
Think of them as functions of positions and momentums. There is an observ-
able H € C*°(T*B) that is of particular importance, called the Hamiltonian,
which corresponds to the energy of the system. The Hamiltonian is impor-
tant because it governs the evolution of all other physical observables. First,
there is an associated vector field X, called Hamiltonian flow, defined as
follows:

Definition 1.3. Let H € C°°(T*B) be the Hamiltonian of the system. The
Hamiltonian flow Xy is defined as follows: Let w, L. TyM — TpM be the
inverse isomorphism defined by the symplectic form w, and let dH denote the
differential of H. Then

(Xn)p = wg;l(de)-

Proposition 1.4. In local coordinates p1, ..., pn,q1, ..., ¢n, the Hamiltonian

" (O0H & OH 0
Xy = —_—— .
" Z (31%‘ 0 0q; 5Pz‘>

i=1

flow is given by

The basic axiom of Hamiltonian mechanics is that the trajectories of a
Hamiltonian system (M,w, H) are the integral curves of Xp. That is, if

(Q1(t)’ ceeey Qn(t)vpl(t)’ "'7pn(t))

denote the said trajectory in local coordinates, then they are governed by the

Hamilton equation
OH . OH

_ o= 22
dq; " ops

pi =

Lemma 1.5. The Hamiltonian flow preserves w. In other words, let g; denote
the flow of Xy, for some real t. Then gfw = w for all t.

Proof. Note that it suffices to prove gfw = w for small ¢, since for large ¢t we
can compose flows with small ¢ many times. Hence it suffices to prove that
% ‘tzo(gfw) = 0. But note that % ’tzo(gf{w) = Lx,w is the Lie derivative of
w with respect to Xpg.



Now, using the fact that Lx(df) = dX(f) and Lx, (dp A dgq) = Lx(dp) A
dg —dp A Lx(dq), and using the local coordinate expression of Xy, we have
that

Lx,w = Lx,(dpAdq)

= Lx, (dp) ANdg —dp A Lx,(dq)

= —d(0H/0q) Ndq+ dp Ad(OH/Op)

=—d’H =0.
This proves the claim. O
Definition 1.6. The form
1 n 2n, (o
is called the Liouville volume form of (M,w).

Theorem 1.7 (Liouville’s Theorem). Hamiltonian flow preserves the Li-
ouville volume form.

Proof. The Hamiltonian flow preserves w, and pullback commutes with wedge
product. O

Definition 1.8. Let S C (M,w) be a submanifold. We say that S is isotropic
if wlg = 0. A maximal isotropic submanifold in M is called a Lagrangian
submanifold.

Corollary 1.9. The Hamiltonian flow sends Lagriangian submanifolds to La-
grangian submanifolds.

Definition 1.10. A smooth manifold M, together with a map {-,-} : C*°(M)x
C*®(M) — C*®(M) is called a Poisson manifold, if {-,-}

o gives a Lie algebra structure to C*°(M);

o is a derivation: {fg,h} = f{g,h} + g{f, h};

o satisfies the Libniz condition: {f,-} : C*®(M) — C>(M) is a vector
field on M.

Proposition 1.11. Any symplectic manifold is Poisson.

Proof. Given any f € C*(M), we again define (Xy), = w,*(df,). Then we
may define {f, g} = w(Xy, Xy). O

Definition 1.12. Let f : (M,w) — (M',w’) be a map between symplectic
manifolds. f is said to be symplectic if f*w' = w. If f is symplectic and a
diffeomorphism, then f is said to be a symplectomorphism.

Let G be the group of symplectomorphisms on M. Then there is a natural
action p : G x M — M given by (f,p) — f(p). For each p € M,{ € g,
the differential of the map p(—,p) : G — M evaluated at g gives an element
p(§) € T,M. Do this for all p we get a vector field on M. Thus we get a
1-form w(p(¢)) € QY(M).

Definition 1.13. A momentum map is a map u : M — g* such that
d{p, &) = w(p(§)). A G-action is called Hamiltonian if a momentum map
exists.
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1.2 Lagrangian Formalism

Let M be the configuration space. This time we consider the tangent bundle
TM. Let ¢*,...,q" be coordinates on M, the base space. A path v : [tg, t1] —
M has a natural lift to 7 : [to, t1] — TM via t — (y(¢),~'(¢)). In this case the
lifted path has coordinate representation

The physics is specified by a Lagrangian L :TM x R — R, or L(q,q,t).
Consider the space

P (M) = {v: [to, t1] = M : v(to) = qo,7(t1) = a1}

Generally, Z(M) is a Fréchet manifold. For v € &(M), it is not hard to see
that T, 22(M) is the set of vector fields on M along v that vanishes at the
endpoints qg, g1. We formalize this idea below:

Definition 1.14. A wariation of v is a map I' : [to,t1] X [—€,€] — M such
that I'(tg,a) = qo,'(t1,a) = ¢, for all a € [—¢, €], and I'(t,0) = ().

Definition 1.15. An action is a function S : #(M) — R, given by

t1

s)= [ L. 00
to

The fundamental axiom of Lagrangian mechanics is the principle of least

action, which says that the physical path is a minimum of S. In other words,

the physical path v satisfies the following minimality condition: Let +. be any

variation of v, then
d

de e:OS(%) =0.

Theorem 1.16. The equation of motion is given by the following Fuler-

Lagrange equation:
oL doL

dq  dtdq

Proof. By the condition % ‘E:OS(%) = 0, we have that

d t1
OZ& /to L(q(t,€),q(t,e),t)dt
> [ (G 6@%)dt
1 \0q" O~ 0q" Oe

t1

_i/ <8L d8L>
— Jio oq¢t  dt d¢

- Bq Oe

=0

to

where in the last equation, we performed integrated by part to the second
term of the integrand in the second equation, and the boundary term is zero
because variation fixes endpoints. Since the above calculation is true for any
variation, we get the Euler-Lagrange equation as desired. O
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Next, we will do a lot of examples, applying Euler-Lagrange (EL) equation
to find the equation of motion (EOM).

Example 1.17. Let M = R3. Consider the situation where we just have a
free particle. The physics should be invariant under rotation and translation,
hence the symmetry group is G = O(3) x R3, i.e., the Gallilean group. Thus
the path should be invariant under the transformation

r—gr+ro

for g € O(3),7r9 € R. Thus the Lagrangian should be invariant under the
symmetry group, i.e., should be of the form

L = —ms?.
2mr

Applying EL equation gives the EOM:
7 =0.

Example 1.18. Consider N particle interacting now, M = R3*V. The La-
grangian is given by

N
I
L= E §mz~ri2 —V(r)=T-=V(r).
i=1

The function V(r) = V(r1,...,rn) is called the potential of the system, and
the function T is called the kinetic energy of the system. The EOM is then

1°)%
(37“1' .
The term F; := —9V/0r; is defined to be the force exerted on the ith particle.

mm =

Example 1.19. Usually we have pairwise interactions, i.e.,

V()= > Valra—m).

1<a<b<N

Then
1 N
L= 3 Zmirf - Z Vab(ra — 7).
i=1

1<a<b<N

If now V is homogeneous of degree d, i.e., V/(Ar) = AV (r), then
dT = % /OT Zi:miffdt
_ _% /OT zi:mim? rdt
— _i/OTzi:Fi-ridt
= % /OT ZZ: ;- g:‘/idt

=dV.

Hence T+V is conserved. Note that in the second equation we used integration
by parts.
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Example 1.20 (Charged Particle in EM Field). The electromagnetic field
consists of a scalar potential ¢(r), and a vector potential A(r) = (A, Ag, A3),
assuming they are all time independent for the moment. A particle is charac-
terized by its mass m and its charge e. The Lagrangian is given by

1 A
L—mf2—|—€<r—<p).
2 c

Then by the EL equation we get that the EOM is given by
mi“':e<r><(V><A)—g¢) ::e<r><B+E)
c

T C

where

¢
B=-22
or

is the electric field, and it is to be understood component wise, i.e., F is a
vector field with components E; = —9¢/0r;.

B=VxA

is the magnetic field. There is a 4-dimensional interpretation; Let M = R*.
Consider the 1-form

Ardat + Axda? + Agdaz® + odt

on M. Consider the connection on the trivial bundle M x R over M. The
curvature 2-form is going to be

F= ) Edadt+ > B,da’da”.
i=1,2,3 abe={123,231,312}
Example 1.21 (Simple Harmonic Oscillator). Let M = R and V = wr?. The

EOM of this system is
i+ wir = 0.

The solution is given by
r(t) = acoswt + bsinwt.

For a general potential V' (r), Taylor expanding at minimum will give a quadratic
term approximation up to a constant shift, hence we can approximate any po-
tential by harmonic oscillators at the minimum.

Example 1.22. Consider a free particle traveling on a Riemannian manifold
(M, g). The Lagrangian is going to be

1
L= —{#%).
51 )
The equation of motion is going to be the geodesic equation in Riemannian

geometry: If v(t) = z%(t) 620‘ in local coordinates, then the EOM is given by

ot L, il dat
de2 berqt dt

where I'{ are the associated christoffel symbols to the metric gqp.
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Example 1.23 (Rigid Body). For a rigid body, we have M = SO(3), and
L = (z,z), where the norm is any left-invariant metric on SO(3). Let Q :=
(Lg—1)«g € s0(3), where g € SO(3). Then

L= %(AQ,(D

for some matrix A, which physicists call inertial tensor. Diagonalizing A we
get a bunch of eigenvectors (principal axis), and a bunch of eigenvalues (fre-
quencies).

14



Chapter 2

Special Relativity

In this chapter, we review some of the most important prerequisites for general
relativity. First, we will review the Newtonian equation for gravitation; Then,
we discuss what went wrong with Newtonian theory, and study its general-
ization in flat spacetime — special relativity. Finally, we will introduce some
classical field theory, inclduing Maxwell’s theory for electromagnetism.

2.1 Newtonian Gravity

Our first step toward the investigation of gravity is to derive the Poisson’s
equation, the field equation that governs Newton’s theory of gravity.

Imagine that we have some mass distribution throughout some space. And
at every point r (with some arbitrary origin chosen), the quantity p(r) gives
the mass density at that point. We let g(r) to be the gravitational field at the
point r. Then the effect of gravitational field g(r) at point r can be calculated
by adding all the contributions with source in an infinitesimal region dV.
Since the region dV can be approximated by point mass, we can use Newton’s
gravity formula to calculate the infinitesimal potential contribution at point

S:
r—s

dg =

where G is Newton’s gravitational constant. Integrating all such contributions
we find

g(r) = —G/P(S)MdV

v (|:|3> = 476 (r)

V-g(r) = —477G/p(s)5(r —8)dV = —4nGp(r).

We use the identity

to derive that

Since the gravitational field has zero curl (equivalently, gravity is a conserva-
tive force), it can be written as the gradient of a scalar potential, called the
gravitational potential:

g=—-Vo.
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Substitute this into the equation above and we get the Poisson’s equation

V2¢ = 41Gp. (2.1)

Therefore, given any mass density distribution p(r) of matters, we can solve
(2.1) and find the gravitational potential ¢(r) of this matter distribution. Then
any particle in the space will experience such a potential due to the presence
of the given matter.

Einstein’s field equation is a generalization of Poisson’s equation:
1
R, — §ng, = 81GT),.

We will discuss later what the terms above actually are and why this is a
generalization of Poisson’s equation.

2.2 Frame of Reference

Physical processes either directly or indirectly involve the dynamics of particles
or fields moving through space and time. Almost all important physical laws
involve position and time in some ways. For example, Newton’s second law
and the wave equation obtained from Maxwell’s equation:

Implicit in these statements of these fundamental physical laws is the notion
that we have at hand some way of measuring or specifying or labelling each
point in space and and different instants in time. So, in order to describe in
a quantitative fashion the multitude of physical processes that occur in the
natural world, one of the important requirements is that we be able to specify
where and when events take place in space and time. By "event" we could be
referring to something that occurs at an instant in time at a point in space, or,
more colloquially, over a localized interval in time, and in a localized region
in space. Whatever the circumstance, we specify the where and when of an
event by measuring its position relative to some conveniently chosen origin,
and using a clock synchronized in some agreed fashion with all other clocks,
to specify the time. This combination of a means of measuring the position of
events, and the time at which they occur, constitutes what is referred to as a
frame of reference.

A frame of reference can be constructed in essentially any way, provided
it meets the requirements that it labels in a unique fashion the position and
the time of the occurrence of any event that might occur. A convenient way
of imagining how this might be done is to suppose that all of space is filled
with a three dimensional lattice or scaffolding something like a fishing net,
perhaps. The net need not be rigid, and the spacing between adjacent points
where the coordinate lines cross need not be the same everywhere.
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>

Figure 2.1: Three examples of frame of reference. Each intersection point
is labeled by a triplet of three real numbers, the usual coordinates of a point
in three dimensional space, with one arbitrary point on the net chosen as the
origin.

To complete the picture, we also imagine that attached to the net at each
intersection point is a clock. In the same way that we do not necessarily require
the net to be rigid, or uniform, we do not necessarily require these clocks to run
at the same rate (which is the temporal equivalent of the intersection points
on the net not being equally spaced). We do not even require the clocks to
be synchronized in any way. At this stage, the role of these clocks is simply
to provide us with a specification of the time at which an event occurs in the
neighbourhood of the site to which the clock is attached. Thus, if an event
occur in space, such as a small supernova flaring up, burn marks will be left
on the netting, and the clock closest to the supernova will grind to a halt, so
that it reads the time at which the event occurred, while the coordinates of the
crossing point closest to where the burn marks appear will give the position
of the event.

We can set up any number of such reference frames, each with its own
coordinate network and set of coordinate clocks. We have (almost) total free-
dom to set up a reference frame any way we like, including different reference
frames being in motion, or even accelerating, with respect to one another, and
not necessarily in the same way everywhere. But whichever reference frame we
use, we can then conduct experiments whose outcomes are expressed in terms
of the associated set of coordinates, and express the various laws of physics in
terms of the coordinate systems used. So where does the principle of relativity
come into the picture here? What this principle is saying, in its most general
form, is that any physical process taking place in space and time ought to
proceed in a fashion that takes no account of the reference frame that we use
to describe it.

In other words, it ought to be possible to write down the laws of
physics in terms of quantites that make no mention whatsoever of

17



any particular reference frame.

As we have just seen, a reference frame can be defined in a mul- titude of
ways, but quite obviously it would be preferable to use the simplest possible,
which brings to mind the familiar Cartesian set of coordinate axes. Thus,
suppose we set up a lattice work of rods as illustrated in Fig. 2.2 in which the
rods extend indefinitely in all directions.

J = - ~y

Figure 2.2

The question then arises: can we in fact do this for all of space? From
the time of Fuclid, and perhaps even earlier, until the 19th century, it was
taken for granted that this would be possible, with the rods remaining paral-
lel in each direction out to infinity, even though attempts to prove this from
the basic axioms of Euclidean geometry never succeeded. Eventually it was
realized by the mathematicians Gauss, Riemann and Lobachevsky that this
idea about parallel lines never meeting, while intuitively plausible, was not
in fact necesssarily true. It was perfectly possible to construct geometries
wherein parallel lines could either meet, or diverge, when sufficiently far ex-
tended without resulting in any mathematical inconsistencies. Such behaviour
is indicative of space being intrinsically curved, and there is no apriori reason
why space ought to be flat as Euclid assumed, i.e. space could possess some
kind of curvature. Riemann, a student of Gauss, surmised that the curva-
ture of space was somehow related to the force of gravity, but he was missing
one important ingredient it is the curvature of space and time together that
gives rise to gravity, as Einstein was able to show. Gravitational forces are
thus rather peculiar forces in comparison to the other forces of nature such
as electromagnetic forces or the nuclear forces in that they are not due to the
action of some external influence exerting its effect within pre-existing space
and time, but rather is associated with the intrinsic properties of spacetime
itself.

Thus, we cannot presume that the arrangement of rods as indicated in
Fig. 2.2 can be extended indefinitely throughout all of space. However, over a

18



sufficiently localized region of space it can be shown to be the case that such
an arrangement is possible, i.e. it is possible to construct frames of reference
of a particularly simple form: a lattice of mutually perpendicular rigid rods.
In the presence of gravity, it is not possible to extend such a lattice throughout
all space, essentially because space is curved. But for gravity free space, these
rods can be presumed to extend to infinity in all directions. In addition, it
is possible to associate with this lattice a collection of synchronized identical
clocks positioned at the intersection of these rods. We will take this simple
lattice structure as our starting point for discussing special relativity. That
this can be done is a signature of what is known as flat space-time.

First of all we can specify the positions of the particle in space by deter-
mining its coordinates relative to a set of mutually perpendicular axes x,, z.
In practice this could be done by choosing our origin of coordinates to be some
convenient point and imagining that rigid rulers which we can also imagine
to be as long as necessary are laid out from this origin along these three mu-
tually perpendicular directions. The position of the particle can then be read
off from these rulers, thereby giving the three position coordinates (z,y, z) of
the particle.

By this means we can specify where the particle is. As discussed, in order
to specify when it is at a particular point in space we stretch our imagination
further and imagine that in addition to having rulers to measure position, we
also have at each point in space a clock, and that these clocks have all been
synchronized in some way. The idea is that with these clocks we can tell when
a particle is at a particular position in space simply by reading off the time
indicated by the clock at that position.

According to our common sense notion of time, it would appear sufficient
to have only one set of clocks filling all of space. Thus, no matter which
set of moving rulers we use to specify the position of a particle, we always
use the clocks belonging to this single vast set to tell us when a particle is
at a particular position. In other words, there is only one time for all the
position measuring set of rulers. This time is the same time independent of
how the rulers are moving through space. This is the idea of universal or
absolute time due to Newton. However, as Einstein was first to point out,
this idea of absolute time is untenable, and that the measurement of time
intervals (e.g. the time interval between two events such as two supernovae
occurring at different positions in space) will in fact differ for observers in
motion relative to each other. In order to prepare ourselves for this possibility,
we shall suppose that for each possible set of rulers including those fixed
relative to the ground, or those moving with a subatomic particle and so on,
there are a different set of clocks. Thus the position measuring rulers carry
their own set of clocks around with them. The clocks belonging to each set of
rulers are of course synchronized with respect to each other. Later on we shall
see how this synchronization can be achieved. The idea now is that relative
to a particular set of rulers we are able to specify where a particle is, and by
looking at the clock (belonging to that set of rulers) at the position of the
particle, we can specify when the particle is at that position. Each possible
collection of rulers and associated clocks constitutes what is known as a frame
of reference or a reference frame.
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2.3 Newton’s First Law and Inertial Frame

Having established how we are going to measure the coordinates of a particle
in space and time, we can now turn to considering how we can use these ideas
to make a statement about the physical properties of space and time. To this
end let us suppose that we have somehow placed a particle in the depths of
space far removed from all other matter. It is reasonable to suppose that a
particle so placed is acted on by no forces whatsoever.

The question then arises: What kind of motion is this particle undergoing?
In order to determine this we have to measure its position as a function of time,
and to do this we have to provide a reference frame. We could imagine all
sorts of reference frames, for instance one attached to a rocket travelling in
some complicated path. Under such circumstances, the path of the particle as
measured relative to such a reference frame would be very complex. However,
it is at this point that an assertion can be made, namely that for certain frames
of reference, the particle will be travelling in a particularly simple fashion a
straight line at constant speed. This is something that has not and possibly
could not be confirmed experimentally, but it is nevertheless accepted as a true
statement about the properties of the motion of particles in the absences of
forces. In other words we can adopt as a law of nature, the following statement:

There exist frames of reference relative to which a particle acted
on by no forces moves in a straight line at constant speed.

This essentially a claim that we are making about the properties of spacetime.
It is also simply a statement of Newtons First Law of Motion. A frame of
reference which has this property is called an inertial frame of reference,
or just an inertial frame.

2.4 Galilean Transformation

z Same origin
at t=t'=0

/ Y
— /|/ —-\/ 3

Figure 2.3

»
>

Now the question is: How to relate the coordinates of an event as observed
from the point-of-view of one inertial reference frame to the coordinates of the
same event as observed in some other? These transformation laws are essential
if we are to compare the mathematical statements of the laws of physics in
different inertial reference frames.
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Consider the case where we have two inertial reference frames, one frame
moving relative to the other in the z-direction with velocity v, as the Fig.2.3
illustrates.

Now, suppose the clocks in two reference frames are set such that when
the origin coincide, both clocks read zero, i.e. t = t' = 0. If we accept the
"common sense', i.e. the absolute time concept, then ¢ = ' always. Suppose
now an event occurs at a point (2/,y',2’,t') in the green coordinate, then
translating it back to the black coordinate, we see that this event occurs at

x=a + ot

y=1y
Z:Z/
t=t.

These equations together are known as the Galilean Transformation, and
they tell us how the coordinates of an event in one inertial frame are related
to the coordinates of the same event as measured in another frame moving
with a constant velocity relative to the first. A simple exercise shows that we
can also translate the unprimed coordinate to primed coordinate, by

=z — vt

Yy =y
Z/:Z
t'=t.

Having proposed the existence of a special class of reference frames, the in-
ertial frames of ref- erence, and the Galilean transformation that relates the
coordinates of events in such frames, we can now proceed further and study
whether or not Newtons remaining laws of motion are indeed consistent with
the principle of relativity. Perhaps it is better to illustrate this with an exam-
ple.

Consider a 1-dimensional problem where two particles are connected by
a spring. If the coordinate of the two particles are x1,xo relative to some
reference frame S, then by Newton’s second law, the law of motion of the
particle at x is
d2l‘1
dt?
where k is the spring constant and [ is the natural length of the spring, and
m1 the mass of the particle. Now consider the same point mass, but relative
to a different reference frame S’, which travels with a velocity v relative to S.
Then we have

mq =—k (xl — T2 — l) (2.2)

x1 =) +ot’ 1o = w4 + vt
So then
Pz &
dt2  di”?
Substitute these into (2.2) we have that

o — X1 :$/2—x/1.

d%a!
my dt/2

:—k(xll—xé—l).
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In Newtonian mechanics mi = m/, so

d%a!

m} e —k (x'l —xh — l) .
This is exactly the same equation we obtained in the frame S, except now it’s
in S and everything is primed. Continuing with this example, we can show
that the momentum is conserved in all inertial reference frames. In frame .S,
the momentum is given by

P:mldcl +77”L2iig.
In S’, we have
P =m i ’oar . . - p
= mia] + myty = miZy + modo — (M1 +me)v =P — (mq +ma)v

which is also conserved. Therefore, we conclude that Newtons Laws of motion
are identical in all inertial frames of reference.

The Newtonian principle of relativity had been successful until the advent
of Maxwells work in which he formulated a mathematical theory of electro-
magnetism which, amongst other things, provided a successful physical theory
of light. Not unexpectedly, it was anticipated that the equations Maxwell
derived should also obey the above Newtonian principle of relativity in the
sense that Maxwells equations should also be the same in all inertial frames
of reference. Unfortunately, it was found that this was not the case. Maxwells
equations were found to assume completely different forms in different inertial
frames of reference.

Maxwell’s equations in vaccum read

V.E-0 VxE--B
ot
1 OE
V-B=0 VxB=——.
c? Ot

We will show that Maxwell equations are not Galilean invariant. To simplify
the problem, let us consider the case where S’ is moving in the z direction
with velocity u relative to S. Further, we assume

B=B(z,t)k E=E(z,1)j.

That is, the electric field E only has nonzero component in y direction, and
the strength of E only depends on x and t. Similarly for B.
Now we explore how the field E’, B is like compared to E, B. Notice that
a particle with charge ¢ moving with a velocity v in S frame experiences a
Lorentz force
F =¢(E+v xB).

Assuming v = vi we get that the only nonzero component of F is:
Fy =q(E —vB).

Since the forces experienced by the particle in S and S’ are Galilean invariant,
we have that
q(E —vB) =q(E' —v'B’).

22



Now using v' = v — u we have that
E' —v'B"=(F'+uB') —vB'= E —vB.
Since v is arbitrary, setting v = 0 we find that
E—FE +uB  B=B8.

This is the rule of how the field transform in this case. Now we consider the

third Maxwell’s equation, V X B = C%%—];:. In our case it becomes:

oB 10K

or 2ot
Now we want to transform this equation into the primed coordinate S’, and
see whether it remains the same form. Now, the chain rule gives

0B _oBox oBor 0B _opar  oov
dr  Ox' 9x Ot Oz ot ot ot = ox' ot
Since 2’ = x — ut and t' = t, we have that

ox' or' ot' ot

Therefore
0B 0B OF OF oFE

ox ox ot of ox
Plugging everything into the Maxwell equation, we see that the transformed
equation is

o0~ 2or "e\or v T Vow

We thus conclude that Maxwells equations are not invariant under Galilean
transformations. This special frame S was assumed to be the one that defined
the state of absolute rest as postulated by Newton, and that stationary relative
to it was a most unusual entity, the ether. The ether was a substance that
was supposedly the medium in which light waves were transmitted in a way
something like the way in which air carries sound waves. Consequently it was
believed that the behaviour of light, in particular its velocity, as measured
from a frame of reference moving relative to the ether would be different from
its behaviour as measured from a frame of reference stationary with respect
to the ether. Since the earth is following a roughly circular orbit around the
sun, then it follows that a frame of reference attached to the earth must at
some stage in its orbit be moving relative to the ether, and hence a change in
the velocity of light should be observable at some time during the year. From
this, it should be possible to determine the velocity of the earth relative to the
ether. An attempt was made to measure this velocity. This was the famous
experiment of Michelson and Morley. Simply stated, they argued that if light
is moving with a velocity ¢ through the ether, and the Earth was at some stage
in its orbit moving with a velocity v relative to the ether, then light should be
observed to be travelling with a velocity ¢ = ¢ — v relative to the Earth.

Needless to say, on performing their experiment which was extremely
accurate they found that the speed of light was always the same. Obviously

oB’ 10E u <8E’ OB’ 8B’>
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something was seriously wrong. Their experiments seemed to say that the
earth was not moving relative to the ether, which was manifestly wrong since
the earth was moving in a circular path around the sun, so at some stage it
had to be moving relative to the ether. Many attempts were made to patch
things up while still retaining the same Newtonian ideas of space and time.
But all these attempts failed in various ways. It was Einstein who pointed
the way out of the impasse, a way out that required a massive revision of our
concepts of space, and more particularly, of time.

2.5 Special Relativity

Einsteins 1905 successful modification of Newtonian mechanics is called the
special theory of relativity, or special relativity for short. To formulate it,
Einstein assumed that the velocity of light had the same value ¢ in all inertial
framesan assumption that from the present perspective is clearly motivated by
the MichelsonMorley experiment. The assumption that the velocity of light is
the same in every inertial frame requires a reexamination and ultimately the
abandonment of the Newtonian idea of absolute time. One can see this most
clearly by examining the idea of simul- taneity. Two events are simultaneous
if they occur at the same time. In Newtonian theory two events that are
simultaneous in one inertial frame are simultaneous in every other inertial
frame because there is a single absolute time. To see the im- pact on this
idea of assuming the constancy of the velocity of light, consider the thought
experiment illustrated by the following thought experiment:

Three observer A, B, O are riding a rocket of length L. Observer O is
halfway between A and B. Now, A and B each emit light signals directed
along the rocket toward O, and O recieved the signal simultaneously. Which
signal was emited first? The answer depends on the inertial frame if the
velocity of light is the same in all of them.

On the left of the figure above, the rocket is at rest. An observer at rest
in this frame reasons as follows: The rocket is at rest and the two observers A
and B are equal distances away from O. It therefore takes the same length of
time for a light signal to propagate from A to O as it does from B to O. Since
the signals reached O at the same instant, they were emitted simultaneously.

A different result is obtained in an inertial frame in which the rocket is
moving, such as that shown on the right of the figure above. An observer at
rest in this frame reasons as follows: The signals are received simultaneously
by O. At earlier times when the signals were emitted B was always closer to
Os position at reception than A. Since both signals travel with speed c, the
one from A was emitted earlier than the one from B because it has a longer
distance to travel to reach O at the same instant as the one from B.

Thus, two event simultaneous in one inertial frame are not simultaneous
in one moving with respect to the first if the velocity of light is the same in
both. The Newtonian idea of time must be abandoned.
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Figure 2.4

Spacetime

In view of the previous discussion of simultaneity, there is no reason to ac-
cept the assumption of Newtonian physics that the times of different inertial
frames will agree. Rather, there is generally a different notion of time and si-
multaneity for each inertial frame. The correct geometric arena for physics is,
therefore, not a separate space and absolute time but rather a four-dimensional
unification of space and time called spacetime. Therefore, inertial frames are
spanned by four Cartesian coordinates (¢, z,y, z), and a different inertial frame
has a different set of four coordinates (¢, 2.y, 2’).

To describe four-dimensional spacetime we first introduce a tool, which is
so simple it appears trivial, but so powerful it is indispensable. This is the idea
of a spacetime diagram. A spacetime diagram is a plot of two of the coordinate
axes of an inertial frametwo coordinate axes of spacetime. Since there are four
axes and only two dimensions on a piece of paper, two or at most three of these
axes can be drawn. It is convenient to use ct rather than ¢t as an axis, because
then both have the same dimension. A point P in spacetime can be called an
event because an event occurs at a particular place at a particular time, that
is, at a point in spacetime. A particle describes a curve in spacetime called a
world line. It is the curve of positions of the particle at different instants,
i.e., z(t). The slope of the world line gives the ratio ¢/V?® for

Geometry of Spacetime

The central assumption of special relativity is a geometry for spacetime. A
geometry is specified by a line element that gives the distance between nearby
points. It would be appropriate to begin a discussion of special relativity by
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positing this line element. It would be appropriate to begin a discussion of
special relativity by positing this line element. However, before doing that,
consider a simple thought experiment that motivates the form of the line
element and connects that with Einsteins assumption that the velocity of light
is ¢ in all inertial frames.

The thought experiment is illustrated in the figure below. Two parallel
mirrors separated by a distance L are at rest in an inertial frame in which
events are described by coordinates (¢,z,y,z). We take y to be the vertical
direction between the mirrors and x the direction parallel to them. A light
signal bounces back and forth between the mirrors; the right hand part of the
figure below shows its world line in a spacetime diagram. A clock measures
the time interval At between the event A of the departure of the light ray and
the event C' of its return to the same point in space. These two events are
separated by coordinate intervals

At =2L/c, Az =Ay=Az=0
in the inertial frame where the mirrors are at rest.
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Figure 2.5

Analyze the same thought experiment in an inertial frame that is moving
with speed V' with respect to the (¢, z,y, z) inertial frame along the negative
z-direction parallel to the mirrors. Locate events in this frame by coordinates
(t',2',y, ') with 2’ parallel to z. In this frame the mirrors are moving with
speed V along the positive x’-direction, as illustrated in the figure below.
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Figure 2.6

the light ray travels a distance Az’ = VAt in the 2/-direction between
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between emission at A and return at C. The distance traveled in the y'-
direction is L, assuming that the transverse distances are the same in both
inertial frames. The total distance traveled between departure and return is,
therefore,

217 + (A /2))1/2.

Assuming with Einstein that the velocity of light is ¢ in this inertial frame, the
time of travel, At’, is this distance divided by c¢. Thus the coordinate intervals
between A and C' in this frame are

2 Ax’
At == L2+< *
c 2

2
) , A =VAY, Ay =0, AZ=0.

Then straightforward computation gives
— (cAt)* + (A2)? = —4 [L2 + (A0'/2)*] + (Ax')® = —4L? = ~(cAL)2,

Since Az = Ay = Az = 0 and Ay’ = Az’ = 0, we can judiciously add them
back into two sides of the equation above and find that
(As)? = —(cAD? + (Az)? + (Ay)? + (A2)?
= — (eAt)? + (A2)" + (Ay)* + (&)
Therefore, we propose that the quantity
(As)? = —(cAD? + (Az)? + (Ay)? + (A2)?

is the same in both frames. The quantity (As)? is invariant under the change
in inertial frames. And since the distance between points defining spacetime
geometry must be the same in all systems of coordinates used to label points,
and the principle of relativity requires that the line element that defines the
distance should have the same form in all inertial frames, we are motivated to
posit the line element

ds® = —c2dt* + da® + dy?* + dz* (2.3)
as defining the geometry of 4-dimensional spacetime and the statring point of
special relativity.

Light Cones

As we can see from (2.3), the geometry of spacetime is not 4-dimensional
Euclidean geometry (whose invariant line element is given by ds? = dx? +
dy? + dz?). In particular, two points can be separated by distances whose
square is positive, negative, or zero. We say two points are

spacelike separated: (As)? >0
null separated: (As)> =0
timelike separated: (As)? < 0.

The locus of points that are null separated from a point P in spacetime is its
light cone. Each point P in spacetime has a light cone. Light cones are an
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important feature of the geometry of spacetime. The points that are timelike
separated from P lie inside the light cone. Points that are spacelike separated
from P lie outside the light cone.

The paths of light rays are straight lines in spacetime with constant slope
cor- responding to the speed of light, that is, along null world lines. At every
point P along the world line of a light ray, the straight line is tangent to the
light cone of that point. The distance between two points along a light ray is
zero!

Particles with nonzero rest mass move along timelike world lines that are
al- ways inside the light cone of any point along their trajectory (see next
figure). That way their velocity is always less than the speed of light at that
point.

t
¢ A

=Y

Figure 2.7: The 45° lines from point P are the set of points that are null
separated from it. They are the intersection of Ps light cone with this slice.
Point A is timelike separated from P, as are all points in the shaded wedges.
The upper shaded wedge is the inside of the future light cone; the lower shaded
wedge is the inside of the past light cone. The unshaded area is the outside
of the light cone. Point B is spacelike separated from P as are all the points
in the unshaded wedges. The figure at right shows the same point P but
with one more spatial dimension. The light cone is the locus of points that
would be traced out by a pulse of light emitted at P or converging on it. The
surface of the pulse would be an expanding or contracting sphere in three
spatial dimensions. In this reduced number of dimensions, it appears as the
increasing circular cross section of the cone.

To measure the distance along a particles world line, it is convenient to
introduce

dr? = —=—_.

Then dr is real with units of time. Thus a clock moving along a timelike curve
measures the distance 7 along it. An alternative name for this distance is
the proper time the time that would be measured by a clock carried along
the world line. To see this, notice that if the coordinate frame is at rest, i.e.
dz? = dy?> = dz?> = 0, then dr? = dt? hence dr = dt. Therefore, in the
rest frame, proper times corresponds to the "usual" time measured by a clock
traveled along a world line. And since ds? is invariant in any inertial frame,
so is dr2.
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Figure 2.8: (a) The path of a light ray must be tangent to the light cone at
every point along its trajectory. (b) The timelike path of a particle must lie
inside the light cone at every point along its trajectory. These are the invariant
ways of saying that light rays move at speed ¢ and particles move with speed
less than c¢ in every inertial frame.

Lorentz Transformation

In this subsection we will derive Lorentz transformation, which relates two
inertial frames (¢, 2,4/, 2') and (¢, x,y, 2) in relative motion. We present two
methods, the first one is more intuitive, and the second one more mathemati-
cal.

Method I:

We stick with the idea of two inertial frames, S and S’, moving with relative
speed v. For simplicity, we will start by ignoring the directions y and z which
are perpendicular to the direction of motion. Both inertial frames come with
Cartesian coordinates: (z/,t') for S and (x,t) for S. We want to know how
these are related. The most general possible relationship takes the form

¥ = f(x,t) , t' =g(z,t).

But this is very general. Fortunately, there are several observations that allow
us to restrict the form of f, g immediately:

e The first is that the law of inertia holds; left alone in an inertial frame,
a particle will travel at constant velocity. Drawn in the (x,t) plane,
the trajectory of such a particle is a straight line. Since both S and S’
are inertial frames, the map (z,t) — (2/,¢') must map straight lines to
straight lines; such maps are, by definition, linear. The functions f and
g must therefore be of the form

¥ =aix+ast , t =azr+agt
where «; can be functions of v.

o Secondly, we use the fact that S’ is travelling at speed v relative to S.
This means that an observer sitting at the origin, ' = 0 of S’ moves
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along the trajectory x = vt in S. In other words, the points x = vt must
map to 2’ = 0. Together with the requirement that the transformation
is linear, this restricts the transformation to be of the form

1’ =z — vt) (2.4)
for some «y, which can be a function of v, which we denote by ~,.

e Thirdly, we claim that ~, must be an even function of v. That is, v, =
v—_y. Consider the frames S and S’ which are exactly like S and S’
except that we measure z-coordinate the the negative direction. This
means that

F=—x ¥ =—a t=t t=t.

While S’ is moving with velocity +v relative to S, S’ is moving with
velocity —v with respect to S simply because we measure things in the
opposite direction. That means that

~/

F' =y (T + 0l).

Compare this with (2.4) and plugging in the relations in the previous
equation, we have v, = y_,.

We can also look at things in the perspective of S, which moves with
velocity —v relative to S’. Same argument applies and we get

z=r (2 +ot'). (2.5)

Finally, we used the assumption that the speed of light is the same in every
inertial frame. So in S, a light ray has trajectory x = ct, and in S’, we demand
it to have the trajectory 2’ = ct’. Substitute these trajectories into (2.4) and
(2.5), we have

' =y(c—v)t and ct=~(c+v)t.

'7:“1_1112/02' (2.6)

Therefore S and S’ are related by

Solving for ~ gives

The inverse transformation is obtained just by changing v to —v':

t =t +va'/c?)
x = (2 + vt

/

/
zZ=Zz.
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Method II: Lorentz Group

As discussed before, the line element (2.3) should be invariant under the trans-
formation that we are interested in, just like in Euclidean geometry the line
element ds? = dx? 4 dy? + dz? is invariant under a translation or a rotation.
We use greek letter p,v = 0,1,2,3 as indices of coordinate, say z*, where
= ct and 2! = z,2% = y,23 = 2. Usually instead of z,y,z we will let
z!, 22, 2% be spatial coordinates, and we use letters 7,7,k = 1,2,3 to run
through spatial indices.

We further introduce the diagonal matrix

20

-1
N = diag(—1,1,1,1) =

Then
As? = (Ax)Tn(Ax)

where Ax = (cAt, Az, Ay, Az). We could use the index notation, but here
we are more concerned with the matrix multiplication. Then since we have
seen that Lorentz transformation must be linear in Method I, the Lorentz
transformation corresponds to a matrix A such that

x = Ax.
Since the line element is invariant under Lorentz transformation, we must have
As? = (Ax)Tn(AxX) = (Ax)Tn(AX) = (Ax)TATHA(AX).

Therefore we have
n=ATpA. (2.7)

The matrices A satisfying (2.7) are called Lorentz transformations (this
time formally). Lets try to understand the solutions to this. We can start by
counting how many we expect. The matrix A has 4 x 4 = 16 components.
Both sides of equation (2.7) are symmetric matrices, which means that the
equation only provides 10 constraints on the coefficients of A. We therefore
expect to find 16 — 10 = 6 independent solutions.

The solution of (2.7) fall into 2 classes. The first class is very familiar. We
consider the solution of the form

where R are 3 x 3 matrices. Thus these matrices leave the time component
intact and change the spatial component. The condition (2.7) reduces to

RTR=1.
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We know that the Rs that satisfies this equation are precisely the spatial
rotations. The remaining three solutions to (2.7) are the Lorentz boosts that
we discussed in Method I. The boost along the z-axis is given by

~ —yv/ec |0 0

| —w/e ~y 00
A= 0 0 10
0 0 0 1

Two remaining solutions are boosts in ¥, z directions.

It can be checked that the set of all As satisfying (2.7) form a group. This
is called the Lorentz group, denoted by O(3,1). One can also check that
det A2 = 1, which implies det A = +£1. So O(3,1) splits into two parts, the
part where det A = 1 are denoted by SO(3,1).

We will now see how to use Lorentz group to derive the addition of veloci-
ties. For a boost with velocity v in z-direction, we can focus on the upper left

part:
A@]:( i ‘W/C>.

—wfe 7

Now if we combine two boosts, both in z-direction, we have that

A[v1] A [vg] = ( n —mvi/e ) < V2 —2u2/c ) .

—’Y1'U1/C it —’72'02/0 72

A little algebra shows
vy + V2
An|Afv] =A | ——— . *
ol Ao = A [ 22 )
What does this piece of math tell us? Imagine now a particle moves with a
constant velocity u' in the S’ frame, which moves with a constant velocity v
relative to the frame S. What is the velocity u of the particle in S?7 Newtonian
theory will simply give u = «' + v, but this is wrong when v’ = ¢. This
situation, then, amounts to applying two boosts, with v;y = «’ and vy = v.
Thus we get
u +v

YT +u'v/c?

Notice that when v’ = ¢ we get u = ¢, which is just what we want.
Is there a better way to arrive at (*)? There is, actually. Recall that when

we add rotations
cosf sind
R[p) = ( —sinf cosf >

we have

R [91] R [92] =R [91 + 92] .

But the nice addition rule only worked because we were clever in parame-
terising our rotation by an angle. In the case of Lorentz boosts, there is a
similarly clever parameterisation. Instead of using the velocity v, we define
the rapidity p by

~v = cosh p.
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Then

sinh p = m: V2 —1= o
c

Therefore we can write a Lorentz boost by
_ coshy —sinhe
Alel = < —sinhy  coshg ) ’
Now we have
Afpr] Alpe] = Alpr + o] -

Also, combining the two equation above we see that

tanh sinhe vy/e v
an = — = = -
¥ = Cosh % y c

or v = ctanh (.

ct ct'

}o

Figure 2.9: A Lorentz boost as a change of coordinates (linear transforma-
tion) on a spacetime diagram. The rapidity € is a measure of the velocity
between the two frames.

Time Dilation and the Twin Paradox

Just the few facts about the geometry of the spacetime of special relativity
can be put to work to derive some its most famous consequences. First is the
phenomenon of time dilation. The proper time, 745, between any two points
A and B on timelike world line can be computed by integrating the differential
dr:

B B 12
TAB = / dr = / [dt? — (da® + dy? + dz?) /c?]
A A

1/2
s 1 dz\? dy 2 dz\?
= dt<1l——= || — - — .
[Pafi-F (%) (3 + (%)
More compactly,

tp
TAB :/ dt’ [1 — v2(t/)/02] vz,

ta
Since the integrand [1 — v%/c?]'/2 < 1, we have that

tp
TAB </ dt' =tp —ta.

ta
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This is the phenomenon of time dilation, summarized by the slogan "moving
clocks run slow". It will frequently be useful to consider the differential form

dr = dt\/1 —v?/c2.

A curcial fact is that for more general trajectories, the proper time and the
coordinate time are different (although proper time is always that measured
by the clock carried by an observer along the trajectory).

Figure 2.10: the Twin Paradox.
Consider two trajectories between event O and B, one straightline crossing
a halfway point marked A, and another traveled by an observer moving away

from O at a constant velocity v to a point C then back at a constant velocity
—v to intersect at the event B. Suppose the coordinates are given by

A= <;At,0> C= <;At, Aa:) B = (At,0)

with Az = %vAt. Then clearly

AN 1 1
o0 = \/<2At) — (Ax)? = 5@& < 54t

Therefore
TocB = V1 — v2At < At.

Even though two observers begin and end at the same points in spacetime, they
have aged different amounts. This is the famous "twin paradox". The truth is
straightforward: a nonstraight path in spacetime has a different interval than
a straight path, just as a nonstraight path in space has a different length than
a straight one.

Length Contraction

We will conclude this section with some relativistic effects. The first effect
is the length contraction. The length of any object in a moving reference
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frame will be contracted. To see this, notice that the length of a rod in a frame
is the distance between two events happening in the same time in that frame.
So say in a rest frame, the length of a rod is given by L = x9 —x1. That is, two
ends of the rod are at coordinates (0,21) and (0,22) Then consider another
frame moving with velocity v relative to the rest frame, what is the length of
the same rod L measured in the moving frame? Well, L' = zf, — 2 and

L' = x5 — 2 = y(x2 — vta) — y(x1 — vt1) = y(22 — 21) = 7L

The second step is just the formula for Lorentz transformation derived before,
and in the third step we used the fact that the two measurements in the rest
frame are made simultaneously: t; = to. Another way to write the formula
above is %

o
If v &~ ¢ then 1/v = 0. That is to say, that an object at rest might be measured
to be 200 feet long; yet the same object when moving at relativistic speeds
relative to the observer/measurer would have a measured length which is less
than 200 ft. See this link for an interesting demonstration.

L

2.6 Vector, Dual Vertors, and Tensors

In this section we will introduce the tensor language for relativity.

Vectors

We will start with vectors. In spacetime, vectors are 4-dimensional, and usu-
ally called 4-vectors. This turns out to make quite a bit of difference. For
example, there is no such thing as a cross product between two 4-vectors.

One of the most important things to emphasize is that each vector is
located at a given point in spacetime. In R” one can slide vectors from point
to point. But once we introduce curvature, we lose the ability to mive vectors
uniquely around a manifold. Rather, to each point p in spacetime we associate
the set of all possible vectors located at p, called the tangent space at p, or
T,. Each tangent space T}, is a vector space.

Let us imagine at each tangent space T}, we set up a basis of four vectors
eu. Then any abstract vector V' € T}, can be written as

V =Vke,

where V# € R are coefficients. They are called the components of the vector
V' with respect to the basis e,. An example of a vector in spacetime is the
tangent vector to a curve. A paramterized curve or path through spacetime is
specified by the coordinates as a function of the paramter, for example z#(\).
The tangent vector V() has components

dzt
VHF = —.
d\

The entire vector is V' = V*e,. Under the Lorentz transformation the coordi-

nates changes by
= AP ¥,
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https://www.physicsclassroom.com/mmedia/specrel/lc.cfm

Notice that we do the prime in the indices y/, not (z')*, because the geometri-
cal object is the same, the only things that have changed are the components,
due to a change of coordinate. Taking derivatives on both sides gives the
vector transformation rule under the Lorentz transformation:

VE =AM VY

We have the component rule. But how does the basis vector change? Since
the vector V' even when we changed the coordinates (components are changed,
but not the vector itself), we have

V=Vhie,=V"e, =N Vie,.
But this relation must hold for every V*#, so we conclude
€u = A Hel,/.

To get the new basis e,/ in terms of the old one e, we should multiply the
inverse of A"’#. But the inverse of a Lorentz transformation from the un-
primed coordinate to the prime coordinate is itself a Lorentz transformation.

Therefore, we introduce the following notation for the inverse of A » Which

is the same symbol but with primed and unprimed indices switched. That is,
A", has an inverse A”_,. Or

BoAV _ sp
AR AN, =61,
/ ’
AJ)\A/\T/: 70_-/.

. . . . . /,[/
Thus multiplying both sides of the previous equation by A", we get

_AM
ey = A" e,

Dual Vectors

Let V' be a finite dimensional vector space. Let V* be its dual. If {e,} C V is
a basis of the vector space, then there exists a natrually induced basis for the
dual space {e’} C V*, defined by e”(e,) = d,,. Notice that as vector space,
there is a natural isomorphism from V** to V, given by the map

p: VoV v B,

where

Ev(¢) = d)(U)
for all ¢ € V*. It is easy to verify that this map ¢ : v — F, is linear. Also, ¢
is injective: Say E, = E,. Then

Ey(et) = e#(v) = v* = wh = el (w) = Ey(et).

Hence v = w. And since dim V' = dim V* = dim(V*)*, we see (by rank-nullity
theorem) that ¢ is also surjective. Hence ¢ is indeed an isomorphism. Since
V** =2V, we shall make no distinction between v € V and E, € V**, and we
simply denote v for F, in V**. With this notation, we see that

ev(et) == E, (e!') = et(e)) = 6.
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Now let w € V*, or given a tangent space T}, let w € T;. Then we can use
the same argument to see how dual vector transforms. The answer is
wy = A

“/(JJV.

And for basis dual vectors,

e’ = A e°.
This should come no surprise, since there is really no other way it can be
given how the indices are placed. In spacetime, the simplest example of a dual

vector is the gradient of a scalar function. This is the set of partial derivatives
with respect to the spacetime coordinate, which we denote by

99

83:“

do =
You may think the notation d¢ is confusing, since it is the same notation we
use for a differential, or a line element. Turns out that they are really the

same thing. As we will see later. But for now bear with me for a moment.
The components transforms according to the chain rule:

o ozt Dy, 00

— - .
oxH  OzH Oxk M Ok

In the last step we have used the fact that since z# = A* M,:c“/, the differential
0z _ AM | We have
TH K

must transform like do# = A" d
seen that dual vectors act on vectors in a natural way:

w(V) =wue!(VVe,) = w, V7! (e)) = w, VY8 =w,V* € R.
Therefore gradient can act on tangent vector in the same way:

:c“ dgb

do(V) = b5y =

by the chain rule.

Tensors

Now, a tensor T" of rank (k,!) is just a multi-linear map

T:V*><~~V*><V><~-><VJ—>R.
k !

We can add tensors of the same rank and multiply tensor by a scalar, in the
obvious ways. This makes tensors of rank (k,[) into a vector space. We can
also combine a tensor T of rank (k,l) and a tensor 7" of rank (k’,1') into a
new tensor T'® T of rank (k + k', 1 +1") by
(T @ T (wh, ...,w* W+ W oy, VIt 1y weey ULl?)
= T(w, LI vy) - T’(wkﬂ, ...,wkHCl, ULy weey VIl?)-

We can also define the components of a tensor T' of rank (k,[), after having
chosen a basis {e,} for V.

15005t _ i1 o .
Tt =T(e",...,e"* ej,....,€ej5).
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Notice that we can expand the tensor as a linear combination of basis elements:

1 k _ 1 i1 k i, ,J1 i
T(w,..,w" 01, vy) = Tw e wp e v ey, vy )
_ 1 kg1 Jip( pin i* 4
=Wy, wp v T(e,....e" e, ..., ej)
_ il ) ) j1 (1 k
=T 1 G ®® e, ® N @l (w, ., wh v, ).

Here we used the identification of double dual vectors with vectors mentioned
above, and allowing vectors act on dual vectors. The element of the form

e ® Qe @@ el

constitute a basis for the vector space of rank (k, ) tensors. If our vector space
has dimension n, then this vector space of (k,1)-tensors has dimension n**’.
Finally, the transformation of tensor components under Lorentz transfor-
mations can be derived by applying what we already know about transforma-
tion of basis vectors and dual vectors. The answer is just what you would
expect from index placement:
R AR AR AV AV e
T Vo] =N AR A 1,}1 A Vz'T Ly
This is why tensor is so good! Because they can make our equations inde-
pendent of coordinate transformation. Suppose we have a tensor equation,
say

1 — QHL
T y =9

vy vy-ypt

Then we move the RHS to the LHS and get

[y _ gHL —
T vy — 9 vy, = 0
This difference is a tensor, which is zero in all of its component. How does
this tensor transform? We have

vy

/7 ! /7 ! ! /
My M My Mg _ AM M V1 v 1 b
T — S g = A N AT AT (T,

— QM1 HE
vy vy T o Vl)

= Aullm o 'A%ukAylz/{ A", (0) =0.

Y

Therefore, if a tensor equation holds in one frame, it holds in every frame.
Remember all those wonderful things that you first learned about in special
relativity: time dilation and length contraction and twins and spaceships so on.
Youll never have to worry about those again. From now on, you can guarantee
that youre working with a theory consistent with relativity by ensuring two
simple things:

e That you only deal with tensors.
e That the indices match up on both sides of the equation.

Its sad, but true. Its all part of growing up and not having fun anymore.
We can multiply two tensors to get a third tensor. For example,

Ul = TEeS5,

is a perfectly good (1,1) tensor. There is a particular type of tensor we want to
introduce, the (0,2) tensors. They are linear maps that take two vectors and
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give a real number. These are sometimes called inner product. For example,
the inner product in Euclidean space, which we denote by E(-,-), is given by

E(V,W)=VW! + V2W?2 4 V3W3 = 5, V'V,
In Minkowski spacetime, this is the familar 4-vector inner product:
n(V,W) =n,VFW".

We refer to two vectors whose inner product vanishes as orthogonal. Since
inner products are scalars, which are invariant under Lorentz transformations,
the basis vector of any Cartesian inertial frame, which are chosen to be or-
thogonal, remains orthogonal after a Lorentz transformation.

We introduce the inverse metric n*, a type of (2,0) tensor defined as
the inverse of the metric:

77uy77up = nupﬁ"“ = 55-

Operation of Tensors

One can contract a (k,l) tensor and make it into a (k — 1,1 — 1) tensor by
summing over one upper and one lower index:

[T — g
S O'_T ov

The inverse metric can be used to raise and lower indices of tensors. Given
a tensor T 5+ We can use metric to define new tensors, which we choose to
denote by the same letter T

TPk = pt 7Taﬁv5

Tuﬂvﬁ = WuaTaﬁms

Tul/'m7 = nuanuﬁnp’yngéTQB’yé
Vi =nu V"

wh =nMw,.

And this gives us the right to simultaneously raise and lower a pair of indices
being contracted over:

AMBy = Ao B° = 60A,B% = A,B°.

A tensor is symmetric in any of its indices if it is unchanged under exchange
of those indices. For example, we say S is symmetric in its first two indices if

Suvp = Svup-

And if
Suvp = Supv = Spuw = Svpp = Svpp = Spvu;

we say S is symmetric in all of its indices. A tensor is antisymmetric in any
of its indices if it changes sign when those indices are exchanged. Thus

A/wp = _Apvu

39



means A is antisymmetric in its first and third indices. Notice that it makes
no sense to exchange an upper and an lower indices, so do not think of §, as a
symmetric tensor. Given any tensor, we can symmetrize any number of its
upper and lower indices: just take the sum of all permutations of the relevant
indices and divide by the number of terms:

1
T pzim)p” = n! Z Ty’
TESH
where S, denotes the symmetric group of n letters and 7 € S, is a permutation
on n letters. The reason we divide by the factor n! is that if T is already
symmetric, then if we symmetrize it we want to get the same tensor. We can
also antisymmetrize a tensor by summing over alternatively:

1
Tysigunlp” = n! Z Sgn(T)Tf(ur--un)ﬂa
TESK

where sgn(7) is 1 if 7 is an even permutation, and is -1 if 7 is an odd per-
mutation. A tensor that has been antisymmetrized is antisymmetric, in the
corresponding indices: If we switch two indices, then an even permutation will
become an odd permutation, and an odd permutation will become an even
permutation, so sgn(7) will change sign for all 7 € S,,. Therefore this result
in a total of a minus sign.

Sometimes we want to (anti)symmetrize indices that are not next to each
other. In this case we use vertical bars to denote indices not included in the
sum:

1
Ttule) = 5 Tuvp + Toup) -
For a (1,1) tensor X", the trace is a scalar, often denoted by leaving off

the indices, which is simply the contraction

— XK

X =X",.
For a (0,2) tensor Y),, to compute the trace, we must first raise an index:
Y“ﬁ :=U“AY3u

then we do the sum:
Y = Y)\)\ = UMVY“Z,.

Gradient, Normal Vectors, and Flux

I want to conclude this section by pointing out the connection between gradi-
ent, differentials, one forms, normal vectors, and flux. First, given a choice of
coordinate x® (we can do this in flat spacetime, but it will be more difficult
on manifolds). Then consider the gradient dz*of the scalar function z*, then
we have

dxt =

e’ = ot e’ = el

lokind
So it turned out that our basis for the covector are exactly dz#s. This turns
out to still be true on curved manifolds. Then the gradient of an arbitrary
scalar function ¢ now becomes
99 , 09

— Y o Iz
do 83}“6 Bt dx”.
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Holy crap! This is the chain rule for differentiating ¢, which we think of as
a infinitesimal change d¢ is given by the sum of infinitesimal dz*s times the
respective rate of change 0,,¢. But really this is an informal notion of gradient
written as a linear combination of dual vector basis dz*, where the coeflicients
are given by exactly 0,,¢.

Now the key point: The gradient d¢ defines a constant surface ¢ = ¢ for
some constant ¢, since it defines uniquely the normal vector to this surface.
And the flux of a vector N on this normal surface is given by its contraction
with the gradient. To see this, we consider a level surface

p(at) = ¢
for some constant c¢. Now let z#(\) be a parametrized curve on this level
surface ¢ = ¢. Clearly its tangent vector is given by
m
pe =
d\

These are also the tangent vectors of this level surface. We can construct a
vector V¢, whose component is given by

(Vo) =0 (dd)y = 0" 0,¢.

We claim that V¢ and V are orthogonal. Indeed,

Mo (VOY VY = 11 (1 10) V7 = 67,008V = 0,0V
But
0¢ dx¥ dp d
oxv d\  d\  dt
This completes the proof. Thus we can define a normal vector V¢ of the
constant surface ¢ = c¢. Usually we want to normalize it, so define

_ V¢
[0 (VO)1(V )7 [1/2
Recall that when we study electrodynamic, to calculate the flux of a vector

field F on a surface S with unit normal n, we simply compute F - n and
integrate over the surface. Thus the flux is given by

q):/F-ndS.
S

But sometimes F - n along will be sufficient to determine the flux, since all
we have to do is integrate this scalar over a given surface. In 4-dimensional
spacetime, we use the same notion. So suppose we have a 4-vector N. How
do we compute its flux in the z® direction? The normal vector of the constant
surface % = ¢ is Va®. It is already normalized, since

(an))\ _ nA'yayxa _ n)\'y(sa’y _ 77)\04_

OV’ =

(c)=0.

n

Thus
7 (V&) (V)| = |nun™ 0| = In**] = 1.
Son = (Vz®). And we have
N (Vz%) = 1, (V) NY = n,n*N” = 6%, N" = N“.
So the flux of N in x® direction is just N®. Also notice that
dz®(N) = 9z N# = ¢% NF = N
So the flux of N in z® direction can obtained by dz®(N).
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2.7 Relativistic Dynamics

From now on we set ¢ = 1. Let us start with the world line of a single particle,
which we usually think of the path being a parametrized curve x#(\). Let us
take proper time 7 as our paramter: A = 7. And define the 4-velocity:

dzt
Ut = —.
dr

The four velocity is normalized:
NuwU'UY = —1.
To see this, we notice that the line element is given by
ds?® = N datdz” .
Therefore

ds\? dz# dz¥
— = _— = KV = —]_
<d7’> e dr dr UMY

The last step is simply by definition dr? = —ds?/c? = —ds? since c = 1. We
can give a more explicit form of 4-velocity. Since by chain rule,

[ dx*

det datdt  dat (dr\Th  dat 1 dat
dr — dt dr  dt

dt \dt) T dt yi—o2 Dt

Therefore,
U = (7,7V*,AVY,4V?) = (7,7V).

Newtons first law of motion holds in special relativistic mechanics as well
as nonrelativistic mechanics. In the absence of forces, a body is at rest or
moves in a straight line at constant speed. This is summarized by

w_,

dr
The objective of relativistic mechanics is to introduce the analog of Newtons
second law F' = ma. There is nothing from which this law can be derived, but
plausibly it must satisfy certain properties: (1) It must satisfy the principle of
relativity, i.e., take the same form in every inertial frame; (2) It must reduces
to the equation above in the absence of forces; (3) it must reduce to F = ma in
any inertial frame when the speed of the particle is much less than the speed
of light. The choice

— =F
de

naturally suggests itself. Here m is the rest mass of the particle. This is
the correct law of motion for special relativistic mechanics and the special
relativistic generalization of Newtons second law. By introducing the four-

acceleration four-vector
dU

Codr

we recover F = ma. We can also define the 4-momentum:

a

P = mU*
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where m is the rest mass of the particle. One can see that

Nuwp'p” = —m?.

Componentwise, we have that
p = (ym,ymV).
For small speeds v := |V| < 1, we have that

t_.0_ ™M
p_p 1_,02

1
~m+ §mv2 + O(v?).

This reduces to the rest energy plus the momentum of the particle. Fixing the
dimension by adding ¢, we see that the rest energy is given by

Ey = mc?.
So p¥ is nothing but the energy. We can rewrite 7,,p*p” = —m? and get the
energy:
E =+/m?+p%

2.8 Energy Momentum Tensor

Although p* provides a complete description of the energy and momentum of
an individual particle, we often need to deal with extended systems with huge
numbers of particles. We instead describe this system as a fluid - a continuum
characterized by macroscopic quantities such as density, pressure, viscosity,
and so on.

Figure 2.11: An example of dust.

We will first start off with a simple example of dust. Dust may be defined
as a collection of particles that have mass and energy, and at rest with respect
to each other. In a dust cloud, different dust element may have different rest
frames (the frames with respect to which it is at rest), but for each individual
element we an define a rest frame. This is where we start to describe the
dust. How can we characterize dust? First we may want to know how many
dust particles are there per unit volume. We call this quantity the number
density. Let us define ng to be the number density in the chosen rest frame
(which has dimension 1/m?). But we also want to know how to characterize
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the number density outside of the chosen rest frame, i.e. in some other in-
ertial frame. Let us consider a frame moving at speed v with respect to the
rest frame. The number of dust elements stays the same, but the volume is
contracted. So suppose the volume were originally AxAyAz, then contraction
will reduce this volume to AxAyAzv1 —v2. So we conclude that

n = yng.

Also, there will be a flow of the dust through space. We can define a flux that
describes the number of particles crossing unit area per unit time. This is a
three-vector, which can only be the number density times the 3-velocity:

n=nv = "yngv.
We can combine these two pieces together into a 4-vector N, by
N = (n,nv) = ng(y,vv) = noU.

Here U is the overall 4-velocity field of the dust (but this is also the constant
4-velocity of individual particles since they are at rest with respect to each
other). This is really cool, since now we have a geometrical object. Every
little element in the dust have a trajectory through spacetime, and we can
attach a 4-velocity to it. And if we know the number density of the dust in
some rest frame, we can describe the dust in other frames. By our previous
discussion on gradient and flux, we see that the flux of N in the 20 = ¢ direction
is given by
(dt)sNP = 65 NP = N* = n.

So the flux of this vector through time is actually density. Now, the flux out
of a certain volume must come at the expense of the density of the dust inside
the volume. Mathematically, this is the conservation law given by

on

— =-V:'n

ot
where on the right hand side we are just doing dot product of the 3-vectors.
Writing this in a different way, we see that

OaN* = 0.

Or we can integrate the equation of conservation and use divergence theorem
to get the integral form of conservation law:

a/ndV:—/ n - dSs.
ot Jv ov

One important place where conservation law holds is in electromagnetism.
Recall that we can define a 4-current

J=(p,J)

where p is the charge density and j is the current density. Then the conserva-
tion of charge reads
dp
—=-V-j 0 J* = 0.
5t j or o
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Now, electric and magnetic field are difficult to describe using geometric object
perfect for spacetime. So if we want to describe electric and magnetic field
using a geometric object, the first thing we think of is a 4-vector. But a 4-
vector has only 4 components whereas E and B have a total of 6 component.
So a 4-vector is not enough. It does not make too much sense either to
make two 4-vectors and just ignore 2 redundant component. What about
a 2-tensor? It has 16 components. That’s too much. What if we make the
tensor symmetric? Then there are only 10 independent component. But that
is still too much. What about an antisymmetric tensor? An antisymmetric
tensor must have zeros in the diagonal entries since 7% = —T#%_ Thus the
independent component are 10 — 4 = 6, which is exactly the number we need.
Therefore, we can define an antisymmetric tensor F*” that captures all the
information we need to know about the E and B fields:

0O E, E, E.
~E, 0 B, -B,
-E, -B. 0 B,
~E. B, —-B, 0

=

We can also lower the indices by
FMV = T]uanV5Fa6‘
Then Maxwell’s equations become

O, F* = Amx JH
8[#F,,)\] =0.

Notice that Maxwell’s equation already implies that the current has zero di-
vergence:

478, TP = 8,0, F™
= 0,0, F"
— —0,0,F" =0
— 8,0, F"™ M =,

This is actually a trick we will use from time to time: If S is a symmetric
tensor and A is an antisymmetric tensor, then

S A = 0.

Now, let us go back to the dust example. We can also consider the energy
and momentum of dust. Suppose each dust particle has a rest mass m. Then
in the chosen rest frame of a dust element we have its rest energy density:

po = Mmnyg.

In a frame moving with speed v relative to the rest frame, we have the energy
density in this frame being

p = (ym)(yno) = v*mng = v*po.
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If this p were a component of a 4-vector, there is no way by a Lorentz transfor-
mation (which will only pick up a factor of v) we pick up a factor of 42. This
this is not a component of a 4-vector. Of course this is not a scalar, which is
invariant under Lorentz transformation. Conclusion: p is the component of a
tensor. What is this tensor? Well, we assembled p by combining energy, the
timelike component of p, and the number density, the timelike component of
N. Therefore, p = p! N* suggests that the tensor 7" such that 7% = p is given
by
T'=N@p=nmU&U=pUcU.

Or in component form:
T = poUFU".

Actually there is a physical definition of this tensor T":
T°? = flux of 4-momentum p in the z° direction.

This is the energy-momentum tensor. So for example: T% = pU°U° =
v2po = p. So this is the flux of momentum in the ¢ direction. The flux of
energy in time direction is energy density. This should be no surprise, since
the flux of the vector N in time is given by

(dt)sNP = N° =n

which is the number density. We describe the flux of a thing in time as just
being its density.! What about the other components? 7% is the flux of p’
in 2 direction, so this is energy flux. 7% is the flux of p’ in the t direction.
So this is momentum density, as we discussed. T% is the flux of p’ in the 2/
direction, which is just momentum flux. If we write out these components, we
get

T = 22 po0t T = 42 pt T = o2 pyvivd.

Thus the energy-momentum tensor for dust is symmetric. Actually, in all
physical cases, the energy-momentum tensors are always symmetric.[?]

Another example is the perfect fluid. A perfect fluid is such that there
exists a rest frame for some fluid element that no energy flow is present in the
rest frame (T% = 0), and no lateral stresses (T = 0 when i # j). Moreover,
the fluid is characterized completely by the energy density p of the fluid, and
its pressure p, which is an isotropic spatial stress (same in all direction). So
in this frame,

p 0 0 0
. 0 00 .
™=1, g » 0 = diag(p,p, p, p).
000 p

We would like, of course, a formula that is good in any frame. For dust we
have TH" = poUHU", so we might begin by guessing (p + p)U*U”. Then in

L This is not as trivial as it sounds. We define the fluz to of something across a surface to
be the amount of something crossing a unit area of that surface in a unit time. And things
are more subtle when we discuss time flux. For detailed explanation, see [?] section 4.2-4.5,
where the time flux being the energy density is explained in section 4.3.
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this rest frame, we get

p+p 0 0 0
0 000
0 000
0 000

This is not quite right, but not too bad. We see that all we need is to add

—p 0 0 0
0 p 0 0
0 0 p 0
0 0 0 p

to get the right answer. Fortunately, this has an obvious covariant general-
ization, namely pn*”. Thus, the general form of the energy-momentum tensor
for a perfect fluid is

T = (p+p)UU" +pn™”.

We can have complete confidence in the result. Since this result reduces to
diag(p,p,p,p) in the rest frame, and this is a tensorial expression, we know
that TH” above must be the right expression in any frame. This is the good
thing about tensor! If it is true in one frame, it is true in all frame.
Therefore, you can now recall the Newtonian equation of gravitation:

V2¢ = 47Gp.

You can immediately see where the problem is: since p is just component of a
tensor, this is not a healthy theory. We have to make this equation tensorial.
So we say, since the component of the energy-momentum tensor plays a huge
role in gravity, we must replace the RHS of this equation by some constant
times T"”. And on the LHS we have some sort of second order derivative,
which also needs a tensorial generalization. So our Einstein field equation
should be something like

[VZ(a potential like object)] ., oc Ty .

And that potential like object turned out to be the metric of spacetime. We
will spend the next chapter developing the tools for generalizing the LHS.
One of the most important property of the energy-momentum tensor is
that it is conserved:
0,T"" = 0.

This is a set of 4 equations, one for each value of v. When v = 0, the equation
is just conservation of energy, and when v = k for k = 1,2, 3, the equation is
just conservation of momentum in the kth direction.
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Chapter 3

Geometry of Spacetime

Let us review what we have done so far. Einstein developed the theory of
special relativity based on two postulates:

1. The laws of physics are the same in all inertial frames.
2. The speed of light is the same in all inertial frames.

Because of postulate 2, we are forced to conclude that our spacetime has a
very different geometrical structure than that we used to think. Namely, a
line element takes the form ds? = —dt? + dx? + dy? + dz?, instead of the
intuitive Euclidean line element ds? = dz? + dy? + dz%. This our spacetime
with this geometrical structure is called the Minkowski spacetime. Now,
according to postulate 1, all physical laws should be take the same form in all
inertial frames, meaning they should be invariant under Lorentz transforma-
tions. Therefore, it is natural to review all the physical laws that had been
previously developed and see if they fit into the relativistic framework. If yes,
then great; if not, we need to modify them.

The first physical theory that Einstein looked into was Maxwell’s theory
for electricity and magnetism. They are described by four beautiful equations:
Maxwell’s equations. We have seen that Maxwell’s equations are not invariant
under Galilean transformation. But luckily, they are invariant under Lorentz
transformations (For details see this link). Therefore, Maxwell’s theory of
electricity and magnetism fits perfectly into Einstein’s relativity framework.

The next thing Einstein looked into was Newtonian theory of motion, which
is governed by the law F = ma. Although this theory is not Lorentz invari-
ant, but as we seen in the previous chapter, we can define the 4-velocity
UF = dz#/dr and the acceleration to be a = dU/d7r. Then we can generalize
Newton’s second law into mdU/dr = F, where F is the 4-force. Therefore,
We have successfully generalized Newtonian dynamics, which fits into rela-
tivistic framework. This is nice. And it shows that special relativity describes
accelerated motions just fine.

But there is one thing missing: gravity. As we have seen before, Newton’s
theory of gravity implies Poisson’s equation

V3¢ = 4nGp.

And we have discussed in the last chapter that this theory does not work well
in relativistic framework. Therefore, a remedy of Newton’s theory of gravity
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is needed. You may think this is not very hard, since after all Newton’s
formulation of gravity looks almost the same as the Columb force:

mimsa
Fgrav =G

2 €r Feolumb = k%er-

And you may think since Maxwell’s theory of electromagnetism fits perfectly
into special relativity, we may develop a theory of gravity that is similar to
the theory raised by Maxwell, and since they are of almost identical nature,
we can fit gravity into the picture with not much effort. Physicists tried
that, but failed, unfortunately. The reason is that the columb force depends
on charges of particles (positive or negative), while the mass of a particle is
always positive. And this seemingly tiny subtlety destroyed this attempt.

At last, it was Einstein who saved the day, once again. Einstein suggested
that if we could not fit gravity into the framework of special relativity, we
need to establish a new theory of gravity, which again revolutionized our un-
derstanding of spacetime. Einstein proposed that our spacetime is actually a
4-manifold instead of Minkowski spacetime. And the motivation behind this
revolutionary proposition was the Principle of Equivalence.

3.1 Principle of Equivalence

The principle of equivalence has different forms. The first one is the Weak
Equivalence Principle (WEP). Then Einstein generalized this to Einstein’s
Equivalence Principle (EEP). We first start with WEP and then move to
EEP.

To understand WEP, we must first understand the difference between in-
ertial mass and gravitational mass. So say we have two balls in deep space,
where the gravity is absent. How do we determine which one is heavier? We
can apply a force F' = 1N to both balls. Then the ball accelerates, and we can
measure the magnitude of the acceleration. Then by using Newton’s second
law, we get that the mass of individual balls is equal to the ratio of force over
acceleration. This quantity that we calculated, the so called "mass", is the
inertial mass. It characterizes how a body will react to a given force, i.e.
how hard it is to make this body move. We denote this mass by my. If we are
on earth, then there is a gravitational field, which is apprxoimately uniform,
g = 9.8m/s%, pointing towards the center of the earth. Then we have a nat-
ural intuition of how heavy the ball is: namely how much gravitational force
the ball experiences. If we can measure this gravitational force, and we divide
by g, we get the so called gravitational mass, which we denote by mg. It
characterizes how much gravitational force a certain object experiences. Now
since the gravitational force of an object with gravitationl mass mg is given
by F = mgg, and by Newton’s second law, we have F = mja, then equat-
ing these two expressions (assuming the object only experience the force of

gravity) we have
()
a=|(—|g
mp

One often compart gravity with the force of a particle with charge g experiences
in an electric field E, so we might as well cpmpare these two expressions. The
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acceleration that the charged particle experiences is

a= (i)E
m
where m is the inertial mass of the particle. So somehow you can think of
m¢ as the gravitational charge, and the ratio mg/m; as the counterpart of
g/m in electromagnetic theory. Galileo long ago showed that (apocryphally by
dropping weights off the Leaning Tower of Pisa) that the response of matter
to gravity is universal - every object falls at the same rate in the gravitational
field, independent of the composition of the object. In other words, two objects
starting with the same initial state fall at the same rate. That is, mg/my is
a constant. By adjusting the value of the gravitational constant G in F =

G™32 e, we may assume mg/my =1, or
mg =mrjy.

But one should understand that mg and mj; are of very different nature:
One is due to the effect of gravity, the other is observed due to acceleration.
Finstein suggested that these two masses are actually the same thing: They
have different causes, but they have the same effect. This is best characterized

by the following thought experiment.

r
4
%

= 4NN

‘i’

Figure 3.1: An observer inside a closed laboratory cannot distinguish

whether they are in one situation or the other.
Consider an experimenter in a small, closed laboratory at rest on the sur-
face of the Moon or other source of gravitational force as illustrated in the

figure above. The laboratory is small enough that the gravitational field is
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uniform to any accuracy the experimenter can test. The experimenter can
carry out experiments with various objects. For example, if a cannonball and
a feather are dropped, they will fall to the floor of the laboratory with the
same acceleration the local acceleration of gravity g because of the equality of
gravitational and inertial mass. Consider the same laboratory in empty space,
far from any source of gravitational force, not at rest, but accelerated upward
with an acceleration g, as also illustrated in the figure. An experimenter inside
who drops a cannonball and a feather will observe that they fall to the floor
of the laboratory with equal accelerationsthe same result as for the laboratory
at rest in a gravitational field. By this, or any other mechanical experiment
with particles, the experimenter inside cannot tell whether the laboratory is
unaccelerated in a uniform gravitational field or accelerated in empty space.
The two laboratories are equivalent as far as these experiments are concerned.

The power of the equivalence principle derives from its assertion that it
applies to all laws of physics. As an example, if we accept the equivalence
principle, we must also accept that light falls in a gravitational field with
the same acceleration as material bodies. It is not obvious otherwise how to
calculate the effect of gravity on light. There is no Newtonian equation of
motion: no F' = mya. Here is how the equivalence principle forces one to the
conclusion that light falls in a gravitational field.

inertial frame inertial frame rocket frame gravitational field
when light ray enters when light ray exits

Figure 3.2: A light ray in a gravitational field must fall with the same
acceleration as other objects. Gravity bends light!

In empty space, a light ray will move on a straight line in an inertial frame.
Suppose a light ray is observed from a laboratory accelerating transversely to
its direction of propagation (Fig.3.2). In the laboratory frame, the light ray will
exit at a position below where it entered because the laboratory has accelerated
upward in the time the light ray crosses. Thus, in the laboratory frame the
light ray will accelerate downward with the acceleration of the laboratory.
From the equivalence principle, one can deduce that the same behavior occurs
in a uniform gravitational field; i.e., the light ray accelerates downward with
the local acceleration of gravity.

To be careful, we must limit our claims about the impossibility of dis-
tinguishing gravity from uniform acceleration by restricting our attension to
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small enough regions in spacetime (space and time). If the lab is big enough,
the gravitational field would change from place to place in an observable way,
while the effect of acceleration would always fall straight down. But when the
spacetime volume is small, then uniform acceleration over a small enough time
interval barely affects the moving speed of a reference frame (in this case the
lab). Therefore, this lab behaves almost like an inertial frame if the lab occu-
pies a small enough spatial volume and if we consider a small enough interval
of time. Therefore, the WEP can be stated as follows:

Weak Equivalence Principle (WEP). Experiments in a suffi-
ciently small freely falling laboratory, over a sufficiently short time,
give results that are indistinguishable from those of the same ex-
periments in an inertial frame in empty space.

Inertial frame is something we deal with a lot in SR. And we know what
physical laws would be like in inertial frames. So Einstein generalizes to WEP
to the following;:

Einstein Equivalence Principle (EEP). In small enough re-
gions of spacetime, the laws of physics reduce to those of special
relativity; it is impossible to detect the existence of a gravitational
field by means of local experiments.

Guess what? We can actually do better than this. We can show that there
always exists a local Lorentz frame. That means given a set of coordinate
system z®, with metric g, (the component can vary from place to place, need
not be constant). Then there exists a set of coordinates 2, and a coordinate
transformation L : {z%} — {xo‘l}, such that the spacetime is Lorentz in the
vicinity of some event p. By Lorentz we mean the metric in the coordinate
2% has a representation close to 1,3. So suppose that our old coordinate can
be written as functions of the new coordinate:

z® = z%(z).
And this gives rise to the coordinate transformation matrix, which is just the
Jacobian: N

e, = 9

o oo

The goal is to show that we can find a coordinate system such that

Gt = LaM/L’By/ga@ = N (3.1)

over a small region containing p. We can expand the second expression of the
equation above in a Taylor series centered at p. Since we are given the metric
g, and we are free to choose coordinate transformation and their derivatives
to be whatever we want, we can compare the degrees of freedom offered by
the coordinate transformation (which we select) to the constraints imposed by
the metric and its derivatives. If we expand the metric:

JaB = ga,@(p) + (lﬁ/ - $;,)a'y’gocﬁ(p) + 7(1'7 - x; )($UI - 552/)37'80'9@5(1)) T+

And we also have

/

’ 1 ’ ’
La#/ = La“/ (p)—l—(xv —x; )87/Lalu/ (p)+§($,y —xv )(.:UU —xg )67/8U/Lau,(p)+. ..



So now gas(p), 99as(p), 9%gas(p) are constraints, which we have no control
over. And L¢ e oL” e 9L~ L are specifiable, so they are our degrees of free-
dom. Now let us start counting! Plug the expansions into (3.1), we have that
(very schematically):

L% L" gas = L)L’ ,(9)gap(p) + (27 — 2 ) A(8gas(p), 0L )  (3.2)

+ @~ 1))@ ) B0%g0s(p). PL%,).  (33)
Here, A(0¢as(p), 8Lau,) is some function involving the first derivatives of the
metric and L, and similarly for B. We want to make this expression look like
Nu as possible. Let us look at this at the Oth order: My constraints are
9ap(p). Since g is a metric, it is a symmetric 4 x 4 matrix, I thus we have 10
constraints to satisfy. And our degrees of freedom are:

ox®

Lauf (p) = s

This is NOT symmetric. So we have 16 degrees of freedom to satisfy the 10

constraints. We can easily make the Oth order equal to 7,/,/, and we still have

16 — 10 = 6 degrees of freedom. What about the 1st order? My constraints

are 0 gas(p), where v =0,1,2,3. So this gives me 4 x 10 = 40 constraints to
satisfy. The things we are allowed to choose are

02

W0 = B

(p)-

This is symmetric on ¢ and 4/, and o = 0,1,2,3. So we have a total of
4 x 10 = 40 degrees of freedom. This is a perfect match. So we can make the
first order equal to zero, since I have as many constraints as my degrees of
freedom! However, we are not so luck when we come to the 2nd order. The
constraints are:

87’80’9(1,8 (p)

This is symmetric on +/,0’, and symmetric on «, 3. So we have a total of
10 x 10 = 100 constraints to satisfy. And our degrees of freedom are:

B

OO0 L0 (P) = e gt )

The number of degrees of freedom turns out to be (combinatorics...)

n(n+1)(n+2)

4 x
3!

= 80.
n=4

Thus we cannot make the second order derivative of (3.2) vanish. However, we
can make (3.2) equal to 7,/ in the Oth order (which means it is exactly 7,/

LA metric is always symmetric. For
a B 1 a B B a 1 [ B
gapda®da® = - (ga,gdx da? + gpadz®ds ) = 5 (Gap + g50) da*da”.

So so only the symmetric part of gog would survive the sum. As such we may as well take
Jgap to be symmetric in its definition.
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at p), and make its first derivative vanish. But this is already good enough,
since this calculation implies that we can write

g#lyl = 7’]#/”/ + O((A$)2)

The term O((Az)?) vanishes quickly when Az — 0. Therefore, just as the
EEP stated, we can find a local Lorentz frame in a sufficiently small region
around every event p in the spacetime. And the geometric in this small region
is effectively Minkowskian!

Now, when a gravitational field is present, in a sufficiently small region of
spacetime, we can construct locally inertial (Lorentz) frames. Thus to general-
ize the theory of gravity, the solution is to retain the notion of inertial frames,
but to discard the hope that they can be uniquely extended throughout space
and time. Instead, we can define locally inertial frames at every point. We
therefore need to invoke a mathematical framework in which physical theories
can be consistent with these conclusions. The solution will be to imagine the
spacetime has a curved geometry, and that gravitation is a manifestation of
this curvature. > The appropriate mathematical structure for this is that of a
differentiable manifold.

3.2 Smooth Manifolds

We assume the reader is familiar with basic point set topology. Here we quickly
review some definitions from topology. A topology on a set .# is a collection
of subsets of .# that includes (), .#, and are closed under arbitrary unions and
finite intersections. These collection of subsets are called open sets of .# .
The set .# equipped with a topology is called a topological space. A map

fol >N

between two topological spaces is called continuous, if for every open set U C
N, the preimage f~1(U) C .# of U under f is open in .#. If f is bijective and
the inverse f~! is also continuous, then f is called a homeomorphism. The
space .4 , ./ are then called homeomorphic. Two space being homeomorphic
means that they are equivalent from the topological pointview. This is just like
when we say two sets are equivalent in the sense that there exists a bijective
between them, or two vector space being equivalent in the sense that they are
linearly isomorphic.

Suppose . is a Hausdorff, second countable space (that means for every
pair of distinct points there are disjoint open sets containing them, and there
exists a countable basis for the topology of .#). Then we call .Z a topological
manifold of dimension n if for every point p € .# we can find

e An open subset U C .# containing p;

e An open subset V C R";

2Though this is very surprising, we can make some sense into it. Before we discussed
that the response of matter to gravity is independent of the composition of the object, and
they have the same acceleration provided they have the same initial state (e.g. where they
are released). This suggests that the effect of gravity does not depend on matters, but
on spacetime itself. So we may guess that gravity is actually an intrinsic property of the
spacetime, unlike other forces.
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e A homeomorphism ¢ : U — V.

The pair (U, ¢) above is called a chart or coordinate system of .#. A collec-
tion of charts A = {(Uq, )} of A is called an atlas if The set of U, covers
M. When U, NUg # 0, i.e. when two charts intersect, we can define the chart
transition map:

Ta,f * Pa (UaﬂUg) — 3 (UaﬁUg) Ta”@w:gpﬁogo;l,

Since 7,8 is a composition of two homeomorphisms, it is a homeomorphism
itself.

Figure 3.3: Chart transition maps.

Amap f:V — W, where V C R™ and W C R" is called smooth if its
component functions are smooth, i.e. infinitely differentiable. If f is bijective
and the inverse f~! is also smooth, then f is called a diffeomorphism. Then
V,W are called diffeomorphic. Two charts (Uy, po) and (Ug, ) are called
smoothly compatible if either U, N Ug = 0 or the transition map 7, g is
a diffeomorphism (which implies that 75, = (74,5) ! is a diffeomorphism as
well). If any pair of charts in the atlas o/ of .# is smoothly compactible, we
say ./ is a smooth manifold or a C°° manifold.

Given a smooth manifold .#, we can build local coordinates on .#. Sup-
pose we have a chart (U, ) with U C .#. Then we claim that we can build
coordinate U by labeling the points in U uniquely (see the discussion on ref-
erence frames in the last chapter). We have a homeomorphism ¢ : U — V
where V' C R" is some open set in R™. Then, since homeomorphism ¢ is a
bijective map, for every point p € U there exists a unique n-tuple

e(p)=(@=")eVCR" p=12..,n

For different values of p we have different values of (z#). Therefore, for each
w, we can think of z# as a function z# : U C .# — R"™ by the rule z#(p)
is the pth coordinate of the n-tuple ¢(p). Or alternatively, we can think of
labeling the points p on U C .# uniquely by the tuple (z#). This gives the
local coordinates of a manifold .#. Since U and V are homeomorphic, we
identify them sometimes, and think about coordinate lines z* on manifolds
instead.
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Figure 3.4: Local coordinate system

3.3 Tangent Vectors

Having constructed this groundwork, we can now proceed to introduce various
kinds of structure on manifolds. We begin by vectors and tangent spaces. We
mentioned these concepts in the last chapter. One point we stressed was the
notion of a tangent space T}, at a point p € .#, which is the set of all vectors
at a single point on our (spacetime) manifold .Z.

Let us think about how to construct the tangent space 7}, at a point p € .#,
using only things that are intrinsic to .#. We want to define tangent vectors in
an intrinsic way because in relativity often we are given a manifold .# where
the embedding of .Z into larger Euclidean space is not avilable. So there is no
way we can get aid from anything other than the manifold itself. The first thing
we may consider is the tangent vector to a curve v : R — .# passing through
p at the point p. Then we may want to define T}, to be the collection of all
tangent vectors to these curves at the point p. But this is obviously cheating,
since we do not have a notion of what a "tangent vector" to a curve means. But
we are on the right track, we just have to make this coordinate independent.
Since each curve defines a directional derivative on the set of smooth functions®
[/ — R, namely every curve y(\) maps f — d(f ov)/d\()p), we can sort
of identify these operation of directional derivatives to a tangent vector. So
let us think about what directional derivatives need to satisfy in general.

To this end, we define .% to be the set of all smooth functions f : .# — R.
We define a tangent vector v at point p € .# to be a map v : # — R such
that

1. v is linear: For all f,g € .# and a,b € R we have v(af + bg) = av(f) +
bu(g).

2. v obeys the Leibniz rule: v(fg) = f(p)v(g) + g(p)v(f).

It is clear that the set of all tangent vectors 7;, at point p form a vector
space, since addition and scalar multiplication are well-defined: (v +v2)(f) =

3A function f : .# — R is called smooth if for every p € .#, there exists a smooth chart
(U, ) such that p € U and the composite map foy@~':V — R is smooth.
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v1(f) +v2(f) and (av)(f) = av(f). Now we claim that
dim 7, = dim .#Z = n.

We will show this claim by finding a suitable basis for T},. Let (O,v) be
a coordinate chart such that p € O. For p = 1,2,...,n, define the partial
derivative operator 0, : F — R by

_ 9 e
% = gl ov |

Here, (x!,...,2™) are the Cartesian coordinates of R”™. Then it is easy to verify
that

e 0, are indeed tangent vectors (satisfying 1 and 2 above);
e 0, are linearly independent.

We left this easy exercise to the reader. To show that they span T),, we use the
following result from calculus: If F': R™ — R is smooth (C*°), then for each
a = (a',...,a™) € R" there exists C* functions H, such that for all z € R"
we have

F(a) = F(a) + (& — aHy(x)  Hula) = oo

Ok r=a

This is just a generalized version of the chain rule dF = 0,Fdz". Now, we
apply the result here, letting F' = f o¢~! and a = ¥(p). Then, for all ¢ € O,
we have that

f(@) = fp) + [#"(¥(q)) — 2" (¢ (P))1Hu(¥(q))-

Let v € T, we wish to show that v is a linear combination of d,s. To do this,
apply v to f, using the equation above, the linearity, the Leibniz rule, and the
fact that v applied to a constant such as f(p) vanishes. We obtain

v(f) = olf )] + [#"(¥(9)) — 2" (¥ ()] =, v(Hpu 0 ¥) + (Hy 0 (p))o[2" (¥(q)) — 2" (¥(p))]
= [Hy o p(p)Jv(z" o ).

But by our definition, we have that

OF o 0

= W) 5 (Fov™)| =0t

H.U'Ow(p) (93:“ w( )
p

Therefore, we have

v(f) = v"0u(f)
where

vt =wv(at op).

Since this is true for any f € .%, we have that
v=20"0,.

This proves the claim. Therefore, indeed we have dim 7}, = dim .# = n and the
basis of T}, is given by the partial derivatives d,s defined on local coordinates.
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Given a new basis z*, each of them is a function of the old coordinates,
x“/(x“), and the transformation rule of the basis tangent vectors is simply

ox”

OxH

Oy = 0.

Given a vector V', we can write it in terms of two different set of basis:

’ ’ a.’BM
V“@M =V 8,/ =V Wa“
Thus
/ 81"“/
VvV = VE.
OoxH

Notice that dz# /dz* is the inverse of the matrix dz*/dz* . Observe that
this rule is compatible with the Lorentz transformation rule of vectors that we
derived earlier, but much more general. So how exactly are derivations related
to the tangent vectors of curves? Say we have a curve v : R — .#. And say
Ap € R such that v(\,) = p € A#. Let (U,¢) be a chart containing p and
let f € #. Then we can identify the tangent vector of v at p with a tangent
vector T' € T}, such that

T(f) = (7o)

A=Xp

The map povy: R — R™is a curve in R", with components z#(\). Then by
the chain rule (see the figure below), we have

dx*

rmn, A

9 (Fop™

A=y, Ot

dxt

T(f) -=

fon)

= —( ouf.
dA ©(p)
Therefore, the tangent vector T is a linear combination of the partial deriva-
tives with coefficients dx* /d\. This is very easy to remember. So what are the
partial derivatives 0, anyway? Given an arbitrary curve, its tangent vector is

of the from

dx¥
T = K&/'
We see that
O = ‘51/#8”'
Therefore, if we have a curve, with the condition
dz” _ s
dA B

then its tangent vector should be the vector 9,. Clearly, a curve « that
satisfies the condition above is the curve whose image ¢ o v that is constant
in all the components =¥ () for all v # pu, and () is varying (actually, it is
parametrized by A itself). Recalling from our discussion on local coordinate
in the last section, we can think of this curve on .# as the one fixing all the
grids ¥ for v # p. So this curve is a grid line in the p-direction, as the figure
below suggests.
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Figure 3.5: A curve v on M having (9/9z), as its tangent vector at p, with
¢ :U — ¢(U) C R" a diffeomorphism between open sets.

Since a vector v € T, is a map .# — R by taking derivative, it should be
clear that a vector field defines a map % — .% by taking derivatives. Given
two vector fields X, Y, we can define their commutator [X,Y] by

(X, YI(f) = XY () = Y (X))

It is easy to check that the commutator is linear and obeys the Libniz rule. So
the commutator of two vector fields gives a third vector field. The components

can be written as
(X, Y]* = XA, YH — Y 9, XA

This is actually a well-defined tensor. The commutator is sometimes called the
Lie bracket. Note that since partial derivatives commutes, the commutator
of the vector fields given by the partial derivatives of the coordinate functions
0y always vanishes.

3.4 Tensors

Now we follow the steps we took in the last chapter, and study dual vectors.
Given a tangent space Tj, the cotangent space Ty, which is dual to T}, is the
collection of linear maps 7}, — R. In the last chapter, we defined the gradient
of a function f. But now our function f is a map .# — R. There is a natural
way to let the gradient df act on a vector v and give a real number, so the
definition is
df (v) = v(f).
It is easy to check that df is linear. Thus df € T);. We know that dimT); =
dim 7}, = n, so we want to find a basis for 7)7. Clearly the natural basis is the
set of dual vectors w”(9,) = ¢",. But notice that
ozx*

u — 9.zt — _ e
dxz*(9,) = Oy e o*,.

Therefore the gradient dz* are an appropriate set of basis dual vectors (you
should check spanning and linear independence). The transformation law is
just what you would expect:

’

oxH
oxY

dot = dz”.
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It follows immediately that if w = wydz# € T7, then the transformation rule
is given by

ox”

Wy = ——wy.
T

The definition of a tensor is exactly the same as that in a flat space: a (k,[)
tensor is a linear map that takes k£ dual vectors and [ vectors to R. The
component of a tensor in a coordinate basis can be obtained by

THvbE, L, =T (dx! L dat® 0, ..., 0y,).
This is equivalent to
T =T/, 00, ® R0, dz" @ @ dz".
Again we have the transformation rule as expected:

/ ’
V1 1%
pHA Ozt Oxtk Ox ox™
/ /T
vt Qi Otk §rv oz

THI Wy .

However, it is usually easier to transform a tensor by taking the identity of
basis vectors and basis dual vectors as partial derivatives and gradients at face
value, and simply substitute in the coordinate transformation. For example.
let our coordinate system be 2! = z and 2 = y and the tensor be

1 0
Sl“/:<0x2>.

S = S, (de* ® da") = (dz)? + 2*(dy)*.

So we write

Now suppose our coordinate transformation is

X

2z Y
r__ At e

Then we have

/

r=2xy y=2y.
Differentiating, we get
dr = v/da’ + 2'dy’ dy = 2dy/’.
Plugging in:
S = (y’)2 (dx')2 + 2y (da'dy’ + dy'da’) + [(x')2 +4 (x’y’)Q} (dy’)2 .
Therefore,
2
S
vt .
=y @) awy)
For the most part, the various tensor operations we defined in flat space are
unaltered in a more general setting: contraction, symmetrization, and so on.

There are three important exceptions: partial derivatives, the metric, and the
Levi-Civita tensor. Let us look at the partial derivative first.
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In general, the partial derivative is not a tensor. We can see that by
considering the partial derivative of a dual vector, 9,W,. If we change to a
new coordinate we have

n v
0 W oz 0 <6m Wu)

or Y T 9z xi \ oz
ox* oz” 0 ozt 0 0Ox¥
- OzH Oxv' (833“ WV) e At Dk dxV'

The second term in the last line should not be there if 9, W, were to transform
as a (0,2) tensor. This is because the derivative of the transformation matrix
does not vanish, as it did for Lorentz transformations in flat space. Since
differentiation is obviously important in physics, we will have to invent new
tensorial operation to make place of the partial derivative. In fact we will
invent several: the exterior derivative, and covariant derivative, and the Lie
derivative.

One of the most important tensors is the metric tensor. A metric tensor
g is a symmetric, nondegenerate (0,2) tensor. Nondegenerate means the
determinant g = |g,,| does not vanish. This allows us to define the inverse
metric g"¥ via

9" Guo = Grog™ = 8",

In our discussion of path lengths in special relativity, we introduced the
line element
ds® = N dat dx” .

Of course now we know that dz* os really a basis dual vector, it becomes
natural to use the term metric and line element interchangeably, and write

ds® = Gudxtdx”.

Usually there is a set of equivalent expressions for inner product of two vectors
VH and W":
gul/VMWV = g(V, W) = dsz(V, W)

As we will see, the metric tensor contains all the information we need to
describe the curvature of the manifold. And we will also see that the constancy
of the metric components is sufficient for a space to be flat. Although this
is not the case when our spacetime manifold .# is curved, we can always
construct locally inertial coordinates, as we discussed in the first section. The
associated basis vectors then consitute a local Lorentz frame. This is the
rigorous statement of the fact that small enough regions os spacetime look
like flat (Minkowski) spacetime.

3.5 Differential Forms and Integration on Manifolds

As we mentioned before, there are three important non-tensorial objects. Now
we study the second one, the Levi-Civita symbol. This is defined as

+1 if pypo - -y is an even permutation of 012---(n — 1)
€prpzn = § —1 if pipee -+ -y is an odd permutation of 012---(n — 1)

0 otherwise.
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By definition, the Levi-Civita symbol has components specified above in any
coordinate system. So this is not a tensor, which is why we call it a symbol,
for it does not change under coordinate transformation. But its behavior can
be related to that of an ordinary tensor by noting that given any n x n matrix
M" . the determinant [M| = det M obeys

. M1 M2 Hn
sty M| = €y M, M2 M

This is just equivalent to the usual formula in terms of matrices of cofactors,

as you should check. Now if we let M" w = oxt/ ozt | we have

o
Oxt

oxHt QxH2 Oxhn
6 . PR .
M2 i 8%“/1 8:6“/2 81'%

Cph oy =

We have used the fact that %5’;; is the inverse of the matrix g;”:,. And
M~ = |[M|7'. So the Levi-Civita symbol transforms similar to the ten-
sor transformation, except for the determinant factor in the front. How can

we make a tensor out of this? Consider how the metric transforms:

Ozt Oxv
I’ = g’ g Inv-

If we take the determinant on both sides, we find
-2

ozt
lgl.

OxH

gl =

So the determinant of the metric is not a tensor either. "You are not a tensor?
Neither am I! Maybe we can hook up and be a tensor!" Therefore, we can
define the Levi-Civita tensor as

Cprpzpin = V9l €ppapin-

This is now a real tensor. Now let us shift gears and study a special class
of tensors, called differential forms. A differential p-form is a complete
antisymmetric (0, p) tensor. Thus, scalars are automatically 0-forms, and dual
vectors are automatically 1-forms. We also have the 4-form €,,,,. The space
of all p-forms are denoted by AP. The space of all p-form over a manifold
A are denoted by AP(.#). It can be shown that the number of linearly
independent p-forms on a n-dimensional vector space is p!(nniip)!. Also, there
are no p-forms for p > n, since all the components will automatically be zero
by antisymmetry.

Given a p-form A and a ¢-form B, we cam form a (p+¢) form by the oper-
ation of wedge product A N B by taking the antisymmetric tensor product:

(p+q)!

(AN B gy = 22 4

“Hp+q plql B

[1pp 2 Hp1Bpql®

Fir example, the wedge product of two 1-forms is
(A A B);w = QA[yBu] = AMBV — AVBM.

62



Note that
ANB=(-1)PB A A.

So you can alter the order of a wedge product, if you are careful with signs.
You are free to suppress indices when using forms, since we know that all the
indices are downstairs, and the tensors are completely antisymmetric.

The exterior derivative operator d allows us to differentiate a p-form
field and get a (p+1)-form field. This is defined as an appropriately normalized,
antisymmetrized partial derivative:

(dA)“l"'NP+1 = (p+ 1)a[ul Am-“#pﬂ]'

The simplest example is the gradient, which is the exterior derivative of a
0-form:

(d¢)u = Ouo.

Exterior derivatives obey a modified version of the Leibniz rule when applied
to the product of a p-form w and a g-form n:

d(wAn) = (dw) An+ (—=1)Pw A (dn).

There are so many interesting things we can say about differential froms: [10]
mentioned closed and exact forms, and Hodge duality. But this is not the main
point right now. We will turn to integration after mentioning the interesting
observation that the Maxwell’s equation Jj,F,y = 0 can be written neatly
into

dF = 0.

The other Maxwell’s equation can be written as
d(+F) = =J.

Now, integration. In R", the change of variable formula tells us that

fore-]
n Rn

There is a beautiful explanation of this formula from the pointview of differen-
tial forms, which arises from the following fact: On a n-dimensional manifold
A , the integrand is properly understood as an n-form. In other words, an in-
tegral over an n-dimensional region is a map from an n-form to real numbers:
fz w— R.

The realization that the integrand is actually an n-form is not as trivial as
it might seem. We have to explain that in what sense is the integrand anti-
symmetric, and why it is a (0,n) tensor. Integrals can be written as [ f(z)dy,
where f(z) is a scalar function and dy is the volume element or volume mea-
sure. The volume element assign every region a real number, namely the
volume of that region. For an infinitesimal region, we can approximate it by
parallelepipeds, specified by n vectors that defines its edge. One volume el-
ement then, should be a map from n vectors to real numbers. Linearity is
obvious from the geometry. Therefore our volume element du is a (0,n) ten-
sor. It is antisymmetric because we are taking the orientation of the volume
into consideration.

ozt

Do d"x.
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Now the idea is to identify the volume element d"x as an antisymmetric
tensor density constructed with wedge products:

d"r =dz" A+ Adax™ L.

But this is a density, not a tensor! You may be confused, since forms are
tensors. Well, certainly if we have two functions f,g € %, then df,dg are 1-
forms and df Adg is a 2-form. But then function appearing above are coordinate
functions themselves. When we change coordinates, we replace the one form
dz* with a new set dz*'. You see the funny business - ordinarily a coordinate
transformation changes components, not one forms themselves. The RHS of
the equation above is coordinate dependent. Let us see this in action. We can
write according to the definition of wedge product:
0 n—1 1

dz" A---Ada" Tt = e dztt Ao Adatn (3.4)
since both the wedge product and the Levi-Civita symbol are completely an-
tisymmetric. The factor 1/n! takes care of the overcounting introduced by
summing over the permutations of the indices. Undr a coordinate transforma-
tion € remains the same, while the one form transforms according to the chain
rule, leading to

Oxt1 OxHn
= Em---unﬂ e D
oz
‘axw

€pyomopyy, AT Ao A dat Azt A - A dakn

! !
Hy . H
eufl...%dx A A dztn.

Multiplying by the Jacobian on both sides and using (3.4) gives

ozt

n .l __
e = oxH

d"z.

Therefore, we indeed have that the volume element d"x transforms as a density,
not a tensor. The integral of a function over a certain volume should not
change if we change coordinates (think about integrating f : R® — R over
a volume. The value of the integral should not depend on whether we use
spherical coordinates or anything else). And we want to define integrals using
only the intrinsic properties of the manifold, with no embeddings. But again
we know how to construct a tensor out of this. The quantity

V0gldhz = /|g|dz® Adat - - A dz™?

is a well-defined tensor. Therefore, given a scalar function ¢ over an n-
manifold, its integral is defined to be

/ o(x)/|g|d .

Given explicit forms for ¢(z) amd /|g|, such an integral can be evaluated by
the usual methods of mutivariable calculus. The metric determinant serves to
automatically take care of the correct transformation properties.
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3.6 Covariant Derivatives

In the previous discussion, we have seen that the partial derivative operator
Oy is not a tensor. However, equations like 9, 7" = 0 must be generalized to
curved space somehow. So we would like to have a covariant derivative opera-
tor, which reduces to partial derivative in flat space with inertial coordinates,
but transforms as a tensor on an arbitrary manifold.

In flat space in inertial coordinates, the partial derivative operator 9, is
a map from (k,l) tensor fields to (k,l + 1) tensor fields. It acts linearly on
its components and obeys the Leibniz rule on tensor products. These are the
properties we still want to be true for a covariant derivative. In addition to
that there are other useful assumptions that we want to make (as we will see).
So let us define the covariant derivative operator V to be a map from (k, )
vector fields to (k,l + 1) vector fields such that

1. It is linear: V(T'+S) = VT + VS,

[\)

. It obeys Leibniz rule: V(T ® S) = (V)@ S+ T ® (VS);
3. It commuts with contractions: Vu(TA)\p) = (VT)HA/\p;
4. It reduces to partial derivative on scalars: V,¢ = 0,¢.

So let us investigate how this operator should look like. If V is going to
obey the Leibniz rule, it can always be written as the partial derivative plus
some linear transformation (as a correction). We are not going to prove this
statement, for that we refer to the method shown in [?]. Thus given a vector
V¥, the covariant derivative of this vector on the uth direction is given by the
partial derivative plus a set of n X n matrix coefficient (T';)”s, known as the
connection coefficients, which is simply denoted by I'/,,. That is,

Vu VY =0,V + T,V

The first term accounts for the change in the component of the vector V¥,
and the second term FZAV/\ accounts for the fact that the coordinates may
change (not the vector components) from place to place, and this effect is a
linear transformation in the first order.
Since we demand this object to be a tensor, it must change according to
tensor transformation rules:
. Ozt 9z
| Z 14
VvV = T V. V.
The LHS can be expanded (since we know how partial derivative transforms,
see discussions before) as
/ o / / )\/
VM/VV - (9M/VV +PZ/)\/V
dzH Ox”’ oxH 0 o0x¥ /
== 7,—(‘%‘/” + 7 VV + FV/)\/
oxH dxv ozt ox# Oxv »

Meanwhile, the RHS is given by definition

!

oz

A
81’)“/'

dxt dzv’ L Ozt 9z L Ozt 9z

oxi dzv M T 9xi gz * OxH Ozv

INANE
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If we equate these two expressions, the first terms on both sides cancel out,
and we change the dummy index v — A:

o ozt 0 OV Oxt Ox”
7)\‘/)‘ + 7 V)\ 5y = 7

Oz oxH OzH Oz oxH dxv

/
NV VA,

Since this must be true for any vector V*, we can eliminate that on both sides

and multiply on both sides by d2*/9z° and relabel o/ — X, which gives

ozt 9z dz¥ _ Oat o 9%z”
ozt 9zN dzv M dzk dzN dxkdx

!
FZ/)\/ -

This is not the tensor transformation law. But that’s okay, since the con-
nection coefficients are not components of a tensor. They are purposefully
constructed to be nontensorial, but in such a way that the combination V, V"
transforms as a tensor. The extra terms in the transformation of the partials
and the connection coefficients exactly cancel.

We now investigate how the covariant derivative operator acts on 1-forms
wy. Once again this can be written as

V'uwy = Ouwy =+ fi‘ww)\.
We can find what the connection coefficient is by computing
Vi (€2V) = (Vuwn) VA 4 p (V1)

= () V2 + TV 4 on (0,1) +wal, V7.
But since wyV? is a scalar, this must also be given by the partial derivative:

Vi <w)\V/\) =0y (wAV/\)
= (o) V +n (0,1).
These two expressions are equal (since both w, and V* are arbitrary) if and
only if .

Thus the covariant derivative on a 1-form is given by

A
Vyuwy = 0wy — Lhvwa-

Now we can deduce how the covariant derivative acts on a tensor. For each
upper index we introduce a term with a single +I" and for each lower index
with a term —I:
M2 [k — M2 [k
VUT vive--yp T 8CJ’jﬁ’ Viva-Y) +
B1 i Ap2 e H2 oy A pg
+ FUAT vive-y + FU)\T Vivae Y +
T 12k T GV RS .
FO'VlT Avg-yy FUVzT V1A

To define a covariant derivative, then, we need to put a connection on our
manifold, which is specified in some coordinate system by a set of coeflicients
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F;)V. So there are a total of n3 = 64 of them. Evidently, we can define a large

number of connections on any manifold, and each of them implies a distinct

notion of covariant differentiation. But in GR it turns out that every metric

defined a unique connection, which we will stick to. Let us see how that works.
The first thing to notice is that the difference of two connections

A A A
S =T T},
is a tensor. To see this, notice that
A < A A A A A DA A
vV,v'=-v,V*=9, V' +T, V" -0,V" =T,V
=Sy V.

The LHS is a tensor, and V" is arbitrary. So the claim follows. Next, given a

connection Fl’\w, we can immediately form another connection simply by per-

muting the lower indices. These coefficients also transforms like they should,
since the derivatives appeared in the last term of the connection transforma-
tion equation can be permuted. There is thus a tensor we can associate with
any given connection, known as the torsion tensor, defined by

A A A A
T, =Tp, - T}, =2},

A connection that is symmetric on its lower indices is known as torsion-
free, i.e. the torsion with respect to this connection vanishes. We can now
define a unique connection on a manifold with a metric g, by introducing
two additional properties:

o It is torsion-free: Ff;l, = I‘E\W);
o It is metric compatible: V,g,, = 0.
This implies a couple of nice properties. First, we have

V)\Elwpg =0 Vpg‘“’ =0.

Second, a metric compatible covariant derivative commutes with raising and
lowering of indices:

gV, V=V, (gu)\VA) =Y,V

The claim is that there is exactly one torsion-free connection on a given man-
ifold that is compatible with some given metric on that manifold. We show
this by deriving a unique expression of the connection coefficients in terms of
the metric. To this end, we expand out the equation of metric compatibility
for three different permutation of the indices:

vpguu = apg;w - F;\“gku - Fi)\ygu)\ =0

v,ugup = a,ugl/p - Fﬁyg)\p - Fz\pgu)\ =0

A A

vz/gp,u = augpu - prg/\u - Fuugp)\ =0.
Subtracting the second and third of these from the first, and use the symmetry
of the connection to obtain

8pguu - augup - 81/gpu + 2F;)1\,1/g)\p =0.
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This gives

1
L = §gap (Ougvp + OvGpu — OpGuw) -

This formula is one of the most important in this subject. Commit it to
memory. You can check the RHS of this equation transfroms like a connection.
This is called the Lewvi-Civita connection.

You see that when g, = ¢,,, the connection vanishes and the covariant
derivative reduces to the ordinary partial derivative. It is worth mentioning
that the coeflicients of the Levi-Civita connection in flat space vanishes in
Cartesian coordinates, but not in curvilinear coordinate systems. The example
of polar coordinates are given in [10]. Conversely, even in a curved space it is
still possible to make the Levi-Civita connection vanish at a given point. This
is because, as we argued in the beginning of this chapter, the first derivative
of the metric can always made to be equal to zero at a point.

We also need to note that converting partial derivatives into covariant
derivatives is not always necessary to construct a well-defined tensor. In par-
ticular, the exterior derivative and the commutator are both well-defined ten-
sors in terms of the partial derivatives, essentially because both involve an
antisymmetrization that cancels the nontensorial piece of the partial deriva-
tive transformation law. The same feature implies that they could ve equally
well-defined in terms of (torsion-free) covariant derivatives. Thus, we have,
for a 1-form w, and vector fields X#,Y#, that

(dw) = Oy = Vipwy

(X, Y] = X20\YH — Y20 XF = XAV, YH — YAV, XA (3.5)

3.7 Parallel Transport and Geodesics

Now that we know how to take covariant derivatives, let us think about what
it means. We think of a derivative as a way of quantifying how fast something
is changing. An ordinary function defines a number at each point in spacetime,
and it is straightforward to compare two different numbers, so we shouldn’t
be surprised that the partial derivative of functions remain valid on arbitrary
manifolds. But in the case of tensors, it is a map from vectors and dual
vectors to real numbers, and it is not immediately clear how to compare such
maps on different points. Can we think of covariant derivative as somehow
measuring the rate of change of tensors? And if so, with respect to what? The
answer is, the covariant derivative quantifies the instantaneous rate of change
of a tensor field in comparison to what the tensor would be if it were "parallel
transported". In other words, a connection defines a specific way of keepong a
tensor constant along some path, on the basis of which we can compare nearby
tensors. Parallel transport is supposed to be the curved-space generalization
of the concept of "keeping the vector constant" as we move along a path,
similarly for a tensor of arbitrary rank. Given a curve x*(\), the requirement
of constancy of a tensor T#'#*"F', ., along this curve in flat space is simply
that the components be constant:

iTMlMQ"'Mk — dzt iTULUZ'“,Uk =0.

d\ vive-yp T K@xﬂ ViV
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Figure 3.6: Parallel-transport a vector in flat and curved space along a path.
The vector can change, and this is due to the intrinsic property of the curved
space, known as the curvature, as we will see.

To make this properly tensorial we simply replace the partial derivative by a
covariant one, and define the directional covariant derivative to be

D _di
dx  dx "

This is a map, defined only along the path, from (k,[) tensors to (k,[) tensors.
We then define the parallel transport of the tensor T along the path z#(\) to
be the requirement that the covariant derivative of T" along the path vanishes:

D K12 g dx®
<d)\T) = KVOTHUQ MleVQ"'Vl = 0

vive--Y]

This is a well-defined tensor equation, known as the equation of parallel trans-
port. For a vector it takes the form
d dx®
—VHF4+TH — VP =0.
dA 9P d\
This is a first-order differential equation. Given an intial value (i.e. the vector
at some point along the path), there will be a unique continuation of the vector
to other points along the path that solves the equation above. We say such a
vector is parallel-transported (and of course this generalizes to tensors).
Obviously parallel transport depends on the connection, and different con-
nections lead to different answers. If the connection is metric-compatible, the
metric is always parallel transported with respect to it:
D dx®
aguu = Kvaguu =0.
It follows that the inner product of two parallel-transported vectors is pre-
served. If V# and WY are parallel-transported along a curve z7(\), we have

D D D D
= sy = [ 2 BTV Zyw v vl Zwr) =
N (gu V'W?") <d)\gW> VEWY + 9, (d)\V )W +9uV (d)\W ) 0

Thus parallel transport with respect to a metric-compatible connection pre-
serves the norm of vectors, the sense of orthogonality, and so on.

Next, we discuss geodesics. A geodesic is the curved-space generalization
of the notion of a straight line in Euclidean space. We all know that a straight
line is the path of the shortest distance between two points. But there is an

69



equally good definition: it is a path that parallel-transports its own tangent
vector. It will turn out that these two definition coincide if and only if the
connection is the Levi-Civita connection.

We will start with this definition that a geodesic is a path that parallel-
transports its own tangent vector. The tangent vectors to a path x#()\) is
dz*/d\. The condition that it be parallel-transported is thus

Ddat _
dX dX
Alternatively, we can write
d%at dx? dx®

e, ———=0. 3.6
d\? o d\ dA (36)

This is the geodesic equation This is another equation you should memorize.
We can see that in flat space with g,,, = d,,, this reduces to d*x*dN? = 0, which
is the equation for a straight line.

There is also a second definition. We define the geodesic connecting two
points to be the curve that extremizes the distance between two points. Let
us do the case for a timelike path, without loss of generality. We therefore
consider the proper time functional,

dz* dav \ V2
T= / <_g"”d)\d/\> dx
where the integral is over the path. The integral is of the form 7 = [ /= fdA,
so the variation looks like

57 = /wffcm - —/;(—f)l/z(éf)d)\.

So it makes things easier if we paramtrize the path using proper time 7 itself.
So that the tangent vector is the 4-velocity U*, and

dzt dx¥
= _— = wnrrv e
f 9uv dr dr Q;WU U 1.
Then we have )
or=—3 /5 fdA.

So finding the stationary points of proper time functional is equivalent to
finding the stationary points of the simpler integral

1 1 dzt dx¥
== == ,—— —drT.
Q/de 2/9“ dr dr dr

Stationary points of I will of course obey the Euler-Lagrange equations. But
it would be simpler to consider directly the change in the integral under in-
finitesimal variations of path

zt — ot + dxt

Guv = Guv + (aag;u/)émg-
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The second line comes from the Taylor expansion in curved spacetime, which
uses partial derivatives, not the covariant derivative, since we are simply think-
ing of the component g,,,, as functions on spacetime in some specific coordinate
system. Then we see that

In Ydr dr v Gy dr dr v dr dr

TR N m v m v
1/[80 dx* dx 52” d(6zH) dx dx* d (6x )] dr.

The last two terms can be integrated by path. For example:

o v 2 et I
1/[9 dafd 0z )} d’l’:—l/[g ¢ —l—dgwdx} oz dr

2 Modr  dr 2 mdr2? dr dr

1 A2zt dx?® dxt
= -3 vV o9 c9uv—F 7 dzVdr.
2 / [QM dr? +0o9p dr dT:| var

The boundary term vanishes since we require dx* to vanish at the endpoints of
the path. Then after some rearranging dummy indices, we find the variation
to be

dot do*
dr dr

Pzt 1 o
oI = - / Ino 5 + 5 (Ougve + Ovgop — Ooguw) da”dr.

We want 01 to vanish for any variation dz?, since we are searching for station-
ary points, this implies

| dxt dx¥
guaw + 5 (a,ugua =+ augau - aag/u/) ?W =
Multiplying by the inverse metric g*? finally gives

>z 1 dxt dx¥

W + §gpa (8ugua + augo,u - ao.g,uu) ?? =0
This is precisely the geodesic equation, but with the specific choice of Levi-
Civita connection. Thus, on a manifold with metric, extremals of the length
functional are curves that parallel transport their tangent vector with respect
to the Levi-Civita connection associated with that metric.

3.8 The Riemann Curvature Tensor

In a curved space, the parallel transport of a vector around a closed loop will
result in a transformation of the vector. The resulting transformation depends
on the intrinsic nature of the curved space, called the curvature. In flat space,
if we parallel-transport a vector around a closed loop, the resulting vector will
be exactly the same as the vector that we started with. This is not the case if
we consider, say, the sphere S?. The picture below shows that this action will
result in a transformation of the vector.

So how to characterize this transformation on vectors? Since spacetime
looks flat in sufficiently small regions, our loop will be specified by two in-
finitesimal vectors dz* and dx”. We imagine parallel- transporting a vector
V# along this closed loop, as Fig.3.8 suggests. We know the acton of parallel
transport is independent of coordinates, so there should be some tensor that
tells us how the vector changes when it comes back to its starting point. It
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S

Figure 3.7: Parallel-transport a vector along the closed loop A - B -+ N —
A, will result in a deviation by an angle o compared to what the vector was
before at the point A.

will be a linear transformation on a vector, and therefore involve one upper
and one lower index. But it will also depend on the two vectors dx* and dx”.
Therefore the tensor we want should involve two additional lower indices to
contract with dx* and éx”. Furthermore, the tensor should be antisymmet-
ric in these two indices, since interchanging the vectors corresponds to travel
along the loop in the opposite direction. We therefore expect the change §V*
experienced by this vector when parallel-transported around the loop should
be of the form

VP =RP_V72ixldx”

ouv

where R’;,, is a (1,3) tensor known as the Riemann curvature tensor or
simply curvature tensor. It is antisymmetric in the last two indices:
Rpaul/ = _Rpm/u'
We would like to know what R’;,, is in terms of the intrinsic properties
of the space, possibly involving the metric, and the connection (by the way,

usually the connection coefficients 'Y, are called the Christoffel symbol).
Using some very schematic notation, we have that

WV =Va—Vy=[Ve—-Vp)— (Vg —=Va)] = [(Ve —VB) — (Vb — Va)].

This notation of course makes no sense, since in curved space subtracting two
vectors is simply not defined. But here the idea is that subtracting really means
comparing. Since the covariant derivative of a tensor in a certain direction
measures how much the tensor changes relative to what it would have been
if it had been parallel transported (for the covariant derivative of a tensor in
a direction along which it is parallel-transported is zero), we can write the
equation above into a form that makes sense:

VP =0at0a"V NV, VP — 62”62tV ,V VP = datox” [V, V, VP
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Figure 3.8: We parallel-transporting a vector V' along this infinitesimal
closed loop. The path is given by A - B — C — D — A. In the start-
ing point the vector is labeled to be V4, and similarly for other endpoints.
The transformed vector after the entire trip back at A is labeled by V.

Now the goal is clear. The last term on the RHS is really just Ry, V7 dzHdx”.
So we want to compute the expression [V, V,]V?. Our calculation below
works under the assumption that the connection is torsion-free. The result is
slightly different if this is not the case, see [10] for details. We proceed:

[V, Vo] VP
= V,V,V* —V,V,V*
= V[0V + T, V7] = (6 v)

= 0, [0,V? +T0, V]~ T, [AVF + T4, V7] + 17, [a,,vA n Ff,‘UV"] —(u )
= 0,0,V" + 8, (T4,) V7 + 0,0,V T, VP =T, I8 V7 + T8, 9,V + T8, T,V

au(rz,w)
—0,0,V" =08, (I, ) V7 =T, 0,V7 4L}, \V? + T, I V7 —T0,0,V* = T0,T),V°

0 (T V)

A A
= |OuTLy = 0uTfy + TO\TD, — TO\T, | V.

This gives

A
Rpow/ = alvbl—\llja - aVFZO’ + FZ)\FI)/\O' - Fz/j)\rua'

Notice that the antisymmetry of R’ ouv in the last two indices is immediate
from this formula. Now, as usual, it is straightforward to compute the action
of the commutator on a tensor of arbitrary rank. This is given by

M U
T P

[VW VV]TNIMQ"'Mk —RM" T/\,ug-n,uk + RM2

vive: Y Apo Viva-y) Apo

A H1H2 A H1H2
- R leoT Avgyp R ugpaT VA
Now we give a criterion to determine whether a space is flat or not. We know
that even for a flat space, the metric g, can take horrible forms depending
on the coordinate chosen. Also, as we have seen, the Christoffel symbol is not
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a good indicator of the flatness of the space, since in curved space we can also
make the Christoffel symbol vanish. But not we have the following result:

Theorem 3.1. If a coordinate system exists in which the component of the
metric are constant, the Riemann curvature tensor will vanish. Conversely, if
the Riemann curvature tensor vanishes, we can always construct a coordinate
system in which the metric components are constant.

The proof is given in [10], though not very rigorous. For a rigorous version,
you can check [2]. We will omit the proof here. But the punchline is, given
a metric g, we can calculate the riemann curvature tensor associated with
that metric, and if the curvature vanishes, then the space is flat; otherwise, it
has curvature.

The Riemann curvature tensor has lots of symmetries. This reduces the
independent component of the Riemann curvature tensor. Since the tensor
is of the from R’y,,, you may guess at first that there are n* independent
components. But there are a lot of symmetry and antisymmetry going on
here, as we will see.

We define

A
Rpauu = gp)\R opv:

Let us consider the component of this tensor in locally inertial coordinates,
which exists by our previous argument in the beginning of this chapter. Then
at the origin of the coordinates, since 0,ggy = 0 for all o, 8, in this co-
ordinate, the Christoffel symbols vanishes. We have, in the locally inertial
coordinate centered at the point p € .#, that

Rpoun(p) = gpk(aurzéo - &’I‘;};U)

1
= igp)\gm— (a,uaugor + 8uaag‘ru - a,uargucr - azza,ugm- - 8uaagry + 81187'g,ucr)

1

= igp)\g

1
= 5(8uaagpy — 0u0pGvo — 005 9pu + 000, Guc )-

AT (auaogﬂ/ - 8uaﬂ'guo - auaag‘r,u + 31/5)7-9#0)

For this expression we can notice immediately several properties of R,q,,: It
is antisymmetric in its first two indices:

Ryopy = —Roppw- (3.7)
It is antisymmetric on its last two indices, which we already know:

Rypopw = —Rpoup- (3.8)
It is invariant under interchange of the first pair of indices with the second:

Rpopr = Ruvpo- (3.9)

We can also show that the sum of cyclic permutations of the last three indices
vanishes (just plug in the result above):

Rpo;ux + Rp,uuo- + RPVO'M - 0
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Using (3.8), we see that this is equivalent to
Ryjgp) = 0.
An immediate consequence of the equation above is that

Ripow) = FRpjo) F Rofpu) £ Byjpav) £ Bufpoy) = 0.

popv plopv ulpov

These equations are derived in a very special reference frame. But that’s okay.
Since they are all perfectly valid tensor equations, if they are true in one frame,
then they are true in every frame. Thus we can have full confidence in the
generality of the equations above.

How do these symmetries afftect the number of independent components of
the Riemann tensor? Some arguments of combinatorics, which can be found
n [10], shows that the number of independent components of the Riemann
tensor ng is

n?(n? —1)
12 '

Here n = dim.#. So when n = 1, there is no curvature. When n = 4, the
number of independent components is 20. But if you go back to the argument
before when we were showing the existence of locally inertial coordinates, this
is exactly the degrees of freedom in the second derivatives of the metric that we
could not set to zero. This should reinforce your confidence that the Riemann
tensor is an appropriate measure of curvature.
We now show an important identity, called the Bianchi identity, which
says that
V[ARpa],uz/ =0. (310)

To show this, we once again go back to the locally inertial frame, and we see
that by substituting our previous calculation, we have that

1
v)\Rpa/.w = 8Afzpcr,u‘l/ = 58)\(auaagpy - a,uapguo - 81/809/);1, + 8Ijapg,u,o)-
Then we find that
v)\Rpow/ + vaU/\uu + VO'R)\pMV =0

simply by plugging in. Then by antisymmetry in the first two indices of
the Riemann tensor (3.7), we find that the expression above is equivalent to

2V\R o1 = 0. This proves the claim.
Now, we define the Ricci tensor as:
A
RHV =R HAV

The Ricci tensor is symmetric, which can be shown by rewritting its expres-
sions:

Ry = 0.1, — 0,15, + rgﬁr/ju - rgﬁrgu
= 0a1%, — 8,0, (In |g"/?) + T2pT8, — T9TE
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and this is symmetric under the change of indices p <+ v. To justify the second

expression in the second step, we find have that

1 1
Fgu = §9ap(aagup + Oudpa — OpGap) = igapaugpa-

The first and the third term in the sum cancels after the exchange of indices

it <> p on the third term. Next, we use Jacobi’s formula
Oy In(det A) = tr(A719,A)
which gives
Oudet g = (det g) tr(g™" 9ug) = (det 9)g**Tpgan.

Then finally by chain rule we have

1 1 1 _ 1,
Oy ln(m> = By det g = tr(g~'0ug) = 59" Fugar =

\/detgiy/detg 2

Thus
R, = Ry,.

The trace of the Ricci tensor is the Ricei scalar:

R=R',=g" Ry,

a
Lo

The Ricci tensor and scalar contain all of the information about traces of the
Riemann tensor, leaving the trace-free parts. These are captured by the Weyl

tensor, which is discussed in [10].

An especially useful form of Bianchi identity (3.10) comes from contracting

twice on the cyclic sum:

0= gyggu)\(vARpo'uV + vaaA;w + VUR)\pp,y)
— V"R, —V,R+V"'R,,.

This can be simplified into
1
VHR,, = §V,,R.

We define the Einstein tensor as

1
GNV = RMV — iRguy.

We see that the Bianchi identity (3.11) is equivalent to
V*G =0.
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3.9 Geodesic Deviation

The Riemann tensor shows up as a consequence of curvature in one more wany:
geodesic deviation. We known in flat geometry parallel lines remain parallel
forever. This need not be true when the space is curved (for example, on a
sphere parallel geodesics can meet at the north and south pole). We would
like to quantify this behavior for an arbitrary curved space.

Consider a one-parameter family of geodesics, vs(t). That is, for each
s € R, 75 is a geodesic parametrized by t. The collection of these curves
defines a smooth 2-dimensional submanifold ¥. Let z#(s,t) denote the set of
points of ¥ on .#. The map (s,t) — 7s(t) is smooth with a smooth inverse.
Thus we can let s,t as coordinates of the submanifold X. The vector field

ozt dak(t)
T/L = — =
ot dt

are tangent vectors to the geodesics. The deviation vectors

oxH
p_ I
S 0s

is another vector field that we can define. This name derives from the informal
notion that S* points from one geodesic toward the neighboring ones.

Figure 3.9

The idea that S* points from one geodesic to the next inspires us to define
the relative velocity of geodesics, given by

VH = (VpSH =TV ,S*
and the relative acceleration of geodesics, given by
Al = (Vp V)P =TPV , VI,

Since S, T are basis vectors adapted to a coordinate system, their commutator
vanishes (since in a coordinate system the basis vector will simply be 0s = S
and 0y =1T):

[S,T]=0
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which we discussed in section 2.3. We then have from (3.5) that
SPN , TH = TPV ,SH.
Now, we compute

AF = TPV ,(T7V 5SH)
= TPV ,(S7V,T")
= (T"V,57)(V,T") + T?S°V ,V s T*
= (TPV,S7)(V,T") + TPS% (V,V, T + R*, . T")
= (TPV,S%)(VoTH) + STV (TP ,TH) — (57V,T?)V ,T* + R*,,, T"T?S°
=R, _T'TPS°.

vpo
In the last step, the first term and the third term cancels out under the change
of indices p <+ ¢ on the third term, and the second term vanishes because
T°V,T# = 0, for T# is the tangent vectors to a geodesic, which parallel-
transports its tangent vector. The result,

D2
A'u - WSH — RMUpUT TPS

is called the geodesic deviation equation It says that the relative acceler-
ation between two neighboring geodesics is proportional to the curvature.
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Chapter 4

Einstein’s Field Equation

The study of gravity falls naturally into two pieces: how the gravitational field
influences the behavior of matter, and how matter determines the gravitational
field. In Newtonian gravity, these two elemeents consists of the expression for
acceleration of a body in a gravitational potential ¢, and Possion’s differential
equation for potentials in terms of matter density p and Newton’s gravitational
constant G:

a=—-V¢ (4.1)
V3¢ = 4nGp.

In general relativity, the analogous statements will describe how the curvature
of spacetime acts on matter to manifest itself as gravity, and how energy and
momentum influence spacetime to create curvature.

In the previous chapter, we motivated our discussion of manifolds by in-
troducing EEP: "In small enough regions of spacetime, the laws of physics
reduce to those of special relativity; it is impossible to detect the existence of
a gravitational field by local experiments." The EEP arises from the idea that
gravity is universal; it affects all particles in the same way. This feature of
universality led Einstein to propose that what we experience as gravity is a
manifestation of the curvature of spacetime. The idea is simply that something
so universal as gravitation could be most easily described as a fundamental
feature of the background on which the matter fields propagate, as opposed
to as a conventional force. Also, this is supported by the similarity between
the undetectability of gravity in local regions and our ability to find locally
inertial coordinates (g, (p) = 1w (P), Ougw = 0) on a manifold.

4.1 Physics in Curved Spacetime

The abstract philosophizing above translates directly into a simple recipe for
generalizing laws of physics to curved spacetime, which may be stated as
follows:

1. Take a law of physics, valid in inertial coordinates in flat spacetime.
2. Write it in a coordinate-invariant (tensorial) form.

3. Assert that the resulting law remains true in curved spacetime.
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Operationally, this recipe usually amounts to taking an agreed-upon law in
flat space and replacing the Minkowski metric 7, to the more general metric
9, and replacing partial derivatives 9, by covariant derivatives V.

As our first example, we consider the motion of free-falling particles. In
flat space such particles move in straight lines; in equations, this is expressed
as the vanishing of the second derivative of the parametrized path z#(\):

d2zH
d\?

This is not, in general, a tensor equation. Although dx*/d\ are the compo-
nents of a vector, the second derivative are not. But we note that

d2zH dz¥ . dx*

A2 A\ A
Therefore the generalization of the equation above in curved spacetime is sim-

ply
dx” dx#

—V,— =0.
d\ Y d\
We see that this is the geodesic equation:
%zt " dxf dz° _o.

D2 TR Tan

In general relativity, therefore, free particles move along geodesics. We have
mentioned this before, but now you have a better idea why it is true. Another
easy example is the law of energy-momentum conservation in flat spacetime:

0, T"" = 0.
We can easily generalize this to the following law in curved spacetime:
v, T" =0.

It is one thing to generalize an equation from flat to curved spacetime; it is
something altogether different to argue that the result describes gravity. To
do so, we can show how the usual results of Newtonian gravity fits into the
picture. We can define the Newtonian limit by three requirement:

o The particles are moving slowly (with respect to the speed of light), that
- dat dt .
1S dr < dr’

e The gravitational field is weak: So that it can be considered as a per-
turbation of flat space, or we can write the metric as g, = M + huw
where |hy, | < 1;

o The field is static, i.e. not changing with time. That is, dyg,., = 0.

Since the particle is moving slowly, the geodesic equation becomes

A2z dt\ 2
- 4 TH = = 0. 4.
g2 Thoo <d7> 0 (4.3)
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Since the field is static (9ygu = 0), the Christoffel symboll ', simplify:

1 1
T = §9M (Dogxro + Bogor — Orgoo) = —59“’\@900.

And since the metric is of the form
gﬂl/ — 77}1,1/ + hlj,l/ ’h/“/| << ].
We can easily compute ! that the inverse metric is of the form

g = — p

to the first order in h. Here h#*" = nt’n"?h,,. Putting it all together, to first
order in h we find that

1
Lo = —577“/\8/\7100-

The geodesic equation (4.3) therefore becomes

R N dt\?
e = o ()

Using dohog = 0, the 4 = 0 component is just

d%t
gz =

That is, dt/dr is a constant. This makes sense since dt/dr = (1 —v?)~1/? with
v? <« 1. To examine the spacelike components of the geodesic equation, recall
that the spacelike component of n* are just those of a 3 x 3 identity matrix.

Thus
Pzt 1 (dt\?
— == — 0Oihgo.
dr? 2 <d7’) 00
Dividing both sides by (dt/dr)? gives

A2zt

1
& Z9hoo.
diz 70

This begins to look a great deal like Newton’s theory of gravitation. Notice
that we can recover (3.1) if we make

hoo = —2¢ goo = —(1+2¢). (4.4)

'Let 6(-) denote an infinitesimal variation of something. Note that & (gflg) =0 (gfl) g+
g 169 = 0. This gives that

§(g7") =—-g"(0g)g "

Now since 69, = huv, and g"” = h*” + §¢g"", substitute everything into the equation above
gives

09" = = (" +69") hag (776” + 596”) = " hapn™ = —h""

to the first order. Therefore g"” = n** — h*¥.
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4.2 Einstein’s Equation

Now let us generalize the Possion’s equation (3.2) to the curved spacetime,
which is known as the Einstein’s field equation. In (3,2), we have V? = §% 0;0;
is the Laplacian in space and p the mass density. We now informally guess
what the Einstein field equation looks like (in fact this is more or less what
Einstein did). When we were discussing energy-momentum tensor, we said
that the RHS of the Poisson’s equation must be replaced by a term involving
T,,,. And the LHS of Poisson’s equation should be the second derivative of a
potential-like object. We now guess that this potential like object should be
replaced by the metric g, of spacetime, since in (4.4), we have related ¢ with
a component of g,,,. The field equation then, informally, should take the form

(V2] o< T

So what exactly should be on the LHS? One may consider Og,, = VAV g,
But this is automatically zero by metric compatibility. Thus 7}, would be zero,
so no. A second guess is that since Ré’uy is constructed from the Christoffel
symbols and their derivatives, and the Christofeel symbols are constructed
from the metric and its first derivatives, so Riemann curvature tensor contains
the second derivatives if g,,. It doesn’t have the right number of indices,
but we can contract it to form the Ricci tensor R, which does, and this is
symmetric, just like T},,. So it is tempting to guess that our field equation is

R, = KT},

for some constant x. But conservation of energy requires
Vi, = 0.

But Bianchi’s identity (3.11) gives

1
V' Ry = 5V R

But our proposed field equation implies R = kg"*T},, = T. So we have
V,T=0,T=0.

So this would imply T is constant throughout spacetime. This is highly un-
likely, since T # 0 in matter. We have to try harder. A third guess: Einstein’s
tensor

1
GHV = RHV — iRg’W

contains the second derivative of the metric, has the right index, and always
obeys V*G),,, = 0, as we discussed. Therefore, we propose

Gy = KTy (4.5)

Now it remains to fix the constant x, and see whether the result reproduces
gravity as we know it. Notice that contracting both sides of (4.5) gives

R = —kKT.
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Using this we can rewrite (4.5) as
1
Ry, = k(T — iTgW). (4.6)

This is the same equation as (4.5), we just write it this way so that it simplifies
our following computations a little bit. We would like to see if it predicts New-
tonian gravity in the weak-field, time-independent, slowly-moving-particles
limit. To this end we consider a perfect fluid source of energy-momentum,
which are used to model idealized distributions of matter, such as the interior
of a star or an isotropic universe. The energy momentum tensor is therefore

Ty = (p+ p)UuUu + PGpv -

Here U* is the 4-velocity and p,p are the rest-frame energy and momentum
densities. If we fix the unit by plugging in ¢, we see that 7}, = pc?U,U, +- - -,
and clearly the p term dominates as we are considering the slowly-moving-
particle limit. So it suffices to consider the energy-momentum tensor of dust:

Ty = pU,U,.

Thus the "fluid" we are considering is some massive body, such as the Earth
or the Sun. We will work in the fluid rest frame, in which

U = (U"0,0,0).

The timelike component can be fixed by appealing to the normalization con-
dition g, U*U” = go0(U°)? = —1 where the weak-field limit implies

goo = —1 + hoo
g% = —1 — hgp

as we discussed before. Then to the first order of h,, we get
1
U’ =1 + =hgo.
2
Then we have
1 2
Too = pUoUp = ,0(—1 + 2h00> ~ p(1+ hoo) =~ p
and since Uy = —UY, we have
1 2
T = gNVTuV = g/“’pU#Uy = pU/‘U‘u — onUo = —p(l + 2h00> ~ —p(1+h00) ~ —p.
Then we plug this into the 00 component of (4.6), and we get
1
Roo = ZKp.

2

To find the explicit expression involving metric, we need to evaluate Rgg =
R(’)\)\O. In fact we only need Ry,,, for R800 = 0 by antisymmetry.

R%)jo = 0;Tho — 8011;“0 + F;‘)\F())\O - Ff),\r?o-
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The second term is a time derivative, which vanishes for static fields. The
third and forth terms are of the form I'? ~ O(h?), thus can be neglected. We
are left with Réio = ajf‘éo, from which we have

A 1 1 1
Roo = Rpo = 0 59” (Gogxro + Gogox — Orgoo) | = —55”31'33'%0 = —§V2hoo-

And this is equal to %mp. We see that in the Newtonian limit the field equation
reduces to

v2h00 = —KRp.
Since in (4.4) we set hog = —2¢, it seems that if we set
k= 81G

then we can reproduce Poisson’s equation (3.2). Therefore, the Einstein’s
field equation is given by G, = 87G1),,, or

1
RMV — iRguV = 87TGTMV.

You may think, is this really it? Well, we will derive this equation again by an
action principle later, which is more rigorous. But it is good to know how to
guess. But this is not the end of the story. You can add any divergence free
tensor to the LHS of the equation above and still have a good field equation.
In particular we can add g,, to the LHS. But the unit is a little bit off so we
have to insert a constant I' to make everything comes out right. That is,

Guv + Aguy = 87Ty,

This A is called the cosmological constant. But we can also move the term
Ag,, to the RHS and think of this term as an additional source of energy. So
let us define

A
A
T = " g I
Then we have G, = 87G(T, — T,i\u), and T;i\u is just a perfect fluid with
A A
P= %G P="%c

Such a energy-momentum tensor actually arises from quantum field theories.
This represents a form of zero point energy.

4.3 *Einstein-Hilbert Action

4.4 Linearized Gravity

In the previous section we derived Einstein’s field equation (EFE), which has
the form

Gaﬁ = 87TGTa5.
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This is a set of differential equations for the spacetime given a source?. Unfor-
tunately, this is hard to solve, as we can think of Gng = Di,@ (9uw), where Diﬁ
is some very complicated second order nonlinear operator. Even with the per-
fect fluid source T3 = (p+p)UaUpg + pgas, the EFE can be extremely hard to
solve in general. We also have the constraint of normalization g, U*U" = —1
to satisfy. There are three major ways we can solve EFE, which we list below:

1. We consider weak field limit, where g,3 ~ 14 S0 we can work in nearly
flat space, which is the topic of this chapter.

2. We consider symmetric solutions, which is considered in [10]
3. We solve EFE numerically. This will not be discussed in this notes.

In linearized gravity theory, we are assuming the gravity is weak such that
the metric takes the following form:

gHJ/ — 77}1,1/ + hlj,l/ ’hﬂy| << ].

and 7, = diag(—1,1,1,1) is in the canonical form. This gives us the freedom
to throw away all terms of the form O(h?) since they are small. We discussed
in the last chapter that the inverse metric takes the form

g = 4 B

We first discuss several properties of such "nearly Lorentz" spaces. We consider
a coordinate transformation:
oz®
_gJo 18 a
gﬂ/l’/ = L ,u’L V’gaﬁ L W= W
In flat space, the Lorentz transformation A““, plays a special role. So let us
see (just for fun) how the Lorentz transformation acts on the metric. We apply
Lorentz transformation in nearly flat spacetime, we get

G = Ay A°, (Nag + hap)
= A A g+ A% A g
= v + A% A hag
= Ny + o

So the Lorentz transformation applied to the nearly flat spacetime leaves the
metric of the flat space unchanged, and the pertubration of the background
transforms just as any tensor would transform in flat space. But we are not
working in flat space: Two geodesics that are initially parallel may not remain
parallel. But in many way it’s close enough that we can borrow many mathe-
matical tools used in flat spacetime. In particular, in this framework, we can
regard h,g as an ordinary tensor field living in the 7,5 metric. Fundamentally
it is not, but we can imagine this sometimes, as many mathematical tools just
work perfectly in this fiction.

2By source we mean the form of the energy-momentum tensor T will be given. However,
we will need to solve T,,3 and the metric together.
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Another thing to notice is how we raise indices:
hoB — ga“gﬁl’hw _ naunﬁuhw

to the first order of A. One final detail comes when we consider a coordinate
shift

2 = 2% 4 €(2”)
where £%(2%) is a little offset that is a function of coordinates. Then our
coordinate tranformation matrix will be

/

’ 8.’1}a ’
La/j:w:(saﬁ—}—aﬁga.
We require
|05€%] < 1.

So the transformation above is an infinitesimal coordinate transformation.
Then it is not hard to recover from the relation L& ﬁLﬁ = 5a/,y, that

L/B,y/ = 66,)/ — ,-yfﬁ

Then

Gu'v' = Lau’Lﬁu'QaB = (5au - ufa)(éﬁu - aufﬁ)(naﬁ + hap)
= Nuv + h,uzx - ugu - augu + O(h : ag)
— ’[”M/V/ + hﬂl’/'

Then we see that 7,/ = 1, and
hyry = by — 04y — 0. (4.7)

We call an infinitesimal coordinate transformation z® — x4 £ of this kind a
gauge transformation in linearized gravity. We want to find the equations
of motion obeyed by perturbations £, which come by examining EFE to the
first order. The Christoffel symbols are given by

1

PZZ/ = §gp)\ (8ugu>\ + 8Vg)\,u - 8)\9;“/)
1

= 577p)‘ (auhz/)\ + al/h)\,u - a)\h;u/) .

Since the connection coefficients are first-order quantities, the only contribu-
tion to the Riemann tensor will come from the derivatives of I'’s, not O(T'?).
Lowering an index for convenience, we obtain

1
Ruauﬁ = 5(3aayhu/3 + (‘L@Bhw — aaaﬁhm, — aua,,haﬁ).
The Ricci tensor comes from contracting over p and p, giving
1
Raﬂ = WMVR“O,W = 5(80[8“}1#5 + 858“hm — 3a83h — Dhaﬂ)

which is manifestly symmetric in a and 8. In this expression we defined
h=n"h,, = hli, and the d’Alembertian is simply the one from flat space,

O =n"8,0, = —0; + 92 + 0; + 03.
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Contracting again gives
R = 0,0, — Oh.

Notice that the gauge transformation leaves the linerized Riemman tensor
unchanged:

1
IR po =5 (0p00,0ués + 00,058 + 050,0,€) + 050,0,8,
_aaaua,ugp - aaauapgu - apaualfga - 3pa,uaa£l/)

=0.

Putting it all together we obtain the Einstein tensor:

1
Gaﬁ = Roz,b’ - 57701/3’R
1
= 5(8056“@“5 + 658“hua — aaagh — Dhag + na,gmh — Ua,gauath,).

This is already a mess. So let us clean up a little bit. We define

1
haB = hozﬁ - inaﬁh-

Then the trace is given by
— — 1
h=0"has =h— 5h(naﬁnaﬂ) = —h.

Therefore, we call EQB the trace-reversed metric perturbation. This is
useful because if we insert hog = hag + %nagh, we see that the Einstein tensor
simplifies to

—

Gap = 3 (aaa“hﬂg + 080%hya — Nag0" 0" hy — Dhag).
In the above expression, the first three terms contains the form EWEW, and
if we can set GNEW = 0, which is equivalent to divergence free condition
8,%“” = 0 as you may check, then the Einstein tensor will be simplified into
only one term. These are 4 conditions to satisfy, and the gauge generators &,
are 4 free functions. This suggest we can do it. Given (4.7), it is not hard to
arrive at

hyryr = hyw — &y — 0u€y + 1w 0%E,.
This suggests that
O Ty = Py, — 06 — 39,6, + 0,0%0 = Ry, — TE,

where the last two terms cancel. Therefore, if we choose our gauge generator
just right, we can adjust the perturbed metric such that a#’hW =0. In
particular, this can be done if we choose

¢ = 0" hyu. (4.8)

But (4.8) is a simple wave equation, whose solution is gauranteed to exist.
The gauge that satisfies (4.8) is called the Lorentz gauge in linearized gravity.
Therefore the Einstein tensor in this frame becomes

1
Ga/j == _iljhaﬁ
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Thus the EFE is simply B
Ohag = —167GTps. (4.9)

(4.9) can be solved with radiative Green’s function. We will do this in the
next section. But now let us look at the solution to (4.9) in Newtonian limit.
This means that the source to be a static nonrelativistic perfect fluid. Then
Ooh = 0, and p > p, therefore we can write

p
0

Taﬁ = ,OUaU/j ~
Then our equation now becomes
V2hoo = —167Gp

where 0 = V2 simply because dohgo = 0. But since the Newtonian potential
¢ solves V2¢ = 4nGp, we immediately have

hoo = —4¢
and all the remaining E/w = 0. Then since

_ 1 _
h;w = h;w - 577;wha

and we have h = n“l’EW = —hoo = 4¢, this leads to
—2¢

—2¢
—2¢

Therefore the perturbed metric for static Newtonian sources is given by

ds® = —(1+2¢)dt* + (1 — 2¢)(da® + dy* + dz?). (4.10)
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Part 11

Quantum Mechanics
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Chapter 5

Quantum Theory and
Representations

5.1

Introduction and Overview

5.1.1 Axioms of Quantum Mechanics

The state of a quantum mechanical system is given by a nonzero vector
in a complex vector space . with Hermitian inner product (-, -) . States
are usually denoted by |¢) € 7.

The observables of a quantum mechanical system are given by self-
adjoint linear operators on 7.

Time evolution of states |1)(t)) €  is given by the Schrédinger equation

. d
ih [0(t)) = H (1))

where H is a distinguished observable called the Hamiltonian. H has
eigenvalues that are bounded below.

States for which the value of an observable can be characterized by a
well-defined number are the eigenstates for the corresponding self-adjoint
operator. The value of the observable in such a state will be a real
number, the eigenvalue of the operator.

Given an observable O and two unit-norm states [¢1),|¢2) that are
eigenstates of O with distinct eigenvalues A1, Ag, the complex linear com-
bination

c1 |Y1) + 2 |va)

will not have a well-defined value for the observable O. If one attempts

to measure this observable, one will get either A; or Ay, with probability
|c2]
lea[+

2 2
‘Cﬂ'cz B and B respectively.

e1]?

5.1.2 Group Action and Representation

Given a group G acting on a space M, the space of all functions F(M) on M
comes with a natural G-action: Let f € F(M),g € G,z € M, this action is
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defined by
(9- @)= flg~" ).

One can verify that this is a group action.

Definition 5.1. A representation (m,V) if a group G is a homomorphism
m:G— GL(V).
This means that w(gh) = w(g)n(h) € GL(V).
The trivial representation is given by 7(g) = I € GL(V) for all g € G.

Definition 5.2. Let (7, V) be a representation on a vector space V with
Hermitian inner product. We say 7 is unitary if it preserves inner product,
i.e.,

(m(g)v, 7(g)w) = (v, w)

for all g € G,v,w € V.

5.1.3 Representations and Quantum Mechanics

The big idea is: whenever we have a physical quantum system with a group
G acting on it, the state space s will carry a unitary representation of G.
To see this intuitively (this will be discussed in greater detail later), for a
representation m and g € G that are close to identity, exponentiation can be

used to write

m(g) ="

for some A close to the zero matrix (in fact what we have is 7(e!¥) = et (X)
where 7’ is the differential map of 7). It turns out that if 7(g) is unitary, then

A will be skew-adjoint:
AT = —A.

Taking B = iA we find
B' = B.

Therefore B is a self-adjoint operator that corresponds to some observable of
the quantum system, which we obtain purely from the representation 7 itself!
On the other hand, knowing the observable B will give us A, which we may
then exponentiate to reconstruct the representation m(g).

5.2 U(1) and its Representations

5.2.1 Irreducible Representations

Definition 5.3. A representation m is called irreducible if it has no subrep-
resentation, i.e., no nonzero proper subspaces W C V such that (7|y, W) is
a representation.

Definition 5.4. Given (m,V), (w2, W) representations , we can define the
direct sum representation (m; @ ma, V @ W), which is given by

9GSl = <7rlég) m?g>>'
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Theorem 5.5. Any unitary representation can be written as a direct sum
T=m D - D7y
where each m; is irreducible.

Theorem 5.6 (Schur’s Lemma). If (7, V) is irreducible, then the only linear
map T : V. — V' commuting with all w(g) are of the form T = X, for some
AreC.

Theorem 5.7. All irreducible representations of an Abelian group is one-
dimensional.

5.2.2 U(1) and Its Representation

Definition 5.8. The group U(1) is the unit circle in C, i.e.,
U(l)={e":0 R}

The group multiplication is the usual complex multiplication.

By previous theorem, all irreducible representations of U(1), which is
abelian, will be 1-dimensional. Thus they will be given by differentiable maps

m:U(l) - GL(1,C).

Theorem 5.9. All irreducible representations of the group U(1) are unitary
and given by
:eiG ik0

Tk — e

where k € Z.
Proof. See [3] pg 20-21. O

5.2.3 The Charge Operator

By the previous theorems, for a general U (1) representation, we can decompose
the state space as

H= A DDA,

for some integers q1, ..., gn, where n = dim " and each J7; is a copy of C,
with U(1) acting by the 7, representation.
Choosing a basis element for each 77, define the charge operator by

g 0 - 0
o I
0 0 - qn

Since 7y (e?) = €M? through some calculation we find its derivative to be
mh(0) = iNO. We mentioned previously that the representation can be recov-
ered by exponentiating the derivatives. Therefore, this motivates us to find
that

et g ... 0
. , ig20 .
r(efy=e@—| O ¢ Y| evm) carm o).
0 0 s elan®
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The standard physics terminology is that @ is the generator of the U (1) action
by unitary transformations on the state space 7. In fact one can further see
the relation by calculating the derivative of 7w, and in this case

7' TU(1) = iR — Tr1)GL(n,C) = M(n,C),
i — Q0.

5.2.4 Conservation of Charge and U(1) Symmetry

Recall that the evolution of a state [i(t)) is determined by the Schrodinger
equation

d ,
3 1¥(0) = —iH [$(0))

where we set i = 1. The solution to this equation is given by the propagator
operator U (t) where
U(t) = e it

and
[(t)) = U(t) [¢(0)) -

Suppose now
[Q, H] =0,

then we also have [Q,U(t)] = 0 for all ¢. Therefore, suppose a state has a
well-defined charge g at t =0, i.e., @ |1(0)) = ¢|¢(0)) then it will also have a
well-defined charge at any time ¢, which is again ¢, for

Q (1)) = QU(?) [¢(0)) = U(t)Q[¥(0)) = qU(t) [¢(0)) = q (1)) -

Therefore, when [@, H] = 0, the charge @ is conserved. Then the group U(1)
is said to act as a symmetry group of the system, with W(eie) the symmetry
transformations.

5.3 Lie Groups and Lie Algebras

5.3.1 Lie Groups

Definition 5.10. A group G is a Lie group if it is also a differentiable
manifold.

Definition 5.11. Here are some important Lie groups:
1. GL(n,F) ={L € M(n,F) : det L # 0}.
2. SL(n,F)={L € GL(n,F) : det L = 1}.
(n,R): L7 =L}
4. SO(n) ={L € O(n) : det L = 1}.

3. 0(n)={LeGL

5. U(n)={L € GL(n,C): L7 = LT}.

6. SUn)={LeU(n):detL =1}.
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Remark 5.12. Let L : V — V be the a linear operator on a complex vector
space V' that preserves inner product, i.e., for all v,w € V we have (Lv, Lw) =
(v,w). This is equivalent to (LTLv,w) = (v,w) for all v,w € V, i.e.,

Lt =11

Therefore, we see that the set of linear maps on V' that preserves inner product
is given by exactly U(n), up to isomorphism (since we have an isomorphism
V =2 C"). When V is a real vector space, we see that LT = LT, and the the
set of linear maps on V' that preserves inner product is given by exactly O(n),
again up to isomorphism.

Remark 5.13. With some work one can show that in the case n = 2, any
matrix element in SU(2) will have the form

(_aﬁ g) o + 187 =1, a,f € C.

One can show then that SU(2) is diffeomorphic to the 3-sphere S®, by viewing

S3 ¢ R* = C?, and use the diffeomorphic map ¢ : <_04 ﬁ) = (a, B) € C2.

8 @
5.3.2 Lie Algebras

Definition 5.14. Let G be a Lie group and e € GG be the identity element.
Then the Lie algebra g of G is defined to be its tangent space at identity,
ie.,

g="1T.G.

Definition 5.15. When G is a matrix Lie group of n x n invertible matrices,
the Lie algebra g of G is, equivalently, the space of n x n matrices X such that
eX e GforallteR.

Proposition 5.16 (Lie algebras of important Lie groups). The following
statements are true:

1. gl(n,R) = M(n,F), the set of all n x n matrices with entries in F
2. sl(n,F)={X e M(n,F) : tr X = 0}.

3.0n)={XeMmnR): XT =-X}.

4. so(n) = o(n).

5. u(n) ={X € M(n,C): X' =-X}.

6. su(n) = {X € M(n,C): XT = —X,tr X = 0}.

Proof. To prove (1), notice that for every X € M(n,F), the matrix Q = &'
is invertible, hence in GL(n,F). Thus the claim follows from definition.

To prove (2), notice that X will have determinant 1 if and only if tr(tX) =
ttr(X) = 0, which implies tr X = 0. Here we use the formula

det (eX) =X,
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To prove (5), notice that if Q € U(n), then QQF = I. Using (XY)7 =
YTXT we can deduce that (e!*)f = tX " Now writing © = e!X, the condition
that QQT = I becomes

etX(etX)T — etXetXT - I

Taking the derivative of this equation gives
etXXJ[etXT + XetxetXT —0.

Evaluating at t = 0 gives
X+XxM=o.

This proves (5). In the real case, XT = X7, hence (3) also follows immediately.
(6) is obvious.
To prove (3), note that any skew-symmetric real matrix has vanishing
trace. That is, if X7 = —X, then clearly X;; = 0 for all i, therefore all
diagonal elements are zero. This concludes the proof. O

5.3.3 Lie Group and Lie Algebra Representations

Definition 5.17. A Lie algebra representation (¢, V) of a Lie algebra on a
complex n-dimensional vector space V is given by a real linear map ¢ : g —
gl(V) = M (n, C) such that

[0(X), o(Y)] = o([X, Y])

for all X,Y € g. Such a representation is called unitary if the image of ¢ is
in u(n), i.e., p(X)I = —4(X). We say ¢ is irreducible if there is no proper
nonzero subspaces of V' that is invariant under ¢.

We can define the adjoint representation and check that indeed [X,Y7] is
an well-defined element in g for X,Y € g. This is done in pg 57-58 in [3]. I
will not go through the detail.

Given a Lie group homomorphism 7 : G — GL(V'), one can consider the
differential 7' : T.G' — Ty ()GL(V) of this map. This is then a map between
Lie algebras: 7' : g — gl(V). To see explicitly what 7" is, we recall the
definition of the differential map. For every X € T.G = g, there exists (at
least in a small neighborhood of the identity) a unique curve yx such that
vx(0) = e and 74 (0) = X. Then the differential map 7’ takes X to the
tangent vector to the curve w(vyx(¢)) at ¢t = 0.

Figure 5.1: An illustration of how 7’ works.
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In the case where G is a matrix group, note that v(t) = e/ is a curve in

G with the property that v(0) = e and 7/(0) = X. Therefore, we may take
vx(t) = €. Then the differential map can be readily written as

"(x) = &

= ()0

Now comes the key result in this section (the proof is given again on page
65 of [3], and I am going to skip it). This theorem tells us that a Lie group
representation naturally gives a Lie algebra representation, and one can use
this Lie algebra representation to recover the Lie group representation.

Theorem 5.18. Let w: G — GL(n, C) be a Lie group homomorphism. Then
' :g— gl(n,C) = M(n,C) given by

d

(X)) = T

(7)) le=o

satisfies

1. w(etX) = et™'(X),
2. For g € G, we have
m(9Xg™") = m(g)n' (X)m(9) "
See pg 57 of [3] for a proof that gX g~ € g when X € g.

3. ©([X,Y]) = [«"(X),n'(Y)], i.e., @’ is a Lie algebra homomorphism.

5.4 Irreducible Representations of SU(2)

The goal of this chapter is to classify all irreducible representations of the
group SU(2). Recall that this is the group of 2 x 2 complex matrices with
L~' = LT and determinant 1. We explained that any such matrix can must
be of the form

(_0[5 g) o + 187 =1, a,f € C.

In this section, we shall classify all the irreducible representations of SU(2),
and construct them explicitly. It will turn out that irreducible representations
of SU(2) are classified by a nonnegative integer n = 0, 1,2, 3, ..., which we will
denote by m,. And each 7, acts on a vector space of dimension n + 1.

To classify irreducible representations of SU(2), we first linearize the prob-
lem by classifying irreducible representations of its Lie algebra su(2), and then
we exponentiate these irreducible representations of Lie algebras to get irre-
ducible representation of Lie group, by using the following theorems:

Theorem 5.19. Let G be a connected matrix Lie group with Lie algebra g.
Let m : G — GL(V) be a representation of G, and let @’ : g — gl(V') be its
associated representation of Lie algebra. Then w is irreducible if and only if
7' is irreducible.
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A rigorous proof can be found in [5], proof of Proposition 16.39. Here we
give an intuitive proof that is not very rigorous.

Proof. Suppose 7 is irreducible, then clearly «’ is irreducible. To prove the
converse, suppose 7 is irreducible. Let W C V be a G-invariant subspace.
Then W is invariant under 7(e*X), where t € R and X € g. Then we claim
that W is also invariant under

d
—(e)]i=o-

T =g

To see this, let p be the projection map onto W=. Since p is a linear and
continuous map, we deduce that

d d
p( 5y leaon) = oo (e )w) =0

for w € W. But this contradicts the irreduciblity of 7. O

Theorem 5.20. If G is a simply connected matriz Lie group, then every
representation ¢ of g can be constructed from some Lie group representation
® of G, via

d

(X) = aq’(etx)!tzo-

The proof of Theorem 5.20 can be found in almost any basic Lie theory
text, such as [4]. Since we have discussed previously that there is a diffeomor-
phism SU(2) = S3, which is simply connnected, the previous theorems imply
that it suffices to classify all irreducible representations of su(2).

5.4.1 Structure of su(2)

Consider the 2 x 2 matrices

(01 (0 (1 0
171 0o) 27\ o) P70 1)

These are called Pauli matrices, which satisfies the commutation relations
0,0k = 21 213:1 €jk101. It can be shown that these matrices form a basis of
su(2). Sometimes, people also define

;
57
and consider them as a basis, for they satisfy a simpler commutation relation
(X, X = S0, €11 X1. Therefore, any group element 0 € SU(2) near the
identity matrix satisfies

X;=—

QT+ eaX)+ X+ X3

for small real numbers ¢;. However, most physicists prefer another set of
self-adjoint operators as their basis, which are

. 1
Sj =1X j = 50 je
They corresponds to the spin of a particle. One can check that

[S1, Sa] = iS3,[S2, S3] = iS1,[S3, S1] = iSa.
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5.4.2 The Highest Weight Theorem

We first provide a motivation of classifying irreducible representations of su(2).
We start from our original problem: classify irreducible representation of
SU(2). Notice that there is a natural inclusion U(1) — SU(2), given by

; ett 0
€6|—> <0 el-g) ESU(Q)
We identify U(1) with this isomorphic copy in SU(2). Now let (7,V) be an

irreducible representation of SU(2). By restricting 7 to the subgroup U(1) C
SU(2), we can decompose our representation as

(W’U(lﬁv) = (77!1170) @ (ﬂ-%ac) DD (qu,C)

Therefore, we may choose a basis of V' such that

e o ... 0

e 0 0 e ... 0

Q 0 eiig = PN PPN
0 0 ... efam

Theorem 5.21. If q is in the set {q;}, then so is —q.

Proof. See pg 105 of [3]. O
Now notice that 0
(12655 < e 0 )
0 e—i@
Therefore,
etfn 0 0
ﬂ(ei2953) _ 0 629(]2 0
0 0 ... eifam

Using the formula '(X) = & (e%X)|9—o, we have that

etfa 0 0 igi 0 - 0
. d 0 ef2 ... 0 0 dgp --- 0
"(i283) = — =
m (i253) awl -
i0gm )
0 o ... v 10=0 0 O 1Qm

Since 7’ is a linear map', we end up getting

5 0 0
Pey=| T Y
0 0 &

Therefore, we are motivated to make the following definition:

LA rigorous argument would involve complexification of Lie algebra, which is introduced
in section 5.5 of [3]. We will not go into such complication, and will just assume that 7’ is
linear even with respect to complex coefficents.
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Definition 5.22. If 7/(S3) has an eigenvalue %, we say that k is a weight
of the representation (m, V). The subspace Vi, C V of the representation V'
is called the kth weight space of the representation if for all v € V;, we have
m(Ss)v = Ev.

We call dim(V}) the multiplicity of the weight k in the representation
(m, V).

Now we make one important definition:

Definition 5.23 (Raising and Lowering Operators). We define

. 1 .
s+=81+152=(8 0),5:5&—@:(? 8)

S are elements in s[(2,C). One can easily check that (Si)f = S+, and
similarly 7/(S+)" = 7/(S+). To see why these two operators are called raising
and lowering operators, notice that

[S3,S4] = [S3,S1 4+ 1S2] = iSe +1i(—iS1) = S1 +iS2 = S4.
Since 7’ is a Lie algebra homomorphism, we have that
7 (S5) 7 (S4) — ' (S4) ' (Sa) = 7 (S5, S4) = 7 (S).

So for any v € Vi, we have
k
7' (S3) ' (Sy)v=n"(S4) 7" (S3)v+7' (Sy)v= <2 + 1> 7' (Sy)v.

Therefore, v € Vj, implies that 7/(S;)v € Viio. A similar calculation shows
that 7/(S_) takes Vi to Vji_o. Therefore 7/(S1) takes a vector with a well-
defined weight k to a vector with weight k + 2, i.e., raising the weight, and
similarly 7/(S_) lowers the weight by 2.

Since V is finite dimensional, and eigenvectors of 7/(S3) with distinct eigen-
values are linearly independent, there must exists an integer n, and a nonzero
vector v € V,, C V, such that

TF/(S+)U =0.

Such a vector v is called a highest weight vector, with highest weight n.
Now we prove the key results in this section:

Theorem 5.24 (Higherst weight theorem). Finite dimensional irreducible
representations of SU(2) have weights of the form

-n,—n-+2,---,n—2,n
for n a nonnegative integer, each with multiplicity 1, with n a highest weight.

Proof. Suppose (7, V) is an irreducible representation of SU(2). Then (7’, V')
is an irreducible representation of su(2) by Theorem 5.19. Choose a highest
weight vector v, € V,, and a highest weight n (existence of n and v, are
gauranteed by finite-dimensionality of V). Define

Up—2j = W/(S_)jvn S Vn_gj.
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Consider the subspace of V' defined by
W = span{v,_g; : j > 0}.

W is n + 1-dimensional with v_,, being a nonzero lowest weight vector (i.e.
7'(S_)v_, = 0). Otherwise by Theorem 5.21, n will not be a highest weight.
We claim that W = V, thus proving 7 is n + 1-dimensional with weight
—n,—n+2,--- ,n — 2,n, each with multiplicity 1.

If we could show that W is an invariant subspace under 7/, then irreducib-
lity of #’ would imply W = V, and we are done. Note that since

su(2) = spanc{Ss, S—, S+ },

it suffices to check that W is invariant under 7/(S3), 7' (S_),7'(S4). Clearly
W is invariant under 7/(S_) by definition, and W is obviously invariant under

7'(S3) since W is the span of eigenvectors of 7/(S3). One can show inductively
that

7 (S4) vn—gj = j(n — j + 1)vp_g;j—1)-
To see this, for j = 0 we have the highest weight condition on v,. Assuming
validity for j, validity for j + 1 can be checked by

™ (S4) Un—2(j+1) = 7 (S4) 7 (5-) vn—2;
= (7 (S5, S)) + 7 (S) 7 (84)) vz
(7 (283) + 7' (S-) 7' (S4)) vp—2j
((n = 2j)vn—2; + 7" (S-) j(n — j + 1)vn_a;-1)
(
(

(n—2j) +j(n—j+1))vn_2;
J+ (=G +1)+Dv,_a+1)-1)

where we have used the commutation relation [Sy, S_] = 2S53. This completes
the proof of the theorem. O

Therefore, we have shown that every irreducible representation (m,, V" 1)
of SU(2) can be characterized by a nonnegative interger n, namely the highest
weight, and is n + 1-dimensional.

5.4.3 Irreducible Representations of SU(2)

Although the highest weight theorem gives a characterization of irreducible
representations of SU(2), there is no clue how to construct such representa-
tions. This section will give an explicit construction of (7, V"**1) for every
n, following mostly pg 82-84 of [4]. Now, let n be fixed, and let V"1 be the
vector space of homogeneous polynomials with two variables of total degree
n, i.e., the space of polynomials of the form

f(z1,22) = apz] + alz?_lzg 4+ 4 an_lzlz;_l + anzy. (5.1)

A basis for such a space is given by z?,z?*lzg, ...,zlzg_l,zg.

indeed an n + 1-dimensional vector space.
For simplicity we denote 7, by 7. Now viewing (21, z2) € C2?, the repre-
sentation 7 : SU(2) — V"1 is defined by

Hence this is



Explicitly, if f(z1, z2) are given by (5.1), then the action is explicitly given by
n
m(9)f(z1,22) =Y an(giy 21 + g5 22)™ F (901 21 + 93 22)"
k=0

where g;; are the entries of the element g € SU(2). By expanding the right-
hand side of this formula, we see that 7(g) f is again a homogeneous polynomial
of degree n, hence m(g) maps V"*! to V"1 It is easy to check that 7 is a
homomorphism. Therefore, 7 is a well-defined representation.

Now we compute 7. We have

d

m(X)f(2) = aﬂ(etx)f(Z)ltzo =

d

SHE ).

Now let z(t) = (z1(t), 22(t)) be the curve in C? defined as z(t) = e '¥z. By
chain rule, we have that

8f le 8f ng

/ — —
m(X)f = 9z dt 0T 52, at l1=0

Since dz/dt|;—p = — Xz, we obtain that

0
i(X21Z1 + X2222).

0
7T/(X)f = —7f (X112’1 + X1222) — a
22

821

Now plugging in the entries of Ss3, S+, we find that

, 1 0 0
71'(53)—2< 90 +22822

0
m(S4) = —225— 071

0
m(S_) = 21— 92

Applying these operators to a basis element zf*kzg for V"t gives

— 2k
7 (S) (2 ek = TSRk

™ (8104 2) K2yl

—(n—
W/(S_)(Z?ik ): k‘ —k+1 k 1

Thus, z?*kzé is an eigenvector of 7/(S3) with weight —n + 2k. Therefore,
2y will be an explicit highest weight vector for the representation (m,, V").
7/(S+) shift the weight of an eigenvector by 2, and 7/(S_) shift the weight of
an eigenvector down by 2.

Proposition 5.25. For each n > 0, the representation m, is irreducible.

Proof. See Proposition 4.11 of [4]. O
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5.4.4 Unitarity of the Representation

We conclude this section with a discussion of unitarity of the irreducible rep-
resentations (m,, V") of SU(2). To discuss unitarity of representation, we
need a notion of inner product on V™!, Usually we can define the inner
product on L?(C?) by setting (f,g) = [z fg- However, this is a useless inner
product for f, g homogeneous polynomials, since they diverge. The trick is to
define

1 ~
(f,9) = =) / , f(Zl,22)9(21,22)6_“21‘2“22‘2) dzq dy; doo dys.
c

Then one can check that the polynomials

J ok
2125

ViR

will be an orthonormal basis of the space of polynomial functions with respect
to this inner product, and the operators 7/(X) will be skew-adjoint for any
X € su(2). This shows that 7, is unitary with respect to this inner product.

5.5 Irreducible Representations of SO(3)

In this chapter, we follow mostly Chapter 16-17 of [5] and classify irreducible
representations of the group SO(3). It turns out that our previous work in clas-
sifying irreducible representations of SU(2) is of great help: We will develop an
analogous result for the highest weight theorem of irreducible representations
of SO(3), using the exact same idea of defining raising and lowering operators,
and we will connect representations of SO(3) with representations of SU(2).
But first, let us study some properties of SO(3) group itself.

5.5.1 Properties of SO(3) and so(3)

Recall that SO(3) consists of the set of real matrices R with
R"R=RR" =1

Let e1, es, e3 denote the standard basis in R3. Then rotations about coordi-
nate axis by an angle 6 are given by

1 0 0
R(#,e1) =1 0 cosf —sinf
0 sinf cos@

cos@ 0 sinf
R(6,e2) = 0 1 0
—sinf 0 cosf

cosf@ —sinf 0

R(f,e3) = | sinf cosf 0
0 0 1
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It turns out that any element R € SO(3) can be written as a composition
of rotations along the axis parallel to these basis vectors. Therefore, we can
choose 3 real numbers ¢, 6,1 (called the Euler angles) and write

R(¢,0,v) = R(¢,e3) R(0,e1) R(¢,e3).

The infinitesimal picture on s0(3) is in fact much easier to understand. Recall
that s0(3) is the set of all real 3 x 3 anti-symmetric matrices. A basis of s0(3)
can be given by

00 O 0 01 0 -1 0
Lh=10 0 -1 Iy = 0 0 O z=11 0 0
01 0 -1 0 0 0 0 O

which satisfies the commutation relation
(1,12 =13, [I2,l3] = 11, [l3,l1] = lo.

Definition 5.26. Let g,h be two Lie algebras. A map ¢ : g — b is called a
Lie algebra homomorphism if it is linear and

P([X,Y]) = [6(X), (V)]

for all X,Y € g. A Lie algebra homomorphism is called a Lie algebra isomor-
phism if it is bijective.

With the definition above, it can be shown that su(2) is isomorphic to
$0(3). The map ¢ is in fact very easy to construct. Consider the following
basis for su(2):

Fi = %O’g Ey = %0’2 Es = %O’l.
It can be shown that [Eq, E2] = E3 and relations obtained from this by cyclic
permutation of the indices holds. Therefore, F, Fo, E'3 satisfies the exact same
commutation relation as Iy, l2,l3. So set ¢(E;) =1 for j =1,2,3, and extend
by linearity.

Unfortunately, just because g, are isomorphic does not imply that their
Lie groups G, H are isomorphic (It is true though if both groups are connected
and simply connected). For a counterexample, SU(2) is not isomorphic to
SO(3) despite their isomorphic Lie algebras. The reason is because SO(3) is
not simply connected. In fact 71(SO(3)) = Z/2.

Definition 5.27. Suppose G is a connected matrix Lie group with Lie algebra
g. A universal cover of G is an ordered pair (é, ®) consisting of a simply
connected matrix Lie group G and a Lie group homomorphism ® : G — G such
that the associated Lie algebra homomorphism ¢ : g — g is an isomorphism.

Now we cite the following theorem without proving it:

Theorem 5.28. Suppose G, H are matrix Lie groups with Lie algebras g,b.
And suppose ¢ : g — b is a Lie algebra homomorphism. If G is connected

and simply connected, then there exists a unique Lie group homomorphism
®: G — H such that ®' = ¢.
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This theorem implies that if G is connected and simply connected, then ev-
ery representation of G can be obtained by exponentiating some representation
of the Lie algebra g. The proof requires the application of the Baker-Campbell-
Hausdorff formula. For a detailed proof, consult Section 3.6 of [4]. If we set
G = SU(2), then since SU(2) = S3 which is connected and simply connected,
the Lie algebra isomorphism ¢ defined by ¢(E;) = [; above can be extended
to a unique Lie group homomorphism ®. Then one can show

Theorem 5.29. (SU(2),®) is a universal cover of SO(3) with ker ® = +1I,
where ® is the unique homomorphism such that ® = ¢, and ¢(E;) = ;.

Proof. This is shown on pg 349, example 16.34 of [5]. O

We will not go into the detail of the proof. It is sufficient for us to realize
what @ : SU(2) — SO(3) looks like. Since ®' = ¢, we have that

(I)(etX) — etq&(X)'

And since SU(2) is simply connected, any element in SU(2) can be written as
e!X for some real t and X € su(2). Therefore, we know everything about the
map ¢ already. One can also realize ® through quaternions, which is explained
in Chapter 6 of [3]. However, all we really need here is to know that there is
a covering map ¢ : SU(2) — SO(3).

5.5.2 Irreducible Representation of so(3)

Recall that in the classification of irreps of SU(2), we first look at its Lie
algebra and deduce the highest weight theorem. We will use the same strategy
and look at irreps of s0(3) first. We continue to use the basis 1, l2, I3 for s0(3).

Theorem 5.30 (Highest Weight Theorem). Let 7 : s0(3) — gl(V') be a finite-
dimensional irreducible representation of so(3) on V. We define operators
Ly, L3 onV by

L+ = iﬂ(ll) - TF(lg)
L_ = in(ly) + m(l2)
L3 = ’iﬂ'(lg).

Let | = 3(dimV — 1), so that dimV = 20 + 1. Then there exists a basis
Vg, V1, ..., V1 of V' such that

Lavj = (I — j)v;

I v: — Uj+1 ] < 21
770 j=2l
i(2l4+1—jvi1 j>0
Lovj = J(20+ ])vj 1 ]
j=0.
Thus, the number [ completely determines the structure of an irrep of
50(3). Since dim V must be a nonnegative integer, [ can only be one of the

following values: [ = 0, %, 1, %,
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Proof. Since 7 is a Lie algebra homomorphism, then 7(l;)s satisfy the same
commutation relations as [;s. So we have

[Ls,Li]=1L, [Ls,L_]=-L_  [Ly L_]=2Ls.

Since over C, the operator Lz has at least one eigenvector v with eigenvalue
A, consider L v. Using the commutation relation, we have

L3L+U = (L+L3 + L+)U = ()\ -+ 1)L+U.

So either Lyv = 0 or Liv is an eigenvector of L3 with eigenvalue A\ + 1.
We call L raising operator for this reason. Since Lz only has finitely many
eigenvalues, there exists k > 0 such that (Ly)*v # 0 but (Ly)*'v = 0.
Clearly (Ly)¥v is an eigenvector of Lz with eigenvalue \ + k.

Now let us introduce new Notation vg = (L4 )*v and g = A+ k. Then g is
a nonzero eigenvector of Lg with eigenvalue p and Livg = 0. We now forget
about v, A and consider only vg, 4. We define

vi = (L Yvy  j=0,1,2,..

By similar arguments using commutation relation, we see that L_ has the
effect of lowering eigenvalue of L3 by 1 or giving zero vector. Thus

L3vj = (1 = j)v;.
Next, one can check by induction that
Livi=j2u+1-j)vj j=0,1,2,3,...

When j = 0 this is the highest weight condition. Since L3 has only finitely
many eigenvectors, v; must eventually be zero. Thus there exists some N > 0
such that vy # 0 but vy = 0. Since vy4+1 = 0, apply the previous equation
with j = N gives

0=Livnt1 =(N+1)2u— N)uy.

Now vy # 0 and N + 1 > 0. So we must have 2u — N =0, i.e., p = N/2.

Now we set [ = N/2 and putting u = N/2 = [, we have all the formulas in
the statement of the theorem. Since v;s are eigenvectors of L3 with distinct
eigenvalues, they are linearly independent. Furthermore, the span of v;s are
invariant under L4, L3, which is easy to check. Since V is assumed to be
irreducible, vjs must be a basis of V. Then

dimV =#{v;} =N+1=20+1.
This completes the proof. O

Theorem 5.31. For any l =0, %, 1, %, ... there exists an irreducible represen-
tation of s0(3) of dimension 21+ 1, and any two irreducible representations of

50(3) of dimension 21 4+ 1 are isomorphic.
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Proof. We construct V' simply by difining a space V with basis vg, v1, ..., v
and defining action of s0(3) by the formulas in the previous theorem. It is
easy to check that L4, L3 defined in this way, have the correct commutation
relation. Hence (7, V') defined this way is indeed a representation of so(3).
Now we show that V is irreducible. Suppose that W is a nonzero invariant
subspace of V. Take a nonzero vector w = Z?lzo ajv;i € W. Let jo be the
largest index for which a; is nonzero. According to the formula in the previous
theorem, (L )w will be a nonzero multiple of vg. This means vy € W.
Repeatedly applying L_ to vg, we see that v; € W for all j. Hence W = V.
Finally, the previous theorem tells us that any two irreducible represen-
tations of s0(3) has a basis as in the formulas of the theorem. Then we
can construct an isomorphism between any two irreducible representations
by mapping this basis in one space to the corresponding basis in the other
space. ]

5.5.3 Irreducible Representations of SO(3)

Having classified irreducible representation of the Lie algebra so(3), we now
classify irreducible representation of SO(3). It can be shown that SO(3) is
connected. Therefore, by Theorem 5.19, a representation II of SO(3) is irre-
ducible if and only if its associated Lie algebra representation II' = 7 is irre-
ducible. It can be shown that II;,IIs of SO(3) are isomorphic if and only if
71, T2 are isomorphic (see [5], Proposition 16.39). Thus, to classify irreducible
representations of SO(3) up to isomorphism, one only need to determine which
irreducible representations of s0(3) come from a representation of the group

SO(3).

Theorem 5.32. Let m; : s0(3) — gl(V) be an irreducible representation of
50(3), with | = %(dimv —1). Ifl is an integer, i.e., if dimV is odd, then
there is a representation II; : SO(3) — GL(V) such that II) = m. Ifl is a
half-integer, i.e., if dimV is even, then no such representation 11; exists.

Proof. If L is a half-integer, then L3 is diagonal in the basis {v;} with eigen-
value being half-integers. Therefore e=2713 = —J. Then

627r7rl(l3) _ 6727riL3 "

Simple calculation shows that e>™3 = J. Thus if a corresponding representa-
tion II; of SO(3) existed, then we would have

Hl(I) _ Hl(e27rl3) _ 627r7rl(13) - _J

which is a contradiction.

If | is an integer, let ¢ : su(2) — so0(3) be the isomorphism such that
#(E;) = 1,5 = 1,2,3. We obtain a representation m; of su(2) by m)(X) =
m(¢(X)). Since SU(2) is simply connected, there is a representation ITj whose
derivative is 7;. Then we compute

H;(_I) — H;(eQWEl) — eQﬂ'ﬂ’i(El) — 627r7'rl(l1) — e2Tl"L'Lg — I
since the eigenvalues of L3 are now integers.
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Now, as we have discussed, there is a surjective homomorphism & : SU(2) —
SO(3) for which ® = ¢ and ker & = +1. Since kerII} contains £, the map IT)
factors through SO(3), i.e., for every U € SU(2), define II; : SO(3) — GL(V),
where GL(V) is the codomain if 1T}, by

,(2(U)) = IL(U)

for every U € SU(2). Since ® is surjective and ker ® C ker IT), the map II; is
well-defined. One can check that II; is the desired irreducible representation of
SO(3), for its Lie algebra is exactly 7, an irreducible representation of so(3).
This is because the relation II} = II; o ®, hence this induces the differential
relation 77{ = g;0¢, where oy is the derivative of II;. Therefore, o3 = 771, o™l =
77, since we defined 7 = m; 0 ¢.

Consult Proposition 17.10 of [5] for details. O

5.5.4 Spherical Harmonics

We will now construct irreducible representations of SO(3) explicitly. First,
recall that in the case of SO(3), there is an irreducible representation I
of dimension 2l 4+ 1 for every I = 0,1,2,... We will now provide an explicit
construction of II; and the corresponding vector space V2+1,

Now, fix an integer [, and denote the irreducible representation of SO(3)
simply by (I, V). Since SO(3) acts on R3, then as discussed previously, we
have an induced representation on F(R?), all complex functions on R?, by

(I(g)f)(x) = f(g~"x).

However, the space of all complex functions on R? is far to large for our vector
space V, which is only 2! 4+ 1-dimensional. We need to find a proper subspace
V C F(R3), on which the representation II defined above is irreducible. Since
SO(3) is connected, II is irreducible if and only if IT" is irreducible. Therefore,
a natural strategy of finding V' is to compute L., and use the highest weight
condition to find the highest weight vector (which, as you will see, is equivalent
to solving a PDE), and apply L_ to this higest weight vector repeatedly and
get the whole list of 2 4+ 1 vectors, which will then be the basis for V.
Now, we remember that

d d
/ R (2.0 Y IS S
I(X)f = M) flimo = T f (e %)=
for X € s50(3). Recall that a basis of s0(3) is given by
00 O 0
h=o0o0 1| = o0
01

01
00 I3 =
0 -1 0 0

o = O
o O O

They satisfy the commutation relation
(l1,02] =13, [l2, 3] = U1, I3, l1] = lo.
To be consistent with physics literatures, we define
L; =ill'(;) j=1,2,3.
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Then one can check that
[L1, Lo = iL3, [Lg, L3] = iL1,[L3, L1] = iLo.

We also define
le =1 +ily Ly =ill'(ly).

It turns out that L; will correspond to angular momentum of a particle in 3
directions, respectively. Now using the formula for calculating II'(X) above
(see [3], section 8.3 for detailed calculation), we get that

0 0
/ _ v v
11 (ll) = I3 81'2 $2a(133
0 0
/ _ v Y
11 (ZQ) =T 8%‘3 $3ax1
0 0
/ _ v Y
1I (lg) = X9 81‘1 T 8.%'2.

Now, we realize that when SO(3) acts on R3, it keeps the distance r to the
origin of a vector x fixed. The inate rotational symmetry of SO(3) action
motivates us to restrict our attention to functions on the unit sphere S, i.e.,
function of the form f(6, ¢), and change our coordinate system from z1, 9, x3
to spherical coordinates (r,0, ¢).

We have to figure out the form of II'(l;) with respect to this coordinate
system, instead of the coordinate system 1,9, x3. The coordinate transfor-
mation is given by

x1 = rsinfcos ¢

To = rsinfsin ¢

r3 = 1rCcosb.
The harder part is to transform the derivative operators into spherical co-
ordinates. But essentially this is just a straightforward change of basis of

tangent vectors. See, for example, p.63 of [1] or section 8.3 of [3]. After some
calculation, we get

Ly=ill'(lh) =i < i — w28> =1 <sin¢886 + COtHCOS¢8>

3 B dxs o
0 0 0 0
o . A R o . v
Lo =4I (lz)—z<xlax3 x38x1> z( cos¢89+cot951n¢8¢>
0 0 0
— 3Tr — 7 [ R = —7—
L3 =ill' (I3) =1 (xg Py 1 01‘2) Z@gb

which then gives

o[ 0 0
=1 / = Z(z) _— ) _—
Ly =il'(ly)=e (89+200t06¢>

- 0 0
= ) / = _Z¢ —_—— ]
L_=ql'(l-)=e ( 69+ZCOt98¢>'

Now, as mentioned before, we first find the highest weight vector vy in the
previous section. Then we will apply L_ to vy repeatedly to obtain a basis of
our vector space. We will call our highest weight vector vy a function Y}I(G, ?),
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which is a function defined on a unit sphere. It satisfies Lngl(ﬁ, @) = lYll(G, ?),
and LyY}'(0,$) = 0. Therefore, we get two PDEs:

0

LaY} (0, 9) = —i5 ¥/ (6,6) = 1Y{(6,9)
LY, ) =€ <(§0 + i cot 93(?) Y (0, ¢) = 0.

The first equation suggests that
Y/ (0,9) = " F(0)

for some function Fj(6) that depends only on 6, and using the second equation

Q%—lw%) 1(6) = 0.

Fl(e) = Cll sinl 0
for some constant Cj;. So finally we get our highest weight vector

Y (0, ) = Cye®sin' 6.

we get

This has the solution

Repeatedly applying the lowering operator L_ gives the rest of the basis:
Y (0,6) = Cim (L)' Y/ (0, 0)

l—m
= Cim <ei‘;s (—;’9 + i cot 6%)) e gint @

form=1,1—1,...,—1 + 1,—1. Therefore, our 2] + 1 dimensional vector space
V is given by the span of the functions Y;"(6,$) on the unit sphere S?, for
m=10L1-1,..,—1+1,—I.

We still need to show that representation (II, V') is irreducible. But this
is very easy. We know that II is irreducible if and only if IT is irreducible.
Since we know that [4,[3 form a basis of so(3), we only need to check that
V = span{Ylm(G,qS)}m:lw’fl is closed under the action of L4, Ls. Using
similar argument as we did in the proof of Theorem 5.31, one can show that
V is indeed invariant under Ly, L3. Therefore, (II, V') is indeed irreducible.

The functions Y™ (0, ¢) are called spherical harmonics. They belong to
the set of square integrable functions on the unit sphere, denoted by L?(S?).
This space can be given an inner product by

2 ™

<f,g):/ fgsingdfde = f(0,0)g(0, ¢)sin 0 db de.
52 $=0J6=0

Then one can define the L?-norm in this space by

£l L2 s2y = (F, )YV,

Then, by some nontrivial functional analysis technique, one can show that
Y,"(0, ¢) form a basis for L*(S?), where I = 0,1,2,... and =l < m < [. In
other words, any f(0,¢) € L?(S?) can be written as a series expansion

) l
= > a"Y"(0.9)
=0 m=-1
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in the sense that the infinite series on the right hand side converges to f in
L?-norm. In fact, this is an orthonormal basis, in the sense that

(Y™(0, ), Vi (0, 0)) = SO0

Therefore, we see that

Conventionally, the constant C,,; in the function Y, (6, ¢) is chosen such that
this basis is orthonormal, i.e., such that ||Y;™(#, ¢)||L2(52) =1.

5.5.5 The Casimir operator

One can define the Casimir operator on SO(3) to be the second order differ-
ential operator
=L+ I3+ 15

One can show that for any X € so0(3), we have
L7, I(X)] = 0.

Knowing this, a version of Schur’s lemma says that L? will act on an irre-
ducible representation as a scalar (i.e., all vectors in the repre- sentation are
eigenvectors of L2, with the same eigenvalue). This eigenvalue can be used to
characterize the irreducible representation. To compute its eigenvalue, note

that
L_Li = (Ly—iLy) (L1 +iL2)

= L2+ L3 +i|Ly, Ly]
=L?+L35— Ls.

So
=13 +I13+13=L_L, + L3+ L3

Let f be the highest weight vector of the irreducible representation II;. Then
Lif=0, Lsf=1If
with solution f o Y/(G, ¢). Therefore,
L*f=L Lif+(Ls+L3) f=(0+1+0)f=11+1)f

We have thus shown that our irreducible representation II; can be character-
ized as the representation on which L? acts by the scalar I(I + 1). We will
reencounter this operator in as the angular part of the Laplace operator on
R3. Finally, an explicit calculation shows that

L? =02+ I3+ L}

(.0 o\\>
= <z (sm qb% + cot 0 cos ¢8¢>>

_ d AN A
+ <z (— cos qb% + cot 0 sin ¢6¢>>> + <_26¢)
T \smeao \™700) T sin2eo¢? )

110




5.6 Tensor Products

Let V, W be two vector spaces over C, with basis {e1,...,em}, {f1,..., fn} TE-
spectively. Then the direct sum V & W gives a vector space of dimension
m + n with basis {ei,...,em, f1,..., fn}. The tensor product V@ W gives a
vector space with dimension mn with basis

e X f; i=1,...m j=1,..n.

We require ® to be a bilinear operation. This is, of course, not a rigorous
definition of the tensor product, since we haven’t check that this definition is
independent of the choice of basis. However, we will not do a formal definition
of tensor products, which is quite abstract and can be found in standard
abstract algebra textbooks.

There are natural isomorphisms

VeaWw=weV UsWeW)=2UaV)eW.

Also, given linear operators A on V and B on W, naturally we can define a
linear operator A® B on V@ W by

(A® B)(v®w) = Av ® Bw.

If one writes out the matrix representation carefully, A® B will be an mn xmn
matrix.

One more thing we shall say about tensor product is the following. Let
L(V, W) denote linear maps from V to W. Then there is an isomorphism

VieW=L(V,W)
which is given by the correspondence
l@w <+ (v l(v)w).
5.6.1 Tensor Products in Quantum Mechanics: Pauli Exclu-
sion and Entanglement

The application of tensor products in quantum mechanics is the following: Let
JA, 7 be two quantum systems. One can consider the composite quantum
system corresponding to considering the two systems as a single one, with no
interaction between them, by taking a new state space

H =7 @ I,
with operators of the form
ARIp+14® B Ae L(sA4,74),B € L(H, H5).

If one consider a state space J¢ as a system describing a single particle, then
a system of n such particles is described by the state space J#®".
One has a representation (m, #%™) of the symmetric group S,, given by

71'(0)(7)1 QU - ®Un) = VUg(1) ®va(2) Q- - ®Ucr(n)'

A fundamental axiom of quantum mechanics is that if #®" describes n iden-
tical particles, then all physical states are either symmetric (bosons) or anti-
symmetric (fermions).
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Definition 5.33. A state v € %" is called

o symmetric, or bosonic if for all o € S,,, one have 7(o)v = v. The space
of such states is denoted S™ (7).

o antisymmetric, or fermionic if for all ¢ € S,, one have 7(o)v =
(=1)lely, where |o| is the minimal number of transpositions that by
composition give o. The space of such states is denoted A™ ().

Note that in the fermionic case, let ¢ € S5 be the nontrivial transposition.
Then 7(o) acts on S @ H# by interchanging two vectors. Thus it takes
wRw € H QA toitself. Antisymmetry requires m(o) takes this state to its
negative. So the state cannot be nonzero. As a result, we have proven

Pauli Exclusion Principle. One cannot have nonzero states in
S®" describing two identical fermions in the same state w € JZ.

Definition 5.34. A vector in V ® W is called decomposable if it is of the
from v ® w for some v € V,w € W. If it cannot be put in this form, it is called
indecomposable.

Clearly, basis e; ® f; are all decomposable. However, their linear combi-
nations are in general indecomposable. In the physics literature, the language
used is

Definition 5.35. An indecomposable state in the tensor product state space
JA ® H5 is called an entangled state.

5.6.2 Tensor Products of Representations

Definition 5.36. Let (my, V), (mw, W) be representations of a group G.
There is a tensor product representation (mygw,V ® W) of G, defined by

(mvew(9)) (v ® w) = 7y (g9)v @ Tw (g9)w.

One can easily check that mygw(gh) = mvew (9)Tvew (h), hence this is
indeed a representation.

To see what happens to the Lie algebra representation, we first have to
figure out what v ® w looks like in the coordinate form. Suppose with respect
to the ordered basis ey, ..., e, of V and fi, ..., f, of W one has

where m,n are not necessarily equal. Then using the linearity of ®, one can
see that v ® w with respect to the ordered basis

61®f17"'761®fn762®f17"'7e2®fn7"‘7€m®f1?"’76m®fn
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is given by
V1w

V1Wn
vowl

vow=| = |levew
VoWn,

UmWi1

UmWn

Then by the chain rule, if v, w are vector-valued functions of ¢, one can see

that
d o= owived?
'Y T YT

Therefore, we have that

d
Tyew (X)(v@w) = qvew (etX) (v ® w)i=o

d

_ ((i”v () v)  my () w> y
+ (WV () v e (iww () w>>t:0

= (my(X)v) @ w+ v @ (T (X)w) .

v () v @ () w),_,

Therefore, one has
Trew (X) = (71(X) @ Iw) + (1v @ (X)) -

5.6.3 Clebsch-Gordan Decomposition

Theorem 5.37 (Clebsch-Gordan Decomposition Theorem). Let (I, V)
denote the k + 1-dimensional irreducible representations of SU(2). Then ten-
sor product (Ilyny gyna, VM @V ™) decomposes into irreducible representations
as

(I 41y Vm-i-nz) @ (I, 4ny—2, Vn1+n2—2) DD (H|n1—n2\? V|n1—n2|).
To prove this theorem, we need to first make a

Definition 5.38. The character of a representation (7, V') of a group G is
a function xy : G — C, defined by

xv(g) = tr(w(g)).
One can easily check the following properties of the character:

Proposition 5.39. We have:
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* XveW = XV + Xw
o XVew = XV XW
o xv(ghg™) = xn.

To prove the last claim, use tr(AB) = tr(BA). Therefore, we see that
the character is a function on conjugacy classes. Namely, if two elements
g, h € G are conjugates of each other, then xv(g) = xv(h). In the case where
G = SU(2), we have the following result:

Lemma 5.40. Let A € SU(2), then there exists Q € SU(2) and A € U(1)
such that A = QAQ 1. That is, every element in SU(2) is conjuagte to some
element in U(1) C SU(2).

Proof. The spectral theorem for normal operators (i.e., operators such that
[A, AT] = 0) says that for normal operator A we have A = QAQ ™! where Q is
unitary and A is diagonal. Since if A € SU(2), then AAT = ATA=1,s0 A is
clearly normal, we want to show that @ can be chosen to be in SU(2), i.e., we
can choose Q with determinant 1. Since Q is unitary, we have QQT = QTQ =1,
hence (det Q)(det Qf) = 1. Let d = det Q. Then det (QT) = det (@) = d since
transpose does not change determinant. Thus dd = 1. Hence d is on the
unit circle. Let s be the square root of d. Consider Q' = 5Q. We have
det(Q') = (3)%2det@Q = dd = 1. So Q' € SU(2). Now A" = Q'A(Q")' is
diagonal, and it differs with A by a scalar multiple. This proves our claim.

Now suppose A = QAQ~! with A,Q € SU(2) and A diagonal. Then
A =Q 1AQ € SU(2) as well. Since A € SU(2), we can write

_ (o B 2 2 _
A_<_ﬁ a) ol + 182 = 1.
Since A is diagonal, 8 = 0 and |a|? = 1. Therefore A € U(1). O

Corollary 5.41. Let (Iy, V) and (I, W) be two representations of SU(2).
Then if xy = xw on U(1), we must have xy = xw on the entire group SU(2).

Proof. Immediate by the previous lemma, and the fact that character is in-
variant under conjugation. O

Proof of the Clebsch-Gordan Decomposition Theorem. We know that the irre-
ducible representation (II,,, V") acts on U(1) by

ezné’

et(n—=2)0

Therefore, we have that

ei@ 0 ) ) )
Xvn < 0 ei9> _ ezne + ez(n—?)@ 4ot e—m@ _
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To see this, one only need to use the identity

<6m9 Leitn=20 L —i(ne2)0 efm€> (eie _ 649) _ inH1)8 _ —i(nt1)0
Suppose now that ny > nq, then we have that on U(1),

XVri@yns = Xym Xvne

= (™0 4 (m20 . efmle)ei(”ﬁl)@ _ —i(n2+1)8

P —7
(ei(n1+n2+1)9 _ e—i(nl—‘rng—l-l)@) 4+t (ei(ng—n1+1)0 _ e—i(ng—n1+l)9)

T —
= Xynitne + Xyni+na—2 + -+ Xyng—ng .

But since character is invariant under conjugation, the equality must hold
on all of SU(2). Finally, we use the fact that SU(2) = S3 is compact. For
a compact Lie group, one can always decompose any representation II into
the direct sum of irreducible ones (up to equivalence), with II ~ @, ¢,I1,,
where ¢, # 0 for only finitely many n, and ¢, = (xm,, x1). Therefore, any
representation of SU(2) is completely determined by its character. Since we
have the equality of the character above, equality of representation must also
follow. O

Remark 5.42. The inner product of character mentioned above can be de-
fined as

(X XT1a) = /S o T OAT0)dn0)

where dp is some invariant volume-measure. Then it can be shown that under
this inner product, irreducible representations are mutually orthogonal:

<XHn7 XHm> = 5nm7

and every representation on a compact Lie group is completely reducible. This
is almost exactly the same as in the finite group representation theory case. For
a detailed treatment of representation theory of compact Lie group, consult
[4].

5.6.4 Complexification of Vector Space

We conclude with a disucssion of complexifying vector spaces. Let V' be an
R-vector space. Then intuitively by complexification, we mean that we al-
low complex coefficents in scalar multiplication, making V' a C-vector space.
Formally, we can identify the complexification of V' with

V ®r C.

Suppose that as a real vector space, V has basis ey, ..., e,. Then intuitively,
complexifying V will make it a 2n-dimensional R-vector space, with basis
elements ey, ..., e,, €1, ...,7€,. But this is an n-dimensional C-vector space
with basis eq, ..., e,, but over C. Now consider the identification

Veoej+e;leVeC
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One can show that this is an isomorphism. Then the scalar multiplication by
a complex number « € C is now given by the identification

n

av =« Zvjej Hzn:ej@)(owj).

j=1 j=1

5.7 Representation of the Group (R, +)

Theorem 5.43. Irreducible representations of (R, +) are all given by
me(a) = e“ € GL(C), ce C.

Proof. This follows exactly from the proof of irreducible representation of U (1)
in pg 20-21 of [3], except we forget about the priodicity condition. O

The Lie group (R, +) gives some of the most fundamental symmetries in
nature. For example, for a function 9 : R — C, it is said to be translational
symmetric if ¥(q + a) = ¥(q) for all a € R. In fact, if we consider the Lie
group (R, +) acting on itself by translation

q—a-q=a-+q,

this induces a representations on functions taking real values, given by the
usual

m(a)y(q) = ¢(a~" - q) = ¢(q — a).

On L? functions, this representation is clearly unitary, for

(n(a)f, m(a)g) = / " (g - a)glq — a)dq = / " f@ela) = ).

And we have seen, many times, that given a unitary representation, its induced
Lie algebra representation is skew-symmetric, from which we can obtain a self-
adjoint operator, which corresponds to some physical observable. Therefore,
we want to find 7’ of the representation above.

What we get is:

w(@) () = S F@lemo = 70— iz = (g~ ta)lizo
d
= —ad*qf(Q)-

Note that in this case we have e!® = ta. This is because the exponential func-
tion here is quite different from the exponential function in the real analysis
case. A detailed discussion can be found here. But to be concise, this is be-
cause an element a in the Lie group G = R can be identified with the matrix

group H element
1 a
a <O 1) e H.

By definition, the Lie algebra b of this matrix group H is all the matrices
whose exponential is in the group, and we find that

exp (8 g) - (é ‘f) (5.2)

116


https://physics.stackexchange.com/a/726202/301184

Therefore, the Lie algebra of this matrix Lie group H which we identify as R
is given by the set of matrices of the form

{4 peenfn b ) oeen

Therefore (5.2) can be written, counter-intuitively, as
e =a a <€ R.

In conclusion, we get that

which is a skew-adjoint operator. Multiplying by ¢ we get a self-adjoint oper-
ator

5.7.1 Hamiltonian and Momentum Operator
Hamiltonian and Time Translation

One of the axiom of QM, the Schrédinger equation, says that for all state [¢),
we have

d
i 9) = H ).

Therefore d
iR
T

Indeed, we see that the self-adjoint operator 7’(a) is proportional to H up to
some scaling by some real constant (which doesn’t matter) if we consider the
time coordinate ¢ = t. This suggests that the Hamiltonian is the generator of
the time-translation operator. Indeed, one has

T(a)i(t) = Y(t — a) 201, —a)" dtn Z{);() »(z),

which suggests that
II(a) = exp (;aH>.
But by changing a to t, one see that we covered exactly the propagator
I(—t) =U(t) = e "

that solves the Schrodinger equation with |¢(t)) = U(t) [1(0)) .

Momentum and Space Translation

Similarly, if now we choose our coordinate ¢ = x to be spatial, then the
operator 7(a) = —a% will correspond to spatial translation. One can define
the momentum operator

0
= —Zﬁ%
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which is just the self-adjoint im(a) up to some real constant multiple. Similar
to the derivative above, we find that

(a) = exp <—igp>.

We say that momentum is the generator of translations. In more than 1
dimensions, the momentum operator can be defined componentwise by P; =
—iﬁ%, hence the total momentum operator can is given by —iAV.

J

The Schrodinger Equation for Free Particles

For a free particle described by a state ¥)(x,t), the energy momentum relation

reads
_|P]?

2m
with no potentials. Therefore, the Schrodinger equation can be written as
follows by plugging in H = ih% and P = ihV:

h2

— 5 VAU, 1), (53)

iﬁ%d}(x, t) =

This is the Schrodinger equation of a free particle. By separation of variable,
one can find that the solution to this equation is given by

Y(x, 1) = Pp(x)e P

where ¥ p(x) satisfies
hQ
Hp(x) = 3o V2p(x) = Byn(x).

The solution is given by

¢E(X) — ei(klzl—f—kgmg—l-kgmg) — eik~x

where P12
K

2m

Therefore, we have found the stationary solutions to (5.3), which are labeled
by a vector |k) = e'¥* satisfying

ﬁQ‘k‘Z
o k) .

Pjlk) = hk; k) Hlk) =
Then a general time-dependent state W(x,t) satisfying (5.3) will therefore be
a linear combination of stationary states:

[1|2

U(x,t) = /d3k p(k)ekxe it (5.4)

where ¢(k) is some function depending smoothly on k. Actually, (5.4) poses
a much more severe problem than you think, so severe that we have to rede-
fine the spaces in which our quantum theory takes place. To find a suitable
explanation of (5.4), we have to invoke a lot of nontrivial functional analysis,
which will be discussed in the next section.
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5.8 Free Particles

In the previous chapter, we have solved the Schrédinger equation for a free
particle (5.3). To simplify our discussion, we will consider only 1-dimensional
case, but the 3-dimensional case can be generalized quite straightforwardly.
In 1-dimension (5.3) reads

h? 0

0
Zﬁaﬂ’(l’at) = —%@T/J

(x,t).
The stationary solutions are given by plane waves
|]{?> — eikz'

To be a physically realizable state, it has to be normalizable, since the ampli-
tude [t)(z,t)|? of a physically realizable state 1)(z,t) is the probability density
function of particle. However,

(k|k) = /d:n etk etk — /dl’ = 00.

The non-normalizable nature of the eigenfunctions |k) of P, H suggests the
following problems:

e Physically, this means that a free particle cannot have stationary mo-
mentum and energy.

o Mathematically, this means the eigenvectors of the operator P, H are
not in L?(R). Therefore, it suggests that we have to define quantum
theory on a broader space than L?(R).

To solve this problem, there are two ways to go. First is to pose periodicity
condition ¢ (x + 27) = 9(x) for all z, thus reducing problem to continuous
functions on S!, which will have convergent L?(S!) norm. Detailed treatment
using Fourier analysis on S! can be found in Chapter 11 of [3]. A somewhat
equivalent treatment of this topic is given in section 2.2 of [6], which is more
commonly known as the infinite square well problem. We will not be discussing
this case despite its important physical interests. The main issue we will focus
on is resolving the difficulties that present on the entire R.

5.8.1 Schwartz Space and Tempered Distributions

The solution to the difficult problem that the momentum operator P does not
have eigenvalue in L?(R) is to consider a slightly more general class than just
L?-functions, called the space of tempered distributions, in which P will have
eigenvectors.

Definition 5.44. The Schwartz space S(R) consists of smooth functions f :
R — C such that the function f itself and its S-th derivative DPf fall off
faster than any polynomial functions. Formally speaking, f € S(R) if and
only if

sup |x°‘D’Bf| < 0 Ya, 5.

zeR

Proposition 5.45. We have S(R) C LP(R) for 1 < p < oc.
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Proof. Take f € S(R). Denote ||f||,5 = supzer |z DB f|. Then we have

1

Jir@p = [ (@+a) @) 5

Since f is a Schwartz function, (14 x2)f is bounded, and
for p > 1. Hence we have that

1 1
(1+=x2)? S 1122 © Lt

0,0 + [[fll2,0)" < o0.

1

2 p

[ir@r <l@+a) @2 [ 1 <w s
This concludes the proof. In particular, we have S(R) C L?(R). O

Now, let V* denote the dual space of a vector space V', which are all linear
functionals on V. Then L?(R) = (L?(R))* since L?(R) is a Hilbert space. To
see more detailed treatment one can refer to [7]. But the basic idea is, there
is a conjugate-linear isomorphism from L? to its dual given by

£ [F0e @y,
In Dirac notation, this is simply written as
1f) = {f]-

Then identifying L? with its dual, there is a natural inclusion

S(R) c L*(R) c S'(R) (5.5)
where §'(R) = S(R)*, and the inclusion L*(R) C S'(R) are given precisely
by |f) — (f|. And this inclusion is essentially a consequence of the Holder’s
inequality, which is explained in [7]:
Proposition 5.46. We have a natural inclusion L?(R) C §'(R), for p > 1.

Proof. Identifying f € LP with [ fe¢du where ¢ € S(R), we have that

‘/f(w)qb(m)dﬂ‘ <Ml I+ ) - |1+ [21?) 6]l < o

since ¢ € S(R). In fact, this is even true in the R™ case, where we have

‘/R f<x)<z>(x)du’ < Il QA+ l) g - [+ )" ]| < oc.

This proves the claim. O

Now that we have verified (5.5), we consider a quantum theory defined not
on L*(R), but on §'(R). We make the following definition:

Definition 5.47. Let F' € S'(R) and A be an operator on S(R). We say that
F is a generalized eigenvector of A with eigenvalue A if and only if

(AF)(p) = F(ATp) = (AF)(¢) Vo € S(R).
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Now we consider the plane wave solution |k) = e***. Tt sits naturally in

S'(R), which is given by (k| (|¢)) = [e **¢(z)dz. It can be shown that
P(S(R)) € S(R). Hence the restriction of the momentum operator P on
S(R) gives an operator on S(R). Now we verify that |k) (which is really (k|
identified) is a generalized eigenvector of P.

(P Ie) = (Pl = [ et (—ing- ) aa

— >0 —ikx . > 9 —ikx _
= —ih </Oo E [e go(a;)} dz /Oogpaxe d:c) = hk(k|p).

Note that we have used P = PT. This shows that we can indeed think of |k)
as eigenvectors of P, sitting inside S'(R). Sometimes, it is more convinient to

write 1
k) = eika:
k) Nors

and write ) -
” _ _ —ikx
k) = (ho) = —= [ ot da,

One sees that this is nothing but the Fourier transform of the Schwarz function
¢.

There is another important linear functional in §'(R), which we write d,.
It is defined by

0y(f) = f(y)-

Motivated by the beauty of the Dirac notation, we want to write J, as some
function that we can integrate against any Schwarz function, i.e., some func-
tion g such that 6,(f) = f(y) = (g|f). Unfortunately, there is no measurable
function ¢ that will make this work. However, we can still write (notationally)

fly) = /Oo §(z —y)f(x)da.

—0oQ
But it is important to note that d(x — y) is not a function. Notationally, one
can write (d,|. We claim that this is a generalized eigenvector with eigenvalue
y of the position operator X defined by

Xo(x) = wp()

which is multiplication by the function x. The proof is straightforward:

(X () (1)) = (6,1 XT|6) = (8, [xe(2)) = yob(y) = y(d,19)-

Therefore, we see that although P, X does not have eigenvectors in L? space,
we can extend the space to generalized distributions in which they do have
eigenvalues, and in which L? naturally sits.

In general, given a Hilbert space s and an algebra of operators A on 7,
there exists a maximal subspace & C ‘H on which A acts. Then we have the
natural inclusion § C H C §*. Although A € A won’t have eigenvectors in
¢ if it has continuous spectra, it will have eigenvectors in S*. A triple

(8,H,8%)

is called a rigged Hilbert space. It turns out that rigged Hilbert space is a
natural place in which quantum mechanics takes place. A detailed survey can
be found in [8].
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5.8.2 Fourier Transform

Definition 5.48. The Fourier transform of a function ¢ € S(R) is given by
a function v, where

A fzkx
vk \/ﬁ/ Vi) do

One can show that 1 € S (R), and define the inverse Fourier transform by

_ L <~ etk
wie) = = / ).

Remark 5.49. One can consider the Fourier transform and its inverse trans-
form using the following analogy: In a finite dimensional vector space V', any
vector can be written as [v) = >, v(j) |ej) where |e;) is an orthonormal basis:
(eilej) = di5. The coefficents v(j) can be obtained by v(j) = (ej|v). In the
continuous case where V is infinite dimensional, the set of functions |k) = e
forms an orthonormal basis (we’ll explain later) with (k|k') = d(k — k).
Then we can view @ZJ( ) = (k|) just as v(j) in the discrete case. And
the inverse Fourier transform is just the continuous version of reconstruct-
ing |v) = >_;v(j)|e;) with the knowledge of the coefficents v(j).

Proposition 5.50. The Fourier transform convert differential operator D into
multiplication. More specifically,

Dij(k) = ikt (k).
Proof. This is simply proven by

d
D —zkxi d
vik \/ 271' / dxw !
. d .
- = [ —ikx [ 2 —ikx
Vo /OO (da: (e ¢) (d:ce >¢> de
1 o ~
=ik Vo e F dx = ikip(k).
We used the fact that 1)(£00) = 0 and |e**| = 1. O

Proposition 5.51. Let T, be the translation operator defined by T,¢(x) =
Y(z + a). Then

Tup(k) = €™ (k).
Proof. We have

—

R Y s LT ik —a) o .
Taz/)(k:)—\/%/_ooe Y(z+a)dz \/ﬂ/_ooe P(2') dz
= ey (k).

This concludes the proof. O

Theorem 5.52 (Plancherel). The Fourier transform and inverse Fourier
transform extends to unitarity isomorphisms of L*(R) with itself. In par-
ticular,

[$(@)l 2 = [9(k)]| 2.
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Proof. Refer to any standard textbook in Fourier analysis. O

Definition 5.53 (Fourier transform on §’(R)). Since the Fourier transform is
defined on Schwartz function space S(R), we can also define Fourier transform
on the space of tempered distributions S'(R). Let T' € S'(R) and ¢ € S(R).
We define

(T)(¢) =T(9).
If we write T'(¢) = (T, ¢), then the Fourier transform T of T is defined by

-~

(T, ) = (T, ).

Example 5.54. One of the most important examples of Fourier transforma-
tion of distributions is that of dg. We have that

(00, 0) = (¢, 9) = ¢(0).
From the formula of the Fourier transform, we have that

3(0) = jﬁ / " p(e)dr = jﬁu,w

where 1 is understood as the functional ¢ — [ ¢dz. Therefore, the Fourier
transform of dq is the constant function

~ 1
0= —.
V2T
Using the formula for the inverse transform, one gets

d(z) 1/ etk d.

:g .

Replacing © — z — 2/, we have

§(x — ) ! / e*@=) g

:% .

Then we consider the eigenvectors of the momentum operation P:
1 .
k) = ——e'*®.
k)= =

We have that

/ — = L—ik’m L ik _1/00 i(k—kz _ Y
<k‘|k:>—/_oo< 5= me da:—Qﬂ_ _Ooe de =6(k—K').

5.8.3 Dirac Notation, Position and Momentum Space

We have been seeing Dirac notation a lot. But there is still something worth
mentioning about it. Suppose in a finite dimensional vector space with an
orthonormal basis |e;), one can write [v) = > v(j) |ej). Since v(j) = (e;|v),
one can actually write

0) = (ejlv) |ej) = Z|6j><€j| V) .

J
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Hence, we get that

Z lej)Xejl =1

if |e;) is an orthonormal basis. In the infinite dimensional case, things are more
subtle. If a self-adjoint operator @@ has continuous spectra, then one can derive
an analogous version of the finite-dimensional case through some hard work.
For a rigorous treatment, see [5], [8], and [7]. But the idea is straightforward,
define eigenvector |q) of the operator @ such that @ |¢) = q|q). Then spectral
theorem for unbounded operator says that one can find a set of eigenvectors
|g) that form an orthonormal basis of our state space. Then replacing the sum

by an integral, we get
/dq\qxq =1

Let us study the case where our state space is S'(R), and the self-adjoint
operators are position and momentum oeprators. Then a state |¢)) can be

written as?
) = ([ asleel) 10} = [ dstelo) o).

Defining (z|¢) = 9(x), this boils down to the equality

bly) = / dz P(2)8(y - ).

Therefore, what we refer to as wave function () is really just the component
of the abstract state |¢)) with respect to the basis |z), which are eigenvectors
of the operator X. Similarly, one can consider the case of operator P and
write

) = (| artinid ) 19) = [ ai et 1) (5.6)

Let us look at (5.6) more carefully. The coefficients (k|i)) are exactly the
Fourier coefficents, since

Dk) 1= (kf) = jﬂ / e~y da.

Therefore, the Fourier transform formula is written compactly inside (k[t))!
Now expanding (5.6) into a more familiar form, we find that (5.6) is nothing

but
- 1 < eink

which is the inverse Fourier transform! Therefore, given a state [¢)) in state
space, its components ¢)(z) with respect to |z) basis is different from its com-
ponent (k) with respect to |k) basis. But i (z), (k) refer to the same vector
|tb). This is just a consequence of a change of basis. Therefore, we have
the elegant correspondence between position space and momentum space of
wave functions as the Fourier transform from signal space to frequency space.

*The reason we can conclude [ dz |z)(x| = 1 is not because |z) is an orthonormal basis.
In fact, there is no inner product on S’(R). The reason we can do this is simply because of
the definition of the Dirac delta function, and its corresponding integral representation in
the next line.

124



Therefore, we call functions @Z(k‘) to be in momentum space, and 1(z) to be
in position space.
In the position space, operators X, P are given by

X(a) = wila)  Pbla) = —ih ().

But in the momentum space, we are now taking the basis to be |k), so X, P
will also change. Assuming our state space 7 _is nice enough, the Fourier
transform provides an isomorphism % : 7 — # = 5, where we label the
hat to suggest that we are working in the momentum space. Then we have
the commutaive diagram

L
l P
H —s A

Hence we have P = ZF o Po 1. Therefore, in the momentum space, the
action of momentum operator is given by

Pi(k) = (F o Po.Z 1) (1(k))
=7 o P(())
F(—ihD(x))
= (—ih) (k)i (k)
= ki (k)

where we have used m(k‘) = ik¢(k). Therefore, we conclude that in the
momentum space
P = fik.

Similarly we have a commutaive diagram

H
F1 Ty“
H — H



Therefore, we conclude that in the momentum space, the position operator
acts as

> d
X =1—.

dk
There is a derivation of the position operator in momentum space in [6] using
the Dirac notation.

5.9 Representations of Euclidean Group

In this chapter, we will first explore the solution to the Schrédinger equation
of a free particle using Fourier transform, and then we will digress a little bit
to study Euclidean groups E(2). After that, we will show that the time inde-
pendent solutions to the SDE of free particles are the elements of irreducible
representations of the Euclidean group E(2). We will finally generalize this
situation to the 3-dimensional case.

5.9.1 Solution to the Free Particle SDE in Momentum Space

Recall that the Schrédinger equation of the free particle in 2-dimension is
given by

'ha t) = h2v2 t 5.7
Z&ﬂ)(q,)——% ﬂ)(qv ) ()

We have seen that Fourier transform takes the derivative operator to multi-
plication by k in one dimension. Similarly, in three dimension, after Fourier
transforming (5.7), one gets (setting A = 1 and replacing coordinate ki, k2, k3

with p1,p2, p3)

0~ 1 N
i (p.1) = %(zﬁ + p3)(p, 1)

This equation can then be solved using separation of variable, giving solutions

b(p,t) = e 2 P(p, 0).

We want to find states that not only obeys the Schrédinger equation, but is also
the momentum eigenstate. The momentum eigenstate @(p, t) at t = 0 obeys
ijZ(p, 0) = p;&z(p, 0) acted by each momentum component P;. Therefore, the
solution is given by a delta distribution

%(p,0) = 8(p — ') = 8(p1 — )8 (p2 — Ph).

The position space wave function can be recovered from the Fourier inversion
formula

Y(q,t) = 2177/d2p P ) (p, ).

5.9.2 Semidirect Products and The Euclidean Group

Definition 5.55 (Semidirect Products). Let N, K be two Lie groups. Suppose
for every k € K, there is an automorphism (isomorphism from a group to itself)
®(k) = &1 : N — N. Then one can define the semidirect product

N)dq;K
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of N and K to be the group with elements (n,k) € N x K with the group law
(n1, k1)(ne, k2) = (n1 Pk, (n2), k1k2).
One can check that this is indeed a group, with inverse element
(n, k)~ = (Pg-1(n ™), k7).

Definition 5.56 (Euclidean Group). The Euclidean group E(d) is the semidi-
rect product
E(d) = R x4 SO(d)

where the automorphism is given by the identity map
®(R) = R:R*— R%
More specifically, the multiplication is given by
(a1, R1)(ag, R2) = (a1 + Riaz, R1Ry).
There is a natural action of E(d) on RY, given by
(a,R)-v=a+ Rv.

One can check that this is indeed a group action. Note that we can identify
an element in F(d) with a (d+1) x (d+ 1) matrix, making F(d) a matrix Lie

group by
R a
(a,R) < (0 1>.

The matrix multiplication is consistent with group multiplication of E(d),

since
Ry aj Ry as _ R{Ry aj + Rjas
<0 1)(0 1>_< 0 1 >
Given a semidirect product of two Lie groups, a natural question is to find its
corresponding Lie algebra. This turns out to be quite a difficult question in
general. But in the case of F(d), we can do it. Recall that the Lie algebra

consists of matrices Y € ¢(d), such that when we exponentiate, we have ety e
E(d). In this case, we have that

e(d) = {(‘;( 8) X eso(d),aeRQ}.

And one can compute the commutator and find that

X1 oar) (Xp ag)| _ ([X1, Xo] Xjap — Xoay
o 0/)°\0 0 0 0 '
Hence, in simple Lie algebra pair, one has that ¢(d) = R? @ so(d), with Lie

bracket
(a1, X1), (a2, X2)] = (X122 — Xoay, [X1, Xo]).

In fact, this relation can be generalized, as we will see in later sections.
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Now we turn to the case where d = 2 and study the Lie algebra ¢(2) of
E(2). Since any element R € SO(2) is of the form

cosf sinf
R_<—sin0 (3059)’

cosf) sinf) 0o @6
—sinf cosf) TP l_g o)

we see that the matrix < 0

and

1> is a basis for s0(2). Therefore, we see that

1 0
0 -1 0 00 1 000
I={1 0 o] pi=(0 0 0] po={0 0 1
0 0 0 000 000

form a basis of ¢(2). Notice that we call these matrices [, p1, p2 not by coinci-
dent: They satisfy the commutation relation

[l,p1] = p2 [l,p2] = —p1 [p1,p2] = 0.

If we identify the matrix [ with the angular momentum function | = g1 p2 —qap1
on the phase space of (q1,q2,p1,p2), using the Poisson bracket, we see that
exactly the same relation is satisfied:

{l,p1} =p2 {l,p2} = —m {p1,p2} =0.

~

Therefore, ¢(2) = span{l,pi,p2}, which is a sub-Lie algebra of the homo-
geneous polynomials of degree at most 2 in phase space. Therefore, the
Schrodinger representation will provide us a representation of Lie algebra ¢(2)
on the state space 57 of functions of the position variable ¢, gs.

5.9.3 Irreducible Representations of F(2)

As we have discussed in the previous section, ¢(2) is isomorphic to the Lie
algebra with basis [ = q1ps — gop1 and p1, ps as a Lie sub-algebra of functions
on phase space R* = (q1,¢2,p1,p2). Using the canonical quantization, the
Schrodinger representation IT gives us a Lie algebra representation of ¢(2) on
the state space S of functions of the position variable q1, g2 given by

0

H/ = —P = ——
S(pl) (251 o
0

H/ = —P = — —
S(p2) (23 942

0 0
(1) = —iL = —i(Q1 P2 — Q2P :—< — — 2>.
(1) (@ Q2P1) 155~ 2og
Now, we want to look for subspaces of L?(R?) such that they are invariant un-
der IT'y(p1), g (p2), I(1), and no proper subspace of them are invariant under
these operators, hence irreducible. Since E(2) = R? x SO(2) is topologically
just R? x SO(2), which are connected since both components are, exponen-
tiating these irreducible representations of Lie algebra e(2) gives irreducible
representations of E(2).
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The trick is to define the Casimir operator and raising/lowering operator
again. Here we follow mostly [15] and define

P2=P21+P? Py=P +iP.
Then one can verify that

[L,Py] = Py
P?=P?+P;=P P, =P, P
[P?, L] = [P? Py =0.

Since [P?, L] = 0, we can diagonalize them simultaneously by finding a set of
normal eigenvectors |p, m) of both of them, say

P*|p,m) =p*|p,m)  L|p,m)=mlp,m).

Since P%, L are self-adjoint (as you can check), we can assume |p,m) to be
orthonormal. Note that p? > 0, since we have

(p,m|P?|p,m) = p* = (p,m|P_P*|p,m) = (p,m|P] Py |p,m)

so p? is the square of the norm of the vector P, |p, m). Now consider Py |p, m).
Using the relation [L, Py]| = Py, we have that

J(Py [p,m)) = (LPy — PLL + PyL)[p,m)
=P ‘p?m>+P+(m’pam>)
= (m+1)(Py [p,m)).

Using [P?, Py] = 0, we have
P*(Py |p,m)) = Py P?|p,m) = p*(Py Ip,m)).
Using P2 = P_P, and P = P;, we find that

({p,m| PL)(Py |p,m)) = (p,m|P-Py|p,m) = (p,m|P|p,m) = p

where we have used the orthonormality condition (p, m|p,m) = 1. Therefore,
we found that Py [p, m) has norm p, and is an eigenvector of L with eigenvalue
m+1, and is an eigenvector of P? with eigenvalue p?. Hence we conclude that

Py |p,m) ocplp,m+1)
up to a phase factor. Similarly, one can show that
Py |p,m) < plp,m £1)
up to a phase factor.
Theorem 5.57. Let p > 0 be given. The vector space
VP = spanc{|p,m) tm=041,22,.

is invariant under Iy(p1), Wy(p2), (1), hence is an irreducible Lie algebra
representation of ¢(2).
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Proof. Clearly VP is invariant under P, L. Hence it is also invariant under
Py, Py, L. This proves the claim. Consequently, (II'q, V?) is an irreducible
representation of ¢(2). Hence (Ilg, VP) is an irreducible representation of E(2).

O

Now, it remains to find explicit expressions of the eigenvectors |p, m) for a
given p. This amounts to solving a system of PDEs

P*|p,m) =p*|p,m)  Llp,m)=mlp,m).

Or explicitly, writting |p, m) = 9, (q), and introducing p? = 2M E, the PDEs
above reads

1(2 &
2M \0q  Oq3

—1 (qlaan — Q288q2>¢p,m(q) = W/J(Q)

)wp,mm) — Bi(q)

Notice that the first equation is exactly the solution to the time independent
SDE of a free particle with mass M and energy E, whose solution in the
momentum space after Fourier transform is given by

-~ 1 -~
Gpm(p,t) = e~ im Pl (p 0)

where we define @Z(p) = @E(p, 0). These will have well-defined momentum pg
when

¥(p) = 8(p — po)-

The position space wave functions can be recovered from the Fourier inversion
formula

1 o~
lbp,m(q,t) = % /d2p e'P qw}%m(pat)'

Since in the momentum space, the momentum operator becomes the multipli-
cation operator

Py (p) = p¥(p)

an eigenfunction for the Hamiltonian with eigenvalue E will satisfy

(B — &) dynte) 0.

Therefore, ﬁp?m(p) can only be nonzero on E = |p|?/2M. That is, to say
the free particle solutions with energy E will thus be parametrized by the
distributions that are supported on the circle

p|> = 2ME.

Going to polar coordinates p = (pcosf,psinf), such solutions are given by
distributions of the form

Gpan(P) = VE(0)5(p* — 2ME) (5.8)
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depending on both 6, p. Since one has equality of distribution?®

§(p* —2ME) = 5(p— 2ME)

1
2V2ME
One has that (setting ¢ = 0)

1 2 7
Ypm(a) = %/d b P15, 1 (p)
—5-// eip'%ZEw)é(pQ — 2ME)pdpd
5/ / P (0) 5 b (p — VEME)pdp s

Z\/2 E(q1 cos 0+q2 sin G)w (9) d6.
47T

To determine what @E £(0) is, we need to use the second PDE, which is Ly, ,,,(q) =
mp.m(q). One can show that in the momentum space, the angular momentum
operator becomes

L = —i(pla —p28> Z) E = —ig.
Op2

Therefore, after Fourier transforming,
Lt = mpm
together with (5.8) gives that
bi(0) = ™.

Plugging this back to the integral equation of v, ,,(q), we find that the wave
function along the go direction is given by

1 [ N 1 1
wp,m((),(Z) _ 471-/ e1\/2ME(QSln9)ezm€ do = §J—m( /QME(]) _ ij—m(pQ)
0

where J,, is the n’th Bessel function.

Therefore, we have studied the solution to (5.7) in two dimensional case,
and found that time independent solutions v, ,(q) = |p,m) with energy
2M E = p? correspond to elements in the irreducible representations (ILg, V?)
of the Euclidean group E(2).

3See [3] pg 249 for detailed discussion. Refer to (11.10) of [3] and the proof given by this
Stackexchange post.
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Chapter 6

The Schrodinger Equations

In this chapter, we study some of the most common and important quantum
mechanical systems by explicitly solving Schrodinger equations with various
potentials.

6.1 Schrodinger Equation in Position Space

The Schrodinger equation in position space reads
LoV n? 0w
th— = —

Now our task is to solve ¥(z,t) with various potential function V(x). The
first attempt is to guess a solution of the form

U(x,t) = ¢(x)p(t). (6.2)

This gives
ou_ dp
ot~ Vdt’ 922 da2?
Substitute above into the Shrondinger Equation we get
., dp 7% d*
hp—=———= V.
det 2mdw2(p+ Ve

Divide both sides by vy gives

L Lde n? 1 d%y

zﬁ@ & 2mu di? +V. (6.3)
Now, the left hand side is a function of ¢ alone whereas the right hand side is
a function of x alone. We conclude that both sides must be equal to a constant
FE in order for this equation to hold. Otherwise by varying ¢ we can change
the left hand side without changing the right hand side, and the equation will
no longer be true.

This gives
1dy
h——=F
o dt ’
n? 1 d%y
——— 4+ V=F
2m 1) da? +



The first equation is easy to solve:
o(t) = e B (6.4)

The second equation is called the time independent Schrodinger equation
(TISE):

7% d*
E .
“om da? + Vi = Ev. (6.5)
Now recall we defined the energy or hamiltonian operator:

~2 2 92
. P he 0
H=—+4+V=—-—_——S+4V

2m * 2m Ox? +

Hence the TISE can also be written as
Hy = Enp. (6.6)

Note that H is an operator on a vector 1 (the set of all continuous functions
defined on the real line forms a vector space). On the right hand side we have
a constant E times that vector ¢. This should remind you of something: if
H were a matrix, then E would be an eigenvalue of H. Solution functions
(x) (if there exists any) like this are called stationary states or eigenstates.
Although the wave function itself is dependent on time:

U(z,t) = p(x)e PN,
the probability density does not:
W, 1) = B = et P e = ().

Hence it is stationary. Also the expectation value of any quantity (@) reduces

) e = 5[0 ei)] e

which is independent of time. Hence every expectation value stays constant.
In particular, since Hiy = E1), we have

:/wﬁz/)dx:E/WFdx:E/|\IJ|2dx:E

(H?) = /wﬁﬂwdx = E2/|w|2dx = E2.
o3 = (H?) — (H)?> = B> - E* = 0.

Hence the expectation value of the Hamiltonian is the constant F, and
it has zero variance (spread). But zero spread implies every member of the
sample has the same value. Thus a separable solution (stationary states) has
the property that every measurement of the total energy is certain to return
to the value E.

Finally, depending on our choice of the constant F, we have different so-
lutions to the SE:

\Ill(xv t) = 1/]1 ($)€7iE1t/ﬁ7 \IIQ(xa t) - wQ(x)eiiEﬁ/ﬁa SRR
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But stationary states form a complete basis in Hilbert space, hence any wave
function W(z,t) can be expressed as a linear combination of the stationary
states:

U(z,t) = Z Cnthp () e Ent/h (6.7)
n=1

In particular, setting ¢ = 0 gives
oo
U(2,0) =Y cnthn(x).
n=1

We know that each coefficient ¢, is the projection of ¥(x,0) onto the corre-
sponding stationary state 1,,. or

cn = (¥(z,0),¢,) = /‘I’(:L’,O)l/)ndx.

This inner product is a measurement of how close two vectors are in vector
space since it is related to the angle between two vectors. It is a measurement
of how possible it is for a state ¥(x,0) to collapse into another state . Since
we defined the probability to be the square of wave function:

U (z,1)|? = (U(x,t),¥(x,t)) = U(z,t)¥(z,1),

we also expect ¢, to be related to the probability of a state ¥(x,0) to collapse
into another state 1,,. But since we are doing inner product of two different
vectors and the probability always needs to be positive, we define |c,|? to be
the probability of a state ¥(x,0) to collapse into another state 1, or that of
a measurement of the energy would return the value E,. This implies that

o0 o0
Zyan:l <H>:Z’Cn’2En-
n=1 n=1

6.2 Infinite Square Well

Suppose now we have a square well with width 0 < z < a (dimension a). The
potential outside the well is infinite and the potential inside the well is zero.

0, 0<zx<a
oo, otherwise .

V(z) = {

Outside the well, 1)(z) = 0 since an infinite force prevent the particle from
escaping. Inside the well where V = 0, the TISE reads

K2 d%)
“omdez - PV

Now, assuming E > 0 (if F < 0, we have an exercise showing that it will not
work), we can write

2m
h

d2
d—;g = —k*), where k=

s
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Then the solution is of the form
Y(x) = Asinkx + Bcoskzx.

The continuity of 1(z) requires that

Hence
¥(0) = Asin0 + Bcos0 = B

implies B = 0 and we have ¢(z) = Asinkz. since ¢¥(a) = 0 and A # 0

(otherwise we have the trivial solution), we have
ka=0,+m, £27, 437, . ...
Throwing away k = 0 (otherwise ¥ (x) = 0 again) gives
K = %ﬂ withn =1,2,3,....

Thus by the definition of £ we can arrive at the allowed energy

h2k2 n2n2h?

E = .
" 2m 2ma?

We now determine A by normalizing the wave function:
“ a
/ |A[2 sin? (ka)de = |APE = 1.
0 2
This gives A = y/2/a. The inside the well, the solutions are

Un(z) = \/gsin (%x) . (6.9)

We immediately notice that v forms an orthonormal basis:

/ Do () (2)d = Gy

Since this orthonormal basis is complete, any function f can be written as a
linear combination of them:

o 2 o0
flx) = 7; enthn(z) = \ﬁ; Cp Sin (%T:L’) :
In order to determine the coefficients c¢,,, we use fourier’s trick:
/&m(x)f(l‘)dx = ch/&m(wﬁbn(x)dl‘ = chémn = Cm-
n=1 n=1

This gives
n= [ (o) (@)
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Thus, the stationary states of the infinite square well are

U, (2,t) = \/isin (@x) e=i(n*n*h/2ma?)t (6.10)
a a

We said before that any state can be written as a linear combination of sta-
tionary states:

U(z,t) = ch\/;sin (%”x) e~ i(n?h/2ma?)t (6.11)
n=1

Now our task is to determine the coefficients ¢,,. We utilize the initial condition
(which is usually given)

U(2,0) =Y cnthn(x).
n=1
Now by fourier’s trick

Cn = \/z/oa sin <%x) U(z,0)dz. (6.12)

Now it is a good time to check whether our previous claim that |c,|?
represents probability and their sum is 1 holds:

1= / U (z,0)de =) Zc;:lcn/ﬁm(x)%(x)dx

m=1n=1
=2 2 Gncndmn = D_leal”.
n=1m=1 n=1

So this is indeed true. Also, since for stationary states we have H Vn = Epthy,
we can calculate the expectation value of the Hamiltonian.

(H) = / VHUdzr = Y chenbn / Umtbndz = lea En. (6.14)

Thus our proposition holds in the infinite square well problem, I hope this
convince you that |c,|? are indeed probabilities.

6.3 The Harmonic Oscillator

In this chapter we study the single most important quantum model: the sim-
ple harmonic oscillator. In this senario our quantum harmonic oscillator
has the potential

So the TISE reads
——— + -z Y = E. (6.15)

There are two ways of solving (6.15). One via algebraic method and the other
is analytic, which we will not get into and refer the curious readers to [6]. Let
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us look at the more elegant algebraic method, first proposed by Dirac. We
write (6.15) in operator form:

A~

1 .
Hy = o [p? + (mwz)?] ¢ = Ey. (6.16)
Recall the factorization u? 4+ v? = (iu + v)(—iu + v). Hence we define

1
i+ = (Fip + mwz). (6.17)
2hmw

Then this gives

. 1

= Shmw
1

- 2hmw

(ip + mwzx)(—ip + mwx)
(6.18)

[p? + (mwz)? — imw(zp — p)] .
Hence
o 1
a_G4 = ——
T 2hmw

Simple calculations give

[ + (mwn)?] — -l ).

[z, p] = ih.

Hence we conclude that

Or )
H = hw (&_a+ — ) : (6.19)

Similarly we have
1 .~ 1
_=—H—-.
== 5,1 79
In particular we have this wonderful relationship
[a_,a4] = 1. (6.20)

Hence the Hamiltonian can also be written as
R o 1
H:ﬁw<a+a+2).
Now the TISE (6.16) becomes
o 1
hw <aia¢ + 2> Y = En. (6.21)

The key observation is that if 1 solves the TISE Hv = E1) with energy E,
then (@’ ) solves the TISE with energy E + hw. This is because

H (a411) = hw (ma + ;) (a49) = hw (amm + ;m) 0
— hwis <a_a+ + ;) b =a, {hw <a+&_ P14 ;) w] (6.22)
= a4 (H + ) = a4 (B + o) = (B + hw) (a19)) .

137



This concludes the proof. Similarly (a™ ) solves the TISE with energy E — fw.
Because

H(a_v) = hw (a_a+ — ;) (6_v) = hwa_ <a+a_ — ;) ¥

=a_ [ﬁw (a_a+ —1-— ) 1[)} =a_(H — hw)p = a_(E — hw)

— (B — hw) (a_v).
(6.23)
We call a the rising operator, which allows us to climb up the energy by
generating a new solution with energy differ by +hAw. Similarly we call a_ the
lowering operator, which allows us to climb down the energy by generating a
new solution with energy differ by —hw.
But if we apply the lowering operator repeatedly, we will eventually reach
a state with energy less than zero, which cannot happen since then the wave
function will no longer be normalizable (by Griffiths Problem 2.2, F must
exceed the minimum value of V' (z), which is zero in the infinite square well
case. But this does not mean that E cannot be smaller than zero. It’s just
that in this case it cannot. In fact, in section 2.6 we will see such situation
where E < 0, called the bound state). Thus we conclude that there must exist
a ground state ¢y such that

-1y = 0.
This gives
! (ﬁ d +m ﬂ?) o =0
— | h— w =0.
V2hmw \ dx 0
Or,
dig — mw
R L)

The solution to this equation is

mw .2

dolx) = A~ 57,

We normalize it:

o0 7
1:]A|2/ e=me gy — | A2 22

o mw

Hence we have our ground state

/ mw .2
o) = (%)1 Y e-grat (6.24)

The TISE for this ground state is fiw (a+a— + 1/2) vy = Egtpg. Knowing that
a_1o = 0 we immediately arrive at

1
Ey = 5. (6.25)

Now that we have the ground state, we can repeatedly apply the raising
operator to achieve all possible states.

Un(x) = Ay (62)"o(x), with B, = (n + ;) . (6.26)
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But the difficult things to do now is to determine the normalization constant
A,,. Now we turn to this problem. From (6.26) we see that a1, differs from
Yn+1 by a constant. Hence we may assume that

&-I—wn = ann—‘rla &—1/171 = dnwn—L (627)
Now we need the following result:

Lemma 6.1. For any functions f,g we have

| flasgds= [ Grhgds, (6.28)
Proof. This is because
| Fsgar-—— /oof<¢hd+ )d
a x = — + mwx x.
—co =4 V2hmw J - dx g

Suppose the integral exists, then f,g — 0 at © = +oo. Integrate by part will
throw away the boundary terms, which gives

/ f(axg)dz = \/Q;LW/ (£Af" + mwa f)gdx

- | Ghods.

This proves the claim. O

In particular, now we have

/ " axn) () do = / " st tnda.

—0o0 —00

Now, (6.21) says
hw (dide + ;) Yn = Enthy
and we have (6.26). Hence
Ay G-y =1y, G_G40n = (N + 1)y,. (6.29)
Hence now we have

| @ @ de = laf? [ Waafde =0+ 1) [ s

—00 —00

/_ (a—_thn) (G—tpp) da = |dn|2/]¢n_1\2da::n/_ [tn|? daz.

Since 1, and ¥,4+1 are normalized, we have |cn|2 =n-+1 and |dn]2 = n. This
implies

arPn = Vn+ 1ng1,  aPn = Vnhn_1.
This means that

Y1 = a4o,
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Py = \}id“/zl = 12 (G+)" vo,
s = it = (@) b,
Yy = \}thrwz«: = 4132 (a4)" o
Then clearly 1
U= = (@) v, (6.30)

It can be checked that the stationary states for harmonic oscillator is also
orthonormal:

/ z/_zmwndx = Omn-

This is because

/Oo ij (a+a-) Ypdz =n h &ml/}ndx

— [ G o= [ G

— 00

=m @mwndx.

Unless m = n, the integral must be zero. Thus we can again use fourier’s trick
to determine ¢,.

6.4 The Uncertainty Principle

In this section we prove what is arguably one of the most important results in
quantum mechanics, the Heisenberg’s uncertainty principle. The state-
ment is as follows:

Theorem 6.2. (Generalized Uncertainty Principle) For two observables A, B,
we always have
1

2 2
A%k = <2i

Since the commutator [fl, B] carries its own factor of i, the right hand side is
positive.

<[A,BJ>)2.

Proof. For any observable A we have
0% = (A~ (4)¥|(A - (A)¥) = (fIf),
where f = (A — (A))¥. Likewise, for an observable B, we have
op = (glg), where g= (B~ (B))UT.
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Schwarz inequality says that

o40p = (1) {glg) > [(fl9)I*.

Now, for any complex number z, we have

2
2P = [Re(2)]” + [Im(2)]? > [fm(2)]? = <1> (=~ 22

Therefore, let 2z = (f|g),

2
o> () (o)~ tln)®

Now, since A — (A) is Hermitian,

Note that (A), (B) are numbers. So they commute. Similarly we have

(glf) = (BA) — (A)(B).

Hence
(flg) —(9lf) = (AB — BA) = ([, B))
Therefore,
1 . \2
o > (5;14.5))
This concludes the proof. O

As an easy corollary, let A = X and B = P. And since [X, P] = ifi, we

have
1.\? /[n\?
okodh > (22,2}‘1) = <2) .

Then the uncertainty principle immediately follows. This can also be explained
in experiemental physics. Suppose you first measure the position of the par-
ticle. Then once you measure the position, the wave function collapses into a
spike. But then since p = h/\ = 27h/\, with wavefunction collapsing into a
spike, there is no clear notion of the wavelength A.

There is, in fact, an uncertainty principle for every pair of observables
whose operators do not commute. We call them incompatible observables.
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6.5 Quantum Mechanics in Three Dimensions

Before going into 3D, let us consider a simple case, where the particle lives in
2D. Then the generalization of Hamiltonian is simple:

<2 s 2 2 2
2 Pz py h 8 8
g=P Py Ly S T I v
om " om (@y) 2m (8256 * 0%y Vi)

Further, let us assume the potential is seperable. This means that
V(z,y) = Vi(z) + Va(y).

This is rarely the case in actual situations. But let’s just consider this for
simplicity. Then the Hamiltonian becomes

(P b’ 2
_(P= Py~ —
H= <2m +V1(x)> + <2m +V2(y)> H, + H,.

Now, suppose that 1, () solves the 1D T.LS.E. H,tp(z) = E () and vy (y)
solves the 1D time independent Schrodinger equation (TIS.E.) Hpp(y) =
Ey)(y), then I claim the solution to this 2D problem Hi(z,y) = E¢(x,y) is
just

P(x,y) = Yz (x)hy(y) with E = E, + E,.

The proof is a simple computation, which is left to the reader as exercise. Thus
in this case, probability multiplies, and energy adds. You will also notice that
in this case, we can have degeneracy, which does not appear in 1D situation.

The schrodinger equation A0,V = HU still holds. But now the 3D mo-
mentum becomes p = —ihV. And also potential V (z,y,z) is a function of
three coordinates. Now, the Hamiltonian becomes

N | h?
H=—p2+p2+p)+V=-x-V2+V,
2m(p + P, +0:7) + 5 VotV
where o o o
2_ 9 9 9 _g.
\Y _8x2+8y2+822 ARV
And the Shrodinger equation becomes
ov h?
h—— = ——— VU + VU,
ot 2m *

And now the normalization condition becomes
/d3r|\I’|2 = / drdydz|¥(z,y, 2)|* = 1.
Q

Here, €2 is the region where the particle is allowed, or where the wave function
is defined. We write the differential dzdydz = d*r and the triple integral as
just one integral for convinience. The probability of finding the particle in a
small region with volume dxdydz = d°r centered at r = (z,y, z) now becomes
|W|2d3r. Still, the stationary state that evolve with time with be of the form
W, (r,t) = by (r)e " Ent/" where 1, solves the T.1.S.E

ﬁQ
—— V%) + Vop = Exp.
2m
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And then we can express any general state by a sum:
o0

U(r,t) =) enthn(r)e Fnt/h,
n=0

The generalization seems straightforward for now. Also notice that now if we
lable r = (T‘l,’f’Q,T‘g) = (x7y7 Z) and pP= (p17p2ap3) = (p:tfapyvpz)7 we have the

commutator relations
[Thpj] = - [phr]] = Zﬁ51]7 [Ti,’f'j] = [plap]] =0.

Also, the familiar relation between momentum and position and the uncer-
tainty principle still hold:

d(r
m3E) h
dt 2
Sometimes it is easier to do things in spherical coordinates. In spherical
coordinates, the Laplacian becomes

“2or \" or 2smg o0 \> a9 r2sin?9 \ 0¢? )

The TISE in spherical coordinate reads

W21 0 (.00 1 0 (. o 1 0% B
" 2m [7“287“ <T 87“) + r2sin 6 50 (Smgae> + r2sin? @ <W)]+V¢ = Ey.

We try to separate the wave function into products

¥(r,0,0) = R(r)Y (0, 9).
We substitute this back into the TISE and get
WY d(bdRY R O (. OV R OV
r2dr dr r2sin 6 06 00 r2sin? § O¢?

Dividing by 1 = RY and multiply by —2mr?/h? gives

1d [ ,dR\ 2mr? 1 ({1 9 (. 0y 1 0%y
{m«(r m) TR [V“)‘EJ}W{smeao(sm%e)) +sm2ea¢2}—0

The first term is a function of only r and the second term is a function of
only ¢ and . This suggests us to use a separation constant ¢(¢ + 1):

1d [ ,dR 2myr? B

1 1 9 (. 0Y 1 9%Y
v {sineae <Sm9ae> + sin208qb2} = —He+ ).

We will justify the choice of the separation constant in due course. The first
equation is called the radial equation and the second one is called the angular
equation.

However, one deceptively simple question to ask is: Is this really legal?
How are we allowed to divide 1 on both sides for 1) can be zero at some point?
Then aren’t we dividing by zero? This question should have been asked way
before when we derived TISE in 1D. To justify this we need the following
lemma:

= <p>, Or;Op; 2

}+VRY = ERY.

“2m
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Lemma 6.3. Let I,J be intervals on x,y axis respectively. Assume that
a(x)b(y) = c(x)d(y) Veel, YyeJ (6.31)

with both sides not equal to 0 for at least one point (xo,yo). Then there exists
a constant p # 0 with

c(x) =pa(zr) xe€l,

by) = pd(z) y e J.

a(z) _ by)

This means that we can sort of "cheat" and pretend FORE WZ) = U.

Proof. Put x = x¢ in (6.31) to obtain

bly) = dly) yed

And therefore b(y) = pd(y) with p = c¢(xo)/a(ro) # 0. Now put y = yp in
(6.31) and get
a(x)pd(yo) = c(z)d(yo) xel.

This implies ¢(z) = pa(x), as desired. O

One can see without too much work that this lemma justifies the dividing
by % step. This is cheating, of course, but it actually is very intuitive, and
even better: it is correct!

6.5.1 The Angular Equation

We now try to solve the angular equation:

N AN N -9
sin 9% (sm 9) + 967 —{(¢ + 1)sin“ AY.

We use separation of variables again:
Y(0,¢) = ©(0)2(¢).

We plug this in and divide by Y = ©® again (justified!) and get

1{., ,d (. dO© .9 1 d?®
{@ [smﬁde (sm@cw)] + (£ + 1) sin 9} EW =0.
This time let the separation constant be m?:

1[{. ,d (. ,d© Lo, o
o) [sm@de (Slnﬂd@>} + (0 + 1)sin” 6 = m*,
1o __ -
ddez "
Instantly we can find the solution to the second equation be ®(¢) = ™2,

This time we write it as a complex exponential instead of a combination of
trig functions for convinience. As ¢ advances by 2w we get to the same point.
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Thus the boundary condition requires ®(¢ + 27) = ®(¢). This suggests that
m = 0,+1,£2,... The other equation is harder to solve:

.o, d (. dO . 9 M4
sm9% <51n9d6> + [€(¢+1)sin®§ — m*] © = 0.

The solution is
©(0) = AP (cosb),

where P;" is the associated Legendre function defined by

Pl(z)=(-1)™ (1 - :UQ)m/Q <di>m Py(x)

and Py(x) is the /—th Legendre polynomial, defined by

Py(z) = % (;i)e (2% - 1)£.

Notice that £ > 0 so this definition makes sense. If m > /¢, then the
definition says that P;" = 0. Hence for any given /, we have 2¢ 4 1 choices of
m:

m=—0,—0—1--,—1,0,1,---,0—1,L

The volume element in spherical coordinate is
d®r = r? sin Odrdfde = r?drdQ, where dQ = sin 0d0de.

The normalization condition becomes
/ [ [*r? sin §drdde = / |R|*r2dr / Y [2dQ = 1.

We normalize R and Y separately:

o) 21 T
/ |R>r*dr =1 and / / |Y'|? sin 0dfd¢ = 1
0 0 0

Notice that Griffiths actually made a mistake in his book. 6 goes from 0 to =
and ¢ goes from 0 to 27, not the other way around!

The normalized angular wave function is

Y/ (0,¢) = \/(%4—; D Eﬁ _T_ Z;ieim‘ﬁPgn((}os 0).

And they are mutually orthogonal:
2m ™ —m ,
/ / Y7 (0, 6) Y (0, ) sin 0d0de — y06,m -
o Jo
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6.5.2 The Radial Equation

If we use variable u(r) = rR(r), the radial equation simplifies to

PP [ W)

0 = FEu.
2m dr? 2m 712 “ “
We can write o
he d*u
T a2 Vet = B
where the effective potential is defined to be
B2 00 +1
Vg =V + — ( 5 )
2m r

Now the normalization condition reads

o
/ lu|?dr = 1.
0

6.6 Hydrogen Atom

Our task is to solve the TISE:

h2
=5, VA(r) + V(x)i(r) = By(r).

In the problem we are interested in, we only consider radial potential:
V(r) = V(r) where r = ||r||.

Thus it makes sense to consider solving TISE in spherical coordinate. Here
we denote the coordinate system as (r, ¢, ), where

0<¢p<2rm 0<o<m.

Then the Laplacian V21 becomes
0% 20y 1 0 o 1 0%
2, — (27 “aYr e in@—= R
v (87‘2 * dr, r?sinf 06 <s1n 39) r2 sin? § O¢?
~_——
Li(rzai)
r2 Or or
We may consider a seperation of variable: ¥ (r,¢,0) = R(r)Y (¢,0). Fur-

ther, we let the separation constant be ¢(¢+1). Then the DE involving Y (¢, 6)
becomes the well-known angular equation:

).

AN N -9
sin 9% (sm 9) + 907 —L4(¢ + 1)sin” AY.

The solution to the angular equation is

Yy (6, 6) = \/ (2¢ = D Eﬁ K Z;ieim@gﬂ(cog 0).
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They are called the spherical harmonics. What we are interested now is to
solve the radial part:

d [ 5dR 2mr?
— | r"— ) = ——[V(r) —E]R=(({+1
o (P ) - BV - EIR = e+ DR
with a given radial potential V(7).

For the Hydrogen atom, we plug in the Columb potential:

e2

Vir)=—

dreqr’
Simplifying the radial equation, we get
n? d <2dR> [ e 1+h72€(€+1)

R=FER.

“omZdr \| dr Cdmegr | 2m 12

And this is the equation that we are aiming to solve. There are two methods
to solve this equation: one algebraic (involving defining rising and lowering
operators), and one analytic (involving asymptotic analysis and infinite series).
We will only present the algebraic method here since it is more interesting,
and refer interested readers to check [6] for the analytical method.

We wish to simplify the radial equation to the form H,R = ER. Thus we
need to define a radial Hamiltonian

. _ Dy

H, = — + Vg
2m

p, is the radial momentum and Vg is the effective potential:

21 R +1
Vegz—e 7+—(+).

Adwegr  2m 12

Our first attempt to define p, is by

(0 10 1 9\ D
rp—r—ZﬁV—r—zﬁ(rarﬂ—eraeﬂ-gﬁr&ne&b>— Zﬁa

But unfortunately, this expression is not Hermitian. Why? Because in spher-
ical coordinates
A,
) +-4
However, we can make it Hermitian by adding a symmetric component:

1 . in (1 r
pr:2(rp+pr)——2<rrv+v<r>>

The first term is just 1/r(r - V) = r0, by the definition of V in spherical
coordinate (last page). We need to be careful with the second term:

(5= s Ee (5 s = (2 2)

Plugging in and we find that

L (0 1
pr——zh<8r+r>.
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Proposition 6.4. p, is Hermitian.

Proof. This is just a simple calculation:

(Ylprp) = / / ” / {—zﬁ( o )]wr smjd@cj:;ﬁdr
(B (£ L o)

=1 by normalization
* (2
zﬁ/ < + g — ) R*Rr2dr
T

L)Y s

= (pr|)).

In the third step we expand two terms, integrate by part on the first term,
and merge them together. This concludes the proof. O

Here are two useful commutation relations that are easy to check:

ih

[r,pr] = ih [pr, 1/7] = o

K2 o 0
2o o[ 50
br=""12%, (T 87“>'

. 2 21 RKEIU+1
gR—|P_ e +7(42r)

Next we verify

Thus

R =FER.
o2m  Admegr | 2m 1 ]

Then for each ¢ we can define the corresponding radial Hamiltonian:

2 B R+
- P R Cht

2m  maor 2m 12

We introduce a constant

Amegh?

- =0529%x10"" m
me

ag =

Define the raising operator

_ap ( (f—l—l)ﬁ_’_ h >
ap = ——= | ip, — .
a2\ r (¢ + Dao

The lowering operator is just a'. You can check that

ao . L+ 1)h h
m(‘“”’“‘ r +<e+1>ao>'

Then the Hamiltonian can be written as
h? 1
H=—(aa——" ).
¢ ma? <a€ag 2(0 + 1)2>
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The algebra is messy. So we omit the verification. One very important com-
mutation relation is

(+1a?2 ma?
{“fvaﬂ = ( 7"2) 0= ﬁzo (Hpy1 — Hy).

With the result [ay, aZ], we can now actually calculate
lag, He) = (Hey1 — Hp) ap.

This can also be written as agHy; = Hyy11ay. Suppose now Ry is a solution to
HZRZ = ERg. Then

agH/Ry = Hg_HagRg = FaRy.

which means that the state ayR; is an eigenstate of Hyiq, lets call it Ryyq,
with the same eigenenergy F.

Can we do this infinitely many times, getting eigenstates Ryyo2, Ry13,...7
Lets think of the consequences. As £ increases, the positive part of the effective
potential is increasing, with respect to a fixed negative potential. You can take
a derivative of Veg with respect to r to find that it has a minimum at

h 1

Vinin = ———= 77—~
2ma (¢ + 1)

What this means is that with a fixed E (remember were not raising the
energy by operating with ay), as ¢ increases, theres a point where Vi, > E
and no more bound states exist.

Thus, there must be a maximum value of ¢, say L, such that ar Ry = 0.
The energy of this solution is

h? t h? h?
Hihir = mad aL(@fﬁ) 2ma3 (L + 1)2RL B 2ma3 (L + 1)

Ryr.

So now define n = L + 1 we see the highest energy is given by

h? 2 E 13.6
Bp=—0—55=- - 2:_721~_76V
2magn 8megagn n

where F; is the Bohr energy.

Now we can generate all the other states with the same energy by acting
with the lowering operator, a};, down to £ = 0. Since we know that L =n — 1,
then for a given n,

0</{<n-1 — 0 <m<H/.

Therefore, the degeneracy of a given E,,, denoted by d(n), is given by

n—1 m=¢{ n—1
do1=> (2+1)=n
£=0 m=—/¢ =0

By using three quantum numbers: n, ¢, m, we can completely specify the sys-
tem:

wn,é,m (7", 07 ¢) = Rn,f(r))/em (97 ¢)
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The important thing to note here is that by choosing n, we automatically
determine a maximal energy E,, and hence L. Why did I change the notation
from Ry(r) to Ry ¢(r) here? It is because that previously we assumed that
R, satisfy the equation H, Ry = ERy for a given E. But this E is completely
determined by n. So what I really should have said is that R,,  is the solution
to the equation R

HyRypy = EnRy .

So how should I determine the ground state? Well, the ground state cor-
responds to the energy F1, so n = 1. By choosing n = 1 and by the restriction
0<?¢<n—-1, we force f =0. Then by —¢ < m < ¢ we force m = 0. So the
ground state has no degeneracy. And it is given by

P1,00(r,0,0) = Rio(r)Yy (0, ¢).

But what is this ground state anyway? We know that for a given n, there
exists L = n — 1 such that ar R, 1, = 0. That is,

anfan,nfl =0.

We use the definition of the raising operator a and get

ao d 1 nh h
O (s
A2 ( dr T r + nag

The solution is given by

> Rn,n—l =0.

Ryp_1 = Crlemm/mao,
Substitute in n = 1 we get
RLQ = Ce—r/a().

Now we normalize R to find C.

1:/ |R1,o\27”2d7’:/ |C\27‘2672r/“°d7‘.
0 0

This suggests that C' = 2/ ag/ 2, By the table of spherical harmonics we know

YOO = 1/+/4m. Thus the ground state of the Hydrogen atom is given by

1
P100(r,0,0) = ——e "/,
7Ta0

W)
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(3, 0, 0) (4,1, 0) (5,1, 0)

=0

(4, 2, 0) (4, 3, 0) (4, 0, 0)

4,3, 1) (4,3, 2) (4,2, 1)

Figure 6.1: Density plot: We can do the density plot of the Hydrogen atom.
The brightness of the cloud is proportional to [1/|?. We use the following
representation of the wave function: (n,¢,m) = Ry, o(r)Y,"(6, ¢). For example,
(4,2,0) = Ry2(r)Y3(0, ). The brighter the color in a particular region, the
more probable it is to find the electron in that particular region.
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(3,2,1) (4,3,1)

Figure 6.2: 3D plot: We can also do a 3D visualization. each dot of the cloud
represents a possible result of a measurement of the position of the electron
in an individual atom. By imagining that the measurement is repeated many
times (here we do 10,000 times) in different atoms at the same quantum state,
you can get a plot representing the probability density function associated
with that state.
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Chapter 7

Operator Theory in Quantum
Mechanics

Now we come to the analysis side of quantum mechanics. Since observables
are self-adjoint operators in quantum mechanics, it is no surprise that the
theory of operators is extensively used in quantum mechanics if one wants
to do rigorous math related to quantum theory. However, most operators in
quantum mechanics are unbounded, like the position and momentum operator.
To fully study the theory of unbounded operators will take a whole book.
Therefore, in this chapter we only include a rapid introduction to theory of
bounded operators to give interested reader a taste of the subject, and refer
curious readers who wants to specialize in this direction any functional analysis
textbook like [7]. Although this chapter contains only less than 30 pages of
material, it is extremely technical. For readers who are not that interested in
formal mathematics, it is safe to skip this chapter.

7.1 Basic Theory of Bounded Operators

We assume basic knowledge of Banach space and bounded operators. In what
follows, we will use the result that if 7' : X — Y is an operator between Banach
spaces, then it is continuous iff it is bounded (Note that in finite dimensional
case, a linear operator is always continuous, however this is not always true
for infinite dimensional case). A proof of this is given in Prop 7.7. Another
result we will assume is the Baire category theorem. We refer the readers to
any functional analysis textbooks for details, such as [5].

We use Cl[U] to denote the closure of a set U, and we use B(x,r) to denote
an open ball centered at x of radius r. Finally, we use B(X) to denote the set
of bounded operators T : X — X.

The first result we want to discuss is the open mapping theorem, the proof
of which, however, requires the following lemma:

Lemma 7.1. Let T : X = Y be a continous bounded operator between Banach
spaces, and is onto. Then there exists 6 > 0 such that B(0,0) C T(B(0,1)).
That is, image of the unit ball under T' contains an open ball around the origin.

Proof. Since T is surjective, we can write Y = |J,, C1[T(B(0,n))]. Then by
the Baire category theorem, there exists some ng such that Cl[T'(B(0,ng))]
contains an open ball. But since Cl[B(0,n¢)] = no Cl[T(B(0,1))], this says
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that we have an open ball inside CI[T(B(0,1))]. We choose r > 0,v9 € Y,
such that B(vg, 4r) C CI[T(B(0,1)].

But we still want to remove the closure condition and prove the claim in
the lemma. We will divide this into several steps:

(1) Choose v1 = Tu; € T(B(0,1)) such that ||[ug — v1]| < 2r. This can
be done since points in Cl[T(B(0,1))] is arbitrarily close to points in
T(B(0,1)). Thus now we have

B(v1,2r) € B(vo,4r) € CUT(B(0,1))].

(2) We now show that Cl[T'(B(0,1))] contains an open ball centered at 0,
getting one step closer to what we want.

Note for any ||v|| < r, we have
1 1 1
5(21} +v1) € §B(v1,2r) <3 Cl[T(B(0,1))] = Cl[T(B(0,1/2))].
Therefore (recall our choice of u; in step 1),
1
v=—-T(u1/2) + 5(21} +v1)

is an element in —7'(u1/2) + Cl[T(B(0,1/2))]. By linearity, this means
that

v € Cl[T(—u1/2 + B(0,1/2))].
Since by our choice ||u1]] < 1, we must have —u; /2+ B(0,1/2) C B(0,1).

Hence by above v € CI[T(B(0,1))]. Therefore, we have shown that
B(0,r) C CI[T(B(0,1))].

(3) Finally, we prove B(0,7/2) C T(B(0,1)), which we conclude the proof
of the lemma.
Note that B(0,27"r) =27"B(0,r) C 2" Cl[T(B(0,1))] = Cl[T(B(0,27™))]
by step 2.
Now take ||v]| < r/2. Put n = 1 in above we get v € Cl[T(B(0,1/2))].
Hence there exists by € B(0,1/2) such that ||v — Tb1|| < r/4, again, be-
cause points in the closure are arbitrarily close to points in the actual set.
Now take n = 2 in the last paragraph, since v — Thy € CI[T(B(0,1/4)],
there exists by € B(0,1/4) such that ||[v—Tb; —Tbs|| < r/8. Now iterate
this procedure with n = 3,4, ... and we get a sequence (by)>; C X such
that ||b|| < 27% and

n
lv — ZTka <27y
k=1

Since the series > -, by is absolutely convergent, and X is a Banach
space, so the series is convergent. Put b ="~ by. Now since

o n o o
= 1 < 1 = _k: .
lbl] = lim H;bkunlgg ;kuu ;kuk;? 1
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Hence we have b € B(0,1). Furtheremore, since T is a bounded contin-
uous operator, we have

Th= lim T() b)) = lim > Th=v
k=1 k=1

because by our construction ||[v —Tb; —Tby —--- —Tbi| — 0 as k — oc.
Therefore, we conclude that v € T'(B(0, 1)). This shows that B(0,r/2) C
T(B(0,1)), as desired.

Choosing § = r/2 concludes the proof of the lemma. O
Now we use the lemma above to prove the important result we promised:

Theorem 7.2 (Open Mapping Theorem). If T : X — Y is a continous
bounded operator between Banach spaces, and is onto, then T is an open map-

ping.

Proof. Now we use the lemma above to conclude the proof of the open mapping
theorem. Let U C X be open, and y = Tz is an arbitrary point in T'(U). Since
U is open, there exists € > 0 such that B(x,e) C U. By the lemma above,
there exists some J > 0 such that B(0,0) C T'(B(0,1)). So this gives

B(y,ed) =y+€B(0,0) C by+€T(B(0,1)) = Tx+€T(B(0,1)) = T(x+ B(0,¢))
which is equal to T'(B(z,€)) C T(U).This concludes the proof. O
Using the open mapping theorem, we can deduce several interesting results:

Theorem 7.3 (Inverse Mapping Theorem). Let T : X — Y a continuous
bijective operator between Banach spaces, then T~ is continuous.

Proof. This follows trivially from the result that T is open, therefore for any
M C X open, we have (T~1)"1(M) = T(M) is open. O

Theorem 7.4 (Closed Graph Theorem). If T : X — Y is a linear operator
between Banach space, and the graph

IT)={(z,Tx):x e X} C X xY
is closed, then T is bounded.

Proof. Note I'(X) € X x Y is a Banach space with the norm ||(z,Tz)| =
llz|| + || Tx||. This is because if (z,,Tx,) is a Cauchy sequence then both x,,
and Tx, are Cauchy. So z,, — x and Tz, — y. But since the graph is closed,
y =Tz and (z,, Tx,) — (x,9).

Define P, : T'(T) — X the projection to X, which is clearly a bijection.
Therefore by the inverse mapping theorem, P, Lis continuous. So if z, —
then P 'z, — P 'z, in other words (2, Tw,) — (2, Tz). Hence Tz, — Tz,
showing that T' is continuous. Hence 7" is bounded by Prop 7.7. O

Corollary 7.5 (Hellinger-Toeplitz). Let A: H — H be an operator and H a
Hilbert space. Suppose (x, Ay) = (Azx,y) for all x,y € H, then A is bounded.
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Proof. We show that I'(A) is closed. Suppose (2, Az,) — (z,y). Then for
all z € H, we have (z,y) = lim,(z, Az,) = lim, (Az,z,) = (4z,z) = (2, Az).
Therefore y = Ax. Now apply the closed graph theorem, and the fact that
continuity is equivalent to boundedness in a Banach space. ]

In general, we denote D(T') the domain of an operator T' from a subspace
of a Banach space to another Banach space, i.e., T: D(T) C X =Y.

Definition 7.6. We say that T is bounded if there exists constant M > 0
such that || Tx| < M||x|| for all z € D(T).

A simple observation is
Proposition 7.7. The following statements are equivalent:
1. T is continuous;
2. T is continuous at 0;
3. T is bounded.

Proof. 1 and 2 are equivalent by linearity of 1. Suppose 2, then for all € > 0,
there exists 0 > 0 such that ||z|| < ¢ implies ||Tz| < e. For all x € D(T), we
write y = r - % where r < 4 is fixed, then ||Ty|| <€, so ||Tz| - &7 < €, which

[l [E3]

implies ||Tz|| < £||z||. Then M = ¢/r. Hence T is bounded. So 2 implies 3.
Finally, every bounded linear operator is continuous, so 3 implies 1. O

Clearly, for a bounded operator, T' can be extended continuously to C1[D(7T)].
From now on, we will always assume that

CI[D(T)] = X.
We define the operator norm

1T == sup [[T]
lpl=1

It is easy to see that
« Tl <7 - [[]| for any ¢ € X.
o The triangle inequality: ||T°+ S| < ||T]| + [|S]|-

e The space of linear bounded operators in a Banach space is itself a
Banach space, with the operator norm.

Definition 7.8. Let T': X — Y be a linear operator, where X is a normed
space. We can define the dual space X* of X to be the set of all continuous
linear maps z* : X — C.

Ezercise: X* is always a Banach space even if X is just a normed space
(not necessarily Banach).

Definition 7.9. We can define the adjoint T : Y* — X™* of T as follows:
T*(y*) : ¢ = y*(Tx), for any y* € Y.
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Theorem 7.10 (Hahn-Banach). If V is a subspace of a linear space X, and
we have a sublinear function p : X — R, i.e., p(x +y) < p(z) + p(y). Then
if T :' V. — C is linear such that |Tz| < p(x), there exists a linear extension
T : X — C of T such that |T'(z)| < p(x).

Proof. Omitted. Check any functional analysis text for details. The proof is
an application of Zorn’s lemma. ]

Corollary 7.11. Given x € X, there exists y* € X* with norm 1, such that
y*(x) = [l

Proposition 7.12. T% : Y* — X* is a bounded operator.

Proof. By definition, we have | T*y*(z)|| = [ly*(Tz)|| < [ly*[| - [Tz| < [[y*] -
IT||- ||||. Taking the sup over all x with norm 1, we see || T*y*|| < ||v*|- | T]-
In other words, || T*| < ||T]|. O

Definition 7.13. Given T : X — X a linear bounded operator. We define
the resolvent set p(T") of T', as

p(T)={A€ C| X —T:X — X has a bounded inverse}.

Note that this definition makes sense for a linear operator defined on D(T') C
X. We define for A € p(T), the resolvent of T" at A to be

R\(T) =\ -T)".
We define the spectrum o(7") of T to be o(T') = C\ p(T'). In other words,
o(T)={A e C|A —T:X — X has NO bounded inverse}.

There are 3 possibilities, in all situations A\l — T fails to have a bounded
inverse:

1. If ker(A —T') # 0, we define 0,,(T") := {\ € C : ker(A\] —T') # 0}. Thus
this is the set of eigenvalues of T

2. If ker(A — T) = 0, but im(AI — T') is dense in X. Then the inverse
(M —T)7! : im(M — T) — X is NOT bounded. Because if it were
bounded, we can extend R)(T') to a continuous map, which will be the
inverse of A\I —T. Then X\ will be in the continuous spectrum of T,
denoted by o.(T).

3. If ker(A —T') = 0, but im(A —T) is NOT dense in X. Then A will be
in the residue spectrum of 7', denoted by o, (7).

Therefore, we can write o(7") as a disjoint union of these three things:
o(T) =o0,(T)Uo(T)Uop(T).

In the finite dimensional case, by the rank-nullity theorem, case 2 and 3 cannot
happen. Hence the spectrum o(7') for a finite-dimensional operator is the same
as its eigenvalues.
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Remark 7.14 (Discrete and Essential Spectrum). There is another decompo-
sition of o(7"): we have the discrete spectrum o4(T"), which is the set of eigen-
values A of T such that there exists § > 0 so that B(\,d) No(T) = {A}; and
there is the essential spectrum o, (7"), which is defined as 0. (T") := o(T")\oa(T).

Remark 7.15 (Bounded and Scattering States). We denote Br := B(0, R)
and Bf, its complement, for R > 0.

Let H be a Hilbert space, and T': D(T') C H — H a closed operator. We
can decompose H into two parts: first we have bound states Hy, where Hj is
the set of eigenvectors of T, and continuous space H, := (Hj)*. Therefore

H=H4®H,.

Bound states in physics will correspond to elements in H,. These are the
states 19 € Hp, such that for all € > 0, there exists R > 0, so that we have

1 L iT't
L/ ”62 wOHLQ(Bf?) < €
0 3

for all L. The scattering states in physics are characterized by states vy € H.,
where given € > 0, for all R > 0 we have

1t
Lh_I)I;OL/O e "ol r2(By) <€

Example 7.16. Define ¢ := {(2n)n : >_; [2;]| < 0o}. Define the left shift and
right shift via

L(Sﬂl, xTo, ) = (332, xr3, )

and
R(ml,xg, ) = (0,3}1,1‘2, )

Then one can show R = L*, and ¢] = {s. This example is worked out in
detail in [5] p.192-194.

Now we study some properties of the resolvent.

Proposition 7.17 (1st Resolvent Identity). We have
RA(T) = Bu(T) = ~(A— p)Ra(T) B, (T)
and
RA(T)Ru(T) = Ru(T)RA(T).

Proof. The second identity comes from the fact that (A —T)(u —T) = (u —
T)(A—T') by expansion, hence take the inverse we get the equation. The first
identity also comes from straight computation:

RA(T) = Ru(T) = (A=T)"" = (p—=T)7"

= (=T (u—T) ~ A= D))~ T)
— RA(T) (1~ MR, (T).
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Proposition 7.18 (Von-Neumann Series). Given T' € B(X) (recall that this
is the set of bounded linear operator from X to itself) where X is Banach.
Then if ||| < 1, then I — T is invertible, and

(I-T)"'= iT” = 5.
n=0

Proof. Since ||T'|| < 1, we claim that I — 7" is injective: If z € X such that
x =Tz, then
el = 1Tz < T - [l=]l < [l]

which would imply x = 0. Hence ker(I — T') = 0, as desired. Now denote

Sp = zn:Tj.
j=0

o0

Then by the triangle inequality, (S,)72; is a Cauchy sequence, and S, — S.

Then
n n
(I-T)8=> T -> Tit =11
j=0 j=0

which converges to I as n — oo, and note that (I —T)S,, = S, (I —T), hence
we have

(I[-T)S=S(I-T)=1.
This concludes the proof. O

The first application of the proposition above is

Theorem 7.19. Let T € B(X) where X is a Banach space. Then p(T') is
open and p(T) # 0. Also we have o(T') # (.

Proof. To show that p(T) # (), take A such that [A| > ||T||. Then X[ — T =
A —T/X). Since || T/A|| < 1 by assumption, by the previous proposition, I —
T/ X is invertable, hence A € p(T'). Hence p(T') # 0, and o(T") < C1[B(0, ||T|)]-
Now assume that \g € p(T'). Then for any A € C, we have
M—-T=A=X)I+XNI—-T)= NI —-T)—(No— ARy (T)+ 1.
—_——
invertible
If [N — Xo| - [|Rao (T')]] < 1, then I — (Ao — ARy, is invertible. Hence A\ — T is
invertible, i.e., A € p(T"). And we have

RA(T) = [T+ (A = X0) Ry (T)] " Rag (T) = Ry (T)[I + (A — Ao) Ry, (T)] "

This implies B(Ao,€) C p(T') for € < 1/||Rx,(T")||. Hence p(T) is open.

Now it remains to show o(T) # (). From the 1st resolvent identity, we
have that the map R)(T') : p(T) — B(X) is analytic, in the sense that the
derivative exists:

lim RA(T) — RM(T)

A= A—p = RA(T)R,(T) = Ry(T)*.
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If o(T) = (), then p(T') = C. Define, for fixed y* € X*, z € X, the map
f:CoC
A=y (RA(T)z).
If [A| > |7, we have

IR\(T) ] = |§|H<I — TN <

i 1 A—00
Al T =T/ A

0.

Hence f is analytic in C and goes to zero for large A. Thus f is bounded, so
f is constant by Liouville’s theorem, which is a contradiction. O

Proposition 7.20 (2nd Resolvent Identity). We have
RA(T) — RA(S) = RA(T)(T — S)RA(S).
Proof. Straightforward calculation:
RA(T)=RA(S) = (\=T) " (A =8)~(\=T)|(M=S)~" = Ry(T)(T—S)RA(S).
This concludes the proof. O
Definition 7.21. Given a subspace M C X, we define M+ = {z* € X* : M C ker x*}.

This notation is begging us to relate it with the orthogonal complement
of a subspace in linear algebra. Indeed: If V is a finite-dimensional inner
product space, and W C V is a subspace, then W+ = {2* € V : W C kerz*}
by definition. By the Riesz representation theorem, x* can be identified with
the linear functional (y,-) : V' — C for some y € X, and by definition y is in
the orthogonal complement of W. Therefore there is an isomorphism between
W+ and the orthogonal complement of W in V.

Proposition 7.22. Let T* be defined as in Definition 7.9. Then we have
ker(T*) = im(T)*.

Proof. We have T*y* = 0 iff T*y*(x) = 0 for all z, iff y*(Tx) = 0 for all z, iff
y* € im(T)*. O
Proposition 7.23. Show that if V' C X is a subspace of a Banach space, then
CllV]= X iff Vvt =0.

Proof. (<) If Cl[V] # X, then there exists y € X, y € Cl[V]. So exists
y* € X* such that y*(y) = 1 and y*(V) = 0. Hence y* € V*.

(=) If there exists y* € V+ nonzero, then y*(V) = 0, so y*(x) = 0 for all
x € Cl[V]. But since y* is not identically zero by assumption, there must exist
x € X such that y*(z) # 0. Thus Cl[V] # X. O

Remark 7.24 (Banach Space adjoint and Hilbert space adjoint). If 7' €
B(X,Y) and X,Y Banach, then

A=T)y"(x) =y (A =T)z) = Ay (z) —y"(Tz) = (A =T")y"(2).

Hence
A=T)"=X=-T"
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That is, the adjoint of the operator A —T is actually A —T™* in a Banach space.
But this is somehow inconsistent with our intuition in quantum mechanics,
where if T : H — H is a bounded operator between Hilbert spaces, then
we should have (A — T)t = X\* — TT where T' denote the Hermitian adjoint
of T. The reason is the following: Given a Hilbert space H, by the Riesz
representation theorem on Hilbert space, there is an embedding of H onto its
dual H*, given by ® : H — H*, where ®(z) = (z,-) : H — C. Note that
this is an antilinear map. Then the Hermitian adjoint Tt : H — H is actually
defined such that the following diagram commute:

H* T* H*

o Jo
H T} H
In other words, Tt := ®~'T*®. Now let z,y € H. Then we have
(Ty,2) = (27T By, 2) = ®(@~'T*0y)(x) = (T*y)z = B(y)(T) = (y, Tx).

Hence, we see that indeeed TT : H — H as the usual property in quantum
mechanics. Now using this property, one can show that

A=T) = =17

because the inner product (-,-) : H x H — C is antilinear in the 1st slot.
Sometimes, we abuse the notation a little bit and do not distinguish between
T* and T,

Note that if T" is unbounded, then self-adjoint is different from the operator
having the property (Tu,v) = (u,Tv) for all u,v € H (for bounded operators
on a Hilbert space two notions are equivalent). The latter property is called
symmetric.

Theorem 7.25. Let T € B(H) where H is a Hilbert space, and T* =T, then
or(T) =10, and o(T) C R.

Proof. Given A\=a+i8 € C, #0and x € H. Then
(T = Na|* = (T — a)z — iz
= (T — a)z|® + 82|} *. (*)

The second equality is just straightforward computation using inner product,
using the (anti)linearity of the inner product and the assumption that 7 = T.

Now, if 5 # 0, we claim that T'— X is injective: If x € ker(T'—\), then since
(T — X\)x||? = 0, we must have 32||z||* = 0 hence = = 0, proving injectivity.

Also, note that if 5 # 0, then A* = a— i also has nonzero imaginary part.
Hence by the same argument, we know ker(7'— A\*) = 0. By Proposition 7.22,
we conclude then im(7 — \)* = 0 for (T — \)* = T — \* by the remark above
and self-adjointness. Then by Proposition 7.23, we conclude that im(7 — A1)
is dense in H. Hence T'— A\l : H — H is injective and has a dense image, thus
we can define its inverse (7' — \)~1.

By (*) we have (T — \)z||?> > 8?||z||*>. Now replacing = by (T — \) ™'z,
we have ]

(T =Nl < gl
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This shows that (7' — A)~! is bounded. Therefore, we have proven that if
A € C is not real, then 7' — X has a bounded inverse, thus A ¢ o(T). This
shows that o(T) C R.

Finally, we show that o.(T") = (). We argue by contradiction: If not, then
pick A € 0,.(T) C R, as the spectrum must be a real subset. Then (A — T)~!
exists, but its domain, i.e., im(A —7T') is not dense in H. Then by Proposition
7.23, we must have im(\ — T')* # 0. But again by Proposition 7.22, we must
have ker(A —T') # 0. Hence X € 0,(T") by definition, which is a contradiction,
since o,(T) N o, (T) = 0. O

Proposition 7.26. If 7' = T* then for A\, u € 0,(T") distinct reals, the corre-
sponding eigenvectors of T" are orthogonal.

Proof. Let Tx = Ax and Ty = py. Since (y,Tz) = ANy, z) and (Ty,z) =
wu(y, x). So we have (A — pu)(y,z) = 0. O

Definition 7.27. For T': D(T) C H — H bounded (or unbounded), and if
D(T) is dense in H, then we define D(T™) C H as follows:

D(T*)={y€e H:xzw (y,Tz),z € D(T) is bounded}.

Proposition 7.28. Let T € B(H) such that D(T) is dense in H. Then
T =T* (ie., T is self-adjoint) iff D(T") = D(T™).

Proof. Note that D(T') C D(T™*) follows directly from the Cauchy-Schwarz
inequality even without the condition T = T*: |(y,Tx)| < |yl - [|[Tz| <
lyll - |T|| - ||=]|. Hence the map x — (y,Tx) has norm at most |y| - ||T']| < oo,
for T' is bounded.

Now suppose D(T') = D(T™*). Then by denseness of D(T), the map z
(y, T'z) extends to the whole H. Again this map is a bounded linear functional
on H by the previous paragraph, hence by the Riesz representation theorem,
there exists an element T*y € H such that (T™y,x) = (y,Tz), and T*y is
uniquely determnined by this condition since D(T') is dense. It is not hard to
show that T™ defined this way agrees with Definition 7.9. O

The Proposition above motivates us to make the following definition of
adjoint for unbounded operator:

Definition 7.29. When 7' : H — H is unbounded, and D(7T™) is dense, the
operator T%* with domain D(T™) defined by

(T"y,z) = (y, T'x)
is called the adjoint of 7.

7.2 Spectral Theorem for Bounded Operators

Now we start to set up the tools to prove the spectral theorem for bounded
operators. The first result we need is

Theorem 7.30 (Spectral theorem for Polynomials). Let P(z) = ag + a1z +
-+ apz™ be a polynomial, and T : X — X an arbitrary bounded operator.
Define P(T) = apl + a1T + - -+ a,T". Then we have

P(o(T)) = o(P(T)).
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Proof. Let A\ € o(T). Since z = X is a root of the polynomial P(z) — P(\), we
have P(z) — P(\) = (z — A)Q(z) for some polynomial Q. So P(T) — P(\) =
(T'—=MN)Q(T). Since T'— X has no inverse, neither does P(T') — P(\). That is,
P(\) € o(P(T)). This proves one inclusion.

Conversely, let u € o(P(T)) and let A1, ..., A, be roots of P(z) — u, that is,
we have the factorization

n

Hz—)\k

for some nonzero complex number a. If Ay, ..., A\, ¢ o(T), then we have

(P(T) - H T — )™
So we conclude that there exists at least one k such that Ay € o(T). That is,
pu = P(\;) C P(o(T)). This concludes the proof. O

Our first goal is to extend the above result to continuous functions, not
just polynomials. Along the way, we need a few results:

Theorem 7.31. If T € B(X), then we define the spectral radius of T to be

r(T) = sup |\
Aeo(T)

Then we have
r(T) = lim || 77",
n—oo

Proof. By spectral theorem for polynomials, o(7T™) = o(T)™. Note that for
any S € B(X), we have r(S) < ||S]| (otherwise suppose r(S) > ||S]|. Then
there exists p € o(T) such that g > ||S]|. But then u — S would be invertible
with the inverse given by the von Neumann series, a contradiction). Hence
r(T™) < ||T"||. But since o(T™) = o(T)", by definition of spectral radius,

r(T)" =r(T") < T]].
Hence 7(T) < ||T™||*/™ for all n. Therefore,

P(T) < limin |77/ < Jim sup |77 /7.
n

We now want to prove that limsup,, |77||"/" < r(T'), which would show that
r(T) = lim,, | T"||*/". Pick A > ||T|| > #(T). So A € p(T). And we have

RAT) =0 -T) 7 =Y
n=0

for all |A| > A, A € C. Now for all y* € X*, and for all x € X, we define

) = Z A >\n+1
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Clearly f is analytic in C\ D(0,r(T)), since it follows from the 1st resolvent
formula that f is complex differentiable in C\ D(0,r(T")). This shows that

foy =3 O
n=0

for all |[A\| > r(T") by the uniqueness of Laurent series. This means that the
sequence y*(T"x) /A"t — 0 as n — oo for all |A| > r(T). In particular,

ly* (T"2)| < Gy A"+

for some constant C\ > 0 and for all n. But since |y*(T"z)| = (T*)"(y*)(z),
this shows that (77)"(y*)(z) is bounded for all z. By the uniform bound-
edness theorem, this means there exists M such that (7%)"(y*) < M|N"*!
for all y* € X* and for all n. Thus [|(T*)"|| < C|A|"*!. And since T = T*,
we have lim, [|[T"||Y/™ < lim, CY/"|\"+1/7 = |A| for all |\| > r(T). Thus
lim sup,, [|[77|"/™ < |A| for all |A| > #(T). Thus limsup,, ||7"||*/™ < #(T). This
proves the theorem. ]

We now show that if it happens that 7" € B(H) is a bounded self-adjoint
operator on a Hilbert space, then the formula for spectral radius above reduces
to r(T) = ||T||. To prove this result we first need a

Lemma 7.32. If A € B(H), then |A*|| = | A| and |A*A| = || A|=%.

Proof. Recall that the operator norm is computed as || Al := supy=1 | 42|
Furthermore, for any ¢ € H, one has [[¢[| = supy, =1 |(x, ¢)|. Thus we have

[All = sup [(¢, AY)|.
llell=llvll=1
From this, we get that
[A*|= sup [(¢,A™Y)|= sup |(Ap,¥)[= sup |(¢,Ad)| = [A].
llell=llvll=1 lloll=llvll=1 llell=llvll=1

Meanwhile, we have ||A*A| < ||A*[|||A]| = ||A]|>. On the other hand, we have

|A*All = sup [(,A*AY)|= sup [(Ag,AY)| > sup [(Ap, Ay)| = ||A]*.
llell=llvll=1 lloll=llll=1 llll=1
This proves the lemma. ]

Theorem 7.33. IfT € B(H) and if T =T, then we have r(T) = ||T|.

Proof. Applying the previous lemma repeatedly and using 7% = T, we see
that ||T%"|| = ||T||*" for all n. Then the claim follows immediately from the
spectral radius formula (Theorem 7.31), since

r(T) = lim || T [Y™ = lim |72 ||//*" = Tim | T)*"/*" = ||T7].
n n n
This concludes the proof. ]
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Theorem 7.34. Suppose T € B(H) is self adjoint: T* = T. Then there
exists a unique bounded linear map ¥ : €(o(T),R) — B(H) from the space
of continuous real functions on o(T) to B(H), defined by ¥ : f — f(T),
such that when f(X) = A\™ is a polynomial, we have f(T) = T™. The map
U is called the (real-valued) functional calculus for T. The continuous
functional calculus also satisfies the following properties:

(1) Muiltipilicativity: For all f,g we have (fg)(T) = f(T)g(T).

(2) The map U : f — f(T) is an isometry.

(3) For all f € €(a(T),R), the operator f(T) is self-adjoint.

(1) Tf >0 on o(T), then f(T) >0, i.e., (¥, F(T)) >0 for allp € H.

(5) o(f(T)) = f(o(T)).

Proof. Note that if T is self-adjoint, and p a real-valued polynomial, then p(7T')
is also self-adjoint, where p(T') is defined as in Theorem 7.30. Therefore, we
may define ¥ as follows: First, for a polynomial p € € (c(T),R), we define
U : p+— p(T) as in Theorem 7.30. Now, using Theorem 7.30 and Theorem
7.33, we have that

[p(T)| =r((T) = sup [Al= sup [p(A)| = [plc-
Aeo(p(T)) Aeo(T)

That is, the map ¥ : p — p(A) is an isometry from the space of polynomials on
o(T) (with supremum norm) to the space of bounded operators on H. Since T'
is bounded, o(T') is compact (for it is closed and bounded by Theorem 7.19).
Now, by the Stone Weierstrass theorem, polynomials are dense in ¢ (o(T), R).
Hence the map ¥ : p — p(T') extends uniquely to a bounded linear map
U:%(T),R) = B(H).

Now we prove the listed properties:

(1) Since the statement holds for polynomials, by taking limits, then the
statement also holds for all f,g € €(c(T'),R). The detailed proof is an
simple application of triangle equality and is left as an exercise.

(2) Clearly VU is linear. If p,, — f uniformly, on one hand we have ||p,(T)| =
lpnlloo by the previous discussions, but since || f,(T) — pn(T)|| — 0, we
have ||pn(T)|| — ||f(T)]| by the reversed triangle inequality. Since we
also have ||pp|locc = || f]lco, we have that || f(T)] = ||f]co-

(3) Since for any real polynomial p, the operator p(T") is self-adjoint because
T* =T, the statement also follows by taking limits: Take a sequence p,

of polynomials such that p, — f in supremum norm. Then by (2) we
have f(T') = lim,, p,(T"). Therefore

(F(T)6.) = im(pa(T), ¥) = (e, pa(T)) = (&, F(T)).
Hence we conclude that f(7') is self-adjoint.
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(4) If f > 0 on o(T), that means f : o(T) — R is continuous and nonnega-
tive. Then there exists g € € (o(T),R) such that f = g? (just take the
square root of f). Then by multiplicativity, f(T) = g(T)?, with g(T)
self-adjoint. Then

(¥, F(A)¥) = llg(T)v)* = 0
for all v € H, as desired.
(5) Postponed. This is proved in Theorem 7.36.

O

Theorem 7.35. If T : D(T) C H — H self-adjoint, closed, and bounded,
then A\ € o(T) iff there exists a sequence vy, € D(T), |[¢n] = 1, such that
(T = A)¢nll — 0.

Proof. If X € o(T) = 0p(T) U 0.(T), then either there exists 1 # 0 such
that (T — \)i = 0 or there exists (T'— A\)~! : im(T — \) — H that is not
bounded. In the first case, pick ¥, = ©/|[¢|| to be the constant sequence,
done. In the latter case, since there exists ¢, € im(T — X) with ||[¢,] =1
such that [[(T — A\)"Y4,| > n, or (T — A"l > nljtn||. Now define
¢n = (T — \)"*, € D(T). Then

1
1T = Néull = l¥nll < —lonll-

Now let up, := ¢n/||pnll. We see that ||u,| =1 and ||(T"— N)u,|| — 0.
Conversely, if A ¢ o(T), then (T — \)~! is bounded. If there exists a
sequence (1)) such that |[¢,| = 1, and (T — )y, — 0 by assumption, then
on one hand by continuity of the resolvent (7" — \)™(T — A, — 0, but
clearly this is just the sequence |||, which is constantly 1, contradiction. [

Theorem 7.36. Let T* =T and T € B(H). Then for any f € €(c(T),R),
we have o(f(T)) = f(o(T)).

Proof. We first show o(f(T)) C f(o(T)). If X ¢ f(o(T)), then consider g =
(f=AN) "t € €(c(T),R). We can define g(T). Since g-(f —\) = (f—\)-g = id
on ¢(c(T),R), we have by multiplicativity that g(T)(f(T) — \) = (f(T) —
Ng(T) = I. Thus g(T) = (f(T) — A\)~L. Thus A € p(f(T)).

Conversely, let A € f(o(T')). Then there exists u € o(T) such that f(u) =
A. Since f is continuous, given any n there exists d, > 0 such that |f(z) — | <
1/n for all z € (u — 0p,  + 6,,) No(T). Hence we may construct (see Fig.7.1)
a continuous function ¢, € € (o(T"), R), with 0 < g,, < 1, where

_ 1 $6(ﬂ_5n/25M+5n/2)
o |z — p| > 6.

Then ||(f — Ngnlloo < 1/n. Hence

S |-

I(F(T) = Mgn(T)] <
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Since ||gn(T)|| = |lgnlloc = 1, there exists u, € H, |lu,| = 1, such that
llgn (T)uy|| > 1/2. Thus define ¥, = g (T)un/||gn(T)uy||. Then we have

[(T) = Ngn(Tunll _ [[(F(T) = Ngn(TI] _

T) — N < —

A N PACET ]~ <"
Hence by the previous theorem, we have A € o(f(7)). Thus o(f(T)) =
f(a(T)). O

—6n u— = K On

Figure 7.1: The construction of the function g,.

One can also develop the complex-valued continuous functional calculus
for T, i.e., we can consider functions f € €(o(T),C). But this requires little
additional efforts, since for any complex valued continuous function f : o(T") —
C, we can always write f = w + v with functions u,v € €(c(T),R). Then
we simply define

f(T) :==u(T) +iv(T)

where u(T),v(T) are defined as above. Note that f(7)* = w(T) — iv(T) since
u(T),v(T') are both self-adjoint. From here we can develop the complex-valued
functional calculus theory for T similarly to what we did above, and it will
not make much difference.

Remark 7.37 (Power Series Expansion and Residue Theorem). If f is ana-
lytic on © and o(A) C Q. Then if we write f(z) =>_,° ;an(z — 20)" where R
is the radius of convergence of the power series, then we may define

Zan — zoD)"

This definition of f(A) coincides with our definition of f(A) in Theorem 7.34.
In fact, one can even show that if 7 is a closed cycle in €2 with o(A) contained
in the interior part of the complex plane separated by ~ (by Jordan curve
theorem), then we have a version of the residue theorem:

f(A) = 1,/f(z)(z[ — A)*ldz.
v

2mi

Note that since v does not touch o(A), for every point z € +, the residue
R.(A) = (2I — A)~! is well-defined. Below, we shall first prove the case for
a polynomial function, the general statement will be a consequence of the
spectral theorem (proof here).

Proposition 7.38 (Residue Theorem for Polynomials). Let v be a closed cycle
in Q with o(A) contained in the interior part of the complex plane separated
by . Then for any polynomial p, we have that

1
A) = — Iz — A) Nz,
p(A) ./ym (2 — A)

21
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Proof. By linearity of integral, it suffices to assume that p(z) = z™. Note that
for n > 1, we have

1

2mi

1
2"z — A)7ldz = 5 / 2z — A4 A)(z— A)Hdz
v

1 1
:M%— A— [ 2" Yz — A) Yz
~ 2mi ),

v

_ant [ A
=A 2m,/y(z A) " dz.

Hence it suffices to show that ﬁfv(z — A)7ldz = I. Now take R > |4].
Then since integral of a closed form is homotopy invariant (for a more specific
proof, see Fig.7.2), and using von Neumann series, we have

1

1 1 o dz
— Z—Aldz:,/ 2 — Aty = — / A",
2mi 7( ) 2mi 33(073)( ) 2mi HZ:;) oB(o,r) 2"

Note that when n > 1, the integral faB(o R) dz/z" = 0 since the integrand

1/z™ for m > 2 is holomorphic. When n = 0, we have %m f@B(O R) dz/z =1
by standard computation. Thus the only term survived in the summand above
is just the n = 0 term, which is exactly the identity operator I, as desired. [J

0B(0, R)

o

Figure 7.2: A standard argument in complex analysis as suggested in the
figure, shows that integral along v of a holomorphic operator valued function
is the same as integral along 0B(0, R). The argument can be made precise
by arguing that the integration along the pass suggested in the figure is zero
by Cauchy integral theorem, and we can make the width of the bridge arbi-
trarily small, then the result will be the integral along v minus integral along
0B(0, R).

Definition 7.39. Let B(R) denote the Borel sets of R. A map P : B(R) —
B(H) satisfying (i)-(iv) is called a projection-valued measure:

(i) P(Q) is an orthogonal projection for any Q € B(R).
(i) P(h NQ2) = P(Q1)P()

)

(iii) P(US21) = > 00 P(Q2y,) if O, Ny, = 0 for all m # n. Here, the
limit is to be understood as the strong limit. '

'Recall that T;, — T strongly if T4 — T4 for all o € X for Tp,, T € B(X).
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(iv) P(0) =0 and P(R) = I.

Example 7.40 (Finite-Dimensional Case). Given a projective valued measure
P, one can write an operator A as

A= / APy
R

We will in fact show that P is supported in o(A), so the integral is really
an integral on o(A). In finite dimensional case, for a self-adjoint operator
A = A*, the spectrum o(A) is discrete, so the integral above becomes a sum,
and for each \ € o(A), we know P, is an orthogonal projection by (i). In fact,
P, is the projection onto the eigenspace Pg,. Thus for a self-adjoint operator

we have
A= Y APg,.
Ao (A)

In physicist’s dirac notation, this is simply

A= Z A A

A€o (A

Construction 7.41 (The measure ji, 4). Recall that we defined a map (real
functional calculus for A)

U: %4 (0(A),R) = B(H) [ f(A).

For any ¢ € H, we define a continuous linear form ¢y, : €(c(A), R) — C given
by
Ly (f) = (¥, f(A)).

By definition, it is easy to see that ||| = [[¢||?, and £y (idg(y(a),r)) = Hsz
By Riesz representation theorem, for a compact set K, we have ‘5( )
m(K), where m(K) is the set of Borel, regular, complex measures.2 Therefore,
for any ¢ € H, there exists a unique such measure f,, such that

[ ) = [ .
o(A) R

Note that in the last inequality, we abused the notation and extended p, to
the whole line by defining a new measure u;b with /%(Q) = pyp(2No(A))
and still call :“ip the old measure p,. Note that for any f > 0, by Theorem
7.34 part (4), we have (¢, f(A)y) > 0. Hence by definition i, is a positive
measure.

Now, we define, for Q € B(R),

wmmw:/mewwn

In the above expression, the domain of the integration is on the real line. From
now on, any integral with no integration domain specified is assumed to be an
integral over the entire real line.

2More specifically to our situation, the statement is that the isomorphism is given by £y
to puyp, where py is the unique measure satisfying £, (f) = fK fdpy. The full statement is in
Theorem 8.5, p.158 of [7].

169



Now we wish to define (¢, P(2)y) for any ¢,v € H. This can be done
using the polarization identity:

1
Re(,6) = (I + 6l ~ [ — o|1>)
(i, ) = 7+ 0] — v — i6]).

In other words, we define a complex measure fiy 4 to be

1 1
Repyp = 2(pro = py-0)  Impyg = 2(0yrio = py—io)-

Then we may define

(6, P(Q)Y) = / xodiio s = fg.0(Q).

Viewing the equation above as a map ¢ — 14 () for fixed v € H and
Q € B(R), by the Riesz representation theorem, this uniquely determines an
element P(Q)y € H. Thus the above definition determines P({2) completely.
Now it remains to check that P(£2) has the desired properties.

Remark 7.42. Given any projection-valued measure P, there exists a unique
self-adjoint operator A € B(H) associated to it. Again we define a complex
valued measure iy to be fiy 4(2) = (¥, P(Q2)¢). Then we define

(1, Ao) ::/R)\d,uw@.

This completely determines A by the Riesz representation theorem, and one
can show that A = A*.

Theorem 7.43. For all A € B(H) self-adjoint, there exists a unique projection-
valued measure P4 on B(R) that is supported on o(A).

Proof. If f is bounded, Borel function on o(A), we define f(A) to be the
unique operator in B(H) such that

(6, F(A)0) = / PR

Now we define a new measure ju, 4 such that 11, ,(2) = p1y,¢(2N0(A)). Thus
this is an extension of jiy 4 that is supported on o(A). And we identify this
new measure with ji 4. Therefore, we may write

(0, F(A)0) = /R fdiy g

for any continuous complex valued function defined on R. Define, for all
2 € B(R), the operator P(2) such that

(¥, P(2)¢) = /R X0dha,g-
Now we verify that P : B(R) — B(H) constructed this way satisfies (i)-(iv).
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(i) Note that for any f,g € €(c(A),C), we have

(¥, f(A)g(A)g) = / fgduy. e = / fdig,g(aye

(f(A)"Y,g(A)p) = / gapgayp,p = / Aprf(Ay=,9(A)p-

Therefore, by uniqueness of Riesz representation theorem, we have that

dig(ayp,gay = FT(AN)gN)dpy, -

That is, du is antilinear with respect to the first slot, and linear with
respect to the second slot. Now, recall that

(¥, P(Q)¢) = /mduw,qﬁ-
Hence
(6. PO20) = [ xirxadiuvs = [ Xadios = [ xadiss = (0. P@)0)

Since 9, ¢ are arbitrary, this shows that P(Q)% = P(Q2). Hence P() is
a projection. It is also clear that

(6, P(©)"6) = (P(Q), 6) = / dpipiayos = / Xt = / xadipo = (4, PQ)6).

Hence P(Q2) = P(Q)*. This in fact implies that P(€2) is orthogonal. For
details, see Proposition A.57 on p.541 of [7].

(iii) Let Q = U,Q, with Q,, N Q,, = 0 for m # n. Noe that for all bounded
complex-valued continuous function f, we have

1F(A)DI* = (F(A)e, f(A)) = (¢,f(A)*f(A)w)=/|f|2dﬂw7w-

Thus for any ¢ € H we have
1P@0 =Y P@)UIE = [ o= xo,dus
j=1 j=1

= / Xa\ur_, o, dfty

= / dpy
Q\u;.l Q;

=1

= py(Q2\ Uj_19;5)

= p1yp(Q) — ZMw(Qj)

which converges to zero. Here we identify dy  with dji,,. This proves

(ii).
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(iv) Since (¥, PO)) = [ xodpy = 0, and (b, P(R)W) = [ dptys = (1, 0)
for all v € H by the first equation in the proof of (111) This shows that
P(®)=0and P(R) = 1.

(ii) P(21 NQ2) = P(Q1)P(£y) is clear since xa, X0, = XQ,n0,- 10 be more
specific, recall that

(4, P(Q)6) = / Xt

But since by (iv) we already know P(R) = I, hence

(¥, P()¢) = (v, P(R)P(Q)¢) = / XRApp, P(Q)p = / i, P(Q)¢-

Therefore, by the uniqueness part of Riesz representation theorem as we
did in (i), one sees that

xXQdfp,e = Aty pQ)e-

Then it follows that for any i, ¢ € H, we have

(1, P(1 N Qo) ¢) = /Xﬂlmﬂgdﬂzp,d)
:/X91X92dﬂ¢,¢
Z/Xﬂld,uw,P(ng
= (¢, P(1)P(Q2)¢).
Hence it follows that P(£21 N ) = P(Q1)P(Q2).
This concludes the proof. O
We have showned that given any self-adjoint operator A € B(H) self-

adjoint, there exists a unique projection-valued measure P such that (using
formal notation):

/ FOd(, Po).

Now we prove the converse:

Theorem 7.44. Given P a projection-valued measure, there erists a unique
A € B(H) self-adjoint, such that

A :/ AdP.
R

Proof. Define, for any simple function f = Z;‘L:1 WX f-1(ay) the integral

/ fdpP = Za] Yay)
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Note: We are defining [ xodP = P(Q) and extending linearly. Before difining
| fdP for general f, we first make a quick observation: For any ¢ € H, we
have

[ / fdPy|? = < / fdPy, / fde> Za ‘an(P(f~ (), P(f~ (ar)))
= Zajak ¥, P(f () P(f~ (on))¥)

i,k
= ajan(®, P(f " (ay) N F 7 aw))w)

i,k

where the second to last step is because P(f~1(a;) N f~ () is zero if j # k,
for P(0) = 0. Thus we know that

!/fdP@ZJI2 /Ifl dpry < |1 f 3o (R) = F11Z 10117

Also, if f = g a.e. py for some ¢, then [ fdPiy = [ gdPt. Now since, every
bounded measurable function f is the uniform limit of simple functions (¢, )n,
then by our previous calculation, we have

| /(PndPlb - /wmdPIbHQ —/‘(Pn — ‘Pdeﬂw —0
we can define
/fdPl/J: lim /(pndPT/)
n—oo

and it is well-defined. Since P((—a,a)) = I for some a > 0, it follows that

A::/)\dP

is a bounded operator. Since (—a,a) C R, it is easy to see that A* = A, and

by construction,
[ 10vduf = @) = [ 50du

for every f continuous. Thus the projective-valued measure ,uf; = ,ufz, in other
words, the spectral valued measure P is exactly the spectral valued measure
,uﬁ associated to A given by our previous construction. O

The two theorems above shows that there is a bijection between bounded
self-adjoint operators in H and projection-valued measures. Now we study
some applications of this consequence:

Lemma 7.45. Assume A € B(H), A= A*. Then \ € o(A) iff PA(B(\,€)) #
0 for all e > 0.
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Proof. Assume X € 0(A), and there exist € > 0 such that PB(\,€) = 0. Then

consider the function )

f(z) = o )\XB(,\,e)c(x)~

Then f is a bounded Borel function on R. Thus

(z =) f(x) = XB(roe

implies
(A= N)F(A) = xprge(A) = F(A)A - A).
But
XBne(4) = / X dP = P(B(\¢)%) = P(R) = I

since by assumption PB(A, €) = 0. Therefore, we have
(A=Nf(A) =T = FA)(A=N).

Moreover,

IFA) < [[flloo = sup < g

|lz—X|[>e |.CU - )" N

Hence f(A) = (A—))~!is a bounded operator, so A € p(A), which contradicts
our assumption that A\ € o(A).

Conversely, suppose PB(\,€) # 0 for any € > 0. If A € p(A), then since
p(A) is open, there exists § > 0 such that (A — 0,A + ) No(A) = 0. But
then P(A — §,\ + 0) = 0 since P is supported on o(A), which is again a
contradiction. O

Definition 7.46 (Essential and Discrete Spectrum). We define
0e(A) ={A € 0(A) : dimim P(B(\,¢)) = oo for all € > 0}.
and
0d(A) = 0(A)\ 0e(A) = {X € 0(A) : exists € > 0 s.t. dimim P(B(\,¢€)) < oo}
Lemma 7.47. 0.(A) is closed.

Proof. Let X ¢ 0.(A), then there exists ¢ > 0 such that PB(\,¢) is finite
dimensional. If u € B(A, €), then there eixst § > 0 such that B(u,d) C B(A,¢),
so P(B(u,0))H < P(B(A,€))H. Thus P(B(u,9)) is finite-dimensional. Thus
p ¢ o.(A). Hence B(A €) C 0.(A)°. Hence o.(A) is closed. O

Remark 7.48. 04(A) is not necessarily closed, an example is when A =
—A — 1/|x| (Hydrogen atom), where o4(A) = (A\,)5,, with A, increasingly
converging to zero, and o.(A) = [0,4+00). But clearly 0 ¢ o4(A).

Theorem 7.49. \ € o4(A) iff both the following conditions are satisfied:

(i) X € o(A) is isolated: i.e., there exist € > 0 such that B(A,e) No(A) =

{A}

(i) X is an eigenvalue of finite multiplicity, i.e., dimker(A — \) < oo.
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Proof. Assume first \ € o4(A).

Then exists € > 0 such that PB(\,e) # 0 is finite dimensional. If A
is not isolated, then there exists a sequence (\,) C o(A) converging to A,
and A\, # A\ for n # m, and for all n we have A\, # A. So there exist
€n, — 0 such that B(\,, €,) C B(\,€) for all n, and B(A\p, €5) N B(A, €m) = 0.
Therefore P(B(A,€,)) # 0 for any n. Thus there exists v, # 0, such that
Yy, € iIm(P(B(An, €,))). But since these balls are disjoint, we know (¢,) are
orthogonal. WLOG we may assume |[¢,|| = 1 for all n. Hence P(B(A,¢))
contains all 9,,, which means it cannot have a finite-dimensional image. This
is a contradiction. Hence A has to be isolated. This proves (i).

To show A is an eigenvalue, there exist € > 0 such that B(\, e)No(A) = {A}.
Let 1) € P(B(\, €))H nonzero. For every 0 < § < €, we have ¢ = P(B(\,9)).
Then

(A= = [(A=NP(B(X, 6))y | = / | |e=APdpy = [A=APpy ({A}) = 0
as 0 — 0 by the dominated convergence theorem. This shows that A is an
eigenvalue of A with ¢ a corresponding eigenvector.

The prove that dim(A — \) = P(B(A,¢))H is finite dimensional is left as
an exercise.

Conversely, if A € 0(A) is an isolated eigenvalue with finite multiplicity,
then there exists € > 0 such that B(\,e)No(A) = {A\}. Andif ¢ € ker(A—\) =
P(B(\,€))H (check this equality!) is finite-dimensional, then A € o4(A4). O

Corollary 7.50. X\ € o.(A4) iff X is an eigenvalue of infinite multiplicity or A
is an accumulation point of o(A).

Theorem 7.51 (Weyl’s Criterion). Let A € B(H), A= A*. Then X € o(A)
iff there exists (vp,) C D(A) such that ||, = 1 for all n, and ||(A— XN)y| —
0.

Furthermore, X\ € o.(A) iff the condition above is satisfied, and furthermore
we may choose (1) to be orthonormal.

Proof. The first part of the statement is proven in Theorem 7.35.

Suppose A € 0.(A). Then for all € > 0, we have P(B(\,¢€)) infinite dimen-
sional. Pick €, — 0, such that ¢, € P(B(\,€,)) and ¢, L 1, for n # m.
Then

(A = Nonl® = / 2 = APduy < e[ vnll? = e

lz—A|<en

which tends to zero. Conversely, if P(B(), €)) were finite dimensional for some
¢, then there exists ng such that ,, L im P(B(\,¢)) for all n > ng. Then

1A = Nhall? = (A = NI = P(BO)bnll? > €ionl? = €.
So ||(A — A)4p,||? cannot tend to zero. This concludes the proof. O
Theorem 7.52 (Stone’s Formula). Let A € B(H), A= A*. Then

lim — /b(A —A—ie)t— (A= X+ie) ld\ = %P([a, b)) + %P(a, b)

where the limit is to be understood as strong limit.
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Proof. Take 1» € H. Then

1 b
2me J,

I 1 1
=— - dPypd\
2WiLA<x—A—ie m—)\—f—ie) v

1 b 1 1
=— — d\dP
27m'/R/a (x—/\—ie :B—/\—i—ie) 4

where the last step is by Fubini’s theorem since the integrand is square inte-
grable. Our next task is to calculate the integral inside the last line above.
Note that

1 [ 1 1 1 [t €
— — d\ = — ——d\
27 J, (:B—/\—ie w—)\—l-ie) W/a (x—A)2+¢€
1 (A—x)b
= — arctan
T € “

= — |arctan — arctan
T € €

[(A—X—ie) L — (A= X+ie) tdAy

which goes to

) 0 z¢la,b
i(X(a,b) + X[a,b]) =41 =€ (CL, b)
% T =a,b

as € — 0. Now note that

(*) If fe — f pointwise for € > 0, and |f.| < M for some constant
M, then we have

I [ apv [ fapol = [ 17~ i, -0

by the dominated convergence theorem.

Using (*), and put fc(z) = 2%” f; (x_i_is — x—i—f—ie)d)\ and f(z) = %(X(a,b) +

X[a,p])- Then we have that

ti or [ 142107 (4= 2 +i0 7@ = [ Jan + Xun)Po
which is equal to
S (Pla,b] + Pla, b))
This concludes the proof. O
Definition 7.53. We say v € H is cyclic for A if span{A™) :n=10,1,2,...} =
H.

Theorem 7.54 (Multiplicative Form of the Spectral Theorem). Let A €
B(H), A = A*, then there exists a sequence of measures (fin)o>,, and a
unitary operator

U:H— P LR, dun)

n=1
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such that
(UAU ), = My,

and

U AU )0 = F(A)tn.

Proof. Define U : span { A"} — L?(R,du,) as follows: For a given polyno-
mial py, define U(pr(A)Y) = pi. Note that U is an isometry since

|Upk(A)6]2 = / 1o 2 g = [[pi (A

Therefore U is an isometry. This is well-defined, since if p(A4)y = q(A)v, then

0= lp(A) — q(A)]? = / p— alduy.

This shows that p = ¢ a.e. duy. Now extend U to Cl[span {A"1}]. Then by
construction

(UAU'p)(N) = UA(p(A)y) = U(Ap(A)y) = Ap())

and
UAU = AL

Now we claim that given H separable, we have H = @, | H,, where H,, are
cyclic subspaces, i.e., there exists 1, such that H, = Cl[span {Ak¢n}]: First
we take any ¥ € H nonzero, and set H; = span {Akw} < H. Then clearly
AH; < Hj. Since A is self-adjoint, we have A : H{- — Hi-. Then since
H = H; @ Hi*, and repeat this construction on Hi-. Then the decomposition
of H into H,’s follows.

For every n, we define U, : H — L*(R,du,) as above, with p, = fy,
where each 1, is chosen as in the last paragraph.. Then take U = @72 | U, :
H — @2 LA(R, duy,). O
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4-velocity, 42 force, 12

action, 11 Galilean Transformation, 21
antisymmetric, 39 Gallilean group, 12
antisymmetrize, 40 gauge transformation, 86
atlas, 55 geodesic, 70

geodesic deviation equation, 78
geodesic equation, 70
gravitational mass, 49

Bianchi identity, 75
bosonic, 112

character, 113

chart, 55

Christoffel symbol, 72
Clebsch-Gordan Decomposition The-

Hamiltonian, 9, 10

Hamiltonian flow, 9

Heisenberg’s uncertainty principle, 140
homeomorphic, 54

orem, 113 homeomorphism, 54
commutator, 59
configuration space, 8 indecomposable, 112
connection coefficients, 65 inertial frame of reference, 20
continuous, 54 inertial mass, 49
contract, 39 inverse metric, 39
cotangent space, 59 irreducible, 91
covariant derivative, 65 isotropic, 10
decomposable, 112 kinetic energy, 12

diffeomorphic, 55

diffeomorphism, 55

differential forms. 62 Lagrangian submanifold, 10

directional covariant derivative, 69 length contraction, 34

dust. 43 Levi-Civita connection, 68
Levi-Civita tensor, 62

Einstein Equivalence Principle, 52 Lie algebra, 94

Lagrangian, 11

FEinstein tensor, 76 Lie bracket, 59

Einstein’s Equivalence Principle, 49 Lie group, 93

Einstein’s field equation, 84 light cone, 27

electric field, 13 Liouville volume form, 10
energy-momentum tensor, 46 Liouville’s Theorem, 10
Euler-Lagrange equation, 11 local Lorentz frame, 52
event, 25 Lorentz group, 32

exterior derivative, 63 Lorentz transformations, 31
fermionic, 112 magnetic field, 13

flux, 46 metric tensor, 61
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Minkowski spacetime, 48 unitary, 91
momentum map, 10 universal cover, 103

number density, 43 variation, 11
vector field, 59
observables, 9
open sets, 54 Weak Equivalence Principle, 49, 52

orthogonal, 39 wedge product, 62
world line, 25
parallel transport, 69

partial derivative operator, 57
Pauli Exclusion Principle, 112
perfect fluid, 46

phase space, 8

Poisson manifold, 10
Poisson’s equation, 16
potential, 12

principle of least action, 11
proper time, 28

raise and lower indices, 39
rapidity, 32

representation, 91

rest energy, 43

Ricci scalar, 76

Ricci tensor, 75

Riemann curvature tensor, 72

simple harmonic oscillator, 136
smooth, 55

smooth manifold, 55
smoothly compatible, 55
spacetime, 25

spherical harmonics, 109
symmetric, 39
symmetrize, 40
symplectic, 10
symplectic manifold, 8
symplectomorphism, 10

tangent space, 35

time dilation, 34

time independent Schrodinger equa-
tion, 133

topological manifold, 54

topological space, 54

topology, 54

torsion tensor, 67

torsion-free, 67

trace, 40

trace-reversed metric perturbation, 87
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