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These notes are self-contained, with the first six chapters used for a one-semester course with recom-
mended texts by Wald[[129], Misner, Thorne, & Wheeler (MTW)[82], and, particularly for gravitational
« waves, by Schutz[103]] and Thorne & Blandford [1235]]. In its treatment of topics covered in these stan-
N dard texts, the presentation here typically includes steps between equations that are skipped in Wald
——or MTW. Treatments of gravitational waves, particle orbits in black-hole backgrounds, the Teukolsky
T5equation, and the initial value equations are motivated in part by the dramatic discoveries of gravitational
" waves from the inspiral and coalescence of binary black holes and neutron stars, advances in numerical
E)relativity, and the expected launch of the LISA space-based observatory. Students are assumed to have
encountered special relativity, but these notes give a detailed presentation with a geometrical orienta-
tion, starting with with time dilation and length contraction and including relativistic particles, fluids,
(O electromagnetism, and curvilinear coordinates. Chapters 2-5 cover curvature, the Einstein equation, rel-
ativistic stars, and black holes. Chapter 6, on gravitational waves, includes a discussion of detection and
O) of noise in interferometric detectors. Chapter 7 is a brief introduction to cosmology, deriving the metrics
O of homogeneous isotropic space, the equations governing a universe with matter, radiation and vacuum
QO energy, and their solutions. It includes sections on the cosmological redshift and on using gravitational
() waves to measure the Hubble constant.
O\ Chapter[8] on the initial value problem, has a section on the form of the equations used in numerical
= relativity. Its notation is that used, for example, in Baumgarte & Shapiro[18] and Shibata[107]; the
'>2 presentation here is taken in part from the text by Friedman and Stergioulas [52]. The notes also have a
chapter on the Newman-Penrose formalism and the Teukolsky equation. Following that is a chapter on
black-hole thermodynamics and a final chapter on the gravitational action and on conserved quantities
for asymptotically flat spacetimes, using Noether’s theorem. A detailed appendix on integration is
largely taken from Ref. [52]].
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In these notes, hyperref links to articles and books available online are in blue, as in this link to
a translation of Einstein’s 1916 paper and the following links to other notes on general relativity and
gravitational physics, listed alphabetically by author:

Steven Balubus’s notes

C. P. Burgess notes, short, with a good section on lensing.

Sean Carroll’s Lecture Notes on GR (subsequently expanded to Carroll’s widely used textbook).[25]]
Mike Guidry’s Modern General Relativity Lecture Notes

Hollands and Sanders, Lecture Notes on General Relativity

Gerard 't Hooft’s Intro to GR

Harvey Reall’s General Relativity from a Cambridge course.

For bibliographies of GR books, look here and here. More recent texts include some listed in the
abstract as well as the longer version Numerical Relativity[17] of the Baumgarte-Shapiro book, Eric
Poisson’s A Relativists Toolkit[88l], Gravity by Poisson and Cliff Will[89], and Eric Gourgoulhon’s
3+1 Formalism in General Relativity[S9]. Two gravitational-wave texts are Gravitational-Wave Physics
and Astronomy, by Jolien Creighton & Warren Anderson, [37] and Gravitational Waves, by Michele
Maggiore, [[77].
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Chapter 1. Introduction:
Physics in a Flat Spacetime

1.1 Concepts of Space and Time

The history of the way Western cultures have viewed space and time can — in retrospect — be described
by a sequence in which most of what seemed to be the obvious features were gradually discarded.
The following description is a retrospective caricature of the history, inaccurate in that, for example,
Galileo is said to think of spacetime as flat when he had no precise notion that could properly be called
“spacetime.”

Future

Pre Greek A

Earth flat

Preferred spatial direction (up)

Space absolute

Time absolute

Preferred time direction
(toward future)

Space flat

time

!

<o —_—P up

Space is absolute if it makes sense to say that events at two different times occur at the same place.
All observers agree on what it means to be at rest — to stay at the same point of space.
Time is absolute if it makes sense to say that events at two different places occurred at the same time.
All observers agree on what events are simultaneous, and synchronized watches at different places read
the same elapsed time between pairs of simultaneous events.

Greek
Earth curved (Italics mark change) constant position
Preferred set of spatial directions (up) Future /

Space absolute

Time absolute 4 J
Preferred time direction / \

Space flat v

constant time

time

up
P, 4
e ad
up

Earth
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The Copernican Revolution and Galilean relativity

The loss of absolute space begins with Copernicus. His model (and presumably that of Aristarchus,
1700 years earlier) rested on a spectacular coincidence: The retrograde motion of all five planets is si-
multaneously explained if one simply places the Sun, instead of the Earth, at the center of the universe,
regards the Earth as a planet, and places what were then six planets in nearly circular orbits around the
Sun. For each outer planet — Mars, say — the explanation is simply this: Because the period of the
Earth is shorter than the period of Mars, as the Earth orbits the Sun, it periodically passes Mars. When
it does so, Mars appears to go backward relative to the background stars.

The model explains an additional coincidence: When the outer planets — e.g., Jupiter and Saturn —
are in the same place in the sky, their retrograde motion occurs at nearly the same time. (A time lapse
video that illustrates this dance, showing Jupiter and Saturn moving by the Pleaides and Hyades, is here:
pas de deux)

Finally, the Copernican model gives a relation between the time a planet spends in its retrograde
loop and the angular size of the loop in the sky: First, the known periods of the planet and the Earth,
together with the time the planet spends moving retrograde, determine the radius of the planet’s orbit
in terms of the radius of the Earth’s orbit. Knowing this radius fixes the angular size of the retrograde
loop. So one gets five numerical retrodictions, one number for each known planet, that have to coincide
with observation for the model to hold.

That Copernicus found the distance to each of the planets in terms of the Earth’s distance from the
Sun would have been one final, breathtaking coincidence — and in this case a prediction, except that
it was hundreds of years before the distance from the Sun to the planets could finally be measured.
Textbooks emphasize the fact that Copernicus’ model of retrograde motion was not significantly more
accurate than Ptolemy’s Earth-centered model. Because he had to make corrections to circular orbits by
hand to account for what turned out to be elliptical orbits, the overall number of parameters Copernicus
used for the same accuracy in orbital prediction was no smaller than Ptolemy’s.

Once one understands that the Earth is not at rest and that it is one of the planets, our picture of
the universe changes dramatically. The other planets, no longer heavenly, are ordinary objects like the
Earth. They are presumed to be made of the same kind of matter that the Earth is made of and to obey
the same laws. There is no longer a natural rest frame, and Galileo’s conclusion is that we cannot tell
what is at rest and what is moving.


https://apod.nasa.gov/apod/image/0112/JuSa2000_tezel.gif
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Here are two quotes, one from Galileo and one from Sir James Jeans that may be useful to your
students for historical perspective if you are teaching physics or astronomy:

DIALOGO

D1
GALILEO GALILEI LINCEO
MATEMATICO SOPRAORDINARIO
DELLO STVDIO DI PISA.
E Filofofo, ¢ Matematico primario del
SERENISSIMO

GR.DVCADITOSCANA.

Doue ne i congretli di quattro giornate fi difeorre
fopraidue
MASSIMI SISTEMI DEL MONDO
TOLEMAICO, E COPERNICANG;

Proponenda indeterminatame
sanso per [una ,

ragioni Filofofiche, ¢ Naturali
per Ealira parte .

CON PRI §7 VILEGIL.

IN FIORENZA, Per Gio:Batifta Landini MDCXXXIL
CON LIGENZA DE SYPERJORI.

Excerpt from Galileo’s Dialogue Concerning the Two Chief World Systems, Ptolemaic and Coper-
nican, 1632 Dialogo.pdf

[SALVATI] Shut yourself up with some friend in the largest room below decks of some
large ship and there procure gnats, flies, and other such small winged creatures. Also
get a great tub full of water and within it put certain fishes; let also a certain bottle be
hung up, which drop by drop lets forth its water into another narrow-necked bottle placed
underneath. Then, the ship lying still, observe how those small winged animals fly with like
velocity towards all parts of the room; how the fish swim indifferently towards all sides;
and how the distilling drops all fall into the bottle placed underneath. And casting anything
toward your friend, you need not throw it with more force one way than another, provided
the distances be equal; and leaping with your legs together, you will reach as far one way
as another. Having observed all these particulars, though no man doubts that, so long as
the vessel stands still, they ought to take place in this manner, make the ship move with
what velocity you please, so long as the motion is uniform and not fluctuating this way and
that. You will not be able to discern the least alteration in all the forenamed effects, nor can
you gather by any of them whether the ship moves or stands still. ...in throwing something
to your friend you do not need to throw harder if he is towards the front of the ship from
you... the drops from the upper bottle still fall into the lower bottle even though the ship
may have moved many feet while the drop is in the air ... Of this correspondence of effects
the cause is that the ship’s motion is common to all the things contained in it and to the air
also; I mean if those things be shut up in the room; but in case those things were above the
deck in the open air, and not obliged to follow the course of the ship, differences would be
observed, ... smoke would stay behind... .

[SAGREDO] Though it did not occur to me to try any of this out when I was at sea, I am
sure you are right. I remember being in my cabin wondering a hundred times whether the
ship was moving or not, and sometimes I imagined it to be moving one way when in fact it
was moving the other way. I am therefore satisfied that no experiment that can be done in
a closed cabin can determine the speed or direction of motion of a ship in steady motion.


http://actascientiae.org/Galileo_Galilei_Dialogue_Concerning_the_Two_Chief_World_Systems.pdf
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A description of Galileo’s work, from Sir James Jeans, The Growth of Physical Science:

He set up a gently sloping plank, some 12 yards in length, and made polished steel balls
roll down a narrow groove cut into it. With this simple apparatus, he was able to verify
his conjecture that the speed of fall increased uniformly with time — the law of uniform
acceleration. It was one of the great moments in the history of science.

For now it became clear that the effect of force was not to produce motion, but to change
motion - to produce acceleration; a body on which no force acts moves at uniform speed.
Galileo’s rolling steel balls, moving in a horizontal plane, continued their motion with
undiminished speed until they were checked by friction and the resistance of the air. This
was not entirely new. Plutarch, in 100 AD, had written, “Everything is carried along by
the motion natural to it, if it is not deflected by something else.” But Galileo was the first
to establish the principle experimentally. Where others had conjectured, Galileo proved.

The idea that force is needed to produce motion is overturned by the realization that we cannot tell
what is at rest and what is moving. After the Copernican revolution (after Galileo), it is clear that a force
is needed to change the velocity of an object, not to make it move. The understanding is made precise
in Newton’s first two laws, the first due to Galileo.

1. With no force acting on it, an object moves at constant speed in a straight line.

2. F = ma.

A Galilean boost, changing each particle trajectory x(t) by the transformation

x(t) — x(t) + vt (1.1)
2 2
leaves Newton’s laws invariant: Because o [x(t)] = ) [x(t) 4 vt], the history of a system of particles

for which each particle satisfies F' = ma is mapped to a boosted history satisfying F' = ma. The
trajectory of an observer who says her frame is at rest, with trajectory (¢, z(t)) = (¢, 0) is mapped to the
trajectory (¢, x(t)) = (¢, vt) of an observer who says that his frame is at rest: (¢, «/(t')) = (¢,0). Time
is still absolute, the same ¢ for both observers.

Galilean

Earth curved future future
No preferred spatial direction f /

No absolute space

Time absolute

Preferred set of time directions
Spacetime flat

/ constant time

/
7



https://rymanlabs.net/docs/the-growth-of-physical-science/
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Here’s the abstract of Einstein’s 1905 paper, introducing special relativity.
(Full text: https://www.fourmilab.ch/etexts/einstein/specrel/www/)

ON THE ELECTRODYNAMICS OF MOVING BODIES

It is known that Maxwell’s electrodynamics—as usually understood at the present time—
when applied to moving bodies, leads to asymmetries which do not appear to be inherent
in the phenomena. Take, for example, the reciprocal electrodynamic action of a magnet and
a conductor. The observable phenomenon here depends only on the relative motion of the
conductor and the magnet, whereas the customary view draws a sharp distinction between
the two cases in which either the one or the other of these bodies is in motion. . .

Examples of this sort, together with the unsuccessful attempts to discover any motion of
the Earth relatively to the “light medium,” suggest that the phenomena of electrodynamics
as well as of mechanics possess no properties corresponding to the idea of absolute rest.
They suggest rather that, as has already been shown to the first order of small quantities,
the same laws of electrodynamics and optics will be valid for all frames of reference for
which the equations of mechanics hold good. We will raise this conjecture (the purport of
which will hereafter be called the “Principle of Relativity”) to the status of a postulate, and
also introduce another postulate, which is only apparently irreconcilable with the former,
namely, that light is always propagated in empty space with a definite velocity ¢ which is
independent of the state of motion of the emitting body. These two postulates suffice for
the attainment of a simple and consistent theory of the electrodynamics of moving bodies

g ‘ )

T DOESN'T MRTTER WHETHER

THE MASNETIC FIELD MOVES {
OR THE WIRE MOVES WiTH (( %M{#M”“‘}

RESPECT TO THE MACKET. § i N
", \ ~

15 EQUVALENT To

lNORlvT
WIRE cal'r
TELL THE

~— .,
Figure 1.1: From Gonick & Huffman’s Cartoon Guide to‘Physics[58]

Again a remarkable coincidence from the lack of absolute space underlies special relativity. Hidden
in Maxwell’s equations in their original form — and still in the form you first encounter — is a structure
that guarantees their invariance and that of the Lorentz force law: In a frame for which the wire is mov-
ing, the gv x B force on the moving electrons produces the current. In the frame in which the magnet
moves, the equations conspire to give an electric field whose force ¢ FE produces the same current, as
measured by the ammeter in Fig. 1.1.


https://www.fourmilab.ch/etexts/einstein/specrel/www/
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Special Relativity
Earth curved
No preferred spatial direction
No absolute space
No absolute time
Preferred set of time directions
Spacetime flat

+-Surface of simultaneity

With the understanding that light is a wave, it appeared possible to regain absolute space: You are
at rest relative to space (or to the ether that fills it) if light travels at the same speed c in all directions.
But Maxwell’s equations and hence the speed of light are invariant under a boost of the dynamical
system to an identical system moving with a velocity v. In order that the speed of light be unchanged
by boosting the emitter or observer, however, one must discard not only absolute space but also absolute
time. Observers moving relative to one another must disagree on what events are simultaneous.

If you have taken special relativity, you encountered this historical logic, leading to time dilation,
length contraction, and, ultimately, the law that governs the geometry of flat space, the distance between
two events:

ds* = —c*dt* + da® + dy® + d2>.

The special case of this Minkowski metric is the Pythagorean metric dz? + dy? + dz? for the distance
between simultaneous events as defined by a particular observer. If you have not followed the historical
path to the Minkowski metric , the argument, inferring the Minkowski metric from the observer inde-
pendence of the speed of light, is given as an appendix [I.A]at the end of this section, and it would make
sense to read that before going on to the next section. You may also want to read, for example, Chapter
4 of Hartle’s Gravity. Beginning with the next section, 1.2, we will follow the logic of the law itself,
inferrring the physics from the geometry of a flat spacetime.

Discarding the final assumption—that space is flat-begins with mathematicians in the 18th century,
in particular with Gauss and his student Riemann:

Therefore, either the reality on which our space is based must form a discrete manifold or else the

reason for the metric relationships must be sought for, externally, in the binding forces acting on it.

On the Hypotheses which lie at the Bases of Geometry., Bernhard Riemann, 1854

https://www.emis.de/classics/Riemann/WKCGeom.pdf
Riemann sought but failed to find a relation between the geometry of space and the forces of gravity and
electromagnetism. He tried this before Maxwell’s equations had shown that light was an electromagnetic
wave. Identifying space with an ether comprised of particles, he sought to relate forces to changes in
geometry, speaking of
1) the resistance with which a particle opposes a change of its volume, and 2) the resistance with which
a physical line element opposes a change of length. Gravity and electric attraction and repulsion are
founded on the first part, light, heat propagation, electrodynamic and magnetic attraction and repulsion
on the second part. [93]] (Translation here from Bottazini-Tazzioli)


https://www.emis.de/classics/Riemann/WKCGeom.pdf
https://citeseerx.ist.psu.edu/viewdoc/ download?doi=10.1.1.544.1830&rep=rep1&type=pdf
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Why should gravity in particular be related to geometry? Here’s a version from Robert Geroch,
appropriate for general audiences and parties: To decide what a straight line is, you could stretch a rope
to find the shortest distance between two points. But gravity bends the rope. Stretching the rope more
tightly decreases the bending, but there is a fundamental limit to the stretching: As the tension increases,
the speed of waves in the string increases, and the speed of the waves cannot be greater than the speed
of light. You could extend a solid rod between the two points and measure the length of the rod with
a ruler, but gravity bends the rod and the ruler. Choosing increasingly rigid and incompressible rods
decreases the bending, but the more rigid the rod, the greater the speed of sound, and the speed of sound
must be less than the speed of light. Finally, you could use light itself, shining a laser between the two
points, its path defining a straight line in spacetime. But gravity bends the light. Anything you use to
decide what a straight line is— or, more generally, to determine the geometry of spacetime— is curved by
gravity. That fact suggests gravity is tied in a fundamental way to the geometry of spacetime. Einstein’s
motivation, based on the equivalence principle and perhaps already familiar to you, comes in the next
chapter.

Two obvious obstacles blocked Riemann and later mathematicians (Sylvester,

Clifford) from relating curvature to the curved trajectories of particles in a gravita- K Sk

tional field: @ in spacetime
The geometers thought of the curvature of space, not spacetime. §
Space (and spacetime) is very nearly flat in the solar system. § A

Euclidean geometry is accurate to better than one part in a billion at the Earth’s sur- 2 1 "

face, but the spatial path of a ball or planet is nothing like a straight line. 2 =

So why isn’t it nonsense to say that particles move on geodesics, on paths of shortest € |

length? The reason is that the spacetime paths are very nearly straight: If time is ';;' /

measured in seconds, distance is measured in light-seconds. The Earth-Moon dis- 3 /

tance is about 1.3 light-seconds, and the period of the Moon’s orbit is 2.3 x 10%s, G /"

so the spacetime trajectory of the Moon is a nearly straight spiral (see diagram on - 7=

right). Similarly, a ball that is tossed up and comes back down in 1 s reaches a . radius = 1.3

“_*=> light-seconds

height of 4 x 10~ light-seconds (1.2 m), so it travels along a nearly straight path
in spacetime, deviating from straight by a distance only 4 x 10~ times the total
distance it moves in spacetime. The spacetime curvature of the path is comparable to the departure from
Euclidean of the spacetime (and spatial) geometry.

General Relativity
Earth curved
No preferred spatial direction
No absolute space
No absolute time
Preferred set of time directions
(if spacetime is time orientable)
Spacetime curved

Light traveling from a quasar to Earth along two geodesics.
Gravitational lensing produces two images of the object.
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Spacetime diagrams

Once there is no absolute time, histories can no longer be uniquely described by a set of snapshots.
Instead, the usual visualization is a spacetime diagram. Here are some examples.

a. The history of a string is a sheet.

" %

A

history

b. The history of a circle is a cylinder.

A

time

spacelike slice

history

c. The history of a circle that starts as a point, expands, then ends as a point is a sphere.

history sequence of slices

— =

— >
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d. The history of a balloon that starts from a point, expands, contracts, and ends as a point is a 3-
dimensional sphere S®. (This is the set of points in R* satisfying t? + 22 4+ y? + 22 = 1.)

history:1 dimension suppressed sequence of slices

a point

2
asphere S N
2

a by,
25 '
Cre S 2

e. Closed universe: The history is a sequence of S3’s starting from a point, expanding, then contracting
to a point.

history : 2 dimensions suppressed sequence of slices

a point

3
an S

3
an S

abigger S

3
an S

a point
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Spacetime diagrams will soon be used to explicate some typical paradoxes of special relativity. In the
meantime, it’s sometimes useful in understanding objects that can’t be embedded in three dimensions -
like Klein bottles - to construct them as histories, with time the extra dimension.

A torus as a spacetime history

history sequence of slices

F’_i - = > T TN PR
\ N/ )

Klein bottle. A Klein bottle can’t be embedded in three dimensions without self-intersection. It can,
however, be embedded in four dimensions and so is a smooth non-intersecting history in spacetime:
Click on torus-Klein bottle movie. If your browser doesn’t play it, download the mp4 file to view it.
As shown in this movie, to create a Klein bottle as a smooth submanifold of spacetime, take two circles
(modeled as two wire loops) that coincide at t = 0, separate them, rotate one by 7, and then bring them
togetheratt = 1T.

Here is a somewhat different sequence of slices, similar now to the slices of the torus in the previous figure


https://drive.google.com/file/d/1v1OIhDsdpfyoMTg8QJzQ76qW-vD-YRuk/view?usp=sharing
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1.2 Minkowski space

The views of space and time which I wish to lay before you have sprung from the soil of experimental
physics, and therein lies their strength. They are radical. Henceforth, space by itself, and time by itself,
are doomed to fade away into mere shadows, and only a kind of union of the two will preserve an inde-
pendent reality. — Hermann Minkowski, 1908, translation above by Perrett and Jeffery.

1.2.1 Minkowski metric

The Euclidean geometry of flat 3-dimensional space is completely specified by its flat metric, given in
Cartesian coordinates by the Pythagorean relation

ds® = dx* + dy* + d2°. (1.2)
Because the space is flat, the distance between finitely separated events is similarly given by
(As)® = (Az)? + (Ay)* + (Az)?, (1.3)

and this is the distance As between two events that are simultaneous for a given observer in terms of
that observer’s Cartesian coordinates.

Underlying the unification of space and time is the universe’s speed limit, the fact the speed of
information c is observer-independent. The Pythagorean relation is the 3-dimensional special case of the
distance between any two events in flat 4-dimensional space, given in terms of the Cartesian coordinates
of any inertial observer by

(As)? = —c*(AL)* + (Az)® + (Ay)® + (Az)?, (1.4)

with As? negative when the separation between events is timelike. The proper time A7 on a clock
moving along a straight line between the events is then given by

(AT)2 = (A1) — [(Az)? + (Ay)? + (A2)?)/ (1.5)

To complete the experimentally implied unification of space and time, we choose units with ¢ = 1 and
write

(As)? = —(A1)? + (Az)? + (Ay)* + (A2)% (1.6)

Units with ¢ = 1. If time and distance are measured in meters, 1 m in time is 1 m/c =3.3336 ns
if both are measured in seconds, 1 second of spatial distance is one light-second;
and if both are measured in years, 1 year of spatial distance is one light-year (ly).

The Minkowski metric of spacetime is now

ds? = —dt* + dz® + dy* + d2* = Nudxtdx” (1.7)
where
-1 0 0 0
0 100
Il =1l o 1 ol (1.8)
0 001

The squared length of a vector v® is the number 7, 5v%v".

'Mermin [80], noting that ¢ ~ 1 foot/nanosecond, defines a phoot to make this exact:1 phoot := ¢ x 1 ns ~ 0.984 ft.
Then ¢ = 1 phoot/ns.


https://hedberg.ccnysites.cuny.edu/PHYS351/FALL-2021/docs/Minkowski-space-and-time-original.pdf
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If v*v, < 0, v* is timelike,

7 null

e e o o
if v, = 0, v*is null, and > spacelike

if v*v, > 0, v is spacelike.

The null vectors from a given point lie on a 3-dimensional double cone, the light cone. Timelike vectors
fill the interior of the cone, and spacelike vectors lie outside it. A choice of future and past picks out
future and past cones generated by future and past pointing null vectors, respectively.

The distance between two timelike separated events P and () is the time read on a clock that moves
in a straight line (no acceleration) from one event to the other. This is called the proper time of the clock

or, for an observer with a clock, the observer’s proper time.

Q R

Figure 1.2: The proper time 7 read by clocks moving along the dark and light blue trajectories from P
to () and P to R is the spacetime distance between the respective events.

In the figure, with ¢ and z in seconds, the proper time between events P and () is AT = /52 — 32 =
4 s; between P and R itis v/52 — 1 = /24 ~ 4.9 s. Notice that, although the path PQ looks longer in
the spatial Euclidean geometry of your monitor (or paper), the length of the path in the actual Lorentzian

geometry of spacetime is shorter.
If spacetime diagrams are not familiar to you, read Chapter 4 of Hartle’s Gravity. Here’s an excerpt

(continuing until the exercises before the Surfaces of Simultaneity section below):
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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 frame—two 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. Spacetime diagrams are slices or sections of spacetime in much the same way as an z-y plot is
a two-dimensional slice of 3-dimensional space. A typical example is shown in the figure above. It is
convenient to use ct rather than ¢ as an axis, because then both have the same dimension. [Hartle will
set ¢ = 1 later.]

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. For example, a supernova explosion happened at the
event in spacetime that occurred in A. D. 1054 at the location of the Crab nebula. An event P can be
located in spacetime by giving its coordinates (tp, xp, yp, zp) in an inertial frame. A particle describes
a curve in spacetime called a world line [In these notes, it will be called the particle’s trajectory]. It is
the curve of positions of the particle at different instants, i.e., z(¢). The figure below shows a spacetime
diagram with two sample world lines.

([l ———————

=Y

X0

Hartle Fig. 4.5. World lines in spacetime. A is the world line of a particle that sits at rest at z for all
time in the inertial frame (ct, x). World line B represents an observer who accelerates away from x at
time ¢ = 0, decelerates, reverses direction, crosses x( at ¢ = t1, and heads off toward negative x.

The slope of the world line gives the ratio ¢/v” since d(ct)/dx = cdt/dx = c/v* . Zero velocity corre-
sponds to infinite slope. A velocity of ¢ corresponds to a slope of unity. Light rays therefore move along
the 45° lines in a spacetime diagram.

[After introducing the Minkowski metric, Hartle continues with:]

Test your understanding of this by answering the following questions about the lengths between points
in the figures in the spacetime diagram in Figure 4.8 [copied below].

(a) Which of the sides of triangle ABC is the longest? Which is the shortest? What are the lengths in
the units of the grid?

(b) Which is the shorter path between points A and C—the straight-line path between A and C or the path
through the other sides of ABC?

Then for (c) and (d), answer the same questions for triangle A’ B'C".
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0

=

=Y

FIGURE 4.8 A little spacetime geometry. The left-hand figure shows a spacetime dia-
gram with two triangles whose properties are discussed in the text. The right-hand figure
shows a spacetime analog of a circle—a hyperbola that is a constant spacetime distance
from the origin. A hyperbolic angle ¢ is a ratio of a distance along these hyperbolas to
the distance from the origin. The hyperbolic angle 6 shown is the ratio of the spacetime
distance along the hyperbola from the x-axis to the spacetime distance of the hyperbola
from the origin.

Example: Spacetime Diagrams as Maps of Spacetime.
No one would think of confusing the relationships between lengths on a Mercator map of the world with
the relationships between true distances on the surface of the Earth. A Mercator map is a projection of
the geometry of the globe on a sheet of paper, There are analogies between the elements of plane
geometry and the geometry of a spacetime diagram. One is illustrated in Figure 4.8.

The analog of a circle of radius R centered on the origin is the locus of points a constant spacetime
distance from the origin. This consists of the hyperbolae z? — (ct)> = R?. The ratios of arcs along a
hyperbola to R define hyperbolic angles, as shown in the figure, with the relation

ct = Rsinh 6, x = Rcoshé. (1.9)

It’s useful to be able to understand these analogies, but it does not prove useful in relativity to pursue
them too far. [We’ll see later that a hyperbola of this kind is the trajectory of a uniformly accelerating
particle.]

The following exercises have one- or two-line solutions.

Exercise 1. 7-Ceti, 12 ly away, hosts the closest potentially habitable planet. Draw a spacetime dia-
gram for a spacecraft traveling to 7-Ceti and back at speed %c, ignoring time spent accelerating.
Use the lengths of the diagram in its Minkowski geometry to find the proper time elapsed on a
spacecraft clock. (If you are tempted to convert to m, cm, or s, stop and think.)

Exercise 2. What is the proper time 7 read by a clock that moves with trajectory (¢, x(t), y(t)) from
t =ty tot = t9. Use the Minkowski metric (1.7]).

Exercise 3. What is 7(t) for a circular orbit with speed v?
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1.2.2 Surfaces of simultaneity

The Cartesian coordinates of the diagram in Fig. above are those of an inertial observer who moves
along a vertical line; the horizontal ¢ = constant lines are her surfaces of simultaneous events. We can
define surfaces of simultaneity in a democratic way, for any inertial observer as follows. To construct a
three dimensional space of events she calls simultaneous, she bounces light rays off events and calls the
time ¢ of each event the average of the proper times measured on her clock when she sent and got back
the signal. Two events will be simultaneous if the times ¢ she computes in this way are the same.

a¢
s,
A ~
Surface of simultane&V‘-.
t=(t+1)2
N &
Figure 1.3: (a) (b)

Light rays are shown as dotted lines in each diagram.

The set of all simultaneous events is called the surface of simultaneity of the observer, and two
examples are shown in (a) and (b) above. Call observer (a) Alice and observer (b) Bob. In a natural
coordinate system of an inertial observer, the surfaces of simultaneity are the ¢ = constant hyperplanes.

It is clear from the figure that Alice’s trajectory is orthogonal to her surfaces of simultaneity with
respect to the Minkowski metric. That is, a unit vector u tangent to Alice’s trajectory has components
(1,0), while a vector & tangent to her surface of simultaneity has components (0, 1), and their dot
product is 77, u*z" = —(1)(0) + (0)(1) = 0. Because we don’t know who is moving and who is at rest,
it must be that Bob’s trajectory is orthogonal to his surface of simultaneity.

His trajectory is (¢, vt) in Alice’s coordinates. Its tangent (1, v) is orthogonal to the line with coor-
dinates (t,¢/v) and tangent (1,1/v):

(Lv)-(1,1/v) ==1+1=0.

In more familiar language, Bob’s 4-velocity is the unit tangent vector u with components (u*) = (1, v)
in Alice’s frame, and the orthogonal unit vector proportional to (1, 1/v) has components (z*) = (v, 1).

Exercise 4. Check directly that Bob’s surfaces of simultaneity, constructed by bouncing light-rays off
events, as in Fig. b), have the slope dx/dt = 1/v we have just found. The easiest way is to
use the fact that the light rays, at 45° angles, form a rectangle.

(Solution is Fig. in the appendix to this Section.)
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1.2.3 Time dilation and length contraction from the Minkowski metric

Time dilation

Consider a slicing of spacetime by the surfaces of simultaneity of an inertial observer, together with
a clock that moves with constant speed relative to that observer. Time dilation gives the proper time
read by the clock as it moves from one of these ¢ = constant surfaces another, in terms of the difference
At. For example, time dilation looks at the proper time of the clock carried by Bob as it passes a
set of synchronized clocks at rest relative to another inertial observer, Alice. Along Alice’s surface of
simultaneity, the synchronized clocks all read the same time ¢.

In figure [I.4] Alice and Bob, carrying clocks, move relative to one another at speed v. The same
spacetime with the spacetime trajectories of Alice and Bob is shown in (a) and (b). In (a) the spacetime
is sliced by Alice’s surfaces of simultaneity, in (b) by Bob’s.

P vt Q
| /
/ g

Top =t /EDQ =/t? — (vt)?=ty 1 —v?

/ Tops = t'2 = (vt")2= t'J1—v?

(a) b)

Figure 1.4: Bob moves from O to () in proper time 7oq. Alice moves from O to P in proper time
Top, Where, as shown in (a), P lies on Alice’s surface of simultaneity through (), with time coordinate
t = Top, larger than 7. From triangle OPQ, 7o = tv/1 — v

In (b), Bob’s surfaces of simultaneity are shown. When Alice reaches point P’ in her proper time 7o pr,
she is already crossing Bob’s surface of simultaneity through Q, with Top = t'v1 — v2.

Diagram (a) uses the Minkowski metric to compare Bob’s proper clock time 7o to the larger change
in the coordinate ¢t = 7o p labeling Alice’s surface of simultaneity through P and @): From A OPQ,
ToQ = TorPV 1 — 2.
Diagram (b) shows the same clock trajectories, but with Bob’s surfaces of simultaneity. When Al-
ice reaches P’ she is already crossing Bob’s surface of simultaneity through (). Diagram (b) uses the
Minkowski metric to compare Alice’s proper clock time 7o ps to the larger change in the coordinate
t' = Tog labeling Bob’s surface of simultaneity through () and P’: From triangle OQ) P’ (notice OQ_LQP")
Top' = ToQV 1 — 2.
The result, of course, is that you can’t tell whose clock is at rest and whose is moving. In each case
the proper time elapsed on a clock is smaller than the difference in coordinate time between the first and
last surface of simultaneity of an observer moving with speed v relative to the clock. And it is smaller

by the factor /1 — v2.
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Length contraction

What is the length of a stick? In its own rest frame, it is the spacetime distance between two events,
the simultaneous positions of the two ends of the stick as defined by an observer, Alice, moving with
the stick.

78
/&
/&

/
/&
/e
7
/8
z3

stick history

Alice’strajectory

L Alice’s surface of simultaneity

— 1A

Figure 1.5: Alice’s surface of simultaneity through O intersects the stick’s history along O A, with length
L, the proper length of the stick. Bob’s surface of simultaneity intersects the history along OB, with
length L.

In Fig. [I.5] the blue shaded region is the spacetime stick, the history of the stick in spacetime. Its
length L in its own frame is the length of the stick’s intersection with Alice’s surface of simultaneity. The
stick’s length in Bob’s frame is the length of the stick’s intersection with Bob’s surface of simultaneity,
namely the line (¢,¢/v) in Alice’s (and the stick’s) coordinates. It intersects the left end of the stick at
the origin and it intersects the right end of the stick when (¢,t¢/v) = (¢, L), implying ¢ = Lv. The length
of the stick in Bob’s frame is then the length L = OB, the distance between events O and B. From
triangle OAB,

L=+/—(Lv)?+ L2 = LV1 -2, (1.10)

shorter than the proper length by /1 — v?2.

Because a boost tilts the surface of simultaneity only in the plane of the boost, lengths orthogonal to
that plane are unchanged. For an object whose proper volume V is fixed, a slice boosted by a velocity v
then intersects the history of the object in a volume

V =VV1-—2 (1.11)

To make this obvious for an object of arbitrary shape, consider a boost in the ¢-x plane of the object (¢
and z the coordinates of an observer at rest relative to the object). Divide the volume into small cubes
aligned with the coordinate axes. Then only the length of a cube in the x direction changes with the
change of slice, and the volume of each cube is smaller by v/1 — v? in the boosted slice of its history.
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1.2.4 Paradoxes

The usual paradoxes of special relativity arise because the notion of simultaneity is observer dependent
in reality but observer independent in ordinary language and experience. We have already considered
the paradox of two relatively moving observers, each saying that the clock carried by the other is running
slow. One paradox will be treated here; another will be a problem. They can all be similarly resolved,
with the system described as a single consistent spacetime, sliced in different ways by the surfaces of
simultaneity of different observers.

Consider a box having length L in its rest frame and a rod of length ¢ > L in its (rod’s) rest frame.
When the rod moves (rapidly) toward the box, the box sees the rod’s length contracted to such an extent
that when it reaches the box it can fit comfortably inside. The rod, on the other hand, sees the box
contracted and thinks it can’t come close to making it inside. But the box can actually catch the rod
by lowering a flap when the right end of the rod arrives and raising it when the left end of the rod has
passed. Everyone must then agree that the closed box has a rod inside. How can this be consistent with
what the rod sees? (The flap of the box can be as small as desired, and the time needed to raise and
lower it negligible compared to any other times in the problem, so the details of the flap can be ignored).

We will draw a spacetime diagram to describe the history of the rod and box, and then look at the
slicings of that history by the rod’s and the box’s surfaces of simultaneity, showing that both rod and
box are correct and consistent.

Light from collision of

lisi
right side of rod with box m collision

History of rod entering box and hittingbox
wall on right. The rod must crumple because
the left end of the rod does not learn the right
end has hit the wall untillight from the
collision reaches the left end.

box

Figure 1.6: Histories, like the history shown here, are observer-independent. What changes with differ-
ent observers is the way the history is sliced by the observers’ surfaces of simultaneity.
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In the slicing of history by the surfaces of simultaneity of an observer moving with the velocity of the
initial rod, the left side of the rod is still outside the box when its right end hits the wall of the box.

History sliced by rod’s surfaces of simultaneity

W rod’s surface of simultaneity, T=T;
crumpled rod at rest relative to box ~

:;le rod’s surface of simultaneity, T=T, o 4

left end of rod begins to slow down

rod’s surface of simultaneity, T=T, 3 ‘
Iﬂj left end of partly crumpled rod enters box -~

rod’s surface of simultaneity, T=T,
I | right end of rod hits box wall
left end outside of box

rod’s surface of simultaneity, T=T,
right end of rod enters box

In the slicing of the history by the box’s surfaces of simultaneity, the entire rod is inside the box before
its right end hits the wall of the box.

History sliced by box’s surfaces of simultaneity

box’s surface of simultaneity, t=t;
m' crumpled rod at rest

l:v%‘ box’s surface of simultaneity, t=t,

light from collision has not yet reached left side of rod

box’s surface of simultaneity, t=t;

IZl right end of rod hits boxwall

box’s surface of simultaneity, t=t,
e t left end of rod enters box

box’s surface of simultaneity, t=t;
right end of rod enters box

rod box

The lack of rigidity of the rod is required to resolve the paradox, and the lack of rigidity is implied
by causality: The left end of the rod does not change its speed until information from the collision has
traveled from right to left across the rod.
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Exercise: (Lightman, Press, Price, Teukolsky # 1.24 [[/4])

Two giant frogs are captured, imprisoned in a large metal cylinder, and placed on an airplane. While
in flight, the storage door accidentally opens and the cylinder containing the frogs falls out. Sensing
something amiss, the frogs decide to try to break out. Centering themselves in the cylinder, they push
off from each other and slam simultaneously into the ends of the cylinder. They instantly push off from
the ends and shoot across the cylinder past each other into the opposite ends. This continues until the
cylinder hits the ground. Consider how this looks from some other inertial frame falling at another
speed. In this frame the frogs do not hit the ends of the cylinder simultaneously, so the cylinder jerks
back and forth about its mean speed v. The cylinder, however, was at rest in one inertial frame. Does
that mean that one inertial frame can jerk back and forth with respect to another?

We have derived the usual results of special relativity, time dilation and length contraction, from the
Minkowski metric. This is the reverse of the usual historical presentation, in which time dilation and
length contraction are inferred from observer independence of the speed of light and are then used to
obtain the metric. The next section, starting on the next page, is a supplement for readers who are not
familiar with these standard arguments. If the standard presentation is familiar to you, skip to Sect. [1.3|
on tensors and vector spaces. Later results will not refer to this supplementary section.

1.A  Supplement: Inferring the Minkowski metric from observer
independence of the speed of light.

In this section, we’ll go over the standard arguments giving time dilation and length contraction and
then show how they lead to the Minkowski metric,

As? = —At? + Az + Ay? + A2 (1.12)

When the right side of Eq. [I.12]is positive, it gives the squared distance between two spacelike-
related events, P and (). That is, P() is the distance read on a ruler carried by an observer for whom the
two events are simultaneous. When the right side is negative, we can write

AT? = A2 — Az — Ay? — A2, (1.13)

with A7 the proper time elapsed on a clock that moves along an unaccelerated path from event P to
event () (where P is the earlier event).
The argument will show that the spacetime version of the Pythagorean relation,

As? = —At? + Az? + Ay? + A2,
is implied by its special case when At = 0,
As? = Ax? + Ay? + A2,

together with the fact that ¢ = 1 for all observers.
We begin with a quick review of the observer-dependence of simultaneity.
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Loss of absolute time.

The fact that the speed of light is the same to all observers— implied by the observer-independence of
Maxwell’s equations and shown by the Michelson-Morley experiment— requires us to abandon absolute
time: The argument that different observers must disagree on what events are simultaneous is simple.
It just uses the fact that Alice, on a moving train, and Bob, on the ground, watching the train pass him,
each see light moving at speed c in all directions regardless of the motion of the source: Alice sets off a
firecracker at the center of her train car and observes the light hit the two sides simultaneously. Bob on
the ground watches the train move to the right, so he sees the light hit the right side after it hits the left
side. See, for example, minute 8 onward in this Mechanical Universe video for a clear and entertaining
presentation. It goes on to show the tilted surfaces of simultaneity in spacetime that we now derive.

To make the section self-contained we again define the surfaces of simultaneity of an observer. To
be democratic, the spacetime diagram, Fig. is drawn in Bob’s frame, with his trajectory vertical,
and Bob chooses his z-axis in the direction of Alice’s motion. Alice moves at speed v relative to Bob.
Alice and Bob each determine their surfaces of simultaneity by sending light rays in opposite directions
toward mirrors.

" Bob

B, Bob’s surface of simultaneity ~. Bp
' t=(Tr+ T2 '

Figure 1.7: (b) (a)
Light rays are shown as dotted lines in each diagram. The diagram now has Bob’s trajectory vertical.

The spacetime events By, and By at which Bob’s light rays bounce are simultaneous if the rays return

to him at the same time. He assigns the same time ¢ to all events on his surface of simultaneity. Then

. .. . T+ T
if 7 is time read on Bob’s clock, the surface through B; and By is a surface of constant tz = ! 5 2,

where 7 1s Bob’s clock time when the light rays leave and 7 the clock time when they return. With this

definition, Alice’s trajectory satisfies © = zy + vt, with slope = .

x
Atp

Because the light rays Alice sends to right and left are at 45° to vertical in the spacetime diagram,
the rays form a rectangle. Her trajectory and surface of simultaneity are along the two diagonals of the
rectangle. In the diagram, that means the angle between Alice’s surface of simultaneity and horizontal is

the same as the angle between her trajectory and vertical. The geometry is shown in the diagram below.


https://www.youtube.com/watch?v=feBT0Anpg4A
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KR

Figure 1.8: Light rays form 7 /4 angles with vertical and horizontal. The two angles labeled ¢ are the
equal angles between the diagonals and the sides of the rectangle formed by the light rays. Then the
angle between the trajectory and vertical and that between the surface of simultaneity and horizontal are
each /4 — ¢.

So, with respect to Bob’s coordinates, her surface of simultaneity satisfies

Atg _ ., Lz _ 1 (1.14)
Az B AN B (%
Note that the angles shown in Fig. are angles in the artificial Euclidean metric dt* + dz? of Bob’s
coordinates, which is also the metric of your screen or paper. They are not angles in the real Lorentzian
geometry. Using the Euclidean angles just makes it easy to find the coordinate ratio Axp/Atp.
We do not yet need to relate Alice’s coordinates to Bob’s.

1.A.1 Time dilation and length contraction

Time dilation
For those of you who have not seen the derivations before, they may be clearer with ¢ not set to 1, so ¢
will be kept until we go on to the derivation of the Minkowski metric.

The experiment compares a time interval At measured by Bob’s synchronized clocks to proper
time A7 = At4 measured by Alice’s single clock that moves past them at speed v. Bob’s clocks are at
rest relative to the ground. The experiment shows that the time measured on Bob’s clocks is longer than
the time measured on Alice’s clock by the factor v = 1/4/1 — v?/c2.

In the experiment, Alice’s clock is on the floor of a train of height ¢ that moves relative to Bob at
speed v. A light signal from Alice’s clock bounces off the ceiling and returns to her clock, traveling
vertically as seen by Alice. Alice’s clock thus reads a roundtrip time 2A7 = 2¢/ CEI

2We are looking at the roundtrip path of the photon instead of just the path from floor to ceiling because the comparison
is between a single clock and a set of synchronized clocks, with the single clock moving relative to the synchronized clocks.
To directly measure the time for a photon to travel from floor to ceiling, Alice would need to synchronize a clock on the
ceiling with her ground clock.
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vig vip

(a) (b)

Figure 1.9: (a) In Alice’s frame, a photon traverses a vertical path from floor to ceiling and back.

(b) In Bob’s frame the photon moves a horizontal distance 2vtp while it goes from floor to ceiling and
back. Three successive positions of the train are shown as three overlapping rectangles, one in black,
the others in gray.

Bob sees the light travel along diagonal paths, starting from his ground clock at ¢ 3, bouncing off the
ceiling, and meeting a synchronized clock when that clock reads time ¢z + 2At 3. By the Pythagorean
theorem, the total distance traveled is 2./¢% + v2At%, = 2,/2A72 + v2At4.  Because Bob must
measure a speed ¢, that distance is 2cAtg:

2cAtp = 2\/02AT2 + VA, =
AT

Atp = (1.15)

Length contraction

We next use use the time-dilation result of the last section to relate the the length of a ruler held by
Bob to its length measured by Alice, who sees the ruler move past her at speed v. The ruler’s proper
length ¢ is the length measured in its rest frame, the length measured by Bob. Because Bob sees Alice
moving at speed v, his synchronized clocks measure a time Atz = ¢/v for Alice to move from one side
of the ruler to the other: Atp is the time interval measured on Bob’s synchronized clocks at each end of
the ruler, between event P when Alice is at the left end of the ruler and event () when she is at the right
end.

But we have just seen that the time elapsed on Alice’s clock between two events on Bob’s clocks as
Alice’s clock passes them is Aty = Atg\/1 — v?/c%. Now Alice watches the ruler move past her with
speed v in time At 4, and she thereby measures a length vAt 4 of the ruler:

la = vAty = vAtg\/1 —v2/c? = l\/1 — 02/

That is, if Alice moves relative to a ruler at speed v along the line of the ruler, she will measure a

contracted length
ly=10y/1 =02/ (1.16)
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If two stars are at rest relative to one another, their proper distance ¢ is the distance measured by an
observer at rest relative to them. A spacecraft traveling from one star to another measures the smaller
distance ¢4/1 — v2/c? corresponding to a time elapsed on its clock that is smaller than ¢/v by the factor

V1—v2/c
From now on, we return to units with ¢ = 1.

1.A.2 Minkowski metric

We now relate time dilation and length contraction, Eqs. (1.13)) and (1.16), to the geometry of flat space.
This relation between physics and geometry comes from a set of identifications:

1. The set of events is spacetime; the path of an unaccelerated particle is a straight line in spacetime.

2. The time A7 elapsed on an unaccelerated clock is the spacetime distance between two events:
That is, the distance P() between event P, the spacetime point at which a clock reads 7, and event
() at which the same clock reads 7 + A7 is PQ) = Ar.

This is a physical interpretation of the distance between timelike separated events.

3. The distance between spacelike related events P and () is the distance measured by an observer
for whom the events are simultaneous. It is the distance measured by a ruler for which event P
is the left end of the ruler at a time ¢ and () is the right end at the same time ¢, according to an
observer at rest relative to the ruler. That is, a ruler measures the distance between events that are
simultaneous in the rest frame of the ruler.

The usual Pythagorean relation, together with assumption (3) means that on any surface of simul-
taneity .5, the distance between points is given by

As? = Ax? + Ay? + A2,

where the coordinates measure distances in orthogonal directions along the surface. We take, as the
fourth coordinate ¢, proper time measured by the inertial (unaccelerated) observers for whom S is a
surface of simultaneity. Then ¢, x,y, z will be coordinates for spacetime, with x, y, z constant and ¢
proper time along the trajectory of each of these observers.

We first derive the spacetime Pythagorean relation for timelike related events from the time dilation
equation. We take Bob to be an inertial observer, whose coordinates are ¢, x, y, z as described. As in
the time dilation experiment above, Alice’s clock will move at speed v past two of Bob’s synchronized
clocks. In the spacetime diagram below, the trajectory of Bob’s clocks is vertical, and the horizontal line
is one of Bob’s surfaces of simultaneity, a set of events for which Bob’s clocks all read the same time .
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'Alice’s clock
Q
Bob’s first clock Bob’s second clock
At At
P —eR

Ax = vAt

Figure 1.10: Bob’s clocks move along vertical trajectories, and Alice’s clock moves along the diagonal
(blue) trajectory. Alice’s clock meeting Bob’s first clock is event P; Alice’s clock meeting Bob’s second
clock is event ().

Bob’s first clock at P is synchronized with his second clock at 2, each reading time ¢, with the two
clocks separated in Bob’s frame by a distance Ax: Then PR = Ax, because P and R lie in a surface
of simultaneity. Alice’s clock, which passes Bob’s clock at P, reaches Bob’s second clock at a point
(2, when that clock reads a time ¢ + At. The statement "Bob measures a speed v for Alice” means
Ax = vAt. That is, the proper time ()R elapsed on Bob’s second clock is QR = At = Az /v. Finally,
the third side PQ of triangle PQ) R is the proper time elapsed on Alice’s clock between events P and ().
From the time dilation equation (I.T5)), the length PQ is AT = At/1 — v2.

The lengths of the three sides of the triangle therefore satisfy the spacetime Pythagorean relation,

(PQ)* = (QR)* — (PR)*. (1.17)

Check:
(PQ)2 = A7 = (1-— v2)At2 = At? — (vAt)2 = (QR)2 — (PR)Q,

or
AT? = At? — Az?. (1.18)

With a generic orientation of Bob’s x-axis in his surface of simultaneity, PR = \/ Ax? + Ay? + Az2,
and we have

AT? = At — Az — Ay? — A2 (1.19)

as claimed.
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Finally, we show that the spacetime Pythagorean relation holds for two spacelike related events.
We’ll use length-contraction, Eq. (I.16)), to relate the proper length Az of a ruler carried by Bob to its
length measured by Alice. Let points P and () be the two ends of the ruler in one of Alice’s surfaces of
simultaneity - the left and right ends of the ruler at the same time according to Alice. In the diagram,
the history of the ruler is the blue rectangle. Choose Bob’s coordinates so that P and () are in his ¢-z
plane with At and Az positive. If P and () are spacelike related, then At < Ax in Bob’s coordinates.
From Eq. (I.14), the surface of simultaneity of an observer (Alice) moving with speed v along Bob’s «
direction has slope At/Ax = v, with At and Az labeled in the diagram below. (With ¢ not set to 1,
v=c*At/Ax.)

Bob [Alice

Q
/
At

‘-"; P Ax R
/

Figure 1.11: The light blue region is the history of a ruler at rest in Bob’s frame. P and PR are,
respectively, intersections of the ruler with Alice’s and Bob’s surfaces of simultaneity. Because events
P and R are simultaneous in the rest frame of the ruler, the length PR = Ax is the proper length of the
ruler and is its length as measured by Bob. The length P() = As is the ruler’s length as measured by
Alice.

The ruler at Bob’s time ¢ is the line PR, the intersection of Bob’s surface of simultaneity with the
ruler history. The length of the ruler according to Alice is the line P(), the intersection of her surface
of simultaneity with the ruler history. Because Alice sees the ruler move past her with speed v, she
measures the contracted length PQQ = As = Ax /1 — v?, implying the spacetime Pythagorean relation
for the triangle PQ R:

(PQ)? = —(QR)? + (PR)".

Check:

(PQ) = (Aev/T—7)? = A?[1 — (At/Ax)] = Aa® — AP
= —(QR)*+ (PR)?, or
As? = —At? + Az

With a general direction of Bob’s spatial axes, we then have
As? = —At? + Az + Ay? + A2, (1.20)

as claimed.
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If PQ is the trajectory of a photon, At = /Az? + Ay? + A22. Requiring the spacetime distance
between P and () to be continuous as a function of P and () then implies the spacetime distance As
between lightlike related events is zero.

1.1.3 Lorentz transformations

Symmetries of flat space

The equations of Newtonian physics are invariant under rotations and translations. The active form
of the invariance is the statement that a constant rotation or translation takes an isolated system to a
physically indistinguishable isolated system. In its passive form, this is the invariance of the equations
under a rotation or translation of the coordinates. The invariance is tied to the invariance of flat space
under the Euclidean group, the group of transformations

r— Rx+a

with R a rotation or rotation-reflection.
The rotation group is the group of all linear transformations of flat space that preserve lengths and
angles, or, equivalently, dot products of two vectors

u-v = Sue = ulo' +uP? + uto’.

Letu = Ru, v = Rwv. Preserving the dot product meansu - v = u - v, or

§ij R Rt = §u'v?, all w, v = 0, R R7) = 0. (1.21)

That is, a rotation R preserves the metric d;; of flat space. The Euclidean group is then the group of
length and angle preserving maps: These are isometries, maps that preserve the metric.
Newton’s laws are also invariant, as noted earlier, under Galilean transformations, boosts by an
arbitrary velocity v:
t—1t, ©— x4+ Vi,

mixing space and time, but preserving ¢ = constant surfaces. These are not isometries of spacetime,
but we will see that they are the Newtonian limit of spacetime isometries, Lorentz boosts of Minkowski
space.

Definition. Minkowski space is R* with the Minkowski metric. We will use the terms Minkowski space
and flat spacetime interchangeably.

Symmetries of flat spacetime
The 4-dimensional dot product of two vectors u, v is given by

u-v=nuuv’ =u,t = —u° 4+ uro! + uPo? + uied,

and the Lorentz group is the group of linear transformations preserving dot products. Again, with
@ = Au, © = Av, preserving dot products means % - v = u - v Or

NN ou” N 0" = nurv”, all u,v = 0, AYo A7 = ng-. (1.22)

That is, A preserves the metric: A Lorentz transformation is a linear map of Minkowski space to itself
that preserves the Minkowski metric.
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One typically describes the group by picking a timelike direction & and slicing the spacetime by
spacelike hypersurfaces orthogonal to u. These are the surfaces of simultaneity of an observer whose
velocity is u. The Lorentz group is generated by the rotations of these hypersurfaces and by boosts.

In an active description, a boost A maps a point P of Minkowski space to the point P = A(P). If P
has coordinates (¢, x, y, z), the coordinates of P, for a boost in the -z plane are are given by

~ t+ vz

v

~ T + vt - ~

T = =vy(z+vt), y=y,z2=12

Vv1—22

or
v v 0 0O
_lw v 00
A= 0o 0 10l (1.23)
0O 0 01
where v < 1.

A boost maps a 4-velocity u with components u* = (1,0,0,0) to a velocity u with components
ut = A*u”, or (ut) = (,7v,0,0). The surface of simultaneity of Alice with velocity & is mapped
to the surface of simultaneity of Bob with velocity w. In particular, the unit vector with components
(z*) = (0,1,0,0) is mapped to

(@) = (A2") = (70,7,0,0),

orthogonal to u*. These unit vectors are, or course, the vectors tangent to the trajectories of Alice and
Bob and to their surfaces of simultaneity in Fig.[T.4]
The Poincaré group is the group of Lorentz transformations and translations,

P A(P) +a, (1.24)

the group of length and angle preserving maps, isometries of the Minkowski metric.

. . . . . 1 . .
We can write a boost in a form resembling a rotation, by setting cosh = WWapret sinh § = \/1”_7

coshf sinhé 0 0
sinhf coshf 0 0

A= 0 0 10 (1.25)
0 0 01

The relation comes from the replacement ¢ — 7 = ¢ that takes the Minkowski metric to the Euclidean
metric d7? + dx? + dy? + dz?, analytically extended to real 7. The boost of the ¢-z plane becomes a
rotation by ¢ in the 7-x plane,

cos? sind 0 0

sin? cos?d 0 0
0 0 10 (1.26)
0 0 01

with 8 = 9.
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You are more likely to have encountered the passive version of a boost in which the points of space-
time are fixed and the coordinates changed: Again Bob moves with speed v relative to Alice. Alice and
Bob assign to each point P of spacetime coordinates t(P), z(P),y(P), z(P) and t'(P), z'(P),y' (P), 2/ (P),
related by

=i~ Yt
, T — vt
vl
Yy =

/

Z =z

Alice’s and Bob’s surfaces of simultaneity are of course the ¢ = constant and ¢ = constant surfaces.
The origin is chosen with Alice’s trajectory given by the line x = y = z = 0, and Bob’s trajectory is
=y =2=0.

1.3 Tensors and Vector Spaces

1.3.1 Mathematical preliminaries

We start with some notation:

R is the real line, C the complex plane.

R™ is the set of n-tuples (ordered sets of n real numbers).

Thenx = (z*,..., 2" )isin R™if ', ... 2™ are in R. We’ll of course use (Y, ..., x3) for spacetime.
Summation is as usual implied over a repeated index.
Our conventions will be such that repeated indices will occur in pairs with one raised and one

lowered.

A group is a set GG together with a binary operation - , satisfying

(1) a,binG=a-binG

(2) a,b,cinG=a-(b-c)=(a-b)-c.

(3) There is an identity element e in GG such thata-e =e-a = a, all a in G.
1 -1

(4) For every a in G there is an element ¢! in G witha-a ' =a"'-a = e.

An abelian group is a group in which the product - is commutative: a - b = b - a, all a, b in G.

Example 1: The integers are an abelian group under addition (the “product” is + and the identity is 0).
Example 2: The reals are an abelian group under addition.

Example 3: The complex numbers are an abelian group under addition.

Example 4: R" is an abelian group under addition defined by

(a:l,...,$”)+(y1,...,y") :(acl—l—yl,...?x”—i—y").

Example 5: The group GL, is the group of all linear maps a : R* — R* for which a(x) # 0 unless
a = 0. The element a can be represented as an n x n matrix by writing  — 2’ with 2’* = a’;27. Then
the condition that a(x) # 0 for x # 0 is equivalent to requiring that the matrixa’; be nonsingular (that
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det ||a’;|| # 0), and also equivalent to the existence of an inverse map a~' in G L.

Example 6: The smooth invertible maps of R* onto R* form a group with composition the product. This
is the group of diffeomorphisms of R*. (Invertible here means having a smooth inverse.)

Exercise 5. Prove that GL,,, defined as the set of all n X n matrices with nonzero determinant is a
group. In particular, show that each element ||a’ || has an inverse.

1.3.2 Vector Space

Writing laws of Newtonian physics in terms of vectors and tensors makes them manifestly invariant
under rotations. And numbers obtained by measurements can be written as dot products of tensors and
vectors and are thus manifestly independent of coordinates or a choice of basis. In relativity, the laws of
physics are again written in terms of vectors and tensors, now with spacetime indices, and are thereby
manifestly Lorentz invariant. Vectors v and w can be added, with v +w = w + v, and you can multiply
them by real numbers r, so a vector space is an abelian group under addition, together with an operation
of scalar multiplication:

Definition: A set V' is a real vector space if V' is an abelian group under an operation (addition) that
we denote by + and if there is a second operation (scalar multiplication) that associates with every 7 in
R and v in V an element rv in V' and that satisfies

(Hr(u+v)=ru+rov ) (r+s)v=rv+sv

(3) r(sv) = (rs)v 4) lv = v, all 7, sin R, w,vinV
A complex vector space is defined in exactly the same way, except that r and s are in C instead of R.
Because V' is an abelian group, there is a zero vector O for whichv +0=0+v =v,allvin V.

Example 1: R™ is a vector space with scalar multiplication defined by

r(2 .. 2" ) = (ra®, Y
Exercise 6. Showthat0-v =0,allvinV.
Exercise 7. Show that R™ is a vector space with 0 = (0,...,0), checking that it is an abelian group

under addition and that conditions (1)-(4) are satisfied

Example 2: The set of square integrable functions (| f?dz < oo) on the real line is a vector space:
Addition is addition and scalar multiplication is scalar multiplication.
Example 3: A Hilbert space is a complete complex vector space together with an inner product.

Definition: L : V' — W is a linear map between two vector spaces V' and W if
L(ru+ sv) =rL(u) + sL(v), allr,s € Riu,v € V.

Two vector spaces V' and W are isomorphic if there is a one to one and onto linear map L : V — W.
Example: The group of isomorphisms from R* to itself is G L.
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A vector space V' is finite dimensional if there is a finite set of vectors {ey, ..., e,_1} that span V,
i.e., such that every vector v in V' can be written in the form

v=1'e;, v' e R.

The smallest number n of vectors that span V' is called the dimension of V' and a set of n vectors that
span V' is a basis or frame of V. The numbers v* are the components of v in the frame {eq,...,e, 1}
Note that the n basis vectors are linearly independent. That is, no one of them — say ey — is a linear
combination of the rest. If it were, if eg, could be written in terms of the others,

1 —1
e=re + - +r" e,

then any vector v would be a linear combination of the remaining basis vectors, e, ..., e, 1,
v=1+vle; + - +v" e, = (W +rl)e + -+ (VT 0)e, .
The n — 1 vectors ey, . .., e,_; would therefore span V, contradicting the assumption that the smallest

set spanning V" has n vectors.
Example: R" has the natural basis

Eo = (1,0,...,0)

E, 1=(0,...,0,1),

and the i"" component of © = (20, ... 2"71)

is the number z°.
Every n-dimensional vector space is, in fact, isomorphic to R", and an isomorphism L is easy to
find: Let {eo, ..., e, 1} be abasis of V. Then any v in V is v = v’e; and the isomorphism is simply

L) = (° ..., 0" ") =v'E;. (1.27)

Exercise 8. Show that L is an isomorphism, that it’s linear, onto, and one to one. Show first that a
linear map L is one-to-one if and only if

Lv)=0=v=0.

To have an isomorphism V' — R" means that if you give me a vector in V, I’ll give you n real num-
bers. And a frame of V provides just that: For each vector v, it gives you the n numbers (v°, ..., 0" 1),
the components of v along the frame.

Change of basis:

We’ll use MTW notation, in which one writes the components of a vector v in two different frames
as v’ and v, with the prime associated with the index. This reflects the fact that the vector itself does
not change under a change of basis.

If (eg,...,e,—1) and (ey, ..., e,_1/) are any two bases of V, then each vector e; is a linear combi-
nation of the primed basis vectors e;:

e, =e;a ;. (1.28)

Analogously,

er =e;al;. (1.29)
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Because ||a’; || takes the unprimed frame to the primed frame, and ||a’’;|| takes the primed frame back
to the unprimed frame, they must be inverses of one another.
Claim: The matrices ||a’’;|| and |a’;|| are inverses:

i K i ik il
a'ya’ ;=205 and a'pa‘y =o0j. (1.30)
> . k/ o k/ _ o ; . . . ; k/ _ ]
Proof: e;a'ya" ; = epa” ; = e; = (5;-ei. Equating coefficients of each e; gives a'yy a” ; = ;.
To show the second equation, exchange primed and unprimed indices in the proof.
If a vector v has components v" with respect to e;, its components with respect to e/, are

!

v’ =a’ (1.31)

Similarly,
, S,
v =a'y v . (1.32)
Proof: We have v = v'e; = v' ey and ey = eja’y. Then ev' = e;a’yv" = e;a’ v’ .
Equating coefficients of e; gives (1.32).

Exercise 9. In the natural basis e; = (1,0,0), e; = (0,1,0), e3 = (0,0,1) for R, a vector has
components v! = 1 vr =2 v? = 3.

(a) What are the components of v relative to the bases

€y = (17 170)7 €y = (07270)7 €3 = (17 17 1)7
and

€en = (2, O, 0), €orr — (0, 2, 0), €3r = (0, O, 2)7

i ;1

. . ,L‘/ 'L ,L‘// i
(b) Find the matrices a* ;, a';y, a'j», a' j, a* ;.

1.3.3 Dual Space

In quantum mechanics, the wave function ¢ of a single particle, say, can be regarded as a “ket” vector
|4) in the Hilbert space H of square integrable functions on space (R?). It can also be regarded as a
“bra” vector (7|, a linear map from H to C by

W 1B = @) = / Whd,

where @Z is any other square integrable function (|QZ> a vector in H).
The vector x = (2°,...,2%) in R? can similarly be regarded as a linear map from R* to R by
x: y— —2%° + 'yt + 2%® + 23y3, where y is any vector in R*. If

_ v
Ty = NI,

we can write T: y — x,y".

The set of all linear maps from V' to R also is called the dual space, V' *. Itis a vector space (Exercise
below), and, if V' is finite-dimensional of dimension 7, then V* also has dimension n. If o and 7 are
two linear maps from V' to R, their sum is

(0 +7)(v) =0o(v) +7(v)
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real number = real number + real number

(ro)(v) = r(o(v))

real number = real number r X real number o (V)

Scalar multiplication is given by

The vectors o in V* are called covectors or 1-forms. Wald calls them dual vectors.

Exercise 10. Show that I/ is a vector space.

To see that V* is n dimensional when V' is n dimensional, we introduce a basis {e;} for V. Let o
be any linear map, and v = v'e; a vector in V. Because o is linear, o(v) = v'o(e;). So if we define
the n real numbers o; by

o, =ol(e;), (1.33)

we have o (v) = o;v'. Now comes the key part: we are going to define a basis for V* in which o; will
be the i*" component of o. If we let w’ be the linear map

w'(v) =v
Then o is a linear combination of the w?:

o =o0,w'.

Check: o(v) = ;0" = ow'(v).
Thus {w'} is a basis for V*, and the numbers o1, .. ., 0, are the components of ¢ in the basis {e;}[|In
particular, V* is n-dimensional. A basis {w"} for V* is called the basis dual to {e;} if

wi(ej) = (5;,
and the basis we have just introduced satisfies this relation.

Change of basis

If e; = e;a’,, and o is a covector, then
J e .
_
oy = alo;. (1.34)

Proof. oy = o(ey) = o(e;a’,) = o’ yo(e;) = d’,0;.

The basis dual to {e; } is {w}, with

, L
w'=a" W,

J
Check:

w'(v) = d’; W (v) = a’; v =", (1.35)

Finally, note that o(v) is a number, and it never heard of a basis, so o;v* must be independent of the
choice of basis. Check:

’

o’ = (d,0;)(a" ") = (d,a")o 0" = 8ot = o507,

SMTW and Schutz use this notation for the dual basis, following Cartan. Wald writes e’ instead of w?.
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Abstract index notation (invented by Roger Penrose):

Instead of using arrows or boldface, we will often write a vector in the manner v“, and a covector
will be written o, . The symbol v® will not mean the a'* component of the vector — it will be the same
as writing v.

v'=w. (1.36)

Then 0,0 and v%0, both mean o (v). There is no reason to introduce a basis every time we want to talk
about a vector, but the boldface (or arrow) notation is clumsy for tensor algebra.

Index conventions: Latin indices will be used for any number of dimensions, Greek for spacetime only.
Latin and Greek indices at the beginning of the alphabet, a,b,c,... and «, 3,7, ... will be abstract (a
for “abstract”); Latin and Greek indices from ¢ () onward, ¢, j, k,l,m,n,... and ¢, kK, \, u, v, . .., will
be concrete.

1.3.4 Tensors

The definition of a connecting vector, as a directed line joining two points does not need a coordinate
system or a choice of basis. And the definition specifying magnitude and direction again does not
involve a basis. Tensors similarly arise in physics in a way that does not involve the introduction of a
basis or the components of the tensor. In particular, the tensor you are likely to have encountered first,
the moment of inertial tensor [, relates the angular velocity vector (2 of a rigid body to the body’s
rotational kinetic energy and to its angular momentum.
1 a)b b
E:§abQQ, L, = 1,80,
That is 1, can be regarded as the map Q° — L, from angular velocity to angular momentum; or as the
map (2¢,Q°) — 2E. The map Q° — L, is linear; and the map (2%, Q%) — 2F is bilinear (separately
linear in each argument). Wald uses abstract indices, while MTW use only concrete indices and write
I(u,v) instead of I,,u®u®.
We already introduced a covector as a linear map from vectors v to numbers; o, : v* — g,0% A
vector can similarly be regarded as a linear map from covectors o, to numbers;
v* o, — o,0%
We define a covariant tensor 7}, as a map from pairs of vectors to numbers (u®, vb) — Tpub,
with T}, linear in u“ and v° separately:

To(ru® + sw)v® = rTgu*e’” + sTypw's” (1.37)
Topu®(rv® + sw®) = rTuu® + sThuw’ (1.38)
The components of T}, in a basis (ef, ef, €5, €3) are, for example,
Tio = Topefeh
Exercise 11. a) Show that in a different basis e;; = eiaii,
Tyy = a'ya’, Ty . (1.39)
T, is called a second rank covariant tensor. A (third rank, mixed) tensor S, is analogously a map that

takes two covectors and one vector to a number, (o,, 7/, v¢) — S @ o,7'v¢, with the map linear in each
argument.
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It is worth reiterating that each component of a tensor is a number. Each component of a tensor field
is then a scalar field.
Exercise 8 b). Prove that the components of S%°, transform under a charge of basis in the manner

. Lo
S = ala’ ak, 8. (1.40)

In general then, a tensor 7%?...; with 7 up indices and s down indices is a multilinear map from s
vectors and r covectors to R. Its components transform under a change of basis in the manner

-/

il gl ! ik 1 g
T Jk./,..l/ —ai "'ajak/"‘al/T Jk‘..l. (1.41)
The tensors with 7 up indices and s down indices form a vector space: Each linear combination of ten-
sors of the same type is again a linear map:

pS¥ o g+ qT¥ .4 maps (0q4,...,7 u ..., v to

—

(pS¥ e g+ qT% b g)og. .. T'u¢ -+ 0 =pSTt. 4o, - Tu v+ qT¥0 g0, T'u
In the older mathematics texts, tensors are often defined by the transformation law, Eq. —

and, in physics texts, by the equivalent law with the a’’; ’s restricted to Lorentz transformations. The

transformation law is equivalent to saying

the number T;;u‘v’ depends only on the vectors u® and v°; it is independent of the choice of basis.

But this statement means that (u®,v*) — T;;u’v’ is a well defined map from vectors to numbers; in

other words, giving a tensor in the sense of a set of numbers 7j; that transform by (I.39) is the same as

giving a bilinear map 7, from vectors to real numbers. The components of 7, are the numbers 7;;.

Outer product
If S, and T, are tensors, s0 is ST, defined by Sq T uvbo . Tyw® = (Suu®v®) (T 0 qw®).
ST, is the outer product of S,; and T, and its components in a basis are, of course, Sikalm.
Any tensor T%, say, can be built up out of vectors (and covectors) by taking outer products. That is,
if (?a, T Y™, 2%) is a basis for V' (think of 1 as the unit vector along a t-axis in Minkowski space), any
vector can be written in the form

A% = AT 4+ AT+ AVGE + AP

-~
a

(where A*, A*, AY, and A? are just components of A® in the basis (%, 7%, 7, 2%), and any tensor 7%

can be written

-~

T8 = THPP 4 T8 4 7ot 4+ TP + . (1.42)

For example, the Minkowski metric is
n®f = —1°1° + 7°7° + 3°9° + 2227 (1.43)

The index-free notation for the outer product of tensors S and T"is S ® T'.

Contraction

Given the tensor 7%,%¢, = u®o,vw?r,, we can ‘obtain a new tensor of lower rank by contracting on
one lower and one upper index. That is, a tensor T,fd = T%,%,, with one down and two up indices is
defined by

7% = uoywir, = opvw? (u?T,) (1.44)
N——
a number
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Since any tensor can be written as a sum of outer products of vectors,
Aabcde = uavachwe + wabecnd’Se + -
one can define contraction between any up and any down index by

A% ge = U0 Tawe + WX (gl + -0 . (1.45)

The meaning of contraction is easy to understand in terms of components:
n
A =3 A (1.46)
m=1

Exercise 12. Show the definition (I.45]) implies (I.46) by looking first at tensors of the form u“cy, then

of the form u® - - -v%0. - - - 74, and finally of the general form: linear combinations of these.

Index Symmetries
A tensor 7%, is symmetric in the two upper indices a and c if T%¢; = T4,
This means that the map, 7%, is symmetric under interchange of its first and third arguments:

T 40,7 ww® = T 4o, 7w = T g, o 0%

(The second equality here is a change in the names of the dummy indices.)

A tensor S,° , is similarly said to be symmetric in a pair of lower indices — in @ and c, say — if

Sabcde = Sc l:zde
A tensor T is antisymmetric under interchange of a and b if 79%¢ = —T%ac,

T is totally antisymmetric (totally symmetric) if it is antisymmetric (symmetric) under interchange
of any pair of indices. If 7% is any tensor

1
T .= 5(Tab + T%) (1.47)
is a symmetric tensor. Similarly for 7 indices, 7% :

1
Tl = ) Toreerc) (1.48)
rl
permutations 7 of r integers

(For example, if = 3, one permutation 7 is 7(1) = 2, 7(2) = 3, 7(3) = 1; another is
(1) =3, 7(2)=2,7(3)=1.)

Thus 1
T(abC) — 5(Zﬁabc + Tbca + Tcab + Tacb + Tbac + cha) (149)
Analogously, given any 7'“*"%", one constructs the totally antisymmetric tensor
aj---a 1 . a ...a
T[ 1ar] — ﬁ Z (Slgn 7T)T (1) A (r) , (150)

™
where (sign 7) is +1 when 7 is an even permutation, —1 when 7 is odd. Eq. (1.50) is commonly written

1
Tlerarl = il Z(—l)”T“ﬂw'““w . (1.51)
T!
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For example,
1
Tlatl — §(T“” —T"), (1.52)

and

1
T[abc} _ 5(Tvabc + Tbca + Tcab . Tacb . Tbac . cha)‘ (153)
a---b]

Then 7% is totally symmetric if 7%* = T(@) totally antisymmetric if 7% = T'lo~t],

1.3.5 The tensors 143, 05 and € p+s

A Minkowski metric in a four dimensional vector space is a symmetric tensor 7,3 With signature
— + ++. Because ||7,,|| is a symmetric matrix, there is a basis in which it is diagonal, and to say
that its signature is — 4+ +-+ means that in such a basis it has one negative and three positive diagonal
elements (eigenvalues). For example:

NI

I = .
16

By redefining the basis ey = 2eg, e = e, ey = 1€y, €5 = e, wehave

Noror = nageoxa 60/5 = na5(2€0a)<2605) = 47700 = —1and mr = Tror = MNgrgr = 1. That iS,
-1

| = X
1

The tensor 43 is defined by 5§aa05 = 0,v%, and it has components 0¥ in every basis. Moreover
650" = v™ and 6§04 = 04, all v*, 05

Given a Minkowski metric 7,4, one defines a contravariant tensor 7’ by
(1) n*# symmetric
(2) n*"ngy = 05.
Then ||n*”|| is the matrix inverse of ||77,, ||. In an orthonormal basis, a basis in which
—1 —1

17| = 1 , the inverse matrix is ||n*"|| = 1 as well.

1 1
Nap can be regarded as a map from vectors to covectors: If £ is a vector, the map is £* — 7,5¢°. So
given a metric 7,3, we have a natural way to identify vectors and covectors, and the same letter £ will
be used for the covector as for the identified vector:

o = Nasl’. (1.54)

Then n*P¢s = nPng, &7 = §*,67 = £, Similarly, if 77 is a contravariant tensor, we write

Top = Naynps T, (1.55)
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and it follows that
T = T T.s. (1.56)

In a four dimensional vector space, there is — up to a constant — only one totally antisymmetric tensor
€aBys = €[apys)- This is easy to see in terms of components: €p120 = —€g122, interchanging 2 and 2,
whence €p122 = 0 and €,,,, can have no nonvanishing components with repeated index. The only
nonzero components are €123, €p132, €1203, etc. and these are related by a permutation of {0, 1,2, 3}.

€0123 = —€0132 = €1032 = * **

Then €,4,5 can be fixed by setting €123 = 1 in a right handed orthonormal basis whose timelike basis
vector points to the future. With this normalization, we have

€apys€™10 = —4! (1.57)

Exercise.
a. Show that (1.57) implies that €y;23 = =£1 in an orthonormal basis.

b. Suppose that, in a right-handed, future-pointing basis, €523 = 1. Show that if €503 = 1 in a left
handed future pointing basis, then €,5,5 = —€43+6-
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1.3.6 Tensor Fields and V ,

The arena of special relativity is Minkowski space, M, which we can now define as a four-dimensional
vector space together with a Minkowski metric 7,5. This definition singles out an origin — the zero
vector 0, but physics doesn’t hand us a preferred event so we can equally well regard another point A as
the origin of a vector space, identifying any point B with the vector V3, = B* — A®.

o}

In this way, we regard the connecting vectors V{5 as vectors at A, and 7,3 may be regarded as a
metric for the vector space at each point A:

NasVisViae = Nas(B* — A%)(C? — AP). (1.58)

If we choose A as the origin of the vector space, then A = 0, and V§; = B“.
The natural Cartesian coordinate systems with A as origin assign as coordinates of the point B the
components of B* with respect to an orthonormal basis, ¢, Z, ¥, z at A:

llt
B
VABQ
L
g |V Y
X

B =V,5 = B't+ B*Z + BY§ + B*%
The t, z, y, 2 coordinates of the point B are then B* = ¢, B* = x, BY = y, B* = 2.
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In curvilinear coordinates, the identification is gone: Suppose the point B has coordinates ¢, r, ¢, 2,
with x = r cos ¢, y = rsin ¢, and let 7 and qAbAbe unit vectors in the r and ¢ directions. Because the vector
B from the origin to the point B is radial, B = 0, not ¢. (Formally, B¢ = —B*sin ¢ + BY cos ¢ = 0.)

We’ll call the Cartesian coordinates associated with an orthonormal frame and a choice of origin
natural coordinates for M. Any two natural coordinate sytems for M are related by a change of origin
(translation) together with a change of orthonormal frame (Lorentz transformation) — i.e., two natural
coordinate systems {z*} and {«*} are related by a Poincaré transformation, z'* = A*,z" + a*.

A scalar field on M is amap f: M — R assigning to each point P in M a number f(P).
A vector field on M assigns to each point P a vector v*(P) at P.

If v® is a vector at P, ﬂag’ljﬁ = v, is a covector at P, and if «® is another vector at P, u®v” is a tensor
at P. In this way one constructs all tensors at P. A tensor field 7% on M assigns to each point P a
tensor 7% (P) at P.

In a curved space, one no longer has a natural way to define a connecting vector between an arbitrary
pair of points. But we will see that the tangent to a curve and the gradient of a function can naturally be
identified with vectors and covectors, respectively. Here is the flat-space description, written in a way
that will later let us use most of it in curved space.

A path through P is defined as amap ¢ : R — M, whose image intersects P. Here we take ¢(0) = P.

M

\

Tangent vectors. In flat space, we can regard each point ¢()\) as a vector at P (the connecting vector
from P to ¢())) and so define the tangent to c at P as the vector

o d

v = aca(/\) (1.59)

A=0

Two curves are tangent at P if they have the same tangent vector.
A vector v at P maps functions on M to real numbers by taking their derivative in the direction of
v®. That is,

) (1.60)

A=0

v(f) = = F(e(N)

where ¢(\) is a curve through P with tangent v®. This will be used to define vectors in a curved space.
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c(A)

va

Example: Let t“ be the tangent to the path A — (¢t + A, z, y, 2).
i.e. t“ is a unit vector in the ¢ direction at the point (¢, z, y, z).

Then p o7
tf) = ft+Aay )= g(t,x,y,z)- (1.61)

For this reason, the vector t* is sometimes written 0;.
Gradients of functions are covectors.

A function f gives rise to a linear map from vectors at P to real numbers:

v — %f(c()\)) , where ¢(\) has tangent v,

A=0

In a natural coordinate system at P

of dct
. o (M) = -
_ 9 pyn (1.62)

OxH

d
ey

and so the map is clearly linear:

of
dat
af

-
oz

In other words, the map is a covector, and one calls it V, f. Thus V, f : v* — v*V, f has components

5,
V.f = a—i (1.63)

Given a function f, one thereby acquires a covector field V, f, the gradient of f.

rTu+Ssv — (P)(ru* 4 svt)

(P)u* + sﬁ

e (P)vH.

. D
To extend the action of V, to vectors, we need to compare 8

vectors at two different points. To do so, we use the natural paral-
lel transport that identifies a vector v 5 at A with the vector vg
at C when vz = B* — A* = D* — C* =03 p.
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A vector field v® is said to be constant if, given its value v*(A) at any point A, one obtains the
vector v*(B) by parallel transport of v*(A) from A to B. Equivalently, the constant vector fields have
constant components in a natural coordinate system: We can write

v = VY 4 0" + VY + 0727, (1.64)

where
t* is tangent to the curve (t + A\, z,y, z) = co(A)
T* is tangent to the curve (t,z + A, y, 2) = c1(A),

;F'I;en the vector field v is a constant vector field when v?, v®, v¥, and v* are constants. We set
Voo’ =0 (1.65)

when v is a constant vector field and extend V , to arbitrary vector fields by the Leibnitz rule
Vo(fvP) = (Vo f)v? + V07, (1.66)

v® now not constant. Since any vector can be written in terms of constant vector fields t*, 7%, 7 and 2*
in the form (T.64), we have V,v° = (V,0')t? + (V0" )7 4 (Vav!)§’ + (Vov?)2. (v', 0", 0¥ and v*

are four scalar fields, the components of v® in the basis £, 7, §*, 2%). Thus in the basis t*, 2%, 7%, 2°,
the components of V,v? are
5 ot Ov* oY, O0v*
V#U = m@ a + W(Sy aqjl‘
8U v 14 -~V v
= (t" =46y, ¥ =62, etc.) (1.67)
The operator is extended to covectors via
Voés =1,V (1.68)
and to arbitrary tensor fields by saying what tensor (multilinear map) is denoted by V77 7;....:
(VQTB"”(;...G)waag . -77u5 et = VQ(TB””(;...gag e Tvu‘S 0w

—TB"”(;...E(Vaaﬁ) Ce Ty u5 ~vSw®
— e = TP o (V) w®  (1.69)

Exercise 13. Prove that the components of V oTP75.... in a natural coordinate system (i.e. in the basis
t*, %, y*, z* of vector fields tangent to the curves (¢ + A, x,y, 2), (t,x + A, y, z) etc. of a natural
coordinate system) are

0
VT Y, o= =—T", .. 1.70
» s (1.70)

Note that in terms of the natural coordinate components, equation (1.69) is the Leibnitz rule

8 ey L K a eV L K
@(Tﬂ L---KU}L T U U ) — (@Tﬂ L---N)Uu ST U
0
+TMMVL"%5:;‘;L R LTI (1.71)
xr

It follows immediately from (1.71)) that
vaéﬁ’y =0, Vanﬁv =0, Voznﬁ’y =0, Vae,B'y&e = 0. (172)

(If all the components of a tensor vanish, the tensor itself vanishes.)



CHAPTER 1. INTRODUCTION: PHYSICS IN FLAT SPACETIME 49

1.4 Particles

1.4.1 Particle Trajectories

Our primary aim in the rather abstract treatment of tensors given in Sect. [[.3.4] was to develop a formal-
ism that could be easily generalized to curved spacetimes. However, most of the standard calculations
of special relativity are more easily performed in a coordinate-free framework - once one gets used to it
and no longer feels the need to translate back to a more familiar language. Sect.[I.4]is therefore designed
largely to restate concepts and calculations you already know in a somewhat different language.

The motion of a particle can be described as a path in spacetime — its trajectory or worldline — c¢(\).

The tangent vector to the path, M
o — dc*(A) c)
Codh 4
é(x
is timelike: That’s what it means to say the particle travels slower than
the speed of light.

The set of all points (spacetime events) that can be reached by a particle starting at a point P is the
interior of the future light cone at P, and it can be identified with the set of all future pointing timelike
vectors at P.

- future pointing
timelike vector

future null cone

If the event P is an explosion so that an expanding spherical pulse of light is sent out from it, then the
light emerging from this event forms a cone (in spacetime) with vertex P. (A slicing of the light’s history
is a sequence of spheres expanding from a point.) Formally the cone is the set of all future-pointing null
vectors at P.

The velocity (four-velocity) of a particle is the unit vector tangent to its trajectory,

u® = £ (—€Pgg) 12, (1.73)

with

ug = E2(—€P€)T26a(—€76,) TP = €76 (—€765) T = 1. (1.74)
A zero rest mass particle has no velocity vector in this sense; the tangent to its trajectory is a null vector
k*, k“k, = 0.
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A free particle has a straight line trajectory - its tangent vector is
parallel propagated along itself

u’Vsu® = 0. (1.75)

A preferred observer in Minkowski space (an inertial observer)
will mean someone who moves along the trajectory of a free
particle and who measures components of tensors along a basis
(u®, Ty, 2*) where u® is his velocity and %, y*, z* are unit vec-
tors orthogonal to each other and to «“ and parallel propagated along
u®. Such inertial frames are the preferred bases of constant vector

fields introduced in Sect.

In general, of course, particles and observers need not travel in straight lines. One can, for example,
describe the measurements made by an accelerating, rotating, observer: At each point along a timelike
trajectory (the observer’s worldline) one chooses a basis whose timelike basis vector is the observer’s
u®. The spacelike vectors are then unit, orthogonal to u“, and have orientation fixed by the observer’s
rotation. Think of an observer as someone with three perpendicular rulers (thin rods) and a ticking
watch. The connecting vector between ticks is the timelike basis vector; and the intersection of the slice
orthogonal to u“ with the history of each ruler is a spacelike basis vector.

History of an observer with watch and one ruler; the observer rotates by 7 and then stops rotating.
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The physical meaning of the metric 7,4 is that it provides the measured distance between events. In
particular, if a clock moves from A to B along a trajectory c(\), ¢(0) = A, ¢(\) = B, it will tick off a
time

dc®(N)

A
T = [ M Ol Har, where gm(3) = S (176)

7. 1s called the proper time along the path c.

Furthermore, there is a preferred time between two (timelike related) events A and B, namely
T = [nap(B* — A%)(B* — A%)]'/2,
and 7 is called the proper time between the events. We will see in a minute that 7 is the time measured
by a freely moving clock whose trajectory is the straight line from A to B. But first note that if ¢ is

d o
parameterized by proper time 7, then £ = ¢ d(T) = u“, the unit vector tangent to c.
T
Proof: The proof is essentially immediate from the definition (1.76) of proper time. For any \(7),
d
Eq. (1.76) implies d—; = [—£2¢,]"%. When 7 = \, we have d7/d)\ = 1 and £€* = dc® /dr, implying
dc™ dc
1 = [—¢g, |2 ag = Tla

For a freely moving clock — the timepiece of an inertial observer — the trajectory will be

(1) = Tu” (1.77)

(07

. . . c . . . -
parameterized by clock time, since o is the constant vector u®. If 74 is the clock’s time at A and 7’
T
its time at B,

(ta) =A%, ()= B", and

(A% — BY)(As — Ba) = (1au® — 7'u®)(Taue — T'ug,)
= —(ta—T7)%

That is, the proper time between the events A and B is the proper time along the straight line trajectory
from A to B.

1.4.2 Boosts and “Addition of Velocity”

We will use “velocity” in this section to mean 4-velocity, and “speed” to mean the magnitude of the
3-velocity seen by an inertial observer. Suppose Alice and Cat are inertial observers with 4-velocities
u® and u“, moving relative to one another with speed v. To say that the boost is along Alice’s x-axis
means that Alice chooses her basis vector T to lie in the plane spanned by u® and u®. Cat similarly
takes his basis vector £ to be in the same plane.
Cat’s speed v is related to the components of his velocity (along Alice’s frame) by
_dx  dx/dT _u”

=2 _ = 1.
VT T atjar (1.78)
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This, together with the fact that «“ is a unit vector, u“u, = —1, implies
) = (g e 00) = (:2.0.0) (179)
V1—12" /1 — 02
Equivalently,
u® = yu® + nx®, (1.80)

where 17 = yv. Notice that v and v are defined in terms the dot-product of the 4-velocities ©* and u®:

vi=—uUy, vi=+/1—772. (1.81)

The vector % is a unit vector orthogonal to u® that lies in the u®-z* plane, implying

~a « e

T =nu +yx
We can phrase this in a more democratic way, writing
u® = yu® +nz* u® = ~yu® —nr®,

where 7% = —nu® + v2®. That is, the two sets of basis vectors, u®, z* and u®, %, are related by a
Lorentz transformation (a boost) and its inverse:

ut = yu® +nr®, u® =~yu® —nx® (1.82a)
¢ = nu® +yx° T4 = —nu + vz (1.82b)
Addition of velocities.

Suppose now that three observers, Alice, Bob and Cat, move in straight lines in a plane in spacetime
with 4-velocities u®, u®, and u®.

Problem: If Bob moves at speed v; relative to Alice and Cat moves at speed v, relative to Bob, what is
the speed v of Cat relative to Alice?

The familiar derivations, in terms of of components along Alice’s frame are variants of the following:
In terms of Bob’s coordinates T, ¢, Cat’s speed relative to Bob is vy = dZ/dt; the corresponding +’s are
U, = —; and U, = —7,. Alice’s coordinates ¢, T are then related to Bob’s by

t=m{t+vz) x=m(t+T).
Cat’s speed relative to Alice is given by

dr v (dT + vy di) dz/dt + v vy + Uy
V= — = — — — = .
dt ’yl(dt + Uldf> 1+ Uldf/dt 1+ V1U2 '

But it’s instructive to see how it goes in terms of the boosts.
Problem: If u*u, = —v; and ©®u, = —7s, find v = —u®u,, in terms of 7, and 5.
Solution: Bob is moving at speed v; relative to Alice, so his basis vectors are given in terms of Alice’s
by
= vlu"‘ + T]l?fa, 7% = TIQUQ + 72/1,\04. (183)
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We’re given the speed v, of Cat relative to Bob, implying Cat’s basis is related to Bob’s by
u® = yu® + N, T = nou® + YT, (1.84)

We already have Bob’s velocity in terms of Alice’s frame, Eq. (I.83). We want Cat’s u® in terms of
Alice’s frame: Substitute (I.83) in (I.84):

~a

u” = y(nu® +mz%) + na(mu” +12?)
= (M2 +mm)u® + (71m2 + v2m) 2

Thus
Y=Y + e and N = Y1102 + Y2 (1.85)

We can rewrite this solution in terms of v, vy, v9, Using n = vy, 1y = v17y1, N2 = V272 to recover the

usual form: .
v + v
p 1ot (1.86)
ol 1+ vy

But an equally useful form is obtained by noting that, by (I.85),

Y+n = MY +Fmne+7ine + me
= (m+m)+m)

In other words log(y + n) is additive!

log(7y + 1) = log(v2 + n2) + log(y1 + m1). (1.87)
Now
Yy l+v 14w “©
’y 77 - /—1 — ’U2 - 1 v )
1 1 1
log R log all + log R . (1.88)
1—w 1—n 1 —ws

+v

The combination ¥ = log is called the velocity parameter and it’s easy to check thatv = tanhv.

— v

If you remember that the Doppler shift in the frequency of light is given by

1o
Ww=w +3:weﬂ, (1.89)
1—v

then the additivity of ¢/ is not really new: Eq. (1.89) implies that successive boosts by v; and v, change
the frequency (and a photon’s energy) by the product e’ = €’*?, implying ¥ = ¥ + . (If you haven’t
derived the Doppler shift, see )

Exercise 14. (From the problems to Feynman v. I) A cart rolls on a table with speed v. A smaller cart
rolls on the first in the same direction with speed v relative to the first cart, and so on up to n carts.
What is the speed v,, of the n'" cart relative to the table? What is lim,,_,oo v,,?

“There is no standard notation. Schutz calls the velocity parameter u, and these notes use Hartle’s name for it.



CHAPTER 1. INTRODUCTION: PHYSICS IN FLAT SPACETIME 54

Exercise. If you didn’t do the last exercise using Eq. (1.88)), do so now.

The next exercise is the calculation leading to (1.85]), done as an explicit composition of boosts as
matrices.

Exercise 15. The frames {e,} = {u,z,y,z}, {e.} = {w.z,y¥,z}, and {e,} = (u,x,y,z), are
orthonormal and so are related by boosts

— g ~ = Av
eM:eVAM, e, =¢e\

~ v v _ AV Ao
. and e, =e, A", where A" = A" A%,

Find Kuu and /~\VM , and compute A”,. In this way derive the addition-of-velocity law (1.85).

Exercise 16. Consider the curve c¢(\) given in the natural coordinate system by
A A
z(A\) = / rcosfcospdN, y(A\) = / 7 cos 6 sin ¢dA

by A
z(A) = /Tsinﬁd)\, t(/\):/ rdA,

where 7, 6, and ¢ are arbitrary functions of \.
(a) Show that ¢(\) is a null curve.
(b) Under what conditions on the functions 7(\), #(\) and ¢(\) will ¢(\) be a straight line?
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1.4.3 Surfaces of simultaneity and the 3+1 decomposition of spacetime

An observer having velocity u“ can separate p® into energy and three-momentum in a manner analo-
gous to the decomposition of u® in the last section into vectors along and orthogonal to the observer’s
velocity. The decomposition is frequently encountered and deserves some discussion. The surfaces of
simultaneity of an observer with velocity u® are orthogonal to ©®, and so are spanned by three vectors
T, y*, 2% perpendicular to u“. In a natural coordinate system of an inertial observer (points are labeled
by their components along the basis u®, 7, y®, z®) the surfaces of simultaneity are, of course, the ¢ =

constant hyperplanes.

If u™ is moving at speed v relative to u®, there is an easy way to draw the surfaces of simultaneity
of u® and u®.

With tan 6 = v, the 2-D drawing looks like the figure above.

Here the angles labeled 6 are angles of the Euclidean geometry of the screen (or paper), not of the actual
Lorentzian geometry of spacetime.
Check that tan @ = v: In the Lorentzian geometry of spacetime, u® is perpendicular to z% and u® is
perpendicular to 7. By drawing the diagram with u* vertical and with light-rays at 45°, we have made
z* perpendicular to u* in the Euclidean spatial geometry of the diagram. By (1.82a), u® = yu*+nz*, so
in that Euclidean geometry the angle between u and u is given by tan § = 3 = v. Similarly, by ,
T = nu® + yx%, so the angle between % and z* in the diagram is again given by tan 6 = % = .

Had we drawn the diagram with u® vertical, £ would of course have been been perpendicular to u®
in that diagram’s spatial Euclidean geometry.

In the diagram’s Euclidean metric ds?> = dt*>+dx?, the dot product of Z and Z is cos  with tan 6 = v,
while in the actual Lorentzian metric ds® = —dt? + dz?, the dot product is %7, = v = cosh ¢, with
tanh v = v.

Exercise 17. Check that v = cosh ¢, with ¥ defined by tanh ¥ = v. Then check that the map ¢ — it that
takes the Lorentzian metric —dt* + dx? to the Euclidean metric dt? + dx? and takes v = dz/dt to
v/i = dx/(idt) also takes ¥ to i6; equivalently, if 7" = it, X = x, V = v/i, and § = /i, then
V =tand.



CHAPTER 1. INTRODUCTION: PHYSICS IN FLAT SPACETIME 56

3+1 decomposition of tensors: Spacetime — space+time relative to an observer with velocity u®.
The tensor
”)/ag = 5a,3 + UQUQ (190)

projects vectors into the surface orthogonal to «“. In other words, if £* is any vector,

£ == 7P (1.91)

is a vector orthogonal to u“:
@ B et 5(1 6 @ B et @ _ ¢ = 1 2
YU pu” +uugu” = u” —u” = 0; (1.92)

similarly, uoﬁg = 0, whence
Ul = uaypE" = 0.
If £~ is already orthogonal to u®, then
§1 = ¢
Proof: £§ = 438" = 636" + uugt” = €%, because usc? = 0.
Any vector can be written as the sum of a vector along u® and one orthogonal to u*:

£ = —(EPug)u™ + &% . (1.93)

Similarly any tensor can be decomposed in such a way that each index is either along ©® or orthogonal
to it: e.g.

7 = §%,6%51° = (7% — utu,) (V75 — ulus) T
= TP — w75 u, T —u? 4%, us T + u v uyus T (1.94)

here Tj_“ﬁ = 42, 7?sT7 is a tensor orthogonal to u® (that is, T’ fﬁ ug =0 = Tfﬁ Ua); uyPsu, T7° has
one index (a) along u“ and one index (/3) orthogonal to u“; and UQUBU,YU(;T'Y(S has both indices along

uOé

1.4.4 Energy, momentum and acceleration of a particle

A particle of rest mass m and velocity v® is described by a momentum vector p® = muo®. Its rest mass
is thus related to its momentum by p“p, = —m?>.

The momentum p® of a particle can be decomposed by an observer u“ in the manner
p* = Eu® 4+ p7, (1.95)

where £ = —p®u, and p§ = 7° 5p5 are the energy and 3-momentum of the particle. Then p®p, = —FE? + p? = —m?.
If the observer is at rest with respect to the particle, u“ = v® so p® = mov® is already parallel to u® and
E =m, p} = 0. When the relative speed of particle and observer is v = (1 —~~2)/2 with v = —uv,,

E=mr pL =mn. (1.96)

For tensors at the position of the observer, such 3+ 1 decompositions of tensors relative to observers
make sense even when the observer is accelerating. For tensor fields, however, they don’t make much
sense for non-inertial observers because “later” and “earlier” surfaces of simultaneity will intersect:
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\ t,=constant

d (0}
Acceleration: If ¢(7) is a timelike path parameterized by proper time, we found that u® = ¢ 7 (7) . The
T
acceleration a“ is defined by
du®(t)  d?
¢ = = —c(7). 1.97
¢ dr a2’ (7) (1.97)

We can write this as a® = u’V gu® if we regard u® as a vector field defined along the path ¢(7):

d dcP
o (el(r) = Vu (e(r) G = wVgu (1.98)

(Note that Vzu® alone is meaningless, however, because u® is not defined off of ¢(7) — only uP Vgu®,
the derivative along ¢(7), has meaning.) The acceleration a® is a vector orthogonal to u“:

d
Uaa® = uqg—u(7) = u*—uy(7) (because 7,4 is a constant tensor field).
dr dr
d . d, .1 1d
> gt = gluen)y = 5, (P =0

That is, a® lies in the surface of simultaneity of an inertial observer at rest with respect to u®. For such
a comoving observer, the components of u“ are (instantaneously)
(u*) = (1,0,0,0),
from Eq. (1.79). A short time later,
(u*) = (1,v) + O(v?)
(use y = (1 —v?)/2 =1+ 10> +...). Thus a® = du®/dt has components

(a") = (0,an) + O(v*),

where ay is the Newtonian acceleration and ¢ the observer’s proper time.
At this time, call it ¢ = 0, when the particle is at rest relative to the observer, their trajectories are

dt . . . u
tangent and so Pl 1, where 7 is the particle’s proper time as above. Thus o" = e (0,ay) at
T T
. u® . . . ..
t = 0, when v = 0; since I = a“, the vector a® is the Newtonian acceleration measured by an inertial

observer instantaneously atqest with respect to the particle. It can be measured either by using clocks
and rulers or by transporting an “accelerometer” — a box with orthogonal springs supporting a mass —
along the world line of the particle. Then a® will be proportional to a vector orthogonal to u® that joins
the center of the box to the (in general) displaced position of he mass.
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s
}

A particle is said to be uniformly acelerating if

a®a, = constant

and if a® always lies in a plane (in spacetime). In other words, the acceleration is always in the z-
direction of some inertial observer and its magnitude is constant as measured by an accelerometer or
by an observer moving with the particle. Such a particle will appear, for example, to come in along
the x-axis at nearly the speed of light, to slow down, stop, reverse direction and exit at a speed that
increases to 1 (c) again. The trajectory is most simply obtained using not an orthonormal frame, but two

null (lightlike) vectors along the ingoing and outgoing asymptotic null directions; these are constant
vector fields, commonly written as /“ and n®. Because they are null,

4, =0, nng, = 0. (1.99)

We will normalize by
(“ng = —% : (1.100)

For example, if * and Z° are unit orthogonal vectors in the plane of /%, n®, one could take

%\a + ’x\a %\a _ i,\a
® = ¢ = ) 1.101
5 M 5 ( )
1
Because u® is in the plane of /%, n®, we have u® = AM* + un®, u“u, = —1, implying A = — and
1
u® = M* + X" 1n® (1.102)
Then .
o dut o N L d
) d d
We have used the fact that /¢ and n® are constant vector fields to infer d—ﬁa =0= d—na.
T T

The relation a®a,, = constant = @2 has the form

: A - A A2
a = ()\Ea — ﬁna> (AEO‘ — ﬁna) = —ZEQTLO‘ (use (1.99)

= (use (1.100)).
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Figure 1.12: As shown below, a particle with constant acceleration travels along a hyperbola, and it re-
mains at a fixed spacetime distance from an origin (the origin is the intersection of the null asymptotes).

Then

A
Y= +a, implying A = A e + A_e 7,

for some constants A, A\_. We want u® — k{*as 7 — oo, u® — k'n®as ™ — —oo, and so we pick
A= A e, giving u® = A e (% + A\ 'e~"n°. If, in addition, we fix the time 7 at which u® = (® 4 n®
tobe 7 = 0, then Ay = 1 and u®(7) = e 4% + e~“"n®. After integrating and differentiating u®(7)), we
have

1
(1) = —(e" " —e ""n%), u*(7) = e+ e Tn”, a®(1) = a(e " —e "n%), (1.104)
a
as shown above. Notice that the acceleration vector a® at each point ¢(7) of the trajectory is proportional
to the spacelike vector ¢*(7) from the origin to that point.
In terms of the basis ¢, ¥® with

P P
= n g

2 2

1 ~ N
¢ = —[sinh(a7) t* 4 cosh(ar)z"], u® = cosh(ar) t* + sinh(at) ¢, a® =a*c*. (1.105)

a
The path ¢(7) is a hyperbola, whose x and ¢ coordinates satisfy

1 1
-t = —2(cosh2 at — sinh® ar) = —. (1.106)

a a
That is, each point of the hyperbola in Fig. [1.12]is at the same spacetime distance s = /c%c, = —
a

from the origin! The hyperbola is the Lorentzian analogue of a circle. And the Euclidean analytic con-
tinuation to imaginary time ¢ = 7 ¢ is a circle whose Euclidean distance from the origin is ¢* +2? = 1/a.
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Exercise 18. Assuming that people can’t endure a rocket acceleration much greater than g for years
at a time, the distance a single generation of astronauts can travel is limited. If your (proper)
acceleration is g for half the trip, and you then decelerate at g for the second half, how far can you
go in 20 years (on your clock)? How long does it take to reach Andromeda (d = 2.2 x 10° 1y)?

Exercise 19. Prerequisite for the next section:
(a) Verify the identity
€ijmEkim = Oik0j1 — 00k
(b) Using (A x B); = €;;xA; By, = €3;A; By, and the identity of (a), show that

(AxB)- (CxD)=A-CB-D-A-DB-C.
(c) Similarly show that A x (B x C) =B A-C— C A-B.
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1.5 Electromagnetism

To make the notation simpler, the unit vector @ will be written as £ in this section.

151 F°8 jo B Be p

Conventions in this section agree with those of MTW and Wald. Jackson [68], however, uses a + — ——
signature, and his field tensor differs from ours by a sign: F*% = —F B

Jackson®

An electromagnetic field in a flat spacetime is described by an antisymmetric tensor F,g. Maxwell’s
equations relate [, g to the charged matter fields that produce it: They are

ViaFsy) =0 (1.107)

and )
Vs F* = 474, (1.108)

where ;¢ is the current density, a vector field that depends only on the charged matter. The motion of a
charged particle is described by a timelike trajectory that satisfies the equation of motion (Lorentz force
law)

U’V gp®* = q F*5u”, (1.109)

where p® = mu®, and q is the particle’s charge.

If an observer with velocity t* measures the components of [,z along vectors parallel or orthogonal
to ¢ (his natural basis vectors) he will be splitting F,,3 in the way described by Eq. (1.94). Because
F,5 is antisymmetric, its diagonal components vanish: In particular, F5t“t" = F,;, = 0. (That is,
Fy=—Fy = Fy = 0-)E]

Furthermore, v,°t7Fg, = (6% + t°t°)t"Fs, = F,.t7 (again using Fj,t°t" = 0) and 7, t° Fj5, =
—F,,t7, so the only independent parts of the decomposed F, 3 are

Fopt” and ~,7795° Fys = Fap. (1.110)

The spatial vector
By i= Foat° (1.111)

is called the electric field, and the antisymmetric spatial tensor Fjﬂ corresponds to the magnetic field
B, also a spatial vector:

a . 1 da3 1
BY = 56 "5 F g,
1 da € €
= e Drt5(85 + 1) (88 + t41°) Fie
1
_ éeéaﬁvtépﬁw (1.112)

where we have again used the index antisymmetry, in this case of 2?7 to infer €2*7¢5t5 = 0.

SMore generally, if S/ is any symmetric tensor, and A,z is antisymmetric, 4,55 = 0. To see this, use A5 = —Ag,
to write
Aaﬂsaﬁ = —AﬂaSO‘ﬂ = —A/gaSﬂ" = —AQBSO‘B - AaﬁSo‘ﬂ =0.
The same manipulation shows that, in general, A%%7*% antisymmetric in & and 3 and S®#7*% symmetric in cv and /3 together
imply A%P70 8, 5¢¢ = (.
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Note that
€apy = €saprt’ (1.113)
is an antisymmetric spatial tensor (each index orthogonal to ¢*) and €,4,6*”7 = 3!. In the orthonormal
basis t*, %, y*, 2%, €123 = €g123 = 1 so the spatial components of €3, are

- 1, Auv aneven permutation of 123
=1 -1, A anodd permutation of 123,

and €y, = 0 if any index is repeated or has the value 0.
The equation defining B in terms of F'*” is then

(63 1 (0%
B* = e PPy,
With respect to an orthonormal frame with timelike vector ¢, the field tensor has components
0 —-EF, —FE, —FE;
E, 0 By —B,

| Fwl = E, —By 0 B, (1.114)
Es By —B; 0
This is MTW (3.7).
Some useful identities involving €,3, and €,5+5 are
P epg = —A016C 7576 = —0! D (—1)mar .5y
welP,
eMe s = —3111606%5, = 1! > (—1)7 67 on )
S i:3
e o5 = —212162 5] > (—1)mor st
S}
P 5.5 = — 113162 = -3l
6aﬁ756a575 = —0'4' = —4'
e = 310175927 = 0L (=1)77 o a7
Mg, = 21117[0! B] — 112( 1)7y ﬂ(a)vf( ) (1.115)
60‘576557 = 121§ = 2!7§‘
e“Menp, = 013! =3l

where m € P, is a permutation of the four letters a3y, with 7 € P3, 7 € P, defined analogously. (Here
[P, is the group of permutation of n objects.)

The relations (1.111]) and (1.112)) for E* and B* in terms of F'*” can be inverted to give

Faﬁ = taEﬁ — t/an + Gaﬁ,yB’Y. (1.116)

To show this, first note that
B* = —e*" [, (1.117)

can be inverted:
Fi = €agyB” (1.118)
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Proof. | .

€apyB7 = €apy (567561756) = 5(727/63 - VQVZ)F& = VngFvé,
where antisymmetry of F,,3 was used to obtain the last equality.
Thus

taEﬂ — tﬁEa + EaﬁwB’Y = toé};’ﬁhtV — tﬂFath + ’)/a’y’ylgéng
= taFptT —taFpt" + Fopg + 1ot Fop + tgt° Fus + tot 'tst° Fos
————

0

= CKB'
The fact that £, and B,, carry the same information as F,,3 could be expected at the outset by counting:

E“ a spatial vector 3 independent components
B a spatial vector 3 independent components

F*% an antisymmetric tensor 6 independent components

Finally, before writing Maxwell’s equations and the Lorentz force law in terms of £“ and B®, we
decompose 7:

%= pet® + 41, (1.119)
where p, is the charge density and j¢ the 3-current seen by the observer with velocity t*.

For example, the current j“ associated with charges of density p,. in their own frame, whose velocity
is u®, is j® = p.u®. In terms of a frame with timelike unit vector {*, the 3+1 decomposition of u® is
u® =yt + uf, or

u® = (% 4+ %), implying p, := —jat® = Ype. (1.120)

1.5.2 Maxwell and Lorentz

Let us now regard ¢ as the constant timelike vector field obtained by parallel transporting the observer’s
velocity to all points of M, so that E* and B* have meaning everywhere.
The expression F'“su” occurring in the Lorentz force law can now be written (using (1.116) and

(1.120) as
Fesuf = [t*Es —tgE* + €5, By (t° +0P)
= ’}/(Ea =+ EaﬁvvﬁB’y =+ UﬁE/Bta)
Project (1.109) along t*, denoting the particle’s energy, —p,t“, by E to distinguish it from the

magnitude £ of the electric field:
tou’Vsp® = taqF*su”

uVs(—E) = —qyEgv”®, or

dE
— =B’ 1.121
i dE dE .
using v - VE = o= VE. Eq. (1.121)) says that the particle’s energy E changes by the work v - EZ
T

done per unit time by the field. (In this last equation, ¢ has replaced 7 as the path parameter along the
particle’s trajectory).
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Project (I.109) orthogonal to ¢*:
VWV apT = gy Fpu” = gy, y(EY + € 550° BY)
Using v*, constant, Vg7, = 0, we have
uVep =gy (B + 50" B7);

using d/dr = ~d/dt then gives

d
—PL=a(E"+ 5,07 BY); (1.122)
this is the usual Lorentz force law,
d
apL:q(E—l—v X B). (1.123)

Maxwell’s equations in terms of £“ and B® emerge in an analogous way. The projection of
VF8 = 47 along t* is
taVsF*® = 47t ,j*, or, by (I.I19)
V3E? = 4np, (1.124)
e, V- E =A4mp, .
The projection orthogonal to t* is, using (1.116),

Vﬂ[,ya’ya"/Eﬂ _ tﬂE”/ + 6”/5535)] — 47era (1125)
—t’BVBEa + EQ’B’YV,BBV =475, % (1.126)
oF
i.e., —E‘{'VXB:ZMTJ

Finally, the equation V|, Fjs,; = 0 is equivalent to

POV 45 = 0. (1.127)
Projecting (1.127) along ¢t gives V - B = 0:
0 = V/B[taeaﬁwé(tnyg — t(;E,Y + 675636)]
= Vs(y’B) (M€ =77)
= V3B~ (1.128)
. . 0B
Projecting orthogonal to t gives o +VXxE=0:
ECﬁWSVﬁ[tvE(; — th7 + 675636]’}/0%
PV 3Es + €N By — 2(8567 — 6267 )V 5 Bt
= 2"V B, + 2t°V 3 B®

0

or
t°V B + 'V E, = 0. (1.129)

Collecting the equations, we have
VsEP = 4mp, VsB? =0

1.130
PV E® + VB, = 4mj, @ tFVBY + IV 4E, = 0. (1150)
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Exercise 20. Let *F*# = 1e®P 10 F ;.

(a) Show that if F|,5 satisfies the sourcefree Maxwell equations, so does
Fag = Fygcosn+ *Fygsinn. (F — Fis called a duality rotation).

(b) If n = 7, show that (for any ¢*) Be = +F<, Ee = — B,
(c) Show that, for any 7,

éo‘:Bacosn—l—Easinn E“:Eacosn—Basinn

The energy momentum tensor of an electromagnetic field is

1 1
ToB — y= FORP — ZUQBF%FMS (1.131)

Exercise 21. Write T°? in terms of E%, B* and t°.
Exercise 22. Prove that if F*? is a Maxwell field with source 7%,

VT = —F*jg.

Exercise. Show that 7 is invariant under duality rotations: 7% = T°%. Hint:
(a) Write *F*# in terms of E%, B%, and t*.
(b) Show that *FO‘VFﬁy = naﬁEyBV.
(c) Infer that *F*VFP, 4 *FPYFe, — nP*F1YF.5 = 0.

1.5.3 Conservation of Charge

Because the tensor F'*? is antisymmetric,
1
VoV = §[VQV5 — VsV |F* =0

That is, in natural coordinates on M,

0o 0

p _
ViVl Ok Oz

F® and (0,0, — 0,0,)F*" =0,
for smooth F'*¥. But
V. V3F? =V, (477%), whence
V,j% = 0. (1.132)

The equation V,j* = 0 is called conservation of charge. In terms of the charge p. and current j¢ of an
observer with velocity t“, it can be written

Valpeu® + 719 = uVape + Voj “ =0, (1.133)

or, more familiarly,
Ope + V-3, =0. (1.134)
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The corresponding integral conservation law is obtained by integrating (I.132) (= (I1.134)) over a 4-
volume sandwiched between two ¢ = constant surfaces:

to
0:/ dt/dwdydz (Dpe +V - 51)
t1

t2
:/ dxdydzp, —/ dxdydzpe+/ dt/ 71 -dA.
b=t — spatial

bt infinity

Thus if 7, = 0 at spatial infinity (e.g., if the matter vanishes outside some finite region) the total charge
() is conserved from one hypersurface ¢ = ¢, to another (¢ = t5):

Q :/ PedV :/ pedV
t=to t=t1

1.6 Continuous Matter

1.6.1 The stress tensor and the stress-energy tensor

See Feynman, Lectures on Physics v. 1I, Chap. 31, 40.
https://www.feynmanlectures.caltech.edu/II_toc.html;
Schutz Chap. 4;

Blandford and Thorne, Modern Classical Physics[[125] , Chap. 1
http://www.pmaweb.caltech.edu/Courses/phl36/yr2012/.

We start with the stress tensor. Here’s the introduction to it from Blandford-Thorne:

Press your hands together in the y-z plane and feel the force that one hand exerts on the
other across a tiny area A — say, one square millimeter of your hands’ palms [figure below].
That force, of course, is a vector F'. It has a normal component (along the x direction). It
also has a tangential component: if you try to slide your hands past each other, you feel a
component of force along their surface, a “shear” force in the y and z directions. Not only
is the force F' vectorial; so is the 2-surface across which it acts, X = Ae,. (Here e, is
the unit vector orthogonal to the tiny area A, and we have chosen the negative side of the
surface to be the —x side and the positive side to be +x. With this choice, the force F' is
that which the negative hand, on the —x side, exerts on the positive hand.)
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http://www.pmaweb.caltech.edu/Courses/ph136/yr2012/
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Suppose that inside a continuous material (solid or fluid) one makes a small cut perpendicular to a
unit vector n. The cut separates the matter on one side of a small plane from the matter on the other
side.

Let F' be the force needed to keep the matter on, say, the +n side n“
in the state it would have been in had there been no cut. The force F'
is just the same force that had been exerted before the cut was made = \
by the matter on the opposite side. And the force on the —n side
is, of course, equal and opposite to the force on the +n side of the
plane. Let A = n A, where A is the area of the cut.

Because the cut is small, F is linear in A. That is, any smooth

function f () has, about & = 0, the Taylor expansion

fi(®) = f1(0) + 0;f(0)a’ + O(a?).

. , S ; OF!
Here the net force F on A vanishes for A = 0, so for small A, F*(A) = S*; A7, where S*; := %(O)
But a linear map from vectors to vectors is a tensor: What we have shown is that that there is a tensor
S%, the stress tensor, for which
F* = 57 A°. (1.135)
Equivalently,
S%n? is the force across a unit area orthogonal to n°.

Since F' = %, one also says that

S%n? is the rate of flow of momentum across a unit area orthogonal to n“.

Sign of the stress tensor: Let’s go back to the Blandford-Thorne description with two hands pressing
each other. The hand on the —z side exerts a force in the +x direction, so S, > 0. If your hands are
stuck together with glue and you are trying to pull them apart, tension instead of pressure, then .S, < 0.
For shear, if the hand on the —x side is pulling up on the other hand, then S,, > 0: The force on the
hand on the +x side is in the +z direction.

In a gas, if you make a cut, you need to exert a force P A perpendicular to the cut, where P is the gas
pressure, to hold the gas in place. That is, the pressure exerts a force along n?, with the same magnitude
P A for every orientation of the cut:

Snb = Pn®, all n®
Then Sy / P is the identity map 0y, and we have
S = Pdy,.

Note that in a gas, the molecules flowing in the positive n direction (v*n, > 0) across a unit area
orthogonal to n* carry total momentum Pn® across a unit area in unit time; so in this case the momentum
flux S%n’ is tangible.

In physics, the word fluid refers both to liquids and gases. More generally, what distinguishes a fluid
from a solid is that a fluid cannot maintain a shear stress: A fluid is continuous matter with stress tensor

S = Pdy. (1.136)

(An imperfect fluid, a fluid with viscosity, is intermediate between a perfect fluid and a solid. It has
nonzero shear stress proportional to the gradient of its velocity.)
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For continuous matter in general the stress tensor is symmetric:
Claim: S is a symmetric tensor: S% = S%

Proof: We look at the torque on a small piece of the matter (called a fluid element in the case of a
fluid). The torque 7, about the z-axis involves the z- and y-projections of the forces on four faces,
shown below for a small unit cube.

Syy

1

Sxy

—>
-Gxx oxx
+— —

‘_va

Vs

\ AU

Figure 1.13: Figure adapted from Feynman Lectures, v. II, Fig. 31-9.

For a cube with sides Ax, Ay, Az, we have
Ax

A
T = 2(—S$yAxAz)79+2(symyAz)7

= (=S4 S¥)AV where AV = AzAyAz.

With p, M, I, and « the density, mass, moment of inertia, and angular acceleration of the cube,

1 1
T=1Ia=-—M(A2> + Ay*)a = EpAV(Am2 + AyH)a

12
12 1
a=—(S" -5 ———
« p ( ) A:Cz + Ay27
and tiny cubes rotate with arbitrarily large angular acceleration « unless
ST = §Y*,

The stress tensor is generalized to a four dimensional tensor 7% in the following way. An observer
t® sees as her stress tensor the spatial part of 7%

T,%% = "1 = 8%,

where 7,3 is, as usual, the projection onto the space orthogonal to te.

Since the time component of momentum is energy, 7% = —T° ?afg = TPV .t Tj is the rate of
flow of energy across a unit spatial area orthogonal to z,. And just as the 3-vector of flow (electric
current j, say) has as its time component the density (charge density p.), here

T* = density of z-momentum and

T" = energy density
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In a frame moving with the material at a point P, T% = T% = (, i = 1-3, and T*" has the symmetric

form
T 0 0 0

T = gii

o O O

Consequently 7%° is symmetric in any frame.
Exercise 23. A rod has cross sectional area A and mass per unit length (.
a. What is its stress-energy tensor when it is under a tension F? (assume F is uniformly dis-
tributed over the cross section)
b. What is its stress-energy tensor when it is compressed?
Exercise 24. Find the stress-energy tensor at a point of a stretched drumhead, assuming mass per unit
area o and uniform stress. The thickness of the drumhead is A and the force per unit length

along the edge of the drum is . Explain your choice of sign for components of the stress tensor.
(Solution below)

Exercise 25. A rope of mass per unit length 4 has a static breaking strength F. What is the maximum F
can be without violating the “weak energy condition” T,5t*t” > 0, all timelike {*? How close is
a steel cable to this maximum strength?

Two of these exercises are problems 5.5 and 5.6 of Lightman, Press, Price and Teukolsky[74]].

Solution to Note that the drumhead is uniformly stretched: Increasing the radial distance
of points from the center increases the circumference of a circle about the center. Take = and 7 to be in
the plane of the drumhead. The force per unit area along the edge of the drum is F /h. To keep the head
in place on the +z side of a small cut perpendicular to &, you need to exert a force per unit area 7 /h
in the —2 direction. That means that S** = —F /h. Similarly S = —F /h. The density is p = o /h,
implying
o/h 0
Y 0 —F/h
[TM ] - 0
0
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1.6.2 Perfect fluids in a Newtonian context

Continuous matter is a model for a large assembly of particles in which a continuous energy density
p can reasonably describe the macroscopic distribution of mass. The statement that the density varies
smoothly is the thermodynamic assumption that one can divide the dust into boxes large enough that
many particles are in each box (so that the density p = m—‘fv can be regarded as a continuous function of
the number N of particles of mass m in a box of volume V') and small enough that the change in p from
one box to an adjacent box is small: p can be regarded as a continuous function of position.

In fluids, one assumes that the microscopic particles are interacting and that they collide frequently
enough that the mean free path is small compared with the scale on which the density p changes. One
further assumes that a mean 3-velocity v can be defined in boxes small compared to the macroscopic
length scale but large compared to the mean free path and that it will be continuous over the matter. An
observer moving with this velocity v of the fluid, will see the collisions randomly distribute the nearby
particle velocities so that the particles will look locally isotropic and will exhibit a macroscopic pressure

P.

We’ll begin in the Newtonian approximation to make things intuitively clear. Formally, however, the
relativistic equations are simpler.

Euler equation: F' = ma
The Euler equation is the Newtonian equation of motion, F' = ma for a fluid element, a small piece of
fluid. Consider a fluid element with density p and velocity v.

P
P+ a—Ax
P oX
— —
Az
Ay
X AX X+Ax

oP

The pressure on the left face is P(x); the pressure on the right face is P(x + Az) = P(z) + a—Am.
T
With A = AyAz the area of the left and right faces of the box, the net force in the x-direction is

F, = Px)A—P(z+ Ax)A
oP
= ——VW
ox
where V' = AxAyAz is the volume of the fluid element. Replacing the index x by y and z, we have
F=-VPYV.

We want to write F' = ma or
—VPV =pV a,

and we need to find a in terms of the velocity field v(¢, ). The vector field v(¢, x) has the meaning
that at time ¢ the fluid element at « has velocity v(¢, ). Thus at time ¢ + At that same fluid element is
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at © + v(a, t)At and has velocity v(t + At, x + v(x)At). The fluid element has changed its velocity
by

Av = (t+ At,x +v(x, t)At) — v(t, )

ov
= (E—l—v-VV) At

in time At, and its acceleration is therefore
a=(0,+v-V)v. (1.137)

In this way we obtain Euler’s equation of motion |(“Principes généraux du mouvement des fluides,”
M¢émoires de I’ Académie des Sciences de Berlin, 1757)

p(Bi+v-V)v=-VP. (1.138)

In the presence of a gravitational field, with potential ® satisfying V2® = 47Gp, there is an addi-
tional force —pV" V@ on each fluid element; and the Euler equation becomes

p(B+v-V)v=—VP—pVd. (1.139)

Conservation of mass: The continuity equation

As a fluid element moves its volume changes. Because its mass is conserved (in a relativistic context
use baryon mass) a fractional increase AV/V in its volume is equal to the fractional decrease Ap/p in
its density.

A A dp/dt dVv/dt
pV = constant —> g ——V or P/ = — v/

1.140
p v p v ( )

where p = p(t, x(t)), V = V(t, x(t)).

We’ll begin with the change in the volume of the fluid element as it moves. It is helpful first to recall
or notice the geometrical meaning of the divergence of a vector field. If each point in a volume 1V moves
by a small amount &(x), from an initial position @ to a final position £ = x + &, the volume of the box
changes by AV =V —V = V- £V: Thatis, V - £ is the fractional change in volume. This is really
Gauss’s theorem: As illustrated by the figure below, moving V' to V moves each point of the surface S
of a volume V" along &, changing the the volume of the box by

AV = / £-dS,
S
to lowest order in &.
Gauss’s theorem now implies
AV:/ V.- £dv. (1.141)
1%
For a small volume V' the volume then changes by AV = V'V - £, or
AV
— =V 1.142
> 3 (1.142)

to lowest order in V' and &. That is, as claimed, V - £ is the fractional change in volume.


https://scholarlycommons.pacific.edu/euler-works/226/
https://scholarlycommons.pacific.edu/euler-works/226/
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Go back now to a fluid with a velocity field v(z,t). In a time At the fluid at  moves to « + &,
where & = vAt. Then, writing V - £ = V - (v At), we have

M =V.v. (1.143)
v
The change in density is given by
d dz;
ap(t, z(t)) = Op + Oip—y = (O +v - V)p. (1.144)

Finally, with these expressions for dV/dt and dp/dt, conservation of mass (1.140) is

1
;(@—}-VV)/): —V'V,
or

Bip+ V- (pv) = 0. (1.145)

This is commonly called the continuity equation.
To summarize: A fluid is characterized by its pressure P, density p and 3-velocity v. In the Newto-
nian approximation, its motion is governed by the equations

V2® = 471Gy, lim ® = 0, (1.146a)

r—00
Op+V-(pv) =0, (1.146b)
p(Oy+v-V)v=—-VP—pVo. (1.146¢)

1.6.3 Relativistic equation of motion and conservation laws.

Mass conservation is the Newtonian limit of energy conservation, and the Newtonian equation of mo-
tion, F' = ma, is conservation of momentum, when the field responsible for the force is included in
the energy-momentum tensor 7%, In terms of 7%, energy conservation and the equation of motion
(momentum conservation) are projections of the single equation,

VTP =0, (1.147)
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St

2

Sx, Q) Sy,

1

along and orthogonal to the velocity 1 of an observer.

We begin by showing that Eq. (I.147), the statement that 77 is divergencefree, has the meaning of
energy-momentum conservation.
Consider a four-dimensional box {2 whose boundary OS2 consists of the top and bottom volumes Sy,
and Sy, together with six timelike sides, S,,, ..., S.,. (A timelike hypersurface is one that has timelike
vectors at each point. A spacelike hypersurface contains only spacelike vectors.) The total z-momentum
in the volume S;, (i.e. in the box at ¢ = ¢) is

it = (density of z-momentum) dzdydz = / TP3,V gt dwdydz.

Sty Stq

(Using Vgt instead of tAﬁ avoids a minus sign.) Similarly, the total z-momentum in S, is

pg’”—/ TQBEQV5tdxdydz.
s

to

The total z-momentum that left through the timelike sides is

Ap* = / (rate of x-momentum flow per unit area) d Adt

- .

If we now denote by n, the unit outward normal at each point of the boundary 0f2, and by dS each
3-dimensional volume element of the surfaces (dxdydz, dtdxdy, etc.), conservation of z-momentum,

Taﬂ/x\a(—V5t)dydzdt +/

T2,V grdydzdt + - - - + / T2,V gzdrdydt
s s

r1 T2 Z2

it —pt + Ap® =0,

takes the form
/ T*%ZangdS = 0. (1.148)
o0

Integrating over each coordinate x* establishes Gauss’ theorem for our
4-dimensional box: For any vector field j¢

/ Vojod*V = / %N, dS. (1.149)

(0€2 means the boundary of €2.) Thus if f 7%nadS = 0 for arbitrarily small boxes €2 about a point P,
(I.149) = Voj* = 0 at P. And (1.148] means that for any constant vector field z*
Vo(T*%5) = 0,
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(z-momentum is conserved), implying Eq.
V1% = 0.

In curved spacetime, this equation is unchanged, but there will in general be no constant vector
fields like 7, and, more generally, no vector fields v® for which V(T vs) = 0. In flat space, 7° is
along a translation symmetry of the geometry, and the current j* = T*’Z4 is conserved because of that
symmetry.

1.6.4 Dust

By dust is meant a collection of a large number of very small, very light particles which do not interact
directly with each other, whose density varies smoothly, and whose velocity field (the unit tangent
vectors to the particle trajectories) is also smooth. Because of its simplicity, dust is often used as a
first, highly idealized, model for baryonic matter in the universe (the particles are galaxies); for stellar
collapse (historically, for early studies of spherical and slightly nonspherical collapse); for the disk of
spiral galaxies (the particles include the stars in the disk, as well as the interstellar medium of actual
dust particles and gas); and for thin accretion disks around black holes and neutron stars. In the last
example, a disk is thin if its pressure is small compared to the rotational energy of the disk; in general,
ignoring pressure in comparison with the kinetic energy of the macroscopic fluid motion is the dust
approximation.

Requiring the velocity field u® to be smooth means that nearby dust particles travel along nearly
parallel world lines.

\\\\\\

In order to define density, one needs to know what surface of simultaneity is being used. The natural
choice is to take at each point a small volume orthogonal to the fluid velocity at that point. Then the

u(x)
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rest-mass density p at a point x is the density measured at by an observer moving with the dust at
x—an observer with velocity u®(x). Such an observer, for whom the dust appears to be locally at rest,
is called comoving.

If there are no forces acting on the dust (if, for example, one can neglect not only the two-particle
gravitational interactions, but also the interaction of each particle with the gravitational field of the dust
as a whole) then each particle will travel on a straight line:

uPVgu® = 0.
We will see that the same equation holds in curved spacetime, with V the covariant derivative associated
with a metric whose curvature encompasses gravity.

This equation, together with conservation of mass completely describes freely moving dust, and the
equation describing conservation of mass can be obtained in the following way. Consider a 4-volume
() with sides tangent to the trajectories and whose top and bottom faces are volumes V; and V5: Think
of V| and Vj; as spacelike slices of the dust’s history. Conservation of particles is the statement that if
N particles “enter” (are in the volume) Vi, N particles “leave” V5. If m is the mass of a particle (or the
average mass per particle, if there are several species), mass conservation has the form

mN; = mN,. (1.150)

|
[/
/
/]

Our goal is to write this equation in terms of the density p. Because u® varies from point to point,
however, even if we take V7 and V5 to be slices of constant time ¢, they will not, in general, be orthogonal
to the velocity. The rest-mass of the particles entering a small comoving volume AV that is orthogonal
to u® is just M = pAV. So we need to find the mass of a small slice AV of the dust that is not
orthogonal to u®. Boosting the small slice AV of the fluid by a velocity v gives a slice with volume

AV = AVVI — 02 = AVF L, (1.151)



CHAPTER 1. INTRODUCTION: PHYSICS IN FLAT SPACETIME 76

by Eq. (I.T1)) — just the fact that lengths orthogonal to the boost are unchanged and the length along the
boost is smaller than the proper length by the factor 5_1.~We choose the slices to be small enough that
the difference in the density and velocity from AV to AV is negligible: u* = u®. Because every dust
particle that passes through AV also passes through AV, the rest mass AM is the same in volume AV
and in AV, B

AM = pAV = pyAV.

Letn, = —u, be the normal to AV with sign chosen to make u“n,, = 1, and let n, be the corresponding
unit normal to AV. Then n,, is related to n,, by a boost with velocity v, implying

Ung = —nn, =7,

as in Eq. (1.81). We now have
AM = pu®n AV = pi®Ti AV,

and the mass of dust in an arbitrary spacelike volume V' is

M:/puo‘nad\/.
v

If, as in our previous integral conservation equations, we now take n,, to be the outward normal to the
boundary of {2, conservation of mass from V] to V5 is

My — M, = / pun,dV — / punadV = 0. (1.152)
Va |4t

For example, if V; and V5 were ¢ = constant surfaces n,, would be V¢t on V5 and —V ¢ on V;. This is
the integral version of mass conservation. The corresponding differential equation again follows from
Gauss’ theorem,

/Va(pua)dQ— puanadV—i-/ punydV.
Q Va Vi

By our construction, because our spatial volume of dust moves with the dust, no particles leave it and
there is no contribution on the right side of the equation from the timelike part of the boundary of ).
Formally, because u® is tangent to the timelike sides of the boundary, u“n,, = 0 there. Because we can
choose an arbitrarily small volume of the form {2 about any point, implies that V,,(pu®) = 0.
To summarize: Freely moving dust is described by a scalar field p and a unit timelike vector field u®
satisfying the equations
Vs(pu’) =0,  u’Vau* =0. (1.153)

Energy momentum tensor: A comoving observer sees the dust at rest and non-interacting, so there is no
stress and 7% = 0, i, j = 1 — 3. Furthermore, there is no momentum density (since u’ = 0), so 7% = 0.
Finally, he sees an energy density p: 7% = p.

[ =
0
Noting that for the comoving observer (u*) = (1,0, 0,0), we have 7" = putu”, and therefore

T = puu®. (1.154)
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One expects that V377 = 0 will provide the equations that characterize the dust, and this is true:
Projecting along u,, gives conservation of mass:

0 = uVaT* =u, [u*Va(pu?) + (Vau®)pu’]
= —Vs(pu?),

where we used u,Vgu® = %Vg(uaua) = %Vg(—l) = 0 to eliminate the second term.
Projecting orthogonal to u® gives the equation of motion:

0= q* VT = ¢*, Va(pu’u") = pu’q®,Vu" = pu’V su®,
again using u, Vgu? = 0 to write ¢*,Vgu? = (6%, + u®u,)Vgu? = Vgu®.
Charged dust: If the dust is charged, but the interparticle separation is large enough that we can ignore
the electromagnetic interaction between any two dust particles (so that F'*® can be computed from an

average current density j¢ = p.u®, or from j* = p.u“+ external sources), then each dust particle will
travel on a trajectory

q
PV gu® = EFO‘Bug7

where ¢ and m are the charge and mass of the dust particle. In the continuum limit, ¢ — 0 and m — 0

. . . . mN
but % and % remain finite and p, = 11_r>r(1) q?’ P = Pm = Tlrgn)0 —— are the scalar fields that
]\?—)oo N—o0

describe the dust. Thus the equation of motion is
puPV gu® = p F*Pug. (1.155)
When the dust is the only source of F’ a8 g0 that
VP = 4mj*, (1.156)
the system of field plus dust has the divergence-free energy momentum tensor

TP = T+ T

dust

1 1
= puu’ + e FCWFBV — Z—lnaﬁFvéng

VT = ~Vs(pu®) — F¥uqj,
= —Va(pu’) — p Fuqu,
0
= —Vs(pu?) (1.157)

and
¢* VT = pu’Vsu® — F*j5 (using Ex. 16 and Eq. (T.157)):

that is, given Maxwell’s equations, the equation of motion for the dust together with conservation of
mass follows from VgTaﬁ =0:

U VT = 0= Va(pu’) =0
VT = 0= pu’Vu® = F*Pj;. (1.158)
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1.6.5 Perfect Fluids

We will obtain the relativistic equations of motion and energy conservation for a fluid from Eq. (I.147),
VT = 0, and will then verify that they agree with the Newtonian equations in the limit v < ¢, P <
pc?. We again assume a fluid-element description, boxes large enough that pressure, density, and fluid
velocity are defined, and small enough to neglect their change across the box. Saying that the fluid is
shear-free is then equivalent to saying that a a comoving observer sees the fluid as isotropic: In a box
small enough to ignore changes in density and pressure there is no preferred spatial direction. That is,
the components of the fluid’s energy momentum tensor in the observer’s frame must have no preferred
direction: 7" must be invariant under rotations. We can see this as follows: The components T
(1 = 1 — 3) transform as a 3-vector under rotations and so can be invariant only if

T% =0 (1.159)

(for a comoving observer, the fluid element’s 3-momentum vanishes). The spatial part of the tensor can
be invariant under rotations only if it is a multiple of §: Pick a frame in which the symmetric matrix
T is diagonal. Unless all three eigenvalues are the same, the largest or smallest eigenvalue picks out a
direction — along its eigenvector. It follows that the only nonzero components of 7" are the rotational
scalars 7% and §9T%, /3:[f]

p

P

17| = (1.160)

P )
P

where we have defined p and P by

p:TOO

1

In the comoving frame, the fluid’s four velocity has component v* = (1,0,0,0), and the projection
orthogonal to u®,
¢ = n® + uP, (1.161)

has components

lg" |l = e (1.162)

Then
™ = puru” + Pg"",

and we have ’ ,
T°° = puu’ + Pq*" = (p + P)uu’ + Pn’. (1.163)

%Equivalently, we can decompose the spatial tensor 7% into its symmetric tracefree part, the shear tensor, S = T —
$00T¢, and its trace: T = S9% 4 L60T¢. A symmetric tracefree tensor transforms as an irreducible j = 2 representation
of the rotation group and is therefore rotationally invariant only if it vanishes (as our quick eigenvalue argument shows).
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Conservation of energy. uo VT =0
0 = ua VT = u,Vspu®u® + Pg*”]
= —Vs(pu”) + PuaVs(n™ +uu’)
= —Vs(pu’) — PV -u
Vs(pu’) = =PV -u (1.164)
The equation means that the mass of a fluid element decreases by the work,

PdV =PV V- udr, (1.165)

it does in proper time d7. That is, in proper time d7, the fluid element is displaced by £* = u®dr.
Eq. (I.142)) implies, for a volume V' orthogonal to u®, the quantity dV//V is the spatial divergence of £,

the divergence in the subspace orthogonal to u“:
dVv
v - "V os = ¢*°V qugdr = V,udr.

This is Eq. (T.165)) .
Equation of motion. q“, VTP =0
0 = ¢* Vslpuu’ + Pg™
= ¢“,pu’Vau? 4+ ¢*PVsP + ¢*, PV s(u’u?)
= puVu® + ¢*’VP + Pu’Vzu®
(p+ P)u’Vau® = —¢*PV4P. (1.166)
Newtonian limit: Let e be a small parameter of order v/c or vsouna/c, whichever is larger.
W= (1L0) +O(2),  Plp=0(c?)
p = rest mass density + O(e?).
Then Eq. (1.164) implies
O (put) + 0;(pu') = —P(du' + du’)
Oip + Oi(pv') = 0+ O(e?),
in agreement with the conservation of mass equation (1.146b). Similarly, Eq. (1.166)) implies
putV ' = —V'P
p(@t + ’UjVj)Ui = —VIP,
in agreement with equations (I.146c).

Relativistic energy conservation, Eq. (I.164), also implies the Bernoulli equation, expressing energy
conservation in a Newtonian flow. We have only looked at its lowest-order form, obtaining conserva-
tion of mass at order ¢"; to extract Newtonian energy conservation, one must keep terms at the next
nonvanishing order, order e.

To summarize what we have just shown:

The fact that a perfect fluid is locally isotropic implies the form of its stress-energy tensor. The fact that

the stress-energy tensor is divergencefree (true for any system) implies all of the equations governing a
perfect fluid — the equations that we first obtained by following in detail the motion of a fluid element.
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Exercise 26. Show that the entropy of a fluid element is conserved for a perfect fluid: The 2nd law of

thermodynamics can be stated in the form dE = T'dS — PdV, where

dV = the change in a volume V' | u® (i.e., V is a comoving volume)

dS = the change in entropy of the fluid element

dE = the change in energy of the fluid element as measured by a comoving observer.

a. Introduce a conserved baryon number density n:

Conservation of baryons is V,(nu®) = 0. Show that if the number of baryons in a fluid
element is constant, its volume satisfies u“V,V = VV u®.

b. Show that usV, 7" = (0 implies
u-VE =—Pu -VV.

c. Conclude from the 2nd law that the entropy of a fluid element is constant along its world
line: s
u-VS=—=0.
dr
Exercise 27. Doppler Shift. Photons move along null geodesics and have null four-momenta: p“p, = 0.
An observer with velocity t“ decomposes p® into energy and 3-momentum in the usual way:

p* = Et* + p9, where t,p] = 0. Because p® is null, the decomposition has the form
pa — E(ta _|_ nOl)’

where n® is a unit vector along p. We can identify the spatial 4-vector p¢ with a 3-vector p® that
lies in the 3-space orthogonal to t“: In an orthonormal frame with timelike vector ¢,

p=(E,p)=E(,n") p=(0p) n*=(0,n).

Photon energy and 3-momentum are related to frequency by E' = hw, p® = hk®. If we define
a wave 4-vector k“ by hk® = p“, then the observer u® sees frequency w = —Fk,t“ and wave
3-vector hkS = p, or k* = wn.

Let u® be the velocity of a second observer, moving at 3-velocity v relative to the first. By
computing the dot product u®k,,, show that this observer sees a frequency w’ given by

1—
w':wv(l—v-m):wM

with « the angle between the velocity of the second observer and the direction of the photon, as
seen by the first observer.

Exercise 28. (Similar to Hartle 5.17) Relativistic beaming. This is a challenging problem, and hints
follow this set of exercises. Hartle’s answer book gets part of it wrong.
A body emits radiation of frequency w, with j photons per unit time emitted isotropically in the
source’s rest frame. An observer sees the body move toward her with speed v along her z’ axis.

a. Let o/ be the angle between a photon path and the source’s velocity, measured in the ob-
server’s frame, and let o be the corresponding angle (between the photon path and the
source’s x-axis), measured in the source frame. Using the 4-vector £%, show

N e

= , Where y = . *
T o [ = cos (%)
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b. Find the number flux of photons j’(a/) seen by the observer, at a fixed distance R from the
source (as measured by the observer). Note that, if o’ and « are related by (x), the photons
emitted by the source at angles between « and v + da are seen by the observer at angles
between o/ and o + do’.

c. Find the intensity f'(«’), the energy flux measured by the observer.

d. Discuss the beaming of number flux and energy flux as v — 1:
For v >> 1, show that v = 1 — 525 + O(y™*). Using this and cosa’ = 1 — 30 + O(a"),
83 4
(1 +7a®p”

For what angles is j'/j > 1? For what angles is j'/j < 1?

show that j' = ignoring terms of higher than quadratic order in o/, 1 /7.

Exercise 29. GZK cutoff (Also adapted from Hartle). The highest energy cosmic rays have energies of
about 3 x 10%° eV. A celebrated argument by Greisen,[60] and by Zatsepin, and Kuz’ min[136]
shows that they cannot have traveled farther than about 107 ly, not much farther than our Local
Group of about 30 galaxies (Our local group extends slightly past Andromeda). GZK note that
particles with high enough energy interact with photons of the cosmic microwave background
(CMB) to produce pions. A typical cosmic ray is a proton, and the dominant reactions are

pry— nt+at  pty—p+a

The reactions can proceed only if, in the center of mass frame, the energy is high enough to allow
the final particles to emerge with zero speed.

o «@ o [e%
Py = MaUgn, PR = Maligyy.

(At higher energy, they emerge with nonzero relative velocity.) Find this threshold energy as
follows:

a. Write conservation of 4-momentum and square both sides of the equation to deduce
2 2
2D Poa — My = — (M + my)”.

b. What fractional error does one make in m,, + m if one replaces m,, by m,,?

c. Suppose that in a frame for which the CMB looks isotropic (e.g., the Earth’s rest frame, to
about 0.1% accuracy) the proton and photon are moving toward each other. Use the 3+1
decomposition of p‘(lv) and p; in this frame to show (with m, = m, and v = 1)

EOMB = T (4 ) 3 10%%V.

2E$M B 2m,,
: 1 ; : 28 2
d. The mean free photon path is / = ——, with a cross section ¢ ~ 2 x 10 cm*® and n,
N0

the number density of photons in 2.7° blackbody radiation, about 400/cm?. Check that / is
the 107 ly mentioned above. Protons with lower energy, however, will also interact if they
encounter photons with higher energy in the thermal blackbody distribution. As a result, the
interaction will also cut off protons of lower energy that come from larger distances. Use
your knowledge of the energy distribution of particles (photons) at temperature 7’ to estimate
the minimum energy that a proton must have to have mean free path ¢ less than the radius of
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the visible universe.

Hint: First find the number density of photons for which / is the size of the visible universe;
next estimate the energy of photons with this number density, in a thermal distribution at
about 3°K; finally, for a photon of this energy find the threshold energy of the proton, from

(c).

Hints for

(Ma+ 1)k

. = (,a — 1)k Lnguspt o1y esn pue 3payo ‘Ajduns of, -,y (,0),0 = (0),f

%1p owry UL {5p O[SUR PI[OS Ul PAAISSO

are suojoyd osoyy st pue 2p (Lf)/5pL St gp owily Ul ¢jp o[8ue PI[os ojul pejjiume suojoyd Jo Isquinu ot
Ap,Tla — p auwll) I9AISSqO UR I9jJe I9AISSCO ST[} SIUDRDI 2P 18 Dol

uojoyd e pue gpfa — p SI IOAISSCO PUR 9OINOS UOOMID(] 9OURISIP O] ‘IpL = ,2p OWI) IoJel & 1y ‘oWRIJ
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‘we[qold Surureaq OI)SIAIYR[I I0] SHUTH
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1.7 Curvilinear Coordinates

A coordinate system (chart, in the mathematics literature) on an n-dimensional space M is a smooth
map assigning to each point P of M n numbers (z!(P),...,z"(P)), called the coordinates of P. That
is, a coordinate system is a map x : M — R" with x smooth and invertible. The natural coordinates

]RZ

X X(P)=(2,B)

Figure 1.14: A coordinate system z : M — R? in two dimensions.

(t,z,y, z) on Minkowski space provide an obvious example. Another is spherical coordinates (¢, r, 6, ¢),
although strictly speaking these are coordinates on M with the points x = y = 0 (the history of the
symmetry axis) removed: P — (¢(P), r(P), 0(P), ¢(P)) is neither smooth nor invertible on the
Z-axis.

The two-dimensional figure below shows coordinate systems z : M — R? and y : M — R2. The

RZ

X(P)=(x'}x?)=(2,3)

Y(P)=(y"}y’)=(3,2

change in coordinates (y', 3?) — (x!,2?) is the map x o y~! : R? — R?, smooth and invertible if and
only if the Jacobian matrix '
ox’
oyl
of z oy~ is smooth and has nonzero determinant. In physicists’ notation, the coordinate transformation
is written z(y) instead of z oy~ *. We will see that the Jacobian takes components of vectors and tensors
from one coordinate system to another.

1

1.7.1 Components of Vectors and Tensors

A coordinate system on M provides a basis at each point P for the vectors at P. The radial basis vector
e, = T ata point P in spherical coordinates, for example, is tangent to the path through P with constant
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6 and ¢ coordinates, the path c¢(\) with coordinates ( z'(\) ) = (r + ), 0, ¢). In general, for a coordinate
system z, the path along which only x! changes is the path with coordinates

A= (z'(P)+ \,2*(P),...,2"(P)) (1.167)

and can be regarded as the z*-axis through P. The tangent to this path is the first basis vector e; at P.

Similarly, the tangent to the z2-axis through P, to the path with coordinates
A= (a'(P), 2(P) + A, &*(P), .., a"(P)),

is the second basis vector e,.
If f is any function on M, the directional derivative of f in the direction e, is the derivative of f

along the path (1.167) tangent to e,

of d .
@(P):af(l'l(P)"')\,l'Q(P),,m (P)) >\:0:€1‘Vf.
In abstract index notation, 5
el-Vf:el“Vaf:—f. (1.168)
ox!

For this reason, as mentioned earlier, the vectors e; of a coordinate basis are often written ;. Regarded
in this way as a directional derivative, the vector e; is the map,

ei(f)=e-Vf=0rf,
of Egs. (1.60) and (1.6T).

Return now in notation from a generic dimension to 4-dimensional Minkowski space. The basis dual
to {e, } is just the set of covectors

W' =Vl W=Vl w? =V Ww=Va?, (1.169)
because
o o ozt
wh(e,) = w'ye,® = e,*Vyat = = oh. (1.170)
/\j a:E”

use (L.168)

The components v* of a vector v with respect to the coordinate basis {e,, } are called the components
of v in the coordinate system x. If ' is another coordinate system, with {e#/} the associated basis, e,
can be related to e, in this way:
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of  Of dzr  Oar

ey(f) = Dl Bk D axu,eu(f). (1.171)
That is, 5
h
ey = We“ (1.172)
oz . . . /—1
(where Do is the Jacobian matrix of the map x o 2'~*). Then
x
’ 8x”l
v=1v'e, =1v'e, = v“%ew ,
’ ax#,
uo_ W
— H = a[E“U , (1.173)
where we used (1.172) with primed <+ unprimed.
Similarly, the dual basis vectors w*" are related to w* by
’ ’ ax“, ax“l
uo_ wo_ no_ 1
wh =Vt = Dk Vit = Gx“w , (1.174)

whence the components o, of a covector transform in the manner

’ 0$” ’
oyw! =o,w =0, p wh
ox*
= UN/ = WU“ . (1175)
(This also follows from (1.174) together with o, v" = o, v*'.)
For arbitrary tensors T8 -5, W€ have

ot ozt ozr” Oz ox™

e =9 I e (1.176)

ozt Oxv Ox° ox™

This is just a special case of the transformation law (1.41)), where, in the case of coordinate bases, the
/ . . . . — —
a*, and a*,, matrices are the Jacobian matrices of the transformations 2’ o 2~ and x o 2/~ %

ozt
WY wo, 2

at, = Er at, prTa (1.177)
Because P has coordinates 2’( P) in the primed system and z(P) in the unprimed system, Eq. (1.176)

is sometimes written with explicit arguments 2’ and z:

B Ozt ox™

- Oz ox™

T () T . (x). (1.178)
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1.7.2 Covariant Derivatives
We want to find the coordinate components of V. T%... in terms of the partial derivatives

0 T

ox? T
In abstract-index notation, the covariant derivative of a vector v® is unambiguously written V,v”. An
ambiguity in notation arises when we write the components of V,v” in a basis: Because the vth compo-
nent v¥ = w”(v) of a vector field v* is a scalar field, the pith component of its gradient is d,,v”. Since we
write the gradient of a scalar in the form V,, f, the ;ith component of v” could be written V ,v", but this
is not the way the symbol V ,v" is used by physicists. Instead, it is natural to write the ;-vth component
of the tensor V,v” as V,v”. When we use curvilinear coordinates (or a basis that is not a coordinate
basis, or when we work in a curved spacetime) the two possibilities are not equivalent, because the basis
vectors are not constant vector fields: The gradient of the scalar v” has as its puth component

V(o) = V(%) = 8,(0°w) = 9,0
while the p-vth component of the tensor V,v” is
(V)" =V, (v*'w") — vV, W, = 0,0" — vV W, (1.179)

The second expression involves the covariant directional derivative of the basis vector w"” in the direction
of e,,. For the gradient of the scalar v” (rarely needed), these notes will use the expression V,(v"), with

p1th component
V. (V") == 00" ; (1.180)

the parentheses means that the component is found before the derivative is evaluated. We could similarly
write the y-vth component of Vv in the form (V,v)” to make clear that the component was computed
after the covariant derivative was evaluated, but we will follow the standard physics notation, omitting
the parentheses, and writing

Vv = (V) = (VoM = (efvlgva)w (1.181)

1%
.
The expression analogous to Eq. (1.179) for the covariant derivative of a covector o, is then

V.o, = eﬂo‘eyﬂvaag

= Vﬂ(e,,ﬁag) - (Vuevﬁ)oﬁ'
Again, for a coordinate basis, V, f = 0, f, and we have
V.0, = 0,0, — (V,e,)os. (1.182)

The vector V e, is the covariant directional derivative of e, in the direction of e,. Because it is a
vector, it can be written as a linear combination of basis vectors, namely

vuel/ - F)\V/Le)\ (1183)

The coefficients FAW are called Christoffel symbols (or, for an orthonormal basis, Ricci rotation coeffi-

cients). We have
I = e,"Vale,) wy. (1.184)
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Using the defining equation, (1.183), Eq. (1.182)) for the components of V05 becomes

V.0, =08,0, T, el 05 =0,0, T, 05 (1.185)
Observing that
Vu(wp)efs = Vuwse’s) = (Vuey)w"s
= 90"\ — T\,
- _]-—w)\;m

we obtain from (1.179) the components of V gv
V" = 00" + TV (1.186)

Equation (1.186) could also have been obtained from (1.185), using V,(v"0,) = 0,(v’0,) and the
Leibnitz rule, V,(v"0,) = (V,0")o, + 0"V ,0,.

With components of the covariant derivative of vectors and covectors computed, the components of
V. T s follow quickly. One acquires one I" with a + sign for each up index and one I" with a — sign
for each down index:

V)\T'u”.yg'u-'r _ w“a . .wyﬁeay L. erav)\Tam’Bv...a
= VA(TO‘"'BV...M“Q WV gegY 675)
=T sVA(Wa) - wgeT e — = TP sl (Vawp)es - e
—T B st W g(Vae]) el — o = TP sty wge) - (Vae)
VATH gy = NI gy A THNT Y o £ T\ T
— T = =TT, (1.187)

Eq. could also have been obtained from Eqs. (I.183) and (1.186)), using the Leibnitz rule
and the fact that any 7*?_ s is the sum of outer products of vectors and covectors. The derivation
above is a little more direct. In this derivation, the only place where we used a the fact that {e,} is a
coordinate basis is in replacing the directional derivative V,, f by 0, f. In a general basis, Eq. (1.187)
has the form

VAT gy = VAT o) A TH AT o 4o+ TV TH
ST TP — e = T TR (1.188)

We next evaluate I'*,,, when {e, } is a coordinate basis.
First note that in a preferred coordinate system

>Pf
Ozxrox?’

V.V,f =
because partial derivatives commute for smooth scalars f,
Vi,Vyf=0.

(In fact, because all components of V|,V f vanish in some basis, they must vanish in any basis:
ViaVa f=0)
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Now in a coordinate basis, we have V, f = 0, f, and our equation for the covariant derivative of a

covector, (I.183), implies
V. V.f=00,f —T?,,.0\f,

ViV f =0= 0,0, f = Tuorf = T puonf
That is, for a coordinate basis, F’\[W] =0: I w18 symmetric in y and v:
M, =1*,. (1.189)

jng

Once the symmetry of I'*,,,, is established, its value can be found in terms of the components 7,,, of the
metric. To do this one uses the equation
Vangy = 0. (1.190)

The components of (I.190) are
v,unzl/\ = 8#”10\ - Fay,uncr)\ - FaAunua =0.
Defining

. TO
F/\p,u =T uvToXs

we have
8u77u)\ = F)\Vu + Fuz\u-

To find I'y,,, one cyclically permutes A, p, v:
aun)\u = F/J,)\V + F)\w/

a)\nuu = Fuu/\ + Fuuz\
Add the first two equations and subtract the last:

%TM + aﬂhu - 8)\77,u11 = F/\uu + FuAu + FW\V + FAW T lvph T l%é

aunu)\ + a:ﬂ?;m - 8,\77W = 21—‘)\;w'

(The symmetry of I was used to combine or cancel each pair of terms.) Then

1
Dy = 5[@”71& + Outux — OATyuw] (1.191)

and

1
F)\py - inAL {8,unub + aulr],uL - aL,r],LLV]' (1192)

As soon as we go to a curved spacetime, the same steps will give the same result in terms of an arbitrary
metric gog3.
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1.7.3 Examples

Example 1: Consider Minkowski space with two spatial dimensions in the coordinate system ¢, r, ¢:

T =1 coso, y =1 sin g, gb:tan_ly, r= (22 + )2 (1.193)
x
The covariant basis vectors are
W =Vat, WP =Vap and W'y = V,r. (1.194)
with
ox ox
Vor = 8—¢Va¢ + a—V r
= cos¢ Var—r sin g V.0 (1.195)
Ay
Vay = a—V T+ a—¢va¢
= sing Vor+1r coso Vyo. (1.196)
Then
Nag = —VatVat+ VoxVgr + V,yVay (1.197)
= —VatVst+ (cos pVar — rsin ¢V ,0)(cos oV gr — rsin pVso)
+(sin ¢V or 4 1 cos oV ,0)(sin ¢V r + 1 cos ¢V )
= —VatVst + (cos® ¢ +sin® ¢)V,rVr + (—rsin ¢ cos ¢ + sin ¢r cos ¢) V,rV o
0
+1r2(sin® ¢ + cos® @) VoV 3 + (—7sin ¢ cos ¢ + 7 sin ¢ cos ¢) Vo4V ar, (1.198)
0
giving
Nag = —VatVat + VarVsr + 12V ,06V 50. (1.199)
Thus
N = —1, Nrr = 1, Mo = r?, and 7, =0, p#v.

One could also have found 7, by, e.g.,

ot ot +8t8x +_”+@@
a¢a¢ntt a¢a¢nt$ a¢a¢nyy

_ 6_x @ 2.2 2.2, 2
= ((9(;5) +<3¢> = r°sin” ¢ + r°cos” ¢ = r-,

but the calculation from (1.197) to (1.198) is more efficient.
The following notation makes coordinate calculations look simpler and more natural: Write

yes

Write  dx* for Vot = wh,. (1.200)

Then, writing d,, for e, we have dx"(0,) = 6};; the metric tensor 15 = 1, Va2V gz” is 0, drtdx”
and is abbrev1ated ds:
ds* = n,,dz"dz”. (1.201)
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The change of basis resulting from z# — 2#' is written

/

’ aﬂ?“ aCL’“
W 1 -
dxt = D dx Oy = Dl Oy,
and the change in metric components is then
ds® = . dot da”’ = Nudxt dx”
Ox# Ox" P
= (77“”_833;/ aa’:’/) dIH dl’ .
Eq. takes the form
ds* = —dt* + dz* + dy?, (1.202)
Egs. (1.195)) and (1.196) become
dr = cos¢dr —rsin¢ do
dy = sin¢ dr + rcos¢ do, (1.203)
and, by substituting (1.203)) into (1.202}), we obtain
ds® = —dt* + dr® + r?d¢*. (1.204)

Thus, by identifying the “infinitesimals” dx’ that had no precise meaning (by themselves) with the coor-
dinate basis vectors V2 — the gradients of the scalar fields x* — the intuitively clear but mathematically

ill-defined equations (1.202))-(1.204) are given a precise meaning: they are the tensor equations (1.195)-
(L.199).

An occasionally encountered notation for the contravariant metric is
82 _ 82 62 1 82
s — Yt + r + ﬁ @

(This does not denote and is not the Laplacian in polar coordinates.)
Christoffel symbols: Because the only non-constant metric component in (1.204) is
nse = r?, the only nonzero components I'y,,, are

1
Lros = =509 = —1,
1
Loro = Logr = 5 Ortgo =1, (1.205)
and the only nonzero I'*,’s are
1
FT¢¢ = —-T F¢r¢ = F¢¢r = 7’]¢¢F¢r¢ = ; (1206)

To see what (1.206)) means, look at the basis vectors 8, and 9, in an r-¢ plane (a t = constant plane):
0, is a unit vector: Vn(0,,0,) = /1 =1 (1.207)
9, has length r: (0, Bp) = /Mo =T (1.208)

~ ~ -~ 1
That is, if ¢ is a unit vector in the 9y direction, ¢(f) = ¢ - Vf = —04f, whereas 94(f) = 0, f, so
r
8¢ = T‘qb.
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7, t constant

Figure 1.15: The basis vectors 8, and 9,

Along a curve of constant r and ¢, when only ¢ changes, d, and 8, don’t change, so
V.0, = V0, = 0, implying [, = 0, T'*,, = 0.
The r-¢ plane is more interesting: Along a curve of constant ¢ and ¢, 9, is constant but 94 changes its
length: Since the length of 9 is r, and along a ¢ = constant curve the direction of 94 doesn’t change,

Op |, ynr = ) 0 |,
V.8, = lim (8 |renr — By ) —— = ~8, .
Ar—0 Ar r
Then
| % and I",=1I"%,=0.

We can similarly find V40, and V;0,4: Along an r, ¢ = constant curve, the lengths of 94 and 9, are
constant but their directions change — see Fig.

Oplp+ns = cos AP Oply — rsin A¢ 9,

1
8r|¢+A¢> = COS A¢ 87«‘¢ + ; sin Agb 8¢|¢
1

Vods = lim 5 0sl61a0 — Bpls] = —1 B,
. 1 1
Vodr = lim 35 [Orlo+as = Brls] = — 8y
= Tgp = -1 Tl =T%;=0
1
Iy, = = [y =17 =174 = 0.
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Example 2: A spherical null coordinate system for Minkowski space: The coordinates are u, r, 6, ¢ .

u=t— (2% +y*+ 222 t=wu+r
r=(2? +y* 4 2%)? x = rsinfcos ¢
2 .2\1/2
0 =tan~! {M} y =rsinf sing
z

1Y
¢ =tan ' = 2z =rcos#,
where, of course, ¢, z,y, 2 is a natural coordinate system.

Here’s a diagram of a # = constant hypersurface with some constant-u light cones.

Notice that the u = constant surfaces are not orthogonal to the » = constant surfaces. This implies
that the basis vectors 8, and 9, are not orthogonal, because 3, is tangent to a line of constant 7, #, ¢ and
0, is a null vector tangent to a line of constant u, 0, ¢.

X
>/
X

N,
o/

<
2/

4

i

/
>

N\

constant

1,0, =

Figure 1.16: The basis vectors 3, and 9,

On the other hand, 8y and 9, are still orthogonal, because the § = constant and ¢ = constant surfaces
are orthogonal.

\\
~, 1,60 =constant

u,r, ¢ =constant |

Figure 1.17: The basis vectors 8y and 9
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Because 9, and 8, are not orthogonal, the ¢ component of the metric is nonzero:

ds* = —dt? + da? + dy? + d2?
—(du + dr)* + (drsinf cos ¢ + 1 cos 0 cos ¢df) — 7 sin  sin pde)*
+ (dr sin 0 sin ¢ + r cos 0 sin ¢df + r sin 0 cos ¢dp)* + (dr cos @ — rsin 0df)?;

collecting terms and using cos® +sin® = 1 a few times gives

ds® = —du® — 2dudr + r2d6* + r? sin® 6d¢?, (1.209)
or
1 -1
-1 0
7 || = 2 : (1.210)
r2sin® 6

Note that the off-diagonal components 7, and 7,,, are —1, not —2: Eq. (1.209) is a shorthand for

Nap = —VauVau + VouVer + VorVeu + 12V .0V 0 + r° sin® 0V , ¢V 5¢; (1.211)
that is, dudr means the symmetric tensor %(VQUVWHLV@TV su). The contravariant metric components
are

0 -1

, 1 1
]| = o . (1.212)

r~2sin"246

The basis vectors 8, d,, 8y and 8 have lengths |8,,|> = [17(8y, D,)| = || = 1 or

10u] = V/|1uul = 1,
10:| = /|| =0,

10| = /|106| = T,

|6¢| =1/ |T]¢¢| = T’SiIl@.

The covariant basis vectors have lengths

[dul = /[n(du, du)] = \/In**VauVgu = /] = 0
|dr| = /" =1
df) = /o =
de| = W

rsm@
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Gradients of functions, of which covariant basis vectors are an example, can be visualized in either of
two ways: The first is the way countour lines show the changing height of a hill or valley.

1. To picture dx*, draw a set of z* = constant surfaces a given coordinate distance Ax* apart. When
dx* is large, the surfaces will be close together, and when dz* is small, far apart. If v* is a vector
tangent to some curve ¢()), then v = v*V,a# = “La#(¢())) is the rate at which a coordinate
distance z* is crossed in parameter length A along c. So if you draw v® as an arrow with length
proportional to the components v*, then its length will be proportional to the number of surfaces

the arrow crosses.

dx#

The natural way to visualize the gradient df = V f of a function is then as a set of planes tangent
to f = constant surfaces, and it is presented that way in Schutz pp.61-2 and in MTW 2.5 and 2.6.

2. You can raise the index of the naturally covariant vector V,2* and then draw the resulting con-
travariant vector V*x* as an arrow. With an orthogonal basis and Euclidean metric, the result is
an arrow that looks perpendicular to the surface in a diagram. Here, without some practice, the
contravariant vector often looks peculiar, dramatizing the fact that, for any function f, V,f is
naturally a covariant vector.

|V“t

|

t = constant VY

u = constant

Figure 1.18: The vectors V¢t and V®u acquired by raising the naturally covariant vectors V¢ and V ,u.

In the first example, despite the fact that ¢ increases to the future, V¢ is a past-pointing vector. This 1s
due to the — + ++ signature of the Minkowski metric: The ¢, z, y, z components of V¢ are
(V*t) = (—1,0,0,0).

In the second example, V,u is null: n*” VauVgu = 0, and we can see as follows that the raised
normal to a null surface, V“u is a vector that lies in the surface! Start with the fact that, for any scalar
f, if v is a vector orthogonal to V f (i.e., v*V,f = 0), then f is constant along v: That is, v* lies in
a surface of constant f. Here, with f = w and v* = Vu, the relation V*uV ,u = 0 implies V®u is a
vector lying in the « = constant surface.

Check:
Viu =n*""V,u =nh" = —o¢

T

where we have used Eq. (1.212) for the contravariant components n*” in u, r, €, ¢ coordinates.
So, in these coordinates, V*u is —0,.
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Exercise 30. Consider 2-dimensional Minkowski space, with natural coordinates ¢ and x. A family of
uniformly accelerated observers follow the trajectories

t(T) = X sinh T, z(T) = X cosh T,

with X fixed for a given observer.

a.

Show that, at each point, the curve with 7" fixed and X changing is orthogonal to the accel-
erated trajectory, the curve with X fixed and 7' changing.

Show that the coordinates 7', X cover only half of 2-dimensional Minkowski space. Show
that the coordinates are not defined on the lines * = =+, so they really cover two disjoint
quadrants. The right-hand quadrant in these coordinates is call Rindler space. Show that the
metric in these coordinates, is ds®> = —X?2dT? + dX2.

. The boundary line x = ¢ is analogous to a black hole horizon for uniformly accelerated

observers: Show that signals from the far side of that line never cross it and therefore never
reach observers who remain in Rindler space. (Observers at rest relative to a Schwarzschild
black hole must uniformly accelerate to remain at rest; they are in this way analogous to our
Rindler observers. The analogy is part of an equivalence-principle relation between Rindler
space and a black hole spacetime.)

Al A A3

Exercise 31. a. Show that¢;,A'B’C'= Ax B-C=| B B> B3

b.
c.
d.

ct c? c?
Using part (a), write the determinant of a 3 x 3 matrix a;; in terms of €;;y,.
Show for any covector A, that V, A, — VA, has components 9;A; — 9;A; in any chart.

Similarly show, for any antisymmetric tensor A, _,, that the components of V(,A; . are
simply O A;j. ).

Exercise 32. Let g, be the metric of flat 3-space, ds? = dx?+dy*+dz?. Let {e; } be any basis, and write
the relation between {e; } and the natural coordinate basis {e;} in the usual way, e; = e;a’;.

a.
b.

C.

Show that the determinant g of the metric has the value g = [det(a)]? in the primed basis.

Show that €4, = det(a)e;;x, and conclude that ¢, = /g. In other words, dropping the
primes, in an arbitrary basis {e;}, €123 = /7.

What is €, in an arbitrary basis, in terms of g ?

Exercise 33. The metric of 3-dimensional Euclidean space in Cartesian coordinates is ||g;;|| = ||0;;]| or
ds? = dx® + dy? + dz*.

a.
b.

g0

Find the metric in spherical coordinates r, 8, ¢.
Find the components of the contravariant metric g% in spherical coordinates.
What is the value of €,g,? Of €792

Find all nonzero Christoffel symbols I" j;

. Find the volume of a sphere by writing V' = [ V9 drdfde
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Exercise 34. Divergence and Laplacian (still in 3-d).

a. Show that the divergence V,A“ of a vector can be written in the form
1 abcv ( Ad
9 € a\€bed )

b. Using the fact that this expression involves the derivative V, T3 of the antisymmetric tensor
The = €peqA, show that the divergence can be written in any chart in the form
1

V9

c. Conclude that the Laplacian V,V f can be written in any chart in the form

9;(y/g A).

L
NG

d. Write the Laplacian in spherical and cylindrical coordinates. Cylindrical coordinates are
often written o, z, ¢ in astrophysics. “zo” is script 7, used instead of p to avoid confusion
with density. The relation to Cartesian coordinates is © = w cos ¢, y = w sin ¢.

0i(v/9 9" 0;f).

Exercise 35. Short answer questions:

a. What are the components of a flat 3-dimensional metric in the orthonormal frame
e, =7, eg=0, e; = .
b. What are the components ¢;;; in that frame?

c. Show that the redshift from a source of light moving away from you at speed v has the

e e A
nonrelativistic limit z = ~ = .

d. Show that the sourcefree Maxwell equation V|, Fj.) is equivalent to

VaFisy + VsFy + Vo Fag =0,



Chapter 2

Curved spacetime

2.1 Manifolds, Smooth Functions (Scalar Fields), Tensor Fields

A smooth n-dimensional manifold can be thought of as a smooth n-dimensional subset of some R™,
m > n. For example a curve in R™ is a 1-dimensional manifold; any S™ is a smooth n-dimensional
subset of R™*!; on the other hand, a self intersecting surface is not a manifold, and a curve with a cusp
is a manifold, but not a smooth manifold. The embedding space R™, however, plays no real role here,

and n-dimensional manifolds are defined intrinsically by piecing together open blocks of R".
O<z<4

O<y<l1 > by

For example, a closed strip can be made from two pieces of R?, each one the piece

gluing the squares of the same color with two different identifications:

14 y'

Figure 2.1: Two different gluings of the two pieces of R? give an orientable strip and a Mdbius strip.

For the ordinary (orientable) strip, glue the point (z, y) to the point (z’, y') where

(@, y) =(1—uzy), 0<zr<l,0<y<l1
(', y) =(7T—uz,y), J<x<4,0<y<1.
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Similarly, a M&bius strip is made by the overlap maps (gluing instructions)

(', y)=(1—z,—y), 0<z<l, 0<y<l
(', y") = (7T—z,y), J<r <4, 0<y<l1.

More formally, one defines a manifold M by requiring that each point P of M be in the domain U
of some coordinate patch z : U — R" whose range x(U) is an open set of R”, and that in the regions
of R™ corresponding to the intersection U N V' of two coordinate patches x : U — R", y : V' — R", the
maps z oy~ ! and y o 2! are differentiable inverses of each other. A smooth function (scalar field) on

M is a map from M — R smooth in each coordinate system. Thatis, f : M — R is smooth at P if
foxz ! :R™ — Ris smooth at z(P).

Mathematicians use the word “chart” instead of “coordinate system” because it has one instead of
six syllables and because of the ordinary language/technical language statement that a chart is a map.
“Chart” will be used in the notes because it’s shorter.

Vectors

In Minkowski space a vector v® at a point P could sim-
ply be identified with the directed line from P to the point
@ with Q* — P* = v* In a curved space, if one em-
beds the manifold in R™ (see picture at right), the tangent
to a curve in M, regarded as a curve in R™, is an arrow
that sits not in M, but in the (hyper)plane tangent to M at
P.

The figure shows a sphere embedded in R3. The tangent vec-
tors v¢ and v§ to the curves ¢; and ¢, (regarded as curves in R?)
lie in the tangent plane 7pS to S at P.
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If we wanted to carry the embedding space along, we could identify the tangent vector with this arrow
in R"™; but the macroscopic universe in which we live is 4-dimensional, so we are handed M, not the
embedding, and keeping R™ needlessly encumbers the mathematics.

Instead, as in Eq. (I.60), one identifies the tangent to a curve c(\) at P with the linear map from
{smooth functions on M} to R given by

d
v:fo(f) =v"Vaf = —flc(N)] @.D
dA \—0
As in flat space, the components of v® in a chart {2°}, are just v'(P) = 51’2()\)
A=0
Then vV, f = v'0; f, and the i*" component of v is
v' = v(z'), because v(z') = v/ 92" = vj5§ =0’ (2.2)

A vector is a linear map from functions to R, but the definition has one more piece to it, because if
f and g are two scalar fields we have the Leibnitz rule

v'Va(fg) = v*Vaofg(P) + f(P)v*V,g. (2.3)

With that included, we can define the space of vectors at a point of a smooth manifold M.
Definition. A vector I at a point P in M is a linear map from {smooth functions on M } to R satisfying
V(fg) = V([)g(P)+ [(P)V(g) (the Leibnitz rule).

We had now better check that, with this definition, every vector can be written as the tangent to a
curve.
Theorem. If V' is any linear map from {smooth functions on M } to R satistying V' (fg) = V(f)g(P) +
f(P)V(g) (the Leibnitz rule), then there is a curve ¢(\) through P whose tangent v* is the map V.

Proof. First note that V' (k) = 0 for any constant &k (regarded as a constant function on M). This is
quick: Given any f,

V(kf)=kV(f) by linearity and
V(kf)=kV(f)+ f(P)V(k) by Leibnitz
= F(P)V(k) =0, all f = V(k)=0.

Next, let #* be a chart about P with z*(P) = 0. Define n numbers v’ by

vt = V(2. (2.4)

We need first to write V' (f) = v 88 gf p» and then to show that the v' are components of the tangent

to some curve c. For the first part, we expand f in a Taylor series about P:

f=1P)+ 2L i o), @.5)

0z’ |p

where O(|x|?) means some function for which |O(|z|?)| < K|x|?, some constant K. (This is the formal
way of stating the intuitive idea that O(|z|?) goes to zero as fast as |z|*.) Because f is smooth, we can
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write O(|z|?) as f;;z'x7, with each £;;(z) a smooth function. Now the value f(P) of f at the given point
P is a constant, so

_9f
01t

The first term on the right is the term we want, because V (z°) = v’. We need to show that the other
term vanishes at P, where ' = (0. We have

V(') + V(O(|lz[*)). (2.6)

V()

V(O(|z]?) = VIfia'a?] = V(fi;)a" (P)2? (P)+£;(P)V (2" (P)+f;(P)z'(P)V(2’) = 0, because z'(P) = 0.

Thus becomes
af ,
V(f) = =—| "
(=g
Finally, we need a curve ¢ whose tangent v® has components v*, and this is easy: Let c be the path with
coordinates

' (\) = ' .7)
Then d of | dat of
Tt i
ol Moo =55 x| T e, 238

and we have proved that the tangent v* to the path c¢ is the map v*V,f = V(f).

Technical Note

As is endemic to physicists, we have sluffed over the distinction between the function f : M — R

and “f(x)”, the function f o 7! : R* — R. To be more precise one should have said that f o z~*

— call it f — can be Taylor expanded about 0 in R™. Denoting a point in R™ by 7%, we could write
i f(r) = £(0) + i flor* + O(|r[?) -

Then f = f o x soif () is a point in M near P,

F(Q) = [lz"(@)] + 0 floz"(Q) + O(|z(Q)*)-

But f[z'(Q)] = f(Q) and 0;f|y is €;*V.f|p, where e;% is tangent to the curve with coordinates
A = (2Y(P),...,2'(P) + \,...,2"(P)). So denoting ¢,V f|p by the shorthand 9 f|p we recover
L f o c(A)|rzo = v'0; f|p. In the same formal spirit, note that 2*(\) = 2 o ¢(\) and v = La(\) is

the tangent in R™ to the curve z?()\) in R", as shown in the figure above. (Normally, we will use the
convenient abuses of notation.)
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We have shown that the set of tangent vectors to curves through a point P can be identified with
the set of all linear maps at P satisfying Leibnitz. This space of tangent vectors at P with addition and
scalar multiplication defined by

(u+v)(f) =ulf) +o(f), (ku)(f) = ku(f)

is the tangent space to M at P. The tangent space is a vector space: We need only show closure under
addition and scalar multiplication:

(u+v)(fg) = u(fg)+v(fg)
= u(f)g(P) +u(g)f(P)+v(f)g(
= (u+v)(f)g(P)+ (u+v)(9)f(P)
(kv)(fg) = k(v(fg)) = k(v(f)g(P)+v(g)f(P)) = (kv)(f)g(P) + (kv)(g)f(P).

As in Minkowski space, a chart = : U — R" provides a natural basis for the tangent space at each
point P of U, namely the tangent vectors e;% to the curves A — (z!,... 2 + \,... z"); again

d )
e'Vaf = /(@ 2" £ A 2") = Of |, 2.9)

and a coordinate basis vector e; is again written 0;.

The introduction of covectors and tensors at P and of tensor fields on M now proceeds in a manner
identical to that used in Minkowski space. Covectors at /” are linear maps from vectors at P to numbers:
0, v* — o,v% Tensors are multilinear maps from covectors and vectors to numbers

T g (O, T U, 0 = T gog - T v (2.10)

A tensor field assigns to each point P of M a tensor 7%, 4(P) at P.
0%, is now the tensor field that takes

(04,u") to "o u’ = o,u’, (2.11)

again, it has components 5; in any basis for the tangent space at any point P. A basis at each P of M (a
field of bases) will be called a basis on M.

Just as the tangent to a curve is naturally a contravariant vector, the gradient of a scalar is naturally a
covariant vector. Just as any vector v* at a point P can be written as the tangent vector to some curve with
¢(0) = P, any covector o, at P is the gradient of some function f defined near P: o,(P) = V,f(P).

d
Then v%c, = — A .
o = ]|
Smooth
A vector field is smooth (C*) if v*V,f is smooth for all smooth f. A tensor field is smooth
if T, 404+ 7'uc---v? is smooth for all smooth o,,...,7",u’, ..., v?% where, in particular, o, is

smooth if o,v* (i.e. the map P — o,(P)v?(P)) is smooth for all smooth v*.
As we noted, a function f provides a covector field V, f given by

d
Vaflpv*(P) = i f ()=
= v"V,f|p where ¢(\) has tangent v* at P. (2.12)
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A chart x again provides the basis

w'q = V'
dual to the coordinate basis e; = 9;, of (2.9), and the discussion of coordinate components given for
Minkowski space in Sect. goes through as written.

Finally, there is an equivalent and sometimes more useful way to describe a tensor field:
A tensor field 7%, ; is a map from vector fields and covector fields to functions

T g (O, 7, 0 = T gog - T'uC 0t
that is linear in each argument under addition and under multiplication by scalar fields. That is, if
T, 4is a tensor field, obviously

T“"'bc...d(faa +gog) Tt - v = [T, gou- - TU v 4 gT b, gy T'uC - - v (2.13)

And if 7" is any multilinear map (in this strong sense of scalar field multiplication), then 7" is a tensor
field: e.g. let 7' be a map from vector fields to functions with 7'( fu + gv) = fT(u) + g7 (v). Then the
covector field T, to be identified with 7" has the value T,(P) at P given by T,(P)v*(P) = T(v)(P).
The subtlety is to show that 7, (P) is well defined: if v* and v are any vector fields which agree at P,
v*(P) = v*(P), then T,(P)v*(P) = T,(P)v*(P). Thus the definition will work only if T'(v)(P) =
T'(v)(P) whenever v*(P) = v*(P). And this follows from the strong linearity: write v* — v* in terms
of a basis ’ ‘
v—v= (v'-0") e

——

scalar field
Then

Tv—o)(P) = | vz - @”)T(e,)](P), by strong linearity,
[0"(P) = 0"(P)]T(e)(P)
0,

and since T'(v — v) = T'(v) — T(v), T'(v)(P) = T(v)(P).

An example of a linear 7 that is not a tensor is T'(v)(P) = [ o,v"dr, where o is a covector field
M
on M. Here the value T'(v) is a constant scalar field that depends on what v looks like everywhere.

Consequently 7'(fv) # fT(v) unless f is constant, and 7" cannot be represented by a tensor field.

Commutators (Lie brackets)

If u® and v are vector fields, one can define the linear map f — u®V,[v*V,f]: that is, v°V,f is a
function on M when f is a function, so we can take its directional derivative along u®, u®V,(v°V,f).
But there is no vector w® for which w*V,f = u®V,(v*V,f) because f + u?V,(v"V,f) does not
satisfy the Leibnitz rule:

fg = w0V (f9)] = uVa[(0"Vif)g + [1"Vig]
= UV, (v"Vy f)g + 0"V fu'Vag + u'V,(0"Vig) f + u’V, f0°Vig
# UV, (0"Vy f)g + uV, (1" Vg) f;

the cross terms v - Vf u - Vg+v-Vgu- Vf are not zero.
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If, however, one takes the antisymmetric combination of « and v,
[u,v]f =u-V(v-Vf)—v-V(u-VYf) (2.14)
the symmetric cross terms will drop out:
u-Vv-V(fg)] —v-V[u-V(fg)] =[u-V(v-Vf)—v-V(u-Vf)lg
+u-V(@w-Vg)—v-V(u-Vg)f
=([u,v]f)g + ([u,v]9) f. (2.15)
Thus the map f + [u, v]f is linear and satisfies Leibnitz, and so there is a vector field [u, v]* with
Vaof = [u,v]*Vof = [u,v]f.
In a chart, [u, v]* has components [u, v]" given by
[w, v]'0; f = W 0;(v'O; f) — v/ 0;(u'O; f)
= (ujﬁjv’)@f — (vjc?juz)@f + Uj’Ui (&@f — 8j81f)

0

= (ujaj’ui — vjﬁjui)é’if,
whence [, v)" = W' — v dju’ . (2.16)

Notice that if u* and v® are coordinate basis vectors, 8; and 05, say, then [u, v] = 0:
[U, v]“Vaf = 8182f - 8281f = 0. (217)

Or note that the components are constants, u* = 8}, v = §3, so [u,v] = 0 by Eq. 2.16).

The converse is that, if two nonvanishing vector fields commute, then one can choose a coordinate
system for which the two vector fields are coordinate basis vectors d; and O,; that is, the vector fields
are tangent to a family of surfaces on which only x and y change. This is true as long as u and v are
linearly independent. A cleaner, statement is that, if u and v are linearly independent and [u, v] = 0,
then the vector fields are surface forming, tangent to families of 2-surfaces.

We’ll return later to the commutator as the Lie derivative of v along u (or of u along v after a sign
change), giving it a geometric meaning and extending it to the Lie derivative of tensors.

2.2 Metric and Covariant Derivative

A metric on a manifold M is a symmetric covariant tensor ¢,;. gq» 1S nondegenerate (we may never look
at any other kind) if g,,u® = 0 = u® = 0. If nondegenerate, a metric defines an isomorphism from
contravariant to covariant vectors u® — g,u’ = u,; the inverse isomorphism is g%*u; = u®, where g%
is the contravariant metric given by

gPgpe = 0%, ¢ symmetric. (2.18)

c

A metric g, is positive definite if g,uu® > 0, all u® # 0. g, is a Lorentz metric on a 4-dimensional
manifold M if the matrix ||g;;|| of the components of g, in a basis has 1 negative and 3 positive eigen-
values at each point of M. Then g,,(P) is a Minkowski metric for the tangent space at P.
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A spacetime is a 4-dimensional manifold with a Lorentz metric.

Example 0. Minkowski space
Example 1. Take a slice of Minkowski space between ¢ = 0 and ¢ = 1 (¢ a natural time coordinate) and
identify all points on the ¢ = 0 surface with corresponding points on ¢t = 1: (0, z,y, 2) <> (1, x,y, 2)

t=1

’ closed
! timelike |
t=1 ; curve
j - | j j
\
\
A\

The resulting 4-dimensional cylinder S* x R? is a smooth (flat!) spacetime with same the flat Minkowski
metric of the space before identifying points. It has closed timelike curves—e.g. the blue z, y, z = con-
stant curve running between the identified points at¢ = 0 and ¢t = 1.

Given a metric, one wants to define a covariant derivative V,. In Minkowski space, we used the
natural constant vector fields and required that V,v* = 0 for any constant vector field v°. V, was then
extended to arbitrary tensors by V,(f) = V,f on functions f and by Leibnitz

VST T7.) = (V.S )" +8".NT". (2.19)

and linearity. We can still require V,(f) = V,f, the gradient of a scalar f, and also linearity and
Leibnitz, but in curved manifolds there are no natural parallel vector fields; and, as we shall see, in a
curved space one can’t define (in general) vector fields for which V,v® = 0 everywhere. The idea is that
a vector v can be parallel transported around a curve, but the result of parallel transport from a point A
to a point B depends on the curve.

Example. C
1 » vat B obtained from vatA by
s parallel transport along ACB
A A
B

v at B obtained from v at A by
parallel transport along AB —~
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It is intuitively clear how to parallel transport a vector v around each of the great quarter circles AC,
C' B and AB of the sphere shown here. The resulting vector at B depends on whether the path is AC'B
or AB. So given a vector v at A, there can be no vector field on S everywhere parallel to v. It would
have to be both vertical and horizontal at 5.

V., is to be defined so that if u* is tangent to the curve ¢(\), then a vector v* will be parallel
transported along ¢ when u’V,v® = 0. Parallel transport should preserve length and angles, so if v* and
w® are parallel transported along ¢, the dot products v*v,, v*w, and w*w, should be constant along c:
that is, if

w’Vyr* =0 and v’V,w® =0, (2.20)

then
UV o (goev’w®) = 0.

By Leibnitz

uava(g,,cvwa) = u“(Vagbc)vbwc + gbc(uavavb)wc + gbcvbuavawc
= u“(Vagbc)vbwc

by 2.20). So V,gs uv w® = 0 for all u®, v, w® satisfying (2.20), and it follows'| that
Vagbc = 0. (221)

We can now define our covariant derivative V, by requiring, for all smooth functions f and tensor
fields S, T,

(1) V, linear
() V.(S.T.)=8".VT". 4+ (V.S .)T". (Leibnitz)
(iii) Commutes with contraction V,(T?%) = V,T%,
(iv) V,.f on scalars is the gradient
(v) VieVyf =0
(Vi) Vagpe = 0.

Note that (ii) is the Leibnitz rule for the outer product of two tensors: No index of .S is contracted with
an index of T'.
We saw that condition (v) holds in Minkowski space because, in a natural coordinate system,

1/ 02f 0% f ):0.

v[uvv}f -5 <

(2.22)

2 \ 9zrdry  Ozvozr

Here we must put it in by hand. In the context of spacetime, the condition will turn out to be equivalent
to demanding that the spacetime be locally Minkowskian, that there be inertial coordinates in the neigh-
borhood of any point P, coordinates in which the equations of nongravitational fields take the same
form at P they have in special relativity, with V,v"(P) = 0,0"(P). This requirement, that there be
coordinates in which all metric derivatives vanish at a point, is the way Schutz and Hartle impose this
condition.

'Tt follows because you can pick u®, v®, w® arbitrarily at a point P and then parallel transport v and w along ¢ (with
tangent u®) to get u, v and w satisfying (2.20). Then Vagbcuavwa|P = 0 all vectors u, v, w at P, implying V,gs.(P) = 0.
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We will show that (i)—(vi) uniquely determine V,, by explicitly constructing the components of
VoT%¢,. . in an arbitrary basis e;%. One could do this more elegantly, but we’ll need the components
in any event. We’ll begin by looking at the components of the covariant derivative of a covector o,. As
in flat space, we define I' ;. by

Viej=er- Ve =T"e,. (2.23)

Terminology: For a coordinate basis, the coefficients ', are historically called Christoffel symbols; for
an orthonormal basis, they are called Ricci rotation coefficients, because an orthonormal basis parallel-
transported from point P to point ) differs from the value of the original orthonormal basis at () by a
rotation (or, for a Lorentzian signature metric, by a Lorentz transformation). In general, MTW calls the
[’s connection coefficients.

Then I jx Will be expressed in terms of the partial derivatives of the metric components,

ez’a Va (gjk)7
——
gradient of the scalar field g;x
and of the commutators ¢’ ;i defined by

lej, ex] = e (2.24)

Note the antisymmetry c';, = c"[jk]. For a coordinate basis, [e;, e;] = [0;, 0] = 0.
We have been through nearly the same calculation in Minkowski space. The components of V03
are

Vl-aj = ei“ejbvaab = ei“Va(ejbab) — ei“(Vaejb)ob by (lll)
Vio;, = e;-do;—I"04 by (2:23) (2.25)

To find T'* ;i we’ll write the components of V,g,. = 0, as we did in flat space. This time, however,
we’ll do the computation for an arbitrary basis, not restricting ourselves to a coordinate basis. We could
have done the same thing for flat space, but there the object was to give a simpler computation for our
first encounter with Christoffel symbols. Using the notation e;f = ¢;(f) = €7V, f, we’ll denote the
directional derivative of the scalars g;; in the direction e; by ¢;g;;. Then

0= Vz'gjk = eiaejbekcvagbc by (iv)
= e;le;’ergre] — (Vies")goeern® — (Vier©)e; gre by (iii)
= €iGjk — Fljiglk: - Flkigjl by (2.23)
Defining
Ui = gl (2.26)
we have
0=eigjx — Urji — Ujri- (2.27)

For a coordinate basis, I';;;, is symmetric in j and &, but orthonormal bases are often more useful, and
for a general basis I' has no index symmetry. Instead, we’ll write I';;; as a sum of its symmetric and
antisymmetric parts, I';;z = I'yjx) + L'fjx. The antisymmetric part is present when the basis vectors do
not commute and is related to their commutator in a simple way:

1 1

Lign = =5k = —§gizcljk. (2.28)
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To see (2.28), one notes that [u, v]* = u’Vyv* — v*Vyu® :

[u, v]*Vof = u’Vi(v"Vof) — 0"V (u*V,f)
= (VW) Vof — (0*Vu")Vof + uPv*Vy Vo f — vu'VyV, f
= (V' — V)V, f — 0
[u, v]* = U’V — 0"V, (2.29)

where we used (V,V, — V,V;)f = 0 in the second line. In particular,

lej,ex] =e;- Ve, —e;- Ve,
cjkei =T kj€i — r k€

Cjk_ij_ij7

identical to (2.28)). Finally we’ll write (2.27) three times and add:

—€igik = —Lrgi) — &/@ — D) — Uy (2.30)
7
VARN eigki = Titns) + Driap) + Digg) + Tt (2.31)
k————j
i
ya \ exgy = LTygn + T + Ty + Tige) (2.32)
k———J

€jgki + ergij — €igix = 2wy + 20y + 2D kg
= 20k — 20igay + 20500 + 20 kg0
2L = €59k + ergij — €igjx + 2Lix — 20 ix) — 2D ki)

1
Lijr = é[ejgik + €xgij — €igjk + Crij — Cjki — Cijk] (2.33)

The covariant derivative of any tensor then follows from Leibnitz (iii), exactly as in Eq. (1.152).
We’ll keep the e;7} notation instead of V;(77 ), but they mean the same thing:

V'LT]kmn = eszkmn + FjliT'l'nkm---n + -+ Fkl'L'T‘j..-ln'L---n - Fln’LiT’jmkl---n - 1—‘lniTﬁmkm---l
Two special cases of Eq. (2.33)) are all that one ordinarily encounters. With a coordinate basis,
lei, €] =10, 0;] =0,
implying c’“ij = 0, and one recovers the usual Christoffel symbols; in greater detail,

2 2
0 oJ of 0. (2.34)

e; = py and [emej]f = Oriori  Orior
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Then I
Lije = 5( Okgij + 0;9i — Oigjk ) (2.35)

With an orthonormal basis, the metric components are constant, with values 1, —1 or 0, so e;g;, = 0,
and only the commutators contribute to [': For example, for a spacetime,

—1

gl = ||lene” gas]| = . . (2.36)
1

Thus, for an orthonormal basis or any basis with respect to which the metric has constant components,

1
Pijr = 5( Chij — Cjki — Cijk )- (2.37)

Cartan calculus (Appendix |A.3)), an efficient way to compute the Riemann tensor, and the Newman-
Penrose formalism (Chap. [0) each use bases of this kind.

The n-form €, _,, and its covariant derivative.

In Sect. we introduced the totally antisymmetric tensor €,3,5 whose one independent com-
ponent was €p123 = 1 in an orthonormal frame. In flat space, it is covariantly constant, V €,5,5 = 0,
because it has constant components in a natural chart. In curved space, we can again define €,3.5 as
the unique totally antisymmetric tensor (4-form) whose one independent component in an orthonormal
frame is €pj3 = 1. Again its covariant derivative vanishes: Start with the relation, €,p,56*%7° = —4;
this follows from the 4! permutations of 4 indices and the value €"'?*> = —1 in an orthonormal frame at
a point. Take the covariant derivative of this relation,

0= ve(eaﬁwéeaﬁpﬂs) - ve(Eaﬂ'yéee(j'rﬁ)gaegﬂcg’yng&g = Qeaﬁ’yavealﬁyz? .

The u'" component of the last equality is 0 = 4”12V 60123, 50 V€123 = 0. Total antisymmetry of
€apys IMplies V eq,5 = 0.

We can similarly define the unique totally antisymmetric tensor €,,...,, on an n-dimensional space with
metric gq, and the same argument shows that V .e,.., = 0.

Local flatness: Locally inertial or “normal” coordinates at a point P

Spacetime near any point looks like flat Minkowski space to linear order in the distance from a point.
In particular, one can always choose a chart about P in which the metric is the Minkowski metric at P
and the first derivatives of the metric all vanish. In such a “locally inertial” chart,

-1
190 (P = M1 = .| and Dhu(P)=0.
1

Exercise 36. Show that I'y,,(P) = 0 implies that all first derivatives of the metric components vanish,

Oz (P) = 0. (Hint: Add Eq. (2.33)) to Eq. (2.35) with i < j).
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More generally, in an n-dimensional space with a Lorentzian (signature — + - - - +) or Riemannian
(signature + + - - - +) metric, one can always choose a chart for which the coordinate basis at a point P
is orthonormal and for which all the derivatives of the metric components vanish at P. We’ll explicitly
construct a chart of this form at the end of the next section.
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2.2.1 Geodesics

Geodesic Equation:
Geodesics are paths of extremal length. Consider a curve ¢(\) with ¢(A;) = P and c(\2) = Q. We
show that the demand that the curve be of extremal length — that

A2
s:—/|gabvavb‘l/2d)\,
A1

where v® is tangent to ¢(\), be an extremum among all nearby curves from P to () — is equivalent to
demanding that the unit tangent vector u* be parallel transported along c:

u'Vaub =0 < 5/ds = 5/ }gabvavb‘lﬂ d\ = 0. (2.38)
Consider another curve ¢(\) with the same endpoints P and () as c. We again follow Wald in

writing the coordinates of the curves c and ¢ in a chart as 2()\) := 2’ o ¢(\), ' (\) = z° o ¢(\). Then
z'(\) = 2'(\) + 02°(\) where dz'(N\g) = dz'(\;) = 0.

A2
5= /ds :/ |gij[x ()] i’i()\)ybj()\)}l/z d\, where (') means di)\ .
A1

A2
(S/ds = / {\gij(a: + 0a) (& + 6% (i + 57| — \gij(x)gaigaw”} d\
A1
Now g;;(z + 0z) = gij(x) + Okgij(x)dx" + O(dz)?. Then, to O(dz),
A2 q o o o
5 / ds = /A 5 9| Y2 [Okgiy (1(N)0abdi a7 + 29553 627] dA

The last half of the calculation is easier if we take A to be proper distance along the unperturbed curve ¢
— so that the tangent vector v“ is the unit tangent . We then have &* = v’, |¢g;;'2?| = 1, and

A2 1 o L
5/d8 N /)\ §[akgijuluj5xk + 2g;u'627]dA.

Last term:
A2 ' d ' A2 d 4 '
| g 0an = = [ gl 3)] S
A1 A\
A2 ' 4 ' A2 ' o
= _/ [gij 0" + Opgija*u'] 6z d\ = —/ [gintt" + 0 ginu'u?] SxFd\
A M
o1 ca 1 S
== [girtt" + §5j9iku uw + iaigjku uw’] dz"dA.
A1
Thus

A2 | 1 1 o
(5/d5 = / (=gt — =0, giu't? — =0;gjpu'v’ + <0kgi;u't’] ok
N 2 2 2

A2
= —/ gkl(uk + Fkijuluj) 537[ .
A1
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Thend/ds:O for all 6c =

"+ T u'v?! =0, or (2.39a)
2%, datdad

ij———— =0 2.39b

dr? T dr dr or ( )

u’ - Viyu® = 0. (2.39¢)

For spacelike separated points, the shortest path between them is a geodesic, but there can be more
than one geodesic joining two points; for example, an infinite set of longitude lines join the north and
south poles of a sphere. Each spacelike geodesic is a local minimum of length. Geodesics between
timelike separated points, however, are local maxima of length (of proper time). As you have long
known, time dilation means that clocks moving along accelerated paths run slow, registering shorter
proper times, as in the figure on p. [20]; the twin traveling on a roundtrip to a star returns home younger
than the twin left behind.

Finally, light travels along geodesics c(\) whose tangent vector k* is everywhere null, k%%, = 0, but
one can choose the parameter A so that the geodesic equation again has the form

kP'Vyk® = 0, (2.40)

or
d?zb . dxtdad

e +T T 0. (2.41)
The parameter A is now not distance, but is called an affine parameter. It is not unique: If we replace
A by A = O\ the geodesic equation keeps the same form. For timelike or spacelike geodesics, proper
time 7 and spatial distance s are affine parameters, because the geodesic equation has the form (2.39¢)),
but so are C's and C'7. We’ll use an affine parameter in the next section, as part of a construction of

coordinates that exhibit the local flatness of spacetime.

The geodesic equation in the form is a coupled set of ordinary differential equations (ODEs)
for the functions z*(7). The equations are second-order (involving only first and second derivatives),
and second order ODEs have unique solutions for any given initial values z*(0) and #*(0). That is, given
an initial starting point ¢(0) = P and an initial tangent vector 7% at P, there is a unique geodesic ¢(\)
through P. (This is the fundamental existence theorem for solutions of ODEs. For a proof, see, for
example, Coddington & Levinson, Theory of Ordinary Ditferential Equations[34]]. The statement of the
theorem is in Wikipedia’s ODE article.)



CHAPTER 2. CURVED SPACETIME 112

Exercise 37. Because a geodesic is a path of extremal length between two points, one can obtain the
geodesic equation by requiring
T2

T2
0=9¢ dr = (5/ L(&,xz)dr, where L =\/—g,,(x)iti"

and where 7 is proper time along the geodesic z*(7) (but not along the perturbed path x#(7) +
dzt(T)).
a. By using L = 1 for a geodesic, show that the geodesic equation also follows for

0= 5/72 F[L(%,z)|dr,

T1
if dF'/dL # 0 at the geodesic, where F'(L) is some smooth function of L. You will only
need the fact that L = 1 along the geodesic (implying F’'(L) = F’(1)), so use an arbitrary
function L(z, x) rather than replacing L by its explicit form in terms of g.

b. Derive the geodesic equation as the Euler-Lagrange equations of the Lagrangian

L(i, ) = —L*(&, ) = gy (x)i"i".
Exercise 38.  a. Find the four components of the geodesic equations for flat space with polar coordi-
nates as the Euler-Lagrange equations for the Lagrangian —¢2 + 7% + 1202 + r? sin? 0¢°.

b. This is an efficient way to compute the Christoffel symbols. Using your result for the last
part, and the geodesic equation in the form i* + [, i 3?,
find the nonzero Christoffel symbols of the Minkowski metric in polar coordinates.

Exercise 39.
a. Write the components of the equation v - Vv = 0 for a geodesic in Euclidean 3-space in
polar coordinates, where v' = @', with () := i Replace v70;v* by ' or #'. (Use the
coordinate basis, as in the previous problem, not an orthonormal frame.)

b. Specialize now to the # = 7/2 plane, and use ds? = dr? + r2d¢? to deduce 1 = 72 + r2¢2.
Check that the derivative of this equation, with respect to s yields the r-component of the
geodesic equation.

c. Check that the ¢-component of the geodesic equation has the first integral r%¢ = [, [ =
constant.

d. What equation for central force motion corresponds to the equation r2¢ =17 Why does this
agree for motion in a straight line, when ¢ for central-force motion is replaced here by s?

The exponential map and geodesic coordinate systems

As mentioned above, spacetime (and, in general, a manifold with a smooth metric) is locally flat. If
you are a small bug on a surface with radius of curvature much larger than the bug, the surface will look
flat to you. Our goal here is to find a coordinate system in which the metric components are as close as
possible to 7, coordinates that are as close as possible to Cartesian.

In Minkowski space, the set of all geodesics—straight lines—through any point P exactly fills the
entire space. Regarding a vector X* as a connecting vector from P gives a one-one map from X to
apoint Q: X — Q% = P* + X“. The components X* are then the coordinates of () in a chart with
origin at P. We now restate this construction in a way that can be carried over to a curved spacetime.
The idea is again to identify each tangent vector X* at P with the point ) a distance | X| from P along
the geodesic from P to () with tangent X, but with a description that also works for light-like vectors.
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Given a vector X?, there is a unique geodesic through P with tangent X*. The coordinates z*(\)
of the geodesic satisfy (still in Minkowski space)

dxt d*at
= XH = 0. 242
dA ’ d\? (2.42)
That is, the geodesic has the form
() = AXH, (2.43)

and 2# = X* at A = 1.

For spacelike or timelike geodesics parametrized by proper distance or proper time, the tangent
vectors are unit vectors, but here the tangent vector has length equal to the distance to (). The parameter
Ais s/|X| or 7/ X]|, differing from proper distance (or proper time) by the constant factor 1/|X|. By
definition, it is an affine parameter, and the map is defined for null vectors X where the proper distance
vanishes. Like the original connecting-vector description, our construction of the map X< +— () doesn’t
mention | X | and doesn’t care whether X is spacelike, timelike or null.

The map from vectors at a point P to points near P is called the exponential map. We can now say
nearly the same words to define the exponential map in a curved space M. Let’s start with a sphere and
consider the tangent space at a point P, which we can call the north pole, as in Fig.[2.2] Given a vector

a

P X

o7 T /1/:‘2

Figure 2.2: The exponential map takes a vector X at P to the point () a parameter distance A =
s/|X| =1 from P along the geodesic through P with tangent X .

X® at P, there is a unique geodesic (longitude line) through P with tangent X*. We map X“ to the
point () of the sphere at parameter distance A = 1 along the geodesic (longitude line) through P. This
gives a 1-1 map as long as the distance | X| is less than half the circumference of the sphere. At the
south pole, of course, all geodesics through P meet.

Here is the statement for spacetime (or any smooth manifold with a metric): In some finite neigh-
borhood of a point P, geodesics from P do not cross each other. Let Vp be the space of vectors at P.
The exponential map is the map Vp — M that takes each vector X* at P to the point () a parameter
distance A = 1 along the geodesic through P with tangent X*°.
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Riemann normal coordinates.

We can now use the exponential map for a curved space M to construct a chart with with origin at P
in M, analogous to the chart {z?} of R™ with origin at a point P of R™. Let {e;} be an orthonormal
basis at P € M. Any vector z at P is a sum of the basis vectors, z = z'e;. The components z* are the
coordinates of the point () associated with . That is:

Each point () in a neighborhood of P is joined to P by a unique geodesic ¢(\), and the coordinates of
Q are (z', ..., 2"), where x = x'e; is the tangent to ¢ at P.

We now show that, in this chart for spacetime, the metric has components g,,,(P) = 7, and that
its first derivatives vanish at P: dyg,,, = 0. To do this, we show that (1) the coordinates of geodesics
starting from P with tangent X* have the exact flat space form (2.2), z*(\) = AX*; and (2) the geodesic
equation (Z.4T)) implies I}, (P) = 0 in this chart.

(1) Suppose R = c(Ag) is any point on the geodesic from P to () with tangent X®. R is the same
direction as () but is at A\ = Ay instead of at A = 1. The geodesic that meets R at A = 1 is then ¢(\) :=
c(Ag \) with coordinates z#()\) = z#(\g ). The tangent vector to that geodesic is X* = Az X“: That
is, by the chain rule,
dz*(\) B dxt(N) B "

Do, = Ar D, = A\gX". (2.44)
By our definition of the coordinates, R has coordinates z# = Az X*. Since this is true for each point R
on the geodesic, z#(\) = AX* as claimed.
(2) For z#(\) = AX*, we have &* = 0, where (") := d/d\. The geodesic equation then implies
F;\wx'“x"’ = F;\WX X" = 0. But this is true for all geodesics through P, implying that, at P it is true for
all vectors X®. Then T, (P) = 0 as claimed, implying dxg,., (P) = 0.

Finally, because the basis is orthonormal, the metric at /” has components g,,, = e, - €, = 1,,,. []

2.2.2 Curvature Tensor

In a flat spacetime, covariant derivatives commute. In curved spacetime, however,
ViaViyve # 0

and as we will see, the fact is closely related to the statement that parallel transport from A to B depends

on the path from A to B. Write

1
éRabc(v) = V[avb]vc;
so far, this just gives a new name to the tensor V|, Vyjv.. As a function of v, R, is linear under addition

and multiplication by scalar fields:

V[avb} (fvc) = V[G(Vb] fo.+ be]vC)
V[avb}f Ve + v[bqu,]vc + v[afvb]vc + fv[avb]vc
——

0
- fv[avb]vc

Therefore Ryp.(v) = Rape?v4. The tensor R, ¢ is called the Riemann tensor or the curvature tensor.

1
V[avb]vc = ERabcdvd ) (245)



CHAPTER 2. CURVED SPACETIME 115

or
{Va, vb]/UC - Rabcdvd . (246)

It has the symmetries

Roped = — Rpaed from its definition (2.46)))
Rapea = — Rabde
Raped = Redab

and  Ryppeq) = 0 = Raped + Radbe + Racdb ;

(2.47)

these are not difficult to show, and are part of the problems at the end of Sec)2.2.3
Acting on a vector v?, the commutator of two covariant derivatives is again given in terms of the
curvature tensor: Using V.g* = 0, we have

[V(u Vb]UC = Rabcdvd;
and if 7%?,._; is any tensor,

Ve, VAT P ed = Ref®T9 P 4+ Ref* T g
AR ST g+ Repa® T ey, (2.48)

which follows by Leibnitz, writing 7% .., as a linear combination of outer products of vector and
covector fields:

e.g. ViuVy(oera) = (VuVyoe)ta + Va0 VyTa + Voo Vg 1a + 0.V Vi Ta

1
e e
= _Rabc OeTq + iRabd OcTe-

2

We will write the coordinate components of R4 in terms of the Christoffel symbols F; . and show
that in a locally inertial chart about P, R;j;;; has a simple form in which the symmetries (2.47)) are
manifest. First the components in an arbitrary chart:

Rijklvl = V,‘VjUk — V]Vivk

&-Vjvk — Flﬂvlvk — Flkivjvl

—ajvivk -+ Flijvlvk + Flkjvivl,
_—

where the symmetry I'';; = Flij for a coordinate basis was used in the cancellation of the second and
fifth terms.
Then
Rz‘jklvl = 0i(0jur — Flkjvl) - Flki(ajvl - Fr?jvm)
—@(@vk — Flki’l}l) + I‘lkj(&vl — I"?ivm)
——

Rijkl — (%-Flki - @lej "— F%Flmj - kajFlmi
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Using the index symmetries to interchange k and [ and exchange the pairs ¢, j and k, [, we can order the
indices in a way that allows comparison with, e.g., MTW’s inside cover:

lij mi

I — Tk, T (2.49)

Components of the Riemann tensor in a general basis are given in Eq. (A.52) of the Appendix, where
they are used for the efficient Cartan-calculus calculation of Riemann tensor components in an orthonor-
mal basis.

In a locally inertial chart about a point P

I lp =0, 0:9;k|p = 0.

Then, at P, only derivatives of I" and second derivatives of g;; survive, and we have

Rz‘jkl’P = @Tlm“P - airlkjlpa Rijulp = Ol il p — Ol p ; (2.50)
l 1 Im 1 Im
0l lp = §3j (9" (OkGmi + Oigmk — Omgi)]|P = 59 (0;0kGim + 050; Gkm — Om0;gik) | P,
1
0iluilp = 3 (0;0kgi + 0:0; 91 — 010;9:1) | p. (2.51)

Substituting this last expression and its (i<+j) counterpart into (2.50), we obtain (only at the single point
P)

1
Riju(P) = 5[33‘31@92'1 + 0,019k — 0i0kgji — 05019k ]| p » (2.52)
from which R;ji; = Rpjjrg = Rwij 1s evident, and Rijp + Ryiji + R = 0 follows as soon as it’s

written. If all the components of a tensor—e.g., the tensor Rapcq — Rjayjcqg —Vanish in any basis, the
tensor vanishes. Whence

Rapea = Riabjjed) = Redab

and
R[abc]d = 0.

From the Riemann tensor R,.¢ one constructs the Ricci tensor by contracting:
Rab = Racbc = Rbcac = Rbcac = Rba (253)

[the other contractions give the same tensor (R.q; = R,."4) or zero (R,%.q = 0)]. A further contraction
produces the Ricci scalar:
R=R% = R™, (2.54)

2.2.3 Bianchi Identities

From the coordinate components (2.49) of R, it is easy to show the Bianchi identity
v[aRbc]de =0, (2.55)

and (2.55) may also be proven directly—without reference to components (Exercise below). In geodesic
coordinates at P, the covariant derivative V, R,.;¢ has components

ViRju™p = O0iRju™|p
= 0,01, — 0.0, 5,

Jlip
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where we have used

KT )|p= (o [p) Tlp+Tp Ol|p . (2.56)
0 0

Thus, at P,

ViRju™ + VjRe™ + ViRii™ = 0;0,'" 5 — 0,0, iy
+8j8i1“mkl — 6j6k1“mil
+ 0,0, 1"y — 0RO
=0

By contracting V, Rpcqe + Vi Readge + VeRpage = 0 on ¢ and e we obtain
VaoRys — ViRag + VR =0

Contracting on a different pair of indices produces either the same equation (e.g. a and e) or 0 = 0 (e.g.,
a and D).
Contracting on a further pair of indices b and d gives

0 = V,R—V,R,”— V.RS
= V.R—2V,R,". (2.57)
Then, defining the Einstein tensor G, by

1
Gab - R(Lb - §.q(LbR: (258)

one can write this last contracted Bianchi identity in the form
V,G = 0. (2.59)

The contracted identity (2.59) plays a major role in relativity—the field equation is Gog = 87GT,s and
so the equation of motion V37" = 0 is a consequence of the field equation and the Bianchi identity

(2.59).

Exercise 40. Use the definition of the curvature tensor,

1
\% [a Vb] Oc = 5 Rabcdady

the relation
vagbc - 07

and the Leibnitz rule to show that for any tensor T,
cd 1 c fd 1 d cf 1 frped
V[avb]T e — éRab fT et §Rab fT et §Rabe T f

Exercise 41. By writing V|, Vygeq = 0, show that Rypcqy = 0. Show that Rjgqq = 0, by looking at
ViaVsVylf.



CHAPTER 2. CURVED SPACETIME 118

Exercise 42. Show that the symmetries Ropeq = Rjapjjca) and Rafpeq) = 0 1mply Ropeq = Redap-

Exercise 43. Prove the Bianchi identity V|, Ry;q. = O this way: The two equations,

Vavbvcvd - vaVchUd = va}%bcd@we + Rbcdevave
vavbvcvd - vbvavcvd - Rabcevevd + Rabdevcvea

allow you to write V|, V;,Vvg In two ways. Do so, and equate the resulting expressions to obtain
v[a}%bc]de = 0.

Exercise 44. a. Eq. 2.29), [u,v]* = ubV,v® — v*V,u?, is proved by applying [u, v]? to an arbitrary
scalar f. Prove this relation in a different (shorter) way, by showing that the components of
u’Vyv® — v*Vyu® in a coordinate basis agree with Eq.(2.16)), [u, v]' = w/d;v° — vid;u'.

b. Fill in the missing steps in the equations leading from Eqgs. (2.50) to (2.52)) in the notes, to
obtain the components of the Riemann tensor in locally inertial coordinates.

Exercise 45. a. Calculate the Riemann tensor for a cylindrical surface, using cylindrical coordinates.
You should find that it vanishes. In constructing a cylinder from a flat sheet, you don’t
stretch the sheet: All angles and intrinsic lengths (measured along the cylinder, not in the
3-dimensional space in which it’s embedded) are unchanged.

b. Change to coordinates for which the metric has components 6;;.

2.2.4 Meaning of R%.q

We now carry through two calculations that show the geometrical and physical meaning of the Riemann
curvature tensor [2%,.4. The first relates the Riemann tensor to the path dependence of parallel transport:
When the curvature is nonzero, a vector v* parallel transported around a closed path returns not to its
original value, but to a new value v* + dv* related to v® by a Lorentz transformation. For small loops,
dv® is proportional to the Riemann tensor and to the area of the loop. The second calculation shows that
the relative acceleration of nearby free particles (geodesics) is proportional to 2.4, which can thus be
regarded as the gravitational force that can’t be transformed away by making measurements in a freely
falling frame.

First calculation.

We look at a loop in a two-dimensional surface. Following Wald’s notation, we choose coordinates
t, s (you could just as well call them x, y or ¢, x) and look at a loop with sides At and As as shown in
Fig. We denote by 7* and S® the coordinate basis vectors 0; and 9, so that TV, f (¢, s) = O, f (¢, s)
for a function f on the surface. We are expecting to get a commutator [T'- V, S - V] of derivatives along
S and T from going around the path, so look for antisymmetry under S <> 7" as s and ¢ first increase
and then decrease along the path.

We start with a vector v at any point P and take the origin of the coordinates to be at P. The goal is
to parallel-transport v* counterclockwise around the loop, from (0, 0) to (At,0) to (At, As) to (0, As)
and back to the origin. We could find the equation for the components v* = v%w’ along a basis covector
but will follow Wald’s more concise treatment, picking an arbitrary covector field w, and computing



CHAPTER 2. CURVED SPACETIME 119

Figure 2.3: The red vector at P pointing rightward is parallel transported counterclockwise around the
loop, coming back to P as the vector pointing leftward. Gray lines of constant coordinates ¢ and s are
shown with their coordinate basis vectors 7'* and S* (9, and 9,).

v®w,. For the first leg of the loop, s = 0, and ¢ changes from 0 to At. We haV

1
(v*wa) (AL, 0) = v*we(P) + Oy (v wa)| g, 0 At + 5 8,52(1)“10&)} 0.0 (A)? + O(A). (2.60)

Now
Or(vw,) = TPV (v w,) = v*T*Vyw,

where the last equality is the requirement that v® be parallel translated: 7°V,v® = 0. The change §; in
v®w, along the first part of the loop is then

1
5, = v T"Vyw, At + 5 3f(v“wa)‘(0’0) (At)* + O((At)?).

0.0

Along the second leg, ¢ = At, and s changes from 0 to As. The change in v*w, is then

by = v* S*Vyw,

1
[any A5+ 5 P2(0%w,)] oy,  (89)° +O((85)%).

Similarly along the third leg, where s = As and ¢ decreases from At to 0, we expand around the final
point of that leg at (0, As) (go backwards from ¢ = 0 to ¢t = At and change sign):

03 = —0° Tbewa| At — 82 (v%wq !

(0, A5) o (A1) + O((At)?).

(0,A

Along the fourth leg, where ¢t = 0 and s decreases from As to 0, we expand about the final point at
(0,0):

5, = —v" S"Vyw, (As)? + O((As)?).

}(070) ’(0 0)

1
As — 5 02 (v*w,)
In the sum d; + 43, the O(At?) terms cancel at second order (their sum is order At2As). The order At
terms give, to quadratic order,

b1+ 8y = — [0 Ty ) = 0" T'Vae] o | A = =" SV (T"V04) | ) AtAS,

‘(O,As)

2Wald evaluates the first derivative on the right side of (2.60) at (At/2,0) to get rid of the order (At)? term. This is
clever, but he pays for it later by having to imagine a second construction, parallel transporting v* along another segment at
At/2.
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where we have used S°V .v* = 0 along the segment from (0, 0) to (0, As). Similarly,

a Qb a Qb aric b
09 + 04 = [U S waa‘(m’o) -0 S vbw“}(o,O)} As = 0TV, (S waa)|(070) AtAs.
Adding the last two results, gives us a total change that is antisymmetric under S <> 7"
d(viw,) = 01 + 09 + 03 + 04 = v° [TCVC (Sbvbwa) — SV, (Tbewa)} AtAs. (2.61)

Because 7 and S® are the coordinate basis vectors, they commute: 7°V,S* — SV T = 0- this is

Eq. (2.17). Then
d(viw,) = vaTCSb(VCVb — Vi Vo)w,AtAs,

and we have obtained the desired commutator of two covariant derivatives that defines the Riemann

tensor in Eq. (2.46):
d(v*w,) = VTSP Rty At As.

Changing the names of dummy indices on the right and using on the left the fact that dw, = 0 (because
w® is continuous), we can write this equation as w,0v® = wv?T°S? Ryq® AtAs. Finally, because this

holds for all w,, we have
Sv® = 0TS Ry AtAs. (2.62)

The area of the parallelogram spanned by two vectors A and B is the magnitude of their cross
product or, equivalently, the magnitude of the antisymmetric combination A*B® — A®B®. Here, because
S and T occur in this antisymmetric combination, Ry.;*(AtT?)(AsS¢) is proportional to the area of
the parallelogram spanned by AtT and As S — proportional to the area of the loop, at this order, as
claimed.

Because parallel transport preserves lengths and angles, the change in v* after parallel transport
around a loop is a rotation for a positive-definite metric and a Lorentz transformation for a Lorentzian
metric. Then dv® is the change in v under an infinitesimal rotation or Lorentz transformation, A% ,.

§v* = A" v, where 6%y = Ryed®(AtT?)(AsS). (2.63)

But 0A,4 (lowered by the metric) is an infinitesimal rotation or Lorentz transformation if and only if it
is antisymmetric. That’s why the second pair of indices of the Riemann tensor is antisymmetric.
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Second Calculation.

In flat space free particles separate with constant speed. Because you can’t tell the difference be-
tween flat space and a spacetime with a uniform gravitational field (constant gravitational acceleration g
in a Newtonian context), the relative acceleration of free particles depends not on g but on the derivative
of g — on the tidal force. In GR that means the relative acceleration of nearby geodesics is a measure of
the curvature, proportional to the Riemann tensor.

Formally, let 7“ be the unit tangent to a first geodesic. In flat space, let S*(¢) be a family of
connecting vectors perpendicular to this first geodesic at proper time ¢, and meeting a second geodesic.
The length of the connecting vector is its magnitude, s = |S|, and its acceleration vanishes

.. d?
S 1= 255" = TV (TPV35%) = 0. (2.64)

In curved space nearby geodesics accelerate.

flat space sphere

Figure 2.4: At left, geodesics in flat space have no relative acceleration: A connecting vector joining
them increases its length at a constant rate. At right, on the surface of a sphere, the relative acceleration
between geodesics is nonzero.

We want to define and calculate a relative acceleration between neighboring free particles in a curved
spacetime. As in the first calculation, we’ll use a two-dimensional surface with coordinates ¢, s. This
time the curves ¢t — c¢(t, s) for fixed s will be timelike geodesics. To construct the surface, start with
a smooth spacelike curve s — ¢(0, s) and at each point of that curve, choose a future directed timelike
geodesic perpendicular to the curve, each geodesic, t — ¢(t, s), parameterized by proper time.

Then, regarding each geodesic as the trajectory of a free particle, the set of particles at proper time
t comprise the curve s — c¢(t,s). The vector S tangent to s — c¢(t, s) is called a connecting vector
between neighboring particlesE] Nearby particles a parameter distance As apart remain at the same
parameter distance, and their proper distance is then |S|As at linear order in As. We will see that .S
remains orthogonal to T', so |S|As is the proper distance between nearby particles measured orthogonal
to either trajectory (to O(As) it doesn’t matter which).

3Wald changes his notation here and calls the connecting vector X instead of S. These notes keep S for consistency.
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As in Eq. (2.17), because the vectors S and T are the coordinate basis vectors s and 0;, they
commute
TPV 58 = SPV T, (2.65)

and now 7 1s the velocity u® of the particles. Were we to choose spacelike geodesics, 7 would be a
unit spacelike vector.

From (2.63), the statement that S® remains orthogonal to 7 along the particle trajectories follows
immediately from the geodesic equation for 7' and the fact that it is a unit vector:

TPV 5(T*S,) = T°VT* S, +T°TV;S,
0

= T°S°VsT, by @.63)

= 0, because T is a unit vector.

The separation vector S changes at the rate S with S = T% V3S9, and the relative acceleration of
neighboring geodesics is then S* As. We have

S =TVs(T"'V,S%)
= T7V,5(S7V,T%) by 263)
= (TPV3S")\V, T + TP SV 3V, T
= (SVT")V, T + T7S7(V, VT + [V, V., T7)
= (S'V, TV T* + TPS'V VT + TP SY Ry, *sT°
= SV, (TPV3T*) +T°S" R, *sT°
0
S = R%5.,sT°T7S° (2.66)

This is the equation of geodesic deviation, first obtained in 1926 by Levi-Civita [73]] and by Synge.[118]]
An observer moving along a geodesic (a freely falling observer) does not detect a uniform gravita-
tional field — e.g. a man in a freely falling elevator in the Earth’s field sees objects behaving almost
as if there were no gravity. But because the Earth’s field is not really uniform, he will see their relative
acceleration, the relative acceleration of two particles falling toward the center of the Earth.
Newtonian approximation: For two nearby particles with sep- S
aration vector S (here, for brevity, S is written instead of AsS),
i LS i i
x (t x'(t) +S'(t
St—= gt gt gt () () ()
= —V'¢(x+ S) + V'¢(x)
= —V'V,p(x)S. (2.67)

The magnitude of this relative acceleration is of order %qu,
smaller than the “gravitational acceleration” V¢ by the ratio of
the particle-particle distance to the radius of the Earth. It is this
tidal force that alone reveals the presence of a gravitational field
to a local observer.



https://www.jstor.org/stable/1968486?seq=2#metadata_info_tab_contents
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In III these remarks will be made again in the context of a discussion of the equivalence principle and
will motivate the form of the field equations via the correspondence between equations (2.66)) and (2.67).

A note on interpretation: The calculation required only that the curves s — ¢(¢, s) be smooth and
spacelike. To interpret s as a distance between nearby particles, s should be proper distance along
each curve, and each of these curves should be a spacelike geodesic orthogonal to the particle trajectory
t — ¢(t,0). We can always choose s to be proper distance along the curve s — (¢, s), and we can choose
the initial curve s — (0, s) to be a spacelike geodesic. But once we choose a set of timelike geodesics
through each point of ¢(0, s), the remaining curves s — ¢(t, s) are fixed: They are the position of the
particles at proper time ¢; equivalently, they are the result of Lie dragging the initial curve s — ¢(0, s) a
parameter distance ¢ along 7'*. It is only at zeroth order in s that these remaining curves are geodesics
and only at zeroth order are they orthogonal to a particle trajectory.

A final comment on the Riemann tensor: If one chooses Riemann normal coordinates in a neighbor-
hood of a point P, the components of the metric near P can be written in terms of the Riemann tensor
and its derivatives at P. That is, the Taylor series of g, (x) about P has the form

9 (2) =t = 5 Byra™a” + O((al?), 2.68)
where the higher order terms involve derivatives of R,,,.. (See, for example, MTW Sect. 11.6, or
Leo Brewin’s notes brewin96.) The expansion is used in quantum field theory on curved spacetimes
and in work on extreme mass-ratio inspiral (EMRI). In EMRI work, one uses point-particles moving in
a background spacetime to approximate stellar size black holes spiraling into the vastly more massive
black holes at the centers of galaxies.


https://users.monash.edu.au/~leo/research/papers/files/lcb96-01.pdf
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Exercise 46. Wald’s way of defining Christoffel symbols. The Christoffel symbols I'* ;. associated with
a chart {z'} are not naturally the components of a tensor, and neither are the quantities 9;v7. One
can, however, simply define a tensor 9,v° to be the tensor whose components in the chart {x’},
are O;v’. Then, in another chart 2/, the components will not be 907", Check that defining 9,0°
in this way is equivalent to defining J, to be the covariant derivative of the artificial flat metric
(dx')? + -+ + (dz™)? or —(dz°)? + - - - + (dx®)?. (This should be a one- or two-line argument.)

Exercise 47. Show that the difference V, — 0, between the two derivative operators acts as a tensor, that
it is linear under multiplication by scalar fields: (V, — 3,)(fv®) = f (V4 — 9,)v?, for any smooth
scalar field f. Then the action of V, — 0, has the form

(Vg — 0)0" = TP0°,
where I'?,. is a tensor field.

Exercise 48. Show that the components of I'®,.. in the coordinates {z'} are the usual Christoffel symbols
I'V;.. (This should be quick. You do not have to compute the form of I' in terms of metric
derivatives.)

Exercise 49. The notation has a problem if one wants to write components of J,v” in in a new chart
2’. In polar coordinates 6, ¢ for the unit sphere, let 0, be the covariant derivative associated with
the flat metric df? + d¢?. Show that the components of d,v” in a chart z, z, where z = a cos ¥,
x = asin f cos ¢ are not the partial derivatives: To avoid confusion, write T%, = 9,v°. Find 77,

ov* ov*

91’ 92

Exercise 50. The next two problems are simple Riemann tensor examples. If you have already done
similar calculations, you would learn more by finding components in an orthonormal frame: See
the starred version of the problems below.

and 7%, and compare to

a. Find the independent components of the curvature tensor for a sphere of radius a, with metric
ds? = a*(d6*+sin? d¢?). No need to recompute Christoffel symbols that you already know.

b. Find all components of the Ricci tensor and Ricci scalar.

Exercise 51. (Essentially Problem 7 of Wald, Chap. 3). An arbitrary Lorentzian metric on a 2-manifold
can always be written locally in the form ds* = Q?(—dt? + dz?). Find the Riemann tensor of this
metric.

n?(n? — 1)

First show that the symmetry R.;.q = Rcqqp 1S implied by the other index symmetries. Because of
that, it is not used in the counting.

Variants of [Exercise 50J and [Exercise 51}

Exercise 52. Show that the Riemann tensor in n dimensions has independent components.

1 1
Do [Exercise 50.using the orthonormal frame e; = -0y, ey = — 98¢ or the dual basis
a

a S1n
w! = adf, w? = asinfdgp. You can either use commutators or Cartan calculus to find the

Christoffel symbols.

1 1
Do|Exercise 51.|using the orthonormal frame ey, = 5&, e = 5896 or the dual basis
W = Qdt, w' = Qdx.
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2.3 Lie Derivatives

This section and the sections on forms and integration that follow are largely taken from an appendix of
the book Rotating Relativistic Stars, by JF and Nikolaos Stergioulas.[52]]

Lie derivatives arise naturally in the context of fluid flow. They are needed to understand sym-
metries of spacetime and of matter in curved spacetimes, and they simplify calculations and aid one’s
understanding of relativistic fluids.

We have just seen that the connecting vector S between nearby particles with velocity T satisfies
[T, S] = 0, and this will be the statement that the Lie derivative of S by the vector field T" vanishes.
We begin, for simplicity, in a Newtonian context, with a stationary fluid flow with 3-velocity v(r). A
function f is said to be dragged along by the fluid flow, or Lie-derived by the vector field v that generates
the flow, if the value of f is constant on a fluid element, that is, constant along a fluid trajectory r(¢):

d
ﬁf[r(t)} =v-Vf=0. (2.69)
The Lie derivative of a function f, defined by
Lyf=v-Vf, (2.70)

is the directional derivative of f along v, the rate of change of f measured by a comoving observer. If
f 1s density or temperature, say, f is dragged along by the flow if the density or temperature of a fluid
element remains constant as the fluid element moves with the flow.

For a vector, imagine an arrow painted on a river of sliding jello, the arrow dragged along as the jello
moves and oscillates. That is, consider a vector that joins two nearby fluid elements, two points 7 (t)
and T(t) that move with the fluid: Call the connecting vector Aw, so that for small A the fluid elements
are nearby: A\w = T(t) — r(¢). Then Aw is said to be dragged along by the fluid flow, as shown in
Fig. (2.5). In the figure, the endpoints of 7(t;) and 7(¢;) are labeled r; and T;.

Figure 2.5: Two nearby fluid elements move along the flow lines, their successive positions labeled r;
and 1;. A vector field sw is said to be dragged along by the flow when, as shown here, it connects
successive positions of two nearby fluid elements.

A vector field w is Lie-derived by v if, for small s, sw is dragged along by the fluid flow. To make
this precise, we are requiring that the equation

r(t) + sw(r(t)) = £(t) 2.71)
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be satisfied to O(s). Taking the derivative of both sides of the equation with respect to ¢ at t = 0, we
have

v(r)+sv-Vw(r) = v(F) = v[r+ sw(r)]
= v(r) +sw-Vv(r) + O(s?), (2.72)
which holds if and only if
v,w]=v-Vw—-w-Vv=0. (2.73)

The commutator [v, w]| is the Lie derivative of w with respect to v, written
Low = [v,w]. (2.74)

Then w is Lie-derived by v when £L,w = 0. The Lie derivative £,w compares the change in the
vector field w in the direction of v to the change that would occur if w were dragged along by the flow
generated by v.

In a curved spacetime the Lie derivative of a function f is again its directional derivative,

Lof = uVof. (2.75)

If u® is the velocity of a fluid, generating the fluid trajectories in spacetime, L, f is commonly termed
the convective derivative of f. The Newtonian limit of u® is the 4-vector 8; + v, and L, f has as its
limit the Newtonian convective derivative (0, + v - V) f, again the rate of change of f measured by a
comoving observer. (Now the flow is arbitrary, not the stationary flow of our earlier discussion.)

A connecting vector is naturally a contravariant vector, the tangent to a curve joining nearby points
in a flow; and in a curved spacetime, the Lie derivative of a contravariant vector field is again defined

by Eq. @74),
Low® = u’Vaw® — w’V gu. (2.76)

We have used a fluid flow generated by a velocity u® to motivate a definition of Lie derivative; the
definition, of course, is the same in any dimension and for any vector fields:

Low® = 0"V — w’Vys. (2.77)

Although the covariant derivative operator V appears in the above expression, we have already seen
that the commutator is in fact independent of the choice of derivative operator. This was implied by
our definition of the commutator (which did not involve covariant derivatives); it also follows from the
symmetry F; P = Fé k) which implies that the components have in any chart the form

Low' = vjajwi — wjé)jvi. (2.78)

We now extend the definition of Lie derivative to arbitrary tensors. This just involves using the
definitions for vectors and scalars and the Leibnitz rule. For any covector o, and vector w®, we have

Ly(o,w®) = (Lyo,)w®* + o, Lyw® (2.79)
VOVoqw® 4+ 0, 0"V = (Lyo,)w® + 0,0°Viw® — o,u’ Vi =
Tal VoW TaV VoW

WLy, = w(V'Vyo, + 0p Vo).
Because this holds for all w®, we have

Ly, = 1"Vyo, + 0y Va1, (2.80)
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Again the definition (2.80) is independent of the choice of derivative operator, because the Lie deriva-
tives of the scalar 0,0 and the vector v* in Eq. do not depend on V. The components in any
chart are given by

EVO'Z‘ == UjajO'i + O'jaﬂjj. (281)

Finally, the Lie derivative of an arbitrary tensor 7%®.....; again follows from the Leibnitz rule (writing a
tensor as a sum of products u® - - - v°ay, - - - 74 as usual). You can quickly see from Eqs. (2.77) and (2.80)
that the result is

LT e = 0OV T
_T(Lmbc-ndqub — Tbma/d---cvuvc
+Tbmca...evd"(,7a + -+ Tbmcd"-uver(’yaﬁ (282)

independent of the derivative operator, and with components in a chart given by

LTV = VO
—Tk"'km...nﬁkvj — s — T]kmnﬁkuk

Tk OV 4 TR L OE. (2.83)

Action of diffeos: A smooth 1-1- map of a manifold onto itself or onto another manifold is called a
diffeo (or diffeomorphism) if its inverse is also smooth.

We began by using the flow generated by a velocity field v to motivate the definition of Lie
derivative of a vector field w. It is useful to see formally the way in which any vector field generates a
flow and to use that flow to give a geometrical definition of Lie derivative. Note first that the trajectory
of a fluid element is an integral curve of the vector field u“, where:

Definition. An integral curve c¢()\) of a vector field v is a curve whose tangent vector at each point
P =c¢(\)is v*(P).

In a chart {z'}, the tangent v' to an curve ¢(\) has components ﬁxz()\); and the statement that c(\) is

d . ,
an integral curve has the form ax’()\) = v'[c(N)].

Proposition. Any smooth vector field v“ in an n-dimensional manifold M has a family of integral
curves, one through each point of M.

Example 1: As noted, the velocity field ©® of a fluid has as its integral curves the fluid trajectories
parameterized by proper time. The 3-dimensional vector field v of a stationary Newtonian flow has as
its integral curves the flow lines, parameterized by Newtonian time.

Example 2: The vector field 8, = 0, — y0, has as integral curves the lines of constant ¢, r, 0,
A= (t,r, 0,04+ N)

Note that when a vector field vanishes at P (e.g., 9, vanishes on the symmetry axis * = y = 0), the
integral curve simply stays at P: ¢(\) = P.

“This result is equivalent to the existence theorem for solutions to ordinary differential equations, proved, for example,
in Coddington and Levinson, Theory of Ordinary Differential Equations, McGraw-Hill, 1995.



CHAPTER 2. CURVED SPACETIME 128

We can view the 4-dimensional flow of a fluid as a family of smooth maps of the fluid to itself in
the following way: In a given proper time 7 each point P in the fluid moves along the fluid trajectory
through P from ¢(0) = P to the point ¢(7). As in the case of the 4-velocity, we can use the integral
curves of any vector field to define a family ¢, of diffeos of a manifold to itself (for a star, the fluid has
a boundary, and the map - is from the support of the fluid to itself):

For each point P, let ¢()\) be the integral curve of v* for which P = ¢(0). For a fixed value ), define the
map 1 by

UA(P) = c(N). (2.84)
That is, ¥, maps each point P to the point a parameter distance \ from P along the integral curve
through P. The vector field v® is said to generate the family v, of diffeos. In a chart {x’}, we have

v (1) = C%\wﬁ\(x) : (2.85)
A=0
Example: The vector field ¢ := 9, generates the family of diffeos
(t,r,0,0) = (t,1,0,06 + \),
rotations by A in the z-y plane about the axis where 9, vanishes. A spacetime is axisymmetric if its
metric is invariant under rotations, if £L4g,5 = 0 or, equivalently, ¥} g.s = 0.

We can now repeat for manifolds the relation with which we began this section, between the flow -
the diffeos - generated by a vector field and the Lie derivative. We need the action of a smooth map 1
on a tensor, beginning with its action on a curve and on a function, and from that finding its action on a
vector as a tangent to the curve, and on a covector as the gradient of the function. For Lie derivatives, we
could look only at diffeos from a manifold to itself, but the action of ¥ on vectors and covectors needs
only a smooth map, and you’ll use the more general description when you encounter the 3+1 formalism
and the initial value problem in the GR literature or later in the notes.

Lett) : M — N be a smooth map from one manifold to another. A curve on M is mapped by v to
a curve on V. One says that the curve ¢ : R — M is dragged or carried along or pushed forward by 1
tothe curve poc: R — N.

M N
Y
R e
)
-~
Figure 2.6

A function f : N — R on N is pulled back to the function f o) : M — R on M.

Then the tangent v to the curve ¢ at a point P = ¢(0) is dragged (or carried along) to the tangent
Y*v to the curve 1 o ¢ at the point ¢)(P). And the gradient V f at a point ¢)(P) in N is pulled back to
the gradient ¢,V f := V(f o) of fo at P.E]

3In general, 1 need not be 1-1, and this pullback gives a gradient at all points whose image is 1 (P).
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M N
v
/_\.
o
&
f R
Figure 2.7

Because ¢*v is tangent to ¢ o ¢, the vector ¢)*v is the map { f} — R given by

d

vru(f) = 7Y fooc(N)]|azo- (2.86)

Because 1,V f is the gradient of f o v, the right side of Eq. (2.86) is also 1,V f (v). That is, the action
of the covector 1,V f on v is

d
LV (v) =y (f) = ﬁf o ¢ o c(A)][r=o- (2.87)

In charts  and y on M and N, the curve ¢ has coordinates x*()\), the dragged curve ) o ¢ has
coordinates y*[x(\)], and we have

d oyt dx* Oyt .
ko O\ — — %

or

oy+

("0)*|up) = Z =0l (2.88)

The different indices here are used because M and N need not have the same dimension.
Similarly, the pulled-back gradient ¢,V f = V(f o 1) has components given by

_ 9 _ofoy g o
Vilf o) = 5@ = 5 o505 = Vul g (2.89)

Because any covector o at a point ¢)(P) of N can be represented by a gradient on /N, its components are

oyt
(¢ O-) O—l axl ( )
The action of 1,0 on the vector v is then
Yuo(v) = o(¥'v), (2.91)

implied by Eq. (2.87) or by multiplying both sides of Eq. (2.88) by o,. (Wald takes (2.91) as the
definition of 1,.)

Summary:
A map ¢ : M — N drags a curve c and its tangent vector v on M to the curve ) o ¢ with tangent ¢)*v
on V.
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It pulls back a function f and its gradient V f on N to a function f o ¢ and its gradient ¢,V f on M.
Hence
1 pulls back a covector o on N to a covector ¥,o on M.

Any contravariant tensor 7% is dragged by 1 from M to ()*T)*” on N because T*"* can be
written as a sum of products u® - - - v°, each of which is dragged by 1. Similarly, any covariant tensor
Ty...3 is pulled back by ) from N to (¢.T),..., on M because T,...3 can be written as a sum of products
04 - - - T3, €ach of which is pulled back by ). Equivalently, acting on a covariant tensor 74,...3,

0. (u,...,v)=T@W"y,..., "), (2.92)
and on a contravariant tensor 7%,
V(0. ..,7) =T (o, ..., 0T). (2.93)

Notation. We have followed Wald in writing 1)*v for the dragged vector, and .o for the pulled back
covector. This is opposite to the convention in most of the mathematics and mathematical physics liter-
ature.

Exercise. Find the components (¢, 1');...; and (¢)*1")*".

But 7/ does not know how to drag a covector or pull back a vector. To talk about the action of a map
on a general tensor, the map 1) must have in inverse — it must be a diffeo, and we now consider only
diffeos. By using ¢~* : N — M to to drag a covector from N to M, we can extend v* to arbitrary
tensors. Given a tensor 7%"?...; on M, we define the dragged tensor {/*T%?, _;on N by

VT (0,..., T, ..., 0) =T0 o, Y, .. ). (2.94)

Dragging a tensor from M to N by 1* is then equivalent to pulling it back from M to N by ¢ *.

Exercise. Take M = N. Because there is only one coordinate system, denote by v)*(P) the coordinates

of ¢(P) and write v'(x) for 1) regarded as a function of the coordinates: ¢* maps (x!,...,2") to
(Y'(z),...,¢¥"(x)). Show for a tensor T} that the components of 1, T are
; awz aw—ll .
(¥.T); = Ik D 1. (2.95)

Lie derivatives from a geometric standpoint.

The geometric definition of the Lie derivative £,, of functions and vectors just restates the way we
introduced Lie derivatives for a fluid flow. For a fluid with velocity u®, the Lie derivative £, f of a
function on the fluid is the directional derivative of f along u®,

d
Lof = Ef © ¢T<P)‘T=0 =u*Vof. (2.96)

Now f o), is the pullback of f by ¢, or, equivalently. the result of dragging f by /~! = 1_,. The Lie
derivative subtracts the the value of f at P from its value at ¢ (P), and we have stated this difference
in a way that makes sense for vectors in curved space, where one knows only how to add and subtract
vectors at the same point: That is, to define the Lie derivative £,w® of a vector, we again subtract the
value of w® at P from the result of dragging w® from v.(P) back to P by ¢_,:

d
Loaw® = —y* _w®. (2.97)
dr
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And in general, for any for any smooth scalar f and two smooth vector fields v* and w® on a manifold,
d
Lyf = afoﬁb,\(P)h:o, (2.98)

a d * a
Low® = awﬂw , (2.99)

where ), is the family of diffeos generated by v®.

A vector field w® is Lie-derived by a vector field v* if the family of diffeos v, generated by v* leave
w® unchanged, if Y w* = w*.

To check that our geometric definition of the Lie derivative of a vector agrees with the com-
mutator [v, w], we compute the right side of Eq. (2.99), writing

= W5 i oy (P). (2.100)

wixw"

When we take the derivative — of this expression, we get two terms, with the derivative hitting each
1 while the other v, is evaluated at A = 0 where it is the identity:

d [ovt, A (O, o v,
dX [ dz? w Olp)‘(P)] N dX < OxJ > w'(P) + ozJ

d J
—Ww
N

(¥a(P)) (2.101)

is just the Lie derivative (2.98)) of the scalar w”:

d .
J p
Now v o Py ( ),\:0

d .
o Ua(P)

= vR O’
A=0

the first term is what distinguishes the Lie derivative of a vector from that of a scalar:

d oYL, _ 0 (dyty P
d\ | 0z9 |,_, 07 \ d\ ),_, 7

So we have
d Cd (O, o'y d .
— Yt W' = — , P . —u’ P
D=0 ( e ) WP E 5 )
= —9'w! + v o,
. . oYt ox' . o .
where we have used ¥ () = z* to write D =0 = d; (the Jacobian of the identity map is the
A=0
identity map). We have shown
izﬂ* w = [v,w]
T Y

as claimed.
A nearly identical calculation checks the components of the Lie derivative £,0, of a covector field:
Suppressing “A = 0,” we have

d\ \ oxi 029 d\

= Ol w; + v ou’,

d d d [ oyl ot d .
awiwi = awx*m‘ = — ( ¢A) o;(P) + U —w’ (YxA(P))
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in agreement with Eq. (2.81).
Finally, the Lie derivative of any tensor is given by

d
LT = —* T 4, 2.102
od d/\l"fA ed s ( )

and a calculation essentially identical to those we have just done for vectors and covectors verifies that
the definition yields Eq. (2.83).

Killing Vectors

A common use of Lie derivatives in relativity arises from vector fields that generate symmetries of
the spacetime. That is, a spacetime is symmetric under the diffeo ¢ if ©* g.5 = gap. If a vector field
£~ generates the diffeos 1y,

Y gap = Jop = Legap =0

By (2.82),

Legos = E'VGap + 9ar Ve + +9,5VaE.

= va&,@ + vﬂga
Definition: £“ is a Killing vector field if
Legap =0, (2.103)
or
Viaép) = 0. (2.104)

If £~ is a Killing vector, one can choose coordinates in the following way:
Take a hypersurface S cutting the integral curves of £%. Let 2° be a scalar field with z° = 0 on S and
2Y(P) the parameter distance from S to P along the integral curve through P. x', z* and 2% are picked
arbitrarily on S and extended to M by requiring them to be constant along the integral curves.

dz®(\)  dA
en Lex N N

Lex' = Lo = Lea® =0
and
(Leq)uw = EX00Gu + 900, + 9,00,
But
¢ =¢(at) = Lex = 6y
== (Le9)uw = OG-

We have chosen coordinates for which & = Jy: &* is just the tangent to A — (2° + \, z', 22, 2?),
the symmetry (L¢g),, = 0 implies that Jyg,,, = 0, that the components g, are independent of the
coordinate z°. Conversely, if there is a chart in which the components g,,, of the metric are independent
of a coordinate 2, then the vector with components £# = &} in that chart is a Killing vector of the
spacetime:

(ﬁfg);w = gAaAg;w + gkuauSA + g,U)\alISA = 8Og;w =0
= (Egg)w, = 0.
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Example 1: Minkowski space has 10 independent Killing vector fields,

0, 0,, 0,, 0, 4 translational
x0, — Y0y, 20, — 20,, y0, — 20, 3 rotational
20 +10,, YO, +10,, 20, +10, 3 boosts ,

and they generate 10 one-parameter groups of diffeos that leave 7),,,, invariant: 4 translations, 3 rotations,
3 boosts, which together close under composition to form the Poincaré group. Here’s the check that 7,4
is invariant under boosts:

& = (x,1,0,0) = 208 + 206"
(££77>m/ = f)\a)\n/w —}—(9#5)‘77,\,, + anAnlM
\T./
= 8# (xléé + xﬂ(si\) Mw + 81/ (-1'153\ + $05i\) Tlux
8utos -+ Sty + 81 + 81
= 0.

That 7,4 is invariant under translations is immediate: 97, = 0.
That 7,4 is invariant under rotations is immediate in spherical coordinates with the axis of rotation taken
to be the symmetry axis:

r0y — YOy = Oy, §' = 557 (Len)w = Oy, = 0.
Example 2: A rotating black hole has the (Kerr) metric

A inZe 2
ds? = — = (dt — asin®0de)? + ———[(r? + a?)de — adt]? + L-dr? + p*d6?,
p? p? A
where

A=7r*—2Mr+a*  p*=r*+a’cos’0,

with @ := angular momentum/mass. Since ||g,, || is independent of the coordinates ¢ and ¢, J; and 0,
are Killing vectors and the spacetime is invariant under time translations and rotations about the § = 0
axis.

2.4 Introduction to integration on manifolds

In flat space, the area of a parallelogram spanned by the vectors A, B is |A x B| = |e,, AB®; and the
volume spanned the vectors A, B, C is
|A x B-C| = |eapcA*B®C¢|. Similarly, in Minkowski space, requiring that the volume spanned by four
orthonormal vectors ¢, %, y¢, z® be 1 implies that a parallelepiped €) spanned by any four vectors A,
B, C*, D% is
|Q| = |€a575AaBBO’YD6|.

The set of four vectors is positively oriented if €,4,s A*B*C7D? > 0.

The volume of an arbitrary region (2 is obtained by adding volumes of infinitesimal parallelepipeds
spanned by vectors along the coordinate axes, e, e, €5, €5 with lengths Az", Az!, Ax?, Az?

AW = a3 AP Art A AR
! Azt Az Az® Ax" (—1)7,

E E;LVUT
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where (—1)™ = 1 when pu, v o, 7 is an even permutation 7 of 0,1,2,3 and (—1)" = —1 for an odd
permutation. Because €,4,; A“B?C7D? is a scalar, the volume of a region of flat space is given in any
oriented chart by
Q| = / €o123 dx’dx’ dr*dx® = / d*V.
Q Q
The Jacobian, % |, that relates the volume element in two different coordinate systems arises from the
coordinate transformation of the totally antisymmetric tensor €,3.s:
oxt dx¥ 0x” Ox7 ox
OV = 500 9t 9272 8 P ‘@
written as

€o123- In the mathematics literature the volume integral is

/ €. (2.105)
Q

A curved space is locally flat in the sense that, in a locally inertial coordinate system, the metric
components are flat up to quadratic order in the coordinates. By demanding that the volumes of small
regions, to first order in the length of a side, are those measured by a locally inertial observer using her
local Minkowski metric, one uniquely picks out the volume element

d*V = €193 daldxtda?dad. (2.106)

Because the totally antisymmetric tensor €p;23 has the value /|g|, the volume element can be written in
the equivalent form
d*'V = +/|g| d2’dx*da*d2?, (2.107)

and in n-dimensions
d"V = ep.pdxt - da" = +/|g| dxt - - - da". (2.108)

In index notation, one writes
d*V = €,..5dS% Y,

and thinks of dS*"* having components
1
“dSHT = :I:Edas“dx”dx"d:f ”.
The integral,

/fd”V:/fel...ndxl---da:”:/f\/|g|dx1---dx”, (2.109)
Q Q Q

over a region () is well-defined (that is, its value is independent of the choice of coordinates), because,

under a change of coordinates, the integrand on the right side is multiplied by the Jacobian | ggf, |

2.4.1 Gauss’s theorem

We’ll need Gauss’s theorem, whose form and proof for curved spacetime is nearly the same as that for
flat space. The subsequent sections on forms, densities and Stokes’s theorem are optional, useful but not
needed for this first-semester GR course.

Gauss’s theorem relates the volume integral of a divergence of a vector to the surface integral of
its normal component. We have already seen in a flat-space context its meaning as a conservation law,
relating the change in charge or mass in a volume to the flux leaving the volume.
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In R"”, in Cartesian coordinates, the integral of a divergence over an n-cube can be expressed as a
surface integral after an integration by parts:

/ O Al = / A dxtda? - da + -+ / O, Ardadxt - - - da™
1%

= / Aldx? - da" — / Aldz? - da" + -+ / Ardat - da™ Tt — / Ardzt - da™ !
AV H_V OtV OV

= / A'dS;  (OV means the boundary of V)
ov

, 1
where dS; = +¢;;.,da? - - - da¥———  with
! (n—1)!

dS, = +dx?*- - - dz" for x! increasing outward,
dS, = —da?---dz™ , for 2" increasing inward.

More generally the integral over any volume V' in R" of a divergence is related to a surface integral

by
Vv ov ov

where n; is the unit outward normal to S and d.S the area element of S.

In curved space the analogous result is easily obtained:
VA = / (VIgl4') vVigld'
/. vk
— / 0; (\/ |g]AZ> d"x
Q
When (2 is a coordinate box,

/ai (Ai\/m) d”:r::/ Al\/Esz---d:cn—/ AL |glda? - - do
Q

4V 8-V
+ A”\/]g]dx1-~d:c"1—/ A™/|g|dz" - - - dz™™
OtV OV
= / A'dS;,
v
, 1
where again each term on the right side has the form ¢;;..,dz” - - - da” W We can then write
n—1)!
/ VA"V = / AdS, (2.110)
Q o)
1

where dS; = j:eij...kdxj o da®

(n—1)I
Equivalently, the integrand of each term on the right has the form £A*V 2%, /|g| for the part of the
boundary that is a surface of constant z*. To get the sign right, we need to choose the outward normal.
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For example consider a 4-dimensional slab {2 whose boundary consists of two ¢=constant slices, t = t;
and ¢ = t,, and a part of the boundary at spatial infinity where A“ vanishes. On the future boundary,

/ A%dS, = / A/ |g|d*x = / APV it/ |g|ld®x,  tincreasing outward,
t=to t=to t=to
so dS,, = V,t+/|g|d*z. On the past boundary,

/ A*dS, = —/ At\/|g|d3$:/ AP, (—t)\/|gld*z, —t increasing outward.
t=to t=ty t=ta

In general, choose a scalar f that increases outward and is constant on a part of the surface. Then take
f to be a coordinate f = x! and add coordinates on the surface, with ' = f, 22, ... 2™ aright handed
chart, so that €;5..,, = 1/|g|. We then have

dS, = Vaf/|gldz*dx® - - - da". (2.111)

If, as usual, we decompose the volume of integration into a set of cubes and take the limit as the size
of each cube shrinks to zero, we find

/V AYd"V = A“dS (2.112)

As usual, surface terms from cubes that share a surface cancel, because the outward normal to one cube
is the inward normal to the adjacent cube.

This form is correct for any (smooth, orientable) volume in a space with a metric, independent of
the signature of the metric. When 0f) has a unit normal (when it is not a null surface), one can write
dS,, in a more familiar form. With outward unit normal n, (along the gradient of a scalar that increases
outward) dS, = n,dS, with dS the n — 1 dimensional volume element, given by

dS = /|("Vg| d" 'z, (2.113)

where (»~1) Jap 1s the metric on the n — 1-dimensional surface. We’ll pick n = 4 and look at a ¢t =
constant surface. You can always change ¢ to f and 4 to another dimension. The unit normal (for ¢
increasing outward) is related to V¢ by

1 1
e =t
VIVt VAt Vgt

Now we need the metric ®g,;, on a t =constant surface. First, a simple-minded version using compo-
nents. At the end, we’ll circle back and define g, as the pullback of g,s to S. If v is any vector lying
in a t =constant surface, v’ = v*V,t = 0. The metric in the surface is, by definition, the map from a
pair of vectors v and w® in the surface to R, and that is already given by the original metric on M,

(2.114)

Ng =

Jopv®w® = giiv'w’. 2.115)

So the components of the 3-metric are the spatial components of the 4-metric.

39ij = 9ij-
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We can relate the determinant 3¢ to g and the unit normal n,, as follows: The inverse metric has compo-
nent g' given by g = |minor of g4|/g, and the minor of g;; is the determinant of the spatial components
gij = ®g;; of the metric:

Then

dS, = V,t\/|g| dxdydz = \/|g"|n,\/|g| dedydz = n,/3g dedydz

= n,dS,
with dS = /3¢ d3x in agreement with Eq. (Z.113).

Finally, we show that ®g,, is the pullback of g,s from the spacetime M to the submanifold S: That
is, 2gap = (1.g)ap where ¥ : S — M takes each point in S to itself, the identity diffeo, but with its
. oY+
image regarded as a point of M. Then (¢*(z)) = (0, "), and Bi = 0!, giving
xl
5 OYroyYY

95 = i o I

Example: The integral form of mass conservation V,(pu®) = 0 for dust is

0 = /Va(pua)d4V:/ puo‘dSa—/ pu®dS,
Q Vo %1

or / pu“dS, = constant
1%

Similarly, the number of baryons in a fluid is

N:/nuo‘dSa:/nu“nadS
1% 1%

(and N = fv ndS only if u® 1V so that u®n,The = 1—i.e. if the fluid is at rest relative to V'.)
Note that in a chart with V' a ¢ = constant surface,

/AadSa:/At\/—g dz,
1% 1%

so there is no need to introduce n, and /3¢ to evaluate the integral. This fact is essential if one is
evaluating an integral [ j*dS, over a null surface, where there is no unit normal. The flux of energy
or of baryons across the horizon, for example, can be computed in coordinates that are regular on the
horizon: Consider coordinates v, 7, 6, ¢ with the surface of constant r a null surface (think of r = 2M
in Schwarzschild). Then

/j“dSa:/j’\/—g dvdfde.

There is no unit normal, but the flux across the surface doesn’t care.
A more extensive treatment of forms, densities and integration is given in the Appendix/A|



Chapter 3
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3.1 ‘‘Derivation” of the Equation

To conform to the state of knowledge in 1910, a theory of gravity should satisfy:
I.  With no gravity, special relativity is valid.

II. Principle of equivalence: “Locally” one can’t distinguish uniform acceleration from a uniform
gravitational field — or free fall from no gravitational field.

I1I. Newtonian gravity is valid in the Newtonian regime, i.e. when the sources are nonrelativistic in
character.

The observed solar-system departure from Newtonian gravity was the anomalous 43" precession of
Mercury’s orbit each century, a correction of about one part in 107. (Mercury’s year is 88 days, so
100/88 orbits per century for a total of about (100/88)3600 x 360 ~ 5 x 108 arcseconds.)

I and II partly cease to make sense once the theory is accepted because there will be no gravitational
“field” — just curved spacetime — and no distinction between a uniform field observed by a stationary
observer and no field observed by a uniformly accelerated observer. In place of I and II will be the
statement that free particles move on geodesics of the spacetime. One can, however, continue to test
the equivalence principle prediction that the gravitational acceleration of small objects in a time in-
dependent gravitational field is independent of the objects’ internal structure and composition (E6tvos
experiments), and that local Lorentz invariance holds.

Prior to writing the theory, I and II together are taken to imply that a freely falling, non-rotating
observer, measuring components of tensors along her orthonormal frame finds that matter with energy
momentum tensor 7% obeys 9, T = 0 + terms of order ¢* | 9;0;® |, with ® the gravitational potential,
¢ a length characteristic of the size of his laboratory. She will similarly find that electromagnetic fields
satisfy

O, F" = 4mj" + terms smaller by a factor ~ ¢* | 9,0, |
OuF,0) + terms smaller by (*|9;0;® =0 .
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Finally, III means that when source velocities are small compared to the speed of light, when
v 1 % <1

pressure P < p| P < pc?

o GM

— ~
c? Rc?

M
andCDNE<<1, <1

then V2® = 47Gp, and g = —V® is the acceleration due to gravity.
These are the constraints on the theory.

Why does gravity involve a metric? We have already mentioned Geroch’s argument: Anything you
use to decide what a straight line is— or, more generally to determine the geometry of spacetime—is
curved by gravity. so it is perhaps not surprising that gravity is tied to geometry.

The more specific, equivalence-principle argument arises from the following experiment, an experi-
ment that uses the first two assumptions above. Consider the following two situations. In the first, two
identical clocks A and B are placed on the wall of a rocket that accelerates uniformly with acceleration
g. In the second situation, the clocks are at rest, one above the other in the nearly uniform field of the
Earth.

Earth

Situation I Situation IT

Technically, if each clock in situation I feels a uniform acceleration g, the spatial distance between
them will not remain constant: two particles satisfying (I.66) have a time dependent separation defined
as the length of a connecting line orthogonal to one of their trajectories. But the difference will be of

v?2 (g7)? . . . . v

order 2~ a2 and will be neglected: In this calculation we will work to O <Z>

In situation I, let / be the initial distance between clocks measured orthogonal to their trajectories.
Situation II will then be “equivalent” if / is the distance measured by a meter stick at rest with respect
to the clocks and if each clock feels constant acceleration g. For example, a pair of clocks at rest relative
to the Earth are equivalent to a pair of uniformly accelerating clocks at fixed distance from each other.
We will show that light signals sent a proper time A7, apart from A to B are received at a different
interval A7g measured on B’s clock. In the “equivalent” situation, where the clocks are at rest on Earth,

the implication is that again A7, # ATp - that the clocks move at different rates.

Exercise 53. Use the Newtonian trajectories of two uniformly accelerated clocks separated by a distance
h and each at rest at £ = 0. Show that photons emitted by clock A at¢ = 0 and at ¢t = At 4 reach
B at times differing by Atg = At4(1+ gh), neglecting terms of order g(At)? and order At(gh)>.
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Here is the same result using the relativistic trajectories and proper time measured by A and B.

In units with ¢ = 1, the time for light to go from A to B is roughly h. In that time, A and B
gain velocity v of order gh (i.e. v ~ gh/c), and we assume that this speed v is small: gh < 1 (i.e.
gh/c* < 1).

The trajectory of clock B is

cy(r) = ; [sinh(g7) t* + cosh(g7T)x"] + (h — 1) x®
= 71"+ <h + %g#) z* + Ol(g7)*7] (3.1
1st photon has path A(t* + =) hitting c(7) at the time 7 on clock B for which
At +2%) = () = A=mand\=h+ %gﬁz + O[(g7)?7],
n = h+ %ng + O[(g71)*n1]
= h+ %th + O[(gh)*h]. (3.2)
2nd photon has path A\(t* + %) + A74 t* hitting c(7) at
T = ATa+h+ %ng + O[(gh)?h], O[(AT)?]

1
= Arp+ 7+ —g(r2 —12)

2
1
= ATA + 7+ 59(7'2 - 7—1)(27—1>
= ATa+7 49711 (10 —71) (3.3)
Atg = To—11=A71a+ g1 ATp
= Ar4(1+ gh) + O[(gh)*ATy]. (3.4)

Then, for clocks on Earth, the equivalence principle implies

Ar(h) = (1 + g) Ar(h=0) | (3.5)
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where & = gh is the gravitational potential.

From this result one infers that the metric of spacetime depends on ®, because the proper time read
on a clock is proportional to /g;;. Here is the argument. Assume that the spacetime geometry of the two
clocks and the Earth is time independent. Then there is a scalar ¢ for which the metric components g,,,,
are independent of ¢ in a coordinate system {¢,z'} for which the spatial coordinates of the clocks and
the Earth are independent of ¢. By saying “there is a metric,” one means, in particular, that the proper
time elapsed on a clock with trajectory ¢(\) is 7 = [ o Gap€@E? |12 d) (and, in general, the spacetime
distance between two events P and () is the geodesic distance with respect to g,s).

Consider now two photons sent from clock A at two times a coordinate interval At apart. Because
the geometry is independent of ¢, the trajectory of the second photon is identical to that of the first
photon, translated in time by At:

zh(N) = af (X) + o} At. (3.6)

Therefore signals sent a coordinate time At apart are received at B a coordinate time At apart.

But ATy = | gu(A) |12 At, Atg = | gu(B) |V/? At.
If the equivalence principle is to hold, these two time intervals must be related as they are in the uni-
formly accelerating spacecraft: They must satisfy Eq. (3.5). Thus

P
auh) 1= (14 5 ) 1 0ul0) 12

Normalizing ¢ to make A7(h = 0) = At gives

2P
g = — (1 + §> . 3.7

In the more sophisticated language of the last section, one assumes that the metric has a timelike
Killing vector, t*, and that the Earth and clocks are simply time translated by its family of diffeos.
Then, assuming each photon trajectory is similarly time translated, the parameter intervals At between
transmitted photons are equal to the parameter intervals At between received photons, and implies

20
Gapt®t?(h) = (1 + ?> Gapt®t?(0) . (3.8)

The equivalence principle argument has led us to a metric having in the Newtonian limit a component

gy of the form (3.7),
20
ge=— 1+ = )

V20 = 4nGp. (3.9)

where @ is the Newtonian potential

Now comes the kind of spectacular coincidence that happens when one is on the right track: If we
suppose that

1 v
Eatg;w ~ Eaigw/ < aig,uln 1=1-3, (3.10)

as befits a field produced by slowly moving sources, then the geodesic equation

uWVyut =0 | for u = (1,v") + O(v?),
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is

dvt ) dv’ dv’
I v by = = ?
o Tt 0 (dT dt—i—O(v)),
dvt 1
7 + 5(—@'9& +20i915) = 0
or 2
/UZ
— 00, 3.11
7 ( )

the Newtonian equation of free particle motion! More generally, the relativistic equation of motion
0=V, T =9,T" + 1", T + 1", T

has Newtonian limit . .
aVTw + thtTtty

using T%, T < T for nearly Newtonian matter. Then
0,T" = —pd'®d , (T" ~ p) (3.12)

so a g component of the metric of the form (3.7), —(1 + 2®/c?), gives rise to the gravitational force,
in the Newtonian regime.

Consequently, if one assumes that spacetime has a Lorentz metric ¢,3, that matter with energy

momentum tensor 7% satisfies V5T = 0, and that g,s is related to 7,5 by an equation whose
Newtonian limit is
20
ge=—\14+—1.
c
with
V2P = 47Gp, (3.13)

then virtually all relevant experimental knowledge (I-II1) will be accounted for.

What remains is to find the relation between g,5 and 7°”. One way to get it is to say one wants a
scalar Lagrangian whose variation gives equations with no higher than 2nd derivatives of g,3 — because
V2® = V2g, has 2nd derivatives of Jap- The only scalar that doesn’t involve higher derivatives is R
(really R+ constant, written as R — 2A, where A is the cosmological constant). We’ll discuss this in VI
—it’s Hilbert’s method. A different approach is as follows (due to Geroch).

From our discussion of the equivalence principle, it is clear that the form of g;; obtained for a uniform
gravitational field is the same g;; that would be quoted by a system of uniformly accelerating observers
(with no gravitational field) — that was how we found the “gravitational” g;;. A real gravitational field,
however, is nonuniform, and only by its nonuniformity can it be recognized. Thus to seek a relation
between g, and matter, it is natural to look at the relative acceleration of free particles because it
is that which depends on the fact that V® is not constant — i.e. relative acceleration is given in the
Newtonian regime by Eq. (2.67),

St = -ViV,;®9 (3.14)
relating the separation vector S’ to the tidal forces, the second derivatives of ®. Because S* = 0 and
%&(I) < 0;D, this can be written

S = VoV S°. (3.15)
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In relativity the same experiment is described by the deviation of neighboring geodesics (2.66),
S = R% su’u’S° (3.16)
so that
J?%amgguvu‘S must correspond in the Newtonian approximation to — V*Vg® .

Because ® satisfies V2® = 47Gp, the curvature tensor must satisfy, in the Newtonian approximation,
R, gu®uf = Rogu®u’ = 4nGp. (3.17)

There is, however some ambiguity in what to choose as the scalar that becomes p: From 7},5 and u* one
can construct two scalars
T.pu®u’  and —T=-T%, (3.18)

each of which has the mass density p as its Newtonian limit. Thus one could generalize (3.13) to any
equation of the form
Ropu®u’ = 4nGrTas + (1 — )T goplu®u® | (3.19)

and in order that it hold for any timelike u“, one has
Rop = 4nGrTos + (1 — 1)1 gag] (3.20)

or .
r —

g I, 3.21
37 — 47 (-2

where (3.20) was contracted to give R = 47G(4 — 3r)T. But (3.21) must be consistent with

47TG7“TO[5 = Rag —

VT =0.

Recalling that the contracted Bianchi identity is

1
V3G = V(R — 5gaﬁR) =0
one has a unique choice of r which makes these equations consequences of each other, namely r = 2.
Thus we are led to Einstein’s equation

1
G = RS — §g°‘fBR = 87GT™ . (3.22)

Gravitational units. Beginning now, units are chosen to make ¢ = G = 1. These are called gravitational
units or geometrized units. With ¢ = 1, length and time have the same dimension; if time is measured
in seconds, length is measured in light-seconds, where 1 light-second = 3 x 10'° c¢m, the distance
light travels in 1 second. MTW gives distance in cm, and the unit of time is then 1/(3 x 10'9) s.
With G = 1, mass, length and time all have the same dimension, which MTW takes to be length
with unit 1 cm. Then the unit of mass is (1 cm)xc?/G = 1.3468 x 10?® g. Here is the MTW table:



CHAPTER 3. Gop = 87 Tag 144

4 N

Box 1.8 GEOMETRIZED UNITS

Throughout this book, we use “geometrized units,” from grams to centimeters to seconds to ergs to
in which the speed of light ¢, Newton's gravita- . ... For example:
tional constant &, and Boltzman’s constant k are

all equal to unity. The following alternative ways Mass of sun = Mg = 1.989 X 10% ¢

to express the number 1.0 are of great value: = (1989 x 109 g) x (G/c?)
10 =¢c=2997930 ... x 100 ¢m/sec = 1477 x 10°cm
1.0 = G/c? = 07425 x 107 em/g; = (L1989 x 10%3 g) % (c?)
1.0 = G/c* = 0.826 x 107 cm/erg; = 1.788 x 105 ergs,
1.0 = Gk/e* = 1.140 x 10755 cm/K; The standard unit, in terms of which everything
1.0 = ¢2/GV? = 348 x 10% cm/gauss™, is measured in this book, is centimeters. However,

occasionally conventional units are used; in such
One can multiply a factor of unity, expressed in  cases a subscript “conv” is sometimes, but not
any one of these ways, into any term in any equa- always, appended to the quantity measured:
tion without affecting the validity of the equation.
Thereby one can convert one’s units of measure Mooone = 1.989 % 105 g,

- J
Denoting by M, L, T dimensions of mass, length and time and denoting by [@)] the dimension of a
quantity @, we have [G] = M'L*/T?, [¢] = L/T. In units with ¢ = 1, L = T in gravitational units
M also has the same dimension: G = 1 implies M = [?/T* =L =T.

In particular, the gravitational potential ® has conventional units of energy/mass because, by its
definition, the gravitational potential energy of a small mass m is m®. Then [®]onventional = L2/T>.
With ¢ = 1, length and time have the same dimension, and ® is dimensionless. To convert back to
conventional units, one must multiply by the factors of GG and c that restore the conventional dimension,

s0 in this case [®]conventional = €*[P]gravitational- The gravitational potential outside a spherical object of
mass M is & = —GM /R in conventional units and & = —M /R in gravitational units. In conventional

units, the dimensionless quantity equal to M /R is

Rec?

Exercise 54. Converting from conventional to gravitational to units.
Consider a quantity () with conventional dimension M™L‘T* and hence dimension L™+*** in
gravitational units. Show that there is a unique product G*¢/ for which [Gic/|M™ LTt = [™+¢+
and find ¢ and j in terms of m, ¢ and ¢. (Using M or T as the single dimension for gravita-
tional units, one could similarly find the associated unique powers of GG and ¢ that convert from
conventional units to these gravitational units.)
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3.2 Newtonian Regime

The way we arrived at G,3 = 87GT,3 does not imply that this differential equation for g,z will really
lead in the Newtonian regime to a metric with g, = —(1 + 2®). That it does is the final part of the
miracle.

Newtonian limit. In a system for which the Newtonian approximation is valid, there is a frame in which
the system’s constituents move at speeds v slow compared to the speed of light. We define a small
parameter e to be of order v (i.e., ¢ ~ v/c, in conventional units). If the system’s gravity does not
produce larger speeds, the escape velocity from parts of the system must be of order e, implying the
potential energy m® of particles of mass m must be of order mwv?, or ® ~ e2. In gravitational units, the

M
potential outside a spherical mass M is ® = M/r, so — ~ €* (i.e. GM/(rc?) ~ €?).
r

gravitational units conventional units
v
v~e L1 -—~vekl
c
d
H ~ e? -~ e?
c
P P v?
P~ NMmolecules P~ % T”nmolccul«'ﬂ]2 = — 62 ) -5 62
p pct ¢
If Q is a quantity that depends on the matter,
29 _, 0Q 1% v,
0,Q %Q 2 ¢

~—

The departure of g, from 7,5 will be of O(®), that is O(e?), so I' = O(e?) and T'? = O(e?).

The dominant contribution to 7 is T* = p. The field equation R** — £¢g*° R = 871" is equivalent
to 1
RP = 8x(T*? — §go‘ﬁT).

We will see that the R;; equation is, to lowest order in e, an equation for g;. First evaluate the
leading contribution to the right side, using

P~ pe* = T = pu®uy (1 + O(e?)) = —p (1 + O(e?)).

1
Ry = SW(Ttt - §gttT)

1

= Sm(p— 5(-1)(~p))

— 4. (3.23)
Next evaluate the left side, Ry = Rj's:
Ryt = 0T — ol +O(?)
= 0,y + O(e?) (O, ~ v0,I" ~ ¢

1
— @[5(5]'9& + Otgjt - atgtj)]

1
= 500590 + O(e?). (3.24)
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Thus 1
Ry = —§V2gtt, (3.25)

and the field equation becomes
Vg, = —8mp. (3.26)

Then g,y —— —1 implies the final requirement for the theory to agree with special relativity and with
Newtonian gravity in the Newtonian limit,

g = —1 —2®.

Our derivation implies that, with this g,;, the equation of geodesic deviation has the right Newtonian
form: That was our starting point. But here’s a direct check:

Sto= Ry S using u* = 0 + O(e)
1 . )
= 5(910]'9& S from (3.24)
— g0 (3.27)

3.3 Pound-Rebka Experiment

A discussion of experimental verification of the theory beyond that discussed here will be deferred to
discussions of precession in Sect. #.4] of frame dragging in Sect. [5.5] and of gravitational radiation
from binary inspiral in Sect. [6.3] Meanwhile, we can get cheaply the prediction that light traveling in
a time-independent gravitational field has different frequencies as seen by observers “at rest” (moving
along the Killing vector) at different spatial positions. This is essentially equivalent to our calculation
of the time between two photons sent from A to B, with that time interval replaced by the time between
two crests. In the new version, the result will come in the guise of a conservation law— energy conser-
vation — associated with time-translation invariance.

Let t* be the timelike Killing vector. Observers A and B are “at rest” if they move in spacetime
along the timelike Killing vector. Their velocities are then

uy = Ct* uy = C't%, (3.28)
and u®u, = —1 = C' = (—gapt®t®)~1/2. Then
ug = (—gp )TV A 1w = (g tPt)TVA(B) 1o (3.29)
A light ray sent from A to B has frequency

wa = —kaug seen by A, and

wp = —k,u% seen by B.
k<, the photon’s wavevector, satisfies the geodesic equation

k°V 5k* = 0.
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Because ¢* is a Killing vector, it satisfies Eq. (2.104), V(415 = 0, and we have

(K°Vsk*)ty = KVa(kt,) — KKV gt (3.30)
0
= K'Vs(k®t,) (3.31)

Thus k°V 5(kat*) = 0 and k1 is conserved along the trajectory. At 0o, ¢, is the velocity of an inertial
observer (t*t, = —1), so we write
—kot® = woo, (3.32)

the frequency of the photon seen by an observer at co. Because k,t“ is constant, the frequency seen by
a stationary observer at a point A is, by Eq. (3.29),

wa = (—tst”) A (A) wee = [gu(A)] 7 wee. (3.33)

Then
wa — wp = Weo| |91 (A)| 72 = |gu(B)|71?]. (3.34)

Nearly Newtonian: g,st*t" = gy = —1 — 2@

L gu |7 (A)= | gu |72 (B) =@ — By =[ u | — | Op | (3.35)
A
2Y _ AD (3.36)
w
A A h
or 29 gh on Earth. Reinstating ¢, we have 2 —9—2.
w w c

A photon sent from A up to B a height h above A loses energy in climbing up and is redshifted by
|Aw|/w = gh. Because a photon’s energy is fuw, conservation of hik,t® is called energy conservation,
with

E = —hkat® = hwso

the conserved energy. Conservation of £ gives the energy —hk,u® measured by a local observer with
velocity u®.

The redshift was first experimentally measured by Pound and Rebka https://journals.aps.
org/prl/abstract/10.1103/PhysRevLett.3.439[90]. To repeat: The experiment really

tests only the equivalence principle. Two crests sent a proper time A7, apart at A are received with

Atg — A
proper time interval A7z, where % = gh.
T


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.3.439
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.3.439

Chapter 4

Spherical Relativistic Stars

4.1 Spherically symmetric spacetimes

A spacetime is spherically symmetric if the rotation group acts on it as a group of smooth maps from M
to itself that preserve the metric: for each rotation R in O3 there is a diffeo ¢)(R): M — M that leaves
the metric invariant,

w(R)gaﬂ = Gap, (4-1)

such that R — v (R) is an action of Oj:
»(id) = id 4.2)
Y(R1R2) = ¢(R1)v(Ro), (4.3)

and such that almost every point of M sweeps out a sphere under the action of O3 on R3. This last
requirement eliminates the trivial action ¢)(R) =id, all R. Picture a symmetric spacelike surface of M
this way:

The circles represent symmetry spheres of M, orbits of points of M under the action of Os.

One acquires coordinates 6 and ¢ on a symmetric sphere S in M this way: Denote by R(¢n) the
rotation of R? by angle ¢ about the axis n. Acting on a symmetry sphere of M, the rotation R (k)
leaves two points fixed. One can call one of the fixed points # = 0 and give coordinates (¢,0) to the
image of & = 0 under R(6j), just as one would do if the sphere were in flat space. Finally, the image of
(0,0) under R(¢k) has coordinates (6, ¢).

Let ¢ and r be coordinates that label the symmetry spheres - i.e., ¢t and r are scalars constant on each
sphere. Then under a rotation, # and ¢ change as they would in R?

0 —60'(6,0) & — ¢'(0,0) 4.4)
or 0=0(¢,9¢") =90, ),
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but ¢ and r are constant t =1, r=r.
Thus
Ox# Ox¥ 5
giryy = Wﬁguu = 555;5 Guv = Gtt,
gurr = Gir
grtyt = Grr- (45)

In other words, g4, g+ and g, are rotational scalars, while g4 and g;4 transform as the ¢ and ¢ com-
ponents of a vector in R? under rotations, and (g,¢, g.¢) are again components of a rotational vector.
Finally, the metric components

transform under rotation as the 66, 0¢, and ¢¢ components of a symmetric tensor on R?.
Because the only scalars on R? invariant under rotations are functions independent of # and ¢, we
have

goo  Go¢
9e0 Yoo

Gir = gtr(t> T) g = gtt(ta 71) 9rr = Grr (ta 7“). (46)

Because the only vector field on R3 independent of rotations is a radial vector field (whose r-component
is independent of # and ¢ ) only the r-components of g;; and g,; are nonzero:

g0 = gip =0, and g0 = g,y = 0. 4.7)
Finally any symmetric tensor ‘ Z 00 g % 1| invariant under rotations is proportional to the metric on
0 Jo¢
the 2-sphere:
1
f H Sin2 4] ‘ ) (48)

where f is independent of # and ¢.
Thus
9ue(t;m)  Gor
Gir(L7)  Grr
loel=| | #0 py
f(t,r)sin?6

Now pick a new radial coordinate ' = /f . Calling the new radial coordinate 7 again, we have for
|9 || the form

Gt Gir
Gir  Grr

r?sin® 6

"Here’s a proof: Let f,; be a symmetric tensor on the 2-sphere. Because it is symmetric, it has two distinct eigenvectors,
where an eigenvector v* satisfies Fapt® = Avp. (Equivalently, there is an orthonormal frame in which f;; is diagonal.) The
two eigenvalues must be the same - otherwise we could distinguish a direction, an eigenvector with smallest eigenvalue,
violating spherical symmetry. But any vector on the sphere is a linear combination of the two eigenvectors, implying
fapv® = Ay, for all vectors v°. Thus fu, = A %gas, with %g,;, the metric on the 2-sphere.
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(Here gy, g4, and g, are the new components that result from transformation to the new radial coordi-
nate.) With this new radial coordinate, 4772 is the area of a symmetry sphere.

Next, by a coordinate transformation ¢ — T'(r,t) we can make ¢g” = 0 (and so g7, = 0). This can
be seen as follows. We seek a function 7" for which

rr

Tr __ aT tr aT

0= el bl
I ot - or 7
Equivalently,

£-VT =0, where (") = (¢",9'",0,0).

Let c(\) be the integral curve of the vector field £ through a point (¢, 79, 0, ¢o). If we set T' = constant
along ¢(A), then € - VT = 0 along ¢(\). Extend this 7' = constant curve to the 3-surface of revolution
consisting of the rotated images of ¢(\) that pass through the points (¢, 79, , ¢), all values of 6, ¢. Then
€ - VT = 0 on this surface, implying g’" = 0, as claimed.

Hence, changing the name “I"™ back to “t”, ||g,. || can always be cast in the form

it

Grr
G|l = 2

r2sin? 0
We will write g, = —€?®, g, = *, and dQ? = d#? + sin® Ad¢?

ds® = —e®®dt? + e dr? + r2d02. 4.9)

For a collapsing star, ® and A\ depend on time, but we will be concerned with static equilibria.
Static, spherically symmetric spacetimes

A static spacetime has a timelike Killing vector ¢* that is orthogonal to a family of spacelike hyper-
surfaces. There is then a natural time coordinate ¢ that can be defined as follows. Let S be one of the
hypersurfaces orthogonal to t*. Sett = 0 on S, and define ¢ elsewhere by t*V .t = 1. Then t is the pa-
rameter distance from ¢ = 0 along the integral curves of ¢“. For example, the ¢ = 1 surface is the result
of dragging the ¢t = 0 surface a parameter length 1 along the Killing vector. Any two constant ¢ surfaces
S; are identical- they have the same geometry. Because ¢{“ is perpendicular to .S, it is perpendicular to
S;. If we extend ¢ to a chart ¢, {x'}, then orthogonality is equivalent to the vanishing of the time-space
components of the metric:

9t = 0,

in a chart with g, independent of .

Note that a rotating star has a timelike Killing vector ¢*, but t“ is not hypersurface orthogonal.
In particular, natural spacelike hypersurfaces are axisymmetric, with the rotational Killing vector ¢
tangent to each hypersurface; but t* is not perpendicular to ¢: gy = t*¢, 7# 0.

Our next objective is to write and solve the Einstein field equation for a static spacetime with the
metric (@) First we need to compute 12,,,. We’ll sketch the derivation in a coordinate basis here,
leaving as an exercise the somewhat quicker computation using Cartan calculus of the components
along an orthonormal basis (see Appendix [A.3).
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We first find the nonzero components I'#,, reading off I'*’s from the Euler-Lagrange equation
d (0L oL 0
ds \ O oxn
with L = $gopi%@".

For example, writing ¢’ := 0,®, we have

oL . d oL . . oL
— = —e*% ——— = —®t— 22ty — =0
ot ds ot ot
t+29'&r = 0.
Then
I =a. Here are the remaining nonzero I"s:
[7, = @22 r.o=x [, = —re [, =—r sin? e
1
r, = - F9¢¢ = —sinfcosf
1
Iy =~ Iy, = cotd. (4.10)

Next, the Ricci tensor components [?,,,, are computed in terms of the I'’s using the simplification
1
I, = §g‘” Gor = Oplog\/—g, (4.11)

This relation is implied by [Exercise 34. but here’s an alternative derivation that starts by showing that
the derivative of the determinant g has the form

dg
0w

= gg"”. 4.12)

To obtain Eq. (#.12), write the determinant as the sum of the matrix elements g, in the p'" row times
their minors A:
9= Z g A" (no sum over f).
By

Because none of these minors involve g,,,,, we have

dg

=AM,
0

Finally, the inverse of a matrix is given in terms of its minors by

AVH
g =—
g

whence, for the symmetric matrix g"”, A"* = gg"” L.
Using Eq. (4.12), we have

1 _ 1 — 89 1 oT g
au log VvV —4 = 59 18ug = 59 1@@1907 = 59 wdor = r Lo
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From Eq. (2.49),
R, = O\, — 0,1, +T2,17,, =T, (4.13a)
= O\, — 0,0, log /=g + T 0\ log /=g — [, T7,.. (4.13b)

Exercise: Find G, for the static, spherically symmetric metric ; start by computing the I, of
Eq. @.10) with A = r,0, ¢.

The computation gives

Gt = e (%2 - §A> - 7‘% (4.14a)
= -]

G, = e (%2 + %@’) - %2 (4.14b)

Gly = Gly=e [@” + () + %(CI)’ —\) =N . (4.14¢)

All other G,,’s except G4, vanish (by the argument showing that off-diagonal g,,,’s are zero). For a
static spacetime, symmetry under time reversal implies G, = 0:
For the coordinate transformation ¢’ = —t,
, ot
Gt/r(t Ty 97 ¢) - %Gtr(ta r, 97 ¢) = _Gtr(tv r, 97 ¢)
Independent of t = Gy..(1,0,0) = —Gy,.(r,0, 0).

Invariant under the transformation =—-
Gt’r(ra 97 ¢) = Gtr(ra 9) ¢) = Gtr = 0.
For a time-dependent, spherically symmetric spacetime, one can choose coordinates ¢ and r to make

Gtr - O

4.1.1 Schwarzschild solution

The Schwarzschild solution is the geometry outside a spherically symmetric star and the geometry of a
black hole: It is the geometry of any asymptotically flat spherically symmetric vacuum spacetime.
In a vacuum, the field equations are

G", = 0.
The G!-equation (4.14Db),
1 d
to_ —2\\1 —
Gt——ﬁ%[r(l—e )]—0,
has the first integral
r(1 — e ?) = 2M, for some constant M, (4.15)

implying

r

-1
e = (1 — %> . (4.16)
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From the combination,

2
G — Gl =Ze P+ N)=0, (4.17)
r
we have
O =N (4.18)
or s
D= Atk e%:k(l__).
r
Reparametrizing the time by writing ¢ = 77t and changing the name of t back to ¢, gives

‘ oM\ . oM\t L
ds® = — <1 — > dt* + <1 - ) dr? 4 r?dQ?, (4.19)

r

the exterior Schwarzschild metric. The geometry is asymptotically flat: For large r, the metric is the
Minkowski metric:
ds® = —dt* + dr® 4+ r*dQ. (4.20)

For r = 2M the components g, are singular, so the form (4.19) provides a metric for a spacetime with
aholeinit: co > r > 2M, —oo < t < oo. When we discuss black holes, we’ll see that this is a
coordinate singularity, like the poles in spherical coordinates. Changing to coordinates that are smooth
at r = 2M reveals what you know: The surface »r = 2M/ is an event horizon. For large r, the metric
takes the post-Newtonian form

2M 2M
ds* = — (1 — —> dt* + <1 + —) dr® + r?dQ?. (4.21)
r

r

. . o M .
For nearly Newtonian stars, g;; determines the effect of the gravitational field on matter, and —— is the

Newtonian potential . Because the trajectories of particles at large r are those of Newtonian garticles
about a mass M, one calls M the mass of the spacetime.

The Bianchi identity implies that the remaining equations, G% = 0, G?, = 0, are automati-
cally satisfied once G*; = 0 and G", = 0 (not in general, just in this spherically symmetric case).

There is a different choice r of radial coordinate for which the exterior Schwarzschild metric has the
form

M2 4
M M
= _Elﬁizdﬂ ' <1 " 2) (dc" + €4, -
+ o

The coordinates ¢, ,0, ¢ (with ¢, 6, ¢ unchanged) are called isotropic coordinates. The next problem asks
you to find the coordinate transformation that gives this form. A metric of the form g,, = F? f,;, with
fay flat and F # 0 is said to be conformally flat, and F'? is called the conformal factor. That the spatial
part of the Schwarzschild metric can be written in isotropic form means that it is conformally flat, here

M\
with conformal factor <1 + 2—) .
r



CHAPTER 4. SPHERICAL RELATIVISTIC STARS 154

Exercise 55. (This is problem 1 of Wald, Chapter 6).
a. Show that any spherically symmetric Riemannian 3-metric can be written in the form
ds® = [F(7))*(dr* 4+ 72dQ?).

From our earlier discussion, we already know that a metric of this kind can be written as the
spatial part of (@.9), namely ds® = ¢**dr?® + r*dQ?. So the problem is to find functions 7 ()
and F(r) for which [F(7)?(d7? + 72dQ?) = 2 dr? + r2d02.

b. Specialize to the exterior Schwarzschild solution to recover Eq. (4.22) withr = 7.

Stellar Interior
Equilibrium configurations of stars are accurately modeled as perfect fluids. For static, spherical

stars, p and P depend only on r, while the velocity u® is along the Killing vector ¢ :

u® = kt®.
But t“t, = gy = —e2®, so u®u, = —1 implies
u® = e %t

Then, from Eq. (1.163)),

T = pu®u® + Pg?,

we have

The field equation components are

Gtt = 87TTtt:
1 d —2A
T—Q%[T(l—e )] = 8mp
r(l—e ) = 2/ 4rpridr =: 2m(r) (4.23)
0
2m(r)\
e — (1 - m(7)> . (4.24)
r
Here m(r) is a kind of mass within a radius r. For » > R, m(r) = M, the mass measured at infinity.
G, =8nxT", :
29’ 1 1
62)\< +—2)——2:87TP
r r r
2m . 29’ 1 1 STPr?+1
11— — V=8P 4+ — =
( r )( r ’1“2) ™ 7,,2 7”2
29/ I 8TPr?+1
r r2 r(r —2m)
0! — 8rPr*+1 1  87Pr’+2m
o —2m r r(r—2m)
m + 47 Pr3

P = — 4.25
r(r —2m) (4.23)
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Note that the Newtonian limit (P < p, r < m) of (4.253) is

so that ® is again the Newtonian potential.

The remaining field equation components, G% = 87T%, G%; = 8xT ¢4, are identical to one
another and are implied by , and the equation of hydrostatic equilibrium ¢*,V 377", which
we now obtain: Recall that ¢*, VT’ 7% = 0 has the form

PV gu, = — qoV 5 P. (4.26)

p+P
On the RHS, qﬁVBP = (64" 4 uqu”)V 5 P. The second term vanishes because 0, P = 0. Then
4"V gP = V,P.
Next, we have
UBVB Uy — e*q’tﬁvg(e*@ta)
= e 1PVt (using t°V3d = 0)
= —e ?V,ts (Vats+ Vst, =0 — Killing vector eq.)
1
= —ée—”va(tﬁtﬁ)
1

— 56—2¢va(62¢)
= V.0
1
Vo= — ——= VP
p+P
or 1

Egs. (@.25]) and (@.27)) imply the equation of hydrostatic equilibrium - the TOV (Tolman-Oppenheimer-
Volkoff) equation:

m + 47r3 P

P =—(p+P) L
(p+P) r(r —2m)

(4.28)

A spherical relativistic star is a solution to equations (#.24), {.25), and together with an
equation of state; the numerical models that have been constructed usually involve an equation of state
of the simplest form

P = P(p), (4.29)

accurate for neutron stars . A general equation of state has the form P = P(p, s, z1, .. ., 2,), with s the
entropy per baryon and z; the concentration of the ith particle species. Neutron stars and white dwarfs
are cold enough (KT < Fermi energy) that they are nearly isentropic (s = constant), and their nuclear
reactions have proceeded to completion, so each z; is itself a function of p. That’'s why P = P(p) is a
good approximation. At absolute zero of course, s is constant.

One obtains a star by integrating Egs. and together with the defining equation for
m. That is, one integrates the system

m + 4nr3 P

g P=P(p). (4.30)

" 1P
m(r) = / p 4mridr, - —(p+ P)
0 dr
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One begins with a central density p. and integrates up to the radius R at which P drops to zero (P is a
decreasing function of 7). This is the boundary of the star. The metric inside the star is then given by

om\
e = (1 — —) , (4.31)
r
R 3
m + 47 Pr
b =P(R _ 4.32
)+ [ B 32)
and outside by
2M
e?? = e = (1 — —) : (4.33)
r

To restore GG and ¢ to these equations, one can multiply by the (unique) factors of GG and c that
allow each quantity to have the desired conventional units. For example, in Eq. (4.31)), both sides are
dimensionless, and the unique factor built from G and c that makes m/r dimensionless is G /c?. That

. Gm ., . ) ) 2Gm\ !
is, — — is dimensionless, so the right side of (4.31) becomes (1 -— )
2 r c2r
The Newtonian limit of the structure equations (4.28)) of a spherical star are of course the Newtonian

equations

" dP G
m = / pamr?dr, — = -2 p—p(p). (4.34)
0 dr r
The Newtonian potential ¢ satisfies
V2P = 4mp, lim ® = 0. (4.35)

r—00

Gauss’s law then implies ® = m /r?, for a spherical star.
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4.1.2 Stellar models

The simplest stellar model is a uniform-density Newtonian star.

Exercise 56. Find the solutions P(r) and ®(r) to the Newtonian equations governing hydrostatic equi-
librium for a uniform-density star, (#.34) and ® = m/r?, and show that they can be written in the

form (4.36) below.

A star of radius R and constant density p has m(r), P(r) and ®(r) given by

(r) = 37 e (4.362)
m(r) = =mr°p=M— .
3" P MR
2 M
P = P, <1 _ %) - where P, = 220 (4.36b)
1m 3M
Here P, is the pressure at the center of the star. Outside the star,
M
=" 4.37)
r

. ) m . . .
Inside the star, @ has the simple form — given by Gauss’s law, and a common error is to think
r
oo
of Gauss’s theorem as meaning P itself is given by ——. But ® involves the integral ' dr.
r

,
Inside a uniform density spherical shell, for example, ® is constant, like the electric potential

inside a charged spherical shell.

Exercise 57. Relativistic uniform-density star. Find the pressure P inside and the metric potentials ¢
and )\ inside a relativistic star with uniform energy density p. Use Eq. (4.23)) to find m(r), the
TOV equation (#.28) to find P(r), and Eq. to find ®. Then show that they can be written in
the form (4.38) below.

We have already found the solution 4.33] outside the star. Inside the star, it is given by

4
m(r) = Zmr’p, (4.382)

3
_ /1-2m/r—\/1-2M/R
Py =s 3y/1—2M/R— \/T—2m/r’

(4.38b)

1
e®) = ;/1 —2M/R — 5\/1 —2m/r, (4.38¢)

1
A = (4.38d)

V1=2m/r

If you get stuck, a hint is given after|Exercise 60.

Exercise 58. Write the TOV equation (4.28)) and the solution for a relativistic star in conventional
units, restoring GG and c to the expressions.
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Exercise 59. Show that the Newtonian limit of the relativistic solution is the Newtonian solution for P
and . Either use the form in gravitational units, noting that m/r < 1, M/R < 1, and discarding
terms of quadratic order in these quantities; or use the form with G and c restored, discarding
terms with ¢? in the denominator. If you use conventional units, what is the small dimensionless
quantity whose quadratic and higher orders you are discarding.

2M
Exercise 60. The smallest possible value of —— at the surface of a static (spherical) star is attained

when the star is perfectly incompressible — when it is one of the uniform density models. (This is
Buchdahl’s Theorem[22]], with details given in Sect. 4.3|below.

a. Show for this sequence of stars that the central density becomes infinite when % = S
b. Deduce from (a) the maximum redshift z,
Lgs e Aco _ Wstar
Astar  Woo
from the surface of a spherical star. (Recall the redshift relation (3.33).)
Hint for|Exercise 57:From the TOV equation, show % = %7‘(‘ (p t fé’;;jp) ,divideby (p+ P)(p + 3P),

and integrate from P to 0 on the left side, and  to R on the right to obtain P(r). Then show
®' = [In(p + P)| and integrate to find ®(r), using the value of ®(R) from the form #.37) of ¢
outside the star.

4.2 White dwarfs and neutron stars

4.2.1 Estimates

At the endpoint of stellar evolution, when nuclear reactions cease, stars with mass less than about 10
M, die as white dwarfs. E] In white dwarfs the major pressure supporting the star arises from the Fermi
degeneracy pressure — the Pauli exclusion principle requiring the fermions to have nonzero momentum.
Here is first an intuitive, then a more careful discussion of the inability of a degenerate Fermi gas to
support more than about 1.4 M, against its own gravity. (It starts with rocks for practice.)
Rocks

Intuitive: For small cold masses (rocks), gravity is unimportant and the Fermi pressure balances the
electrostatic attraction of electrons to nuclei: We use this as follows to obtain a rough estimate of the
ground-state size of atoms and hence of the density of rock. Let n be the number of electrons per unit

volume, m, the mass of an electron. Pauli exclusion restricts each fermion to its own volume v = —

n
and the uncertainty principle then implies a momentum,
h .
P~ = hin'/3, (4.39)
and a corresponding pressure (momentum crossing unit area/unit time)
P ~ pun. (4.40)

2The critical mass of the main-sequence progenitor star, above which it ends its life in a core-collapse supernova, depends
on the initial metallicity of the star — the fraction of elements heavier than helium (see, e.g., Ibeling and Heger 2023).


https://arxiv.org/pdf/1301.5783.pdf
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For the nonrelativistic electrons of rock, v = p/m, and the pressure is

2 720,5/3
n
Pwp—nw .

Me Me

(4.41)

This must balance the electrostatic energy density:

62
v e?n/3, (4.42)
or

h2n5/3 2 43
~en

Me

The corresponding number density of electrons is then

With m,, the mass of a nucleon, we have

Sm3m

e®mom,
p g e = 10 g/cm?’ ) (4.43)

Gravity is dominant in objects massive enough that the gravitational binding energy density is greater
than the electrostatic energy density. Writing M ~ pR3, the gravitational energy density is

G_Mp ~ GpM3M23,
R

Substituting p = m,,n in this expression, and equating it to the RHS of Eq. (#.42) for the electrostatic
energy density, we have

/3 ~ A 3mABG MRS,
when the electrostatic and gravitational energy densities are equal. Solving this equation for M, we find

the mass

63

Gz
The critical size above which an asteroid or moon must be spherical is much smaller than this,
because the molecular bonds that keep rock rigid have much lower energy than the binding energy
(ionization energy) of their atoms. The next problem estimates that critical size, using the melting

energy of quartz. This is an upper limit, ignoring weakness from, for example, grain boundaries and
faults.

M ~ 2 x 10%g ~ Mjypiter- (4.44)

Exercise 61. The maximum height of mountains can be estimated by requiring that the energy needed
to melt the rock in a layer of thickness h below the mountain is equal to the gravitational energy
lost when the mountain sinks by the distance h.

a. Using an energy of about 0.1 eV/molecule to melt quartz, estimate the maximum height of
a mountain on the Earth and on Mars.

b. Asteroids and rocky moons with large enough radius are spherical (if nonrotating). Estimate
the radius above which a rocky moon is spherical (i.e., with bumps smaller than the moon’s
radius).
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4.2.2 White Dwarfs

The cores of objects of mass greater than My, are compressed beyond planetary densities and for
masses > 50 Mjypier balls of hydrogen begin nuclear reactions and are — by definition — stars. As noted
above, a white dwarf is the final state of a star whose initial mass is less than about 10 M. By the end of
its evolution, the star has ejected its outer envelope of hydrogen, and the core that remains contracts and
eventually cools to a dead ball of He, C and O, most commonly dominated by a C-O interior. (Although
most stars have masses too small to burn He to C and O, the evolution time of stars with masses below
about 0.8 M, is longer than the age of the universe; and He will fuse in cores of stars with initial masses
above about 0.5 M.) The most massive stars that end as white dwarfs include heavier elements: Ne
and Mg.

Structure: Mass-Radius Relation

Because its nuclear reactions have turned off, a dead star is held apart by its degeneracy pressure. The
size of such a star turns out to decrease as its mass increases: adding baryons increases the gravitational
attraction enough that more baryons are packed in a smaller total volume. This relation between mass
and radius can be found from our equations of hydrostatic equilibrium and the equation of state of a
degenerate gas. Here we’ll again obtain an estimate based on the averaged form of the equation of
hydrostatic equilibrium with dP/dr approximated by —P/R and m(r) by pr3, with M the total mass.

: : : I Gm(r)p . :
Then the Newtonian equation of hydrostatic equilibrium, o #, 1s roughly approximated

r r
by
P GMp

4.45
7 e (4.45)

Similarly dropping numerical factors, we have p ~ o giving

GM?
R*

P~ (4.46)

h2
Using the degeneracy pressure P ~ —n’/? of @.41)) and
Me

p=mpn o~ — =>n

R T R

gives

GM> B M\
R4 me \ ' m,R3
A2 M5/3
Emzi/?’ R5
h? 1

Gmemg/3 M3

R ~ (4.47)

With the right numerical factors for a Helium dwarf,

h2
R = 1.4—5/3]\4*1/3
Gmemy
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R M\
, — =0.014| — .
* R, ( M )

(When M = M, we have R = .014R.). So we obtain the relation R oc M ~'/3, valid when the star is
dense and cold enough for degeneracy and not so massive that it collapses.

Upper mass limit

The speed limit set by causality— the speed of light— also sets an upper limit on the mass of white dwarfs,
on the dead iron cores of massive stars, and on the mass of neutron stars (this one takes more work).

The star has to go on radiating and radiating and contracting and contracting until,
I suppose, it gets down to a few km. radius, when gravity becomes strong enough to
hold in the radiation, and the star can at last find peace. Dr. Chandrasekhar had got
this result before, but he has rubbed it in in his latest paper,; and, when discussing it
with him, I felt driven to the conclusion that this was almost a reductio ad absurdum
of the relativistic degeneracy formula.  A. S. Eddington (1935), published version of
comments that followed a talk by Chandra on the upper mass limit. [30]]

Notice that Chandrasekhar and Eddington recognized the possibility of collapse to a black hole
resulting from the upper limit on a mass supported by degeneracy pressure, but they failed to make
the connection between collapse and supernovae. Baade and Zwicky[/11]] had proposed in the previous
year that a supernova was the result of collapse to a neutron star, but didn’t relate collapse to the upper
mass limit. The connection between the limiting mass of a degenerate stellar core (or a white dwarf)
and the collapse to a neutron star did not appear in print until 1939 articles by Gamow[53]] and by
Chandrasekhar][28]].

Initially the gas will be nonrelativistic, but as the mass increases and the radius decreases, the den-
sity rises quadratically in M: Writing hydrostatic equilibrium in the form (4.46) with R replaced by

(M)1/3 ( M )1/3 '
— = gives
P Mpn

implying

P ~ GM?*3(m,n)*?, (4.48)

h3 nl/?

™~ 32 3/2
G2 m2m;

M (nonrelativistic). (4.49)

1/3

As the density rises, the Fermi momentum becomes relativistic when p = hn"/° is of order m.c. Because

v is limited by c, it no longer grows as n'/3, and that limit on v means the pressure is given by
P ~ pun < hn*3cn (v ~ ¢ now, or)
P < hen3,

With P growing no faster than n*/? instead of its nonrelativistic n°/3 behavior, hydrostatic equilibrium
in the form (4.48) now implies

GM*PmiB3pi3 ~ P < hen?

the n*/3 cancels (!) and one finds a maximum mass

he\*? 1
M < (G> — =18 My (3.7 x 10%9). (4.50)
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For typical dwarfs (e.g., helium or helium-carbon dwarfs) the actual calculation gives

- ) e 3/2 1 -

My = 0.76 | — — = 1.4M,,. 4.51)
( G ) m2 ‘

This is the Chandrasekhar limit — matter supported by the pressure of degenerate electrons and with

masses greater than this must collapse.

To summarize: As long as the gas is nonrelativistic, P oc n°/3, and as a star contracts, its pressure
therefore rises faster than its gravitational energy density %, which is proportional to n*/3. There will
then always be a density, n, high enough that the pressure gradient, %, balances the gravitational force,
Gégp . At that density the star will cease to contract. If, however, the gas becomes relativistic before
equilibrium is reached, then the pressure will be bounded by kn*/? because v is bounded by c; and it
will never catch up to gravity if the coefficient of n*/3 in the pressure is smaller than the coefficient of

n*/3 in the gravitational energy density — if

he\*? 1
M > ( G) m

Some additional history: In 1931 shortly before Chadwick’s discovery of the neutron and shortly
after the first paper by Chandrasekhar [27] (following approximate computations by Anderson [4] and
Stoner [116]]) on an upper mass limit of white dwarfs, Landau [71]] submitted a paper that independently
argued that there was an upper limit on the mass of a collection of degenerate fermions and speculated
on the existence of stars with cores of nuclear density now called Thorne-Zytkow objects [124]. Léon
Rosenfeld [97]] gives a widely repeated but false description: “when the news on the neutron’s discovery
reached Copenhagen, we had a lively discussion on the same evening about the prospects opened by
this discovery. In the course of it Landau improvised the conception of neutron stars — “unheimliche
Sterne,” weird stars, which would be invisible and unknown to us unless by colliding with visible stars
they would originate explosions, which might be supernovae.” A careful historical study by Yakovlev
et al. [[134], however, finds that Landau was in Copenhagen in 1931 before Chadwick’s experiments —
and just after Landau had submitted his paper on nuclear-density cores.

Exercise 62. Estimate the radius of a neutron star, assuming the degeneracy pressure of free nonrela-
tivistic neutrons supplies the pressure that supports it.

Exercise 63. Suppose that a species of neutrino has mass m, = 10 eV.

a. Find the upper mass limit on a degenerate neutrino star.

b. Consider a neutrino star with mass of 1/10 this upper limit. Estimate the radius of the star,
as in the previous problem for for neutron stars.

c. Use this radius to estimate the temperature above which the neutrinos in the neutrino star in
part (b) would cease being degenerate.

4.2.3 Neutron Stars

A very short introduction is given here. Standard references are Shapiro-Teukolsky[[105] and Camenzind[24].
The only stars in whose structure general relativity plays a major role are neutron stars. The first

observations were made in two ways: First, in 1962, a team led by Giacconi, using an Aerobee rocket

with an X-ray detector, found the first X-ray source outside the Solar System, Sco X-1 (the label means
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the brightest X-ray source in the direction of the constellation Scorpius). Shklovsky [109] suggested
that Sco X-1 might be a neutron star and that synchrotron radiation from relativistic electrons might
power the Crab nebula [108]). The “binary hypothesis” emerged from a discussion at the Noordwijk
Symposium in August 1966 that included G. and M. Burbidge, Ginzburg, Shklovsky, Savedoff, Woltjer,
Prendergast, and Herbig. After Rossi presented observations suggesting that Sco X-1 was a binary, Bur-
bidge writes, “several of us then realized that ...the very powerful x-ray source might naturally arise
through mass exchange between the secondary and primary ...” Articles with accretion from a com-
panion to a neutron star, beginning with Shklovsky[l110], quickly followed. Here’s what is happening:
Old neutron stars in binary systems can accrete mass from their companion after the companion evolves
off the main sequence to become a red giant. (The star vastly expands because of greatly increased
energy from a contracting core that gets hotter as it contracts and from the reactions in a shell around
the core. The reaction rate is much faster than for the main-sequence star because the core is hotter.)
Matter falling onto the neutron star is moving fast enough to emit X-rays.

The second observation came within two years of Shklovsky’s first paper. In 1967, Jocelyn Bell,
using as a radio telescope a field of wires designed by her advisor, Anthony Hewish, discovered[65]
pulsing light signals (radio frequency) arriving ~ every second, with fantastic regularity .

The first one seen had period P = 1.3373011 s, another P = .253065s. The regularity

L dP _ 1
P dr ~ 2000 years

is much to great to be an oscillating star.

A rotating star would fly apart unless its density were great enough that
(rotational kinetic energy) < % (gravitational binding energy).
A rough estimate is enough to rule out rotating white dwarfs:

1 1
5[ 0 < 5 binding energy

2
MR*Q* < % (ignoring numerical factors)
0 < p (Q* < Gp)

Q=60rs! = p > 10"g/cm®

Because pawart < 108g / cmg, only neutron stars are dense enough.
Nuclear density is
p=myn =28 x 10Mgcm™? (4.52)

corresponding to a separation between nucleons of about / = 1.8 x 10~ '3cm. The average density of
neutron stars is a few times greater than this, and their corresponding maximum spin is larger than 1000
Hz. As of 2023 the spin rate of the fastest observed pulsar is 716 Hz.

Additional strong evidence that pulsars are neutron stars was not long in coming. Just before the
pulsar discovery, Pacini [84]] proposed the magnetic field of a rotating neutron star as the energy source
of the Crab and other supernova remnants; and, of course, searches for pulsars in the Crab and some
of the other remnants were successful. The pulses can be reasonably ascribed to synchrotron radiation
from particles spiraling in the magnetic field near the poles, with a contribution from radiation produced
by a spinning magnetic field. The beam sweeps past you each rotation, and often one observes double
pulses, as one would expect for a beam from each pole, if they are not close to the spin axis.

Pulsars spin down slowly; P /P ~ 51— for Crab, and the

2000 yrs
loss of rotational energy = observed luminosity of the Crab nebula,


https://articles.adsabs.harvard.edu/pdf/1967ApJ...148L...1S
https://articles.adsabs.harvard.edu/full/1967ApJ...148L...1S
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if one assumes that the Crab pulsar is a rotating neutron star, with
dE/dt ~ MR*wa.

This check, due to Tommy Gold[S57]), together with the pulsar’s location in a supernova remnant was
the most compelling evidence that pulsars are neutron stars.

Exercise 64. Do Gold’s calculation: Estimate the moment of inertia of a neutron star and the rotational
energy of the Crab pulsar. Data;ATNF Catalogue: P = 33 ms, P = 4.2 x 1073 Hz/s. You should
roughly find the observed luminosity of the Crab Nebula, namely L ~ 75,000L. = 3 x 10%® erg/sWikipedia.

Here’s a check that the gravitational field of a neutron star is strong enough to accelerate infalling
electrons to X-ray energies, about m,/100.

meM M
<2 > /100 = = > 1/100.
TR RV

M 1.4 x 1.5 km
- ~14M,/10km = ———— =0.18
( R )neutron star ®/ o 12 km ’

M Mg 4
— ~ ~ 107",
R ) jwar  10%km

So matter in an accretion disk around a neutron star can emit an intense beam of X-rays from radii up to
more than 10 times the radius of the star, while the X-ray intensity from accreting white dwarfs is low.

whereas

Energy of a supernova

As mentioned above, Baade and Zwicky, armed with Landau’s suggestion and with the observations
of the previous ten years showing that observed supernova occurred in other galaxies, wrote in 1934
“With all reserve we advance the view that a super-nova represents the transition of an ordinary star
into a neutron star, consisting mainly of neutrons.” Their suggestion was due in part to the following
computation of the energy that would be produced in such a collapse, although they were unaware
that Chandrasekhar’s upper limit on white dwarfs would imply that a collapse of this kind was in fact
possible.

Supernovae are explosions that can outshine the entire galaxy in which they occur, with brightness
as great as 10*3 erg/s (> 10°L) and total energy emitted as large as 10°® erg. (Energy in light is
10°! — 1052 erg, in neutrinos about 1033 erg). If one could convert the entire mass of the Sun to light,
the energy emitted would be Myc? = (2 x 10*3g)(3 x 10'%m s71)? = 2 x 10%* erg, so the total energy
emitted by a supernova is nearly 1—10M@c2.

The implicit calculation underlying the Baade-Zwicky paper is simple: What is the gravitational
energy released in the collapse of a star of mass M, to the size of a neutron star, 10 km?

GM? G M?
AE = Fuitial — Efinal = — © (- © 4.53
tiel final Rinitial ( 10 km) ( )
_ GMg (4.54)
~ 10km’ ’

The first term is negligible compared to the second here, because the initial radius R;pitia, 1s 1000 times
the final 10 km radius for stellar core (at white dwarf size) or a white dwarf collapsing to a neutron star.


https://www.atnf.csiro.au/people/pulsar/psrcat/
https://en.wikipedia.org/wiki/Crab_Nebula
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Let’s write AFE as a fraction of M c%:

GM,
AE = —2 M. 4.
10 km 2 ¢ (4.55)
GMg (6.7 x 107 %gem3s72) (2 x 1033g)
— = =01= 4.56
10 km 2 (105cm)(3 x 100cm s=1)2 ( )
1
AE = EM@c? (4.57)

Thus the collapse of an ordinary star (really a white-dwarf-like stellar core of iron) to a neutron star
produces total energy equal to that observed in supernovae (most of the energy carried off by neutrinos).

Iron cores collapse to neutron stars instead of simply fusing to make heavier elements because iron
is the stablest element - the element with the greatest binding energy per nucleon. White dwarfs, on
the other hand, are the endpoints of evolution of stars too light to have formed iron. If they accrete
enough matter from a companion to reach their upper mass limit (or if two degenerate stellar cores of
elements lighter than iron merge) their initial collapse can lead to explosive nucleosynthesis, carbon
fusion, well before neutron-star density is reached. As a result, much less energy is emitted: The total
energy is about 10°! erg. Instead of collapsing to a neutron star, the star blows itself apart, and the
event is identified with a type Ia supernova. Heavier C-O and O-Ne-Mg dwarfs, however, may again
collapse to neutron stars (see, e.g., Nomoto and Kondo 1991 and citations to this paper for studies of
initial conditions leading to accretion-induced collapse).

Maximum mass

The upper limit on the mass of neutron stars depends on an equation of state that is imperfectly
understood. By ignoring nuclear interactions and treating the neutrons in a neutron star as gas of free
fermions, Oppenheimer and Volkoff, in 1939, found an upper limit of 0.7M, on the mass of a neutron
star. Remarkably, they also considered the possibility of repulsive interactions at high density, but they
restricted a stiffer EOS to p > 10' g/cm? and thereby enforced an unrealistically low maximum mass
of order M, below the Chandrasekhar limit on white dwarfs.

It is easy to show (Hartle and Sabbadini[[61]]) that for any equation of state there is a maximum mass
for a spherical star of average density > nuclear density, p, = 2.7 x 10'g/cm?. Here is the quick
calculation:

With no horizon, R < 2M. Using Eq. for m(r), we have

R
4 4
p>pn — M > / prdmridr > §7rr3pn > —7mp,(2M)?
0

3
1/2
) ~ 8M.

Matching to a known equation of state below a density ppatcn and imposing causality in the form
(speed of sound) < ¢, Rhoades and Ruffini and, in the form given here, Hartle and Chitre find

1/2
M<4.1( Pn ) . (4.58)

Pmatch

= M <
(327%

Candidate equations of state have maximum masses below 3 M.
The four largest accurately measured neutron star masses have values near and slightly above 2.0/,
The first observed inspiral and merger of a binary neutron star system, GW1701817 ended in a collapse

3The stars, J1614-2230[42]), J0348+0432[5]], J0740+6620[38], and J09520607[96] have, respectively, measured masses
1.97 £ 0.04Mg, 2.01 £0.04, 2.14 £ 0.1 Mg, and 2.35 £ 0.17M, .


https://articles.adsabs.harvard.edu/pdf/1991ApJ...367L..19N
https://journals.aps.org/pr/abstract/10.1103/PhysRev.55.374
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to a black hole of matter with mass not larger than about 2.7 M. Because the matter was hot and
supported by differential rotation, the corresponding upper mass limit on cold nonrotating neutron stars
is significantly smaller than this, with several authors giving estimates below 2.3M,.[78},192, 106, 98|, 2,
79].

4.3 Buchdahl’s theorem

The upper mass limit on neutron stars is larger than that of white dwarfs because of repulsive nuclear
interactions when nucleons are compressed above nuclear density. The equation of state that gives the
most massive star with density above nuclear density is that of a completely incompressible star, with
p = constant, and [Exercise 67] asks you to find M,,.x for that configuration. The incompressible model
is also maximally compact: Compactness is defined as the ratio M /R, and for this model, you show
in this exercise that incompressible models can have M /R as large as 4/9 and find the corresponding
maximum redshift.

Buchdahl’s theorem[22] states that any other equation of state gives a less compact star. Note that
The speed of sound in a fluid is vsounga = /dP/dp (true in both a Newtonian context and still true in
relativity, with p the energy density). For p = constant, dp/dP = 0, implying an infinite speed of sound,
so the equation of state is unphysically stiff. Causality, vsoung < 1, is enough force R to be at least twice
as large as the Buchdahl limit for the same mass, giving a limiting compactness about twice the value
from Buchdahl’s theorem.

Proof of the theorem. The proof relies on the fact that the density p of a spherical star is maximum at the
center, decreasing outward. This implies that the average density inside a radius r decreases outward,

m(r
with minimum value at » = R. Because m(r) = [ drdmr?p, the average density is %2 , implying
57'('7’

m(r) _ M
ey I (4.59)

We use the GY and G”. equations, (#.14d) and (4.14b). Because each have source 87 P,

1 2 1
PGy =G =" — (N =)+ (P - N) == — P (1—e?) .
T r T

Grouping all terms involving ® on the left, we have

" + @ <—1 + @' — X) = lX — 62)\% (1—e?) or
r r r

1 "oy 1
,rez\—@ (_q)/eq)—A) — _62)\ |:_(1 o 6—2)\):|

r 2 r2

/

: : 1 _ 2m : o .
On the right side, —2(1 —e ) = —» proportional to the average density inside radius . Because
r r

the average density decreases outward, the right side is negative (or zero in the limiting case of uniform

density). Then
/
(1@’64’*) <0.
r


https://journals.aps.org/pr/abstract/10.1103/PhysRev.116.1027
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Integrate from r to R:

R 1@/ d—\ ,d _l@/ CD*)\‘ _lq)/ <I>7A<O
; , e T—R e R , e < U

At the surface ® and @’ are continuous as long as the density and pressure are continuous, so we can

evaluate ®'(R) by taking the derivative outside the star and using its value » = R. Outside, because

1 M
A = —®, we have ®'e®* = 5(62‘1))' = 5(1 —2M/r)" = —. Our inequality now becomes
r

M 1 M
ﬁ S —(I)/eq)_)\ or q)/eq) Z 7’6)\?.
,
Using e* = (1 — 2m(r)/r)~Y2, we have
g
M
(e®) > —R3T(1 — 2m/r)_1/2.

We again use the fact that the average density decreases outward, this time in the form (4.59): Then
m/r > Mr?/R3, so

M
(e®) > ﬁr(l — 2Mr?/R%)71/2,

We integrate once more, using

’ 1 onmr/ 12— 2 g Conrye g
| = 2arery e - i 20 my -

1 20\ H?
=y > =3 [(1 7)) - 1] |

Finally, e®® = (1 — 2M/R)"/? and ¢®© > 0, giving

1 M _4
V1-2M/R > - — < -,

to get

as claimed.

4.4 Particle and photon orbits

As in the Newtonian central force problem, one reduces the geodesic equation to a first-order ordinary
differential equation for r(7) by using conservation of energy and conservation of momentum, and by
picking coordinates for which the orbit is in the # = 7/2 plane. The Newtonian equation Epey, = T+ V
comes from the relativistic equation p“p, = —m?, or, equivalently, u®u, = —1.

Writing (*) for e have u® = tt* + p¢p* +rr®, or u* = z*. Associated with the timelike Killing
T
vector t“ is the conserved energy —p,t; we’ll use energy per unit rest-mass,

2M\ .
E = *U,atn( = —U = (1 - T) t. (460)
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Associated with the rotational Killing vector ¢ is the conserved angular momentum p,¢“; again we’ll
use angular momentum/rest-mass .
L= u,d® = uy = 1r°¢. (4.61)

(sin@ = 1, for an orbit in the § = 7/2 plane). As in the Newtonian description of central force motion,
conservation of angular momentum implies a planar orbit.
The Newtonian equation £ = $mv? + V(1) = 3mr? + Veg(r) is the Newtonian limit of the rela-

tivistic equation pop® = —m? or E2, . iic = P71 + m?. We again eliminate the rest mass, dividing by
m? and using the equation in the form u,u® = —1, for a timelike geodesic.

—1 = gapuu® = g*Puqug = g"(uy)* + g% (ug)? + gor(u")?

oM\ ! L2 oM\ !
T T T
1

) 1
2= (B 1)~ Vig (4.62)

where 7 = dr/dr and
Ve M L* MIL?
A
That is, the orbit is described as motion in an effective potential.
For r >> 2M, V. is a Newtonian effective potential, the sum of a 1/r attractive potential and an
L?/r* centrifugal barrier. (The term M L?/r3 is of order M/r x L?/r? ~ Muv?/r, smaller than M /r
by order v* = v?/c?.) At small r, however, relativistic gravity overcomes the centrifugal barrier. By
r = 2M, V.g has fallen to zero, and for r < 2M it becomes increasingly negative. As a result, in
addition to bound orbits and the analog of hyperbolic unbound orbits, the Schwarzschild geometry has
a class of orbits with no Newtonian analog.

Write ey := 1(E? — 1); asymptotically,

(4.63)

ot 1 1, 1

E_—: OC):
ar 1 —vZ 2

agreeing with the Newtonian kinetic energy/mass for small v. A particle moving in the effective potential
Vegr 1s allowed to be in the region e > Vg, so three types of orbits are possible from the figure below.

QN R el

VYest

For ey < 0, the orbits are bound — the particle moves between an inner and outer radius. For ey > 0
but exy < Viax, the particle is unbound and moves from oo to a minimum radius and out again. These
orbits are similar to the Newtonian hyperbolic orbits. But for ey > Vi,.x, the particle never turns around,
and we will see that it reaches » = 2M in finite proper time. In an extended geometry that includes the
black hole interior (see Sect@ below) , the particle falls to » = 0, where it hits an infinite curvature
singularity. By making ey larger for fixed L, you increase 7 and thus aim the particle more directly
inward: You decrease the impact parameter, which we now define.
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In flat space, for a particle moving in a central potential, the impact parameter b is defined in terms
of the straight line tangent to the particle’s asymptotic trajectory. That is, b is the minimum distance
between that free-particle trajectory and the center of the potential. A particle with asymptotic mo-
mentum p = m~yv has angular momentum L = bp and energy E = m, so its impact parameter is
b=1/E = L/E. Using

b:= T (4.64)
as the definition of b is appropriate because the spacetime is asymptotically flat, and L and £ are the
energy and angular momentum per unit mass measured by a stationary observer at infinity.

Here’s the effective potential for different values of b:

B > T

I~ ]
0.05 [ 46 A
YV’ i

ISCO r=6M ' -
L/M =3.464 = V12 ]

T

—0.025

—0.05 -
E

—0.075 F

Figure 4.1: Figure adapted from Hartle, with each curve labeled by its impact parameter b.

For L? < 12M?, Vg has no maxima or minima and all orbits eventually hit » = 0. For each value
of L/M > /12, there is a stable circular orbit whose energy ey is the minimum of the potential. It is
clear from the figure that these orbits have a minimum radius. Called the radius of the innermost stable
circular orbit (ISCO), itis at r = 6M.

Circular orbits
For a circular orbit, ¥ = 0 implies ey = %(E2 — 1) = Vg, and 7 = 0 implies V; = 0. With r the
radius of the circular orbit, the second condition is

M2 ML

2T T 0=
L= - 114 ;jw (4.65)
Then Eq. @.63), ey = Vg implies
E? = (r —2M)° (4.66)

r(r—3M)’
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and the Kepler relation between () and r is

(4.67)

identical, with this choice of radial coordinate, to the Newtonian relation. For later reference, we will

use wy = ¢, the orbital frequency measured in terms of the proper time 7 of an observer in circular
orbit:
1 M
=—=L=\|5—FF+. 4.68
Yo 2 r2(r —3M) (4.68)

Eqs. (@.63)) and (@.66) allow circular orbits for every r > 3M. For r < 60, however, the orbits are
unstable: Vi < 0. They correspond to the maxima of the potentials in Fig. Using V; = 0 for a
circular orbit, we have

d [ ,dVeg d Mnr?
Ay 4 e _ A[Q—LQ 3 L2 —9 _L2:2M_
" Vel dr(T dr) d7"< " r ) ' -y
Mr(r —6M)
— 4.69
r—3M (+:69)

positive for circular orbits only for » > 6 M. As claimed, the innermost stable circular orbit is at
risco = 6M. (4.70)

For a 1.4 M, neutron star, this is at 7 = 6(1.4)(1.477km) = 12.4 km, either just outside or just inside
the surface of the star: We haven’t yet measured neutron star radii accurately enough to know.

Particles do not move along the unstable orbits with » < 6/; they plunge into the black hole. For-
mally, however, along the family of unstable orbits, as the orbital radius decreases, the orbital speed
increases, and the smallest circular orbit, at r = 3M, corresponds to the largest speed: As we will see,
it is the unstable circular orbit of a photon. From Eq. (4.69), the unstable orbits are then in the range
3M <r <6M.

A key goal of the future space-based gravitational-wave observatory LISA is to observe gravitational
waves from stellar-size black holes (< 100M,) spiraling in to supermassive black holes in the centers
of galaxies, as the binary systems lose energy to gravitational waves. An extreme mass-ratio inspiral
(EMRYI) is accurately modeled as a point particle orbiting the large black hole. For an eccentric orbit
about a spherical black hole, more gravitational radiation radiation is emitted when the particle is closest
to the black hole, and that leads to a nearly circular orbit long before the particle reaches » = 6//. When
it reaches » = 6/, it plunges into the black hole. As a result, a good approximation to the total energy
emitted in gravitational waves during the inspiral is the decrease in the energy of a circular orbit between
E =1 atinfinity and F at r = 6. This is the binding energy F of the orbit at 6)/: From Eq.(4.60)),

— oM — oM AM
Ep=1-F—=1-———=% __ 7% _4

r(r —3M) Jrr—3M)  \/6M(6M — 3M)

=1 \/g ~ 0.06. 4.71)




CHAPTER 4. SPHERICAL RELATIVISTIC STARS 171

That is, about 6% of the particle’s rest mass is radiated in gravitational waves.
General bound orbits

At large radii, it’s clear from the effective potential for radial motion that a particle in bound orbit
moves periodically between a minimum radius (periastron) and maximum radius (apastron) in its orbit
about a star or black hole. (For orbits about the Sun, the more familiar terms perihelion and aphelion
are from Helios, god of the Sun). At large distances from neutron stars or black holes, the orbits are
nearly the Keplerian elliptical orbits, differing only by a slow precession, with ¢ increasing by an angle
A¢ slightly larger than 27 between each periastron.

Zoom-whirl orbits

The unstable circular orbits at the maximum of the effective potential turn out to have an important
implication for future observations of LISA and perhaps of ground-based observatories. The figure on
the left below shows the effective potential with a value of £ corresponding to an unstable orbit at
r. =~ 5M. From the figure you can see that another orbit has this critical energy: A particle with energy
E can move from a maximum value of r near 15M to a minimum value at r.. Like any ball with exactly
the energy needed to reach the top of a hill, the particle takes an infinite amount of time to reach r.. But,
asr —r., 2= ‘fl—‘f — /M /r3, a constant, finite value. So the particle spirals around the black hole an
infinite number of times as it approaches 7.

~0.020 3
~0.025| 7 ®r o ]
>'w—o.030:— I ( <'/W |

i ] \\\/

~0.035] 1

_0040 [ P I S S S S S RS N S HNY BN SRR ] ’20;

5 10 15 20 25 30
r ’39;0 0 =T 0 1 P 30

Figure 4.2: From Healy et al.[64]

More generally, for noncircular orbits, when ey is near the peak of the potential, » is near zero for
T Near Tmi,, while ng has its largest value (because 7 has its smallest value for the orbit). So the particle
again circles the black hole several times before going back out. The figure below shows the resulting
zoom-whirl orbit for a single whirl between each zoom.
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Vete

Figure 4.3: Source of figure not known to JF

Zoom-whirl orbits, then, are particle orbits that graze the black hole, orbits with an impact param-
eter just large enough to avoid being swallowed. Typical comets in the solar system are the result of
chance encounters of ice balls (in the Kuiper belt and Oort cloud) with passing stars that nudge them
in a direction that removes enough of their orbital energy that they fall toward the Sun. Because orbital
speed at that distance is already small, they start their infall in nearly parabolic orbits with the small
impact parameter associated with their small initial speed. Zoom-whirl orbits are most likely to arise
from a similar scenario: Stars initially not too near a galactic black hole that are nudged into a trajectory
that grazes the black hole have the best chance of being in the zoom-whirl parameter range.

Precession Angle

We now look at the precession angle A¢pp = A¢p — 27 for nearly circular orbits, with A¢ the angle
through which the particle moves between successive periastrons. The radial component of the geodesic
equation has the form

P=—V0. (4.72)

If this is not obvious, note that, as in the Newtonian case, differentiating the expression for the conserved
energy, Eq. (4.62)), gives the equation of motion:

a

_ 1 -2 d /
N dT(2T

) =~ Venlr(7)) = ~Vigh —> 7=~V

The radial period is the coordinate time ¢ = 7" between periastrons; recall that ¢ is Killing time and
is the time measured by an observer at infinity whose velocity coincides with ¢t*. Let r be the radius of a
circular orbit and r 4 07 (7) the radius of a particle in a nearby orbit with the same angular momentum L.
For a Newtonian system, r + dr(t) is the radial coordinate of a nearby elliptical orbit. Using V;(r) = 0,
we have
6F = —Vle(r + 0r) = =V (r)ér + O(61?),

€

or 67 + w? or = 0,
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with
M(r —6M)
=4/V 4.73
r3(r —3M ) (+.73)
Then 7 oscillates with frequency w, defined in terms of proper time 7 along the circular geodesic. The

corresponding frequency €2, in terms of Killing time is €2, = w,/f and the radial period is T = 27/S,..
In one radial period, the change in angle is

Q We M r3(r —3M)
Ap=QOT =2r— =21— =2
¢ 7TQ,, er 7T\/Tz(r —3M) M(r—6M)

1
Vi—6M]r

where we have used (.68) and (#.73) for w4 and w,. The angle of precession is then

“ 1
App =21 |1— — | . 4.74)
V1—=6M/r

=27

For M /r small, it becomes

M
App = 6m—. 4.75)
-

In particular, Mercury’s orbit is nearly circular with 7 = 5.55 x 107 km. The mass in the formula is
that of the Sun, M = Mg = 1.477 km, giving

1.477km . .
A¢pp = GWM = 4.99 x 10~ "radians/orbit,

4. 1077 1
Aop — 99 x 10 » ( 80
24yt m

= 0.43" /yr = 43"/century. (4.76)

X 3600" ’)

At the other extreme, for r near 6/, the precession angle is large, and the particle follows a zoom-
whirl orbit, circling the black hole many times in each radial period. In this case there’s not much of a
zoom, because of our ér < r assumption.
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Lightlike Orbits: Null Geodesics

The effective potential for null geodesics is simpler: Writing (") for d/d\ with A an affine parameter,
we have

«@ . ]' 2 L2 1 -2
0—]{5 ]{Za = _WE +ﬁ+w7’
1- 2= 1- 2=
T T
1, 1, , oM\ L2
SR = SE? Vg owith Vg = (1-— =)= 4.77
2" 2 o WIS Helt ( 7’)27‘2 &77)

The Photon Sphere
Like massive particles, photons moving inward with large £ are trapped by the black hole, even if they
have nonzero angular momentum. And there is a surprise: The potential has a maximum at » = 3M,

implying an unstable circular orbit for photons at this radius.
Check:

0

2r2 3

1 d d 1 M 1 3M
== Sy =S - b = 3N 478
Lz dr " d’r’( > +7’ " (4.78)

One calls » = 3M the photon sphere.
Photons coming in from infinity hit the black hole when 7 > 0 at the maximum of Vg, and miss it
when 7 = 0 before they reach the top of the potential. Atits r = 3M peak,

L2
‘/Zeﬁ“,max — W;
and photons miss the black hole if and only if
1 L? 1 L
Viimax > —F? <= —— > —E? <= b:= = > 3V3 M. 4.79
i, 2 54M2 T 2 E V3 (4.79)

That is, the critical impact parameter for which photons just reach the top of the potential — spiraling
an infinite number of times about the r = 3M circular orbit — is b = 31/3 M. The corresponding
absorption cross section is then o = 7b* = 277 M2,

The quantity b = L/F is the natural generalization of the impact parameter b of a photon in flat
space. In general, to define b for a particle moving in a central potential, one looks at the straight-line
tangent to the particle’s asymptotic trajectory. The impact parameter is the minimum distance b between
that free-particle trajectory and the center of the potential. A photon with asymptotic momentum p has
angular momentum L = bp and energy E' = p, so its impact parameter is b = L/FE. Using this as the
definition of b is appropriate because the spacetime is asymptotically flat, and L and £ are the energy
and angular momentum measured by a stationary observer at infinity.
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In the images of black holes recently obtained by the EHT (Event Horizon Telescope) most of the
light passes the black hole near the photon sphere.

Figure 4.4: EHT image of the black hole at the center of the giant elliptical galaxy M87

Deflection of Light

Null geodesics that do not hit the black hole or star follow a symmetric trajectory that looks similar
to a hyperbolic orbit, with the angle between the ingoing and outgoing asymptotes called the deflection
angle A¢. In the figure, the path is rotated by half the deflection angle to make the diagram symmetric

Ap/2 A /2
b
b

Figure 4.5: Flat-space trajectory in blue, actual trajectory in purple.

about the point of closest approach.
Mathematical Prerequisite

1
y' +y=sin’x has solution ~ y = §(2 — sin® 7).

Spatial Path
The spatial path, r = r(¢) can, as usual be found by writing
, _dr 7 rr? Ny L
r=—==-=—=7r=—r.
dp ¢ L r?
It is convenient to use
1 , ! T
u = — mnw = -—-—- = ——,
r’ 72 L


https://eventhorizontelescope.org/
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In terms of u, the geodesic equation (4.77)) is

2

E
w2:27—44+2Mu (4.80)

Differentiate:

/" = —2u'u + 2u'3Mu?
u” +u = 3Mu?

We’ll solve this to order M /b, with b = L/E the impact parameter. We first find the zeroth-order
(flat space) solution:
At zeroth order, with M = 0, we are in flat space, and we choose as the geodesic a straight line at
constant y = rsin ¢ :
v +u=0

has a solution

u= Esingb, or y=rsing =0,

with r ranging from oo to —oo as ¢ runs from 0 to 7, with minimum value b as claimed. Far from the
star, space is flat, and we have just checked that the flat-space trajectory with b = L/FE has b as the
distance of closest approach.

Perturb: Order M /b correction.
Let u + du be the perturbed solution, with du of order M /b. Then to linear order in M /b we have

M
ou" + du = 3—8111 )

B2
ou = b—2(2 — sin® ¢) from the prerequisite above
1 2M M
u+ou = gsingzﬂ—b—Q = —sm2¢>

The perturbed orbit starts ¢ = —A¢/2 with the particle at r + dr = 0o, u + du = 0. As the photon
moves from right to left, ¢ increases to 7/2 at maximum u + du and then increases from 7/2 to m + A¢
as the photon flies out to infinity and u + du symmetrically decreases to 0. To find A¢ we just write

0=u+du= %sin( A¢/2) M [2 — sin®(—Ag/2]
__Ad
=5 T b_2 + O((A¢)2)

M
= Ac’):ﬂx?. (4.81)

For light grazing the Sun, M = M, = 1.477km, b = R = 6.96 x 10° km, implying

1.477 (180
Adp = Ao
T G

= 1.75”.

This, of course, is the value first measured by the 1919 eclipse expedition led by Frank Dyson and
Arthur Eddington. An interesting detailed history by José Lemos et al.: arXi1v:1912.08354.


https://arxiv.org/pdf/1912.08354.pdf
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It is not too hard to find the exact deflection as an integral. Following Wald, we solve Eq. (4.80) for
u’ to write
1/Ro du
o Vb 2—u?+2Mud’
where Ry is the minimum value of r along the exact trajectory, where v’ = 0. To find R, we have to
solve the cubic equation 2Mu? — u? + b2 = 0 or 3 — b?*r + 2Mb? = 0 to obtain

2b 1 332 M
Ry = ﬁcos [3 cos (— 2 )} . (4.83)

If you have never solved a cubic, or never seen the solution in this form, here is how to do it: First
change variables to get rid of any quadratic term — in our case it’s already gone. The next step isn’t
necessary, but it gives a canonical form with a solution that’s easy to understand: Rescale r to make the

Ap =2 (4.82)

coefficient of the linear term -3: y = \/gg, giving
3¥2M

y? —3y+q=0,withq =

Now, the key step: Write y = a + b, y* = 3ab(a + b) + a® + 1. Our cubic then becomes

3aby + a® + b> — 3y + 2q = 0, satisfied when ab = 1, a® + b* + 2¢ = 0. Then b = 1/a, and a® + b +
2q = 0 becomes (a®)? + 2ga® + 1 = 0, a simple quadratic equation for a: Here ¢ < 1, and the roots
are > = —q +iv/1 — ¢2, with lg £ 14/1 — ¢?| = 1. Because the roots have unit norm, we can write
a=¢e%,b=e"" Thena®+ b>+ 2¢ = 0 = 2cos 3¢ + 2¢ = 0, and we have

1
y=a+b=2cosy = 2cos {5 cos_l(—q)} ,  giving the claimed expression for Rj.

By the end of the last century, light deflection in the guise of gravitational lensing began to play
an important role in astronomy, in particular for measurements of the mass of dark matter halos that
dominate the mass of galaxies and clusters of galaxies. DES (the Dark Energy Survey) uses lensing in
a survey of 26 million galaxies to improve the precision of cosmological parameters (see, for example,
DES, DES papers).

Shapiro time delay

Many quasars are seen as more than one image, their light bent around intervening galaxies or
clusters of galaxies. In the images, light from a quasar arrives at different times, depending on the path.
Quasar intensity changes in less than a day, implying an emitting region less than a light-day across;
that made accretion onto a black hole the leading candidate for the engine. The same bright flares can
be identified in different images, arriving months or years apart: For example the same flare has been
identified in 3 of the 6 images of SDSSJ1029+2623 (SDSS for a Sloan Digital Sky Survey object), with
a 48-day and a 722-day delay between the brightest and two of the dimmer images.Dahle et al. 15

First computed and measured by Irwin Shapiro PRL[[104], the delay has provided an accurate test
of GR, first in the solar system and more recently in double pulsars. It is also used in measurements of
neutron star masses. The presentation here uses isotropic coordinates for Schwarzschild. It just involves
changing to a new radial coordinate (still written here as r) for which the metric has the form

2 1 —M/2r ’ 2 y 4072 2 2
M/2r

with 7?2 = 22 + 2 + 22. To get to this form starting from the standard radial coordinate rg, write

(1-— 2]\4/7"5)71 dr?g + r%d(ﬁ = F2(dr2 + r2d92);


https://room.eu.com/news/most-accurate-measurement-of-universes-dark-matter-revealed-by-des-survey
https://www.darkenergysurvey.org/des-year-3-cosmology-results-papers/
https://arxiv.org/pdf/1505.06187.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.789
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Figure 4.6: Each photo in the figure shows multiple Hubble images| of a single quasar.

then equate the coefficients of dQ? and require (1 — 2M/r)” ' dr% = F2dr?. (Filling in the steps is
below.)

We again look at the same geodesic with impact parameter b and calculate the correction to the travel
time between the emitter (which could be a pulsar or a planet) at initial large radius 7, and the Earth
at large radius r.. The fractional correction to the travel time will be of order M /(r. + ,) and can be
found from the flat-space path: The curved path deviates from the flat trajectory by an angle of order
O(b/M), its spatial length changing by O ((r. + r,,)b*/M?): Think of the length of the hypotenuse of a
right triangle of r, and angle M /b. The corrected time delay from the change in path length is then of
order (M /b)?(r. + r,), and can be ignored.

We take as the spatial trajectory the path y = b, with 2 running from z = —r, to x = 7., withz = 0
the point of closest approach. The null path has ds = 0, with

1— M/2r\?
—ds? = — [ ——1= 24 (1 + M/2r)*d2?. 4.
0=ds <1+M/2r) dt* + (1 + M/2r)"dx (4.85)

Integrating to find the time from the source to the point of closest approach and the time from closest
approach to Earth and adding them gives

Ty 4+ /12 +b2) (1o + /T2 + D2
(ry+ 72+ 9) ( )

t=r,+r.+2Mlog 72 (4.86)
For b << 7y, 7., the Shapiro delay (correction to 7, + r.) is then
. 4rr,
At = 2M log 72 (4.87)

There is also a b-independent delay from the redshift of a photon leaving a pulsar and its binary system
and a blueshift as it arrives at Earth, but only the b-dependent part is measured.
A final photon orbit, that of a radially infalling photon, begins the black-hole section.


https://hubblesite.org/contents/media/images/2020/04/4606-Image
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Figure 4.7: The measured delay of light traveling from Earth to Venus to Earth: Radar bounced off
Venus as Venus passes the Sun. From Jacob Schaf, Journal of Modern Physics, 2017[101]]

Exercise 65. (Schwarzschild in isotropic coordinates). Complete the calculation above to obtain the
form (4.84) of the Schwarzschild metric in isotropic coordinates.

Exercise 66. Complete the computation of Eqs. (4.86]) and to show that the Shapiro time delay of
a photon traveling from a pulsar to the earth and passing another star of mass M along the way
has the form

4r, b b
At = 2M log Telp + terms smaller by factors —, —, —.
b2 re T, M
Ignore the effect of the pulsar’s and the Earth’s gravity. M is the mass of the intervening star, and
rp and 7. are the distances from the pulsar to that star and from the Earth to that star.
An optional variant: Wald Chapter 6 Problem 5, finding the exact form of At.

Exercise 67. The smallest possible value of 2/ /R at the surface of a spherical star is attained when the
star is perfectly incompressible — when it is one of the uniform density models you constructed.

. . e 2M 8
a. Show for this sequence of stars that the central density becomes infinite when T
b. Deduce from (a) the maximum redshift z from the surface of a spherical star.
[e’¢) Wstar
1 = = .
T )\star Woo

Exercise 68. For spherical (i.e. nonrotating) stars, there is an exact solution to the Newtonian equations
of hydrostatic equilibrium
VP = —pVQ, V2@ = 47p,


https://www.scirp.org/pdf/JMP_2017022715463111.pdf
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sin(ar)

with the equation of state P = K p?. Show that p = p, and the corresponding P satisfy

ar
the system of equations, find «, and find the radius of the star for X = 150 km.
2

1d
Hint: Write V2® in the form —ﬁ(rcb) = 47 p, and solve for r®, with ® = 0 at infinity.
rar

Exercise 69. Numerical model. A model of a neutron star more realistic than the uniform-density model
is an equation of state of the form P = KpZ, where py is the baryon mass density, called a

polytropic equation of state. To make things simpler, use P = Kp? as in the last problem,
but this time for a general relativistic model. In gravitational units with km the only unit, take
K = 150 km?.

a. A typical central density of a neutron star is about 10~3km 2. What is that in g/cm??

b. Starting with this central density, integrate the TOV equation from the center of the star to
the surface, determined by the requirement that P vanish. Find the radius of the star and plot
P and p as functions of r. The equation of hydrostatic equilibrium looks like 0 = 0/0 at
r = 0, so start near = 0 and integrate outward, with p = p., P = P(p.) and m = 57rp.
as initial values. What is M /M?

Because P o p?, it never becomes negative. If you replace dP/dr by dp/dr and integrate
to compute p(r), you can find the surface more easily: p becomes negative when r is larger
than the radius of the star.

Exercise 70. Upper limit on the mass of a star with p > p,,, where p,, is nuclear density, about 2.7 x 104
g/cm?® (Hartle-Sabbadini). Use the inequality p > p,, and the equation for the mass of a relativistic
star in terms of p to show that M > Kp,R?, and find K. Combine this inequality with the
requirement that the star is not inside a black hole, R > 2 to find an upper limit on M in terms
of p,,. Bvaluate M. /M, for p,, = 2.7 x 10'* g/cm?3.



Chapter 5
Black Holes

5.1 Schwarzschild Black Holes

The Schwarzschild metric (4.19)),

2M oM\
ds? = — <1 — —) dt* + (1 — —) dt? + r2dQ?, (5.1)
r r
provides a smooth spacetime in the region
I: —00 <t <0 2M <r < oo
and another (disconnected) spacetime corresponding to the coordinate values
II: —00 <t <00 0<r<2M.

In region I, t* = 8, is a timelike Killing vector, but in region I, g;, = t*t,, > 0, so that t*, although
still a Killing vector, is no longer timelike. Similarly, 0, is spacelike in I and timelike in II. In obtaining
the form (5.1]), we assumed the existence of a timelike Killing vector orthogonal to a family of spacelike
(t = constant) hypersurfaces, but in the region » < 2M the field is so strong tht even light is constrained
to move inward — no matter can remain at rest (i.e. at constant r), and everything follows trajectories
that end at r = 0.

Remaining at rest means moving along t“, so the fact that t* is spacelike is exactly the statement
that physical particles (which must move along timelike trajectories) cannot remain at rest. One might
hope to join regions I and II by relaxing the condition that there be coordinates {¢, z*}, with ; a Killing
vector and ¢ = constant a spacelike surface. Before trying this, it is helpful to learn about the geometry
outside » = 2, and one way to do it is to look at the geodesics (another way is to embed the geometry
in some R"” - we’ll do that later).

Radial photons
We now show that radially ingoing light rays reach » = 2M in finite affine parameter length, al-
though the coordinate ¢ becomes infinite along their trajectories. Similarly, radially ingoing massive
particles reach » = 2, in finite proper time. When L = 0, Eq. (4.77) implies dr = EdA, so r is itself
SM
an affine parameter. Thus photons travel from 8M to 2M in parameter length Ar = 8M, or AN = —.

The coordinate ¢, however, becomes infinite as » — 2M:

oM oM\
<1 _ _) it = <1 _ _) .
T T



CHAPTER 5. BLACK HOLES 182

dr
122
T
¢ 2M log | — 1’ (5.3)
=vg—1r— 0g|=— — .
0 g 2M )

with v the constant of integration. It is useful to introduce a coordinate r, (called the “tortoise” coordi-
nate), writing
t =y — 7y, 5.4)
- . " d/r‘ e /] 7”
7*.:! @:r+2]\~]ln ﬁ—l‘ (5.5)

r

Asr — 2M, r, — —oo, whence ¢t — o0.

The same calculation shows that light emitted from » = 20 (1 + €) reaches a distant observer after
a time At that blows up like |log €| as € — 0. From (5.4) with a + sign for outgoing photons,

At =71,(8M) — r.[2M (1 + €)]
= (8M +2M log3) — [2M (1 + €) + 2M log €]
=6M — 2M log(e/3) + O(Me). (5.6)
Thus an observer who remains a finite distance outside r = 2M never sees an infalling particle reach

r = 2M. Moreover, the observed redshift becomes infinite: A photon’s frequency as measured by an
observer moving along t* (an observer at fixed r, 0, ¢) is —k,u®, with

a t* — 28
v _\/—gtt \/1—2M/7’
- L __ Weo (5.7)
S VI T2 |
Thus 1/2
B _2M
w(r=2M(1+¢)) _ 1+ i )] — ooase — 0. (5.8)
w(r = R) €

Although the formal expression shows light from the infalling star reaching an outside observer at
all future times, the light comes from less than a Planck length (10733 ¢cm) of the horizon after about a

millisecond for a star of about 10 M, (see|Exercise 74.).

5.2 Eddington-Finkelstein Coordinates

The fact that ingoing photons reach » = 2M in finite value of their affine parameter and that ingoing
finite rest mass particles reach » = 2M in finite proper time suggests that one might be able smoothly
to join regions I (r > 2M) and I (r < 2M) with coordinates tied to infalling particles. This is easier to
do with photons, because they have simpler trajectories. Because the method leads to null coordinates,
we’ll first revisit null coordinates in Minkowski space, to better understand their meaning.
Null coordinates in flat space:

Future null cones are « = constant surfaces, where u =t — r
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Past null cones are v = constant surfaces, withv =t + r

Then

Outgoing null coodinates: u, r, 0, ¢
ds® = —dt® +dr® +r*dQ* = —(du + dr)* + dr® + r*dQ?
—du® — 2dudr + r*dQ?
Ingoing null coordinates: v, r, 6, ¢
ds? = —dv® + 2dvdr + r2dO?.

Double null coordinates: u, v, 0, ¢
1 1
ds® = —[§(du + dv)]? + [§(dv — du)]? + 72 (u, v)dQ?
ds® = —dudv + r*dQ>.

In this chart, 7 is a function of w and v: 7% = {(u — v)2.

183

5.9

(5.10)

(5.11)

In the ingoing null chart v, r, 6, ¢, the path v, 6, ¢ = constant is the trajectory of a radially ingoing

photon, and r is an affine parameter along the path.

Ingoing and outgoing null coordinates in Schwarzschild
To mimic this in the Schwarzschild geometry, one must take

V=14 14,
because by (5.4) the trajectory of an ingoing photon is
t + r, = constant, 6, ¢ constant.

Again, r is an affine parameter along the geodesic so we try a (v, r, 6, ¢) chart:

oM oM\ !
ds? = — (1 - —) dt? + (1 - —) dr? + r*dQ?
T T
2M dr, oM\ !
= - (1 - —) (dv — i dT’)z + (1 — —) dr? + r2d0?
r dr r

2
IM oM\ ! oM\t
— —(1——) [dv— (1——) dr] +(1——> dr? + r2d0?
T T T

(5.12)
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dr, oM\~
where we used Eq. (5.5) to write dr = <1 — —) . The form of the metric is surprisingly simple:
r r

2M ‘
ds* = — (1 — > dv? 4 2dvdr + r2dQ2. (5.13)
,
The metric components are well behaved for 0 < r < oo. For r > 2M, (5.13) looks like the flat space

form for a single null coordinate. For r = 2M it is
ds* = 2dvdr + r*dQ?, (5.14)

equivalent after a rescaling to the form for two null coordinates; and for » < 2, the coefficient
of dv? is positive.

The sign change in g,, shows that that the “timelike” Killing vector, t* = 8,, becomes null at
r = 2M and spacelike for r < 2M. Note that, at » = 2M, the completely null form (g,, = g, = 0)
reflects the fact that both 8, and 9, are null there.

How do regions I and II in the old (¢,7,0, ¢) charts fit into the new extended geometry in the
(v,7,0,¢) chart? It’s easier to visualize the v, , 6, ¢ description with v drawn so that the v = constant
(0 = 7, ¢ = 0) null geodesics are 45° lines (representing ingoing photons).

The images of some ¢ = constant lines are shown in the v, r diagram as dotted lines.
Note that the r = 2M line in ¢, r, 0, ¢ coordinates has been pushed to v = —oo0.

Light cones:

T A
4
;
4 <= y -“; \'f:"“)*
<\\ \\-“ 1\\\ ‘{/ \\\
g™ LT W . Ll |
0\ 2.M u W oM
g

Figure 5.1: Light cones in an Eddington-Finkelstein diagram, with 7' = v — 7.
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Ingoing radial photons move along v = constant lines. Outgoing photons move along v = t —
r, =constant lines. Then v = v — 2r, = constant, and along the © = constant lines (i.e., along the
outward radial null geodesics) dv = 2dr, = 2(1 — 2M/r)~! dr. Or, with T = v — r, ingoing rays are
given by d1' = —dr, outgoing rays by
r—+2M

vV 2Md7".

dT =

Stellar collapse can be described using Eddington-Finkelstein coordinates: Inside the star the ge-
ometry is regular initially, and outside the geometry is vacuum Schwarzschild. The surface of the star
follows a timelike trajectory and so once inside r = 21/, it is constrained to go to = 0 in finite proper

time.
, A"
1 » ” p:
j ; p “Outgoing” photons: — — — — —
s
' 7 Outwardly directed pho-
. / . . .
il / ’ tons, emitted after the star’s
] s
lt I il surface passes r = 2M,
/
|| v never reach r = 2.
[
|
inrerar N 4 VAC UM
QEaMETRY ), ” SCHWARESCHILO

Finkelstein, after reinventing Eddington’s coordinates, realized the the » = 2M surface was an event
horizon. Observers outside it are unable to receive signals from within. A spacelike slice of the region
inside an event horizon is a black hole.

In a general asymptotically flat spacetime, event horizons and black holes are characterized this way:
The set of all future directed null geodesics that make it out to infinity (that eventually leave any compact
region) is called the past of future null infinity (in Schwarzschild this in the region outside r = 2M).
The boundary of this region, the boundary of the past of future null infinity, is called the event horizon;
and a spacelike section of the spacetime inside the event horizon is called a black hole.

/' » s (e
1 .
Trajectory of the first photon emitted out-

i /‘S—— ward from the center of the star that can’t

make it out to infinity. It runs along the

event horizon.

— SUnfFAce of STAR
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Trapped Surfaces:

From the light cone diagram, Fig.[5.1] it is apparent that any photon emitted within = 20/ eventually
hits 7 = 0. Because the radial coordinate 7 has the meaning that 4772 is the area of a v, = constant
surface, the following peculiar phenomenon occurs. Consider the set of all outgoing photons emitted
from an r = constant sphere.

For large r, the emitted photons comprise a sphere of increasing area — they are diverging. For
r < 2M however, even the “outgoing” photons are moving to smaller values of r, so the sphere of
outgoing photons is shrinking in area — the photons are converging, trapped.

Note, however, that an outgoing photon, emitted by a flashlight pointing radially outward, moves
away from the flashlight in the direction that it is emitted at the speed of light, according to an observer
at rest relative to the flashlight. This is consistent, because the flashlight itself is falling inward faster
that the emitted photons. In general, a trapped surface S is one whose outward directed null geodesics
(L to .S) are all converging. Thus in Schwarzschild, all , v constant surfaces with r» < 2M are trapped.

It used to be thought likely that the singularity at » = 0 in Schwarzschild represented the end of
spherical collapse only — that nonspherical collapsing stars would never encounter singularities. In
1965, however, Penrose proved that if energy dominates pressure in the sense that

1
(Top — §ga5T)uauB >0 (5.15)

all timelike ©®, and if there is a trapped surface, then the spacetime is singular. For a fluid this is satisfied
unless P < —% p (attractive pressure exceeding the relativistic limit); for an electromagnetic field it’s
always true; for a massive scalar field the condition can fail in regions on the order of the Compton
wavelength, ~ 107!6 ¢m for the Higgs boson. Eq. is called the strong energy condition. The
singularity may not be as violent as the r = 0 singularity of Schwarzschild where R,z,; becomes
singular (R,s.5 R*%7°, for example, blows up). The theorem only says that at least one null geodesic
is incomplete - the geodesic leaves the spacetime in finite affine parameter length. The coordinate
singularity at » = 2M had that character, but that was the result of picking coordinates that cover only a
piece of the spacetime — in effect, by choosing Schwarzschild coordinates, one is cutting a hole out of the
spacetime at » = 2. In that case, one can smoothly extend the truncated geometry. Penrose’s theorem
guarantees that there is no way to avoid the singularity by, in particular, extending the spacetime. As we
have already seen, null geodesics hit = 0 in finite parameter length, and this is the singularity implied
by Penrose’s theorem. Penrose’s theorem is proved in Chapter 9 of Wald, where it is Theorem 9.5.3; a
somewhat stronger version due to Hawking and Penrose is 9.5.4.

The theorems only guarantee geodesic incompleteness. Timelike geodesics within the horizon of
the analytically extended Kerr geometry do not generically encounter infinite curvature; whether they
do so in the actual geometries of rotating black holes is not yet known.
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5.3 Embedding Diagrams

If you are handed the components of a metric in some coordinates, it is often difficult to understand
what the metric means physically or geometrically. Commonly one draws light cones and constructs the
geodesics, as we have done for the Schwarzschild geometry. Another, more powerful, technique, when
it can be used, is to construct an embedding diagram. The idea is to regard a section of the spacetime
(e.g., a t = constant surface) as a curved surface in flat space (some R"™). For example, a sphere can be
characterized intrinsically by the metric

ds* = r?(d6? + sin? Odp?)

or pictured as an r = constant subset of R3. In other words, one looks for a submanifold of R” whose
metric is that of the surface you want to understand.

Let us first embed a ¢ = constant surface of a spherical star

2 —1
ds? = (1 _ m(r)) dr? + r2dQ? . (5.16)
T

To visualize, we can’t look at more than a 2-dimensional surface embedded in R3, so we’ll take a § = g
plane:

ds* = (1 — Qr ) rdr? 4 r2det (5.17)

The object is to find a surface z = 2(r, ¢) in R?® with this metric. The flat metric of R3 has z,7, ¢
components

ds* = d2* + dr* + r*d¢? (5.18)
The metric of a z = z(r, ¢) surface is thus
ds® = (a dr + a—¢ ) + dr® + rdy?. (5.19)

Axisymmetry = z = z(r),
ds* = (2% + 1)dr? + r?d¢?.

To agree with (5.17)) we need
2 -1
Sl = (1——m> .
r
' d
z = / r 73 when there is no black hole — when 2m(r) is everywhere greater than 7.
0 "
2m(r)

(5.20)
Near the center of the star

4
m= o pe P+ 00t =

" (8mp 1/2
z:/ ( C) rdr + O(r?)
0 3

1/2
_ (QWPc) r2 4+ O(T’g). (5.21)
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Outside the star

1
2= 2+ [SM(r — 2M)]*? or (r —2M) = 8—M(z — 2)2. (5.22)
Check: q . )
4z _ 122 () _ -2 -
= (M) (r — 2M) < . _1>1/2.
2M

Note that the surface is coordinate independent — specified by demanding that its metric inherited from

d
a2 )
the flat metric on R? be the same as the metric of an equatorial plane in the Schwarzschild geometry.

After the star collapses one can embed a 7" = constant surface: From (5.13)), with dv = dr (dT = 0),

(dT = 0),

/ : /‘ T ConsT
/ — ;t=c=~s-r

/ \

oM 2M
ds® = [—(1 -—)+ 2} dr? 4 r*dQ? = (1 - —) dr® + r2d9?
r r
Embed:
NPrl=1+"—
(2)" + +—
, oM
2 =4 —
.
1
z=8Mr)Y? or r=_—-2% (5.23)
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After the collapse the surface is no longer smooth at r = 05 there is a cusp, implying infinite curvature.
(Old figure has 7" instead of 7'.)

Although Eddington-Finkelstein ingoing coordinates are fine for describing collapse, and provide a
completion for the future-directed null and timelike geodesics that are cut off in the {¢,r,0, ¢} chart,
the {v, 7,0, ¢} coordinates are not good for describing past-directed geodesics that move inward (equiv-
alently, the past of future-directed outward geodesics). These run off the manifold in finite length as
before. When the past was a star, the problem disappears, but if one wants to look formally at the vac-
uum Schwarzschild geometry a further completion is needed. One way to see what to expect is to look
at the embedding of a ¢ = constant surface of vacuum Schwarzschild. From (5.22)), the embedding looks
like r —2M = 8LM (2 — 2)?, and it ends abruptly at r = 2M, z = 0 (where, without loss of generality,
we have taken zo = 0).

But the bottom half of the paraboloid is identical to the top half and is also described by the metric

-1
ds® = <1 — ﬂ) dr? + r2dQ? (5.24)

r

of a ¢ = constant surface.
Thus the full paraboloid is a smooth extension of the ¢ = constant surface, and it has the spatial
Schwarzschild metric (5.24) everywhere.

-\-Z

—» Y
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This suggests that one can extend the spacetime in such a way as to get two identical asymptotically
flat regions. One way is to patch together different charts. But it turns out to be possible to find a single
chart that covers the complete extension of the geometry.

5.4 Kruskal-Szekeres Coordinates

The papers: Kruskal[70]], Szekeres[119, [120].

Part of the problem with Eddington-Finkelstein is that, by choosing ingoing coordinates, one im-
poses a preferred time direction (future) on a geometry that doesn’t know future from past. As in
flat space, one could have picked outgoing null coordinates u = t — r,,r, 6, ¢ and found a metric

2M
ds? = — (1 — —) du® — 2dudr + r*dQ? for a spacetime with complete past directed geodesics, but
r

incomplete future geodesics.
So to regain past-future symmetry one could try null coordinates u, v, 6, ¢. Then, using

U+ v V—u dr 2M
= x — —_— Y, = 1 _ y .2
7 r 5 and ar ( " ) (5.25)
we have
oM\ 1 oM\ 1 IM N\ 2
ds* = —(1—-"=) (du+dv)*+ (1 —-"—=) =(dv—du)®(1—"—) +7r2dQ?
r 4 r 4 r
oM
= — (1 - —> dudv + r2d0? (5.26)
T

Unfortunately, at = 2M the 4-dimensional metric is degenerate (not invertible): ds* = r?d)?, imply-
ing \/—g = 0. This, however, is the only remaining obstacle, and it is easily overcome by a change of
scale:

U=—c /4y =e/iM (5.27)

1 1
— = -u/4M _ _~ v/4aM
dU 4M€ du dV 4M€ dv

dudv = 16M2eVHI/AMgrrqy = 16 M? e ™M qudv
— 16MZexp [—L —log ‘L _ 1H dUdV

2M 2M
1
= 16M%e /"M ———dUdV, r > 2M. (5.28)
— -1
2M
Finally,
2M
ds® = —16M? e "M Z_qudVv + r*(U,V)d?,
r
f 32M° )
ds* = —=—— "M audv + r*dQ°. (5.29)

T
This looks good for r > 0, but we still need to find out when (U, V') is well behaved. From (5.5)), (5.25))
and (5.27), r is given implicitly for r > 2M by


https://journals.aps.org/pr/abstract/10.1103/PhysRev.119.1743
https://link.springer.com/article/10.1023/A:1020744914721
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and we define (U, V') by this relation for all » > 0. f(r) is invertible to > 0 when —UV is in the

range of f:
Uv <1

; Uv<l

One commonly introduces the spacelike and timelike coordinates
1 1

Then f(r) — X2 _ 7?2
and the metric has components

32M3
Ty

ds?

e~ 2 (—dT? + dX?) + r?dQ>.

(5.31)

(5.32)

(5.33)

Eq. (5:33) is invertible to a unique > 0 when —X? + 72 < 1, or T? < 1 4+ X?, a region between two

hyperbolae; it has four parts, I, IL, III, I'V.

'l ‘
T_=hxa_
[

In I, one obtains a ¢, r patch with » > 2M by setting

1/2
I[(r>2M): X:(L_1> e/
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Region II provides a ¢, r patch with » < 2M

I (r < 2M) : X—(l— r>1/2 PAM gy
" ‘ N oM ¢ SR
r o\ 1/2 t
_ _ r/4M v

T <1 2M> e cosh4

Similarly regions III and IV give ¢, r patches isometric to I and II, respectively, with

111 (r > 2M) : X = ( ! 1) V2 g cogn
" ' - \am V]
/ '
=~ (g7 1) ¢Msimh gy
ro\L2 '
. _ _ r/AM _: v
IV (r < 2M) : X (1 > ) /1M sinh
ro\1/2 /
— _ o r/4M v
T (1 2M> e cosh

As we assumed to begin with in (5.30) and (5.33)), 7 is given everywhere by X? — T2 = (L —

and the » = constant curves are then hyperbolae:

192

1) eT/QM,
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The t = constant curves ares straight lines:

t T t X
In regions I and III, tanh T = < In regions II and IV, tanh i = T
7
[ CP\
e N\ o S o
- A7\ R "
~M 1=
t=20 ti=0
g =M t= -y
&
o e,
z ",
> & f‘::é\ I e!\\ R %
Yy ki 3 N
X, pY % N
2

Features of the complete Schwarzschild geometry in Kruskal coordinates: All values of ¢ for r = 2M
are mapped to a single point, the center point of the figure above. With the angular dimensions included,
this is a sphere of radius 7 = 2M in spacetime. This problem with the coordinate ¢ is analogous to the
coordinate singularity in polar coordinates where all values of ¢ at § = 0 are mapped to a single point
(a line, the z-axis, when one includes 7).

In a Kruskal diagram, the radial null geodesics from any point are 45° lines.
They are the radial lines
T = £+X + constant;

equivalently, they are the the lines U, #,¢ = constant and the lines V.6, ¢ = constant. This means
that the 2-dimensional light cones in a Kruskal diagram look like the light cones of 2-dimensional
Minkowkski space.

VAl future light cones
v

d "'/
Vi

There are two asymptotically flat regions. Spacelike surfaces, for example the ¢ = constant surfaces
of regions I and III, extend from one asymptotic region to another, via a wormhole (initially called an
Einstein-Rosen bridge). It is immediately clear from the Kruskal diagram that no particle can go through
through the wormhole and reach the other asymptotically flat region: Only spacelike curves do that —
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future directed timelike curves all hit the r» = 0 singularity and don’t make make it through from I to III
or [Il to I.

This is a generic property of asymptotically flat spacetimes with non-Euclidean topology (there are a
countably infinite number of such topologies). No null geodesic that starts and ends at infinity can thread
a topological structure: Positive energy implies that any topological structure collapses too quickly
for observers to find out that it’s there (JE, Schleich, Witt) topological censorship[51]. A corollary
is a strengthened version of a theorem by Hawking that any spacelike slice of the event horizon of a
stationary black hole has spherical topology (Chrusciel, Wald)[32].

It is also apparent from the diagram that no particle in II, in the black-hole interior, can escape from
the black hole to regions I or III.

Stellar
0 interior

e

Figure 5.2: A collapsing star in a Kruskal diagram looks like this figure. The left half of the Kruskal
spacetime doesn’t exist here. Because the Eddington-Finkelstein ingoing chart is mapped to regions
I and II, an Eddington-Finkelstein chart also covers the full collapse spacetime, if one continues the
coordinates v, r to the star’s interior, as null and radial coordinates inside the star.


https://arxiv.org/abs/gr-qc/9305017
https://arxiv.org/pdf/gr-qc/9410004.pdf
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The Schwarzschild geometry is time dependent: the Killing vector that is timelike outside r = 2M
becomes spacelike inside. Here are two ways to slice the history (the spacetime) given a la MTW as
sequences of embedding diagrams.

) A In figuring out what the embedding of each slice should

% “‘W ~ look like qualitatively, the key point is that distances on

b \ . the embedded surface are proper distances in the space-
g 7 / :

4 2

/\ dial curve in spacetime ((¢, €, ¢ constant)) is perpendic-

R ular to the circles of constant r and has proper distance

\ y, along the curve equal to the proper spacetime distance.

\
LTI IVTTTo0 N
< N VRS

Slice 4: r begins on the right at co, then goes to » = 2M (the central point in the diagram), and then out
to oo again:

time. In particular, a circle with radial coordinate r has
proper circumference 27r and thus is always at a dis-
tance r from the z-axis in the embedding diagram. A
curve in the embedding diagram corresponding to a ra-

AN

.

w

; R 7
s rotate: each _."/ Q ’:,"/‘//
N\ 7/

point of Kruskal \

is a sphere;

/ here each point ," . -I
0es to a circl — ) /

goes to a circle ; J ) //
il

Slice 5: r begins at 0o, goes to r = 1.5, then out to oo:

- -

Slice 6: r begins at co, goes to r = 0; a disconnected piece starts at » = 0 and goes to co:

—
P

} .‘/" o
8 /'
) J

3
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So the slicing 1-6 of the history looks like this.

iy

The crosses mark the trajectory of an ingoing particle that fails to make it through the wormhole
before the asymptotic regions pinch off.
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Another slicing

197

You ¢an also slice (foliate)
the entire spacetime with
spacelike slices that never
touch the singularitlies. They
then spend a long stretch at

r = 0 M*hﬁh\_ ”,,~w'"
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Exercise 71. Embedding diagram.
a. Sketch a surface in flat R?® whose metric is the wormhole metric ds? = dx? + (2% + a?)d¢?,
—o0o <z <00, 0<¢<2m The surface should have two asymptotically flat regions.
b. With 2, @, ¢ polar coordinates for R? (z the distance from the z-axis) find the embedded

surface z = z(w) whose metric is the wormhole metric.

Exercise 72. Calculate the cross section for capture of particles by a Schwarzschild black hole for
v < 1. Hint: First show that Vg < 1 at the largest impact parameter for which the particle
can avoid capture.

Exercise 73. (Hartle 12-12) Working in Eddington-Finkelstein coordinates, check that the normal vector
to the horizon 3-surface of a Schwarzschild black hole is a null vector.

Exercise 74. The time for light to reach an observer outside a black hole horizon from radius r = 2M (1 + ¢)
becomes infinite as ¢ — 0, but the divergence is only logarithmic in e.

a. Consider a point P at proper distance d = 2MJ to the horizon along a ¢ = constant surface.
Find § to lowest nontrivial order in in terms of e.

b. Find the time for light from P to reach an observer at » = 8 M along a radial geodesic.

c. Find that time for d the Planck length and M = 10M,. (You should find a time of order a

millisecond). What is the contribution to that time from the term involving €?

Exercise 75. Recall that conservation of baryons has the form V,j* = 0, where 7% = nu®, with
n = baryon density of a fluid with velocity u®.

a. Using ingoing Eddington-Finkelstein coordinates, find the number of baryons per unit time
entering a Schwarzschild black hole. That is, find dN/dv, with dN the number of baryons
that cross the horizon between successive slices at v = constant and v + dv = constant.

b. The Killing energy flux of a scalar field into the Schwarzschild horizon is positive: Show

that
/jadSa >0,
1

ja — —T%tﬁ, Ta,B = VQ(I)VB(I) — §gaﬁvvq)v’yq)-

where

Note that the Killing vector t* is 8, in this chart. See p. for both parts of the problem.

Exercise 76. An observer falls radially into a spherical black hole of mass M. She starts from rest
relative to a stationary observer at » = 8)/. What time does her watch read just before she
reaches the singularity at r = 0?

Exercise 77. Og is at rest outside a spherical neutron star, at radius » = 8M.

a. Exhibiting strength characteristic of neutron-star denizens, Og throws a particle radially up-
ward with speed v as measured in Og’s orthonormal frame, large enough to reach infinity
with zero speed: That is, v = Vescape- What is v?

b. Og throws a second particle horizontally (tangent to the » = 8 sphere), with speed
U = Vgscape- What is the maximum value of r that the particle reaches?
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Exercise 78. (Adapted from Hartle) An observer falls feet first into a Schwarzschild black hole looking
down at her feet. Is there a radius at which she cannot see her feet? In particular,

a. When her eyes are at the horizon, can she see her feet? If so, at what radius does she see
them?

b. Does she see her feet hit the singularity, assuming she remains sentient until her head hits
the singularity?

c. Is it dark inside a black hole? An observer outside sees a star become dark as it collapses to
a black hole. But would it be dark inside a black hole, assuming a collapsing star continues
to radiate at a steady rate, measured by an observer on its surface?

d. Finally, if the observer looks up from within a black hole in the disk of the Milky Way, would
she see stars above her?
This exercise is most naturally done in Kruskal coordinates, using a Kruskal diagram.
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5.5 Kerr Black Holes

Rotating stars and black holes

The metric of a rotating star or a black hole has a timelike Killing vector ¢* and a rotational Killing
vector ¢. We have seen that a system with stress-energy tensor 7** has a conserved current associated
with each Killing vector. In the case of a rotational Killing vector, the current ;¢ = Tg‘gbﬁ is associated
with angular momentum: j* = Té is the angular momentum density, and the integral J = [ j*dS,, is
the total angular momentum of the spacetime. In a nearly Newtonian star, this has the form

J = [ pvip'dV = [ p(xv, — yv,).
For uniform rotation, v = (¢, with

p=zxr=xy—yx, and J= /pvz-gbi = /p(a:2 + *)QdV. (5.34)

The Coulomb potential of a ball of charge of electric charge density p, is, up to a constant, identical
in form to the Newtonian potential ® of a mass with density p, each satisfying V?® = Cp for some
constant C'. Similarly the magnetic field of a stationary current density j. = p.v is identical up to a
constant to components of the metric associated with the mass current 3 = pv of a nearly Newtonian
fluid.

Let’s start with the magnetic field. In a Lorenz gauge, a time-independent vector potential satisfies
V - A = 0, and the magnetic field of a stationary current is given by

V x B=471j., B=V x A, = V?A, = —47j,,,

with solution for the Cartesian components

A= / |rpi”;,‘ av’. (5.35)

Now consider the stress tensor of nearly Newtonian fluid with velocity field v. It has the form
HYy P pv 2
= (p %) +oe),

with e as before a small parameter of order the largest of v and vgounq. (Recall that P = O(pvfound.)
For a nearly Newtonian source, the metric has the form g.g = 7.5 + has, and we can ignore terms
quadratic in the small correction h,z to the flat metric. The Ricci and Einstein tensors are then linear
in h,p; because the I'T' terms in the Riemann tensor are quadratic in h,g, we can use Eq. (2.52)), valid

when terms quadratic in I' are discarded. Then, using 0,¢,, = 05, we have

1
Rior(P) = 10,0l + 0,0:hug = 8,05z = 0,0rhy]. (5.36)

In the nearly-Newtonian regime, the diagonal components of %, are given by the diagonal compo-
nents of 7", as in Eq. (3.24)), and we can quickly see that the off-diagonal components of the Einstein
equation are satisfied when hy; satisfies

V2hy; = 16mpu; (5.37)
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with conservation of mass, 9;(pv"), implying 9'hy; = 0: For p # v, G, = R, +O(~?), and contracting
(5.36) on v and 7 gives

1
— é[ﬁyﬁihw + 3,53”}11,1- - 81587]7»11: - 3”8Vhti].
Because the star is stationary, the time derivatives vanish; where we used 0,h,,,, = 0, 8ihm~ = 0.
Lo
Ry = —§V hyy = 8Ty,

implying (5.37)) — notice the sign: T}; = —pv;. The off-diagonal spatial components R;; = 87'T;; = 0,
are automatically satisfied by h;; = 0, ¢ # j. Then

_ / PO (5.38)
r — 7|
For a rotating star, v = {2¢, and the asymptotic form of h;; is proportional to the total angular
momentum J. This follows from the expansion
1 1 1 r-7

= ==+ —+ 0. 5.39
|,,,_,,./’ ‘7’2—21”‘-’1“’—1—7”2‘1/2 7“+ 7“3 + (7“ ) ( )

Because the total linear momentum vanishes, | pv;dV = 0, and the leading asymptotic term is the
dipole contribution,

1
hy = —4—T - /’r'pv,»dV' +O(r ). (5.40)
r

Now g;; = hy; + O(h?). For a rotating star, v* = Q¢', and Eq. (5.40) implies

2l Jk

Gi = hy = 2eijkr—3 +O0(r™?). (5.41)

Exercise 79. Asymptotic behavior of a rotating star.

a. Show Eq. (5.40) implies (5.41).
b. The equations assume Cartesian coordinates. Convert (5.41) to spherical coordinates, show-
ing that the asymptotic g;; has the single nonzero component

2J
Gip = —— sin” 6.
,

The Kerr spacetime

Had anyone taken seriously the idea that stars might really collapse to within their Schwarzschild
radius, the Kerr solution might have been found in the 1920s by asking what would happen if a rotating
star collapsed. Instead, Roy Kerr found it forty years later by looking for exact vacuum solutions whose
Riemann tensor had a particularly simple formE]

'Ezra Newman nearly found it — he, Unti and Tambourino used the Newman-Penrose formalism to classify all solutions of
that kind but made a error that Kerr caught; Newman was not happy that Kerr didn’t share credit with him. In Kerr’s version
of the history, he and Alan Thompson had written an equivalent set of equations and that allowed Kerr to immediately spot the
errorhttps://arxiv.org/abs/0706.1109. Newman and Janis found a simple way to find the Kerr metric https:
//aip.scitation.org/doi/10.1063/1.1704350/from a complex coordinate transformation of Schwarzschild,
and Newman generalized that to obtain the charged, rotating black hole solutions that generalize the charged Schwarzchild
solutions of Riessner and Nordstrom.


https://arxiv.org/abs/0706.1109
https://aip.scitation.org/doi/10.1063/1.1704350
https://aip.scitation.org/doi/10.1063/1.1704350
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Kerr black holes are the unique stationary asymptotically flat vacuum spacetimes with event hori-
zons. For each mass M, there is a 1-parameter family of Kerr black holes with that mass; the parameter is
the angular momentum J about the symmetry axis, and at J = 0 the family begins with Schwarzschild.
There is a maximum angular momentum for each mass M: No star can contract past the point where
its rotational speed exceeds the speed of light. This limits the angular momentum of a black hole that
can be physically generated. The physical limitation is mirrored in the solution set: For J > M? (think
of Jax = MR = McM = M?), Kerr vacuum metrics exist, but they have no horizons. Instead a
naked singularity deprives these spacetimes of physical meaning.

Several features of a rotating black hole could have been predicted at the outset: Its two Killing
vectors ¢* and t* and its asymptotic form (5.41)). Note that the ¢-¢ part of the metric just involves the
Killing vectors:

Jip = gaﬁta¢'3 =1"0q, g = t"tq, 9o = 0" Par-

Furthermore, the geometry should be symmetric under a simultaneous reversal of time and the direction
of rotation, under
t— —t, o= — 0. (5.42)

This condition eliminates the ¢r, t0, ¢r, and ¢ components of g,s and G,p; and one can choose
coordinates to eliminate g,g.
The Kerr metric, in a chart that becomes the (¢, r, 8, ¢) chart of Schwarzschild when J = 0, is

A — a?sin26 OMar sin? 0 2 22 _ 2Asin2 6 2
ds? = ~ 2=l dﬁ—Q%dtdm(r ) 2T 7 in® 0de°+ Dodr® + p2de?,
p p p A
(5.43)
where
a=J/M, p2:7“2+a2C0829 = YWald, A=7r>—2Mr+a®. (5.44)

Notation: The notes follow MTW and Chandrasekhar’s Mathematical Theory of Black Holes[29] in
using p?, while Wald and Shapiro-Teukolsky [103] use .

Here (¢,7,0, ¢) are called Boyer-Lindquist coordinates, after their discoverers. The metric (5.43))
can also be written in the factored form

A ., sin*f oy o 2 0
ds® = —= (dt — asin’ dg)* + 51112 [(r® + a®)d¢ — adt]® + %drz + p*db? (5.45)
P P
Its determinant is
V—g = p?sinb, (5.46)
and the determinant of the ¢-¢ part of the metric is
2g=t-tdp-p— (t- ) = gugos — (g1s)° = Asin’ 6. (5.47)

The inverse metric is then

(r? + a?)? — a®Asin? 0 aMr
- . 0 0 2%
p2A , P2A
p
(") = / Al 0 (5.48)
0 0 0
aMr 0 A — a®sin® 6

PPA p2Asin? 0
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When a = 0and M # 0, p? = r2, A = r%(1 — 2, and the metric is

T

2M oM\
ds? = — (1 — —) dt? + r? sin’ 0d¢? + (1 — —) dr? + rdb?,
r r
the Schwarzschild metric in Schwarzschild coordinates.

The most important difference between the geometry of a rotating star or black hole and the geometry
of a stationary object is the dragging of inertial frames (or just frame dragging), a nonzero t-¢ metric
component, whose meaning is that time-translation is not orthogonal to rotation, t*¢,, # 0. The angular

velocity
(A0
7 e

(5.49)

w = —
PP s

measures the frame dragging in the sense that particles with zero angular momentum move along tra-
jectories whose angular velocity relative to infinity is d¢/dt = w. To see this, note that the angular
momentum of a particle is p,¢® = p, = muy; we’ll again use the angular momentum per unit rest
mass, L = u,¢®. For a freely falling particle (and hence for an inertial observer), L is conserved. But
the angular velocity of an observer, measured from infinity is 2 = d¢/dt = u®/u’. Now

L =ug = gyt + gypu’+ =u'ep -t +u’p - ¢, (5.50)
so a particle with zero angular momentum has angular velocity

] .
_w__te_ (5.51)

A zero-angular momentum observer (ZAMO) at constant radius 7 has velocity ©® normal to a ¢ = constant
surface: That is, the vectors 85 = ¢, 0, and 8y span the subspace of vectors tangent to a constant ¢
surface; u® is proportional to t* 4+ w¢@®, which is obviously orthogonal to the vectors in the r and ¢
directions, and it is orthogonal to ¢* because

(1" + wd*)po = 1"da — t¢a = 0. (5.52)
For Kerr, from its definition and the form (5.43)) of the metric, w is

2Mar

W = )
(r2 + a?)? — a2Asin? 0

(5.53)

Frame dragging was measured to about 20% accuracy by gravity probe B. https://ui.adsabs.
harvard.edu/abs/2011PhRvL.106v1101E/abstract More on frame dragging when we
get to particle orbits.

The horizon

Because the spacetime is stationary and axisymmetric, rotations and time-translations map the horizon
to itself. This implies that ¢ and ¢“ are tangent to the horizon H. (This is because ¢“ is tangent to the
circular trajectories of rotated points, and t* is tangent to the trajectories of time-translated points.) We
now show that the horizon of the Kerr geometry is the set of points where A = 0. We begin with an
outline and then fill in the argument for each step.

Here’s the outline:


https://ui.adsabs.harvard.edu/abs/2011PhRvL.106v1101E/abstract
https://ui.adsabs.harvard.edu/abs/2011PhRvL.106v1101E/abstract
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1. The event horizon is a null surface; that is, it is a hypersurface whose tangent space includes one null
vector and no timelike vectors.

2. The null vector field of the Kerr horizon (and of any stationary axisymmetric horizon) is a linear
combination, t* + f¢“, of the two Killing vectors.

3. The metric on a null surface has vanishing determinant.

4. Because the space of vectors spanned by t* and ¢ is a plane and that plane is null on the horizon,
the determinant 2g = A sin? # = 0 on the horizon.

Here are the details:

1. The fact that the horizon H is a null surface follows from its definition as boundary of the set of
points from which timelike curves can reach null infinity. From /A and from points inside /{, no null
or timelike curves reach null infinity. From each point outside H, outwardly directed null rays do reach
null infinity. Outwardly directed null rays beginning at points of the horizon, however, remain on the
horizon. Thus a null geodesic passes through each point of H. Because one can regard H as formed by
these rays, the horizon is said to be generated by its null geodesics or by the null vector field /* tangent
to them. A horizon then is a null hypersurface, a hypersurface whose tangent space includes one null
direction and no timelike vectors.

Why can H have no timelike vectors? If u® is a timelike vector on A and v“ a spacelike vector
pointing out from H, then for small enough A, u® 4+ Av® is still timelike, and it points out of /7. Then a
timelike curve tangent to u® + Av® reaches a point outside /. Because all points outside H are joined
by timelike curves to null infinity, / itself would be joined by a timelike curve to null infinity, contra-
dicting its definition.

2. We next show that the generators ¢ of the horizon are linear combinations of t* and ¢®. Because
t* + ko is a Killing vector for every constant £, it must be tangent to the horizon. (Combinations
of rotations and time translations map the horizon to itself.) Because H is a null surface, t* + k¢
is either spacelike or null. Suppose that the null generator at a point of H has a part along 6 or r:
0 = (t*+ fo*) +v®, with v orthogonal to the ¢-¢ plane. Because the  and 6 directions are spacelike,
v v* > 0, vanishing only if v* = 0. But

0= Lol = (to + o)t + FO) + vav®.

Because each term on the right is non-negative, v® = 0 and /¢ = t“ + f¢* as claimed.

3. Consider an element of area in a null plane with one segment along the null direction, and one in a
perpendicular direction (call them the 1 and 2 directions). Because the null segment has proper length
dl¢, = 0, the area is dA = dl,dl5 = 0. Thus a null plane has 2¢g = 0.

4. At each point of the horizon of Kerr, the ¢-¢ plane is null, whence Eq. (5.47) implies A = 0. [J

The argument holds for distorted black holes, black holes with stationary, axisymmetric matter (e.g.,
an accretion disk) outside the horizon: H is again composed of ¢-¢ surfaces for which

g=t-tep-p—(t-¢)=0.

For a Schwarzschild black hole, the asymptotically timelike Killing vector ¢ becomes null on the
horizon and is therefore its null generator. For Kerr, the vector field ¢ + w¢® is null on the horizon,
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because
(1 + wWP™) (to + Wha) = 14+ 2wty + W2 Pq
- (¢B¢B)_1[(tata)<¢ﬂ¢ﬁ) - Q(ta¢a)2 + (ta¢a>2]
= (6795) ' [(t°ta) (07 05) — (t°¢a)’]
= 0at A=0. (5.54)

We have shown that the horizon is at the radius » where A = 0 and that it is generated by the null
vector field t* 4+ wy@®, where wy is the value of the frame-dragging angular velocity w on H. Now
A =r? — 2Mr + a® = 0 has the roots

re =M+ (M? — a*)Y2 (5.55)

The solution r = r is the horizonE] At the horizon, we then have

Jto a
wy = — 22| = _ (5.56)
g¢¢ e 2M7’+

Because the generators of the horizon rotate relative to infinity with angular velocity wy, one regards
the horizon itself as an object rotating with the angular velocity wy, constant on H.

Within the horizon (for » < r,), there are no nonspacelike constant r paths, and ¢g,, < 0 =
0, is a timelike vector; future directed timelike curves are then constrained to have u” < 0. (One
can analytically extend Kerr across A = 0, as in the Kruskal or Eddington-Finkelstein extensions of
Schwarzschild.)

Asymptotically, the metric (5.43) has the form

ds® = — (1 — %) dt* — Mf“ sin? Odtde + (1 + %) dr® + r*(df* + sin® 0d¢?).
This is also the asymptotic form of the metric of a rotating star. In the case of a rotating star, the
star’s angular momentum is J = Ma, and that is defined to be the angular momentum of a black hole
as wellE] Note however, that the rest of the geometry of Kerr — the quadrupole and higher multipole
moments of the metric — does not agree with the geometry of any rotating star. And rotating stars with
different equations of state have different shapes and different gravitational fields (in both GR and in the
Newtonian approximation).

The asymptotically timelike Killing vector becomes null on a surface that lies outside the horizon
(except at @ = 0, m where it touches the horizon). ¢* is spacelike (t“t, > 0) inside the surface t*t,, = 0:

A —a’sin?6
2
2 — 2Mr +a*cos’f = 0. (5.57)

0=1t%% = gu= — 2 —2Mr+a*—a*sin®’0 =0

This region, where ¢ is spacelike, is called the ergosphere and is discussed in some detail below.
The rotational Killing vector is spacelike everywhere (at least for r > 0):

(r? 4+ a?)? — a’Asin® 0
S
2
p
2The second solution 7 = r_ is also a null surface, lying inside the horizon and is called the inner horizon. It is not part
of the spacetime of a collapsing star.

30ne can also define a symmetry group of rotations and translations at spatial infinity and use the symmetries to define
the associated asymptotic conserved quantities.

in’#.

%o = Gop =
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Then
0> >0, r*+a’>ad* r*4+a*>r*—2Mr+a*=A and 1> sin’é

(r? + a?)? - a’Asin® 0 o > 0.
p? p?

[If ¢“¢, < O as happens if we allow r < 0, there are closed timelike curves — namely the curves of
constant ¢, r, §, the circular trajectories along the vector field ¢*.]

When a > M, (M? — a?)'/? is imaginary and thus A is nowhere zero. The components of the Kerr
metric (9.43) are singular at » = 0, and this singularity cannot be avoided by extending Kerr via a coor-
dinate change: The scalar R“*"° R 5.5, for example, blows up as 7 — 0, (¢ = 7/2). In this case, unlike
Schwarzschild, or Kerr with a < M, null geodesics from all points outside » = 0 escape to infinity,
so the singularity is not shrouded by a horizon and is said to be naked. As mentioned above, however,
it appears that naked singularities cannot, in fact, form from nonsingular initial data of physical fields,
and, in particular, attempts to find processes that take a black hole with a < M and add enough angu-
lar momentum to make e > M have failed (see e.g. Wald, Annals of Physics, 82, 548 (1974)). One
reason they fail is this: A typical attempt is to drop a gyroscope with agyo = J\L;ggyyi > Mgy, into the
a < M black hole. But there is a spin-spin repulsion, and in order to push the gyroscope into the black
hole, you have to do so much work that (W + Mgy, + M )2 > Jgyro + J, s0 the new mass of the hole,
W+ M + Mgy, exceeds its new angular momentum per unit mass. The statement that naked singularities
cannot evolve from nonsingular initial data of physical fields is called the cosmic censorship hypothe-
sis and its proof is a fundamental unsolved problem of classical relativity. We henceforth assume a < m.

Particle trajectories: General features

The appearance of accreting black holes depends in part on the trajectories of photons and orbits
of massive particles. We’ll restrict ourselves here to orbits in the equatorial plane. If, at oo, u® =0,
then L = u, = 0 as well, because the metric is asymptotically Minkowski; but, as we have seen, zero
angular momentum particles have nonzero angular velocity

Q=w. (5.58)

Because w ~ 13 as r — oo this dragging is hard to measure unless one observes objects near a dense,
rapidly rotating object — in this case, a Kerr black hole.
Consider an arbitrary timelike or null trajectory:

ua — ut(ta+Q¢a+Ua)

where v¢ L t%, ¢%. In Minkowski space, a particle can have a timelike or null trajectory only if
rsin Q) < 1, implying —1/r < € < 1/r. Here the angular velocity €2 is limited to a range of values
that is not symmetric as seen by an observer at infinity. (The range is symmetric as seen locally by a
observer with zero angular momentum). From u,u, = —1 < 0, we have

t%q + 2Qt%,, + Q%20%0, < 0.

Then g, > 0, ggg > 0 = v, > 0, = Q_ < Q< Q,, where

9 1/2
S [EA B
P b - b ¢
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or

QL =wt (w2 - u) 1/2. (5.59)
¢

These extrema are reached when v = 0, that is, for motion in the equatorial plane at constant r.

For large r,

w ﬁ %0 = gu ~ —1 ¢a¢a:g¢¢Nr2’

1
and )4 ~ 4—, as in Minkowski space. As long as t“t, < 0,€2_ < 0 and €2, > 0 and particles can

rotate with orgpposite to the black hole rotation. But when t*t, > 0, both {2, and €)_ are greater than
zero: All timelike or null trajectories rotate with the geometry — no physical particle can remain at rest
as seen by an observer at infinity. In other words, when ¢“ is spacelike, no physical particle can move
along this Killing vector. In contrast to the Schwarzschild case, however, particles within the region
where ¢t is spacelike can escape to infinity because for 2_ < Q < Q,, u" can be positive.

The region in which ¢“ is spacelike is called the ergosphere (The term is similar to atmosphere; the
ergosphere of a dense, rapidly rotating stellar model is a solid torus, not a topological sphere.) The
boundary, where t“t, = 0 is called the static limit by MTW (stationary limit by most other people).
Observers inside the static limit can remain at constant distance from the black hole (constant ) as long
as they rotate in the positive direction with angular velocity €2 in the range (2. < 2 < .. But as

A—=0,0 —Q:
o, \?
= (070a)7" [(t705)* = (t"t5) (67 9,)]
From eq. (5.47), namely (t°¢5)? — (t°¢5)(¢7¢,) = Asin® 0,
Q. —0Q_—0a A—0.

1/2

(5.60)

So the allowed range of rotation shrinks to zero as A — 0, and for A = 0 the only nonspacelike constant
r path is the null trajectory along the generator of the horizon, with 2 = Q, = Q_ = wy.

5.6 Ergospheres: The Penrose process, superradiant scattering,
and ergosphere instabilities

Ergospheres are regions in which an asymptotically timelike Killing vector t* becomes spacelike. They
are present not only in rotating black holes, but also in models of dense, rapidly rotating stars (perfect
fluids) which have been constructed numerically by Ipser & Butterworth[23] (earlier, for dust disks, by
Bardeen & Wagoner[15]). If a star is compact enough, and it spins fast enough, its rotation of a star
can force all physical particles within a region to rotate with respect to a distant observer. For later
references, see Tsokaros et al. [127], who look at the rotation laws and equations of state that give rise
to these ergostars.


https://articles.adsabs.harvard.edu/full/1975ApJ...200L.103B
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.064069
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Figure 5.4: At = const, § = 7 plane showing the horizon, static limit, and ergosphere. Light cones are
represented by dots for their vertices and circles for the cone - a circle represents the position of flash of
light a short time after it was emitted from the dot. Picture the light cone by imagining time out of the
paper, so the circles sit just above the paper.

It is possible to extract rotational energy from a geometry with an ergosphere in the following way.
A particle (1) sent from infinity to the ergosphere can decay into particles (2) and (3), leaving (2) in the
ergosphere and sending (3) back out to co with greater energy than (1) had to begin with. Let particle
(1) begin with momentum p;“. Along its trajectory, —p; ,t“ = FEj is constant; £ is its energy measured
by an observer at infinity who sends the particle in (at infinity, £* is a unit timelike vector and can be
chosen as the velocity of our observer).

Figure 5.5: Particle 1 falls into the ergosphere, where t* is spacelike. It decays into particles 2 and 3.
Particle 2 has £ = —p; > 0, and particle 3 emerges with energy greater than the initial energy of particle
1. The diagram shows trajectories relative to zero-angular-momentum observers (ZAMOs); a ZAMO
trajectory here is a straight line directed inward. Were they drawn as seen from infinity, all trajectories
inside the ergosphere would proceed in a positive ¢ direction.

Inside the ergosphere, t* is spacelike, so —p;,t® is not the energy measured by any observer. In par-
ticular, consider a ZAMO, an observer with velocity u® = u(t* + w¢®). Let (1) decay into (2) + (3).
The observer ©® must see u“po, < 0 and u*ps, < 0 because the locally measured energy is positive:
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0> uap2a = ut(tap2a + w¢ap2a) = ut(tap2a + WL)a
L the angular momentum of (2).

Since t* is spacelike, t“ps, can be positive. If we choose L < 0, the momentum ¢%p,, need only
satisfy t*ps, < |wL|; because all decays that satisfy conservation of 4-momentum can occur, we can
choose a decay for which t*py, > 0.

Momentum conservation in the decay is

Pla = P2a + P3a-

Its component along ¢,
plata = anta + pSata7
implies
B3 = —p3al® = —p1al® + p2at® > L1,

and particle (3) reaches infinity with energy greater than that particle (1) had. The energy comes from the
rotational energy of the black hole: Particle 3 carries off some of the black hole’s angular momentum.

Note that particle (2) cannot escape to infinity, or even to a region where t* is timelike, because then
the physical energy of (2) measured by an observer with velocity along ¢ would be negative. In the case
of an ergosphere about a Kerr black hole, particle (2) would spiral into the black hole. When a geometry
has an ergosphere and no horizon, however, a particle with L < 0 (or a field in the ergosphere with
negative “energy’’) will radiate and its “energy,” —p,t“, will grow increasingly negative until ultimately
enough angular momentum is radiated to oo that no ergosphere remains. This growth of a particle’s
negative energy, defined as —p,t?, is a simple example of the instability of an ergostar, described below.

There is no similar mechanism to extract energy from a nonrotating black hole. In his celebrated
1971 paper,[62] Hawking proved that the area of a black hole cannot decrease (the proof is given in
Sect. 10| below). Because the area of a Schwarzschild black hole is 47 (2M)? = 167 M?, its mass can
only increase. A rotating black hole, however, has area A = 8t Mr, = 8t M (M + v M? — a?),s0 A
can increase in a process that carries away both energy and angular momentum.

Superradiant scattering and ergosphere instabilities.

The counterpart of the Penrose process for a classical field is called superradiant scattering. A scalar,
electromagnetic or linearized gravitational field can radiate negative energy across the horizon, here
meaning that the current J* = —T Btﬂ has negative flux across the horizon, that f ud 2dS, < 0. For
a massless scalar field, an electromagnetic field or a gravitational wave, this implies that the outgoing
field carries more energy to future null infinity than the energy of the initial incoming field.

In the case of an ergostar (with no horizon), the conserved energy of radiation fields on a background
with negative values in the ergosphere leads to instability Friedman °78[50]: Because the negative en-
ergy part of the field is again trapped within the ergosphere, and because a time-dependent, nonaxisym-
metric field radiates positive energy to infinity, fields of this kind are unstable in spacetimes with an
ergosphere and no horizon. As linear fields on a background spacetime, they grow without bound; in
the full theory, they radiate away the angular momentum of the ergostar until no ergosphere remains.
The associated growth time, however, is comparable to the age of the universe [36].

There is a related instability of rotating black holes, associated in this case with a massive scalar
field (or any massive boson field) outside the ergosphere. Because a massive scalar field falls off expo-
nentially at spatial and null infinity, scalar radiation flows only into the horizon, not to infinity. If the
field is superradiant, radiating negative energy across the horizon, the field outside the horizon again
grows without bound on a fixed background spacetime (Damour ’76)[39],Zouros & Eardley 79[138]],
Detweiler *80[43]].


https://projecteuclid.org/journals/communications-in-mathematical-physics/volume-63/issue-3/Ergosphere-instability/cmp/1103904565.full
http://users.physics.uoc.gr/~tzouros/References/Zouros_AoP118_139_1979.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.22.2323
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With spacetime dynamics included, the black hole spins down and is surrounded by a condensate of
the massive boson field. For very small scalar masses, whose Compton wavelength is larger than the
black hole’s radius, the growth time is small compared to the age of the universe. As pointed out by
Arvanitaki and Dubovsky[9], this means that any observation of the mass and spin of a black hole can
set an upper bound on the mass of light bosons. Because ultralight bosons (axions, for example) are a
candidate for dark matter, a ballooning literature has followed the Arvanitaki-Dubuvsky paper.

Exercise 80. An observer is stationed at fixed values of » and ¢ in the equatorial plane of a rotating
black hole of mass M and angular momentum M a. A proton is moving in the ¢-direction as it
traverses the laboratory of the observer, who measures its energy £ and momentum p, .

a. What is the relation between £ and p | ?

b. What are the components of the proton’s 4-momentum in the Kerr coordinate basis in terms
of KFand p?

c. What is the proton’s speed v as measured by the observer? (Give v in terms of F, p,, and
rest mass m?

d. What are the components of the proton’s 4-velocity along an orthonormal frame aligned with
the coordinate directions in terms of v?

e. What are the values of the two conserved quantities &/ = —u,t* and L = u,¢*?


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.83.044026
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5.7 Orbits of Kerr black holes

This section partly follows corresponding discussions in Chandrasekhar [29] and in Shapiro-Teukolsky[105]
12.7.

5.7.1 Photon orbits

We will look at orbits in the equatorial plane. Massive particles have an orbit through any point for each
value of the particle’s velocity. Photon orbits have only one speed and so only one orbit for a given
spatial direction. Where massive particles can adjust their speed to have circular orbits for all radii
greater than some minimum value, photons have only a single circular orbit outside the horizon.

As in Schwarzschild, we write k“k, = 0 in terms of 7 and the conserved energy/h and angular

momentum/#,
E = —k.t% = —k, L = k,¢* = ky. (5.61)

Atr = oo, a stationary observer has velocity ¢, so —hk; and hk, are the energy and angular momentum
of a photon, if the affine parameter is chosen to equal ¢ at infinity. The orbit of a photon moving in the
equatorial plane is determined by its impact parameterﬂ

b:=—.
E

The equatorial plane is the § = 7 /2 surface, with
sinff =1, p*=r%
We have

0=g"E? —2¢"°EL + ¢*°L? + g,,72

(r? +a%)? — a’A aM A—a® , 1r¥?
= E?>+4-—FL L4+ —
A AR A Y A
oM M 2M
r2r? = (7"2 +a® + —a2> B 4% gL - (1 — —) L% (5.62)
r T r

Dividing by r? and grouping terms with the same power of r gives

2M L? — a®’E*
P =B (L —aE)? - = (5.63)
T T
2M L? — a’E?
the equation of a particle moving in an effective potential U = ——3(L —aE)? + —ZCL.
r r

“As in the case of a massive particle, the definition is natural because the energy and angular momentum measured by a
stationary observer at infinity are L = hL and E = hFE, L/E = L/F is the impact parameter in flat space, and the spacetime
is asymptotically flat. Note that changing F and L to kF and kL in changes 7 = dr/d) to kr: This corresponds to
a change A — \/k in the affine parameter, and it leaves dr/dt = 7/t unchanged. Adopting our convention that ¢ = 1 at
infinity fixes 7.
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Ingoing and outgoing photons: Principal null geodesics

Eq. (5.63) has its simplest form when L = o E:

dr_
d\

+F. (5.64)

7,',

This means r is an affine parameter, as it was for Schwarzschild. Without loss of generality, we can take
AN==4r F=1. .
To complete the solution, we need ¢ = k? and ¢ = k! as functions of r:

A — a?sin’ 6 aMr

h=k? = ¢%ky 4+ g%k = —— " [ +2 in’0F
¢ g7 T g R p2Asin® 0 * p2A S
1 2M 2M
= — [(1——)[,4—@—1@} , atfd=m/2, (5.65)
A T T
. 1 M 2M
t=kl=— KT2+a2+2a >E—a—L], (5.66)
A r T
Here, with L = aE = a, the relations are simply
. a .24 g?
= — t = ) 5.67

Eqgs. now give the coordinates ¢ and ¢ of outgoing and ingoing geodesics as functions of 7:
Up to a choice of initial values, we have

¢:i/3dr:i G P (5.68a)
A ro—r_  |r—r_
24 a2 M - M i
t:j:/r+adr::tr*, with 7, = r 4+ ——+ |0 22T g (I8 ‘ (5.68b)
A Ty —T_ Ty Ty —T_ r_

The corresponding null vectors tangent to the outgoing and ingoing geodesics then have ¢, 7, 6, ¢ com-
ponents

2 2

(6#) = (T Za ) 17 %7 O> ) (569a)
2 2

() — (7” Za 1, %, o). (5.69b)

These vectors will reappear in Sect. (with n rescaled to make £-n = 1) as two of the Newman-
Penrose tetrad vectors for the Kerr geometry; and the ingoing null geodesics will, as in Schwarzschild,
be used in Sect. to construct a chart regular on the future horizon.

Although we have found these geodesics by assuming 6 = 7/2, the equations hold for any value of
0: The ingoing and outgoing solutions describe null geodesics with 6 = 0.
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Circular orbits

For a circular orbit, 7 = 0, implying £? = U, and dU /dr = 0:

2M [? — a?E?
B4+ S (L—aB) - == =y, (5.70)
r r
61 [? — a’E?
(L —aB)? 25— = =0, (5.71)
T r

These are two equations relating , F' and L; notice, however, that they are homogeneous in (F, L), that
every term is proportional to £2, L? or EL. Dividing each equation by L? then gives two equations for
the two variables r and b = L/ E and so determines the values of each, giving r and the angular velocity
of the orbit. The second equation immediately gives

L —aF —
a 3Mb a

=3M = : 5.72
g L+aE b+a G-72)
Substituting this value of r in the first equation (5.70) yields for b the cubic equation
1 (b+a)?
1=U/F*= —— 5.73
/ 2TM? b—a (5.73)
To solve, we simplify as usual by appropriately picking dimensionless variables
b+ a a
V= XT g (5.74)
h—
Then ¢ _ 3y — 2x, and the equation is surprisingly simple:
y* — 3y +2x =0, (5.75)

with a real solution that depends on whether the orbit is corotating or counter-rotating with the black
hole. (See the discussion of the solution to a cubic after Eq. (4.83)). Assuming x = a/M > 0, the
corotating orbit is the solution given by

1
y = 2cos {5 cosl(—x)l =: 2cos 1.
and, from (5.74) and (5.72)), respectively,

b=6Mcost)—a, r=3M(1—2y/y) :M<3— CO’S<¢>. (5.76)

As y increases from 0 to 1 (as a increases from 0 to M), ¢ increases from from 7 /6 to /3 and
r decreases from

r=3M atxy=0, to r=M atyxy=1. (5.77)

(When y = 1, the horizon itself has shrunk to r = M.)
Counter-rotating orbits have (2 and a with opposite signs. We can just switch the sign of a (of ) to

write

r=M (3 + M) , cos31 =|x| (counter-rotating), (5.78)

cos 1
with 7 increasing from 3M to 4M as || increases from O to 1.
Egs. (3.63)) and (5.66) again give €2 in terms of b and r,
(1—=2M/r)b+ 2aM/r

2= (r2+a?+2a2M/r) — (2aM/7)b’ (5.79)
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5.7.2 Particle orbits

Finding the circular orbits in the equatorial plane is done in essentially the same way as for photons, and
the basic equations are easy to write down, just changing £k, = 0 to u“u, = —1: Again multiplying
by A/r? gives Eq. (5.63) with the additional term —A /72 on the right side:

2M L?* —a*E* A

22 12 _ 2
T—E—U, U——F(L—CLE)—F 2 +')“_2

(5.80)

The conditions for a circular orbit are again 7 = 0, 7 = 0, or E> — U = 0, dU/dr = 0. Again
grouping powers of r, we write the first relation as

2M L? —a?(FE? -1 2M
E*—14 —(L—aE)* - “g )+ = 0. (5.81)
T T T
1
Because E? — U = 0, we can write the second relation, U’ = 0, in the form 2—[r2(E2 —U)]' =0:
r
M M
E*—1——(L-aE)’+— =0. (5.82)
T T

Our goal is to use the two equations to find the generalized Kepler relation €2(7) and to find the innermost
stable circular orbit.

We have two equations for the three variables 7, £/ and L. The strategy is to solve them for & and L
in terms of r, to write €2 in terms of £ and L, and so to obtain (7). First the surprisingly simple result,

| M
then the calculation. The Newtonian Keplerian angular velocity is {2y = 4/ —, and we have seen the
r

form of €2 is identical for Schwarzschild. For Kerr it has the form

Q
Q= ﬁ, corotating,
Q
Q= —7]\[, counter-rotating. (5.83)
1-— (IQN

At order a, the change is due to frame dragging because the order a change in the metric is the nonzero
value of g5 From Eq. (5.33), w = 2aQ3% + O(a?), implying Q = £(Qy F w/2) + O(a?).[]

The calculation:
This time use the variablef|z = L—aF and write the equations in terms of , £ and r, using L? —a*E? =
22 + 2aEx in the first equation. The equations are now

2M , r*+42aFEx A

2 __
E——T?):L’—i- 2 +ﬁ
Mz M
= - (5.84)
T T

The term linear in a in the effective potential raises its height for a corotating orbit. In heuristic language, a larger value
of L is then needed for the centrifugal barrier to balance the gravitational M /r potential. There is an opposite effect from the
relation between L and €2, the relation L = 72(2 — w)f requiring a larger € for the same L, but the change in the effective
potential wins.

°If you’re going to try the calculation, you might want to set M = 1 or divide variables by M to make everything
dimensionless. On the other hand, keeping M has the advantage that you can spot errors by checking that every term has the
right dimension as a power of L = [M].
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We now eliminate £’ to get an equation for x and r alone and then solve for x in terms of r. First get rid
of E? by subtracting the first equation from the second. This lets us find E in terms of x and r without
having to solve a quadratic equation:

M
2axE = — (1 — 37> z? 4+ Mr —a’ (5.85)

We now have independent expressions for £ and (5.84) for E. So we get an equation for x and
r alone by
[right side of (5.85)]* = [right side of (5.84)]x(2ax)?: Notice that, although it’s quartic in z, it’s
quadratic in 22! So we’re almost done. The equation has the form

azt —282% ++ =0, (5.86)

with

r

a= <1—3—) —4a2TM3:(1—3M/7’—2aQN)(1—3M/T+2aQN),
(=)
v = (Mr —a®)?, (5.87)

(Mr — a®) + 2a° (1 — %) :

and the next happy fact is that, although « and [ are somewhat long, the discriminant is short
B? —ay =4a*A*M/r® = (2aA Q). (5.88)

(This is one line in Mathematica, using Factor [ ]. By hand it took a page.) The solution is then

QQ _
v = M B — (5.89)
V1—=3M/r+2aQy
Everything has this same denominator, and it just gets carried along, so we’ll call it ):
Q=+/1—3M/r+2aQy. (5.90)
Eq. (5.84) gives
1-2M Q
E= /rtea N (5.91)
Q
and we have 2 L 20 ol
L=gtaE =+ @) = 2aM/r (5.92)
Q
Finally, we find Q(r) from Eq. (53.63) and (5.66)) for ¢ and i. This is quick:
b=
Q
. 1+ GQN
i— — (5.93)
Q

"Intermediate steps are 22 = (8 — 2aAQn)/a, B—2aAQy = (1 —3M/r — 2aQn)(r*Qy — a)?.
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whence
Qn

Q - 1 + CLQN ’
as claimed. This is the solution for a corotating orbit, with @ > 0. For a counter-rotating (retrograde)
orbit, change a to —a with the convention that 2 > 0, or replace a by —a and change the sign of €) for
the standard convention that a > 0 and 2 < 0 for counter-rotating orbits, 2 = —Qx /(1 — afdy) < 0.

The condition for stability of the circular orbit, U”” > 0 can be written as [r?(E* —U)]” = 0, because
E?—U =0and (E*?-U)" = —U’ = 0. From Eq. (5.80), we have at the ISCO (innermost stable circular
orbit),

(5.94)

2M
E?=1--—. (5.95)

3r
The radius of the ISCO decreases from 6/ to M as a increases from O to M for corotating orbits, and
it increases from 30/ to 9M for counter-rotating orbits. Its explicit form is given by Bardeen, Press and

Teukolsky 1972:[14]

risco = M {3 +ZF[B-21)3+ Z1 + 2Z2)]1/2} :

a \'? a\1/3 a\1/3
Zl:H(l_W) [<1+M> +(1-7) }
a2 ) 1/2
Zy = (3W + Zl) .
5.8 Kerr coordinates: Coordinates regular on the future (or past)
horizon

Kerr coordinates are the analog for rotating black holes of the Eddington-Finkelstein coordinates for
spherical black holes (Sect. [5.2). As in Eq. (5.12), we introduce a null coordinate v for which the
v = constant surfaces are null surfaces generated by ingoing null geodesics. From Egs. (5.69b)), we see

2 | 2
that along the principal ingoing null geodesics of Kerr, d¢ + %dr = 0 and dt + T Za dr = 0. Then,
if we define v and a new angular coordinate qg by
dp = do + %dr, (5.96a)
2., .2
dv = dt + dr, = dt + %dr, (5.96b)
5 and v will be constant along the geodesics. Replacing d¢ and dt in the factored form (5.45)) of the
_ 2, 2
metric by d¢ — %dr and dv — _ dr gives
A 2 . : 20 . 2
ds* = —= [(dv — %dr — asin® §dg]* + sm2 [(r? + a®)d¢ — adv]® + %drz + p*df?
p p
A .2 172 sin® @ 2 7 2 .2 T2 02
= —— (dv —asin®0d¢)” + 2dvdr + ——[(r" + a”)d¢ — adv]” — 2asin” 0drd¢ + p*db”,
p p

(5.97)


https://articles.adsabs.harvard.edu/pdf/1972ApJ...178..347B
https://articles.adsabs.harvard.edu/pdf/1972ApJ...178..347B
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smooth at the horizon where A = 0. With « set to zero, the metric in Kerr coordinates is the Eddington-
Finkelstein form (5.13). By construction, the surfaces of constant v are null, and v and ¢ are constant

along the ingoing null geodesics. In the (v, 7, qB) chart, the ingoing null vector n® is then simply

n = —0,.

Direct check: .
For the change of coordinates (v, 7, ¢) — (¢, 7, ®)

ot r2+a® Or 0¢ a
or A T or 7 or A’
implying
r? + a?

—0,(with v, 25 fixed) = A

0, — O,(with 1,6 fixed) + 0

(5.98)

(5.99)

For treatments of the analytically extended Kerr solution, analogous to but more complex than
the full Schwarzschild solution in a Kruskal-Szekeres chart, see, for example, Hawking and Ellis[63],

Wald[[129]], or Poisson [88]].



Chapter 6

Linearized gravity and gravitational waves

Some recent treatments of gravitational waves:

Jolien Creighton & Warren Anderson, Gravitational-Wave Physics and Astronomy,[37]]
Michele Maggiore, Gravitational Waves [77]

Thorne&Blandford [125]]Chap. 27[125]]

Schutz [[103]], Chap. 9

6.1 Linearized field equations

6.1.1 Preview

Before doing any calculation, we can quickly estimate the maximum amplitude of a gravitational wave
from the inspiral of two black holes: When black holes of mass M are about to merge, the fractional
change in length near the black holes is of order 1: That is, at a distance of order M from the black
holes, a length of order M changes by order M. Because the amplitude of a gravitational wave is
proportional to 1/d, with d the distance to the source, and that amplitude is the magnitude of the metric
perturbation, the maximum fractional change in length at the observer is of order M /d. Using M. = 1.5
km, d = 100 Mpc = 3 x 10*! km, we have

M 1 _91 M 100 Mpc

~ 73 x 10 M_@T 6.1)
Black hole masses in detected inspirals (LIGO graveyard) are larger than this and the distances to them
have been greater than 100 Mpc. A detailed estimate of the amplitude of gravitational waves from
GW170817, the closest observed NS-NS event as of 2022, at 30 Mpc, is

With the exception of spacetime in or near black holes and neutron stars, the geometry of the universe

is nearly flat. We can write the metric in the form

9aB = Nap + Nag (6.2)

where the components /,,, are small compared to 1 in a chart for which (Nu) is diag( -1,1,1,1). Tt is
the magnitude of this metric perturbation at the observer that we just estimated in Eq. (6.1) and thus
the magnitude of the corresponding change in distance between the test masses of a gravitational-wave
detector (see Eq. (6.67)).

Terms quadratic in h,s can be neglected compared to linear terms, and we similarly assume that
terms quadratic in dyh,,, are small compared to J,0,h,,. In the Einstein equation, we will then ignore


http://www.pmaweb.caltech.edu/Courses/ph136/yr2012/1227.1.K.pdf
https://media.ligo.northwestern.edu/gallery/mass-plot
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terms of quadratic and higher orders in h,s and its derivatives. The inverse metric to linear order in A,
is
g%F = nB — pof (6.3)

where indices are raised using n*°. We will denote by 0, the flat covariant derivative operator, the
covariant derivative associated with 7,43, and we denote by R((xlﬁ)'y s the Riemann tensor at linear order in
hag-

The linearized Riemann tensor Rsﬂ)7 s has the form we found in Eq. (5.36) by discarding terms
quadratic in derivatives of h,g,

«

1
RV = 5(050;has + 0u0shzy — Dol — 0,05has). (6.4)

The corresponding linearized Ricci tensor is then
1
RY)=RY) = 5 (~0:0"has + 050", + 0a0"hgy — Oadsh),  where h:= ho®, (6.5)

and the resulting G’Sﬁ) looks complicated. It can be greatly simplified by a choice of gauge. Preview:
An infinitesimal diffeo (or an infinitesimal coordinate transformation) gives a physically equivalent A,z
satisfying an analogue of the Lorenz gauge for electromagnetism: Outside the matter, we can choose
Ohery =0, h = 0. Then RV = 0, and we immediately get the wave equation,

1
GS{? = RSﬁ) =3 [ hag- (6.6)

Now a diffeo has only four components ¥, and when matter is present, we can only satisfy four of the
five conditions 9" h,,, = 0, h = 0. Inside the matter, one instead imposes the 4-component condition
9Phas = 0 with hop = hag — $1a5h. Again one obtains a wave equation, this time for /i,

DBQB = —1671'Ta5.

Here are the details.

6.1.2 Gauge transformations

A less abstract treatment using coordinate transformations is given on p. 240}

We describe the universe and its inhabitants by a set of tensors (and spinors, which we’ll ignore).
The geometry and physics do not depend on the choice of coordinates we choose, and this statement
is equivalent to saying that the geometry and physics are unchanged by a diffeomorphism ) that acts
on all the tensors. Let’s start more familiarly with rotations of ordinary 3-space, with each point P a
vector from the origin: Rotating the space by a rotation R and simultaneously rotating the coordinates
leaves the components of the vector unchanged. That is, if R : M — M is a rotation and z : M — R3
is a coordinate system, the coordinates x(P) are the same as the coordinates = of the point R(P) if
Z[R(P)|=xz(P)orz =x0 R

Here is a more formal way of saying the same thing using our notation for dragging a vector by
a map, in this case by the coordinate map x : M — R3. The components of a vector v are just
r*v = (v',v% v?). The rotated vector is R*v and its components in the chart 7 are 7*(R*v) = (x o
R™Y)*R*v=(xoR'oR)v=2z%.

Written in this way, the statement can be immediately generalized to any tensor field and any diffeo
1: The coordinates x(P) of a point P are the same as the coordinates T of the point 1)(P) if Z = xo L.
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Then the components of a tensor field 7" in the chart z : M — R" are the same as the components of
the dragged along tensor 1/* 7T in the dragged along chart z o ¢~

TWT) = (woy VYT = (voy™ o))" T =T (6.7)

What does this mean for a perturbed metric? Write a small perturbation of a metric as g.g + Aag
with A small. That is, we look at a family of metrics

gaﬁ(/\) = Gap + )‘hfaﬁa (68)

with
hag = —@gag( A . 6.9
i Z)\9 [3( ) o (6.9)

When no other fields are present, the metric g,z is physically equivalent to 1" g,3. A gauge transforma-
tion is defined by considering a smooth family of diffeos ), with v, the identity. Now to linear order
in the vector field £* generating a family of diffeos, the change in a tensor 7' is its Lie derivative: Let ¢y
be generated by £*. From the geometric definition Eq. (2.102), of Lie derivative, we have

d
T =T + )\awiT.'ﬁflxzo +ON) =T = LT+ O(N). (6.10)

Let’s change notation from A(® to —E&%; then £° itself is small, and we get a plus sign for the Lie
derivative. The family of metrics g,3(\) is then physically equivalent to the family ¢} g,5()), and the
metric perturbation /. is physically equivalent to the gauge-related metric perturbation

d

d .
ﬁ%gaﬁ()\) = ﬁgaﬁ()\)

d *
+ a¢,\ga6(0) = hap + LeGas- (6.11)
A=0

A=0 A=0

And if (hag, TCS/IB)) is a solution to the linearized field equations

1 _ 1)
Gop =871, 5,

then a physically equivalent solution is
hag + ﬁgga/g To([g) + ﬁgTag, (612)

where £% is any vector field. In our case, the unperturbed metric is a flat vacuum spacetime. Because
the background (i.e., unperturbed) 7%° is zero for us, TC%) is gauge invariant. Similarly, because the

background Riemann tensor vanishes, ngw s 1S gauge invariant.
This ends our formal discussion of gauge transformations, and we return to our earlier notation,
replacing Ah,p by hop and writing the perturbed metric as gos + hags-

We can now choose a gauge to simplify the field equation. It will be analogous to the Lorenz gauge
for electromagnetism, 35A5 = 0. Define

— 1
haﬁ = ha/} — é‘qaﬂh
Claim: One can always pick a gauge in which

957" = 0. (6.13)
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This is called the deDonder (or transverse or harmonic or Lorenz) gauge.
Proof. Under a gauge transformation generated by £,

_ 1 — 1
haﬁ = hfaﬁ - égaﬁh — haﬂ + aagﬂ + aﬂéa - _ga6287£7

2
= Eaﬂ + aagﬁ + aﬁfoz - ga587£7 (614)
855(15 — @ﬁoﬁ +8a6555 + 85855 — 6a87§7
= Osh,” + 050°¢, (6.15)

Thus by choosing as &, a solution to the wave equation with source —8gﬁa6,

[ = 0507¢0 = —0sha”, (6.16)
one obtains a new gauge in which
dshs” = 0.
In this deDonder gauge, ng is simple: From Eq. (6.5), with 0"h,, = %&lh, we have
R\) = —%a,ymhaﬁ (6.17a)
RW = —%878%, (6.17b)
G = —%aﬁhaﬂ. (6.17¢)

As claimed, the linearized field equation is then

DE@S - *1677116’7 (618)
and the Cartesian components of A,z are
7 ‘ TU/ re . TU/ l— —r ’ !
Fr(z) =4 [ — et gy — 4/ plt = =) (6.19)
v e

In observing gravitational waves, one sees only the 1/r term in the asymptotic expansion. We will
call the size of the source R, taking 7" (¢, ') to be nonzero only when 7’ < R. Then

/ !/
T (@) = 4/ E"”’;ﬁ'j' AV’ = 4/ Ll |: ") v+ R/ (6.20)
This 1/r term also includes the time-independent M /r part of the asymptotic metric, which always
agrees with Schwarzschild at this order.

We now turn to a slow-motion approximation, in which successively higher multipoles (values of
¢) are smaller by factors of wR. A scalar field has all multipoles, starting with monopole radiation,
¢ = 0, corresponding to loss of scalar charge. For an electromagnetic field, charge is conserved, and
the radiation starts with a dipole (¢ = 1) field. For gravity, there is again no monopole radiation and
now there is no dipole radiation (this is exact, not just for slow motion). The first nonzero multipole is
quadrupole, ¢ = 2. We will see that this follows from asymptotic conservation of momentum as well
as mass at linear order in h,g. In a Newtonian context, the center of charge of a rotating dipole has the
acceleration of the circular motion of its opposite charges, with d = % [ pex dV # 0; but in a binary

system, the masses have the same sign, and the center of mass does not accelerate, ;—; [ pzdV =0.
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6.1.3 Slow-motion source
A source with an oscillation frequency or an orbital frequency w has velocity of order v = Rw. When
the source moves slowly, v/c = Rw < 1. Then

ROT, < Ty

The multipole expansion of the radiation field involves an expansion of 7, (t — |r — |, ) in powers
of Rw, i.e., in powers of the post-Newtonian small parameter ¢ ~ v/c. We start with

R
r—r| = =2+ =r — o+ O(=). (6.21)
T
Then .
T,t—|r—7|,7)=T,0t—r7)—7 70T, — 5(72 2Ty — - (6.22)

=T,{t—rr)l— ORw) — O((Rw)*) —---].

Now for a nearly Newtonian source, 7% = p, T% = pv’, T% = pv'v’, so T is already smaller than
T by order v?. But the leading terms from 7% and T are just the components of the 4-momentum,

and the equation of motion
QT = —0;T",

implies that they are conserved:

Ao / Tt —r,7)dV' = — / 0 THdV' = 0. (6.23)

ox'
The next-order (dipole) term in 7% from Eq. (6.22) is again time independent, because the center of

mass | pr'dV’is fixed:

/ (=7 - 7'0,T®] dV' = —7 - O, / pr'dV’.

Ordinarily, one picks a frame in which the center of mass is at the origin. It stays there because of
conservation of momentum.

With the monopole and dipole parts of 7% time-independent, we are left for its radiative part with
the quadrupole contribution

1 1. .
/ [5 (’f' . TI)263T00:| dV’ = —5.@1@’][“ (t — T), where [” (t) = /Tool'il’jdv. (624)
Now the leading term 7' is already quadrupole and as we now show, its value is related to the radiative
part of 7%°, (We’ll soon see that the trace I! does not contribute to the radiation field, and the quadrupole
contribution is the tracefree part of /;;, namely I;; — %517 I ,’jj.)

Again using the equation of motion 9,7*" = 0, we have

o /(Tioxj + T2V = — /(xjﬁkTik + 2" O T dV = Q/TijdV after integration by parts,
o / Tz dV = — / 2 2I 0, TRV = / (£'T% 4+ 27 T")dV  after integration by parts,

whence 1 1
/Tij(t —rr)dv' = 20 /TOO(t —rr)atadV! = S1 (= ).
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Then at leading order in 1 /7,

_ 4 /1. 9.

This derivation is fine for a spinning rod, where we can ignore the Newtonian gravitational field, but
for a Newtonian star, 957*% # 0, We need to include Newtonian gravity in an effective stress tensor
t*8_ In Newtonian physics, the gravitational stress tensor is

1 1
1 = o (vaobvbcb — égabvgw@) . (6.26)
T

with V2® = 47p, and the Newtonian stress tensor including gravity is 7% + t% = pv@® + Pg® + to,
There is no Newtonian correction to the time components of 7%’: At Newtonian order, t** = 0.
Then 0, (T + t*) = 0 reproduces the Newtonian equations:
Ttt =) Tti — pvi
9, T™" = Oip + 0;(pv?) = 0
0, (TH; + 1)) = 9, (pv;) + Oj(pviv’) + ;P + pd;® = 0
- p(@t + vjé?j)vi =—0;P — p@Z(I)

Claim: For a self-gravitating system in the Newtonian approximation, one can just replace 7°° by
TP 4+ t*P as the source for hag, writing

D ilaﬁ = —167T(Ta/3 + taﬁ).

Here’s why. Write the exact metric as g,g = 7,5 + hap, and divide g into its Newtonian part and
the rest, which we’ll call h;%d for the radiative part — the non-Coulomb part:

Yap = Nap + hagp
= oy + 2 + 35
VZhig" = —16mp Vat Vst
hog't = =49 V,tVat,

where we require 9°has = 0,  9°hY5™" = 0. Note that 9,®/|V®| = O(e).
Then

1 _ _ .
Gas == 500 (R +R5™) + Gogtoe (627
0 (A 4 RS = — 2(8eTy — G = —16m(Tip + 1), 6:27)
where
ta —-_ nonlinear)
. p 8w P
Gg%nhnear — terms in Gaﬁ quadratic in ® + terms in GO‘/B inVOlVing ®h..and h..h..

+ higher order terms

At Newtonian order, i_zfjgl =0, and
(terms quadratic in ®) = 87(Newtonian gravitational stress tensor)

1 1
terms quadratic in ® in G, = —87 pp (Vaq)vbcb — 29ach<I>VC<D) .
T
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The relation (6:23), h;; = 21;;(t — r), is now correct as written, for a nearly Newtonian self-
gravitating system, with 7% replaced by 7" + ¢, The result is that, in computing the radiation field,
one only uses [;; = f px;x;dV, at lowest post-Newtonian order. Because V; OV ;& ~ r~4, its contribu-

tion to the effective stress tensor is important only near the source: in the near zone.

Because the derivative J,, appearing in Gg‘;;l“near is the covariant derivative operator of the the flat
background metric, Gg%n“near and ¢, are tensors. Without this definition of 0,, one simply writes the
components t*” as expressions involving partial derivatives of /,,; then as in MTW, the set of compo-
nents ¢, is called the “stress-energy pseudotensor for the gravitational field.” (p. 996, Sect. 36.9). With
O\h,,, the partial derivative, the components do not transform as tensor. With our convention, 0, hg is
a tensor, but its definition depends on the choice of a flat background metric.

We now show that a choice of gauge reduces the asymptotic form of the radiation field £, to two
free functions.

6.1.4 Transverse tracefree gauge

Requiring that the gauge vector satisfy Eq. (6.16) does not completely specify it: We can add to £ any
vector (* satisfying [ ](* = 0. Outside the source, this allows us to further restrict the gauge to make
hagp tracefree and to require hy, = 0.

We follow a simple standard derivation using plane waves, waves of the form h,s = A,ge™".
Because any solution to [1® = 0 is a superposition of planes waves, it follows that any vacuum 5,z can
be written in 71" gauge. Wald avoids using plane waves in favor of an initial value argument; for readers
following Wald, his argument, with details filled in, is given below@]

In the transverse gauge (6.13), h,, is given by the retarded solution to the wave equation. To obtain
that gauge, we required the gauge vector £“ to satisfy the wave equation (6.16), and the new gauge
will satisfy both that condition and the additional conditions Then, in the new gauge, EZ/EW = hyPW.
The new h,, is is denoted by hZVT , “TT” abbreviating “transverse tracefree.” For a wave of the form
Py o< ekt with k,, along the null direction t* + z#_ the transverse condition is

0= khy = 0= hyp + hayp = hip.
The nonzero components of A" are then

hy =hll = —pIT hy = hLl . (6.28)

yy

The gauge conditions have thus reduced the wave to the two degrees of freedom, i and h.

In spherical coordinates t, r, 6, ¢, the nonzero components of thT are

T __ TT TT
Wt =-nit, Wl (6.29)

with k* along 7. The wave looks to a distant observer at rg, 6, ¢ like a plane wave of the form (6.28))
with Z, ¢y and 2 taken along 0, ¢, and 7 at the observer.
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Constructing the gauge:

Let ¢ be the gauge vector from our transverse fq to h3F*" = h17:
hly = by + 0, + 0,Cu. (6.30)
We are to find (* = B%*»" to make
e

Impose 4 conditions to get the 4 components (*:

_ 1
(1) 0=n""=h+20,("= ik,B" = —545

(2—4) 0=hL" = hy + 0,G + 0 =
iwCz = htxa
iwCy = hty

iwCz — Z(,L)Ct = htz

Then k”h],; = 0 implies hf," = 0.

In our TT gauge, the only nonvanishing components of the perturbed metric are b}, AT, and h[ T
That is, hﬁT = 0and 0"hy, = 0imply 0 = —athgf +8thMT = OZhZMT — h, = 0. These nonvanishing
components are just the tracefree parts of our original transverse gauge:

With the gauge vector in hand, we can quickly write the two independent components i, and h_
of (6:28) of T in terms of hy,,, the retarded solution to the wave equation. Because h/] =

hyw + 0,C, + 0,¢, and ¢, = (,(t — 2), we have

_ 1
RIT = hyp = hyy — h (6.31)
Then
1 TT Tr 1 1 - 7
hi = S (hey = hyy) = Slhae = hyy) = 5 (hae = hyy), (6.32a)
hy = hil = hay. (6.32b)

Finally, returning the names of components along x and y back to 0 and ¢,
TT _ _ pTT _ TT _
In particular, in the slow-motion approximation, the gravitational waves described by thT have as
their source the quadrupole tensor, the tracefree part of the tensor /;;,

1
fij =L — géi-lkk : (6.34)

From Eq.(6.25)), at leading order in 1/7,

- (6.35)
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Far from a periodic source, the wave looks like a plane wave. That is, our wave has the asymptotic
behavior f,,, = A (t — 1o — 2) + O(r~?) = hy(t — 2) + O(r~?), and 0,y = d:hyy + O(r~2).
Treating the wave as a plane wave h,,,(t — z) is then equivalent to ignoring terms of order r~2, terms
smaller than h,, itself by a factor of order R/r . This is a spectacularly good approximation: For a
source of size 10% km at a distance of 30 Mpc ~ 10'° km, the error is one part in 10'2.

The waveform of an inspiraling binary, however, has a time-dependent frequency; in late inspiral
and merger, it is far from periodic. To avoid introducing plane waves and making the argument than any
vacuum solution can be written as a superpositionﬂ Wald avoids plane waves in favor of an initial-value
argument. If you are not following Wald, you can go ahead to the next section, |6.2

Wald'’s derivation

Given the values of a scalar ® and its time derivative 0;® on an initial surface, say at ¢t = 0, the wave
equation [_]® = 0 uniquely determines (¢, x) everywhere. Our job is to find a gauge vector for which
hiy = Ol = 0and hj! = 0hgl = 0, att = 0. The wave equation, [_Jh/ " = 0, will then force
each component to be zero at all times.

To obtain a transverse gauge, we required the gauge vector £ to satisfy the wave equation (6.16).
This does not quite exhaust our gauge freedom, because we can choose initial conditions — the values
of £&* and 0,£“ on an initial spacelike surface— at, say, ¢ = 0. This allows us to make h,p tracefree,
h = hy,* = 0, and to choose hg, = 0 at ¢ = 0. Inside the source, the evolution of / is given by the wave
equation with source —1677,%, so h does not remain tracefree, nor does hg, remain zero. Outside the
source, however, because h,s satisfies the homogeneous wave equation,

[ has =0,

they remain zero.
Because the old h, is already transverse, (* keeps it transverse when (* satisfies | (* = 0. The
. =TT . .
tracefree condition means h,; = h’j, so the gauge will have 9°hl} = 0. Our gauge conditions are
then

0=[]¢* transverse, (6.36a)
0= hZT“ = h +20,¢", tracefree (6.36b)
0= hZLT = hyy, + 0, + 0,¢; 1no ¢t component. (6.36¢)

Any gauge vector of the form (* = (¢ — z) satisfies the first condition, [ ] (* = (—0? + 9%)¢* = 0.
The tracefree condition gives

0="h+20,t+0.07) = = = —%h.

'The superposition argument has a subtlety because the spacetime is not everywhere vacuum. Outside any finite neigh-
borhood of the source, one can duplicate the actual solution for a finite time by a sourcefree solution that includes incoming
waves from past null infinity. To obtain the sourcefree solution, one uses initial data between slices of future null infinity
and evolves the data backwards in time. The incoming and outgoing waves overlap only in the neighborhood of what was
the source. The simplicity of the plane-wave derivation justifies ignoring the subtlety.
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The spatial components of the last condition determine 9,¢* and ¢t
_htz = at‘Cz + ath = CZ + ét —

. 1 1 . 1 1
¢ = _§htz ——h, (¢= _ihtz + —h. (6.37)

4 4

The tx and ty components of the no-t-component condition are immediate:

Co = —hia, Cy = —hyy. (6.38)

The ¢t component gives no additional condition on C !, because 8“Ew = (0 implies
8t(htt + %h + htz) = 0 = _az(h/tt + %h + htz)’ Whence

1
htt + Eh + htz - O
The A1, = 0 condition is then automatically satisfied:
1 y 1
§htt —2¢"=hy + §h+ hi. = 0.

The gauge conditions (6.37)) and (6.38)) are now satisfied, and we have completely determined G |t=0-
We now need to use our freedom to choose ¢* itself at ¢ = 0 to enforce 2"" = 0 and h,] = 0. To write

these conditions, replace ¢ by ¢* and h,,, by h,, in Eqgs. and (6.38)):

. 1. 1. . 1. 1. . . :
("= _§htz - Z_lh’ ¢ = _§htz + é_lh’ Co = —hta, Gy = —huy (6.39)

But these are conditions on C att = 0, not on ( itself. What are we to do? We use the wave equation for
¢, and simply replace C*|;—o by V2(*, writing
1

- 1. 1. . .
—h, V= —Ehtz + ~h, V2, = —hy, V3¢, = —hyy. (6.40)

1.
20t _ _ — _

Each Poisson equation has a unique solution (vanishing at spatial infinity) for ¢, and with this initial
data, the wave equation, (* = V2(*, for (* enforces the initial conditions (6.39) for thT .

6.2 The quadrupole formula and gravitational-wave energy

Effective stress-energy tensor for gravitational waves
The Coulomb and radiative parts of 1,z play opposite roles near and far from the source.

Near zone: We have already written, in Eq. (6.26)), the Newtonian limit of the effective gravitational
stress-energy tensor t*?. Close to a nearly Newtonian source, hgag is negligible compared to ®, because
the Coulomb part ® of the field is of is of order M /r, while the radiative part of the field is of order
[,  MRw?
ho~= o

r r

~ Ov?.
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Far zone: The situation is reversed at large r. Because 0,90, ® falls off as r~4, the contribution of the
Coulomb field to t*” is negligible at large . With 0;h;2% and 0,h}3! of order ", hZ% dominates the
effective stress-energy tensor t*”. The resulting T% behavior of the energy flux gives a finite power radi-
ated at oo.

We now calculate this power radiated by a gravitational wave. Like the stress-energy tensor of the
electromagnetic field, which is quadratic in first derivatives of the vector potential A,, the effective
stress-energy of gravitational waves is quadratic in first derivatives of h,g. The asymptotic radiated
flux of the electromagnetic field in a Lorenz gauge is proportional to A?, involving only components
orthogonal to the direction of propagation. Similarly, in our analogous TT gauge for h,g3, the radiated
energy is quadratic in hij, involving only components orthogonal to the direction of propagation.

Given a stress-energy 7% + t*# tensor satisfying 93(T® + t*#) = 0 on a flat background, we have
the conservation law

dE, -
AW _ 5, / (T" + ") d*r = — / (T +t"Yd’r = — / trr2ds, (6.41)
dt Vs 1% r=constant

where V is bounded by an r = constant sphere outside the source (so 7*” vanishes on the sphere).

Now t*? is defined in Eq. as the nonlinear part of G*°. We could directly compute this to
quadratic order in h,3; but it is easier and perhaps more instructive to use the fact that the field equation
G*% = 87T*# can be obtained by varying an action I = I + I);, where I is the gravitational action
and I, the action for the matter fields. In fact, as we will see in Sect the gravitational action is
given by

I = (167?)_1/R\/—gd4x,

or, in a form involving only first derivatives of the metric, by Eq. (IT.21). But everything follows just
from the existence of an action, from the fact that varying an action with respect to the metric g,z gives

61 =6lg+ 61y =C / (SiGaﬁ — Taﬁ) 0gasy/—gd'r. (6.42)
T

Here I depends only on g¢,s3, while I, is a function of both the matter fields and the metric, and

161
Eq. (6:42) implies T = e 5922

is the factor C' = —1/2, and this follows from the explicit form of any matter action. Let’s use a free
particle (the sign of the action is determined by the sign of the Newtonian kinetic energy, mv?/2))

Iy =— /d)\m V =G THTY,

oly 1 L 1 1
_ = V— ZTW — (= —_. 6.43
S 2mu U 5 5 ( )

. The form of t*? will follow from this equation; all that is missing

With C' known, we have for any matter action,

Ta(j -9 6[1\1
6.q(,yﬁ

(6.44)

Then from Eq[6.42]

1.
6o = — / 16"G”“35gmq\/jgd4:1:. (6.45)
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Now G vanishes for the background spacetime. We have seen that, in a transverse gauge, it has the

form GS; = —ﬁl_lag at first order in h,5. We can then immediately write the action for the perturbed
field equations as:
1 1
1§ = - / i (00 h D hasy/~gd s = o / Oyhagd h*P/=gd'. (6.46)
T

We need to find the part of Gg%n“near = tqp that is quadratic in h.g, and this is easy: Write the action
as
1 _
I (h, g) = ?)Q_W/a’yhaﬂ Oshec 97° 9% 9" V/=gd'x, (6.47)
with gog = 7ap + hap. If one ignores the dependence of g*® on h,g, the variation of 9.h,z07h*?

immediately yields the vacuum field equation Ulh,3 = 0O for the first-order perturbation in a 77" gauge.
Including the variation of the factor g7 g®¢¢”¢\/—g gives the correction to the field equation quadratic

in hO‘BEI
We need this quadratic correction, the effective stress-energy tensor t* = 2012 /§ Ja, Only at large
r, where it is simplest to evaluate. We once again use the relation 9,h}) = —9,hl + O(1/r?) for

the components in a Cartesian chart: Dropping the 7"T" and using dots to represent arbitrary indices, we
have

Oyh O h. = —0ih Oih. + 0,h. 0:h. = O(1/r%). (6.48)
Now unless 3 hits g"* on the right side of (6.47), the resulting term in the stress-energy tensor will
gaﬁ

be proportional to 9,h_07h_ and so will not contribute to the radiated energy. The only surviving term

is then
SI?

2% =2 iaahTTaﬁ piT 0. (6.49)
5g57 167
The radiated energy flux is ' and the asymptotic form of the radiated energy is
dE 2,1 2Ty | TT\2 | T2 1
A tT:——[hm WTTY? 4 o1 } of-=
dtdq Tox L(Pag )"+ (g™ + 2(hgg )" + O 1
2
h2 + h? .
=1 67r( +h3) (6.50a)
N
1 Iy — I SO
= | == I .50b
i [( 5 ) +(I23)7], (6.50b)

where, for ease of notation in the next part, we write the indices as § =2and qAS = 3. We can write either
I;; or #;; here because I, — I33 and I»3 involve only the tracefree part of ;.

Then (6.50b) implies
cese cee 2
dE 1 _{22 - }33 oo 2
e N S I
qdQ ~ in [( > > (1)

It is helpful to think of the action 1, g ) as a function of independent variables g, and hg, as it would be if 1,z were a
matter field. Because gog = hag + 7a, With 17,5 independent of h, 5, we can write § /0hag = 0/dgap. The total variation

oI(h oI(h 1_-
of I (h) with respect to / is then a sum (h,9) + (h,9) = ——[Oh*? — 8mtP,
5ho¢5 59046
giving the first- and second-order equations, Dhg1 =0, Or® o8 = _167t>P.

Note that the exact action is given by Eq. (L1.21). It is only in the far zone that the action has the form (6.47)), and only if
the perturbed metric hog = gag — Nag is transverse up to second order in the sense nﬁva,yhag =0.
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Denote by P;; the projection operator orthogonal to the direction of 7: F;; = d;; — 7;7;. Then

47Td(j% = %( Foodop+2fpsdos+ 15 '1?33) - }l( Fop+ ¥.33)2
- %P“Pﬂ'm Fii Fom —E(Pij 7.
- %[ Ty ¥ =20 T Tk + %(r 13 7)) (6.51)
To find the total power radiated we need to evaluate
/fﬁjdﬂ and /fifjfkfgdﬂ.
Because the integral over angles sums over all directions of 7, (7;7;) := e / 7;7;d€) is a symmetric

tensor that knows no direction. So it must be constructed from ¢;;:
(Fify) = ki

Take its trace:

g 1
o 1
(Fify) = 551']'- (6.52)
Similarly
(FiTjTTe) = K O(ij0ke) = k”(@ﬂke + 03050 + 030051
89S (P Pty = 1 = K"(9 + 3+ 3)
k// — i
15
A 1
<T,-Tj7”k7‘g> = 1—5(52]5kg + 5ik5j€ + 6w6]k) (653)
Finally Eqgs. (6.51)-(6.53) =
dE 1 [ weii 1 e e 101 _ e
d =TT T2 i S0V S N Ey
giving
dE 1. o
— =—F, F. 6.54

Restore G and c to the right side to recover the conventional dimension [E/T| = M L*T3: Because

T 7" has conventional dimension M2L*T~5, we multiply by the combination of ¢ and G that has
dimension M ' L7273, namely [G/c"]:

dE _ G1ly i
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6.3 Binary Inspiral

Consider now a binary system with masses m 4 and mp, in circular orbits about their center of mass,
and with separation a between the masses. The distance from each mass to the center of mass is
ra=amp/M, rg = amy/M. For an orbit in the z-y plane, we have

xa=raco8Qt, xp=—rgcosit,
ya =rasinQt, yg = —rpsint,
2 2 Ly
Ipw = maxy +mpary = §,ua cos 202t + constant, (6.56a)
1
I, = —Ean cos 202 + constant, (6.56b)
1
L, = §ua2 sin 20, (6.56¢)

implying that the wave has frequency w = 2().
From Eq. (6.35), the gauge-invariant parts of the perturbed asymptotic metric are given by

1 1
hy = —=paw? coswt, hy = —=pa’w?sinwt. (6.57)
r r

We can now use Eq. (6.54) to find the radiated power. In this simple case, we could also find the
power directly from Eq. (6.504) for E in terms of h+ and h, — the angle-average machinery leading to

(6.54) is not needed.
Because I, + I, = constant, we have [;; = #;;+ constant, andﬂ
T ¥7 =10, +T1,,+217, = 32(ua®Q?)2. (6.58)

The energy of the binary is

E=-T= —§,ua292, oo E= §UG =5 (6.59)
From Eq. (6.54) E
i 244010, (6.60)

Because the frequency of the wave is directly measurable, while the binary separation is not, it is
helpful to use Kepler’s law, Q% = M /a® to replace a by M/3Q~%/3;

dE 32
o= —g(MQ)lo/?’, M = chirp mass := ;*/°M?/?, (6.61)
or, with GG and c restored,
dE 32G73
o= == 9) 10/3'
dt 5 ¢ (ME)

3For a general periodic source, one would take a time average over one cycle. In our case, however, the expression

15 1" is already time independent.
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To find an equation for the change in the orbital radius as the binary loses energy to gravitational
waves, use the second version of £ in (6.59) to write

Then replace Q2 by M/a® in dE /dt of (6.60):

dE 32 p*M?

dt 5 ad
giving
64 pM> 4
g:__’u a3a:_6_MM2
a 5 a* 5
256
at = aé - T,uMQt, (6.62)

with a = ag at t = 0. Alternatively, with ¢ = 0 at coalescence,

a o [t|'/*, |t| the time until coalescence, (6.63)

and, from Kepler’s law, Q oc [¢|7%/5,

Exercise 81. a. Find the number of gravitons emitted per unit time by a spinning rod of length ¢ and
negligible mass joining two point masses, each of mass m. Assume each graviton has energy
hw, with w the frequency of classical gravitational waves.

b. Estimate this rate of emission for m = 1 kg, £ = 1 m, and rotational frequency 500 rad/s.
What is the probability that the system will radiate at all if it spins for a time ¢t = 1/w?
Weirdly, you should find Einstein’s spinning rod rarely radiates gravitational waves!

Exercise 82. Estimate the number of gravitons emitted per second by two equal-mass neutron stars, each
of mass m = 1.4M, when the distance between their centers of mass is 20 m.

Exercise 83. a. In a principal-axis frame where [;; is diagonal, relate the eigenvalues of 7;; to those
of [ij

b. Using the relations

15 15 5
rYars =\ o (z £ iy), Vo = T/ —z(z+iy), 1Y =1/—(32"—1?),
327 8m 167

relate the components of £;; along the complex basis {é; = \/%(i“ +4y), Z} to the quantities

c. Write h and hy in terms of Y5,,, with the z-axis along the direction from source to observer.
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6.4 Strain and detection of gravitational waves

Because of the difficulty in defining energy in a curved spacetime, parts of the physics community
were uncertain whether gravitational waves carried energy from a system. Pirani and days later (but
apparently independently) Feynman gave equivalent arguments at the same 1957 Chapel Hill conference
to resolve the issue. Pirani had just published a paper using the equation of geodesic deviation (2.60)),

S = RsT°TS°,

to describe the relative acceleration of free particles as a gravitational wave passes. |Z_f]
Here is Pirani’s argument, with the idea of energy absorption put in by Bondi. Feynman’s is at the
end of the same volume:

Felix Pirani, Measurement of Classical Gravitational Fields, in Report from the 1957 Chapel Hill Con-
ference[44], Chap. 14.

PIRANI: Because of the principle of equivalence, one cannot ascribe a direct physical
interpretation to the gravitational field insofar as it is characterized by Christoffel symbols
I['/ . One can, however, give an invariant interpretation to the variation of the gravitational
field. These variations are described by the Riemann tensor; therefore, measurements of
the relative acceleration of neighboring free particles, which yield information about the
variation of the field, will also yield information about the Riemann tensor.

Now the relative motion of free particles is given by the equation of geodesic deviation

o2
T | R

VvV, PO __
52 vV MV =0 ..

BONDI: Can one construct in this way an absorber for gravitational energy by inserting a
dn/dr term to learn what part of the Riemann tensor would be the energy producing one,
because it is that part that we want to isolate to study gravitational waves?

PIRANI: I have not put in an absorption term, but I have put in a “spring.” You can invent
a system with such a term quite easily.

We will look at such a system, a damped oscillator driven by gravitational waves, in Eq. (6.70)
below.

“The question also led to a study of asymptotic flatness, with an isolated system modeled as an asymptotically flat
spacetime. The total mass of the spacetime can then be defined, and that mass decreases by the energy radiated to null infinity.
That is, along a sequence of asymptotically null slices (like the u = constant slices of Schwarzschild), the mass between
successive slices decreases by the energy radiated to null infinity between the two slices. On asymptotically spacelike slices
of the spacetime, the mass of the spacetime has a fixed, constant value. The radiation is simply at successively larger
distances from the source along a sequence of spacelike slices. See references on p. @
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First, let’s use the equation of geodesic deviation to get the standard picture of a circle of free
particles stretched and compressed in orthogonal directions to become an oscillating ellipse. We look
at the Riemann tensor of a plane wave with wave vector k£* orthogonal to the plane of the circle of
particles.

Here’s the Thorne-Blandford figure:

y y

V><

v
5

"
e
o

(a) (b) (Y>\\

Figure 6.1: Physical manifestations, in a particle’s local Lorentz frame, of gravitational waves with
polarization in the z-y plane. (a) Transverse deformation of an initially spherical cloud of test particles
in a transverse plane at a phase of the wave when h, > 0. (b) Deformation of the cloud when h, < 0.
(c)-(d) Field lines representing the acceleration field d& when 71+ > () and HJF < 0, respectively.

A plane wave with wavevector k% = w(#* + 2%) and + polarization in the z-y plane has the form
hop = (ZaZp — YaYp)Acosjw(t — 2)| = (ZaZp — Yayp) s, (6.64)
following the notation of Eq.(6.28). The linearized Riemann tensor is then given by

po 1

s = 5 (—kakyhas — Kaksh, + kakshos + by Kshag). (6.65)

In the geodesic deviation equation, we take T = 1, the velocity of a particle prior to the arrival of the
wave, and consider particles lying in the z = 0 plane. First consider two particles with separation vector
S of the form

S =07+ £9,

where £¢ = () before the wave arrives. The geodesic deviation equation then has the form

£ = Rt 030 + O(A€) = T Rypol + O(AE) = —2°kihyl + O(AE)
1
= —fv\a§w2€A coswt + O(AE). (6.66)
At linear order in the amplitude of the wave, the solution is

1 1
£* = §€h+/m\“ = §A€ coswtx®, (6.67)

where we have chosen ¢ = 0 as a time of maximum displacement. For particles with displacement
¢y~ instead of ¢z prior to arrival of the wave, it is easy to see that the corresponding solution is
£* = —%Uurzja. Then for a displacement of particles initially along a line at arbitrary angle ¢ from
the x-axis, we have

(@) = (cos ¢pz* — sin gb@"‘)%ﬁ/@, (6.68)
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and
S%(¢p) = (cos px* + sin ¢y )l + £%(¢).

Particles initially in a circle in the z = 0 plane then comprise an oscillating ellipse, with particle separa-
tion S*(¢), as shown in Flgla) (b). Their relative acceleration § @ agrees with the quadrupole pattern
of Figl6.1](c)-(d).

We can now return to Pirani’s argument, with two particles joined by a spring of natural length
¢, frequency wy, and damping coefficient +. In flat space, with no gravitational waves, the relative
acceleration of the particles with connecting vector S = /2 + £“ is given by

£ = —wge™ — 296, (6.69)

Intuitively, then, in the equation of geodesic deviation, one should add to the relative acceleration of the
particles the forcing terms, giving (at linear order in the gravitational wave amplitude)

£% = Ry stP1 200 — w2E® — 2962, (6.70)

To obtain a formal derivation, notice that, in our derivation of geodesic deviation before Eq. (2.66),
only the last line uses the geodesic equation T°VT* = 0. We again consider a family of timelike
trajectories, parameterized by proper time, but this time with an external force acting. Each particle’s
velocity T then satisfies T°V ;T = F*/m = a®. Using this in the last line of the derivation gives the
relative acceleration as a function of particle position,

S% = R4, TPT7S° 4 SPV 5ac. (6.71)

For the Pirani-Bondi-Feynman example of a damped spring consider two small masses joined by a
massless rod, initially along the z-axis, again taking the rod to have natural length ¢, spring constant
mw?, and damping coefficient . The masses at the left and right ends of the rod have trajectories given
by TPV 5T = £ (wjé™ — 27£). Now choose a coordinate z for which |z| is proper distance from the
center of the rod. The acceleration of a particle of the rod at coordinate x is then proportional to x:

@ Zz «a el
a” = —z(wgf — 27€%),
and Eq. implies (6.70) at linear order in £* because S = ¢z* at zeroth order in £7.
Exercise 84. a. Check that the separation vector 5S¢, with £* given by the solution (6.68)), gives the
stretching and contracting ellipse of Figl6.1]

b. Check that the acceleration vector conforms to parts (c)-(d) of the Figure.

c. Find the form of £ for the polarization /., and sketch the corresponding figures.
Exercise 85. Energy transferred by a gravitational wave to an oscillator.

a. For two particles connected by a spring, Eq. (6.66) is changed by the additional terms of
Eq. (6.70). Find the corresponding steady-state solution to this equation for a driven oscilla-
tor.

b. Find the rate at which the oscillator absorbs energy from the gravitational wave. What is the
time-average of this rate?

Hint: The rate at which the oscillator absorbs energy is the rate at which its energy would
decrease if there were no gravitational wave.
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Interferometric detectors (See, for example, the Creighton-Anderson text [37] on which this section
is based. )

If, when you think of optics, the first thing that comes to mind is the angular resolution \/d, it
seems impossible that an interferometer using light with wavelength of roughly 10~% cm can detect a
gravitational wave that changes the distance between mirrors by less than 1075 cm. Obtaining angular
resolution better than \/d means measuring a difference in intensity corresponding to a fraction of the
distance between dark fringes. In an interferometer, one is again trying to measure the difference in
intensity corresponding to a fraction of a fringe, but it turns out to be possible to find that difference to
very high accuracy. How small a difference in intensity can be measured by a photodiode? We begin
with the usual diagram of a simple interferometer and then look at a limit on the accuracy with which it
can measure a change in length.

Basic Michelson Interferometer

Laser

YV

A

7 =

Beam Splitter

- -

Figure 6.2: Diagram from a LIGO webpage

Photons from the laser can traverse two alternative paths to the detector. Along the first path, light
reflects upward from the beam splitter, then reflects off the top mirror, and finally passes through the
beam splitter to the detector. Along the second, light passes through the beam splitter, reflects off the
mirror on the right, and then reflects off the beam splitter to the detector. The number of photons
reaching the detector depends on the phase difference between the two paths; by changing the arm
lengths (the distances between mirrors and beam splitter), a gravitational wave changes the number of
detected photons.

Detector accuracy is limited by noise. At frequencies above about 200 Hz (in the present 4 km
detectors), the limit is set by shot noise, random fluctuations in the flux of photons. Roughly stated, a
gravitational wave is detectable if the change d Ny in the number of photons reaching the detector is
larger than the random fluctuation 0 Nyanqom- Let N be the average number of photons that reach the
detector in time 7" in the absence of a gravitational wave. Random fluctuations in photon number change
that byf

8 Nrandom ~ VN. (6.72)

5The random-walk relation § N, andom = VN holds for macroscopic incandescent and florescent light sources because a



https://www.ligo.caltech.edu/page/what-is-interferometer
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From Eq. (6.68)), a wave of amplitude / changes the distance ¢ between mirrors by a length 6¢ ~ h/,
implying a change of phase )

)
>\1aser

5 ~ h

(6.73)

Alaser the wavelength of the light. Now the amplitude of interfering beams with phase difference ¢ is
proportional to
SIN(Wiasert + @) + SIN(Wiasert) = 2 SN (Wiasert + ¢/2) cos(d/2). (6.74)

The time-averaged power P reaching the detector is then proportional to cos? % Because the number of
photons reaching the detector is proportional to P,
N 2 ¢ . . d 2 qb _ .
X COS BL implying dNgw x d¢ d_gb cos 5= 0¢ sin ¢, (6.75)
taking its maximum value at ¢ = 7/2, sin ¢ = 1. Then, for a detector operating with unperturbed phase
difference /2, we have N(¢) = 2N cos? £, and

SNaw = No¢ ~ Nh—te ) (6.76)

laser

From Eqgs.(6.72)) and (6.76), the detector can hear a wave when

1< WNew g !

™~ 5 Nyandom Alaser
or
h > \/1N Al{ (6.77)
For a laser of power P, PT
N — o (6.78)

The laser power and wavelength of the LIGO laser and interferometer arm length are
P=20W, Alaser = 1.064 x 107%cm (Wjaser = 1.8 x 1019571, ¢ =4 km.
The binary black hole systems with individual masses = 30M,, that have dominated the LIGO/VIRGO
observations have frequencies above 200 Hz for less than 10 cycles, implying an observation time
T < 10/ f. The number of photons in this time is, by Eq. (6.78),

(20 x 107erg/s)(10/200s")

NN — 1 18. 67
(1.8 x 105 51 o 10 (6.79)

large number of independent contributing degrees of freedom yield a Poisson distribution of photons. For a laser, it holds
because the quantum state of the light is a coherent state (or a sum of coherent states of different phases), having the form
exp(aal)| 0), with a' the creation operator associated with a particular polarization and frequency and o a complex number.
For a state of this form, the probability of n photons is the Poisson distribution

n

_ 7<n)<
P(n)=e o

where n = a'a is the number operator and (n) = |«|? is its expectation value. Finally, for a Poisson distribution with large
(n), the rms deviation is y/((n — (n))2) = 1/(n).


https://www.ligo.caltech.edu/page/laser
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If nothing further were done, the amplitude of an observable 300 Hz wave (\gyy = 10%cm) would, by

Eq' " ] be
1 10~*cm

h >
~ V5 x 10184 x 10°cm

a few orders of magnitude larger than any observed source.
Two of the improvements that dramatically enhance the sensitivity are

~ 10717, (6.80)

1. The effective length of each arm is greatly increased by adding an extra mirror along the arm.
After entering the instrument via the beam splitter, the light in each arm bounces between its two
mirrors about 300 times before leaving from the beam splitter and merging with the light from
the other arm. The result is an average photon path of about 1200 km and a decrease by a factor
of 300 in the smallest observable h. E] (Each pair of mirrors with light bouncing between them
constitutes a Fabry-Perot cavity.)

Basic Michelson
Interferometer with 4 km v
4

Fabry Perot Cavities

" 4km

[AY

Laser | >

Figure 6.3: Diagram from the same LIGO webpage as that of Fig.

2. A power recycling mirror, with high reflectivity, is placed between the laser and the interferometer.
The light that would reflect off the beam splitter in the direction of the laser is thus recycled, and
the net power entering the intereferometer is enhanced by a factor of about 35.

Our estimate for the minimum observable amplitude then decreases by a factor of 300 from (1) and a
factor of /35 from (2), giving
h>6x10"%, (6.81)

This value is now smaller than A for the first observed source, GW150917.
Below about 200 Hz, other sources of noise are larger than shot noise. Sensitivity below about 100
Hz is limited by fluctuations in radiation pressure on the mirrors; like shot noise this is due to random

SThis effective optical path length is deliberately kept below the wavelength corresponding to detectable frequencies. A
greater path length decreases sensitivity because the distance between mirrors changes in the time a photon traverses the
path.
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fluctuations in the number of photons, this time in the number of photons hitting each mirror. Below
about 10 Hz, seismic noise is dominant, and between about 100 Hz and 200 Hz, thermal noise in the
mirror coatings is important. Shot noise and radiation-pressure noise are together called quantum noise
because they both due to the Poisson distribution of photon number that describes the quantum state of
laser light (see footnote [9).

Exercise 86. a. Find the maximum value of h, or h, for a binary neutron star system, with stars
of mass 1.4M, at a distance 100 Mpc. You can use Eq.(6.56) or the preceding equations
for I;;; assume that the maximum amplitude is reached just before the stars merge, with a
distance of about 30 km between their centers.

b. Check that the maximum amplitude for a distance of 30 Mpc agrees with that reported by
LIGO/Virgo for GW170817.
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Gauge transformations as infinitesimal coordinate transformations

In Sect. [6.1.2] we defined a gauge transformation using an active transformation, an infinitesimal
diffeo that drags along all tensor fields to give an physically equivalent system. One can equivalently
keep the tensor fields fixed and make an infinitesimal coordinate transformation. This is the more
common approach, and it is given here for reference.

We consider a coordinate transformation from x to Z(z). The equations in this section will be more
transparent if the bar is on g instead of on its indices. We will write the barred components of the tensor
Jap 95 ox° O™

Gun(®) = 55 G (). (6.82)

Now write z#(z) = z* + £" with £ small. To first order in £, we have

LC_]HV<J_:) = g,w(l’ - 5) = gW(x) - faﬁoguy(l‘). (6.83)
On the right side of (6.82), we have

)

— _ 2
T T T ot D +0(&),
giving
0x° Ox™
52 77 907 (@) = 9 (%) + 0" Gou + 00 Gpo- (6.84)

Then, replacing the left and right sides of Eq. (6.82) by the expressions in Eq. (6.83) and (6.84),
respectively, we obtain

Juv (33) = g;u/(x) + (gaaaguu + aufagau + aufaglw)
= G (%) + Legyu (). (6.85)
That is, to linear order in ¢ a change of coordinates changes the metric components by the components

of its Lie derivative L¢gqg3.
Equivalently, given a family of coordinate transformations z(\, x) with

d
ju<0a ZL‘) = xli7 a ju()‘a x)|)\:0 = _fuy (686)
ie., ot =M + \¢F + O(A\?), we have
d _
ﬁ guu(A)’)\zo = ‘Cfg;uw (6.87)
The family g,,,(\) differs only by a coordinate transformation from g,,, (), and at linear order in A,
_ d _
5g;w = a g/w()‘)|)\:0 = h;w + ['Eg/uu (688)
where p
Py = = (Mo - (6.89)

More generally, if S* 7 are the components of any tensor, then its components in the chart z(\)
differ from the original components by LS at linear order in \:
d

i\ Sty = LeShr (6.90)
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and a family of tensors, e.2., gag(, ), Ths(A, x), has components in the family of charts Z(\, x) given
at linear order in A by

P =l + LeGun, 0Ty = 0Ty + LTy . (6.91)
In particular, for a flat background, the perturbation A,z is physically equivalent to

hag 4+ LeNag = hap + Vs + Vséa, where V,, is the flat covariant derivative, with components d,, in
Cartesian coordinates.



Chapter 7

Cosmology from A to B

And more than a little arrogance is required for creatures that evolved from quantum
fluctuations and quark soup, that only exist for a short time and are stuck on a small
backwater outpost to think that they might be able to understand the whole shebang.
Michael Turner [128]]

This chapter is written as a supplement to a much more extensive course in cosmology at UWM that uses
the standard cosmological solutions but does not derive them. The chapter starts by showing that the
set of homogeneous, isotropic spatial geometries comprise the geometry of the 3-sphere, flat space, and
the 3-dimensional hyperboloid. The standard solutions to the field equations are derived, corresponding
to radiation-dominated, matter-dominated, and vacuum-energy-dominated (A-dominated) stages in the
universe’s evolution; and the present composition of the universe — vacuum energy, dark matter, baryonic
matter, neutrinos and the cosmic microwave background (CMB) — is used to find the times of transition
between these stages. The cosmological metrics have a conformal Killing vector, and that is used to
obtain the cosmological redshift. The chapter ends by showing how one uses gravitational-waves from
binary inspiral to measure the Hubble constant.

For a summary of the standard ACDM (cosmological-constant-cold-dark-matter) cosmological model
and the evidence for the present composition of the universe see, for example, Chaps. 17-19 of Har-
tle, Ryden’s 2017 Introduction to Cosmology[99], or Mike Turner’s recent Road to Precision Cosmol-
ogy.[128]] Hartle and Ryden show how the numbers are derived. Turner gives a detailed description of
the current state of cosmology, with a history of advances over the last century, and his summary also
serves as an extensive guide to the literature.

For most of universe’s 13.8 billion year life, its density was dominated by the matter (ordinary
and dark) that comprise its clusters of galaxies. These structures track the expansion of the universe,
following timelike geodesics and so behaving like dust — a pressureless fluid. Because the interior of a
uniform collapsing ball of dust is identical to a matter-dominated, homogeneous isotropic universe, we
begin with that.

7.1 Collapsing dust

Consider a spherically symmetric ball of dust, falling from outer radius R.
Each dust particle follows a radial geodesic, with dust at the outer edge of the ball following a geodesic
of the vacuum Schwarzschild geometry. From Eq. (4.62)), the effective potential for a particle with zero


https://arxiv.org/pdf/2201.04741.pdf
https://arxiv.org/pdf/2201.04741.pdf

CHAPTER 7. COSMOLOGY FROM A TO B 243

angular momentum is
M L* ML* M

Vig=—— 4+ — — S
g r + 2r2 r3 r
Then
L + M == 0 + M
- =e — =e —
9 N r N R )
o 2M  2M
7= — - —
r R
Fall from R = oo at 7 = —o0, reaching r = 0 at 7 = 7¢:
9 1/3
r(r) = <2M> (10 — 7)%? (7.1)
For a particle falling from at finite R, the solution (checked below) has the parametric form
R
r= 5(1 + cosn) (7.2a)

R | R .
=5\ 57 (n + sinn) (7.2b)

The path r(7) is half a cycloid, shown in the MTW figure below.

25. PARTICLE MOTION IN SCHWARZSCHILD |

BEEERAURENEEENE SN N |
— Time —~

Figure 7.1: Figure 25.3 of MTW

Check of Egs. (7.2): (') = %}

R , R .
7“25(1—1-00877) = r = — siny
R [R . . R [R
T=5 m(n—i—smn) = T ) m(lJrcosn)
.5 ”\°  2M  sinp 2M 1 — cosn
" (?) " R (1+cosn)? R Ll+cosy
M 2M 2M 2M 2M 1 —cosn

O

r R Hl+cosp) R R 1+cosy

We’ll see that the interior of homogeneous collapsing dust is a homogeneous cosmology and that
the interior particles obey the same geodesic equation, acting as if they see only the mass within their
radius.
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7.2 Spatially homogeneous, isotropic cosmology

Measurement of the cosmic background radiation (CMB) from the the COBE[111]], WMAP[19], and
Planck[87] satellites (as well as more recent observations) show an early universe that was isotropic to
about one part in 10, with temperature fluctuations in the CMB of about 80 pK about the 2.73 K av-
erage. That anisotropy was also the anisotropy of the matter at the time light decoupled from baryonic
matter, about 300,000 years after the initial Big Bang. Gravitational instability turned the small ini-
tial anisotropy of dark and baryonic matter into the large structures of the late universe — superclusters
comprising millions of galaxies, the filaments that are their walls, and the emptier voids between the
clusters. The present universe looks like a web of these structures, inhomogeneous on scales of 10? ly.
At the 109 ly scale of the visible universe itself, however, the distribution of matter and the geometry
of space retain their homogeneous, isotropic character.

A 3-dimensional homogeneous, isotropic geometry looks identical at every point. The obvious ex-
ample is flat space, whose group of isometries is the 6-dimensional Euclidean group of translations and
rotations. We will see that there are only two other cases: The 3-spheres, the subspaces of Euclidean
4-dimensional space with T2 + 2?2 + y? + 2? = a?; and 3-dimensional hyperboloids, the subspaces of
Minkowski space with —t% + 22 + ¢? + 22 = a2

Definitions:

A space is homogeneous if, for any two points P and (), there is an isometry that maps P to (). In flat
space, the isometry is a translation.

A space is isotropic if it has no preferred direction at any point: For any two unit vectors u® and v* at
a point P there is an isometry that keeps P fixed and maps u® to v*. In flat space, the isometry is a
rotation fixing P.

In our discussion of homogeneous, isotropic 3-dimensional spaces, we will write the Riemann ten-
sor, Ricci tensor and Ricci scalar as 3R%,.4, R, and ®R. In a homogeneous space, any scalar constructed
from the metric must have the same value at all points, so the Ricci scalar 3R is constant, and we will
show below that the homogeneous, isotropic spaces are determined by the value of *R:

For °R > 0, the space is a 3-sphere
For 3R = 0, the space is flat;
For 3R < 0, the space is a hyperboloid.

First we’ll find the metrics on the unit 3-sphere and the unit hyperboloid. The 3-sphere of radius a
is the subspace of R* given by

=T+ +y?+ 22 =T +r%

On the unit 3-sphere, define an angle x from the 7" axis to each point P (analogous to the angle 6 from
the z-axis). The 2-sphere at angle x has radius a sin x:

T =cosy, r=siny;
with the usual polar coordinates (x = rsinf cos ¢,y = rsinfsin ¢, z = r cos #), we have

ds® = dT? + da? + dy® + d2* = dT? + dr® + r?dQ?,
= dy? + sin? ydQ?, (7.3)


https://articles.adsabs.harvard.edu/pdf/1992ApJ...396L...1S
https://iopscience.iop.org/article/10.1088/0067-0049/208/2/20/meta
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where d)? is the metric on the unit 2-sphere,

d¥? = db? + sin® Od¢>.

asiny 2

g2

Figure 7.2: The angle x extends from the vertical 7" axis. Each y = constant surface is a 2-sphere of
radius a sin y.

Replacing 7' by it and taking ¢ to be real gives the corresponding hyperboloid:

Exercise 87. The unit spacelike hyperboloid in 4-dimensional Minkowski space, is the set of points at
unit distance from the origin:

Nuehz” = a4 = 1, t>0. (7.4)

a. Suppress a dimension (take z=0), and sketch the 2-D hyperboloid as a submanifold of R?.

b. Show that the 3-D hyperboloid is homogenous, that (1) any Lorentz transformation maps the
hyperboloid to itself; and (2) for any points P and () of the hyperboloid, there is a Lorentz
transformation that takes P to ().

c. Show that the metric on the hyperboloid is given by
ds? = dx? + sinh? ydQ?,
where

x = sinh x sin # cos ¢ y = sinh y sin 6 sin ¢
z = sinh y cos t = cosh x
Start with polar coordinates ¢, r, f, ¢ in Minkowski space, checking first that —t2 472 = —1,

with r? = 22 + y? + 2% and ¢, z, y and 2 in the form given above.
No need to rederive the metric on the unit two-sphere S2.
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Claim: The only homogeneous, isotropic, 3-dimensional spaces have the metrics of a sphere of radius
a, the corresponding hyperboloid (the set of points in Minkowski space at a distance a from the origin),

and flat space. For the sphere and hyperboloid, the curvature scalar has the values +—.
a

a? [dx2 + sin? x(df? + sin® 9d¢2)} , R= (% > 0,
ds® = dz? + dy? + d2?, R =0, (7.5)
a® [dx? + sinh® x(d6? + sin® 0d¢?)], *R= -5 <0.
Notice that we have said nothing about a spacetime metric or the field equations: This is simply a
description of all homogeneous isotropic 3-dimensional geometries.
We need only show the result for the unit sphere and hyperboloid (and for 3R = 0) because multi-

plying gq; by a? just multiplies the scalar curvature by a 2. This follows from dimensional analysis: All

lengths change by the factor a and ®R has dimension L~2. (Alternatively, because ¢g** — a~2¢, there

is no change in " j, so *R%,4 and ®R,;, are unchanged, and °R = 3R,,¢** — *R/a?.)
Because the space is isotropic, it is spherically symmetric about any point, and we already know
from Sect. {.T] that a spherically symmetric space has a metric of the form

ds* = f2dr® + ¢*dQ?,
with f and g functions of  only. Now define x(r) by dy = fdr. Then
ds* = dx* + h*(x)d*. (7.6)

Isotropy implies that the component 3R,,uu’ of R, along a unit vector u® is independent of the direc-
tion of u®. Then, for the unit vectors x*, 0¢, ¢°,

*Rex = Ry = "Ry = "R, =R’y ="R?,. (7.7)
To compute Ricci tensor components we will use the form (4.13b), valid in any dimension:
Ri; = O, I%;; — 0,0;1og /=g + I'* ;0 log /=g — T¢I .
For a metric of the form (7.6), the only nonzero I"’s are (up to index symmetry)

F¢9¢ = cot 0 FG(M) = —sinfcosf (7.8a)
hl

= g9 = —hh', TXus = —hh'sin 0. (7.8b)

0
o = Fd)xqb =

Using /39 = h?sin 0, we have

" B 2 B 2
"Ry = —0y log Vi - (Fexe)2 - (F¢x¢)2 - _2%2 (/]1> o </)1>

h/l
= 92—
h
h/l
R="RX, +°R +°R%y = 3°Rx, = ~6-. (7.9)

We now pick the value of the Ricci scalar that will give the metric on the sphere of radius a = 1,
namely >R = 6. As noted above, we can do this because we already know that the corresponding
solution for any other positive Ricci scalar, °R = 6/a?, is that metric multiplied by a?.

"

h
_6f:6:>h”+h:0’ h = Asin(x +n), (7.10)
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for some constants A and 7. A choice of origin for y sets 7 to 0, and we recover the metric of the unit
sphere when A = 1. When A # 1, the metric is not isotropic; h does not satisfy 3Ry = 3Rx, = 2:

2
3399 = 0, %9 — 83 log \/% + 990y log \/% - QFX%FHXG - (F¢¢9)

= —hh' — B+ 1.
AR
3po _ " [ 2 i
Ry =~ (h) + 43 (7.11)

1
For h = Asin y, we have >R’ = 1 — cot? y + T csc? x, whence

RO, =2 — A=1. (7.12)

To summarize: The unique homogeneous, isotropic 3-metrics with ®R > 0 are the metrics of 3-spheres
of radius a,

ds* = a® (dX2 + sin? XdQQ) , (7.13)
with 5 6
3pa. __ a 3p _
R, = ;517 R = o (7.14)

(Unique means unique up to a diffeo or, in passive language, a change of coordinates.)

Exercise 88. Check that the same steps imply for the homogeneous, isotropic 3-metrics with 3R < 0 the

form

ds® = a* (dX2 + sinh? XdQ2) , (7.15)
with 9 6

3pa a 3p __

R b—_g(sb R = 3 (7.16)

On RR3, the flat metric dz? + dy? + dz? is equivalent to the metric
ds* = a*(dx® + dy? + dz?), (7.17)

for any nonzero constant a. That is, the metrics are related by a diffeo mapping (z, y, z) to (az, ay, az)
(or, passively, by the corresponding coordinate transformation). In spacetime, however, with a a func-
tion of time, the 4-dimensional metric is not flat, and a time-dependent scale factor a describes an
expanding or contracting universe.

Now that we know the form of the spatial metric, it is not difficult to write the general form of the
spacetime metric. We first extend to spacetime our definitions of spatial homogeneity and isotropy.
Definition: A spacetime is homogeneous and isotropic if

1. the spacetime is the union of a family of disjoint spacelike slices (3-dimensional surfaces);
2. for any two points P and () on the same slice X, there is an isometry that maps P to Q;

3. for any two unit vectors u® and v® tangent to X at a point P there is an isometry that keeps P
fixed and maps u® to v°.
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Corresponding to the three classes of homogeneous spaces with R > 0, R = 0, and R < 0 are the
three 6-dimensional isometry groups: the group O(3) of rotations of the 3-sphere, the Euclidean group
of rotations and translations of R?, and the Lorentz group (acting on the 3-dimensional hyperboloid).

We can use the vector field n® of unit normals to these surfaces to define a natural chart on the
spacetime. The integral curves of n® are a family of timelike trajectories parameterized by proper time
7. This preferred family of trajectories is called the Hubble flow.

Let >y be one of the homogeneous isotropic slices, and set 7 = 0 on . Spatial homogeneity means
that the 4-metric g, does not distinguish one point of >, from another. In particular, if one moves a
proper time 7 along the trajectories through any two points P and ) of ¥y, one reaches a slice with
the same value a(7) of the scale factor: Each homogeneous isotropic slice is the set of points at a fixed
proper time 7 from ¥y. Then, with 7 as our time coordinate, the scale factor is a function a(7), and we
can choose spacetime coordinates 7, x, #, ¢ for which the spacetime metric is given by

a®(7) (dx? + sin® xdQ?)
ds* = —dr* + ¢ (1) (d® + XPdP) = a*(7) (da” + dy® + d2?) (7.18)
a®(7) (dx? + sinh? ydQ?) .

We do this using the 6-dimensional group of spacetime isometries. First choose natural coordinates on
Yo. Next, use the trajectory through the origin on ¥, to define the origin (7,0, 0,0) on each slice >,
(on each 7 = constant surface). Finally use the isometry ¢ that maps (0,0, 0) to (0, x, 0, ¢) to assign
coordinates (7, , 0, ¢) to the point ¢(7,0,0,0). The spatial metric on each ¥, then has the form in
(7.18). Finally, because an isometry maps a trajectory orthogonal to X to a trajectory orthogonal to ¥,
the lines of constant x, 6, ¢ are the trajectories normal to the slices. Their tangent vector 9. is therefore
normal to Y, implying g,; = 0.

Metrics of the form (7.18]) are variously called Friedmann, Robertson-Walker, FRW, or FLRW met-
rics (the L for Lemaitre). They were first found by | Alexandr Friedmann in 1921 for the spherical case
and 1924 for the hyperbolic [48, 49] (translations). Lemaitre first pointed out that an expanding universe
implies Hubble’s law (1931 translation of 1927 article)[72].

Another way to write the family of homogeneous isotropic metrics is at least as common in the
literature as Eq. (7.18)): Introducing a radial coordinate r by

sin x, SR >0,
r=qx=V22+y?+2% *R=0,
sinh y, 3R <0,

immediately gives the metric in all three cases in the form

2

2 _ 2 2
ds® = —dt +a |:1——k7’2

+ rdeQ] . (7.19)

Exercise. Do the two-line calculation, replacing r in Eq.(7.19) by sin x and sinh y, to check this.

! After being ordained as a Catholic priest, Lemaitre was allowed to study at MIT, where he got his PhD. He apparently
didn’t know Friedmann’s work, independently obtained the positive-curvature metric, and found Eq. below for arbi-
trary amounts of pressure-free matter and radiation. He made the connection to Hubble’s law after visiting Hubble at Caltech
and Slipher at Arizona. Slipher had preceded Hubble and Humason in discovering the redshifts of galaxies, but not the
redshift-distance relation. Robertson [93] looked at solutions with general &, A, P and p.


https://cosmology.education/documents/friedmann_1922.pdf
https://articles.adsabs.harvard.edu/pdf/1931MNRAS..91..483L
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Finite or infinite?

It is evident that from this point of view many assertions concerning space made by
previous writers are no longer correct (e.g. that infinity of space is a consequence of
zero curvature) . . .

Felix Klein, 1893 Researches in Non-Euclidean Geometry p. 93.

The fact that flat R® and the 3-dimensional hyperboloid are spatially infinite, while the 3-sphere
is finite misleads people into thinking that non-positive spatial curvature implies an infinite universe.
Although Eq. gives all the homogeneous isotropic metrics, the metric does not determine the
large-scale topology.

Ten finite 3-manifolds allow flat metrics; a countably infinite collection of finite 3-dimensional man-
ifolds allow the hyperboloidal metrics of Eq. (7.18); and a countably infinite collection of finite 3-
dimensional manifolds have the spherical metrics of Eq. (7.18).

The more precise language that replaces finite manifold is compact manifold without boundary.

The simplest example is the flat torus. In 2-dimensions, identifying the opposite edges of a flat
rectangle gives a flat two-dimensional torus. This is the finite flat space of the video games Ms. PacMan
and Asteroids, in which the animations identify the left and right edges and the top and bottom edges of
the screen.

Figure 7.3: A flat torus is constructed by identifying opposite edges of a flat sheet. Identifying one pair
of edges gives a flat cylinder, shown here embedded in flat R?. Identifying the front and back circles of
the cylinder then gives a flat torus. There is no similar embedding of the flat torus in R3.

One similarly constructs a flat 3-torus by identifying opposite faces of a cube.

- |1

Figure 7.4: A flat 3-torus is a cube with opposite faces identified by translation. Figure from
lhttps://sites.nova.edu/mjl/graphics/spaced-out/3-tor1/|

i



https://babel.hathitrust.org/cgi/pt?id=wu.89041215435&seq=107
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You can regard the cube as the unit cell of a group of translations by a fixed distance d in the x, y, and
z directions, the symmetry group of a simple crystal. All finite 3-manifolds with locally homogeneous
isotropic metrics are obtained in a similar way: A discrete subgroup of the isometry group of S3, R3
or H? (the hyperboloid) maps a cell into a set of copies of itself that tile the space. And points of the
cell boundary related by an isometry in the subgroup are identified. This is Klein’s construction. (The
subgroup has to act freely for the construction to work: That is, no isometry in the subgroup except the
identity can fix a point of space.) E]

Several groups have studied the intriguing possibility that our universe might be much smaller than
that the visible universe, with the same galaxies seen repeatedly, as their light loops around the universe
(already suggested by Friedmann in 1924). The key observations, by the WMAP satellite, looked for
pairs of identical circles in different directions in the CMB data. The results were negative. See Luminet
2016[75]] for a summary of the circle method and references.

For non-technical descriptions of finite hyperbolic spaces and spherical spaces, see Jeffery Weeks’
Curved Spaces, Thurston and Weeks 1984.[131]] and Ellis and Williams [45] Sect. 7.7.

7.3 The field equations and their solutions

For metrics of the form (7.18)), the Ricci tensor splits into a sum of two terms: The first, computed
only from spatial derivatives, is the Ricci tensor of the spatial metric, already given by Egs. and
for the 3-dimensional sphere and hyperboloid. The second part, involves the time derivative of
the 3-metric along the unit normal V7 to the 7 = constant surfaces, the extrinsic curvature. If we write
the metrics in the form

Jas = —VQTVBT + Yas,

then we can regard v, as the spatial metric: Its 7 components vanish, v,5V?7 = 0, and its spatial
components are those of the spatial metric, ;; = g;;. The extrinsic curvature K3 is defined by

1
Ka,@ = §£V77a[37 (720)
whose nonzero components are
1 a
Kij = =507 = — i (7.21)

where () := L.

The initial-value formalism detailed in Chap. [§] takes the 3-metric and its time derivative — the
extrinsic curvature— as initial data for the vacuum field equations. The quick calculations here do not
need that more elaborate study, but it is worth pointing out that the split of the curvature tensor holds for
a generic spacetime and underlies the initial-value formalism.

2More technically, each compact 3-manifold with locally homogeneous isotropic metric is a quotient space M /G where
M is S3,R3 or H? and G is a finite subgroup of the isometry group, with G acting freely on M.


https://arxiv.org/abs/1601.03884
https://arxiv.org/abs/1601.03884
https://www.geometrygames.org/CurvedSpaces/index.html
https://www.geometrygames.org/CurvedSpaces/index.html
https://static.scientificamerican.com/sciam/cache/file/DE663036-FFFB-4E81-B2F068C08A2BBBDA.pdf
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Figure 7.5: Two embeddings of a flat surface in R®, with unit normals shown. The extrinsic curvature
measures the rate of change of the unit normal n® in directions tangent to the surface. Dragging the
surface along the normal by a distance ds gives a new surface whose fractional increase in volume,
induced by the flat metric of R?, is given by V,n? ds.

7.3.1 Spatially flat

We begin with the simplest case, a spatially flat metric. A nearly flat spatial metric is is also favored by
current observations. For the spatially flat cosmology, with metric

ds* = —dr? + a®(7)(dx® + dy* + dz?),

the intrinsic curvature vanishes, and the curvature tensor involves only the extrinsic curvature K3, and
its time derivative, i.e., only a, @ and a. The nonzero metric derivatives and ["’s are

ga:a: = gyy = gzz - 2@&,
[Tpe =T, =17, =aq %, =TY, =T, =2, (7.22)
a
Quick exercise. Use the definition (7.20) of /&3 to check Eq. (7.21]) and the relation

Again using Eq. (4.13b) for components of R,z and writing log /—¢g = 3 log a, we have

R, = —&log /=g — 3(I%,,)% = —32, (7.23a)
a
.. .. -2 .. -2
R,=3%  R,=2422  R=R.4+3R", =6 (9 + a—Q) . (7.23b)
a a a a a

Clusters of galaxies (including dark matter) move with the Hubble flow: with velocity u = 0,
orthogonal to the flat slices. We approximate the large-scale average of the stress-energy tensor as a



CHAPTER 7. COSMOLOGY FROM A TO B 252

perfect fluid. Then (u*) = (1,0,0,0), and the two independent field equations are

2

G,r = 87T, : 3% = 8mp (7.24a)
a
' :

R, =8n(T7, = 5T) ; 32 = —4r(p + 3P). (7.24b)
a

At times when dark energy is negligible and matter dominates, we can model the matter as dust:

P=0
aQ
3; = 8mp (7.25a)

3¢ = 4. (7.25b)
a

Conservation of mass for dust, u, VT = —V(pu”) = 0 implies

pa3 = constant. (7.26)

Because of the contracted Bianchi identity, these three equations are redundant: Eq. (7.26) together with
a 7 derivative of (a*x (7.23a))) implies (7.23b).

Write the conserved mass inside a ball of radius a as

~ 4
M = §7Tpa3. (7.27)
Eq. then has the form N
.9 2M
a” = —,
a
with the expanding solution
—\ 1/3
IM
a(t) = <2> T2/3, (7.28)

The corresponding contracting solution is equivalent to the interior of a collapsing ball of dust with
E =1 (ey = 0): The geometries and the dust trajectories are the same. For the ball of dust, we found

r(r) = <2M) = .

To make the identification, first change collapsing to expanding (—7 — 7) and take 75 = 0.
Next choose spheres of the same area about » = 0 and about z = y = z = 0 to relate r to a,

[r(7)]? = [al(r) *(=* + " + 2%).

~ 4
Finally, pick some value of 22 + 2+ 22 —we’ll arbitrarily pick 2% + % + 2% = 1, to identify M = 57‘('@3 P

4
with M = —7r3p. The interior of a uniform ball of collapsing dust is thus identical in its geometry and

dust trajectories to the interior of a sphere of the same area in the cosmological solution.
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7.3.2 Nonzero spatial curvature
Positive spatial curvature

We have already computed the intrinsic and extrinsic contributions to the Ricci tensor 1,43 of the
metric

ds® = —d7* 4 a®(7)(dx? + sin? xdQ?).

The intrinsic Ricci tensor is the Ricci tensor of the 3-sphere of radius a. The contribution to R,z
from the extrinsic curvature is unchanged from the spatially flat case: It is just the Ricci tensor (7.23b))
of the spatially flat cosmology.

To see that the Ricci tensor splits in this way, first note the split of log \/—g¢ into a term involving
spatial coordinates and a term involving 7:

log v/—g = log(sin® x sin @) + 3log a.

Next, a quick check shows that the only nonzero I'’s are the 3-sphere I";;, from spatial derivatives of
the metric, and the I'";;, I}, of the spatially flat cosmology, given by Eq. (7.22). Then, in Eq. (4.13b)
for I2,,,, the terms coming from the intrinsic curvature (spatial derivatives of the 3-metric) and from the
extrinsic curvature (derivatives of a(7)) separate, as claimed, and we have

R,,, = Ricci tensor ([7.14) + Ricci tensor (7.23b)
Ry = ai +2a* + 2

i a2 .
.. .. .2 6
R,=3% R=6%+6—+— (7.29)
a a a® a
1 123
Grr= R+ -R=3% 42 (7.30)
2 a’>  a®
The field equations are now
1 a
R, =8n(T", — §T) : 3— = —4n(p+3P) (7.31a)
a
a3
Gyr = 87T, : 3% + = = 8mp. (7.31b)
a?  a

They give the cycloidal behavior of the surface of a collapsing ball of dust with £/ < 1 (ey <0).

r=0 218 oM 4
a T — 3
ate T3 My

a(n) = M(1 — cosn)
7(n) = M(n — sinn)

Again identify the solution with that of collapsing dust by reversing time,  — m — 7, and identifying
spheres of of the same area.
Negative spatial curvature.
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We have looked at the negative curvature analog of the unit 3-sphere in The analog
of the 3-sphere of radius a is the hyperboloid at proper time a from the origin of Minkowski space, the

spacelike 3-surface given by

2?4y 422 = .

The Minkowski metric induces on the hyperboloid the positive-definite homogeneous, isotropic metric
ds* = a®[dx* + sinh® xdQ?],

where x = asinh x sin 6 cos ¢ y = asinh y sin fsin ¢

2z = asinh y cos t =acoshy.

The only difference in R, from that of the 3-sphere comes from changing sin x to sinh  in the metric,
which gives a sign change in the spatial Ricci tensor:

Ry = —8)2( log sinh? x — 2 coth? y = —2
2 6

a? a?’

3Rab — 61()1 SR —

For the Ricci tensor of the corresponding spacetime metric, only the sign of intrinsic curvature
changes. The extrinsic curvature is that of the flat and positively curved cases, and the field equations
are (with the sign change in red)

X )
R =8n(T7, = 5T) ; 3% = —4n(p + 3P) (7.32a)
a

Grr =80T, : 3——— =8mp. (7.32b)

a1 8T 2M
2 @ 3773
a(n) = M(coshn — 1)

7(n) = M(sinhn —n)

These equations describe a universe that expands forever. For the corresponding ball of dust, the
velocity of each dust particle is greater than its escape velocity.

Summary

Write
k:=0,£1, for flat space, positive curvature, and negative curvature, respectively. (7.33)

The field equations for a homogeneous isotropic cosmology then have the form

_ _gﬂ(p +3P) (7.34a)

i
a

a> k87
A 7.34b
23" ( )

a?

4
P = 0, matter dominated cosmology. M := gwa?’ p:
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To have a common set of spherical coordinates for all values of k, we will write the flat spatial metric
as do? + dy? + dz? = dx® + x2dQ?, where x? = 22 + y? + 22
Spatially flat, £ = 0:
ds* = —d7* + a®(7)(dx* + x*dQ?)

Vi 1/3
a(7’)-<92> 723 (7.35)

Positive curvature, k = 1:
ds* = —d7r* + a®[dx* + sin? x(d6? + sin®0 d¢?) |

a(n) = M(1—cosn) 7(n) = M(n —sinn) . (7.36)
Negative curvature, k = —1:
ds® = —d7* 4 a®[dx* + sinh® x(d6? + sin® §d¢?) |
a(n) = M(COShU —-1) 7(n) = M(sinhn —-n). (7.37)

Because the present universe is nearly spatially flat, Eq. is a good approximation for the matter
dominated epoch; it is the small-n approximation of a(7) in Egs.(7.36) and (7.37).

For a spatially flat cosmology, multiplying the scale factor by a constant, C', gives the same metric
components as changing the coordinates from (z,y, z) to (Z,y, z) with x = Cz, y = Cy, z = CZ. By
arbitrarily choosing a present value ag of the scale factor, say ayg = 1 Mpc, one is assigning a 1 Mpc
proper distance to a coordinate distance Az = 1. The value of a(7) at any other time is then the
distance in Mpc associated with unit coordinate distance. With this assignment of a(, two objects that
are at present 1 Mpc apart and follow the Hubble flow are separated by a distance a(7) in Mpc at any
other time 7.

When the spatial curvature is nonzero, a is not arbitrary because a is related to the scalar curvature
by >R = 6k/a®. But the present universe is too close to flat to measure °R or know its sign (given
current uncertainty in the average density), so in practice one can set k = 0, pick a unit of length, and
take ap = 1. Equivalently, one simply uses the variable a : a/ay.

The matter-dominated solutions with positive curvature recontract, the corresponding finite ball of
dust expanding with less than the escape velocity. Solutions with negative curvature expand forever, and
the corresponding dust ball expands faster than its escape velocity.

7.3.3 Solutions with radiation and a cosmological constant
Radiation: photons, gravitons, and highly relativistic massive particles

The pressure of gas of photons or highly relativistic particles satisfies P = %p. This follows from
the general expression for the pressure of an ideal gas of particles with number density 7, momentum p

and speed U,EI

1
P = gnpv, (7.38)

3The force needed to keep the matter on one side of a cut of area A is the force on an area A of a box that holds the gas.
Particles with v,, > 0 hit the right wall of the box in a time ¢ if they are within distance v, ¢ of the wall, hence within a volume
Awv,t. When they bounce off the wall, they transfer momentum 2p,.v,.. Because half the particles in the volume have v, > 0,
the total momentum transferred is nAt(vypy ). Using (vzps) = 3 (Vapa + vypy + v2p2) = 5 (pv) gives P = Ln(pv).
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using v = 1, £ = p, p = nE. (Alternatively, use the relation 7, = —p + 3P, together with the fact
that the stress-energy tensor (I.131) of the electromagnetic field is tracefree.)

The CMB is a gas of photons filling the universe, its extreme homogeneity and isotropy defining
the preferred spacelike slices and the corresponding normal trajectories of observers moving with the
Hubble flow. To these observers, the gas of photons is at rest. So, like the clusters of galaxies but with
much greater accuracy, it is a fluid that moves with the Hubble flow,

As the universe expands, the number of photons in a comoving volume V' stays constant, once the
universe is sparse enough that the photons don’t interact with matter. The energy density p,. of radiation

is given by N
pr= 17 hw) (7.39)

with (w) the average photon frequency and N the number of photons in the volume V. We show in
Sect. [7.4]below that light traveling across the universe is redshifted, its wavelength increasing from A to
A in tandem with the the size of the universe:

N=r A, where r is the ratio r = —. (7.40)

SISV

A comoving volume changes from V' to V = r3V, while the frequency of each photon changes from w
to W = w/r. Eq. (7.39), with N = N, then implies that the density of radiation is proportional to a~*:

pTa4 = constant . (7.41)

One additional comment before we use this relation to find solutions to the field equations for radi-
ation: The initial blackbody spectrum of the CMB is the result of thermal equilibrium of the radiation
and matter prior to the decoupling of photons from baryonic matter as the universe expands and cools.
Implicit in many discussions of the CMB is that it retains a blackbody spectrum, with its temperature
proportional to 1/a. To see that this is true, recall that the blackbody spectrum has the following form
for the energy dE' of photons in the frequency range dw and in a box of volume V' (see, e.g., Feynman
v. I, Chap. 41[47])

huw?dw 1
dE(w) =V 35 T 1 (7.42)
with corresponding number d/N of photons in this frequency range given by
dF 2d 1
iN == —y 22 (7.43)

hew m2e3 efw/kT — 1"

At a later time, the same number of photons occupy a box of size V. Using V' = 1% /T3, w = rl, we
have

~ w?dw 1
AN =dN =V 1203 ehw/kT _ |
VIORtdn 1
T 3 203 erho/kT _ | (7.44)
a blackbody distribution at temperature
~ T
T===1% (7.45)
r a


https://www.feynmanlectures.caltech.edu/I_41.html
https://www.feynmanlectures.caltech.edu/I_41.html
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Radiation dominated solutions

a> k  8m
Starting from — +— = 5 p, we easily obtain a(7) for a radiation dominated universe with & = +1.
a’? a

8
With C' := %pa‘l,

- 97 1/2
-
a=+C 1—(1—— . k=1 (7.46a)
)
a = (40412 k=0 (7.46b)

- ~11/2

2
a=+vC (1+%) 1 k=1 (7.46¢)

Check of solutions fork =1and k = 0.

k=1: @ k8« C
E.

a a

Writing u = a? gives
W + du = 4C
Y du
=21 = -2/ —u+2V/C =2
/0 o=y T u 4+ T
?=u=0C—(C-r1)?

(5%

1/2

s

2
]CZOZ %:%:}ad:\/c
a a
1 2

30 = VO T = a=(4C)Y4/7.

Note: All of the radiative solutions ([7.46)) have the same small-7 behavior
a= (40472 all k, with 7 < V. (7.47)
This is the relevant solution during the radiation-dominated epoch of the early universe.

A dominated solutions

In the standard ACDM cosmology, a period of rapid inflation, mimicking a cosmological constant
A > 0, precedes the radiation-dominated epoch. It’s easier to discuss the way this model accounts for
successive epochs of our universe after we have the solution with nonzero A in hand, so that discussion
is relegated to Sect.

The great surprise in cosmology of the last quarter century was the discovery that a nonzero A is
not confined to the very early universe: The expansion of the universe is accelerating Riess et al.’98,


https://arxiv.org/pdf/astro-ph/9805201.pdf
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Perlmutter et al.99. [94, 86] The acceleration, apparent over the last 4 billion years, matches that of a
cosmological constant, A, with

Gap = 81T op — Ngup- (7.48)
Now this is exactly the field equation that would result from a stress energy tensor 7,3 + T o3, Where
1
Thap = ——Agas.
Aap S Jap

From the relation,
_Aga,B = Auauﬁ - AQOc/Ba
we have
1 1

8T 8T
Then a cosmological constant is equivalent to a homogeneous, isotropic fluid with stress-energy tensor,
density and and pressure given by Eq.(7.49).

pa 1s called dark energy or vacuum energy. The latter term reflects the fact that a scalar field ® in
its ground state has a stress-energy tensor of exactly this form: That is, if ® has a nonzero value for
the ground state of a potential V' (®), the vacuum expectation value of its stress-energy tensor mimics
the contribution to the field equation of a cosmological constant. The discovery of a Higgs particle
confirmed the existence of at least one fundamental scalar field. In the the standard model of particle
physics, couplings to the stationary vacuum expectation values of these fields give mass to the other
particles.

Trap = patiatp + Pqop, where py = —A, Py=-——A. (7.49)

In ACDM cosmology, pj is about 70% of the total density of the present universe, from observations
of the universe’s acceleration using type IA supernovae as standard candles, together with observations
of the cosmic microwave background. In the very early universe, its assumed value was much larger,
leading to a deSitter geometry, a homogeneous, isotropic solution to G5 = —Agag.

The pure A solutions satisfy

1
§+E:§A’ k=0,%+1. (7.50)

deSitter space: A > 0.
The solutions are easy to find.

a—Q—é:>i(lo a)—\/E
2 3 T Ve

a(T) =« Vi 7, « an arbitrary constant (7.51)
ds® = —dr? + a®eVil T (dz® + dy* + d2?).
k = 1 (DeSitter[40] found this first.)

a(r) = \/E cosh <\/§ r> (7.52)

ds? = —dr? + d* [d}(2 + sin? XdQQ] .

k=0


https://arxiv.org/pdf/astro-ph/9812133.pdf
https://dwc.knaw.nl/DL/publications/PU00012455.pdf
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Notice that the scale factor a¢ has a minimum value in this solution.

Check: For a = \/%cosh (\/§T>,
NS
a
1

a2

a—2+ = 3 (tanhZ\/—T—i-sech \/> )
_A 4
3
k=-—1
a2 1 1
Z A
a2 a? 3

a(t) = \/%Sinh (\/g 7') (7.53)

ds* = —dr* + a® (dX2 + sinh? XdQQ)

For completeness:
A < 0 anti-deSitter (also found by deSitter,[41]] and published the next year).

This is a spatially infinite universe that recontracts.
p = pa < 0. The field equation (7.50) then implies k = —

a= k2 sin |£| T
VA 3
ds® = —dr* + d* (dx2 + sinh? XdQ2) :

The way we have written the deSitter solutions uses a slicing in which the universe is expanding or

contracting. It hides a key feature:
The entire 4-dimensional deSitter spacetime is invariant under the 5-dimensional Lorentz group.

The geometry at each point of the spacetime is identical to the geometry at every other point! This
maximal symmetry is implied by the Lorentz invariance of Eq. (7.54) below.

Exercise 89. Consider the unit timelike hyperboloid in 5-dimensional Minkowski space:
Nop X XP = —T* + W? + X? 4+ Y2+ 72 =1, (7.54)

Show that the metric on the hyperboloid is given by
ds® = —dr* + o” cosh®(1/a) (dx® + sin® xdQ?)

agreeing with the deSitter metric for o> = 3/A. where
T = asinh(7/a) W = acosh(7/a) cos x
X = acosh(1/a)sin x sin 6 cos ¢ Y = acosh(7/a) sin y sin 6 sin ¢

Z = accosh(T/a)sin x cos 6.


https://dwc.knaw.nl/DL/publications/PU00012216.pdf
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Figure 7.6: The deSitter spacetime as a submanifold of Minkowski space, shown here with one dimen-
sion suppressed. Boosting the horizontal blue circle gives the tilted blue circle with the same radius,
each corresponding to a 2-sphere of minimal radius. An isometry (boost composed with rotation) maps
any point of deSitter space to any other point.

7.3.4 H, ), recollapse or exponential expansion

In the matter dominated solutions of Eqs. (7.35)-(7.37)), we found that the criterion for recollapse was
equivalent to requiring that the velocity of particles in the corresponding finite ball of dust was less than
the escape velocity,

, 2M 8t

a® < — = —pa”. (7.55)
a 3
The Hubble parameter (or “Hubble constant”) H is the fractional rate of expansion,
H = g.
a
Written in terms of H, the criterion (7.53]) is
8
H? < ?ﬂp. (7.56)

For the P = 0 models, the inequality is satisfied when the spatial scalar curvature is positive, °R > 0.
For a universe with nonzero P and A, we will see that the inequality again governs the sign of
the scalar curvature (as is the case in the radiation-dominated and A-dominated solutions above). But
for nonzero A, the link to collapse is gone: A positive constant value of A prevents recollapse.
The G, = 87T, equation has the form
a> k8«

? + ; = ?p, (7.57)

independent of P, where the density p is a sum
P = Pm + pr+pa (7.58)

of contributions p,, from pressure-free matter, p, from radiation (including relativistic particles) and
from A. A density parameter €) is defined as the ratio

8w p
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3
Critical values of pand Q: Q. =1, p. = 8—H2. Dividing Eq. (7.57) by H? gives
T

k

Q-1= .

(7.60)

Then

Q>1=k=1 positive spatial curvature
Q=1=k=0 zero spatial curvature

0 < 1= k= —1 negative spatial curvature.
The present value H, of H (uncertainties are discussed in Sect. is
Hy ~ 70 km/s/Mpc = 2.3 x 107871, (7.61)

implying for the critical density a value

3 _
Pe = %Hg =9 x 107"g/cm®. (7.62)
The matter density p,,, of galaxies and clusters and the density p, of radiation decrease as a increases,
with pa? — 0 as a — oo. If p behaves in this way, then Eq. (7.57) in the form,

a? = —k+ s pa’,
3

again links the sign of the curvature to recollapse: For k = 1, a goes through zero at some value a,ax
of the scale factor, and the universe recollapses; for £ = 0 and £ = —1, a is never zero and the universe
expands forever.

For a constant A > 0, however, pa? increases with increasing a, once the matter and radiation contri-
butions to p are small. In this A-dominated epoch A not only prevents recollapse, it forces the expansion
of the universe to accelerate, independent of the sign of the scalar curvature or the present value of €.

The ACDM model, with parameters set by observation is also called the Benchmark Model or Stan-
dard Model of cosmology; in this model, the present universe is flat ({2 = 1), and parameters have the
valued

Q,, =0.31 cold dark matter and baryonic matter (7.63a)
Q, =9.0x107° photons and neutrinos (7.63b)
Qx =0.69 (7.63c¢)

(See, e.g., Ryden’s 2017 Introduction to Cosmology[99] or Ryden’s 2006 version, or Turner’s Road to
Precision Cosmology.[128]]) Gravitational waves also contribute to p,, but at a density small compared

“The value of each 2 depends on the present value of the Hubble parameter. Table 6 of the Planck collaboration’s 2020
summary gives {0, = Qi baryon + i dark, With

Qi baryonh? = 0.02242 £ 0.00014
Qi darkh® = 0.11933 £ 0.00091,

where h := H/(100 km/s/Mpc). The observed spatial flatness implies 24 = 1 — €2,,, with uncertainty of about 1%.


http://carina.fcaglp.unlp.edu.ar/extragalactica/Bibliografia/Ryden_IntroCosmo.pdf
https://arxiv.org/pdf/2201.04741.pdf
https://arxiv.org/pdf/2201.04741.pdf
https://www.aanda.org/articles/aa/pdf/2020/09/aa33880-18.pdf
https://www.aanda.org/articles/aa/pdf/2020/09/aa33880-18.pdf
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to that of photons and neutrinos in the Benchmark Model. The present value of €2 = €2,,, + €2, 4+ Q4 is
then surprisingly close to its critical value:

10— 1| < 0.01, (7.64)

implying a universe whose large-scale spatial curvature is nearly zero.
The evolution of the universe for a mix of pressure-free matter, radiation, and vacuum energy is
governed by Eq. (7.57) with p = p,,, + p, + pa. Using p,, x a3, p, < a=*, pp = constant, we have

3 4
o= () 10 (2) o
a a

3
where €2,,,, €0, and €2, denote present values. Setting a := i, T = Hyr, we write the field equation in
Qo
the form )
da Q. Q .
—g = — + =+ QACLQ, (7'65)
dr a a?

an energy-conservation equation with a negative effective potential that blows up as —1/a? for small a
in the radiation-dominated epoch and and blows up as —a? for large a in the late A-dominated epoch.
Eq. immediately gives 7 = 7(a) as the integral
~ /ﬁ da
T = — — —.
0o VOna T+ Qa2+ Qa2

Without doing the integral, we can easily estimate the time at which the universe changed from matter-
dominated to A-dominated and find the redshift before which it was radiation-dominated.

(7.66)

Exercise 90.

a. Estimate a = a/aq, at the time the universe changed from matter-dominated to A-dominated;
from a, estimate how long ago that was.

b. Estimate a = a/ay at the time the universe changed from radiation-dominated to to matter-
dominated. Find the corresponding redshift, z = ag/a — 1.

Solution. From Eq. (7.61)),
Hy' = 4.4 x10's = 1.4 x 10"%r. (7.67)

a. Because (2, is negligible compared to €,,, and €2, the change from matter- to A-dominated occurred
when

Q. N N 0, \ 3
= MW\G” = Upep = (—) = 0.77. (7.68)
a QA
d
Z @) = H~ Hy = In 2 ~ HyAr
dr a
0.27
AT~ —— = 3.8 x 10%yr. (7.69)
Hy
b. When radiation and matter had comparable densities, py was negligible. Then
Qn ~ Q, _
= = ey = —— =29 x 107 (7.70)
a a? Qn
p=2 1 =34x10%

a
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The actual value is close: z = 3.6 x 103.

The value (7.67)) of H, ' estimates the age of the universe by mechanically running a back from its
present value ag to 0, using the constant value H, for a/a: 79 = ag/ay = H, 1 — 14 billion years,
remarkably close to the 13.8 billion years of the Benchmark Model.

A universe dominated at late times by a positive A expands forever, but the real fate of the universe
is unclear for many reasons. Here are a few:
If the value of A is the vacuum energy density of a Higgs field, the potential governing the field may
change, giving rise to a new value of A that could be zero or possibly negative.[91]

In the causal-set approach to quantum gravity, A emerges as a fundamental quantity that fluctuates and
can again have any sign; that approach predicted a value of |A| of order the actual value decades before
it was observed.[[114, (115, 1]

The universe may be vastly larger than the visible universe (as is the case in the Benchmark Model of
cosmology with rapid early inflation), and a universe much larger than the part that has inflated could
look entirely different from the part of the universe we observe, leading to collapse on a timescale that
is much longer than 1/Hj and that is not related to the local value of A.

7.4 Conformal time 7, conformal Killing vector, and redshift

We have written the the spatially homogeneous isotropic metrics in terms of the proper time 7 of
observers moving with the Hubble flow,

ds® = —dr? + a?de?. (7.71)

Because the scale factor is a function only of 7, one can define a conformal time 7 by

dp _ 1 _/Td_f’
dr  a’ = a(r’)

With 7 replacing 7 and the unit 3-metrics denoted by d/?, the spacetime metrics take the form
ds* = a*(n)(—dn* + d(?), (7.72)

where the spatial metric d¢? is the the metric of the unit sphere, unit hyperboloid, or flat space.
The time coordinate 7 here is the same 7 that appeared in our matter-dominated solutions with
k= +1:

ds* = —dr? + a®[dx? + sin® x(d6? + sin?0 dp?) |

a(n) = M(1 — cosn)
(1) = M(n = siny)
and
ds* = —d7* + a®[dx? + sinh? y(d6? + sin® 0d¢?) |
a(n) = M(COShT] - 1)

7(n) = M(sinhn —n),
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In these solutions, 7 already satisfies

dr = adn
ds® = a®(—dn® + di?).

Definition: Two metrics g,3 and g, are conformal to each other if there is a nonzero scalar field a for
which g,5 = a*g,s. The quantity a? is called a conformal factor.

Conformal Killing vector

If £ is a Killing vector of gz, then

Legas = Le(a®)gas = Gﬁga) Jas-
A vector field for which L¢g,3 = f gap is a conformal Killing vector.
Claim: If £% is a conformal Killing vector, £,£® is conserved along null geodesics.
Proof:
kfﬁVﬁ(k)afa) = k“kﬁv(ﬁga> = %ko‘kﬁf Jas
=0.

Cosmological redshift

For the metrics
ds* = a*(n)(—dn® + d*),
n® = 8, is a conformal Killing vector because the only dependence on 7 is in the conformal factor a?.

1
Then k,, = k,n® is conserved. An observer moving with the Hubble flow has velocity u® = 8, = —n®.
a

For light traveling from A to B, the frequency measured by these observers is then

wa = —ku*(A) = —ikana

aa
1
(0%
wp = ——kun
ap
wpB A
wa ap

For galaxies moving with the Hubble flow, this had better agree with the usual Doppler shift if the
distance d between galaxies is short enough that we can work in a local inertial frame and ignore the
spacetime curvature. In particular, assume that during the light travel time 75 — 74, the change in d is
small compared to d — that the relative velocity is nonrelativistic.

To recover the nonrelativistic Doppler shift in this approximation, we first show the following exact
relation.

Claim: For galaxies whose relative motion tracks the expansion,

v = Hd, (7.73)
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where d is the proper distance between the galaxies and v is their relative velocity, the rate of change of
their proper distance; here d, v and H are all evaluated at the same time 7.

Proof. Given two galaxies, we can orient the coordinates so they have the same values of # and ¢ and
differ only in y, and we can take one galaxy to be at the origin. At fixed 7,

ds = ady,

for the 3-sphere, flat space, or the 3-hyperboloid. Galaxies following the Hubble flow stay at the same
value of the spatial coordinates , 6, ¢, so the proper distance between the galaxies is just

d=ay.
The relative velocity, the rate of change of proper distance, is

d )
v=22 =2 ax = Hd,
dr a
as claimed. [
For nearby galaxies, the times 74 and 75 at which a light ray passes galaxies A and B are related by

d =~ T — T4. Within this short-distance approximation, we have

CLB:QA—F(.Z(TB—TA):(IA—Fad

1+-=2_1,.%
aa a
z=Hd=w. (7.74)

The Hubble parameter H has dimension 1/7", and 1/H is approximately the age of the universe. So
the condition that Hubble’s law hold is that the light-travel time between galaxies be short com-
pared to the age of the universe or, equivalently, that the distance between galaxies be short compared
to the size of the visible universe. For distances of order 1/H, there is no obvious way to identify the
cosmological redshift with a relativistic Doppler shiftE]

Conformal invariance of the light cones

Conformally related metrics g.s and g, have the same light-cone structure: Whether a vector is
null, spacelike, or timelike is unchanged when g, is multiplied by a positive scalar a*:

>0 >0
Gopt™’{ =0 = a’gapv™0’ { =0
<0 <0

A much stronger statement is also true:
When there is no source (when 7 = (), Maxwell’s equations are conformally invariant. That is, if a
covariant tensor F, g satisfies Maxwell’s equations for g.gs, it satisfies them for a conformally related

metric g,3. The short proof is given before

3As Bunn and Hogg point out, you can think of light traveling past a set of observers that move with the Hubble flow,
with the distance between successive observers small compared to 1/H. Then the cosmological redshift between successive
observers can be naturally viewed as a Doppler shift, so the long-distance cosmological redshift can in this way be regarded
as a succession of local Doppler shifts.



https://blog.richmond.edu/physicsbunn/files/2009/03/doppler.pdf
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The horizon problem and arguments for early inflation

Conformal invariance means that the light cones of the cosmological metrics are the same as the
light cones of the static metrics —dn* + df?. In a spacetime diagram with coordinates 7, y, the light
cones are at 45°, as in a Kruskal diagram. The diagram shows the following difficulty with the observed
homogeneity and isotropy of the universe, called the horizon problem: CMB light reaching an observer
from two opposite directions last interacted with matter at points P and () whose past light cones are
disjoint. No information from the initial conditions near a = 0 that determine the geometry and matter
distribution at P can reach (). So why is it that these unrelated regions have the same temperature?

Here’s a more formal treatment. The past light cones of P and () will be disjoint if the coordinate
distance 2y between P and () is larger than the maximum coordinate diameter 2 of their light cones,
the diameter at a = 0.

O now

T2

X2 light and matter decouple

X1 =10 X1 |

Figure 7.7: CMB photons reaching an observer O from opposite directions come from parts of the
universe that were never in causal contact if the early universe was radiation dominated. The diagram
shows the past light cones of the observer and of points P and () at the time of decoupling, points at
which the photons last interacted with matter before reaching O.

Claim: If the early universe is radiation dominated, % < 1L
2

Check. We look at null rays with dy = dn. The distance P(Q) is the diameter of the past light cone
extending from an observer at time 7y to points P and @) at the time 7, of decoupling of light from
matter. To make the calculation easy, we underestimate the radius o by restricting the expansion to
the time of matter domination, starting from the transition from radiation to matter dominance (slightly
after decoupling) and ending at the scale factor a,,-, of the matter-A transition. We’ll use Egs.
and for the dimensionless scale factors @,-,, and a,,- at the two transition times.

To find the coordinate radius s of the past light cone from a point O at the matter-A transition time,
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use Eq. for the matter-dominated epoch prior to the transition:

J p dr 1 dr 1 da
X = n_a—aoHoa—Hoao\/m

1 Am=A d'v —
X2 = [ dx = - Qr-m
? / Hoaox/_m Grmm \/_ HOCLO\/_ \/ A \/ )

2 -
> -
Hyay Qn

The maximum coordinate radius y; of the past light cone of a point P at decoupling is smaller than
the maximum coordinate radius of the past light cone from a point at the the radiation-matter transition
time: For radiation-dominance, Eq. implies

1 dr 1

d - - = C[V
X Hoao a H()CLQ\/ ¢

arm

Qr-m

= Hoaov / Hoaov Qr'

x1 1 [Qn Gpp 1/641/2y—2/3
Al 2 = —Q Q<0 =0.01 0J
X2 2 Qr \/ Zim—A 2 A ! "

Because the past light cones of P and () are disjoint if the very early universe is radiation-dominated,
there is no reason why light reaching an observer from P and () should have the same temperature. The
reader may object to a calculation that extrapolates the the universe back to a = 0 when the density
is infinite and classical general relativity is no longer valid. The same problem is present, however, if
we look at initial conditions near the Planck time, when fluctuations in the metric should be large and
uncorrelated in the past light cones of P and Q).

Early inflation offers one solution to the mystery. For a A-dominated early universe, the scale factor
increases exponentially. Regions that are now far apart were close and in causal contact in the early
universe. In particular, for an early universe that begins to be A-dominated when @ = a,, Eq. (7.63),
with (2, replaced by its early-universe value €2, ., gives

1dT 1 da

H0a0 (l - H()CLO\/QAE?
1 1

ar HOGO\/QAE aj

where we have assumed that the value of a at the end of inflation is large compared to its starting value
ax. Then y; is proportional to 1/a, and is much larger than .

dx =

(7.75)

A second argument for inflation is called the flatness problem. We have seen in Eq. that,
measured by the difference |1 — 2|, the average density, p = p,, + p, + pa, is nearly equal to the critical
density p.. That means that the present universe is nearly spatially flat, with a radius of spatial curvature
much larger than the visible universe. This coincidence has a more extreme form in the early universe:
As the universe expands, the departure from critical density increases. Unless p was excruciatingly close
to critical density at early times, either {2 would now be much smaller than its observed value near 1 or
the universe would have quickly collapsed, never surviving to its present time.
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To see why |1 — 2| is much smaller in the early universe, it is helpful to understand its meaning as
a ratio of spatial (intrinsic) curvature, involving spatial derivatives of the metric, to extrinsic curvature,
involving the time derivative a/a. The radius of spatial curvature is of order a, while the radius of
extrinsic curvature is of order a/a ~ 7, for the power law behavior a 72/3 and a o 72 of the
the matter-dominated and radiation dominated epochs (Eqs.(7.33) and (7.47))). Because the ratio 7/a
increases as the universe expands, the ratio of spatial curvature to extrinsic curvature increases during
the radiation- and matter-dominated epochs.

Here’s a more formal version: From Eqgs. (7.31b)), (7.32b)), and (7.21), the ratio of contributions of

spatial curvature and extrinsic curvature to G, is
1 °R k/a? k

- = = —=0Q-1. 7.76
YKk (ajaP @ (7.76)

Then
Q) — 1  a, matter-dominated, € — 1  a?, radiation-dominated.

At the radiation-matter transition, d,-,, = 2.9 x 1074, implying Q2 — 1 < 3 x 1075, with a vastly smaller
value at earlier, radiation-dominated times.

Early inflation gives an explanation for the extraordinary early-time flatness:
For a o eV,

decreasing exponentially. This behavior would, for example, allow spatial and temporal derivatives of
the metric to be of the same order at Planck time, with a radius of curvature of order 1/¢3,, ., consistent
with quantum fluctuations of order unity on scales of order {pj, .

7.5 Using gravitational waves to measure

Late-universe measurements of H, conflict with early-universe measurements from the cosmic mi-
crowave background at z ~ 1100. The early-universe measurements of the cosmic microwave back-
ground by the WMAP, and Planck satellites give

Hy = 69.32 + 0.80 km/s/Mpc and Hy = 67.66 & 0.42km/s/Mpc, (7.77)

respectively.[19, 87] Here H is not directly measured; its value relies on the ACDM model, whose six
parameters fit with high precision the cosmological data.

In contrast, on the astrophysical side, the SHyES collaboration uses the brightness of type la super-
novae (SNe Ia) as standard candles and finds the larger value

Hy = 74.03 £ 1.42 km/s/Mpc.

This measurement rests on the Leavitt relation between period and luminosity of Cepheid variables, now
found directly by parallax and by geometrical determination of distance to the Large Magellanic Cloud.
Independent ways to determine H include water maser lines in imaged thin disks about galactic black
holes, which give a value 73.9+ 3.0 km/s/Mpc; and measurements of time delays of different images
from the same multiply-imaged quasar giving 73.3715. The Hubble tension, the discrepancy between
the early- and late-universe values, is now above 4¢. E]

®However, a recent late-universe measurement by the Carnegie-Chicago Hubble Project calibrates Type Ia Sne by the
brightness and luminosity of the tip of the red-giant sequence, finding Hy = 69.8 + 0.8(statistical) & 1.7(systematic)
km/s/Mpc.


https://iopscience.iop.org/article/10.1088/0067-0049/208/2/20/meta
https://arxiv.org/abs/1807.06205
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The key question is whether the discrepancy indicates new physics beyond the ACDM model or is
due to unknown systematic errors. In 1986, Schutz[102] pointed out that the binary-inspiral waveform
could be used to give an independent measure of H, if one could identify a host galaxy with measured
redshift. Remarkably, the first observed inspiral waveform of a binary neutron star system gave exactly
that measurement.

The relation is derived as follows. The distance D to the binary is given in terms of three waveform
observables, the frequency wi, its first time derivative, w and its amplitude . At lowest post-Newtonian
order, three equations relate these quantities to D:

I. The radiation is quadrupole, and the frequency of quadrupole radiation is related to the frequency
Q) of the orbit by
w = 20Q. (7.78)

- 1
II. For a circular orbit, the quadrupole form (6.57) of i and h, gives h = \/(h?) ] pa’Q?, for

the rms amplitude h of the wave, which we can write as

h o —. (7.79)

O &

where E is the Newtonian energy of the binary.

II1. Finally, the rate E at which the system loses energy to gravitational waves is the energy flux at
the distance D; from Eq. (6.50a)),

E o (h?)D?* = w?h*D?. (7.80)
In each case, the constant of proportionality depends only on G and c: It is purely numerical in

gravitational units. Then, with k£ a constant of this form,

& 3E  1w?hD?
w 2E k hD

(7.81)

where Egs. (7.79) and (7.80) were used in the last equality to write E and E, respectively, in terms of h
and D. Thus

w
D=k—. 7.82
7 (7.82)
The simplicity of this relation comes from that fact that E /E is independent of the two masses. With
the constants included and w = 27 f, the relation has the form

J100
3 D
/100723

D =780 Mpc, (7.83)

where fi00 = f/(100Hz), hys = 10%3h, and f/f is given in s,

Cosmological correction

For a binary system 50 Mpc away, the relative velocity is about

v = 70 km/s/Mpc x 50 Mpc = 3500 km/s
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implying a redshift 2500
= = 0.01,

3 x 10
too small to significantly alter the value current detectors assign to Hy.

For systems far enough away that the redshift is important, we need to clarify the distance D of
Eq. that is measured here. The equations came from an asymptotically flat context, with 47 D?
the area of a distant sphere. In a cosmological context, the amplitude  of the wave is still proportional
to D1 if we define D by demanding that 47 D? be the area of a sphere. Spheres of coordinate radius
have area

sin®y, k=1
A =47D? = 4ma® { 12, k=0 (7.84)
sinh®y, k= —1,

and this relation defines D.
Use subscripts e and o to denote quantities measured in the emitting system’s host galaxy and by
gravitational wave observatories here. An observer here sees a gravitational wave with redshifted fre-

quency
we

T 1tz
and the corresponding redshifted time interval, d7, = (1 + z)dr., gives

Wo

dw dw
= — = (1 2. =(1 2
“ dr, (1427w ={1+2) dr.
Eq. (7.82), correct in the emitter’s galaxy, is
heD, = k=
we
The relation h,D, = h.D, then implies
_ 1 '
hoD, = Fo.
1+2 wd
Dropping the subscript o, we have
1 w
D = k—. 7.85
142 w3h (7.83)
S : : L,
The luminosity distance Dy, is defined in terms of the observed energy flux D2 by
7
L, L, °

(7.86)

4xD? T 4xD?’

with L, = E,, the absolute luminosity of the source. Using L, = kw?h?D?, L, = kw?h2D? (same k)

gives L W_SLS B 1 e
w? (14 2)2
Then
DL - (1 + Z)Dm
SO
w
Dy = k——
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and this is what one measures by observing the waveform.

For the first observed binary neutron star inspiral and coalescence, GW 170817, the distance D,
when found solely from the gravitational-wave observation, has the value D = 43.8729 Mpc . The
redshift, adjusted to account for the galaxy’s peculiar velocity (its deviation from the Hubble flow), is
z = (1.01 £ 0.06) x 1072, corresponding to a Hubble-flow velocity v = 3.02 + 17 km/s, and giving

Hy = 707§%km /s/Mpc. (7.87)

The central value is consistent with the current electromagnetic measurements, but we need to observe
of order 40 systems with this accuracy to reduce the statistical error to a level that could discriminate be-
tween the values from the cosmic background and from local electromagnetic distance determinations.

Although binary black hole inspirals are far more common than neutron star inspirals, for them there
has been no electromagnetic counterpart and so no redshift measurement. Their mass distribution, how-
ever, has characteristic features that can be used to disentangle Hy, z, and D from observations of a
large number of events. In particular, there is a gap between the maximum-mass of neutron stars and
the lightest black holes, with very few objects seen in the gap. (These gap objects may be small black
holes formed by NS-NS coalescence.) And a expected rough cutoff in black-hole mass above about 50
M, is seen in the observed inspirals. That expectation comes from an instability of high-mass stars tied
to electron-positron pair production in their cores See Woosley et al. 2002, Woosley 2019[133]] and
references therein. Using the known behavior of the waveforms with luminosity distance, one finds a
best fit of H, and parameters characterizing the unkown true mass distribution. See Ezquiaga & Holz
2022,[46]] Hernandez and Ray[46) [76] and references therein. One can also (or simultaneously) fit, as
Schutz initially suggested, to the known spatial distribution of galaxies.

Messenger and Read [81] noticed that, in NS-NS inspiral, the tidal terms add to the waveform an
additional measurable parameter. This, in principle, allows one to measure both luminosity distance and
redshift, thereby determining the Hubble constant from the waveform alone. Although well beyond the
scope of the current detectors, it may be within reach of the next generation.

"Stars with adiabatic index v < 4/3 are unstable to radial perturbations. Pair production reduces the radiation pressure
in the hot core, and the collapse of the unstable core ends with a supernova that, in numerical simulations, entirely distrupts
the star: The pair-instabilty supernova (PISN) leaves no black-hole remnant. Above about 135 M, however, the supernova
energy is not enough to blow the star apart, and pair instability leads to complete collapse to a black hole.


https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.74.1015
https://iopscience.iop.org/article/10.3847/1538-4357/ab1b41/pdf
https://arxiv.org/pdf/2202.08240.pdf
https://arxiv.org/pdf/2202.08240.pdf
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Exercise 91. Here is a first proof of the assertion:
If a covariant tensor F 5 satisfies Maxwell’s equations for g, it satisfies them for a conformally
related metric Gop.
1) dF = 0 never heard of a metric.
2) The second Maxwell equation is 75}7 of .= 0, where F*8 .= g*vgH F.s. Then

Foeﬁ — ga'ygB(SF’yé — a—4Fo¢B
1 1
V, P = =, (=g ™) = _
0P =

1 — -
— —V, " =0. O
a

0, ('™t =G )

Write the second part of the proof as d*F = d*F = 0, where “Fog = %eaﬁ'y‘sts, using
€123 = +/—7 to check that €,57° = €,57°.

Exercise 92. Because null geodesics are a geometric-optics limit of Maxwell’s equations they must also
be conformally invariant. In particular, if the covariant vector k,, satisfies

k°V gk = 0, then k°V sk, = 0. (7.88)

Check this equation, using the fact that the difference between two derivative operators is a tensor

['*g,, as in|Exercise 47.

_ 1 - - -

(Vg = Vp)ko = —I74pk,, Mo = 5976(Va965 + V5Gas — VsGap)-
Show that this is the form of I7,4 for the derivative operators of any metrics g,5 and g,s, and
infer for the conformally related metrics the relation

[Vap =6, Vgloga+6iV,loga — gV loga.
Finally, verify Eq. (7.88).

More generally, an equation for a tensor field 77" is said to be conformally invariant if there is a
power of a, called the conformal weight s, for which the equation is satisfied when g, 1s replaced by
a? gap and T is replaced by a®T"". In the examples here, Maxwell’s equations and the null-geodesic
equation are conformally invariant when F,5 and k, are assigned conformal weight s = 0. Using g*°
to raise indices then gives the contravariant tensors F'*° and k“ the conformal weights —4 and —2,
respectively. (The contravariant vector field £ is tangent to a null geodesic of g,s, but it is a2k* that
is affinely parametrized with respect to g,3.)



Chapter 8

3+1 Split and Initial Value Equations

8.1 Notation

A detailed table is given here in case of confusion from differences between notation in the notes, in the

text by Baumgarte & Shapiro[18]] and in the text by Wald[129].

Item These notes Baumgarte & Shapiro Wald

Signature —+++ -+ ++ -+ ++

Indices o, 3, . .. spacetime abstract not used spacetime concrete
Indices p, v spacetime concrete not used spacetime concrete
Indices a, b, . .. space and n-dimensional abstract  spacetime spacetime abstract
Indices i, 7, . . . space and n-dimensional concrete space not used
Spacetime M not named M

Spacelike hypersurface >, not named D

3-dimensional surface by not named Y

Future pointing normal ~ n® n® n®

Projection | n 7B o h

Spatial metric on M Yop Yab Rab

Pullback from M to v v not used

Extrinsic curvature
Riemann tensor on M
Spatial Riemann on M
Lapse

Shift

O,

Energy density T,,su®u”
Energy density T,,5n°n”

Ka,b’ = - %En’Ya,B
Raﬁ"ﬂ?
3Raﬁ75

/804
tOL

Koy = — %ﬁn’}/ab
@) Rabcd

Riju

Q

Ba

o

not used

P

Ka = % L Nap
Rabcd

) Rabcd

N

Ne

ta

P

not used

8.2 Introduction

Like the equations of ordinary mechanics, the equations governing classical fields — scalar, electromag-
netic, and gravitational — allow one to predict the future (or retrodict the past) from initial data at a given
time. For a system of particles, one specifies their initial positions ¢° and momenta p; (or velocities ¢*)
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and finds their time evolution from equations for ¢* and p; in terms of ¢* and p;:

0OH 0H
o 1
apz Y pl 8qz ’ (8 )

-1

q

where H (p, q) depends on ¢ and p, not on their time derivatives. For example, with H = % 9pipi+V(q),

where ¢“ is constant,
G i . _ oV
q

Here p' := ¢"/p,. Notice that, with ¢* regarded as a vector, the momentum p; is naturally a dual vector
(covariant vector).

Exercise 93. What is (¢*/) for a two particle system with masses m and M?
Assume Cartesian coordinates.

Exercise 94. What is (g*) for one particle of mass m in spherical coordinates? Find the equations of
motion that generalize Eqs. (8.2)).

Scalar field

We consider first a scalar field in flat space, a field satisfying the scalar wave equation
[]®:=V,V* = 0. (8.3)

We begin with a coordinate-based description of the initial value problem and then rephrase it in a way
that can be can be carried over to curved spacetime. The coordinate description uses natural coordinates
{t, '} on Minkowski space. As in the case of a system of particles, one freely specifies the initial values
of the field ® and its conjugate momentum p = d = 9,® at a fixed time ¢y, now at each point (¢, %).
The time evolution of the field is given by

d=p,  p=V2>I=0900. (8.4)
1
Exercise 95. With Hamiltonian H = 3 / d*r[p* + (V®)?], show that

SH 5H
) P e

for 0@ vanishing as » — oco. That is, Egs. (8.4)) are Hamilton’s equations for the scalar field.

= —V?®(r), (8.5)

Here’s the rephrasing, without introducing spatial coordinates. A choice ¢ of Minkowski time slices
spacetime into a set of ¢ = constant surfaces, which we call X;. The future pointing unit normal to the
surface is n* = —V*¢. Using ¢ and the flat metric, we can decompose spacetime into a product R x 3
of time R and space ¥ = R?, with ¥; = {t} x ; here, if r is a point of X, the lines of fixed r are
orthogonal to X, with tangent n® = —V“¢.

We can similarly decompose the 4-dimensional gradient V,® into the time derivative d = nV,t
and spatial gradient V®. The spatial gradient V@ is the gradient of ® regarded as a function on the
hypersurface ..

One freely specifies the initial values of the field ® and its conjugate momentum p = n“V,,® at a
fixed time ¢ at each point r of X. The time evolution of the field is given by

d=p,  p=V3o. (8.6)
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We can then regard the time evolution as giving successive values of ®(7), p(r) on the fixed space .

Equivalently, one can maintain a spacetime view, in which ® and p are functions on spacetime and
the spatial gradient of ® is the spatial projection of the 4-dimensional gradient: One subtracts from the
gradient V,, f of a function the part of the gradient along V,¢. That is, we define the spatial gradient D,,
of a function f on spacetime by

Dof =Vaof = Vat n’Vsf = (85 — Vatn”)Vs . (8.7)

(We will from now on use D instead of V for the spatial gradient, to distinguish it from the spacetime
gradient.) We will repeatedly use this spatial projection. Using n, = —V,t, we write

V2 =00+ nan®,  Duof =2V (8.8)

One says that 72 projects vectors and covectors tangent to ¥; and orthogonal to its normal n®. In
this spacetime description, one is specifying ® and ® on a given ¥, and finding ® everywhere else in
spacetime from the scalar wave equation, [ | = 0.

Notice that the nonzero part of 7,3 is the spatial part of the Minkowski metric, the Euclidean metric
on each X;. In the chart {¢, 2}, it has components

[vi;] = [8 (50} (Minkowski space). (8.9
ij
In Wald’s textbook, the projection operator is denoted by h? instead of 4. These days, however,
you are most likely to encounter the initial value equations in numerical relativity papers. In this part of
the recent literature, the spatial metric on ¢ = constant surfaces is generally written as 7,3, with 77 the
projection operator.
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Electromagnetism

For electromagnetism and gravity, an additional feature arises: The equations are now analogous
to those governing a system of particles with a constraint that is preserved by the time evolution— for
example, a set of particles constrained to move on a fixed surface.

We follow the treatment of electromagnetism in Sect. [I.5] with j* = 0. In that section, the future
pointing unit normal t* = 9, was denoted by ¢ instead of n“. Here we will stick with n® for the future
pointing normal, because in curved space, the normal n® to a ¢ = constant surface will not in general be
along 0;.

The 3+1 split of spacetime is extended to a 3+1 split of each index of the electromagnetic tensor F,3

and of the Maxwell equations
VaF*? =0, ViaFs, = 0. (8.10)

We can decompose each index of a tensor into temporal and spatial parts, parts along and orthogonal to
n®, by writing
e vg — ngn”; (8.11)

o

for example, for a two-index tensor,

Top = 5§< 5E’T5e = (72 - nané)(’yé — ngn)Tse
=9 V5 Tse — nan‘sfygT& - nanTse + 710677,‘577,/5TL5T56 (8.12)

Because of the antisymmetry of F,3, the time projection of both indices vanishes:
F,sn°n” = 0. (8.13)
Projecting one index along n“ gives a 4-vector that is already spatial:
E® = Fn”, (8.14)

with
E,n®=0= E, =7 Es =~n"Fss. (8.15)

We can regard E“ as the electric field seen by an observer whose velocity is n®: In the chart {¢, 2'}, E“
has components (E*) = (0, E*). E“ is the unique 4-vector E* orthogonal to n® whose spatial part is
the usual 3-vector electric field of an observer with velocity n®.

The magnetic field is the spatial part of [, ; its natural form is a 2-index antisymmetric tensor,

Bap = Va3 Fse. (8.16)

To define the corresponding vector, one needs to use €,8+s,
«a 1 Bayd
B* = 3¢ ngBys. (8.17)
Exercise 96. Using Eq. (8.17) and the antisymmetry of €*57%_ show that

1
B® = ng*F? where *F* .= 5eaﬂV‘;Fw. (8.18)
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It is because €,3,5 changes sign under reflection that B behaves as a pseudovector — that its image
under reflection is opposite to that of a vector like £*. In terms of E, and B,, the 3+1 split (8.12) of
F, 5 has the form

Fag = naEg - TLﬁEa + GQB,YB’Y. (819)

where €., = eaﬁwgn‘s.
In the 3+1 split of the Maxwell equations, write the second equation in (8.10) in the form
0= VzF = %eaﬁV‘SVng. The projections along n,, of the expressions in Maxwell’s equations are

o VaF? = V3B, n, V3 'F*® = V3B°, (8.20)

giving the two equations
VsE? =0, V3B =0.

These equations involve only spatial derivatives. In Minkowski space, they can be written

DsE® =0, DsB” =0, (8.21)
with 3-dimensional forms on the 3-surface X

V.-E =0, V-B=0. (8.22)

They are constraint equations, constraints on the initial values of £ and B that can be specified on X..
The spatial projections of the two Maxwell equations are the dynamical equations, giving the time
evolution of the initial data:

YOV F = PV E* + "Dy B, = 0, (8.23a)
VeV F = nPVsB* + €' DgE, = 0. (8.23b)

or, in 3-dimensional form on X,

E=V x B, (8.24a)
B=-VxE. (8.24b)

We have been using the one-one correspondence between vectors v® on X and vectors v* at each
point of a given >, that are orthogonal to n®. The right way to describe the correspondence uses the
definitions of pullback and push forward (drag); see, e.g., p. The map ¢ : ¥ — X; C M takes
each point 7 of ¥ to the point ¢(r) = (¢,7) of M = R x X. Then v drags a vector v* at the point
r to a vector ¥*v = v® at (t,7) of M. Because ¢ is constant on %, v*V,t = 0. There is similarly a
one-one correspondence between tensors 7% on ¥ and tensors 7% at each point of a given 3, that
are orthogonal in each index to n®,

And the map ¢ pulls back covariant vectors and tensors on M to tensors on Y. We will revisit this
correspondence after introducing the 3+1 split in curved spacetimes.



CHAPTER 8. 3+1 SPLIT AND INITIAL VALUE EQUATIONS 278

8.3 GR: The 3+1 Split

The initial value problem in general relativity is associated with a slicing of spacetime by a family of
spacelike hypersurfaces. For detailed accounts on the historical development of the subject, see for,
example, [3, 20} 16} 159]]. The formalism we and much of the literature uses was introduced about sixty
years ago by Arnowitt, Deser and Misner[6] (out of print and republished as [8]]).

The Einstein equation (and the associated conservation of energy and momentum), conservation of
baryons, and the equation of state of the fluid, determine the evolution of the geometry and the fluid
variables from one hypersurface to another. We will see that the 3+1 decomposition of the spacetime is
mirrored in a 3+1 decomposition of the equations and of the tensors whose time-evolution they describe.

Figure 8.1: Three of the hypersurfaces that slice a spacetime

A choice of time coordinate ¢ again gives a slicing by ¢ = constant surfaces >; whose normal V.t
is everywhere timelike. The spacetimes we consider have the form R x X, with each hypersurface X, a
copy {t} x X of X. |'| We call the future direction the direction in which ¢ increases: That is, a timelike
path is future directed if ¢ increases along the path. The — + -4+ metric signature implies that the future
pointing contravariant unit vector normal to each slice >3; is
(e
n® = —L = —aV*°, (8.26)

V=V

where
o = (=t Vi)~V = |71/, (8.27)

in a chart of the form {¢, z'}. The components of V¢ and n,, are then
Vut = 6;, n, = —0452. (8.28)

The scalar « is called the lapse, because « dt is the proper time elapsed in a normal direction between
coordinate times ¢ and ¢ 4 dt. It is the proper time, measured normal to the hypersurfaces between slices
Et and Et—l—dt-

'The mathematical literature calls a decomposition of an n-dimensional manifold M into a set R x X of (n — 1)-
dimensional manifolds a foliation, with each copy of X a leaf; following the physics literature, we use the word slicing, and
each copy X; of ¥ is a slice.
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Exercise 97. Check that o dt is the proper time between slices by showing that, if the chart {¢, z'} is
chosen to have lines of constant z* perpendicular to ¥, then ¢;; = 0 and gy, = — Conclude that
g

proper time elapsed normal to >, is d7 = adt.

We now extend the 3+1 decomposition R x 3. of spacetime into space and time to a decomposition of
vectors and tensors. Call a vector v® a spatial vector if it is tangent to a path ¢(\) that lies in a spacelike
slice 3J;; equivalently v“n, = 0. We say such a vector v* is tangent to ;. If v® is tangent to >.;, then
v' = 0in a chart {t, z'}. That is, if {¢, '} are the coordinates of c(0), then the coordinates of the path ¢
are (2#(\)) = (¢,2()\)), and the components of v* are

d
B k()
implying A
(v*) = (0,0"). (8.29)
We again introduce the projection operator
"/aﬁ = (; + n“n,,g. (830)

onto each XJ;: v Kkills vectors v = vn® normal to >, and it leaves invariant vectors v tangent to >J;:
*yaﬁnﬂ =0, fyo‘gvﬁ = v® for v,n® = 0. (8.31)

Any vector v® (or any tensor index) can be decomposed into a spatial vector (one that is tangent to
>t) and a vector orthogonal to >;:

v = 5%2;5 = (75 — n"ng)v” = 4507 — ngvPn. (8.32)
The corresponding decomposition of the field equation E*° := G — 87T% = 0, is
g — ﬂyavﬂyﬁng — 2n5E'75%(anB) + nvn(;EV‘Snanﬁ. (8.33)

We will see that the projection v*.,7?5E7 of E*’ = 0 onto the hypersurface %, is a dynamical equation
for the metric (involving its second time derivative), while the remaining parts, Gagnﬁ = 8&nT, agnﬁ , of
the field equation serve as constraints (equations involving only the values of the metric and its first time
derivative on ;).

The 3+1 decomposition of the metric is just

Jap = Yap — Nalg, (8.34)

the result of lowering the index « in Eq. (8.31)). In particular, g, o = gorYIn" = Yarn” = 0.

The tensor 7,43 can be regarded as the 3-metric on >, written with spacetime indices: Acting on
vectors tangent to X, it gives their dot product, and it kills vectors orthogonal to ;. More formally, at
each time ¢, the spacetime metric g, induces a metric 45, on 2. The map ¢ : X — >, pulls back ¢,
t0 Yap = (¥+9)ap- In a chart of the form {¢, 2}, the components of ~,;, and the spatial components of
Yap and g,s coincide:

Yij = Yij- (8.35)

We use the same symbol v for the tensor ~y,;, on X and 7,3 on X;: 7,53 1s the unique spacetime tensor
orthogonal to n® whose pullback is 7.
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It will simplify covariant derivations of the initial value equations to stick with spacetime indices,
instead of using both tensors on Y. and tensors on M. We do this as follows:
Definition. A tensor 7%, s spatial if it orthogonal in all its indices to n,:

TP, sna=0,..., TP _n® =0, (8.36)

We then note:

There is a one-one correspondence between spatial tensors To‘"‘ﬁw‘..g at a point (¢, ) in M and tensors
T, qatzin 2.

This is easy to show. We’ll again use a chart {¢, z'} on M with corresponding chart {z'} on 3. We’ve
already seen that a vector on X with components v* is dragged to a vector on M with components
(v*) = (0,v"), or

= oy v =0t (8.37)
A contravariant tensor on Y with components 77 is then dragged to the spatial tensor with vanishing
t components and with spatial components 7",

P

Conversely, any contravariant spatial tensor 7% has vanishing ¢ components and corresponds to the
unique tensor 7%* on ¥ with components 77,

While spatial vectors are naturally defined as tangents to curves that lie in X; or vectors for which
v*V,t = 0, a spatial covector o, uses the metric on M for its definition. That is, one needs the met-
ric to define the dot product 0°V,t = ¢g*’03V,t = 0. To define the tensor T O‘"‘ﬂﬂ,...g corresponding
to 7%, one raises the indices of each tensor and requires 7#7*% to be the unique spatial tensor
corresponding to 7% %4 Then the spatial components of corresponding tensors—contravariant or co-
variant — agree. But be careful: Covariant ¢ components need not vanish.

o,, spatial does not imply o; = 0.

Exercise 98. Let 0, be a covector at a point x € Y. Show that the corresponding vector o, at (¢, x) has
spatial components o;, but that o; is nonzero if g;; is nonzero. To avoid confusion in this exercise,
write o, for the 3-vector on X, o, for the 4-vector on M.

Finally, note that the pullback of a tensor 7,,...5 on M at {¢, z'} is a tensor T,,..;, at {z'} with the same
spatial components 7;...;: The pullback of 7T,,...s has components
ozt Oz

A g Lo = O T (8.39)

Tpj=
That means the pullback of a spatial covariant tensor on M is the corresponding tensor on Y. Because
=6 + nyn;, and n; = 0 in a chart (¢, 2"), we have

=20, (W)= 7T

JIER )

where W : ¥ — ¥, C M.
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We need two final definitions to cast the field equation in the standard initial-value form, the covari-
ant derivative of v, and the extrinsic curvature of a hypersurface >;.
Covariant derivative, D,, D,
Denote by D, the covariant derivative operator on ¥ associated at a time ¢ with the metric . (¢). If v®
is the spatial vector corresponding to the vector v* on X, we will see that its spatial covariant derivative
is
Dgv® := 7377 Vv (8.40)

That is, with this definition, D,v” is the unique spatial tensor corresponding to D,v” on . On a general
spatial tensor Tvofjfﬁ ,
DTSy o= 0 - 3 VT (8.41)

It is easy to see that D, is a derivative operator, satisfying the conditions following Eq. (linear,
Leibnitz rule, torsion free). The covariant derivative D, on Y. is the unique derivative operator for which
Dg7ap = 0; that D, corresponds to D, on X follows from the fact that Dsv,s = 0:

Dsvap = 157575 VA(Gor + nom7) = 13790750 + 1o Vany +n,Van,) = 0,

where we used v7ng = 0. We will generally adopt spacetime indices.

Extrinsic curvature

Although one ordinarily chooses coordinates for which ¢ is not normal to >, it is the time deriva-
tive normal to the surface that naturally enters the projections of the field equation, (8.48l[8.46[8.45)
below. This time derivative of the 3-metric is (up to a factor -1/2) the extrinsic curvature K,z of the
hypersurface Et:ﬂ

1
[{m"? = *éﬁn’\/mg. (842)
K, is spatial, orthogonal to n® on each index. This is immediate from £,,n® = 0 and yaﬁnﬁ =0:

1 1
Kapn” = =50 Lattos = = [£a(n"109) = (Lan) 7] = 0.

We denote by K its contraction
K = K, = v K,p. (8.43)

The extrinsic curvature is thus the time derivative of the 3-metric for an observer with velocity n®; it
describes the change in the geometry of >; as one moves a small proper distance orthogonal to the
hypersurface.

The intrinsic curvature, the Riemann tensor of the a surface, depends only on the metric ~y,;, on that

surface. It does not care how the surface is embedded in a higher dimensional manifold. The extrinsic
curvature looks at the embedding. We’ll see below in Eq. (8.60) that K, 5 measures the rate at which the
normal to the surface changes as one moves along the surface. First an example.
Example. Consider the flat cylinder obtained by gluing two opposite edges of a sheet of paper. Because
the paper is not stretched or sheared, its intrinsic geometry is still flat. (Think of the universe of Ms. Pac
Man or Asteroids with the top and bottom edges of the screen identified. The screen is still flat after the
identification.) But the extrinsic curvature is not zero: The flat Euclidean 3-metric is

ds* = dz* + dr* + r*d¢?.

2There is no consistent convention in the literature for the sign of the extrinsic curvature of a spacelike hypersurface. Our
convention agrees with that of MTW [82] and has sign opposite to Wald’s [[129]].
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A cylinder of radius r = a has the flat 2-metric
do? = d2* + a’d¢® = d2? + da?, with x := a¢.

(¢ = O1isidentified with ¢ = 27 and x = 0 with x = 27a.) The unit normal to the cylinder is n® = V°r,
with components n’ = §¢. Then, because dyn' = 0, we have L,,g;; = n*0rg;; = 2rV;¢V;¢, where, in
our cylindrical coordinates, V;¢ = 5;-’5 . The extrinsic curvature of the » = a cylinder is then

Kab = :Fava¢vb¢> (844)

the sign depending on which unit normal is chosen.

The 3-metric and extrinsic curvature on an initial hypersurface >; will constitute our initial data.
They are constrained by the projections E*’n,ng = 0 and E*’y%sns = 0 of the Einstein equation,
called, respectively, the Hamiltonian constraint and the momentum constraint: The terminology is re-
lated to the fact that

PE ‘= To‘ﬁnang and j%:= —T‘wvo‘gnﬁ

are, respectively, the densities of energy and momentum for an observer with velocity n®. We will show
that the constraint equations are
Momentum constraint:

Dg(K*? — 4P K) = 8mj*; (8.45)

Hamiltonian constraint:
R— K°K,p + K* = 167pg. (8.46)

The time evolution of the initial data is a pair of equations for £,,7,s and L,, K,3. The evolution
equation for 7,4, analogous to ¢ = p, is simply Eq. (8.42),

Enﬁ/uﬁ - _2Kuﬂ~ (847)

The time evolution of the extrinsic curvature is given by the remaining, spatial, part of the Einstein
equation, written using the Ricci tensor, namely

1
V" [Ror = 87(Tor = 590:T)] = 0, with T' =T,

It has the form
1 ‘ - 1
LnKos = ——DoDgo — 2K, K5" + KKop + *Rag — 87 (7075 5 — 5WT). (8.48)
(0%

Here ®R, is the spatial Ricci tensor of the spatial metric 7,4, and we will denote by
SR =~ 3Ry4 (8.49)

the corresponding 3-dimensional Ricci scalar.

Our main job in this section is to derive these equations: the momentum and Hamiltonian constraints
and the evolution equation for K, 3. We begin by showing that the projections n,G*nz and v*sG%?ng
of the Einstein tensor are given in terms of the 3-metric and extrinsic curvature by

naG*ng =R+ K* — K5 K, (8.50)
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and
—v%G%ng = Dy(K*? — 4P K). (8.51)

Because ’ygnﬁ = 0, this last equation involves only the Ricci tensor:
—sR%ng = Dy(K*? —y*PK). (8.52)

It is one of two Gauss-Codazzi equations.
The second Gauss-Codazzi equation relates the Riemann tensor of the 3-metric 7,4 to the Riemann
tensor of the 4-metric, and its contraction has the form

3Raﬁ = ’YOzU’YﬁT’y&RJéTe + KKaB - Kom/K’yB- (853)

We now derive the Gauss-Codazzi relations for a hypersurface >3,. We want to relate its 3-dimensional
Riemann tensor to the to 4-dimensional Riemann tensor of spacetime and the extrinsic curvature K,g
that describes the way >J; is embedded in M. Here are two derivations; the first uses an appropriate
choice of chart, while the second is covariant and uses the projection operator 3.

Derivation by a choice of chart

The quickest derivation uses the fact that an equation involving tensors holds if holds in one chart.
We choose a chart (2°, z*) for which 2V is proper time from ¥; along curves normal to ¥; and z° is
constant along the curves, so that n* = n*V 2" = 0. Then

goo=—1, goi =0, ' =6y, nu,=—0,, (8.54)

0 = constant surface and is therefore orthogonal to 8, = n®), implying

(goi = 0 because 9, lies in an x
Yij = gi; (true for any {z'} on X)), 47 = ¢g" (true because n’ =0), ¢ = 0. (8.55)

Eqgs. imply that the 3-dimensional Christoffel symbols are the spatial parts of the 4-dimensional
Christoffel symbols ‘ 4
3F2jk = szka

and the 3-dimensional Riemann tensor on X2, therefore has components
3Rijkl = a/Lcrijl - alrijk + Fimkrmjl - Fimlrmjk . (8.56)

Because n* = 4}y, the components of K, are

1 1
Kij = _§£ngij = —530925-
Then
Foi]’ - _Kija Fioj - —Kl]

The spatial components of the 4-dimensional Riemann tensor at P are now
Rijkl = akrijl - 31Fijk + Fiukruﬂ — Piulrﬂjk
= R ik + Tkl — Tl

=Rl + K'wKj — K"K,
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and these are the nonzero components of the second Gauss-Codazzi relation (Gauss’s Theorema Egregium)
R05 = 1YV R cor — K Kps + K5 Kg,
Equivalently, denoting by Rq.q the pullback of R,s.s to XJ;, we have
"Raved = Ravea — KacKpa + Kaa Koy (8.57)
Exercise 99. Prove the first Gauss-Codazzi relation,
néRécab = DoKpe — Dy Ko,

where ngs R’ is the pullback of n(gR‘swg to >;. It is simplest to note that one can pick the chart
{z'} on X; to make I'";;, = 0 at a point P; then show that the relation holds at P. Because P is
arbitrary, it holds everywhere.

Covariant derivations

We turn now to covariant proofs of the relations, with no coordinates introduced. In the coordinate-
based derivation, because n,, was the timelike basis vector, the Christoffel symbol I'’;; had the meaning
of the spatial part of V,ng, so that is the form we will find for K,z. The derivations end with the
paragraph containing Eq. (8.68).

The Gauss-Codacci equations are true in any dimension; our convention is to use Latin indices for
arbitrary dimensions, and that may make the derivations easier to read and follow. The derivations work
in the following way. The Riemann tensor in any dimension n is defined by the commutator of two
covariant derivatives (2.46)):

Rabcdgd = {vaa vb]gc- (858)

Then the Riemann tensor on an (n — 1)-dimensional submanifold is given by
"Rape"€a = [Da, DyJéc (8.59)

where &, is tangent to the submanifold ({.n“ = 0). As in the earlier covariant sections, we work with
n-dimensional tensors, instead of introducing additional indices for tensors on an (n — 1)-dimensional
submanifold, and this is useful in the covariant derivations. And, as before, D,&, = 7592V, In
the derivations, we multiply covariant derivatives V, by projection operators 7°. We then bring the
projection operators inside V, using

Vs = Val8 + mn) = Va(myne).
All that remains is to compute the spatial projection of V,n’. It is given by
Kap = =7a"Verw. (8.60)

To show this, use the definition (8.42)) and the relation L£,,g., = V,np + Vin, (see, e.g., p. [132). We
have

£n'.)/ab = Ln(gab + nanb) = 2v(anb) + nbﬁnna + na‘cnnb =

1
K = —5727{,1511%(1 = ygyglv(cnd)7 where we used 7’n; = 0.
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Now use n, = —a'V,t to show that vg%ﬁlvcnd is already a symmetric tensor:
ViVeng = =75 Vie(aVgt) = =57tV Vgt = 0.

Then K, = vﬂbv Ng. Fmally, the second index of V,n; is already orthogonal to n’ (nbV,np = 0),
so the second projection ~¢ is not needed, implying Eq. (8.60). []

First Gauss-Codazzi equation: v R*n, = — Dy (K% — 4 K). (This is Wald’s problem 10.4.)
We start with the definition of the Riemann tensor, writing [V, V,|n. = Rpa“n.. We hit all indices
with ~’s, contracting the indices b and ¢ with ~:

YNV, Valne = Y99 Rygene = Y*“Ry°n., where we used Ryq.“n‘n, = 0. (8.61)
LHS = (v — 4"\ V,Van, = %mg(ved’yf" YNV ane
= Y5V, [( A9 — 4TI ] — VSV (v — 4TV n.. (8.62)

The first term is what we want, and the second term vanishes: Use the form (8.60) for K, and then the
definition of D, to write the first term as

Vv gVl (77 = ) Vane] = v Va(— K ey’ + K2y
—(DyK™ — DK). (8.63)

To get the last equality, we used D;v79 = 0, Dy = 0.
To show that the second term in (8.62) vanishes, we again use Eq. (8.60) as well as the relations

n’Vyny =0, Yan® =0, Vi = Vi(npne). (8.64)

We have

— V(YT = TNV ane = =i Ve(n )y + IV (0 n?) — Vi (nfn! )y — 4TV (n9n?)] Van,

= =Y IVe(n)nty e — 4 Iy (0 )]V g
= K“nVyn, — K%+ = ndVdnc =0,

Then the right side of (8.61)) is equal to the expression (8.63)), giving the first Gauss-Codazzi relation
(in its contracted form), Eq. (8.52). []

The second Gauss-Codazzi relation relates the Riemann tensor R4 on an n-dimensional manifold
with metric g, to the Riemann tensor ("=DR peq ON an (n — 1)-dimensional hypersurface:

DR e = Ay Y Ry + Ko Ky — KooK (8.65)

le Ip

To prove this, we again write the Riemann tensor in terms of the commutator,
" VRaeéq = [Da, DyJé. (8.66)
this time with &. a vector tangent to the submanifold ({.n“ = 0). We have

D.Dyée = Vi 1N (Dimén) = Ve VeV (v ve Vi) -

In the derivation, we once again use Eqgs. and (8.64)). In particular, each time V_ hits n. we get
K. . We also need n°V,&, = —&,V,n’ + V,(&nb) = =&V, n’.
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We have

DaDiée = 7V Ay V(" )YV Es + 40 Vi(nan®) Vol + 7S ViVES]
= — K" Vs — Y Koe® Vs + 40V Vi -

Because the first term is symmetric in a and b, its contribution to [D,, D], vanishes. The second term
is
d
rngacgsv'rns - _Kach gd-

Finally, antisymmetrizing on a and b gives the n-dimensional Riemann tensor in the last term:
[Da, Dylée = (—KaeKy® + Ko Ko")ea + 70710 Rimn 6 (8.67)

where we have used £, = 72, to get the fourth v in the last term. Because this equation holds for all
spatial £,, we recover the second Gauss-Codazzi relation (8.63).
Contracting Eq. (8.63) on b and d and then changing the index ¢ back to b, gives us the contracted
identity,
DR = Yoy Recar + Ko Koo — K K, (8.68)

where K := K.°. [ ]
We now return to four dimensions and the Einstein equation. From the first Gauss-Codazzi equa-
tion (8.52) we can immediately write the momentum constraint in terms of v,3 and K3, recovering

Eq. (8.43):
Ds(K*? —y*PK) = —87y*3T"'n,.

To obtain the Hamiltonian constraint, we need another contraction of the second Gauss-Codazzi
equation (8.68)), namely

R =" Rap = Y7 Ropyps + KPP Kop — K* (8.69)
The first term on the right is
(g*° + nnP) (g7 + nvn‘s)Rw&; =R+ QHQRBRag = 2Ga5nanﬁ (8.70)

whence
2G apnn® =°R — K*°K,5 + K2,

and the Hamiltonian constraint, Eq. (8.46), is
SR — Ko‘ﬁKag + K% = 167TT°‘Bnan5,

as claimed.
The derivation of the evolution equation (8.47) for K,z again involves Gauss-Codazzi and needs
only one additional relation, the derivative of n® along itself:

n’Vsng, = Dy Ina. (8.71)
To see this, use n, = —a'V,t to write
nﬁv5 Ng = —nﬁvg aV,t — omBV5Vat. (8.72)
From the definition of o, we have

V,a = o’ V%VgVJ = —a’n’ Vs V,t.
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Using this in the second term of Eq. and replacing —V,t by a~'n,, in the first term gives

nVsn, = a t(nan’Vsa + Vya) = a 72V a,

implying Eq. (8.71).
We can now compute £, Kz, noting first that it is spatial:
nPLpKop = Ln(nPKup) — (LanP)Kup =0—0=0.
Then
LnKag = _'VgVEEn('VgVWLT) = *”/Z’\/g n(Wg)v(mT_VZWT?Vg'Cnv&nT

In the red term on the right, because L,n? =0,
Ln(V) = Ln(ng)n® = (n'Vyng +n,Von")n® = n?(Vyng)n’ = Dy Inan’,
and the red term becomes
—Ya V3 (V) Vsn, = —Dylna Dglna.
The blue term is
Vo5 nVen, = =575 (N, Vene + Vyn Von? + V,n,V,n")
= =725 Vo Von, — KKy — Koy Kg”
Istterm = —2y5n" ([Vy, Voln: + V,Vyn,)

= —Ya5 [n"’RVUT‘sntg +V,(n"Vyn,) — Van“’VWnT}

= Ronpsn'n’ — DyDglna + K, Kg, (8.73)
Then

—YaVsLnVon, = Raw(grﬂn‘s —DyDglno — K,"Kga,

Combining red and blue terms, we have
1
L Kop = Raypsn'n’ — — Do Dgar — K, K., (8.74)
(6%

Finally, we use the contracted Gauss-Codazzi equation (8.68) and the remaining part of the Einstein
equation to write the Riemann-tensor term as follows:

Rangsnn’ = 1075n"n" Roosr = 7005017 = 97°) Ryosr

oNT oNT oAT 1 oNT 1
_ﬁyaryﬁg'yaR'yo‘(ST = - aﬁ)/ﬂRaT = _87-[_70/)/5 (TO'T - égO'TT) = _8’”(7@75 oT 57&BT>
1
= Rayasn'n’ = Rag — Koy Kg" + KKog — 87(V075Tse — 5WT).

Using this equation to replace R.-ssn"n’ in Eq. (8.74), we obtain the second evolution equation

This completes our derivations of the initial value equations. To make contact with the numerical
relativity literature, two additional pieces are needed. Because derivatives are computed in a general
timelike direction ¢* that is not along n®, we need to express L,, in terms of £;. And we need explicit
forms of the projections of the stress-energy tensor for a fluid.
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8.4 [Initial value equations in the NR literature.

Because of the dragging of frames, the timelike Killing vector ¢* of a rotating star or a rotating black
hole is not in general orthogonal to the surfaces >;. Not surprisingly, in the more general spacetimes
that describe oscillating stars and binary systems, convenient choices of coordinates {¢, z'} again have
a time direction t* = 9, that is not along the normal. That is, a chart {¢, 2} picks out the direction of
time 8, along which the coordinates z* are fixed and only ¢ changes. We write t® for 8,. Then, in the
chart {¢, '},

t = oy, (8.75a)

Vut =9, (8.75b)

The vector field ¢ is the sum of orthogonal components, an® along the unit normal n® and a vector

£“ tangent to the slices:
t* = an® + 5%, where “n, = 0. (8.76)

Sl 1 v

Figure 8.2: The decomposition of ¢* into lapse and shift.

As before, the component v of ¢ along the unit normal is called the lapse, because « dt is the proper
time elapsed in a normal direction between coordinate times ¢ and ¢ + dt. The spatial vector 3¢ is called
the shift, because S* dt is the spatial shift in the position from a path along the normal n® to the actual
path along t*.

One regards the choice of the vector t as the direction in which the time-evolution proceeds, noting
that the time derivative of a function f, defined by

fi=Lof =t°Vaf, (8.77)
is the partial derivative f = 0,f in the chart {t,x"}. For any covariant spatial tensor S,,...,
LtSau-ﬁ = (Oéﬁn + Eg)sa‘..ﬁ. (878)

Exercise 100. Use the fact that S,...53 is spatial to check this relation. Show that it is not true for a
contravariant tensor by checking that it does not hold for a contravariant spatial vector v®, and

show
L0 = (aLly, + L))" +n vV, a.
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Because t* = 8; has components 0} in the chart {¢, z}. the Lie derivative of any tensor 7% " ,_s, has,
in this chart, components

LyTH Y n =0T A (8.79)
More generally, for any nonzero vector field £* on a manifold, if one chooses the parameter distance
along its integral curves as a coordinate, say z', then in a chart 2!, 22, --- 2", we have #* = o,

implying
ﬁgTimjk...l = 81T13kl

In particular, the derivatives L;v,5 and LK 3 have spatial components
£t7z‘j = 815%-]-, EtKij = 8tKij, (880)

implying the pullbacks of 7,5 by the family of maps ¥ — ¥, is the time-dependent tensor g,;(¢) on %,
and the family of pullbacks of L:74s is Orgap(t).

The spacetime metric at a time ¢ can be written in terms of the lapse, the shift, and v,5. A small
coordinate displacement (At, Ax?) gives a change in proper time oAt perpendicular to ¥; and a net
spatial coordinate change Az’ + 3°At tangent to ;. The proper length of the displacement is then
given by

As® = —a?At? + 75 (Ax" + B'AL) (AT + BIAL)

implying , , , .
ds® = —a’dt? + v;;(da’ + p'dt)(da’ + B7dt). (8.81)

More formally, in the coordinates {t, xi}, the 3+1 decomposition of the 4-metric, gog = Yap — NaNs,
has, from Eq. (8.76) and the relations 3* = 0 and n; = 0, components

gir = tal® = —a® + B, 9ij = Vijs Gii = guil" = an; + B; = B, (8.82)
or ) ,
_ |+ B 52']
ol = |50 B

The corresponding decomposition of the volume element is given by

Vgl = a7, (8.83)

where 7 = det(7;;). This follows from the fact that the determinant  is the minor of g in the matrix

g _
Gu» 80 g = 7 Because ¢'* = —a 2, we have

g=—a’y, Vgl = a7 (8.84)

The inverse metric has components

1 i P i _ i B
gtt = —?’ gt = ?’ g J = ")/ J a2 y (8.85)
ot 2 i 2
o - | T Bla
[g ] - ﬁza—Q ,yz] _ Bzﬁ]a—2 (886)
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EquivalentlyE]
1 A 3
9" 9,0, = _E(a’f — B'93)? + 47 0;0;. (8.87)

The next two exercises give a quick way to invert the metric g,, showing why a metric written in
the form (8.81)) has an inverse of the form (8.87).

Exercise 101. Let w* and e, be dual bases, i.e., wt(e,) = 0¥. Show that a metric guwwtw” has inverse
g"e,e,, where, as usual, [g"”] is the matrix inverse of [g,,,].

Exercise 102. Invert the metric (8.81) to obtain (8.87) by showing that the basis w® = dt, w® = da'+ Bidt
has dual ey = 0, — 3°0;, e; = O; and using the previous exercise.

Finally, for those of you familiar with wedge products:

Exercise 103. Show that a metric of the form g, dz*dx” = g,,w"w" has determinant satisfying
Vg da® Ada! Adat Ade® = /gw® Aw' Aw? Aw?. Compute the expression on the right for the
metric (8.81]), with the basis w" of the last problem to show /g = /7.

Using Eq. (8.78), we can write the dynamical equations (8.47)) and (8.48)) for 7,3 and K3 in the
forms

Yap = —20K o8 + L5Yas, (8.88)

. , 1
Kog = a (*Rap — 2Koy K5" + KKo3) — DoDgo — 8ma(V)v5Tse — 570sT) + LakKas.  (8.89)

The system (8.88)), (8.89) describes the evolution of the spatial tensors 7,5 and K,s. Because the
equations do not contain time derivatives of the lapse function « or of the shift vector 5, these metric
functions are not dynamical variables. One can regard the four degrees of gauge freedom associated
with the choice of coordinates (¢, z") as the freedom to choose o and 3. From this point of view, once
a and B are prescribed, initial data for the geometry consist of initial values v,3(0) and K,5(0) of the
metric and extrinsic curvature satisfying the constraint equations [8.43), (8.46

For black hole spacetimes, there is no matter, and the 3+1 decomposition of the Einstein equation,
the set[8.45)-(8.48) (or (8.45),(8.46/(8.88), (8-89)), determines the spacetime metric given initial data
and a choice of gauge. For spacetimes with matter, one must add equations determining the evolution
of the matter.

3This is a shorthand for g"* 89, ® 8, = — (8, — 8'8;) ® (8 — B'8;) + 71 8; ® 9.
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Matter
One can accurately model stationary neutron stars, oscillating neutron stars and neutron stars in
binary inspiral as perfect fluids, with stress-energy tensor

T = (p + P)u*u’ + Pg*’ (8.90)

and an equation of state of the form P = P(p).

Here p = T,pu®u’ is the energy density seen by a family of comoving observers, observers with
velocity u®. The projection operator orthogonal to u® is ¢° := 67 + u,u”, and we can decompose the
stress-energy tensor in the manner

T = pu®u® + Pg*”. (8.91)

A comoving observer sees stress tensor Pg®®.
The evolution of the matter variables u®, p, P is given by the energy-momentum conservation law,

VT = 0. (8.92)

For analytic problems, the equation is ordinarily decomposed into parts along and orthogonal to the
velocity u®, giving respectively equations expressing conservation of energy,

Vs(pu?) = —PVu”, (8.93)
and momentum (the relativistic Euler equation)
(p+ P)u’Vgu® = —q*’VsP, (8.94)

Exercise 104. Derive these equations, starting from u, V3T’ = 0 and qﬁV/gTW = 0. If you get stuck,
the derivations are identical to those given in Egs. (I.164) and before (I.166)) for Minkowski space,
with 7,4 replaced by g,s.

The first equation gives the time derivative u*V,p of the energy density; the second gives the time
derivative of the velocity, and the equation of state completes the system.

For numerical work, one generally uses the 3+1 decomposition along and orthogonal to n,. The
energy and momentum densities and spatial stress tensor seen by an observer with velocity n® are

PE = Tagnanﬁ, je = —’y(‘;lnﬁT‘Sﬁ, 5P = yayBToe (8.95a)
with corresponding decomposition
T = pgn®n® + jnP +n*j? + 5°F. (8.96)

Before writing the decomposition of V5T = 0, it is helpful to look at the simpler conservation law
VaoJ* = 0, where J is a conserved current: Examples are the currents associated with conservation of
baryons and conservation of charge. Decompose the baryon current J“ into baryon density and spatial
current j¢,

J* = pon® +j*,  with pg=—Jng, j*=15J", (8.97)

(Note that py here is the baryon density seen by an observer with velocity n“, not that of a comoving
observer.) Next, the contraction of Eq. (8.60) gives

K = —y*Vang = —Vgn’. (8.98)
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Then
Vsd? = V(pon” + %) = 0V po + poVn” + (7% = n*n”)Vajs
=nVapy — Kpo + D3j® + 7°DsIna,
where we use n°V,jz = —jsVan” and n®V,ng = Vg In a to get the last term. Equivalently,
Lepo = Lapo + akK po — Da(aj?). (8.99)

We can now follow essentially the same pattern in writing the projections of V37 = () along and
orthogonal to n®. These equations for the evolution of energy density and momentum density are

1
Lipg = Lape + aKpp — aDg(azjﬁ) + aKaBSaﬁ, (8.100a)
Lijo = Laja + aKjo — Dg(aS,") — ppDaa. (8.100b)

Exercise 105. Derive Eq. (8.100a)).

Here’s the derivation of Eq. (8.100b):
The time derivative of j, comes from the blue term below where n” hits V.

VYT s = 2V s(pen’ns + j7ns + jsn” + 575)
= pen’Vgna + iV sns + jaVan® + 120’V sjs + 10V 5555
= ppDalna — K. js — Kjo +70(Lnjs — jsVsn”) +15,(77 — nn) V555
ppDalna Js — Kja +va(Lnjs — jsVen”) +7a(7" = n"n)VsS;
= ppDolna — Kjo + v Lnjs + DSa” + 720"V snSse
=ppDsIna — Kj, + Vgﬁnjg + DgSaﬁ + Sng In a.
The equation of state and local thermodynamics of the fluid involve the pressure and comoving

energy density p, so one needs the relations between pg, 7¢ and p, u®. These involve the 3+1 decompo-
sition of u®,

u® =T (n"+v), where T = —u“n,, Vg = T_lyaﬁuﬁ. (8.101)
Then v is the 3-velocity of an observer with 4-velocity %, and u“u, = —1 implies
pEp—
V1—12
We easily find
p+ Pv? , v
= - g P)—— 8.102
PE 1—7]2’ J (p+ )1—1)27 ( a)
Saﬁ == jal)g - P’}/ag. (8102b)

In numerical evolutions that use variables j* and pg, one must numerically invert Eqs. (8.1024)), using
the equation of state P = P(p), to obtain the primitive fluid variables p, P and u®.
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3-dimensional form of the equations

By sticking to 4-dimensional indices we simplified the covariant derivation of the 3+1 form of the
field equation. To write the four equations, (8.43)), (8.46), (8.88), (8.89), using 3-dimensional indices
is simple. Because every spatial tensor 7%#__; at a time ¢ (at a point of X3, C M) corresponds to a
unique tensor Tca_jj'j’ on X, we can write the constraint equations as

Dy(K®™ — 4" K) = 875, (8.103)
SR— KKy + K% = 167pp. (8.104)

The components of the momentum constraint in a chart {x’} on 3 are the same as its nonzero compo-
nents in the chart {¢, 2"} on M,
D;(KY =y K) = 8nj".

Similarly, using Eq. to replace £; on M by 0, on ¥, we obtain the dynamical equations on X
corresponding to (8.88)) and (8.89) on M:

OYab = —2aK o + L3Vab, (8.105a)
1
Koy = a (*Rap — 2K e K* + KKap) — Dy Dy — 8ma (T, — §%bT) + LK. (8.105b)

We have already seen that a spatial tensor K4 is a tensor K, whose components in a chart {¢, z'}
are the spatial components K;; of K,g. The components of the 3+1 Einstein equations on Y in the chart
2! are then just the spatial components of the corresponding equations on M in the chart ¢, z°.

Harmonic gauge (A.K.A. Lorenz gauge, DeDonder gauge, Fock gauge)
Electromagnetism

The equations of electromagnetism more closely resemble those of gravity when the tensor g is
written in terms of a vector potential,

F.3 =V,Ag — V3A,. (8.106)
Then the first Maxwell equation V|, Fj3,) = 0 is automatically satisfied,
ViaVgAy =0,

because partial derivatives commute and the antisymmetry gets rid of Christoffel symbols
(or, use ddw = 0 for any form w, here with w = A).
The remaining equation, V3 F'*? = 47, takes the form of the wave equation for the vector potential

if we use the Lorenz gauge condition:
VA% = 0. (8.107)

(This was introduced by Hedvig Lorenz, not the famous Hendrik Lorentz.) Then
VaVOAP — VP A = 4rj®.

Writing
VsVAP = [V, VAP 4 VOV AP = R, p AP (8.108)
N— —

0
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we obtain a wave equation for A on a curved background spacetime:
VaVPAY — RY5 AP = —4rj®. (8.109)

Once a vector potential is introduced, the constraint V,B* = 0 is automatically satisfied. In its
place is the gauge condition, here a relation between A° and A’ that again must be satisfied by the initial
data, now the values of A% and A on hIM

It is the 2nd derivatives that determine the character of the dynamical equation (8.109): As in flat
space, they have the form of a wave equation, a hyperbolic equation that gives a unique solution for
initial data satisfying the gauge condition.

Gravity

The harmonic coordinate condition for gravity is a nonlinear analog of the Lorenz gauge. It has the
form

9y (v/—g9") =0, (8.110)

and is equivalent to requiring that each coordinate z* satisfy the scalar wave equation:
V.V at) = 0. (8.111)

Note that each x* is a scalar. This condition was first used by Fock and deDonder. Fock called
it harmonic, presumably because in the mathematics literature a harmonic function is a solution to
V.V®f = 0 for a Riemannian metric (signature + - - - +).
The condition is also equivalent to

g"T*,, =0, (8.112)

and this relation lets us write /7, = 0 as a nonlinear wave equation, an equation of the form
M g + F(g,09) =0, (8.113)

where [ involves only the metric and its first derivatives.
To show all of this, we begin by checking the equivalence of our three forms of the harmonic condi-
tion. From [Exercise 34 or Eq. (.T1)), the divergence of a vector field v® can be written as

L
NS

For each p, V@z# is a vector, and we have

V¥ = 8, (\/—gv"). (8.114)

1

\/_—gav(\/__ggl/)\akx#)

V, V() = %ay<ﬁa”x“> -

= L81/(\/__ggwj)

-9

§

For the third form, write

v 1 v, Ao v Ao 1 v Ao
g,u F)\,uu = 59“ g/\ (augua + al/g,ua - aag,uu) = gu g)\ augua - _gﬂ g)\ aag;w

2
Ll A :_L I
=20 7= W Vo)

- _8,11,.9#)\ -
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In the last line we used, for a matrix M (here (g,,)), 0,M ' = =M1 (9, M)M~*.
Check: Write 0 = 9,(M M) = 9,(M~)M + M9, M, and multiply on the right by M "
From the usual coordinate expression for the Riemann tensor,
RHO‘I/T = al/F'uaT - aﬂ'l—wm/ + FM}\I/F)\UT - FM}\TF/\JU
= ayruafr - 8’7‘1—‘“0'1/ + F(ga ag)a (8115)
where F'(g, 0g) here and in later equations will mean some function of g, and J)g,,,, but not the same
function each time the symbol is used. Contracting on ¢ and 7 and using our gauge condition in the

form I'*,.¢g°" = 0, we have
R*, = =0°T",, + F(g,09).

Now lowering the index p and noting that g, \0°T*,, = 9°T 1, + F(g,dg), we have
Ry = —0°T 0, + F(g,09). (8.116)

Because R, is a symmetric tensor, we can write this as

1
—éﬁa(l“wy +Tvon) + F(g,09). (8.117)

Finally, in the sum of the two I'’s, the derivatives with respect to x and v cancel, leaving

R, =

Fuau + Fl/au = Uo9uv,

whence {
R, = —58”809“1, + F(g,09), (8.118)

as claimed.

Exercise 106. a. Use our expressions for 9;¢’* and 9;,/—g to show
1
ar — 58"&,(9“”\/—_@ + F(g,09). (8.119)

b. Now write gas = 7 + hag and show that, to O(h..), ¢*° = n*? — h*?, /=g = 1+ 3h, and

1

9*°V=g = —(h*" - 577‘16}1),

where h*? = n*1n*h.s and h := h,*. Show that the linearized harmonic condition is then

1
Va(h™ — 5776*%) =0, (8.120)
with V, the flat space derivative operator.

This gauge condition on a metric perturbation h,g, introduced earlier in Eq. (6.13), was first used
by Hilbert and then Einstein. It is referred to in the literature by at least seven different names: the
Hilbert, Einstein, Fock, deDonder, Lorenz, Lorentz (mistakenly), and harmonic gauge. Now F'(g,0g)
is quadratic in Jg (this follows from the fact that every term has two derivatives and they can’t both hit
the same ¢ ), so at linear order in h_, F'(g, Jg) vanishes and Eq. (8.119) has the form

1

1 _ _
0GP = —§V7V7haﬂ, where hop := hap — énagh. (8.121)
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The field equation linearized about flat space is then

V, V1 = —1676T*". (8.122)

Derivative of a determinant

We want the derivative dg/d\ of a determinant g when the matrix elements g;; are functions of \.
(A could, for example, be a coordinate with g;; the components of a metric). We have

dg _ 99 dgi;
Eq. @12) gives %gij = gg", whence
dg b dGab d 1 b AGab
AP R el — /=g = —/—q g L2, 8.123
a9 T VI T VI Ty (829)



Chapter 9

Newman-Penrose (NP) formalism and the
Teukolsky equation

9.1 NP formalism

The Newman-Penrose paper[83]] uses a signature + — — —, and this convention is followed by the
papers by Teukolsky[121} 122]], and by Chandrasekhar’s detailed derivation of the Teukolsky equation
in Mathematical Theory of Black Holes[29]]. Because of that we will switch (in this chapter only) to
the —2 signature. The definition of the Riemann tensor R is unchanged, and the conventions for the
Ricci tensor and scalar are still R, = R, R = R%,.

Item These notes Teukolsky Chandrasekhar NP
Signature +—-— +-— +—-— + - —
Coordinate indices Wy Vs ... Wy Vs 7, - J 1 78
Tetrad indices m,n,p,... notused (a), (b),... m,n,p,...
Numbered tetrad vectors e,,* not used e(a)i Zm"

r? + a? cos? f 0 )Y 0> not used

r? —2Mr + a® A A A not used
n*o, A A A A
Christoffel symbol ' not used 7(“) (®)(c) —7"np
T34 = MPVglam® 0 p P P
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A radiation field far from its source and the Kerr family of geometries have something in common: a
preferred null direction. In the case of radiation, the direction is a radial null vector ¢, whose asymptotic
form is ¢, = V,u = V,(t — 7). An outgoing radiation field has asymptotic form proportional to

f(fuxﬂ) f(u)

= . The corresponding contravariant vector, {“ is along 1 + 7. The polarization of the

r r
field is perpendicular to the null direction, so an electromagnetic field in a Lorenz gauge has

A=t O(r™),  Fap=(lacs— fﬁ%)f/(u) +00™),

T r

with €, in the a—qAS plane. A weak gravitational wave is described by a metric perturbation
hop = EQB@ +O(r™?)
with corresponding Riemann tensor given by Eq. (5.36).

1
Ronps = 5(8/387%5 + 9a0shgy — 0aOphys — 0, 05hags)

12

= %f?(éﬁﬁweag + faggegA/ — éagﬁﬁyg - Kvﬁgeaﬁ) + O(T’_Q) (91)

The null vector ¢,, is called a principal null direction of the geometry. The NP formalism is designed

to exploit symmetries of the geometry tied to principal null directions. Although their 1962 paper

emphasized the asymptotic behavior of gravitational radiation, Newman and Penrose knew the vacuum

Schwarzschild geometry has two principal null directions, tangent to ingoing and outgoing radial null
geodesics n,, and /,,, with each term in the Riemann tensor proportional to ¢, and n,,.

The NP formalism completes the basis (tetrad) by using complex combinations m and 7 of unit
vectors orthogonal to the null vectors n® and ¢*. Like the combinations x + iy that you’ve encountered
in spherical harmonics, m and 7 change by a phase under rotations about the z-axis. For null vectors

1
0 = —(t" +29), n® =

V2

a corresponding choice of m and m is
m = G i), T = (3 — i)
V2 ’ V2 ’

Then m® and m® are complex null vectors, and the tetrad satisfies

lyn® =1, mem® = —1, all other dot products vanishing. 9.2)
An NP tetrad is then a null tetrad {e,,} = {e,,*}, m =1—4,

e =10 e =n", e3* =m°, e, =m°, 9.3)

for which the spacetime metric has components ¢,,,, = €, €, o given by

0 1
10 O
00
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Then ¢g*° has the same components

01 0 0
mmy |10 0 0
00 -1 0
and
Gap = N""ematng = lang + lgng, — mamg — mai,. (9.6)
Examples:
For the Schwarzschild geometry, with
oM oM\ !
ds® = (1 — —) dt? — (1 — —) dr? — r2df* — r*sin® d¢? (9.7a)
r T
Ao r’ 2 2 192 2 .2 2 2
= —dt” — Zd’r’ — rdf* — r°sin” 0dop®, A :=r"—2Mr, (9.7b)
,
an orthonormal frame is
1 2M 1 1
t* = 0, T =4/1- 0,, 0%=-0p, ¢°=——0;. (9.8)
1 _2M r rsin @
We could take
0° 1 (?a + "oz) o 1 (?a Aa) o 1 (é\a + -aa) (9.9)
= — r s n = —— —T 5 m = -— 7 . .
V2 V2 V2

with contravariant components

po L VA e A YA} e L (070,1,;)
V2 \ VA T V2 \ VA r V2r sin 6

(9.10)

Notice that multiplying /* by any function f and dividing n,, by f gives another null tetrad with the same

null directions and the same metric components 7),,,. Kinnersley, one of Kip Thorne’s first students,

used this freedom to get rid of the square roots in £ and n, making the commutators and the Christoffel

symbols (Ricci rotation coefficients) simpler, at the cost of breaking the symmetry associated with time
reversal. The Kinnersley tetrad is

1 )
M =(r?/A1,0,0 My ==(1,—-A/r? 0.0 "y = 0,01, — 9.11
(") = (r*/A,1,0,0), (n") 2<, /r7,0,0), (m") ﬂr(”’sine) (9.11)
The Kerr metric has the factored form
A : 29 2
ds® = (= asin?0dg)? — S”;Q (2 + a?)do — adt]? — %dﬁ — pRde?, 9.12)

where
A=r?—2Mr+d?, p* =1%+ a*cos?b. (9.13)
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An orthonormal covariant (dual) frame is

- .
Q= VB G—asin?0ds), ' = Lodr. Q2= pdo, 0 = 0200200 aan,
P P

VA

and the corresponding contravariant frame to which it is dual is

1 1

E, = >+ a*)0; +ady), E3= 0 in® 60 E, = -~——9, Ey, = ~0,.
o p\/z((r + a”)0; + ady), 5= e (0 + asin® 00), | , > =0
(9.14)
The associated Kinnersley tetrad is
61:£:L(E0+E1)
VA
1VA
=n=-—(Fy— F
€ =" 2 ) (Ey 1)
p
es=m=——(Ey+iEj3)
V2)p
— P
64:m:—~(EQ—’LE3)
V2 p*
where
p=r+iacost (9.15)

is a kind of complex square root of p?: jp* = p?. Introducing it gets rid of the square root, p = v/r2 + a2 cos? 0,
while keeping m®m, = —1:

2 4 g2
(ed") = () = (T Aa 1,0, %) (9.16a)
1(r*+a®> A a
(e2!) = (n*) = 3 ( 7 ’_?’O’ ?) : (9.16b)
1 1
BY — (ot — o
(est) = (m*) NeT, (@asm@,O, 1, sin@) . (9.16¢)

When a = 0, we recover the Kinnersley tetrad for Schwarzschild (9.10).

Weyl tensor

The tracefree part of the Riemann tensor is called the Weyl tensor and written Cyp.q. In a vacuum
spacetime the two coincide. In general the decomposition of the Riemann tensor into its tracefree part
and parts involving the Ricci tensor and Ricci scalar is

1 1
Rabcd - Oabcd + §(gacRbd + gbdRac - gadec - gbcRad) - é(gacgbd - gadgbc)R- (917)
Up to the constant factor 1/2, the Ricci tensor part is the only combination of g, and R,;, with Riemann
tensor index symmetries (and linear in R,;); and the Ricci scalar part is the only combination of R and
gap With those symmetries (linear in R). All that remains is to take the trace of both sides to get the
factors 1/2 and 1/6. We will be working with vacuum spacetimes, and for those Rupeq = Caped-
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Exercise 107. Show that, for an n-dimensional spacetime, the decomposition of the Riemann tensor is
given by

1
n—1)(n—2

1
Rabcd = Cabcd + m(gacRbd + gbdRac - gadec - gbcRad) - ( ) (gacgbd - gadgbC)R'

The Teukolsky equation is an equation for a single tetrad component of the Weyl tensor. The NP
formalism gives names to each independent Christoffel symbol (Ricci rotation coefficient) and to each
independent tetrad component of the Weyl tensor. We begin by noting that the Weyl tensor has 10
independent real components and that these correspond to 5 independent complex components along
the NP tetrad.

n*(n* —1)

First: The Riemann tensor in n dimensions has
This is Prob. 3b of Wald, and if you are already familiar with it, skip to the end of this paragraph. The
index symmetries of I?;;;; are

independent components.

Rijr = Ry, Ry =0, Rijn = Ry

The last of these is implied by the others, so we do not include it in our counting. Because the index pair
ij is antisymmetric, the independent pairs have ¢ < j, and there are n(n — 1)/2 such pairs. There are
similarly n(n — 1)/2 pairs kl with k¥ < [. The number of pairs (i5)(kl) is then n?(n — 1)?/4. These are
not all independent because we have the relations R,z = 0. Here we can choose ¢ in n different ways;
n(n—1)(n —2)
6
is then n*(n — 1)(n — 2)/6, and each relation reduces the number of independent components by one,
leaving

. The number of relations

and for [jk{] we have n objects taken 3 at a time or (g) =

n*(n—1)% n*tn—1)(n-2) n*n?*-1)

4 6 12
independent components of the Riemann tensor in n dimensions.

To find the number of independent components of C,;.4, We subtract the number of independent
components of R,;,. Here the only symmetry is R,, = Ry, so there are n(n + 1)/2 independent pairs
(ab). Then the Weyl tensor has

n’(n* =1) nn+1) (-=3)nnr+1)(n+2)

pum -1
12 2 12 ©.18)

independent components, 10 in four dimensions. In fewer than four dimensions, the Weyl tensor
vanishes.

Spin weight
A rotation of the tetrad in the plane spanned by 1m and m has the form

m— e"m, m—e m (9.19)

Exercise 108. Two-line problem: Write m = & + iy and check that a clockwise rotation of the frame by
n in the Z-y plane gives the above equation.

Then a component of a tensor with p indices along m and ¢ indices along 7 (and remaining indices
along n and £) changes under a tetrad rotation by the factor ¢!®~9", and is said to have spin weight
p — q. This is, of course, analogous to an eigenvalue of L, in quantum mechanics: A wavefunction
with eigenvalue mh changes under a rotation by 1 about the z-axis by the factor ™,
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In particular, NP order the five independent complex components of the Weyl tensor by their spin
weight, from 2 to —2:

Uy = —Chz13 = —Capysl™m 'm’ (9.20a)
Uy = —COlgi3 = —Clprsl™n’ 0m° (9.20b)
Uy = —Clizsp = —Coprsl®mPmin’ (9.20c)
U3 = —Clagg = —Capysl™n’mn’ (9.20d)
Uy = —COhygy = —Clprsn®mln m’ . (9.20e)
It would have made more sense to write these as Wy, Uy, --- , W_,, and Press and Teukolsky tried that,

but there were too many other papers with the NP convention, and the change didn’t stick.

For Schwarzschild and Kerr the only nonzero component of the Weyl tensor is W5, the spin-weight
zero part. Geometries with this character are Petrov type D. They have the two principal null directions
¢, and n,.

Exercise 109. NP components of .

a. How many independent components does the electromagnetic tensor Fi,3 have?

b. In analogy with the components of the Weyl tensor above, write these components of F,,3
as complex components with definite spin weight, taking as the spin-weight 0 component
Fos(0onf + memP).

c. Using the flat space tetrad

1 ~ 1~ . o I .
b=—(t+2), n=—4t—-2), m=—(T+1y), m=—(T—iy),

V2 V2 V2 V2

write each of these complex components in terms of the ¢, x, y, 2 components of E and B.

We have already seen in Eq. (9.1)) that outgoing waves have, at leading order in 1/r, a Weyl tensor
that is quadratic in ¢, and is constructed from ¢, and a polarization tensor in the m-m plane. From
Lo l* = L,m™ = 0, it immediately follows that the only nonvanishing ¥, is ¥,. Similarly, purely ingoing
radiation has W as its leading asymptotic term. And it is ¥, and W, that appear in the decoupled wave
equations that describe perturbations of Schwarzschild and Kerr spacetimes.

Exercise 110. Writing the asymptotic form of 1m as LQ (Z+1iy) (corresponding to a chart near an observer
with 2 in the direction of propagation of the wave), show that the two polarizations of the wave are
given by the real and imaginary parts of W,. (4 and X polarizations are proportional to h,, — h,,
and h,,, respectively, for a given choice of x and y.) Use Eq. (9.1).

Christoffel symbols (Ricci rotation coefficients)
We looked in Section [2.2] at the Christoffel symbols and Riemann tensor components for a
frame field {e,} in which the components g,,, are constant. As we saw, the quantity I'",,v® is the
derivative of the family of rotations or Lorentz transformations that relate a frame parallel transported
along v to the original frame field. That’s why I'™,,, is called a rotation coefficient and why I',,,,,,

defined by Eq. (2.23)), is antisymmetric in m and n. Chandrasekhar’s convention is
,ym — Fm

np np»
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while NP take the opposite sign for y™,,. Chandra also uses (a), (b), - - - for concrete tetrad indices,
instead of the m, n, p, q of NP.
The NP naming of independent symbols is

k= ID311 0="T31 €= %(qu +Ts41)
o =Ty ft = Tous v = %(Fm + I's0)
A =T T = D319 o= %(F214 + I'344)
v =199 T =T B = %(F213 + T'343)

oy =€+€ Tayp=e—€ Top=79+7 Tapp=7—7 Tou=a+8 Tau=a—p5 (9.21)

Each of these has a fixed spin weight. The quantities I'5;,, and I's4, are respectively real and imagi-
nary, and the third column lists the four tetrad components of the complex vector I's;, + ['344.
Quick question: Why is I's4, a purely imaginary covector?

The signs are the same for Chandra and NP if one writes the NP symbols directly as derivatives of
tetrad vectors: That is,

k= e3,Vier* = maf*BVgéa, T = ey,Vies" = naﬁﬁv[gma = —mafﬁV5na.
for everyone.

Symbols for derivatives
A final set of individual symbols introduced by NP are the names of the basis vectors regarded as
derivatives (as we have defined vectors):

09, =D, n'd,=A, m'd, =6 m'D, =20 9.22)

9.2 Bardeen-Press and Teukolsky equations

The presentation here illustrates how you might find your way to the Teukolsky equation starting
from the wave equation for the perturbed Weyl tensor on a flat background and then moving on to
Schwarzschild (the Bardeen-Press equation) and finally to Kerr. For a concise derivation of the Teukol-
sky equation using the NP formalism, you can skip to the section [9.2.3] on Kerr. Everything uses the
equations in the NP paper that express the Weyl tensor components, the commutators of basis vectors,
and the Bianchi identities in terms of Christoffel symbols (spin coefficients).

9.2.1 Flat space

This second section of the notes will eventually follow NP equations for commutators and for the Weyl
tensor in terms of the NP symbols of the last section. For now, to see where we’re going, it will be
helpful to look at the wave equation in its simplest context — flat space with basis constructed from a
t,x,y, z chart (instead of spherical coordinates).



CHAPTER 9. NEWMAN-PENROSE (NP) FORMALISM AND THE TEUKOLSKY EQUATION304

We start with the scalar wave equation with partial derivatives along the null basis vectors,

elzﬁztA—i—E
I~
eg—nzé(t—z)
IR
eg—m:—2(az—|—zy)
R P
e, =m=— (T —iy)

Then
V Vb =n""0,,0,0 = (8182 + 0901 — 0304 — 8483)<I> = 2((9182 — 83(94)@,

and the scalar wave equation is

In NP notation, this is B
(DA —4§6)P = 0. (9.24)

Exercise 111. a. Two-line exercise: Replace the null basis vectors by their expressions in terms of the
Cartesian basis to recover the usual form of the scalar wave equation.

b. Another two-line exercise in flat space. Show that Maxwell’s equations, V. Fj, = 0 and
Vs F*® = 0,imply V.,V F,5 = 0. (Hint: Take the divergence of the first Maxwell equation
and then use the second.)

The wave equations satisfied by W, and W, are easily derived as a perturbation of flat space. In
curved space, nonzero Christoffel symbols mix together Weyl tensor parts with different spin weights
and leave only these extreme spin components with their own decoupled equations. We’ll find the
equation for ¥y = —('1313. Begin with the Bianchi identity,

ViaCpyjse = 0, (9.25)
writing the two nontrivial components that involve (313 = —W,. These are
V[4013}13 = 0and V[QClg]lg =0. (926)

Next, we’ll use the Riemann-tensor symmetries and the fact that C'__ is tracefree to show
Cui3 =0, Cs013=0, C3413 = —Clo13 = V. 9.27)

Proof: The Riemann-tensor symmetries imply Cy113 = Cs114, and Chy110 = 0 = Cy11. Then

1
Cuiiz = 5( Cu1s + Cs114 — Ch112 — Corny )
1
— __ mTLCm " — 07
277 11

where the last equality is the statement that C,+s is tracefree. The same steps, using 7" Csn3 = 0,
show (3913 = 0. Finally, again using the tracefree condition, we have

0 =n""Cimns = Cri23 + Cr213 — Cizaz — Chags = Clia1z — Cigus =
U, = —Cho13 = —Chaag = Caans.
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Now we’re ready to use the Bianchi identity: Egs. (9.26) and (9.27) give

V4Ciz13 + V1Cs413 = 0, V3Cis13 + V3Canz = 0. (9.28)

Now linearize about flat space and write v; for the first-order change in V;. Because the Weyl tensor and
all Christoffel symbols vanish in the background spacetime for a Cartesian frame, we have, for example,
V4Ci313 = —d1)y, and the equations take the form,

—0thg + Dipy = 0, —ipg + 09y = 0.
To eliminate ¢, act with ¢ on the first equation and with D on the second and subtract to obtain
(DA — §6)1)y = 0. (9.29)

That is, 1) satisfies the scalar wave equation (9.24)).

Flat space, spherical coordinates.
We look next at the key equations (9.28)) for ¥, in the Kinnersley tetrad associated with spherical
coordinates but still in flat space:

e =0 =0, + 0, (9.30a)
e =n = % (O — 0y), (9.30b)
=m = ! Oy + ! 0, (9.30c)
€s=m = \/§ r o sin 6 ¢ '
es=m (9.30d)

The independent nonzero commutators are

1 i 1 i
[617 63] = |:ar; E (@9 + ang)} = _\/§r2 (89 + Sin08¢) (9313.)
_ e (9.31b)
T
1
le1, eq] = —;84, (9.31¢)
1
le2, e3] = 2,63 (9.31d)
1
[ea, e4] = 37t 9.31e)
les, eq] = f;;i(eg —ey) (9.31f)

By inspection, the corresponding nonzero coefficients ¢™,,, (and then with lowered indices) are

s a4 _ 1 3 o4 1 s _ a4 _ cotf
Ci3=Cuu=——7 C233=Co4=7", C3g=—C3a= )
r 2r V2r
1 cot 6
C413 = C314 = —, C423 = C324 = — <, C434 = —C334 = — ) (9.32)
r 2r V2r

together with those obtained by exchanging the last two indices: Cpmn = —Cppm.-
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Exercise 112. Check the last four commutators of Egs. (9.31).

In NP notation for derivative operators, Egs. (9.31) are

1 _ 1- 1 - 1 - - cot f -

The nonzero Christoffel symbols and corresponding spin coefficients are now obtained from Eq. (2.37)

1
Linp = §(Cpmn — Cnpm — Cmnp)- (9.34)

Notice that the nonzero ¢;,,, have at most one index in {1, 2} and the first index is 3 or 4. Because I'34;
and I'sy, are imaginary while all ¢,,,,,,, are real I's4; = I's4o = 0. We are left with

1 1 1 cotf 1 cotf -

134 = o 234 243 o H, 343 J2 T f—a, 434 2 T a—0,
(9.35)

together with those obtained by exchanging the first two indices: I',,,, = —I',;,,. Notice also that

taking the complex conjugate exchanges 3 and 4: I'p43 = LI's34, and in this flat-space example, the I'’s
are real.
For reference in computing the Bianchi identities, here are the corresponding raised I'’s and the
nonzero spin coefficients:
[y =Ty = K [P =T = —0 [P35 =Ty = 20 = —2a,
PPa =Ty =—0, Thuy=Ty=p TI’y="%=-28=2a (9.36)
1 coté 1 coté 1 1

o= ———— s = — s :——7 = —_——,
e PTas Ty et BTy,

We’ll see later that Schwarzschild is only slightly different.

For the two components of the Bianchi identities, we’ll need to show that the component V ,Cly113 =
VECa/g%mo‘éﬁﬁm‘s is zero. We already showed that Cy;;3 = 0, but the covariant derivative involves
other components of C, s multiplied by Christoffel symbols. The proof, however, is essentially iden-
tical if we keep the basis vectors outside the derivative operator

V Coprs P00 m® = V Cs g0’ = V. Copgrsm™LP 0

(9.37)

1 1
- §V€Caﬁv5£ﬁ[y(mam6 + mom’ — (n® — ééna) - §V€Ca,876£ﬁ[y(_9a5)

=0.
The equivalent steps show V(539135 = 0. Set off and numbered for future reference:
VaCii1z = VQCBW;GWBEW‘Sme =0, V,C33= VanvgemﬁnW‘sme =0. (9.38)
Naming of parts

Again for reference, here’s a list of the Weyl tensor components in terms of W; ordered top to bottom
and then left to right. Those in blue are, up to exchanging antisymmetric indices, the definitions (9.20).

C’1212 = _(\IJQ + @2) C’1313 = _\IJO C'1414 - _\IIO C’2323 = _@4 C(3434 = _<\112 + @2)

01213 = _\Ill C’1314 =0 01423 = ¢l2 C’2324 =0
01214 = _\IIl C’1323 =0 C(1424 =0 C’2334 = @3
C'1223 = \I/3 C’1324 = \IJQ 01434 - _\Ill C’2424 = _\1/4
C(1224 = \Ild C’1334 = \Ijl 02434 = _\IJS

01234 = \PQ - @2
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Every term comes from the definition via either complex conjugation or the tracefree condition or both.
For example, to get (519, start from C' 3450 = —Ws. Weyl tracefree implies

0 = 7" Climnz = Crizg +Ci212 — Cizaz — Crazz = Ciz12 = Cizaz + Crage = —(Vy + Uy).
0
All vanishing components also come from the tracefree condition, as in the lines following Eq. (9.27).
Up to sign everything is determined by spin-weight and:
More ¢’s than n’s = U, Uy;
more n’s than (’s = W3, Wy,
if the component has the same number of ¢’s and n’s, it involves W, and if real or imaginary is twice the
real or imaginary part of Ws.
The two Bianchi identities involving 1y, (9.28)), now involve the nonzero I'’s in Eq. (9.36).
First identity:
ViCisiz = —0thy — 2T 14Crozrz — 21" 34C113
= —thp — 2I"*14Clz13 — 254 Clizn3
= —0thy — 4oy + darhy
V1C3413 = D1y because no I'™,,; is nonzero
0 =3VyuCianz = —(0 — 4a)thy + (D — 40)¢. (9.39)

Second identity:
VoCiz13 = —Aypy  because no I'",,5 is nonzero
V3Ca113 = 091 — I"™93C 0113 — I'™13Cm13 — I 13C21m3 — I"33C011m
= 011 — [P93C5113 — I3 Cogiy =113 Carzy —*53C0113
ot 0
= 0¥y — g — 261 (9.40)
0 =3VpCignz = —(A+ )b + (6 — 26)1n (9.41)

Wave equation: Again we need to eliminate ¢/, but this time 6 — 23 doesn’t commute with D — 4p.
This is easy to rectify because the operator

] :
r(d —28) = 7 <3@ + ﬁﬁqﬁ — 2cot 0)

is independent of r. So we multiply Eq. by r before applying D — 4p: Using
[D —4p, r(6 —45)] = 0, we write

l(mé) (r  Eq. @AT)) — (5 — 28)( Eg. @39) =0,

r

and obtain our decoupled equation for ¢/:

~(D ~ 40)[r(A+ )] — (6~ 2B)(5 — da)iby = . 0.4

KD+§) (A+ %) - (5— %CO:Q) <5+\/§C0:8)1 o = 0. (9.43)

or
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In generalizing the derivation of our wave equation (9.42)) for 1)y to Kerr, it will be helpful to write
the commutation relation we used to eliminate ¢, in terms of spin coefficients and operators D and 0.

1
Replacing » by ——, we have
Y

(D —50) (A+ p) — (6 —28) (6 — 4a)] ¥o = 0. (9.44)

Exercise 113. Fill in the steps to obtain Eq. (9.43) and then write it in terms of 0, 0,, 0y, O, multiplying
by 2r? to get rid of the factors of 1/(2r?).

Exercise 114. Check that NP Eqgs. (4.2e), and the second equation in NP (4.4) are, respectively
Dg = pg, [D,d] = pé, (9.45)
and use these to go from Eqgs. (9.39) and (9.41)) to the wave equation in the form (9.44)).

9.2.2 Schwarzschild

We start with the Christoffel symbols and Weyl tensor for Schwarzschild. Because the m-m part of
the metric is unchanged from flat space, only the commutators involving D and A are different. From

Eq. (9.11), we have

r? 1 A 1 1
61:D2Z6t+6r, egzn:Azé ((’Qt—ﬁ&,), es=m=9, = Tar (@9+Sin98¢),
(9.46)
and LA . )
r
@ = 57“_261 + eq, & = 561 — Zeg.
Then

evve] = —0, (1 —2M/r) 0, + % (1= 2M/r) 0, (1— 2M/r) ",

M1 L 2M
M (1 r? M (1A
-T2 a®) A et
M
= —ﬁel.

1 1
[e1, es] = O, (;) re; = —_es, ( This one didn’t change)

1A 1 1A
[62763] = 0, <;> res = 57"_363

272

The flat-space ¢, and ¢, of Eq. (9.32)), with changed coefficients in blue, are

. Mo, ] A 5 4 cotd

Ci2=—7%5 CwB=Cuu=——, Cu3=Cou=3, C34=Cz= ,
r r 2r V2r
M 1 A cot 6

€212 = ——% €413 = C314 = — Cq23 = C324 = — 3 C434 = —C334 = — .
r2 r’ 2r3’ V2r
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With c¢15 nonzero, we have a new nonzero I, and Eq. (9.35) becomes

M 1 A 1 cotf

F [ F _ - = — F::F::—iz F = — = —7 9.47
212 = 73 184 = o, 234 243 9,3 H, 343 N, a—p, )

Myy=v+7 Ty =Tly=p, TPyu=T%=—0 DPyuy=I"%=20=—2a
Py =T"=—0, Tlu=T’p3=p Dy=T"%=-28=2au (9.48)
7_2]\427 a:—LCOtQ, = 1 Cot97 Q:_E’ ,u:—%. 9.49)
r 202 T 2\/§ r r 2r

We next show that the Schwarzschild Weyl tensor is type D: Only W5 is nonzero. Instead of writing
out the equation for each component of the Riemann tensor in terms of the I'’s, let’s take advantage
of the fact that Newman and Penrose have already done this for us: Egs. (4.2) list the expressions for
components of the Weyl and Ricci tensors in terms of the spin coefficients. The Ricci tensor components
are given as ®,,,, so for us ®,,,, = 0 in these equations. The equations for the relevant components of
the Weyl tensor are (4.2b) for W, (4.2c) for ¥, and (4.2f) for V5. Because of the ¢/ <+ n, m < m
symmetry, we need not check that W3 and W, vanish.

First (4.2b) for Uy = —C\313 = C*3;. This one time we’ll check the NP equation from scratch.
There’s no subtlety. Begin with the Riemann tensor written in terms of I'’s and then write the NP symbol
for each I' (listed on the last page of these notes). In the second line below, we omit terms that vanish
by I'ijk = —1I'jir, (like I'y3). For a general frame, the components of the Riemann tensor are given by

Eq. (A.52):
R =el i — el 4+ Tl 0 — D D™ g 4 210, D g
Chis1 = esThy — el 4+ Tl — T D™ + 2P41mrm[31]
= —0Kk + Do + (F413F111 + F44311411) - (F s + 0y 13) +2(T 4t [31] 1 I,0? 31])
= —0k+ Do+ [—o(e+ &) + (@ — B))(=r)] = [(=r)(—0) + (€ — €)(—0)]
+ [(=5)7 + (=7)(=k) + (=0o)(e =€) = (—0)(—0) — (—0)(—0)] =
Do —dk=(o+p+3—¢€o—(r—m7+a+30)k+ Y, (NP 4.2b)

For Schwarzschild, only «, 3, v, 1 and g are nonzero. Because ¢ and x vanish, we have

Uy = 0. (9.50)
The next Weyl-tensor equation we need is (4.2¢) for U} = —Cla13 = —C?315:
Dr—Axk=(1+7m)o+T+mo+(e—&T—By+3)k+ ¥, (NP 4.2¢)

In this case, because 7, 7, o, and s vanish, we have
U, =0. (9.51)

The symmetry of Schwarzschild under ¢ — —t and under ¢ — —¢ implies a symmetry of the NP
equations under ¢ <> n and m <> m, giving ¥3 = U, = 0, and leaving only ¥, nonzero as claimed.
To find its value, we use a third Weyl-tensor equation, (4.2f): The only nonzero spin coefficient in that
equation is -y and the calculation is simple:

M M
Uy =Dy =0, (2 2) =- 5 (9.52)
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We now turn to the wave equation for Schwarzschild, again looking at the two components of the
Bianchi identity that gave us the wave equation for 7). The Bianchi identity components are NP (4.5).
V4C13)13 is the first of these equations,

(D —2¢ — 40)¥, — (6 — da + 1)V = —3k Uy, (9.53)
and the fifth is Vo C3)13,
(A—dy+ p)Vy — (6 — 28 — 47)¥; = 30,. (9.54)

We need to linearize the equations about the Schwarzschild background. That is, we consider a family
of metrics, gag(A) = gas(0) + Agap + O(A?), with g,;(0) the unperturbed spacetime, and we write

d

Gop = agaﬁ()\) (9.55)

A=0

We’ll write the unperturbed quantity, like W5 (0) or the spin-coefficient a(0) as simply ¥, and . We’ll
again use v; := W, and will just write o, s for the perturbed spin coefficients.

d
Then, because ¢, s, 1, ¥y and ¥, vanish at A = 0, aEq. (©.53)(\) is

A=0
(D — 40)1 — (6 — 4a)hy = —3iWs. (9.56)
Similarly, the linearized equation (9.54) is
(A—dy + p)ig — (6 — 2B)tr = 360> (9.57)

Again we need to eliminate ¢/, and again just multiplying by r gets rid of the r dependence
in (0 — 2f3), allowing it to commute with D. But now there’s a problem. The right sides of the two
equations involve £ and ¢, so we don’t succeed in getting a decoupled equation for ).

We are saved by a miracle that will look more miraculous for Kerr. The equation for 1), in terms of
the I"’s is the NP equation that we derived above, and its linearized version is

(D= 0—0)6— (6 —a—3B)k =1, (9.58)
or, using o = 9, @ = —f3 for Schwarzschild),
(D —2p)6 — (6 — 28)k = . (9.59)

We will simply follow our path to the equation in flat space, leaving terms involving ¢ and % on the right
side of the wave equation. And those terms will be the above expression for ).

As in Exercise 8, we use NP equations (4.2e) and (4.4); and we also use the second Bianchi identity
in (4.5), all for the unperturbed Schwarzschild spacetime:

DB = op, [D, 6] = od, DWy = 30Ws. (9.60)
We just follow the steps for flat space, writing (6§ — 25)[Eq. (9.56)] + (D — 50)[Eq.(9.57)]

(0 —28)(D — 40)t — (0 — 283)(0 — 4a)ty
+(D = 50)(A—dy + p)ho — (D — 50)(8 — 2B)1hr = —3W3(0 — 2B)k + 3(D — 50)(¥25).  (9.61)
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The commutation relation that eliminates 1); is unchanged from the flat-space case: Using the first two
relations in Eq. (9.60)), we have

[0 —28,D — 40| = [6, D]+ 2Dp = —o(D — 205)
= (0 —2B)(D —40)thy = (D — 50)(D — 2)¢n,

and the terms involving v; cancel exactly as before. On the right side, the term involving o is

3(D —50)(Vy6) = 3[(DW3)d + Wy (D — 50)5] = 3[30Ws6 + Uy(D — 50)5]
= 3Wy(D — 20)5.

Finally, Eq. becomes
[(D = 50)(A =4y + p) = (5 = 28)(8 — 4a)]thy = 3W2[(d — 28) + (D — 20)6) = 3Waty,

(D = 50)(A— 4y + ) = 3Wy — (5 — 2B8)(6 — 4av)] o = 0. (9.62)

This is the Bardeen-Press equation[13]. Multiplying by r? (or o=2) gives an equation with all radial
dependence and derivatives in the first terms and all angular dependence and derivatives in the last: The
separation of variables is essentially already here.

Explicit equation:
Multiply by —2r? and bring the r? inside (D — 5p), changing it to (D — 3p) = (D + 3/r). Then, using
Eqgs. (9.46) for the derivative operators and Eqs. (9.49)) for the spin coefficients, we obtain the explicit

form
Poro+2)a(-To o1t M
ATy AT T A
+ <89 + ——0s — cot@) (89 - L&z, +200t9)}w0 =0.

7
sin 6 sin 8

In our derivation, the input was the set of six equations in blue on the last page:

two perturbed Bianchi identities,

the equation for ¢); in terms of Christoffel symbols (spin coefficients),

the vanishing of W, in Schwarzschild (giving DS = 0f3),

the commutator [D, 0] = [e;, e3] in Schwarzschild,

a Bianchi identity for W5 in Schwarzschild.
We also used the fact that all spin coefficients are real. We’ll follow the same path for Kerr, with a
couple of additional relations associated with 6 derivatives that vanish for Schwarzschild and with spin
coefficients that are complex.
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9.2.3 Kerr

Although the explicit forms of the spin coefficients is given below, with a sample calculation, they are
not used to derive the Teukolsky equation in the form below. You need only the NP equations
and the fact that the other spin coefficients vanish. The vanishing of x, o, A\, v, 7 is automatic for a type
D Weyl tensor: Five components of the Bianchi identities— i.e., five of NP Egs. (4.5)— are simply

3/’6‘1’2 = 0, —3)\\112 = 0, 30'\1’2 = 0, —37'\1/2 = O, 31/\112 =0.

The choice of Kinnersley tetrad also makes ¢ = 0 and a = m — 3. The derivation of Eq. (9.71) using
only this information, begins after Eq. (9.67) below.
From Eq. (9.16), we have

1
el =40 = Z[(rQ +a*)0; + AD, + ady), (9.63a)
e =n = QLPQ[(r2 +a?)0; — AD, + ady), (9.63b)
L 1 . i
es=m = V2 (r 1 iacost) (m sin 00, + 0y + Sin98¢> (9.63¢c)

In calculating the commutation coefficients c”,,,,, you’ll need to invert these expressions — to invert
en, = e,"0, in order to express J,, in terms of e,,. The easy way to do this is to use the dual frame w™.
That is, because w™(e,) = w™ e, = 4,7, W™, is the inverse of e,*': W™, ey,” = J},. Then

Oy =w" en.

From the orthonormal dual frame vectors listed after Eq. (9.13), we quickly see

VA ' 0
= Y20y, W= L0 oqy, W= LT 0
2p VA V2p
giving
wh = A(dt — asin® 0de) + L (9.64a)
2p2 2 '
2
w? = dt — asin®0do — Zdr, (9.64b)
1

w? = [iasingdt + p*dd — (r* + a®) isin 6dg)] . (9.64c¢)

V2(r —iacos )

Here are the nonzero spin coefficients, followed by a sample calculation of one of them:

= = cot o, m = simdo, a=m—/p,
0 r —iacosf 2v/2 (1 + ia cos 6) 2v/2 (r — ia cos 0)2
A r—M ia
= — = = ———siné. 9.65
a 20%(r —iacosf)’ Y=HT 2p% 7 2p? S (.65)

Calculation of p = I'314 = %(0431 — Cla3 — C314):

Crag = Pyz = —WQ([G?” eq)), (9.66a)

Ciz1 = —C'3 = wg([elu es]), €314 = —C341 = Caz1. (9.66b)
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Next, use Egs. (9.63) for e,, to write

1 1 l
€3, ey = 15/ —iasin 00, + 09 — ——0 — c.C.
€3, €] V2(r +ia cos 0) ’ L/ﬁ(r—iacos@) ( SO T in g ¢)}
~ Op(r —iacos0) Og(r +iacosb) 2 : icotd
Y T ey R A 71 W Ly i

iasin 6 1 . 1
S NGTE (es + e4) + E cot @ (—a sin 00, + sin98¢) ,
Oy (1 +iacosf) 1
B p— —2 = --————] >
le1, €3] r +iacosf €3 r + ia cos §©?

Using Eqgs. and (9.64c), we have

cuz = —w?([es, eq]) = —iz cotf(—asinf + asinf) = 2zac<2)s
p p
1
_ 3 R S
cas = w'([er, €3]) r+iacosf’
and 1 9 ) 9 9
r 1a cos r
Ty = — [ -2 —9 S — 9.67
Y 314 2( p2 ,02 ) ,02 ( )

We’ll use the following equations from NP, most of which we’ve already used: Starting from
Eq. for U, in terms of spin coefficients, they are

(D—p—0)0— (6 —T—20)k = ¥, (4.2b)

(D —40)¥; — (6 — da + 7))V = —3k Ty, (4.5-first)
(A—dy 4+ )Wy — (0 — 26 — 47)¥; = —30, (4.5-fifth)
DV, = 30¥, (4.5-second)

60, = 377, (4.5-sixth)

Dt = o1 + o7 + U, (4.2¢)

DB = 8 (4.2¢)

do=(a+B)o+(e—0)T (4.2k)

[D, 6] = 00 (4.4)

In the first paragraph, we used the vanishing of U;, i # 2 to infer the vanishing of a set of spin
coefficients. Conversely, if one uses the explicit tetrad to show x = ¢ = 0, then, from the NP equation
for Uy in terms of spin coefficients and (NP 4.2b)), we immediately have ¥, = 0 for the background
spacetime. Eq. implies ¥; = 0, after one checks that D7 = (7 + 7). ]

We use the remaining equations in their perturbed forms to get the Teukolsky equation. As usual,
we start with the Bianchi identities for g,

(D — 40)thy — (6 — 4a + T)thy = —3LTy, (9.68)
(A= 4y + pho — (6 — 47 = 2B)p)1 = =35V, (9.69)

IThe relations k = 0 = 0 <= Uy = ¥; =0andv = A = 0 — U3 = U, = 0 are two instances of the Goldberg-
Sachs theorem. The vanishing of « and o is the statement that /“ generates a congruence of shear-free null geodesics and the
theorem states that such a congruence exists if and only if the Weyl tensor is algebraically special, Vg = ¥; = 0. Similarly,
v = A = 0 means that n® generates a second family of shear-free null geodesics.
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From the right sides, we infer the form of the operators that should act on each equation to eliminate &
and 7 and hope that they will also eliminate ;: From (NP 4.2b), we need (D — ¢ — ¢) to act on &, and

(06 — T — 2p) to act on k. By (4.5-second) and (4.5-sixth), we have

(D —40—0)(Vy6) = Wy (D — 0 — 0)5,
(6 — 47 — 2B)(Vakt) = Wy (6 — 7 — 26)%,

So we use (D — 40 — 0)[Eq.(0.69)—(§ — 47 — 25)[Eq. (9.68)]:

(D =40 —0)[(A—dy+ p)bg — (6 — 47 — 28)Y )]
—(0 =47 = 28)[(D — 40)¢1 — (6 — 4a + m)tho] = —3Warlp.

Then what remains is to show
(D —40—0)(6 — 47 — 20) — (6 — 47 = 25)(D — 40)Jthr = 0.
The operator on the left side is
—0(6 — 41 — 2B) + [D — 49,6 — 41 — 20].
Expanding the commutator, and using the last set of NP equations above, we have

[D — 40,0 — 41 — 2] = [D, 0] — 4D1 — 2D + 460
— 90 —d1p—47p — 206 + 4+ Bo+4(o — 0)T

canceling the first term in ! (Use T = & + [ to get the last equality.)
The Teukolsky equation is then

[(D—40—0)(A—4y+p)+3Vy — (§ —47 — 28)(6 — 4o+ m) ] ¢ = 0.

(9.70)

(9.71)
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9.3 Appendix to Chapter 9

01234 = \1’2 - @2

Naming of parts
o, =D, nt'd,=A, mh'o,=46, m'o,= J.
1
k= 1311 0=1T31 €= §(F211 + T'g41)
1
o=1T33 = T'243 Y= §(F212 + I'349)
1
A =T T =319 o= §(F214 + 'g44)
1
v =949 T =1 B = §(F213 + I'343)
Topp=€+é Tap=c—€ Top=7+75 Tap=7-9 Tou=a+p Tuy=a-4.
r 11 =€+ € F221 = —(6 + E) Fgu —K F411 —K
Mp=v+% I =—(y+7) [Py =—7 My =—7
My=a+p I3 =—(a+p) IP=-0 My =-0o
My=a+p Iy = —(a+B) [Py =-c IMy=-o
My =7 [ = —k Py = My =7
Iy =1 [Py =—1 [Py =v My =1
1ﬂ133 =\ 1j233 = —0 F323 = U F423 =\
[y =i [%3=—p [Py = A My =1
F141 =T F241 = —K F331 — € — € F441 —€—¢€
My =v [y =—7 [P =7—% Mp=75—v
My =p [P =—0 [P =8—a My=a-4
My = My =-c [P =a— B My = f—a
Ciorg = (Vg +Uy)  Ciziz=—-VYg Cipa=-V5 Cozoz=-Uy Cagzg = —(Vy+ Uy)
Cio13 = =0y Ci314 =0 Claoz = Uy Cag04 =0
Cio1a = =y Cizaz =0 Cra2a =0 Cazzq = U3
Claoz = V3 Cizoq = Wy Cigs = =1 Oy = =¥y
Clogs = U3 Cigza = Uy Cogzs = — V3



Chapter 10

Black Hole Thermodynamics

We’re back to — + ++ and are roughly following the Bardeen-Carter-Hawking paper, The Four Laws
of Black Hole Mechanics, Comm. Math. Phys. 31, 161-170 (1973). These analogues of four laws of
thermodynamics are presented below in the order

2nd law: Area increase theorem, corresponding to entropy increase.

Oth law: The surface gravity x of a black hole is constant, corresponding to the constant tempera-
ture of a system in thermodynamic equilibrium.

3rd law: One cannot reduce « to zero, corresponding to the inability to reach 7" = 0 in classical
thermodynamics.

Istlaw: 6M = kA + QydJ.

10.1 The 2nd Law: The Area of the Event Horizon Can Never
Decrease

Recall that the event horizon, H, is the boundary of the past of future null infinity. From any point
outside H there is a future directed timelike line that reaches infinity—an inextendible timelike line
without future endpoint that remains forever outside /7. By considering a family of such lines that begin
from points Py, P, - - - converging to P on H, one acquires at each P in H a future directed null line [
that is inextendible and has no future endpoint.
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} \\
L

¢

Figure 10.1: Similar to figures in a Geroch-Horowitz paper[54]]

These null lines are called the null generators of .

Let /* be a nonvanishing vectorfield that is tangent on H to the null generators.
Claim: The null generators of a null hypersurface (e.g., H) are geodesics.

Proof: Call the null hypersurface H. Let u be a scalar that is constant on H and with V,u # 0. Note
first that V,u is null. This follows from the fact that the tangent space at a point P of / is spanned by
a null vector /* and two orthogonal spacelike vectors. Then ¢ is orthogonal to every vector in H; and
any vector orthogonal to all other vectors in H must be along ¢ (other vectors are not null and so not
orthogonal to themselves). So ¢, = fV,u, some scalar f. We have

PN = OV (fV ) = ((°V 5 )V + fLPV 3V

¢8 & 1
= DVl pysyyey = DV e el gay )
f / 2
B
_ OVsS
f

Thus ¢ generates a geodesic congruence. [J

When we get to stationary, axisymmetric black holes, we will see that /* is along a Killing vector,
and we can set it equal to the Killing vector if we do not use affine parametrization. Following Bardeen-
Carter-Hawking, we write

0PN g0 = k(. (10.1)
This  is not the NP spin coefficient, which we will denote by sy p on the one occasion when we need
it.

We can now state the area increase law. Let S be a spacelike slice of H orthogonal to ¢¢; and
let ¢, be the family of diffeos generated by /¢, so 1, moves you a parameter distance A\ along the
null generators of H. Let S\ = 9,(S) and let A, be the area of the black hole with boundary S):
A>\ = f eaﬂdSaﬂ.

S
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A > 0. 10.2

This theorem, due to Hawking, follows quickly from the Raychaudhuri equation, the general rel-
ativistic form of the optical scalar equation. This equation describes the cross section of a bundle of
nearby null rays — called a congruence — and it is applied to the generators of the horizon. Let {“ be a
null vector field tangent to a family of affinely parametrized null geodesics. (For this proof we use the
affinely parametrized ¢“.) A circular cross section of the family distorts as it evolves, and the distortion
can be regarded as a sum of three parts, a change in its area, a rotation of the circle and a shearing of
the circle, taking the circle to an ellipse. In terms of ¢* this describes a decomposition of V¢ or, more
accurately, of the projection of V{3 onto the cross section orthogonal to (.

Let n® be a null vector with /“n, = —1. Let e,z be the projection L to /* and n“:

€aB = Gap + Kanﬁ + égna = mamg + MaMmg. (10.3)

We can regard e,z as the Euclidean 2-metric on a cross section of the congruence of null geodesics.
The divergence, shear and rotation of the congruence are defined by

1
egegv% = Oap+ §ea59 + Wag,
1
0 = e“ﬁvaeﬁ, OB = egegv(w&) — §ea59, Wap = egegvh&] (10.4)

Because {, = fV,u, w,s vanishes:

Wag = €[a765}5v,y€5
= e[(ﬁem‘svwf V(;u
= 0, usinge,’Vu =0,

Then, using ﬁﬁvﬁﬂa = kl,, zﬂvaeﬁ = 0, we have
Vals = (e —Lloan —0'ny)(es° — gn’ — Ong)VLs
= €€V ls + Lolgn'nV . ls — el lsn’ V. ls — e4lan’ V. s — kngls.

1
= 0.5+ §ea59 + eazﬁmnévweé — eg€5n5V765 — egﬁan7V7€5 — knyls.  (10.5)

Proof of 2nd Law: We have

d

EA)\:/Ei’:gEa/BdSaﬁ,

where €,5 = eaﬁwgﬁn‘s. We will, for this proof, choose ¢“ to be affinely parametrized (x = 0), and it
will be helpful to extend ¢* to a null vector field on a neighborhood of H. Then

1
/:Zga - gﬁvﬂla + gﬂvagﬁ =0+ §Va(gﬂgﬂ> =0.

Using
Li€agys =V - Leagys, Lol =0, €Lm° = —n’Lols =0,

we obtain
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Egea/j dSa’B = V,},g’y Eagdsaﬁ.
Let us now use (10.5) to obtain an equation for £°V 36 =  — we will show that § < 0.

V Vsly = VsVl = RQBVM’B
= 02" (V,Vsly — V5V ly) = Ropt®l” (10.6)
LHS = (L% — (°e"®)V VL3
= wﬁtw%%m@w+%%w+%%mﬁm%—Q@MW&—%%mv%mun
The last three terms in parentheses all die by virtue of the relations
ey =0, (°Vply = —0, (°V b5 =0, (*l, =0,
and we are left with

1 1
LHS:@%Mv4mw+éawm—@kwv4@w+§%wy (10.8)

Considering each term in turn, we have

1 1 1
(%P (00p + §ea59) = MV, [0 (0 + 5%59)] — VA (s + §ea59)

J/

-

0

1
= —eﬁvvvfg BmS (Uaﬁ + §€a59)

1 1
= _(Uaﬁ + §6a50)(0a5 + §€a59)

1
= 004, — §g2 (10.9)

1 1 1
—0 IV (0a + 5easl) = 0V [ (005 + Seash)] + OV, (005 + Seash)

1
:_wWﬁ+va%Ww%%@w+fwm
= —0V,0. (10.10)

From Egs. (10.6)), (10.8), (10.9), and (10.10), we obtain the Raychaudhuri equation,

1 .
—0a60a5 — 592 —0= Rﬁafﬁfé

or
. 1
9:—§W—UWQM—RWWW. (10.11)

Then the energy condition
Ropt®0® >0, all null £,
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implies
. 1
< —592. (10.12)
This last equation is the key to the area theorem. If § = 6, < 0 anywhere on H, then (10.12)) implies

a0 _ 1
g2 o 62—d>\<——>\
S :>/
1+1< A
078, =2
NP (10.13)

(D

Eq. (10.13)) implies § — —oo within an affine parameter length A < ‘%) from the point where 6 = 6.

his means that two future-directed neighboring null generators of H cross in finite affine parameter
length—at some point P of H. But then their tangents will be two null vectors at P: /* and (e (1), and a
linear combination will be a timelike vector on H, contradicting the fact that H is null. Therefore § > 0
on H and % >0. O

10.1.1 Area of a Kerr black hole and irreducible mass

The area increase theorem gives an upper limit on the energy that can be extracted from a black hole,
by, for example, the Penrose process or in the inspiral and merger of two black holes. In the Penrose
process, the area of the final black hole must be larger than that of the initial black hole; in inspiral and
merger, the final black hole must have an area larger than the sum of the initial areas. (The horizon of a
spacetime of two merging black holes is a continuous 3-surface; an early spacelike slice is the disjoint
union of two spheres, and each late slice is a single sphere.)

In the Kerr geometry, the horizon area A is the area of a 6, ¢ sphere with A = 0. Although the
Boyer-Lindquist form (5.43)) of the metric gives the correct induced metric on the horizon 2-spheres
spanned by # and ¢, these are surfaces of constant ¢ and ¢, and ¢ is undefined on the horizon. So we
should use the metric in Kerr coordinates (5.97), setting » = r,, A = 0, and v = constant, to read off
the metric on a slice of the future horizon:

sin? 6

ds* = 72 T (r2 + a®)dd® + p*d6?, \2g = (r2 +a*)sind. (10.14)
Then, writing A = [ \/2¢ dfd¢ and using r5 + a* = 2Mr, , we have
A =87Mr, = 8tM(M + VMZ? — a?). (10.15)

The maximum energy that can be extracted is the difference in mass between this rotating black hole
and the smallest-mass black hole with an area this large, namely a Schwarzschild black hole, with

A =167M2 . (10.16)

The irreducible mass of the original black hole is this smallest final mass,

[ A M
Mirreducible = 16_7T = E\/l + 1 - (CL/M)2 (1017)
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Then the largest amount of available rotational energy is M — M, equcible fOr an initial maximally rotating

black hole; from Eq. (10.17) @ < M implies M reducible > 1/ \/5, and the extracted energy is limited

by
AM 1
<1—— ~0.29. (10.18)

M V2
It is easy to check that the limit for collision of two Schwarzschild black holes with negligible initial

kinetic energy is again
AM <1 ! (10.19)
Mtotal \/5’ '

much larger than the ~ 0.05 M. actually radiated in binary inspiral (see, e.g., Eq. (4.71) or GW150914).[35]

Exercise 115. A 2-line exercise: Show for equal-mass Kerr black holes with opposite spins, area increase
imposes only the weaker limit

(10.20)

Stationary, axisymmetric horizons

We look now at equilibrium configurations—stationary, axisymmetric black holes, with Killing vec-
tors t“ and ¢“. Because the spacetime is stationary and axisymmetric, rotations and time-translations
map the horizon to itself. It follows that t* and ¢* are tangent to the horizon H. This is because ¢ is
tangent to the circular trajectories of rotated points, and ¢* is tangent to the trajectories of time-translated
points.

We have seen (beginning on pp. that the horizon is the set of points where the determinant of
the 2-metric in the ¢-¢ plane vanishes gy gs6 — 97y =t -t ¢+ — (t - p)* = 0.

Frame dragging is measured by w = —t - ¢p/¢ - ¢, the angular velocity of freely falling observers
with zero angular momentum. And, as shown in Eqgs. (5.54), the vanishing of the 2-metric determinant
implies that it is the vector field ¢t* + w@® that is null on the horizon. That is, the generators of the
horizon are the paths of zero-angular-momentum photons.

Exercise 116. The tangent space at each point of spacetime is a copy of Minkowski space. Show that
the metric in a null hyperplane in Minkowski space has vanishing determinant. Pick your favorite
null hyperplane and show that the induced metric on it has vanishing determinant. This means
that the 3-metric is degenerate, mapping some vector to 0. Show that 2g,3¢°? = 0, where (* is a
null vector in the null plane. Finally, defining n® as the null vector orthogonal to the horizon for
which n®{, = —1, show that 3g,5 = €ap = gup + lang + gna.

10.2 Mass and angular momentum of stationary axisymmetric black-
hole spacetimes

The asymptotic metric of rotating stars and black holes has the form that we saw for Kerr black holes,
agreeing with Schwarzschild at order 1/r and with Kerr to order 1/r? in an asymptotically Cartesian
chart. In particular, the mass appears in the asymptotic form of ¢*¢,,

g = —(1—=2M/r) + O(r~2); (10.21)


https://arxiv.org/pdf/1606.01210.pdf
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and the angular momentum appears in the leading term in t*¢,: As in (5.40),
J
Gip = —2—sin? 0 [1 + O(r™ )], (10.22)
T

corresponding to the form , Gy = 2€ijkai,_;{k + O(r‘3), in the associated Cartesian chart.

We will see that the asymptotic behavior is tied to expressions for mass and angular momentum as
integrals at infinity involving the timelike and rotational Killing vectors, respectively. Gauss’s theorem
then relates the asymptotic integrals to volume integrals over the matter. (Underlying all this is the
general relation between symmetries and conserved quantities, discussed in the Noether part of Sect.[T1])
We begin with surface integral expressions for M and .J, introduced by Komar, showing

1 1
M=—— “Bd = *$PdS.. 5. 10.23
MLV Supr J %LV¢SM (10.23)

When 0 is a t = constant, r = constant surface, dS,, = /—gV|,t V,jrdfde.
For our asymptotic calculations, we’ll use a chart in which, as in Boyer-Lindquist coordinates for
Kerr,

ds* = — {1 - % +0(r™ )] dt? — 47J sin® 0/ dt dg[1 + O(r™")] + r?sin® §d*[1 + O(r=?)]
+[H£%+O()LW+ﬁwm+Owﬁy (10.24)

Then, recalling ¢, = g, ¢, = gus, We have

T—00

/ VP dS,; = hm/ gl 875 — Oty r?dQ = —5 lim [ 0,(1 —2M/r)r*dQ
= —4m7 M. (10.25)

Similarly,

/ Va¢ﬂd5a5 = hm /gt“g”’a#@,]erQ = hm/ i 9" (=0, G14) —|—gt¢g”( 8Tg¢¢)]r2d§2

. 1 2J . .
= lim 3 [& (—T sin 9) + F&n (72 sin? 0)] ds2

=00

= 8rJ. (10.26)
Now, from the identity (10.39) for a Killing vector &2,
VsVl = R5¢P, (10.27)

Gauss’s theorem gives the integral [, V 5V2EPdS,, over a 3-dimensional hypersurface in terms of the
integral over its boundary,
/ VsVeeldS, = | VEPdS,s. (10.28)
5 )
(See Sect. [I0.5] below for a quick proof of Gauss’s theorem in this form or read section [A.2.1] of the
integration appendix [A])
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For a rotating star (or, more generally, a stationary, axisymmetric, asymptotically flat orientable
spacetime with no interior boundary), the only boundary is at infinity, and Gauss’s theorem relates M
and J, given as integrals at infinity, to volume integrals over the matter:

1 1
M=—— S, = —— *5tPdS, 10.2
4ﬂ/oov Ses 47T/ERﬁ S, (10.29a)

1 1
_ 2 o4fqs . — — | Re.4PdS. . 10.2
J 87r/oov¢dsaﬁ SW/ZquSdSa (10.29b)

Exercise 117. Using the field equation in the form R, = 87 (1,5 — % gapT), check that these expressions
have the Newtonian limits M = [ pdV, J = [ pw*QdV, for a rotating fluid with density p and
velocity v = ww, with w the cylindrical radius.

Egs. show that a stationary, asymptotically flat, orientable vacuum spacetime with no interior
boundary and a single asymptotic region has vanishing mass and angular momentum: It is flat space.

For a black hole spacetime, the boundary 0% is the disjoint union of the sphere at infinity and a slice
S of the horizon. Gauss’s theorem now relates the surface integrals M and J at infinity to the surface
integrals over the black hole:

1 1
M=—— / VP dS,s — — / R3t°dS, = My + Muatter, (10.30a)
AT Jg AT Js
1 1
J=— / VePdS.5 + — / R3¢%dS, = Jir + Jmatier- (10.30b)
8T Jg 8T Jx

Here, the surface integrals over the horizon, My and Jy, can be regarded as the horizon’s mass and
angular momentum; the volume integrals M .¢ter and Jiatter are the contributions of the matter to
the total M and J. Note, however, that the contribution of the matter to the total mass includes its
gravitational binding energy.

10.3 Two Constant Scalars on H

To summarize: The horizon H is the surface on which tl*¢? is null:
0 =200 taps =t -t ¢ —(t- )% (10.31)
and the linear combination t* + Q25 ¢“ is null, where

Q= wpy — — 0 (10.32)

The null generators of the horizon then have tangent /¢ = (t*+ Qg ¢®) f, where f is any nonzero scalar.
If one chooses f = 1, then
& =1+ Qgo”. (10.33)

By setting the coefficient of ¢“ to 1, one sacrifices the affine parametrization of /. Away from the
horizon, we will take ¢/ to be tangent to outgoing null rays and denote by k£“ the Killing vector

kY =t* + Qyo* everywhere, (10.34)
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coinciding with /% only on the horizon: []

Qg is the angular velocity of H in the sense that a point moving along the generators of H (along
the integral curves of /%) has angular velocity 25 as seen by an observer at infinity; well, a point on
the horizon can’t be seen from infinity, so {2y is the limiting angular velocity as seen from infinity of
particle trajectories just outside the horizon. The amazing thing is that the horizon rotates as a rigid
body: Qp is constant. For Kerr black holes, this is already implied by the explicit form (5.56), namely
Qy = a/2Mr,. For distorted black holes — e.g., stationary axisymmetric black holes surrounded by an
accretion disk, the result is still valid:

Qg is constant on H.

Proof. We already know that the component of V()y along ¢ vanishes; that is, since t* and ¢* are
Killing vectors, t*V ,Q2gy = 0 = ¢*V,y, implying

°V Qg = 0.

Our job is to show that e2VQy = 0, or, equivalently, m*V,Qy = 0. We begin by using the same
argument to write '
0=10"V,0=0.

When the null energy condition is satisfied, all terms on the RHS of the Raychaudhuri equation, (10.11]),
are negative, and # = 0 then implies that each term must vanish,

Oap =0, 0 =0, Ropl®l’ = 0. (10.35)

(Because the Raychaudhuri equation was written for an affinely parametrized ¢, we have shown only
that 0,5 and 6 vanish for an affinely parametrized ¢“; but it is easy to check that they then vanish for
any parametrization of ¢*.)

Exercise 118. Check this.
We next use the vanishing of the shear and divergence on H:
Oap =0=10 = 0=m*m’V,ls =m*m’V,ks (thisis the NP 7). (10.36)
Using L:gop = 0 = L gas, We have
Lrgop = 2V (kg =2V (oQuog) (10.37)
Contracting with m®m?, already symmetric in the indices °, gives
mo‘mﬁgbaVBQH =0.

Now m,¢® is nonzero; otherwise ¢ would be orthogonal to m® and m® , implying it would be parallel
to ¢*. This is impossible because the trajectories of ¢* are circles, closed curves with finite affine
parameter length, contradicting the infinite affine parameter length of the horizon’s generators. (It would
also violate causality - photons would follow closed curves, looping backward in time.) Thus

mPVsQy =0. O (10.38)

'Bardeen-Carter-Hawking paper{12] use ¢ to mean the Killing vector, so for them, ¢* is null only on the horizon. We
keep ¢* null to conform to NP formalism, which we’ll use in the calculations.
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2y constant on the horizon means that (¢ = t“ + Qy¢“ is a Killing vector on the horizon. A
horizon whose null generator is a Killing vector is called a Killing horizon; so we have just shown that
the horizon of a stationary, axisymmetric spacetime is a Killing horizon.

Note that ¢* is a Killing vector on the horizon for the parametrization of the null generators that
gives (* the form t* 4+ Q7 ¢“. As mentioned above, with this choice, /“ is not affinely parametrized:

O g = kel

with x nonzero. « is called the “surface gravity,” and it measures the acceleration of /“. It will play the
role of temperature. (This is not the NP spin-coefficient labeled x; it is the real part of the NP € in a
tetrad for which / is not affinely parametrized.) Once the QFTCST calculation is done, the identification

) K ) ) ) )
isT = 7 entropy S = T in units with G = ¢ = h = kg = 1, where kg is Boltzmann’s constant.
T

(Keeping the constants and taking # to have dimension of acceleration, L/T?, we have
kT = kh/(2nc), S = kgA/(4(3), with {p = \/Gh/c3 = Planck length. )

Exercise 119. To prove the 0" law, that « is constant on the horizon, we’ll need the following identity
for a Killing vector £*:
VaVisE, = —Rgyasl’. (10.39)

Prove this, starting from the definition [V, V,]é, = Rp,as’.
Hint: Use V&3 + V&, = 0 to replace one of the terms, write down two cyclic permutations, and
add the three equations with one minus sign to get the relation. (You’ll also need R,s,5 = 0.)

0" Law: k is constant on H (for vacuum or for matter satisfying the dominant energy condition).

This time, we’ll first give the general proof and then explicitly find « for Kerr.
Proof. Again, to prove x constant on f1, it suffices to show

mPV sk = 0. (10.40)
The definition of k is equivalent to
K= —na PV sl”. (10.41)
We’ll use the vanishing of shear, divergence and twist of /* in Eq. (10.5)) for V,¢s:
Vols = faﬁﬁnwn‘svﬁ,&; — egfgn‘sVW&; — e%ﬁan7V7€5 — Kknals. (10.42)
In particular, we’ll need the result of dotting this with m®. Only the second term on the right survives:
m*Vols = —Lem '’V 05, (10.43)

implying that the NP spin coefficients xyp and o, as well as o, vanish on H E] (With the Kinnersley
tetrad, £ blows up on the horizon. Our £ is IR, g0, A evaluated on the horizon where A = 0. The
rescaling gives o = 0, although it is nonzero on H for Kinnersley.)

Now on to Vk:

—m’Vsk = m°Vs(n0°V4L,)
=m°Vsn? PV gl +m°Vsl? 0Vl +m’ PV sV gl n"

2From the fact that £ is a Killing vector and Eq. (10.43)), we have (with our — + ++ convention)
knp = —0PmOVgly, = (PmOV ol = Eﬁ(ffngn‘;V,yﬂ(;) =0and g := —mPMOV L5 = fmﬁ(—égm'yndvﬁg&;) =0.
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Use (10.43) in 2nd term and the Killing vector identity (10.39) in the 3rd:
—m°Vsk = m‘svgn“*/ﬂﬁy — PmPncVel, n'Vgly + R/gm;emﬁﬁn‘sﬁe

2nd term = —m°nVsl, nWﬁVg&/ = km®nVsl, = — lst term. (10.44)
——

Then only the 3rd term remains:
—m®Vsk = m‘sﬁﬁRegméen“’ = Raﬁygﬂamﬁﬁn‘s

1
= | Capys + §(ga7R56 + 9ssRary — 9y Ras — JasRay) “mPn’

= —U; + Rg,m’0" (coefficient of R vanishes).

Now U, vanishes: Because 0 = 0 = kyp, NP (4.2k) implies ¥, = 0 as usual. With DV, = (*V ¥, =0
and ¢ = 0, there is only one remaining term in NP (4.5, first equation), which now has the form

26\111 = 0.

Bute = %(Flgl + I'431), with nonzero real part —%Eﬁvgéan“ =kx.SoV¥; =0.
Finally, we show Rg.e,’¢7 = 0. We have already seen that R, (°(" = 0. The dominant energy
condition is the condition that J := T3¢’ is nonspacelike. Now

To P00 = JalP =0 = Jg= flg+es" ],

= JgJ? = e’ JsJ, > 0 unless ¢”J, = 0. (10.45)
Then J“ nonspacelike implies
0 = e¥Js= ieO‘B(Rg — lgg R)("
8 T
0
= e Ry 0. (10.46)

= K constant on . 0
Surface gravity k for Kerr

To find & for a Kerr black hole, we’ll evaluate ¢° V3{“ on the horizon, with ¢* the null generator
normalized to agree with the Killing vector k% = t* + Q¢® on the horizon. We use the fact that the
generator ¢ of the horizon is along a principal null direction, agreeing with the affinely parametrized
null vector £%  of Eq. up to an overall factor f:

g = lm (fl,.)- (10.47)
T*}T.’;

affine

where £, satisfies the affinely parametrized geodesic equation,

55

affine

Vslattine = 0. (10.48)

affine

Although /g . is not defined on H, ¢* is smooth everywhere, so its value on H is the limit as r — r

of its value for » > r,. Then

affine

K0y = lm OV 5(fg0e) = Hm (°V 5 f) e (10.49)
T4 T4
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To find f, write £%; _ in terms of the basis vectors of the Kerr coordinates v, r, ¢, §: From Eqs.(5.96)

affine
we have
. r? + a? . ~ a
Oy =0, 0s= 8&;, O,(with t, ¢ fixed) = A 0, + O,(with v, ¢ fixed) + Z@; . (10.50)

(the last equality is with 9, and 95 replacing 0; and 0y). In particular, in a Kerr basis, the generator
of the horizon is

€l = 0, + Q. (10.51)
. . . . . r? + a? a .
From Eq. (9.634)), in the Boyer-Lindquist coordinate basis, £,n. = A Oy + O, + Z%, so in the
Kerr basis,
r? + a? r? +a? a a
’eafﬁne = A av ( 81) + a7" + —ag) + _8(;
r? + a? A
=2 Oy 0~ 10.52
A ( * 2(r2 + a2) Ty a2 ¢’> ( )
Then,
m |2 | =0+ =9 — 0, + Q- — & (10.53)
ey | 202 + a?) e | T U+T3+a2 5= 0o Qu0y =t '
A
Thus f = ———
us f 2(r2 +a?)’
A
6=0,+ 0+ -5 (10.54)

and Eq. (10.49)) gives

ga’ 1 ga A A ry — M

K = lim . =

Sy Teline 902 1 62) 7T 2(r2 4 a?) |, r2+a?
ro —M  M?—a?

= = . 10.55
" ri + a? 2Mr, ( )

374 Law: « cannot be reduced to zero.

The third law of thermodynamics is the statement: It is impossible by any process, no matter how

idealized, to reduce the temperature to zero in a finite sequence of operations.

Its black hole analog is:

It is impossible by any process, no matter how idealized, to reduce k to zero in a finite sequence of
operations.

As one spins up a Kerr black hole to its maximum value, a = M (an extremal black hole), its surface
gravity drops to zero. Reaching or surpassing @ = M means creating a naked singularity, and the cosmic
censorship hypothesis is the statement this is impossible. There is no formal proof of cosmic censorship,
but all calculations that attempt to add enough angular momentum to a black hole by sending in particles
or fields end up adding enough mass to keep « positive, as long as the matter satisfies a positive energy
condition. An extremal black hole has no trapped surface, and Israel proves a version of the third law[67]]
that prevents a spacetime with trapped surfaces from evolving to one with no trapped surface.


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.57.397
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10.4 The 1st Law

The first law of thermodynamics gives the difference in energy between nearby equilibrium configura-
tions. We will begin with the first law for vacuum, asymptotically flat, stationary black hole spacetimes.
The Kerr family of geometries are the only such spacetimes, so the first calculation uses explicit expres-
sions for the energy (mass) of Kerr black holes.

We then present a more general derivation for stationary axisymmetric black holes surrounded by
matter (e.g., an accretion disk) following BCH, the original Bardeen-Carter-Hawking paper[12]], and
filling in steps. They use /* to mean the Killing vector

Caon =t + Quo”, (10.56)
0 {3y 1s null only on the horizon. To avoid confusion, these notes will denote the Killing vector by
E* =1t% + Qpo“, (10.57)

with % a null vector for which /¢ = £* only on H.

Consider a family of stationary axisymmetric black holes with masses, angular momenta, horizon
areas, and horizon angular velocities M (\), J(A), A(A), Qg (N). The first law of thermodynamics ex-
presses the change in the mass (energy) along such a family of equilibria in terms of the thermodynamic
variables that describe the system. For the black hole, these will be entropy and angular momentum,
with the entropy identified with the black hole’s area (more precisely, after the BH temperature was
discovered, with A/87): With § denoting d/d\ at A\ = 0, it has the form

- 1

/I

analogous to
OM =TS + Q6 J, (10.59)

for a uniformly rotating system. For the unperturbed quantities, the black-hole relation is

1
M= —krA+20yJ, (10.60)
4

reminiscent of the M = T'S — PV thermodynamic relation.

10.4.1 First law for Kerr black holes

To obtain Eq. (10.58)) for Kerr black holes, we first need to find the surface gravity x, for a black hole of
mass M and angular momentum .J. We already know A and €2 from Egs. (10.153), (5.56) and (5.53),

A=8rMr,, Qp= 2]\2‘ , where . = M + /M2 — a2, (10.61)
T+

We can now easily check the first law (10.58)) and the corresponding Smarr relation (10.60). We’ll
start with the Smarr relation. Using Eqs.(5.56), (10.15) and (10.55)), for A, Qy and x, together with
J = alM, we have

£/£+QQHJ:87TMT+ r+—M+2 a aM:Ti_MT++a2

= M. 10.62
47 4 2M7’+ 2M7’+ Ty ( )



https://projecteuclid.org/search?term=four+laws+of+black+hole+mechanics
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The last equality used 73 + a® = 2Mr, once again.
To obtain the first law, we express the Smarr relation in terms of of the variables M, A and J.

Writing ;. = S we have
ry —M 1 dn M J AmJ
T oMr,  2M A T oME, T OAM (10.63)
and Eq. (10.60) takes the form
A 8m.J?
M = -M+—
ARV v
or y 1
4
M? =" 10.64
167 + A (10.64)
Then P ;
1 47 8T
2MOM = | — — A4+ —0J. 10.
1) (16# A2>(5 + A(5J (10.65)

Finally, divide by 2M, replace 47J? /A by M? — A/(167), and then use Eq. (T0.63) in reverse to restore
k and €2y, to get the first law.

SM = 8i(5A 20,60 O (e:first1)
T

10.4.2 First law for relativistic stars and matter outside a black hole

We show in next section, Sect. below, that the first law differs from its vacuum form, (10.58)),
only by a contribution ¢ M, from the matter. For an axisymmetric disk outside a black hole and for
a rotating star with no black hole, modeled in each case by a perfect fluid, the contribution of the matter
to change in total energy is a consequence of the local form of the first law: The change in mass is given
in terms of the change in the entropy S, baryon number /N. The change in the energy of a fluid element,
measured by an comoving observer (an observer whose velocity u® is the velocity of the fluid element),
isdEl = TdS + pdN. The corresponding change dM in the mass of the spacetime involves a redshift
factor and a term €2d.J, with €2 the star’s angular velocity (which may depend on position), and d.J the
angular momentum of the fluid element.

The derivation in this section is drawn from previous discussions by Thorne [123], Zel’dovich and
Novikov [137] (with a section on injection energy by Thorne), and by [Carter]26]. The text below is
largely taken from Friedman and Stergioulas [52]].

Injection energy: First law deduced by dropping a group of baryons from infinity
Consider a stationary, axisymmetric star (or fluid outside a black hole) with fluid velocity

u® = u'(t + Q¢%). (10.66)

The contents of a box at infinity are to be injected into the star at a point P. E] The box holds a collection
of baryons having the same composition as the matter at the point P. The collection has baryon number
0N and entropy 05 the box, including its contents, has energy 0 M; and angular momentum ¢.J. In
order that the matter can be injected in a thermodynamically reversible process, the entropy per baryon

3To preserve axisymmetry, we can take the box to be an axisymmetric ring of fluid to be inserted at an axisymmetric
circle in the star.
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s in the box is to be that of the star at the point P, so that 6.5 = soN is the entropy of the N baryons.
Denoting by p, the initial four-momentum of the box, we have

oMy = —p1at®, 0J = p1ad”. (10.67)

Imagine the box falling freely to the point P of the star. An observer at rest with respect to the fluid has
velocity u®(P) given by Eq. (10.66), and when the box reaches P, the observer measures an energy

5E1 = _plaua = _Ut(plata + Qp1a¢a)
— WH(5M, — Q5J), (10.68)

Now, following Thorne, we suppose the observer catches the box at P and reversibly injects its contents
into the fluid, imparting to the fluid an energy

OE =T0S5 + udN. (10.69)

Because the initial entropy per baryon was already s, not all of the available energy is used: Our
active observer uses the remaining energy to throw the empty box back up to infinity, on a trajectory with
zero angular momentum, so that the angular momentum ¢.J is retained by the fluid. The returning box
then has momentum p,,, with vanishing angular momentum, p,,¢“ = 0. Its locally measured energy
is0F; = 0B, — 0E = pyau® = paot®ul. Because its free trajectory conserves py,t®, the box reaches

E
infinity with redshifted energy 0 My = po t® = —t2 The change in mass of the star is then related to
u

the change in baryon number, entropy, and angular momentum of the fluid by

1 E
SM = OMy — My = (OB, — 0F,) + Q07 = i—t + Q6

= Lsns Lastas (10.70)
u u

The first law for generic black holes surrounded by an axisymmetric configuration of fluid or for a
relativistic star has the form

T

. .
M = o ROA+QudJ + / (“Lo‘(uv+ ~§dS + Q(SdJ) . (10.71)
s . U U

b
where dJ = Tﬁo‘gbﬁdsa, dN = nu*dS,, and dS = sdN.

Although the reversible injection of a ring of matter preserves the local thermodynamic equilibrium,
the star itself is no longer in gravitational equilibrium after the process described in our derivation of the
first law. But the ignored global correction to the mass is second order in the perturbation: Readjusting
to the new equilibrium is a perturbation that preserves entropy, baryon number and angular momentum,
and an equilibrium configuration is an extremum of the mass for perturbations that conserve entropy,
baryon number and angular momentum.

t

10.4.3 First law for generic stationary axisymmetric black holes.

We show here that, as noted above, the vacuum terms in the first law have the same form for perturbations
of a stationary axisymmetric black hole spacetime with matter. We first show that the surface terms at
the horizon and at infinity again give g0 A + 2€20.J as the black-hole contribution to j M. We keep the
contribution from the matter for an arbitrary stress-energy tensor.
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We start by generalizing the Smarr relation (10.60). We can assume that the Killing vectors ¢* and
¢* are the same for all \: This uses our freedom to make an arbitrary diffeo or, in coordinate language,
to to say that in a fixed chart, each metric g,3(A\) has components independent of ¢ and ¢. Consistent
with this, we can also require that the set of points comprising the horizon is the same for all metrics

9ap(A) F_fl
From the Killing vector identity (10.27)), we have

VsVek? = Rk", (10.72)

vanishing for our vacuum spacetimes. Gauss’s theorem now gives the integral [, VVekPdS,, over a
3-dimensional hypersurface in terms of the integral over its boundary,

/ VsVe%k’dSy = [ VkPdS,p. (10.73)
by 0%

When 0% is a t = constant, = constant surface, dS,, = \/—_gV[Mt V,rdfde¢. (See Sect. |10.5
below for a quick proof of Gauss’s theorem in this form or read section[A.2.T]of the integration appendix
[Al) With &k replaced by ¢* or ¢, the identity shows that a stationary, asymptotically flat, orientable
vacuum spacetime with no interior boundary and a single asymptotic region has vanishing mass and

angular momentum: It is flat space. In our case, denoting by S the 2-dimensional slice of the horizon,
S := XY N H, we have

/ VekAdS, s = / VekPdS,s + / RSk dS,, (10.74)
00 S 2
where we have used Eq. (10.304d). From Eqgs. (10.23)), we have

1
o / VokPdSas = —M + 29 J. (10.75)
™ [e.e]

Now to the integral over the horizon: We can take our slice S of H to be orthogonal to /* and n®,
spanned by m® and m®. On H, k* = (*, and the area element of S’ is

dSa/j = ;(&mﬁ — fﬁﬂa)dA, (1076)

where the orientation is chosen in the same way as at the sphere at infinity: dS;, = €,94d0d¢ for ¢
increasing to the future and r increasing in the usual way for a radial coordinate.

Exercise 120. Quick exercise: Check this, starting with the area element in the form wo[awl 8] dA, for
an orthonormal frame {w*} with w” and w' normal to m. Then for some constant a, ¢, =
0

a—wlg),ng = —(woa —|—w15).

a(w 5

*If the new and old horizons do not coincide, one can always make a t- and ¢-independent diffeo that maps the new
horizon to the old one. Keeping t* and ¢“ fixed was implicit in our derivation of the first law for Kerr, and fixing the
horizon as well is a sensible choice for proving the first law in general. Although this way of describing the family of
black holes is natural for proving the first law, it is not the way one would ordinarily describe changes in a black hole that
alter its orientation: Galactic black holes that accrete matter by swallowing stars change from one stationary axisymmetric
configuration to another, and the changes in area, mass, and total angular momentum are related by the first law. But
to describe the time-dependent accretion or the change in spin direction, one would typically pick a chart in which the
coordinate direction of the rotation axis changes.
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Next, using the Killing equation, V*k? = VI*£k? we have on S
a ,6’1 a B [ B
Ve §(kan5 — kgng) = k*VokPng = (°V  £Png = —K, (10.77)

implying X .
— | VkPdS,s = ——KA. 10.78
AT Jg g i ( )

With this expression for the surface integral at the horizon and Eq. (10.75)) for the integral at infinity,
Eq. (10.74)) gives the generalized Smarr relation

1 1 .
M= —RA+20,] — — / R2KPdS,, (10.79)
471_ 47T » !

with the last term on the right the contribution from the matter.
To obtain the first law, we will use this relation, in the perturbed form

1
oM = 4—6(5/1) +25(QyJ) + 81 Mater, (10.80)
s
1
51Mmatter = __/ngﬁdsa, (1081)
47T n
together with a relation
1
5M - _4_5/'i A - 26§2H J + 52Mmatteru (1082)
s

1
that comes from varying the Hilbert action, / = Ton / Ry/—gd*z. Adding these two equations imme-
T

diately gives the first law.
The variation of the action is given in Sect. below. To avoid factors of 1/2 and conform to BCH,

we’ll look at the change in 8—R\/ —g from an arbitrary perturbation /s of the metric. From Eq.(11.4),
™

we have
1

§ (R/=g) = —G*Phos + VLAY, (10.83)
7= ) ’

where

A% = Vh*? — V*h. (10.84)

One ordinarily obtains the field equation by varying the action, defined as an integral over a region
of spacetime between an initial and final hypersurface. Here, because we are looking at stationary
solutions, we can omit the integral over time and write the action as an integral over X: Eq. (10.83)
gives

i/é(R\/—g)d?’a:: —i/Gaﬁham/—gd%Jri/vaA%/—gd%. (10.85)
8T Jx 8T Jx 8T Jx

We now show that the second integral on the right is the sum of surface terms at infinity and at the
horizon, having the form

1
3 / VA% /=g d*x = surface integral at infinity — surface integral at horizon
TJs

1
=M + 4—(51€A +0Qy Ju, (10.86)
™
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where the minus sign in the first equality corresponds to using a normal that is radially outward at both
the horizon and at spatial infinity. In a vacuum spacetime, only the surface terms are nonzero, and the

change in mass is given by 0 M = —4—5 kA —0Qy J. When matter is present, the remaining terms in
s
Eq. (10.85)) are the contributions from the matter to § M that we have called d; M 4¢e; in Eq. (10.82)
1 1
0o M patter = —/ S(Ry/—g)d*x + — / G“’Bham/—g . (10.87)
87T ) 87T »

Surface integrals.
Choose an axisymmetric scalar ¢ for which X is a ¢ = constant surface and with t“V,t = 1. (For
Kerr or Schwarzschild, a natural choice is a scalar agreeing with v near the future horizon and with the

usual coordinate ¢ near infinity.) In a chart {¢, 2"},
dS, = Vat\/—gd3z, and t*dS, = /—¢g d*z. Then

5/ Rt*dS, = 5/ Ry/—gd’z = —/ Gmhmtadb”a + / V3 APtdS,,. (10.88)
by b b b
Because h,g and g, are time independent, we have
V=gV A* = 0,(A*/—g) = 0;(A"\/=9g).
The surface term at infinity from V, A% in Eq. (10.88) can be written as

r—00 =00

/ A%dS, = lim [ A*V,r r?dQ = lim [ [0,(r*h™) — r*0"h]d
= lim [ [0,(r*h"™") — r*0,h]dS2.
r—00

For our family of asymptotic metrics (10.24)), to order 1/,

20M
h" = h,.. = , h'y + hl = —hy + b, =0,
T
and we have .
/ A%dS, = oM. (10.89)
ﬂ- o

Finally, to compute the surface integral at the horizon, where what we understand is dS,4 in terms
of the two normals n,, and ¢, it will be helpful to rewrite the surface term. Start with

VAPt = V(AP — AP) — APVt + 1PV 5 A — AV 5t”
N - Y N——

£tA°‘ =0 0

= V(AP1* — AP,

Then the divergence term in the varied action (10.88)) can be written as
/ V,A%dS, — / V(A% — AP)dS,
> s

= — / (APt> — A*P)dS,.p, (10.90)
0%
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and the surface term at the horizon is

1
/ (AP — A94P)dS, 5 = / (AP17 — A1) (L — (na)dA = / AP (Camy — Lyma)dA
S S S

1
= — [ (V7 = VPR) (1" — Qu¢®) (bang — Lgna)dA
1
= — / (*VPhopdA. (10.91)
87T S

where we haveused ¢ - { =0, ¢ -n = —1, and /*V ,h = 0 in the last equality.

We need to relate the integrand to dx, and we compute dx as follows. From the definition of x, we
have

5k = —0(l°nVly) = =3PV gly — on*l°V glo — (°n*5(V 5L,,). (10.92)

Now on the horizon,
o0 = 0k = 6Qg o, (10.93)

because 0t* = 0 = d¢“. In the third term, we can replace /,, by its value %, on the horizon, because the

only derivative is along the horizon. Then Killing’s equation gives
8(Vala) = 6(Vigka)) = Vgdka),

5k = —n*0Qy ¢’V lo — In“PV gl — 0°n*V 56k,). (10.94)

On to the second term on the right: Because the horizon is unchanged in our gauge, ¢, (\) is parallel to
the null normal V,u to H, implying ¢, is parallel to V u: ¢, = f¢,, some function f on H, and we
can write

—5na€5V5€a = —0n°kly, = kN0l = —Kf
= [nsVPl, = n"sV5(fl,), using (°V,f = k°V,f =0on H,
= (°n°V 36ly = °nV 50k, (10.95)

The second and third terms on the right of (10.94) now combine to give
1
§(£anﬁ + 0PV o Okg.
The shear and divergence, 0,5(\) and 6(\) vanish, so 0 = §(m®m’V ,ky); because the position of the
horizon is unchanged, m® is a linear combination of ¢%, m® and m®, implying ém®m°V ks = 0.
Then mamﬂva5k5 = 0 on H, and we have
1 a, (B B, o 1 a, (B B, a a—_3 B—a 1 «
5(6 n” 4+ 0°n )Va6k5:—§(—€ n” —0°n* + mm” + m°’m )Va5k5:—§v Okq
1 a 6
= 5V hes. (10.96)
In the last equality, we have used Eq. (10.93)), 6ko = 0(gask®) = hask? + Qup, and VP = 0. Then

1 1
5k = —éeavﬂhw —n60y ¢’V sl = —Eéﬁvahw — 0NV P, (10.97)
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this time using L4/, = 0.
Using this relation to replacing 5(“V”h,g in Eq. (I0.91) gives for the surface integral over the
horizon

1 1 1
Aﬂt(x _ Adtﬁ d af — ——/5 dA—(;Q —/ « Béa dA - ——6 A—2(SQ
/S( )dSap = K H o SV ¢ lanp 108 aJu,

where, in the last line, we used the antisymmetry of V*¢%. Thus the variation (T0.83)) of fz d*rR\/—g/87
yields

1
oM = —E(SIQA - 25QH JH + 52Mmatter7 (1098)

as claimed.
Adding this to the relation M = §(kA /4w 4+ 2QuJy) + 01 Muatter, EQ. (10.80), and dividing by 2,
gives the first law,

) 1
SM = 87%4 + Qro0Ji + S Moatter, (10.58)

T
with )
5Mmatter = 5 (51 Mmatter + 52Mmatter) .

In Eq. (10.87) for 8y M atter, We can write /—gd®z = t*dS, = k%dS,, because ¢ lies in X and is
therefore orthogonal to d.S,,. Using Eq. (10.8T]) for §; M yatter, we then have

1 1
5Mmatter - _8_7T(5/ngﬂdsa + m_ﬁ/GﬂvhgwkadSa

1
=9 / T5k dS, + 3 / TP hg k“dS,. (10.99)

10.5 Gauss

For an antisymmetric tensor F*%, V, " = (—g)~1/29,[(—g)/2F**]. This is the same identity that
gives Gauss’s law for a vector A”; the extra Christoffel symbol in the derivative vanishes because of the
antisymmetry of F'. Consider a ¢ =constant surface > bounded by an r = constant surface 9%. (For
any smooth 3-dimensional submanifold with the topology of a ball bounded by a topological sphere,
just choose coordinates with ¢ constant on the ball and r constant on the boundary.) Write dS, =
V., ty/=gd*z and dS,, = \/=gV,t V,rd*z. Then

/ Vs FoPds, = / 0, (F"\/=g)V ytd*x = / FHN Y ,ry/—gd’e
¥ ) ¥
- / F'"/=gdfd¢
ox

= / F%dS,p.
0%

If n,, and n,, are two orthogonal unit normals spanning the tangent space to 93,
dSap = njungdA. For F* the electromagnetic field, this gives the electric charge:

1 1 1
4mj* = VgFY = — / Jj¥dS, = —/ F'"r? sin dOd¢ = —/ETrde = Q.
a7 Js AT Jom Am
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10.6 First Law in a Hamiltonian Framework

10.6.1 The gravitational Hamiltonian

The first law for black-holes is simplest to state (but not simplest to prove) when written in terms of
the Hamiltonian for gravity. A summary is given in Wald 92, based on work by Wald and Sudarsky.
[117,130] We’ll go over the statement of it first, then verify the claims.

Write the expressions for the Hamiltonian and momentum constraints in the form

H=(R— KKy + K*)\/7, Ho = 2D (Kaup — Y K) /7. (10.100)
We will show: A Hamiltonian governing the spacetime geometry is
Hg = /d%[a% + BYH,]. (10.101)
the momentum conjugate to v, is
% = (K" — " K) /7. (10.102)

Varing the Hamiltonian gives the equations of motion,

. 5HG . ab 5HG
ab — T __ 71 ™ == >
T e O Yat

(10.103)

where (*) is the time derivative associated with t* = an® + ¢, and where «, 3%, hy, and 7 vanish
rapidly enough at infinity that there are no surface terms. E]

The first law involves the opposite case, with ¢* the timelike Killing vector and ¢ = ¢ the rota-
tional Killing vector of a stationary, axisymmetric vacuum black hole, and of a perturbation to a nearby
stationary, axisymmetric black hole. In this case 7,, = 0 and 7., = 0; the field equation is satisfied, so

0Hg 0Hg

Srab o 6,yab =Y
and the constraint equations are satisfied by the perturbed and unperturbed solutions, so 0H = 0 and
0H, = 0. But the surface terms are nonzero and we are left with

surface term at oo = surface term at horizon,

or
i 5A
M + QuéJ = —k—. (10.104)

™

To check all this, we will find the gravitational Hamiltonian, show that the surface term at infinity is
—0M + Qp0J, and then use our original derivation of the first law to infer that the surface term at the
horizon is —kd A /8. We first add to the Lagrangian density “R+/|g| a total divergence that replaces the

For asymptotically flat spacetimes, the Hamiltonian H is not the true Hamiltonian, because the surface terms are
nonzero for generic perturbations that preserve asymptotic flatness. Moreover, the value of Hamiltonian for solutions to the
field equation should be the mass (energy) M of the spacetime, but Hg vanishes. The two problems are related: Adding a
divergence that gets rid of second derivatives in H¢ removes the surface term, and the revised Hamiltonian is equal to M for
solutions to the field equation (equivalently, for initial data g,, 7% satisfying the constraint equations). A similar problem
arises for the Einstein Lagrangian R\/m , and a first-order Lagrangian is presented in Sect. below.


https://arxiv.org/pdf/gr-qc/9305022.pdf
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second time derivatives in *R by a kinetic term quadratic in first time derivatives. From the contracted
Gauss-Codazzi equation (1.70) in the initial value notes, we have

R=7"Ros =7y Rogs + KPKop — K* (10.105)
which we can rewrite as
‘R — 2V, (n"V.n® —n®V,n") =R+ K3 K* — K. (10.106)
That is, the right side differs from *R by a total divergence, so the Lagrangian
& = (KupK®™ — K? 4+ °R)ay /7. (10.107)

gives the field equations for variations that vanish fast enough at infinity.
Because R involves only spatial derivatives of 7, the time derivative ~,; occurs only in the terms
involving the extrinsic curvature K, so the momentum conjugate to ,, with respect to .Z is given by

0L 0% 0K,
ab ab ab ab
7= — = — = — (K" —y"K : (10.108)
a’)/ab 8}(ab af}/ab ( 7 )ﬁ
where we have used Eq. (8.88]), namely
.
Kab = 45 (’Yab - 'C,B’Yab) . @D

2c
In the canonical formulation of general relativity, V., 7, o and 3% are regarded as independent gravi-

tational field variables, the arguments of the geometrical Hamiltonian
Hg = / d'z (7% — £) . (10.109)
To write H¢ as a function of the four variables 7., 7%, o and (3%, we first invert Eq. (10.108) to write

K in terms of 7 The trace of Eq. (10.108) gives m = 2K /7, where 7 := 747*. From (10.108)
itself we then have

1 1
Koy =—— <7Tab - —%m) , (10.110)
V7 2
and the Lagrangian density (10.107) has the form
¥ =a {ﬁ?’RJri (w“bm—lw?)} (10.111)
val 2/
Next use (I0.110) and (8.105a)) to write 7, in terms of 7y:
) : ( L >+DB + Dyf3 (10.112)
Yab = —=Q | Tab — ZVadbT alb bMa- .
V7 2

The Hamiltonian density now takes the form

|
7y — L = % (wabwab - 57#) — /7 R+ 270D,y (10.113)

= oH + B"Ha + D, (2776y), (10.114)
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where the scalar density
1 1
Hi=— (nabwab — —w2> — /7 °R, (10.115)
v )V
and the vector density
H, = —2Dyr° (10.116)

are the Hamiltonian and momentum constraints, written in terms of 7.
To relate geometrical variables to mass and angular momentum, we need to multiply the geometrical

Hamiltonian H by ¢*/(167G) = 1/167 to get the physical Hamiltonian H := / dPa(n%y — L).

167
1
The gravitational action [ = Ton / d*z.% can now be written in the form
T
1
I= Az (1% — aH — H,a), (10.117)
167
and the gravitational Hamiltonian is
1
H= /d3 [aH + B“H,]. (10.118)
167

Because 3 and « do not appear in H or H,, defined as functions of 7% and 7, the variational
derivatives d/ /0a and 61/53* are the constraint equations, the vacuum constraints

H =0, He, =0, (10.119)

and the dynamical Einstein equations are given by [10.103| for variations vanishing rapidly enough at
spatial infinity and at the horizon that there are no surface terms.

10.6.2 Surface terms and the first law

In the first law of black hole thermodynamics, our interest is in the opposite case, in surface terms for
variations associated with nearby solutions for which 4, = 0 = 7. As described at the beginning of
this section, because solutions to the Einstein field equation satisfy H = 0 and H, = 0, the Hamiltonian
H also vanishes, implying the variation 0 H = 0. Now J H has the form

0H
0H = / dx [ o 57Tab + surface terms at infinity and at the horizon. (10.120)

Because the solutions we are looking at are time independent, we have

0H oH
=0=— 10.121
6’)/[117 5ﬂ_ab ) ( )
whence
0 = 0 H = surface terms at infinity and at the horizon. (10.122)

We consider an evolution along k% = t* + Qz¢® with Qy fixed. In this case,

1
H=— /de[a’H + Quo*Hal,
167
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and in
«Q ab 1, 3
aH = — 7r7rab—§7r —ay/7 "R,

the first term (the part quadratic in 7°) has no derivatives of v,; or 7, so its variation gives no surface
terms. As a result, in

S(aH) =6 {% (wabm - %H) — oA 33] ,

the surface term comes only from 6 (—a.,/7 °R) = 0 (—\ /g 3R>. From Eq. (T1.14), we have

1
o(=+/Ig| °R) = [(R“b = 59" R)hay = DGAG]} Vil (10.123)
where
A = Dyh® — D*3h, with 3h = y®hy,. (10.124)

The surface term comes from the divergence — D, A®. Here, at order 1/r only h,, = 25M /r is nonzero.
Then ®h = h,. + O(r=2), K™ = h, + O(r~?), and the first surface term is

! / AdS, = ! Far(ﬁhw) — arh,.r)} r2dQ = —9M. (10.125)

167 167 ) |12

This is the ADM expression for the mass, involving only the spatial metric; it is named after Arnowitt,
Deser, and Misner, who introduced it in their famous 3+1 paper [6].

A second surface term comes from Qyd(¢p*H,). In fact, fz Oo*H,, is itself a sum of surface terms
at infinity and at the horizon, each proportional to the angular momentum. We convert 6(¢*#H,) to the
form Eq. of J as follows: With n,, and 7, the unit normals to X, we have

Ve’ dSas = V¢ PlangdS = V*¢° 7, nsdS,

using in the last equality the antisymmetry of V*¢°. Then ¢ns = 0 implies
1
vagbﬁfan = _qﬁﬂfavanﬁ = Koc Qbﬂfa - - 71-ab¢a’f’by
B g ﬁ

8rJ = / Ve’ dS,s = — / T Poty dS = — / T $odSh. (10.126)

oo

We can now find our second surface term as follows: From

L / Q™Mo = —2046 / (pa Dy d*x = —2Q 6 / Dy(1¢,)d*x,
167T ) » »

the surface term at infinity is

1

— (—2QH5 / ﬂ“bgbadSb> = QudlJ. (10.127)
167 .

The sum of the two surface terms at infinity, (10.123)) and (10.127), is thus

surface term at infinity = —0M + QgdJ, (10.128)
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as claimed. Our proof of the first law implies for the sum of terms at the horizon,

0A
surface term at the horizon = —/{8—. (10.129)
s

A direct calculation of the surface term at the horizon would give an alternative proof of the first law,

0A
oM = QuoJ + k—, (10.130)
8
but the calculation, first done by Sudarsky and Wald,[117] involves theorems on black holes whose
proofs are beyond the scope of these notes.



Chapter 11

Action, Noether, Surface term

The first section in this chapter, showing that R\/m is a Lagrangian density for the Einstein equation,
is a natural part of a second semester GR course. The subsequent sections are less standard: They
use Noether’s theorem to introduce conserved quantities in GR, following Katz[69], Chrusciel[31],
and Sorkin[[113]. To do so, one uses an action that involves only first derivatives of the metric, or,
equivalently an action that differs from [ R\/m d*z by a surface term involving the extrinsic curvature
K135]]. The revised action is needed because f R\/m d*x is not a true action: Variations of the action
for which dg,s vanishes on an initial and final surface— and is well-behaved asymptotically— do not
yield the field equations. Instead, they leave a divergence whose integral is a nonvanishing surface term.
These last sections may be helpful to readers using work by Hojman, Kuchar & Teitleboim[66]] relating
surface terms to conserved quantities, or work by York[135] and later Gibbons & Hawking[56]] using
the first-order action written as the Einstein-Hilbert action with an extrinsic curvature surface term.

11.1 Variation of the gravitational (Hilbert) action
Varying [ d"zR+/|g| in any dimension.

The Einstein-Hilbert action is

1
]:/$d4x: e Ry/|g|d"x. (11.1)
s

Finding the field equations by varying this action is a quick calculation once one realizes that the varia-
tion of the Ricci tensor d R, is a pure divergence

R, = V(B ), (11.2)

some tensor B€,,.

We’ll do the easy part first, getting the field equations, and then do the harder part, showing that
0 R,y is a divergence and so contributes only a divergence V,A® to the variation of .. For the first law,
the field equations vanish and it is A® that is the important term.

Here’s the quick calculation:

OR = (5(Rabgab) = —Rabhab + gabéRab
= Ruh™ VA (11.3)
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where A° = B®;. Eq. (11.3)) and
1
IV lgl=5V1glh

immediately give
—5 (RVlgl) = —(R* — g‘“’R)habJr VaA?, (11.4)

as claimed.

Now we find A*. We start by varying the Riemann tensor, using the commutator
R? bcdvb = [vw Vd]vaa (1 15)

for any vector v®. For fixed v, we need to compute

6R*,, 0" = 6[V.Vau® — ViV (11.6)
The perturbed covariant derivative operator, 6V, acts as a tenSOIl (5F bes ON @ vector v, its action is
SV = 614 b, (11.7)
where .
0% = 5 (Voh' + Vehy = V). (11.8)
Eq. (I1.8) can be derived from the relation
0= 06(Vagse) = Vahe = 00%,gac — 6% gba; (11.9)
via the linear combination
0= %gadw(vbgcd) +0(Vegsa) — 6(Vagse)]- (11.10)

To compute 6 Rp.%, we write

S(V. V) = =0T Vi + 0% Vg’ + V.5(Va0)
= =0T’V + 0T Vo’ + 0TV 0"
+V (6T %q)". (11.11)
Because the first three terms on the right side are, together, symmetric in ¢ and d, Eq. (11.6) implies, for

all v®,
SRy qt” = (V0T % — V0T % )07,

whence
OR g = VoI "g — VoI e. (11.12)

The perturbation of R, follows immediately:

§Ray, = 0R® ) = V0T 0 — V0T % (11.13)

! Although the Christoffel symbols I'#,,, do not naturally constitute a tensor, the difference between the Christoffel
symbols of two different covariant derivative operators do so. To linear order in the difference, this is implied by the explicit
covariance of Eq. (IT.8). From p. [I02]a tensor field is a map of vector fields that is linear under multiplication by scalar
fields, and the difference between two covariant derlvatlve operators, V. — V, is linear in this sense:

(Va = Va)(f€") = f(Va — Vo). This was|Exercise 47]



CHAPTER 11. ACTION, NOETHER, SURFACE TERM 343

and we have

SR = O0(Rapg™) = —Raph™ + g0 Ry,
— _Ryh® + V, A% (11.14)

where

A — <gbc(srabc o gaCé*bec) — <gacgbd o gabgcd)vbhcd or
A= V,h® — V. (11.15)

To summarize: The variation (T1.4) has the form

1

Vgl

S(RVg]) = —G™hap + VoV (R® — VD). (11.16)

The remaining sections of this chapter are related to conserved quantities. A generic spacetime has
no Killing vectors and no natural definition of energy-momentum conservation. In an asymptotically flat
spacetime, however, one can recover the Poincaré group as a symmetry group at spatial infinity. (See,
for example, ADM[/].Geroch[55]], Ashtekar-Hansen[10],Chrusciel{33],Sommers[112]). At null infin-
ity (in the limit as one moves away along outward null geodesics), one can again recover a unique group
of asymptotic translations and a corresponding conserved energy-momentum of the spacetime, with the
mass of the spacetime decreasing by the energy radiated in gravitational (or electromagnetic) waves be-
tween successive null hypersurfaces (Bondi,van der Burg, Metzner[21]], Sachs[100],Penrose[85]). But
the presence of radiation at null infinity leads to weaker conditions on asymptotic fall-off than at spatial
infinity because radiation lies within the future light cone of its source. The weaker asymptotic condi-
tions at null infinity lead to a larger group of asymptotic symmetries (the Bondi-Metzner-Sachs or BMS
group), in which one cannot uniquely define angular momentum: The asymptotic symmetry group in-
cludes a family of Poincaré subgroups, with no preferred choice. The conserved angular momentum
in the following discussion, is then appropriate for spatial infinity or for the null infinity of a stationary
spacetime, or for an arbitrary choice of an asymptotic Lorentz subgroup of the symmetry group at null
infinity for a generic asymptotically flat spacetime.

11.2 First-order action

The presentation in this and the next section is tied to work by Katz[69], Chrusciel[31], and Sorkin[113]];
their papers follow earlier work by Hojman, Kuchar & Teitleboim[[66] that associates surface terms with
conserved quantities. See also Trautman [132}|126] for careful treatments of Noether’s theorem.

If a function /(¢) on a space of fields, {¢}, is an action for the field equation E(¢) = 0, then
solutions to £/ = 0 are extrema of I for perturbations of the fields that vanish on an initial and final hy-
persurface. Perturbations h,3 = dg,s from one asymptotically flat solution to another do not extremize
the Hilbert action because the surface terms at spatial infinity are nonzero. This is related to the presence
of second derivatives of the metric in R and to the fact that the metric itself is nonzero at infinity. One
obtains a true action for asymptotically flat spacetimes by adding a surface term, — foo BedS,, whose


https://journals.aps.org/pr/pdf/10.1103/PhysRev.122.997
https://aip.scitation.org/doi/pdf/10.1063/1.1666094
https://aip.scitation.org/doi/pdf/10.1063/1.523863
https://aip.scitation.org/doi/pdf/10.1063/1.528208
https://aip.scitation.org/doi/10.1063/1.523698
https://www.jstor.org/stable/2414436?origin=ads#metadata_info_tab_contents
https://journals.aps.org/pr/pdf/10.1103/PhysRev.128.2851
https://www.jstor.org/stable/2415306?origin=ads#metadata_info_tab_contents
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variation cancels the surface term foo A*dS,. Equivalently, one adds to the Lagrange density the term
—VaoB*\/—g.

We previously found the Hamiltonian form of the action by adding to the Lagrangian density a total
divergence that removed the second time derivatives. Here we are removing all second derivatives. In
Sect. (TT.4), we show that the surface term is proportional to [ K'dS, with K the extrinsic curvature
of the boundary of the region of integration, and this is the way in which York [135] and Gibbons &
Hawking[56]] write the first-order action.

Denote by 0, the covariant derivative operator of the flat metric 7,4 (introduced previously in
lcise 46| and [Exercise 47]) and let £&* be a Killing vector of 77,5. Denote by C'“ g, the tensorial form of
the Christoffel symbol T,

Co%, = %gaé(aﬁgwd + 0,955 — 0595+)- (11.17)
We cancel the second derivatives in R,/—g by subtracting the divergence 0,5, where
B* = B*\/—g, with (11.18a)
B* := ¢?"C%, — g*PC7 5 (11.18b)
= (9"79" = 9" 97°) Dsgys. (11.18¢)
From Eq. (IT.T5)),
dB® = A“, atleading order in 7. (11.19)
Then, in the variation of the action [ Ld*z, with
L:= R\/—g — 0,B%, (11.20)

the surface terms at spatial infinity vanish.
We now show that . is quadratic in C,

I= / Ld'z, L= (Cap, O — C 307, 0)V 9. (11.21)

This is the I'T" part of R,/—g, but with the opposite sign.
Here’s the calculation: From Eq. (2.49), the usual form of R in terms of I is
R = g"°(0,C%5 — 0;C%0) + CP5C7. o — Cog,CP7 . (11.22)
Using Eqgs. (11.18al),(T1.18b), we have
0aB% = 0a(9"'V/=9)C% 3y = Balg™"V/=9)C" 5 + g7 (0aC%5 — 0C0)V/~g.

We replace derivatives of the metric by C’s, using 0 = Vg5, = 9agsy — C°gagsy — C°angps:
1
aa(gﬁv /_—g) — (_gﬁagw o Gor + §gﬁvgar o) /[—g = (—Cﬁoﬂ _ C’”O/B +gﬁv06a6) /g
0a(9"V/=g) = —C" /=g

Then

0a(g7V=9)C%sy = (—2C0p, 0P + C° 507 )/ —g
~0a(9™V/=9)C" ,B—Cﬁ sV =
0B = [—QCamOﬁ‘” +20%507 0 + 97 (0aC%5 — 35C%0)] V=9
RyY/=g = 0uB" = (CapyC** = C*5C750) V=g O
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11.3 Noether

Noether’s theorem relates symmetries to conserved currents. It can be stated and quickly derived as
follows. Let . be a Lagrangian density for a field or set of fields /. (For us, ! = g,5.) Varying the
action [ = || uZ d*x gives the field equations E; = 0 satisfied by ¢’; that means

0L = Ed®" + V,A%(D,60). (11.23)

Because A“ is a density, its divergence is independent of derivative operator and could equally well
have been written 0,.4%

The symmetries of Noether’s theorem are maps of the space {®} of fields on M, maps from {$}
to {®}, that change . by a total divergence whether or not ¢ satisfies the field equations. Consider a
smooth family U, : {®} — {®} of such maps. Denote by § the corresponding “infinitesimal symme-

~ ~ d ~
try.” That is, 6P is the derivative of ® along the family of maps: §® = a\If A[@]‘ . Then §.Z is a
A=0
total divergence, R
0L =V,0° (11.24)
When the field equations are satisfied, taking as 0P the symmetry 5P gives a conserved current
T = A%(D,6D) — O : (11.25)
0=0L 6L =6F 6L =V,T° (11.26)

and the associated conserved quantity is the Noether charge, the integral of 7 over a spacelike hyper-
surface ],

Q= / Jdoy, (11.27)
>

where do, = naﬁwgdSﬂv‘S , with 7,35 the totally antisymmetric tensor density of weight —1 with
No123 = 1 (for any basis)E] For ¥ at = constant surface, do, = Vt d>z.

Example: A massive scalar field on a spacetime with metric g, has Lagrange density
7 - _% (VoBV, & + m?8?) /3.
A Killing vector £ of the metric g,5 generates a family of diffeos for which 6.® = L.P and
0. = L = Vo (ZLE%).

The diffeos generated by £ are thus symmetries, and O = ££°.
We find A% by varying . for a general §®, writing

0.L = —(VOOV 00 + m*P5D)/—g = (Vo VY —m?) D 6dy/—g — Vo (VEPID/—g).

2Like 5§ the density 7.3+s is natural, invariant under diffeos, and hence with vanishing Lie derivatives: L¢nagys = 0,
for any &. It does not need a metric for its definition, but once g,z is defined,

Naprs = €apys/V—9-
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Then A* = —V*PjdP,/—g. For 6® = LD, we have
A% = —V*QLD\/—g, 0% =¢£L

1
J* = -V2OL:D\/—g — 0% = [—vacbcgcb + 55@ (VPOV;9 + mQ(IJQ)} V—0.
The corresponding Noether charge is then
. 1 .
Q= /jtddx = / {—vt@/;gcb + 5& (VPoV,P + m2<1>2)] V—gdiz. (11.28)

If the ¢ = constant hypersurface is invariant under rotations or spatial translations, —£*V,t = £ = 0,
and

Q= —/8t<1>£5@\/—g dr = /7T,C§<I> &, (11.29)

with 7 = —9'®,/—g the momentum density conjugate to ®, equal to 9;P/—g in Minkowski space.
Thus if the metric is invariant under translations along 9, or is invariant under rotations generated by
0,, the scalar field’s linear momentum P, or angular momentum J will be conserved, and they are given

by
P, = /7?836@ d’r, J = /7r8¢<1> d*z. (11.30)

For a time-independent metric, the field’s energy is conserved. Because {* = * and =1Vt =1,
we get L P — . = 7® — £ instead of 7@ in the integrand of Eq. (IT.29):

E = /(né—f)d?’x. (11.31)
In particular, in Minkowski space,

1r1.
E:/5 [¢2+V<1>-V<1>+m2c1>2 V—gdx. (11.32)

Gravity
We now turn to the conserved quantities associated with the first-order gravitational Lagrangian (I1.20),

(TL.21),
2 = R\/|g| + VaB°. (11.33)

We will find that, for a Killing vector of the flat metric 7,3, the associated conserved quantity can be
written as a surface integral at inﬁnityﬂ of the form

0- 2/ (Viee?) 4 Blog?) ds,, (11.34)

3Do not be confused by the cancellation of surface integrals at infinity from .4 and 653 in varying the action and the lack
of cancellation in the contributions to @ from .4 and 65. The surface integral at infinity from varying the action involves
foo A, whereas the contribution from A to () comes from fz A. We will see that A(L¢g) is a divergence V - V¢, allowing
us to write [, A = [ V&, Similarly, the contribution from B to &I involves [ d13, whereas the contribution to ) from
0B = LB involves [, 08 = [ BE.
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1
or, with .Z replaced by the correctly normalized Lagrangian density Fiﬂ ,
s

1

:8?!

Q / (Ve 4 Bl¢?) dS,. (11.35)

Now .Z is constructed from g¢,s and the derivative operator 0, of the flat metric 7,4, so dragging
both g, and 77,4 by a diffeo just drags .Z by the diffeo. For a Killing vector £* of 7,4, dragging g.s
alone by the diffeo associated with £ is equivalent to dragging both g, and 7,43 by the diffeo, because
the diffeo doesn’t change 7),5. Then the change in . from a symmetry perturbation h,3 = L¢gqs is

0.8 = Lo = Va(0P), (11.36)

SO

O =¢"2. (11.37)
Call A* the divergence associated with §.Z for an arbitrary h,g,

0.4 = —G’O‘Bhag + VA%
Using the form (11.33)) of . and Eq.(11.15)), we have

6L = 8(Ry/—=g) — V0B = [~Ghops + Vo V(™ — V)| —g + VadB%,
AY = (Vgh*? — V*h)\/—g + 5B~

To find the conserved current, we need to evaluate A* for hos = Legqop. Its first term is
[Va(VET + VPE) =2Vl |V =g = [V(VE™ = V&) + 2R 6671V =g. (11.38)

Second term: From its definition (11.18)), B* is constructed from 77,4 and gng, so 0B% = LB“. The Lie
derivative of a vector density can be written as

LB = Vp(B¢” — B¢™) + £V 387,
and replacing V3 B” in the last term by . — R./—g gives
6BY = V(BEP — BP¢™) + €4(& — Ry—9). (11.39)
Then
A® = V[(VIE* = V&) =g + B¢ — BE] + (672 + 267 Gp)V/—y). (11.40)

With B* written as B*\/—g, Egs. (11.37) and (11.40) give for the conserved current
J = 0% — A the form

T =Vs(Vo* =V’ + B¢’ — BPE*) =g + 26°G"5v/—). (11.41)

When G,p = 0, the corresponding conserved quantity is given by

Q= / Vg (VP¢* — v + B*¢P — BP¢*) dS,
b

= / (VP — VPE* + BY¢P — BPE™) dS,g, (11.42)
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or, with the normalized action,
1
Q=g / (Ve&? + BI¢™) dS,g, (11.43)

as claimed, with B given by Eq. (TT.18¢). The first term, involving V7£® gives the Komar expression
for a conserved quantity associated with £“. It is the only contribution when £¢ is a rotational Killing
vector, giving for § = ¢,

Qlo] = J. (11.44)

For £ = t* (i.e., an asymptotically timelike Killing vector with asymptotic norm 1),
Q[t] = —M. (11.45)

The term involving B“ contributes to the mass an amount equal to the mass from the Komar expression.
This is why, when one writes the mass in terms of the Komar expression alone, one needs a coefficient
1/4m, twice the factor of 1/87 in the expression for linear and angular momentum. (The sign difference,
—1/4m instead of 1/4, is the usual Lorentz signature difference in sign in 6/ = —Edt +pdx = p,dz*.)

11.4 Surface term and extrinsic curvature K

We now write the first-order action as the sum of the Einstein-Hilbert action and a surface
integral of the boundary’s extrinsic curvature.

The surface term that arises from varying the Einstein-Hilbert action involves derivatives of the
metric on the boundary 0f2 of a 4-dimensional region €2 of integration. As York[135]] and later Gibbons
& Hawking[56] pointed out, for variations of the metric with

hag = 0on O£, (11.46)

the surface term |, a0 A%dS,, is proportional to the integral of ¢ K. The reason is simple: Because hqg
vanishes on the boundary, so do its tangential derivatives. All that remains is the normal derivative, and
the scalar built from the normal derivative of the metric is K.

More formally, on 0€2, h,s = 0 implies

ong =0, on*=0, 07ps=0, dv5=0, (11.47a)
s Vhqsloa =0, o V30n,|aq = 0 (tangential derivatives vanish). (11.47b)

For a spacelike part of 052, from Eq. (8.60), the trace of the extrinsic curvature is
K=— gvanﬁ )
Using Egs. (I1.47)), we have
6K |g = —7*(6Va)ng = v 0T, 0sn”

1
=775 (Vahgy + Vshay = Vyhas)n”

1
= —y“ﬂnvvwhw, by Eq.(TT-475).
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The integrand of the surface term has the form

A%y = n%g" (Vshay — Vahs,) = n*(7"7 =1 n")(Vsha, — Vahs,)
= 1"y (Vhey — Vahs,) (by a-3 antisymmetry)
= —n“y"V ,hgs, (tangential derivatives vanish)
=20K.

For a timelike part of 0, with the sign convention,

1
K =~ §£n%5 OM timelike, (11.48)
we have
A%y = —20K  OM timelike. (11.49)
Then
5/R\/\g\d4x = —/Go‘ﬁhagx/|g|d4x+/ A%nodS
oM
= —/G“Bh05\/|g|d4az+2/ edKdS,
oM
where

1, 0f) spacelike
e= :
—1 09 timelike

Thus, by adding to the Einstein-Hilbert action a surface term involving the trace of the extrinsic curva-

ture,
. 1
I=— U R\/|g|d4:1:2/ eKdS} , (11.50)
167 [ Jq 19

we obtain an action that enforces the field equations for metric perturbations vanishing on 0€2:

A 1
51 = ——/Gaﬁhag\/\g\d4x. (11.51)
167T Q
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Appendix A

Integration, Forms and Densities

A.1 Forms and densities

The tensor ¢,.., and the quantity \/m that appear in the alternative ways of writing an integral are,
respectively, an example of a form and a scalar density. As we will see, there is a duality between forms
and densities that underlies a equivalence between Stokes’s theorem and Gauss’s theorem. We define
forms and densities, present the duality that relates them, and go on to the corresponding duality relating
the integral theorems.

Forms.

Definition. A p-form o,.., is an antisymmetric, covariant tensor with p indices.

In particular, a scalar f is a O-form, a covariant vector A, is a 1-form, and an antisymmetric 2-index
tensor F; is a 2-form.

Definition. The exterior derivative do of a p-form o is the p + 1 form

(do)apc = (p+ 1)V (a0b...q.- (A.1)

The factor p + 1 is the number of independent ways of distributing the p + 1 indices between V and
o. The antisymmetry implies that do is independent of the derivative operator; in any chart it has
components

Antisymmetry and the commutativity of partial derivatives imply for any form o
d*o = 0. (A.3)
Lie derivatives and exterior derivatives commute,
Lydo =dL,o, (A4)
and the two derivatives satisfy the Cartan identity,
Lyo=v-(do)+d(v-o),where (v-0)4.p = VCcq..p- (A.S)

Each relation can be proved by induction on p (the number of indices of o). For an n-form in n dimen-
sions, the second relation can be written as

Ly0a.y = Ve(04.0), (A.6)



APPENDIX A. INTEGRATION, FORMS AND DENSITIES 360

with special case
Evea---b = Vc(ea...bvc) = Ga...bvc’l)c. (A7)

In n-dimensions, any nonzero n-form is functionally proportional to any other, because each has
only one independent component. In particular, because any n-form o is given by 0,.., = fé,..., for
some scalar f, the integral of an n-form is well-defined, given in any coordinate system by

/ TS0 = / o1.ndxt - da™.
Q

(Again the integral is well defined because a change of coordinates multiplies the value of a p-form by
the Jacobian of the transformation.)

Densities.

A scalar density f (of weight 1), by definition, transforms under a change of coordinates in the same
way as one component of an n-form in n dimensions: | — ‘ 5.7 | f- Just as one can write any n-form as
a multiple of €,.., (once one is given a metric), one can write any scalar density as a scalar multiple of

Vgl:
= fvldl, (A8)

for some scalar f (namely §/ \/W). One can analogously introduce vector and tensor densities by
transformation laws that differ from those of vectors and tensors by the Jacobian of the transformation:
The change of the components of a vector density under a coordinate transformation is given by j* —
% O j*. Again one can write any vector density in the form j* = j “\/H , with j¢ a vector field.
The Lie derivative of a scalar or tensor density can be deduced from this fact as follows (a metric-
free derivation uses the geometric definition of Lie derivative and the fact that the action of a diffeo on
a density differs from its action on a tensor by the inverse Jacobian of the diffeo): We have

E\/—\/\?_11ag

Vgab - 5 £Vgab-
2\/g1 99av

Now the coefficient of the component g;; in the determinant g is the minor A¥ of g;;, and the inverse

S o AY dg y .y
metric is given by g = . Thus = A" = gg", and we have
g agij
Lo/ gl = 5V19l9" Ly gar = V/19IVav® = Va(V/]gl?). (A.9)

Finally, Egs. (2.70) and imply that the Lie derivative of a general scalar density f is

Lof = V(5. (A.10)

Duality. A duality between p-forms o, ...,, and antisymmetric tensor densities A% %, with ¢ = n —p
indices (n the dimension of the space) is given by

1
Aal “Qq — ]7 ’g’elll -~aqb1-~'bpo.b1'”bp' (A.ll)

The inverse relation is 0g,...q, = j:—'| g|_1/ 2€a1...apb1...qubl"'b‘l, where the sign is positive for a positive

definite metric, negative for a metric with Lorentz signature.
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The divergence V - A, of an antisymmetric density,
(V- A)Pe = VA%, (A.12)

is dual to the exterior derivative do of the form o dual to A, and it is independent of the choice of V,
having components o o
vakz---] — ak.AkZmJ~ (A13)

In particular, the equation for the divergence of a vector density A%,
VA = 9, A", (A.14)

is equivalent (once one has a metric) to the familiar relation V,A® = ﬁ@i(\/ lg]AY).
The relations (A.3), (A.4), and (A.5)) are dual to the relations

V- (V-A) = 0, (A.15)
LV-A = V- -L,A, (A.16)
LA = V- (vANA)+vAV-A, (A.17)

where (v A A)?¢ .= (g 4 1)l A>,
On an n-dimensional manifold, integrals are naturally defined for n-forms or for scalar densities,
which can be said to be dual to their corresponding n-forms. That is, the integrals

/ Wa..pdS¥ ™ = / Wi..pdx -~ -dx™  and / fdat - - - da" (A.18)

are well defined because under a change of coordinates, each integrand is multiplied by the Jacobian of
the transformation. The mathematical literature adopts an index-free notation in which the integral of

an n-form w over an n-dimensional region (2 is written / w.
Q

A.2 Stokes’s theorem and Gauss’s theorem for antisymmetric ten-
SOrs

The simplest version of Stokes’s theorem is its 2-dimensional form, namely Green’s theorem:

/S((%Ay — 0,A,)dxdy = /(Awdx + A,dy),

C

where c is a curve bounding the 2-surface S. The theorem involves the integral over a 2-surface of
the antisymmetric tensor V,A, — V,A,. In three dimensions, the tensor is dual to the curl of A:
(V x A)* = €*°V, A,; and Stokes’s generalization of Green’s theorem can be written in either the form

/S(VxA).dsz/cA.dl

or in terms of the antisymmetric tensor V, A, — V, A,

/ (VaAy — VyA,)dS™ = / Adi®, (A.19)
S

C



APPENDIX A. INTEGRATION, FORMS AND DENSITIES 362

where, for an antisymmetric tensor F;,, F,,dS® means Fioda'da? + Fosda?da® + Fydz®dz'. Written
in this form, the theorem is already correct in a curved spacetime. The reason is that the antisymmetric
derivative V,A, — V, A, has in curved space the same form it has in flat space: As we have seen, its
components in any coordinate system are just 0;A; — 0; A;.

As aresult, the flat-space proof of Green’s theorem and Stokes’s theorem, based on the Fundamental
Theorem of calculus ( fab f'(x)dx = f(b) — f(a)), holds in curved space as well: Let S be a coordinate
square in a surface of constant z°. Then

/(01A2 — 82A1>d1’1d$2 = /(Aldxl + Agdmz),
S

C

with the boundary of the square traversed counterclockwise as seen from above the square.
Gauss’s theorem,

/ V. AP = / AdS,, (A.20)
14 S

with S a surface bounding the volume V' again has a simple generalization to curved space. Although the
divergence V,A* does not have components 9; A’, the divergence of A* := A%, /g does: V,A* = ;A"
As we have seen, the flat-space proof of Gauss’s theorem follows from an integration over a coordinate
cube using the fundamental theorem of calculus for the integral over each coordinate.

A.2.1 Integrals on a submanifold

A metric g, on spacetime induces a 3-metric 3g,; on a 3-dimensional hypersurface V/, its pullback to
V. Given the 3-metric g,;, the 3-form €,,. on V' is uniquely defined up to sign. When one chooses
coordinates {2, z!, 2%, 3} on a spacetime, one ordinarily chooses the tensor €,z.s for which the coor-
dinate system has positive orientation, for which €p123 = \/m , hot —\/m , and one calls the direction
of increasing z° the future. When €y;93 > 0 and when z° is constant on V' and increasing to the future,
we will say the corresponding positive orientation V' is the one for which €153 = \/%

In discussing hypersurfaces in spacetime it is convenient to avoid the distinction between tensors on
V' and tensors on M. In the same way that a vector v® on V' is uniquely identified with a vector v® on
M for which v®n,, = 0, we can identify the 3-metric 3g,; and 3-form e, with tensors Jap and €,5, ON
M that are orthogonal to n,, and whose spatial indices coincide with those of ®g,;, and € ...

s
39@5 = Gap + Nang, €aBy = N €5apy, (A.21)
where n is the future pointing unit normal to V', namely

_52

W . (A.22)

n, =

We then have n® = \/—¢% > 0, and as we show next, the spatial components of ¢, are e;;; = \/39.
It follows immediately from Eq. that 3¢, satisfies the defining conditions 3g,sn” = 0 and
3 gapu® = 3g,5u v’ = g,puv?, for u® and v vectors on V (equivalently g, s has spatial components
9ij)-
The spatial components of €,z are

00Y1/2
Em'jkn”: (—9 ) €0ijk>
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or €123 = 1/ gg"°, implying
€123 = V/39. (A.23)

Warning: Although contravariant tensors 7 # are tensors on V' if and only if their Oth components all
vanish, the Oth components of covariant tensors 7y,...3 on V' will not generally vanish, because in general
go; # 0. The information about the 3-dimensional objects is carried by the spatial components, and the
spatial components of the corresponding 3-dimensional and 4-dimensional tensors coincide.

One writes

/ dV = / €0y dS*P7, (A.24)
1%

) ) ) ) 1 ..
for the volume of V, where one thinks of dS*?7 as antisymmetric, with nonzero components j:—'dx’dx] dx”,

with the sign depending on whether 4, j, k is an even or odd permutation of 1,2,3. In coordinates
{2° z', 2%, 23} with V an 2° = constant surface,

/dV:/\/%dgxz/\/ggoodxldxzdx?’.

For any 3-form,
/w(,ég,deaﬁ7 = /w123d$1dl’3dl’3.

If S is a 2-dimensional surface with unit normals n® and m®, and we pick the order of the two
normals correctly, its area is given in terms of €,5 = €45,6nm” by

/ ds = / €apdS™”. (A.25)
S S
1 .2

In a chart 2°, !, 22, 23, with S a surface of constant 2° and z', we have
1/2
€23 = / 2g = [922933 - (923)2} / )
and [ dS = [ /?gdz*ds?®.

Example. The magnetic flux through a surface S of radius R in ¢, r, 6, ¢ coordinates is

/ Fy;dS = / Fysdfdo.
S S

Finally, the integral of a scalar along a curve cis f = fc fdl, with dl proper length along /; and the
corresponding line integral of a 1-form along c is

/Aadlo‘ = /Aatadl,

where t* is the unit tangent to c.
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Summary of Notation

[1dv = [ femadso = [ 1/1d] s

/ w = / WaprsdS*P10 = / wor23d'®

[ = [ temis = [1Fgda= [ o i

20 constant

/w = /wamdsaﬁv :/ wiasdrtdx?da®
20 constant

/de = /feaﬁdsaﬁ = /f\/% dPx = /0 f [922933 — (923)2} 12 d*x

T L constant

/w = /wagdSo‘ﬁ :/ wasdz?dx®
mo,ml constant

ra — | [/ da
20,21 22 constant

/w = /wadla :/ wadz®.
c c :co,:cl,:z:Q constant

Example: The integral form of baryon mass conservation V,(pu®) = 0 is

0 = /Va(pua)d4V:/ pu®dS,
Q a0

= /pu“dSaqL/ pudS,,.
V2 Vl

Here the fluid is taken to have finite spatial extent, and the spacetime region () is bounded by the
initial and final spacelike hypersurfaces V; and V5. In a coordinate system for which V; and V5 are
surfaces of constant ¢, with ¢ increasing to the future, we have dS, = V. t\/|g|d*z = 0},/|g|d*x on V3,

dS, = —d'~/|gld*x on Vi, and

/Va(pua)d4V:/ put\/|g|d3x—/ pu'/|gldx. (A.26)
Q Va Wi

If, on a slicing of spacetime one chooses on each hypersurface V' a surface element d.S,, along +V 1,
the conservation law is then

My = / pu®dS, = constant. (A.27)
v

Note that the fact that one can write the conserved quantity associated with a current 7 in the form,
[ gvas. = [ i*Vial .
v v

means that there is no need to introduce n,, and /3¢ to evaluate the integral. This fact is essential if
one is evaluating an integral [ j*dS, over a null surface, where there is no unit normal. The flux of
energy or of baryons across the horizon of a Schwarzschild black hole, for example, can be computed in
Eddington-Finkelstein or Kruskal coordinates: In ingoing Eddington-Finkelstein coordinates v, r, 6, ¢,
the horizon is a surface of constant r, and we have

/ §*dS, = / 7"/ |g| dvdéds.
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Generalized divergence theorem

The key to Gauss’s theorem is the fact that the divergence of a vector density has the form 0, (\/ lg] Ai)

or 9;A'. This is true of any ¢-index antisymmetric tensor density, A% = A“"'b\/m , and an analogous
theorem holds. Because the text uses only the case of a two-index antisymmetric tensor, the electromag-
netic field F/*”, and because the way one extends the proof will be clear, we will give the generalization
in detail for this case. The theorem now relates an integral over an n — 1-dimensional submanifold S of
M to an integral over its n — 2-dimensional boundary 0"

/ V,A%dS, = / A®dS., (A.28)
S oS

where the sign of d.5, and the meaning of dS,; are defined as follows.

Let z',..., 2" be a positively oriented chart on a subset of M for which ! is constant on S, and
with 22 constant on JS and increasing outward. Choose the sign of dS, by dS, = €g....dS " or,
equivalently, by requiring dS, = V! \/m dx? - - dz". The volume element dS,; is similarly chosen
to satisfy, in our oriented chart,

dSu = Viga' Vya?y/|glda® - - - dz"™. (A.29)

Then in the coordinates’ domain,

/ V,A®dS, = / Vy(AY 2t/ |gl)da? - - - da™. (A.30)
S S

But the last integrand is just the divergence of the vector density Ab = Ay gl lg|, and we have
already proved Gauss’s law for this case:

/ V, A/ \g|dz? - - - da™ = / AbdS,, (A.31)
S as

where, in each chart, dS, = V2> \/Hdﬁ .. dz™. Finally, A*dS, = A®dS,,, whence Eq. is
identical to the generalized divergence theorem, Eq. (A.28).

Example (Electric charge). Let V' be a ball containing a charge (). The 4-dimensional form of Gauss’s
law relates the charge Q = [, j%dS, in V to the electric flux [ F*?dS, through the 2-dimensional

surface of V: )

1
= [ j%dS, = — FPdS, = — | F°PdS,s. A32
Q /Vj Sa 47T/‘/v5 Sa A oy Sozﬁ ( 3 )

Pick positively oriented coordinates ¢, r, 6, ¢ for which V' is a t =constant surface and 0V an r =
constant surface. Then

Q= % / F\/]gldode. (A.33)

Flat space:

tr T_Q e _i Q : _Q —
F"=F =+ — /Vj dS, = ( )(r281n¢9)d9dq§—47r/d9—@.

72 47 72
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For a g-index antisymmetric tensor A% %, the generalized divergence theorem takes the form
s V. AY%dS,. = Jos ATdS e

A.2.2 Stokes’s theorem

The divergence V,A® of a vector on an n-dimensional manifold is dual to the exterior derivative
(dw)ap...c = NV [qWp...q of the (n — 1)-form w dual to A®. That is, with

Whooo := A% qpc (A.34)

we have
€apc VaA? = (dw) gp...c- (A.35)
Because both sides of the equation are n-forms, one need only check one component: nVws..,j =
Vi(Aeg.n) — Vo(Adeqizn) — -+ — Vu(A%gan_11) = €12...VaA®L The corresponding dual of the

generalized divergence theorem above is
Stokes’s Theorem. Let w be an n — 1-form on an n-dimensional manifold S with boundary 0.S. Then

/dw = /w. (A.36a)
S as

In index notation,

/(dw)ab...cdS“b"'c = / Wpo..edS” €. (A.36b)
S B
The theorem implicitly assumes an orientation for 0S5 obtained from that of S by requiring that,
if #1,-.- 2™ is a positively oriented chart on S with S a surface of constant ! and z' increasing
outward, then 22, - - - , 2™ is a positively oriented chart for 5.
Proof. This dual of Gauss’s theorem follows quickly from Eq. (2.112)), in the form
/ VA% ... dS? ¢ = / A%dS,. (A.37)
S a5
Define A% by Eq. (A.34), and note that, with the orientation chosen above, dS, = €4....dS* . Then
/ ViA%qp..cdS™? ¢ = / A%gp..cdS (A.38)
S 08

and, from Egs. (A.34) and (A.33)), the result follows:

/ (dw) ap....dS™ ¢ = / WpedSP ¢ O (A.39)
S a5

Example: Stokes’s theorem in three dimensions.
Let A, be a 3-vector. (dA)y,, = VA — VA,

/ (Vady — VyAy)dS™ = / Audl®,
S

[

c the curve bounding S. As noted at the beginning of this section, this is equivalent to the usual form of
Stokes’s theorem in vector calculus:

/ VxA-dS= / (e®°VyA.) €aaedS™ = / (Vady — VA, )dS™ = / A-d.
S S S

C
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A.2.3 Diffeomorphism invariance

The usual invariance of an integral under a coordinate transformation has as its active equivalent the
invariance of an integral under a diffeo. Let w,_;, be an n-form on an n-dimensional volume V. With
(V') the image of V' and 9w, the dragged n-form, the invariance relation is

/ Yw = / w. (A.40)
P(V) 14

As in the case of coordinate transformations, invariance under diffeos follows from the fact that the
components of w, ; change by a Jacobian. Intuitively, the invariance follows from the equivalence of
diffeo-related tensors on diffeo-related domains.

We’ll now use a corollary for a family of diffeos, 1), to obtain a relation between conservation of
vorticity and conservation of circulation:
Let £ be the generator of the family ¢,. Then

/
w ng. (A 1)
)\ YA (V) v

The proof is immediate from Eq. (2.102), starting from Eq. (A.40) in the form
d
/ w:/z/},\w: — w:/—w,\w—/ﬁgw
¥a(V) v A Jys )
The equations of motion for a fluid imply that the flow conserves the vorticity,
Wap = Val(hug) — Va(hu,), (A42)

where h = %0, is the fluid’s enthalpy (p, is the baryon mass density). The differential conservation
law is
Luwas = 0. (A.43)

Then, denoting by v, the family of diffeos describing the flow of a fluid with velocity u“, we have

0= / LowapdS® = / Lo(hug)dl®
S
- hua dl®, (A.44)
dT

where Stokes’s theorem was used to obtain the second equahty and Eq. (A.41)) was used in the last

equality. That is, the line integral,
/ htg dI® = / P e, (A.45)
cr cr P

(the circulation of the flow along a closed curve) is independent of 7, conserved by the fluid flow. In the
Newtonian limit, the conserved circulation is just

/ v, dI%; (A.46)

that is, the line integral of the fluid velocity along a curve embedded in (moving with) the fluid is
constant. The corresponding differential law, the Newtonian limit of Eq. (A.43)), is

((915 + L‘V)V[avb] =0. (A47)
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A.3 Cartan calculus

This section uses the first three equations in Appendix defining forms and the exterior derivative
but nothing else from that section.
Definition. The wedge product o N T of a p-form o,_;, and a g-form 7._4 is the (p + ¢)-form

(6 AT)a be.d = ~Ola..bTe...d)- (A.48)

+q)! . .

The factor ( p ZI_ g ) = M gives a number of terms equal to the number of independent ways of
pq:

assigning p indices to ¢ and ¢ indices to 7.

Examples. If 0 and 7 are 1-forms,
(O AT)ap = OaT — OpTy; (A.49)

equivalently,
(o A7) (u,v) =o(u)r(v) — o(v)T(u).

If o is a 1-form and 7 is a 2-form,

(U N T)abc = 0aTbe T ObTea + OcTab- (A.50)

A.3.1 The Riemann Tensor in a General Frame

Cartan’s formalism provides an efficient way to calculate the Riemann tensor, picking out a minimal set
of connection coefficients to be evaluated. One uses an orthonormal frame, and we will begin by finding
the components of the Riemann tensor with respect to an arbitrary frame, e;. Starting from the definition

1
§R“bcdvb = V.V, (A.51)
we have, |
VVae; = §Rabcd€?-
Then

ViVie] = e,feldvcvdej“ = e,fVC(eldVdej“) — (e,fVCeld)Vdej“
= Viley) - FTkencmlvdeja
Finally, antisymmetrizing on £ and [, we have

Ry = Vi, Vile) = el — eI + 17, T —T° I+ 2rijmrql,d] (A.52)

J J

Here e;, f means the derivative of a scalar f along e;: Thatis, e, f = e,*V,f. Eq. (A.52) agrees with
the usual expression for the coordinate components when e; = 0;, for then F”ﬁkl] = 0.



APPENDIX A. INTEGRATION, FORMS AND DENSITIES 369

A.3.2 Cartan’s structure equations

A definition of the exterior derivative of a 1-form that does not make use of a covariant derivative
operator is
do(u,v) = u-dlo(v)] —v-d[o(u)] — o([u,]), (A.53)

where df means the gradient of the scalar f; in the equation, o(v) and o (u) are, of course, scalars. (A
similar equation can be written down for the exterior derivative of a p-form.) Here’s a check that the
two equations for do are equivalent:

do(u,v) = (Vo — Vo, )Jus’” = u*V,(op0’) — 0"V (o.u®) — u (Vo) oy + 0° (Vyut)o,
= u-dlo(v)] —v-do(u)] —o([u,v]).

Calculations repeatedly use the identity, for any form w and scalar f,

d(fw)=df Nw+ fdw. (A.54)

This follows immediately from the Leibnitz rule and our initial definitions of d and A, (A.1)) and (A.48)):

d(f W)ab---c = (p + 1)v[a(fwb---c]) = (p + 1)v[af Wh-..d] =+ f(p + 1)v[awb---c] = (df Nw+ fdw)ab---c

In particular, for two scalars f and g, because d?g = 0, the identity is
d(fdg) = df Ndg. (A.55)

The connection coefficients (Christoffel symbols) will be calculated by taking exterior derivatives of
the dual basis vectors w’. Because w'(e;) = &} and the components ¢} are constants, Eq. (A.53) gives

(dwi)jk = dwi(ej,ek) = —wi([ej,ek]) = —cijk. (A.56)
Then I" will be obtained below from dw using Eq. (2.37), namely
1

Lijk = 5( kij — Ciki — Cijk )- (A.57)
Cartan defines connection 1-forms A A
w' =T Wk, (A.58)
or (W), = I'",.. Equivalently,
Then for an orthonormal frame, or any frame in which the metric has constant components,
Wij = —Wji. (A60)
Check: wl-ja = €ibva Gjb = va(gij) — €jbva6ib = —ejbvaef = —ij.

Cartan’s first structure equation relates w’; to dw*:
dw' = —wij AW (A.61)
Proof: Using Egs. li (2:28)), and then (w'); = 5; we have

(dw') ==y =Ty = T = (W)@ — (@)e(W) = —(w'; A ).
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Eq. is essentially the inverse of this last equation, allowing one to write w;; in terms of dw’. After
rearranging the ¢’s and using Eq. (A.56) to replace ¢;j; by —(dw;)jx = —dw; jx. Eq. becomes

1
Wij.k = §<dw“k + dwj,ki — dwk,,»j), (A62)

Here w;; , means (w;;);. Once one has computed the connection coefficients using (A.61) or (A.62)), the
Riemann tensor is found from Cartan’s second structure equation, namely

R = dw'; + w'y A, (A.63)

where R'; is a 2-form defined by R'; := R, ;.
Proof of (A.63): We must check that (A.63) agrees with (A.52). Now from Eq. (A.53), the first term
on the right of (A.63) is

dw'(ex, 1) = exlw';(er)] — erfw’;(ex)] — w5 ([ex, e)
== ekl”ﬂ — elI"jk — w’j_mcmkl
where we used Eq. (2.28) in the last line. The second term in (A.63)) is
Thus (A.63) implies
in agreement with (A.52).

Exercise. Write down the independent components of the Rieman tensor in an orthonormal frame for
the 2-sphere with metric
ds* = a*(d6® + sin® 0 dp*) = a*dQ?,

using Cartan calculus. Find the Ricci scalar.

Exercise with solution. Compute the independent components of the Riemann tensor for a time-
independent spherically symmetric (Schwarzschild) metric of the form

ds® = —e*®dt* 4 e* dr?® + r*(d6? + sin” 0 dp?), (A.64)
with ® and A functions of 7.
Solution on next page.
Exercise. Repeat the calculation of the first exercise above for the 3-sphere:
ds® = a®(dx? + sin? y dQ?)

and check that R,p.q = a72(gacgbd — Gadbe)-
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Exercise. Find the independent components of the Riemann and Ricci tensor in orthonormal frames for
the FRW spacetimes with metric

ds* = —dt* + a(t)*(dx* + sin? x dQ?)

and
ds® = —dt* + a(t)*(dx® + dy* + d2?).

Solution to Schwarzschild exercise.

When terms in the solution below are written in gray, it means they vanish.

Spherical symmetry and the fact that the frame on the sphere is orthonormal means that Riemann, Ricci,
and Einstein tensor components are invariant under the index replacement 2 <> 3: Rj210 = Ro303.

WO =ePdt, wl=eMr, wr=rdf, w=rsindde.

dw’ = ®'e®dr Ndt = —Pe W AW, dw' =0 Thatis,d[f(r)dr] = f'(r)dr A dr = 0.

1
dw?> =dr ANdf = e Wb A W?
r

A cot 0

d? = d(rsin) Adé = sin@dr Ado + rd(sinf) Add = “—w' Aw® + e A W
T

r

Notice now that (de) . 18 nonzero only if the set of three indices is 001, 212, 313 or 323, with \ the
first index. That means I' is nonzero only for these four sets of indices.

1
wor = Lorow’ = §<dwo.10 + dwy oo — dwo o )w” = —P'e W = —@'e® At (Fgyy = Lora = Cors = 0).
woz = wo3 = 0 (No nonvanishing dw, ,,, has indices 02 or 03).
1
wig = Mgow? = 5((]901.22 + dwa 91 — dwy 12)w® = ——e MWt = —e M
”
Wiy = ——e w3 = —e*sin fd¢
r
1
Wo3 = F233w3 = 5((]902_3;; + d(.U3_32 — dw3_23)w3 = —; cot 6 w3 = — COSHd¢.
R = dw’; + ', AW = d(@ e dt) = —[@" 4+ P(D — N)]e P A w!
1 1
R = duw’s + W, Awhy = w0 Aw'y = (q)’e”\wo) A (——e’\wQ) = 2P PO A W?
r r
1
RO = ——d'e 2w Aw? by spherical symmetry
r

: 1
RYy = dw'y + ), AWy = d(—edf) = —Ne 2w A W?
r

1
R's = ~Ne 2w! Aw® by spherical symmetry

,
1 1 1
R = dw’s + W' Aw's = d(—cos0de) + (e W) A (——e ) = 5 (1 —e ) w? A,
T T r
1
Ry = [ + (@' — \)] e Rozp3 = ) (1 - 67%)
r

1 1
I =2\ I =2\
Ro202 = Rozo3 = ;(I) e Rig12 = Ryz13 = ;)\ e .
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