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Chapter 1

Special Relativity

In physics, a “theory of relativity” is an assertion that the Universe is objective. Its goal
is to provide an isomorphism between sets of measurements performed in two (different)
inertial frames of reference via an automorphism of the underlying space-time. Galilean
relativity is based on the concepts of a universal or “absolute” space and an “absolute”
time, by which is meant that measurements of spatial distances and time intervals are
observer (or frame) independent provided that the spatial distances are measured by a
simultaneous measurement of the endpoints. Toward the end of the nineteenth century,
however, Maxwell’s formulation of electromagnetism, which was completed in 1865, had
exposed certain fundamental inconsistencies between the new and extremely successful
electromagnetic theory and the Galilean conception of space and time. Today we know
that Galilean transformations cease to yield results that agree with experiment when the
relative velocity of the two frames being compared is a significant fraction of the speed of
light.

In 1887, A. Michelson and E. Morley were able to provide convincing evidence, by
means of a very clever and now famous experiment named after them, that the speed of
light is the same in all directions and that light does not require a medium in which to
travel. At the time their experiment was performed such a medium was assumed to exist
because electromagnetic waves were not considered to be different from other well-known
mechanical waves (eg. sound) and all mechanical waves were known to require a medium
in which to propagate. The putative medium in which light traveled was dubbed the
luminiferous aether and was thought to pervade all of space. When wave propagation
occurs in a medium, the frame that is at rest relative to it assumes a special place in the
theory and the “speed” of the wave is its speed as measured in this frame. Thus, the
speed of sound in air at STP is approximately ¢ = 343 m/s in the frame of the air. An
inertial observer moving relative to the air with a velocity ¢ in the direction of the wave
propagation or opposite it would observe that the speed of the wave is ¢F v, in accordance
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with the principles of Galilean relativity. The Michelson and Morley experiment was
designed to measure the velocity of the earth relative to the luminiferous aether as it
revolves around the sun during the course of a year. The results were null and the speed
of light was found to be the same for propagation in all directions, indicating that the
aether was absent. If no such medium exists then the wave speed could be the same for
all inertial observers, in other words, a universal constant of nature. This agreed with
Maxwell’s theory of electromagnetism, by which electromagnetic waves propagate in a
vacuum at a speed that depends only on the fundamental constants. Motivated by the
Michelson-Morley result and by Maxwell’s theory, A. Einstein recognized in 1905 that the
failure of Galilean relativity at high relative velocities is a consequence of the breakdown
of the concepts of “absolute” space and “absolute” time mentioned above. When they are
abandoned and replaced by the experimental requirement that the speed of light is the
same in all inertial frames, we arrive at a dramatically new conception of space and time
and therefore of mechanics as well. This modification is known as Einstein’s “special”
theory of relativity, or simply Special Relativity and is the topic of this chapter.

We introduce Einstein’s theory in this chapter. We will not dwell much on the questions
and experiments that led up to it, neither shall we concern ourselves too much with the
apparent paradoxes (there are many, all of them safely resolved). It is assumed that the
reader has had some exposure to the topic, so we rather concentrate on a mathematical
formulation of the theory and a framework that will be useful for the objectives of these
notes.

1.1 The Principle of Covariance

It is a general principle that the laws of physics must be the same in all inertial frames.
If this were not true, there would be no way to compare the measurements of one inertial
observer with those of any other.

Mathematically, the fundamental laws of physics would be same in all inertial frames
of reference if the equations describing them have the same form in all inertial frames, that
is, if the set of transformations that relate one inertial frame to another (automorphisms of
space-time) would, when applied to the two sides of any fundamental equation of physics,
transform each side in precisely the same way as the other. This is the principle of
covariance and equations that have this property are said to be covariant. To further
elaborate on this idea, we recall that the transformations that relate two inertial frames
will in turn determine the transformation properties of physical quantities such as velocity,
acceleration, etc. If they leave a physical quantity the same in every inertial frame then
that quantity is an invariant or a scalar. Other quantities may not remain invariant
but they will transform in a prescribed way. Covariance requires that both sides of the
fundamental equations must have the same transformation properties. Thus a scalar



1.1. THE PRINCIPLE OF COVARIANCE 3

quantity can only be related to another scalar quantity, a vector to a vector and so on.

We will see below that Newton’s laws are covariant under Galilean transformations
but Maxwell’s equations are not. This signals an incompatibility between mechanics and
electromagnetism, and incompatibilities always indicate that modifications to one or both
theories are required at a fundamental level. While it is possible that both theories are
wrong, it is more fruitful at first to accept one as correct and modify the other so as to
make its equations covariant under the transformations that are compatible with the first.
Given the fundamental agreement between the predictions of electromagnetism and the
experiment of Michaelson and Morley, Einstein chose the transformations that preserve the
form of Maxwell’s equations over the Galilean transformations of Newtonian mechanics.
The result is a new formulation of classical mechanics that accounts for the fact that the
speed of light is a finite and universal constant of nature. In the end, of course, only
experiment can decide which theory is correct and, indeed, in the years that followed
Einstein’s 1905 paper, it has resoundingly confirmed his choice.

1.1.1 Galilean tranformations

We are familiar with Galilean relativity, which we may conveniently think of as two sets
of transformations wviz., the “boosts”

Fo7=r—ut t—t =t (1.1.1)
(provided that the frames are coincident at ¢ = 0) and spatial rotations
Fo@=R7¥ t—t =t (1.1.2)

where R is a rotation matrix (see figure . The second of expresses the abso-
luteness of time intervals, as dt’ = dt is the same for all inertial observers. To see that
spatial intervals are also absolute one must remember that the measurement of a distance
involves a simultaneous measurement of the endpoints and therefore one has

A | g =0 = |dFF — Tdt| g —qr—0 = |dF]. (1.1.3)

Consider a single particle within a collection of N particles with interactions between
them. If we label the particles by integers, Newton’s equations describing the evolution of
a single particle, say particle n, may be written as,

d*r,

Mgt = i B =y R (1.1.4)

m#n

where ﬁ,ﬁffim represents the (internal) force that particle m exerts over particle n. Assume

that the external forces are invariant under Galilean boosts,

F et = Fert, (1.1.5)
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> S
S = 0

Figure 1.1: Boosts and rotations

\ 4

\

and that the internal forces are derivable from a potential that depends only on the spatial
distance between the particles, i.e.,

Fint — 7, @it — _ Z V@ (|7 — 7o) (1.1.6)
m#n

This is compatible with the third law (of action and reaction) and it also makes the
internal forces invariant under Galilean boosts. To see that this is so, specialize to just
one space dimension and write the transformations in the following form (we are making
this more complicated than it really is so as to introduce methods that will be useful in

more complicated situations)
dt’ 1 0] [dt
[d:c’} N {—v 1} [daz} (1.1.7)

and the inverse transformations as
dt 1 0] [dt
[daz} B [v 1] [dx’] ' (1.18)

o _o0t9 0z6 06 06 (1.1.9)
o —ovot " oror ot ox -

We can now read off

and o oo oxro 0
X
_ -9 1.1.1
97 9r 0t 0oz ox (1.1.10)
Therefore
9 L |)——6 S, (|20 — Tm|) (1.1.11)
a%.;] nm n m _6l’n nm n ml|)s .

as claimed and the r.h.s. of Newton’s equations are invariant. Moreover dt’ = dt and the
transformation is linear so that the left hand side (Lh.s.) of Newton’s equations is also
invariant under these transformations. Therefore, subject to the conditions of and
, the equations of Newtonian dynamics are invariant under Galilean boosts.
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1.1.2 Lorentz Transformations

In electrodynamics, on the other hand, in free space one typically ends up with the wave
equation, ,
10 -

0.9 = 32(9712/} — V%) =0, (1.1.12)
where ¢ is the speed of light in the vacuumn, determined by two constants, viz., the
permitivity and the permeability of space, and 3 is the “wave function”, which can be
the electromagnetic scalar or vector potential. Now it is an experimental fact that the
speed of light in a vacuum is universal, i.e., the same for all inertial observers. However,

then ([1.1.12)) is not invariant under Galilean transformations. Using the transformations

in (1.1.7) and (1.1.8]) we have
0? 0 | = a . =

V2 =v2 (1.1.14)

and

Plugging this into the wave equation, we find

(I
zam Y “age ¥V ita Vugta@VEy) (1.1.15)

but only the first two terms on the r.h.s. correspond to the wave-equation. Moreover,
there is no known kinetic transformation of the wave-function that can return the wave
equation to its original formE so we must conclude that the electromagnetic wave-equation
is not invariant under Galilean transformations. This signals an incompatibility between
electromagnetism and Newtonian mechanics, therefore, by the principle of covariance, one
or both of them must be modified. As we now know, Maxwell’s theory was preferred
over Newtonian mechanics, which leads us to ask: what are the transformations that
keep Maxwell’s equations covariant? Once we have answered this question we will be in
a position to address the problem of constructing a theory of mechanics that is indeed
covariant under them.

To answer the first question, assume that the transformations that relate two inertial
frames continue to be linear (as the Galilean transformations are) and think of the wave-
equation as made up of two distinct parts: the second order differential operator, “[1,”, and

!Problem: Show that, on the contrary, the Schroedinger equation is invariant under Galilean transfor-
mations if they are supplemented with the following kinetic transformation of the wave-function:

RN wl _ e—%(ﬁr”fEt)w

where § = m¥ and E = m#® /2. What does this mean?
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the wave function, 1, each transforming in its own way under the above transformations.
For covariance, we will require “[J,”, to transform as a scalar (invariant). Let us work
with Cartesian systems and consider some general transformations of the form

t — t'=t(7),

Fo— 7 =7(t,7). (1.1.16)
They must be

1. one-to-one: so that observers may be able to uniquely relate observations, and

2. invertible: so that the transformations can be made from any observer to the other
— there is no preferred observer.

Our functions must therefore be bijective. As we have assumed that the transformations
are linear, they will have the form

1
t = —C—2<L00t+ZL0ixi>,
i
:L‘; = LiOt+ZLija7j~ (1.1.17)
J

The reason for this peculiar definition of the coefficents will become clear later. For now
let us only note that the L’s are some constants that we would like to evaluate. In matrix
form the transformations could be written as

dt’ ~Loo Lo [y
= c c . 1.1.18

The matrix on the r.h.s. is really a 4x4 matrix and L;; represents a 3x3 matrix of purely
spatial transformations. It must be invertible because the transformation is required to
be bijective. For example, if Loy = —c? and Lg; = 0 = L;g, the resulting transformations
are purely spatial, transforming x; — 2} = 3, L;;z; and leaving ¢ — ¢’ = ¢ unchanged.
Clearly, therefore, the wave-operator,

0, -0, =82 —V? =8> - V72, (1.1.19)

is a scalar if and only if L;; is a spatial rotation, because only then will V2 = V2.

More interesting are the “boosts”, which involve inertial observers with relative ve-
locities. Now L;y # 0 # Lg;. Consider relative velocities along the x direction and the
transformation

dt’ a B 0 0] [di
dzi| _|v ¢ 0 0] |dxy
deh| |0 0 1 0f |dae (1.1.20)
dxly 0 0 0 1] |dxs
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Notice that we have set xf, = x9 and % = x3. This is because we assumed that space
is homogeneous and isotropic so that a boost in the x; direction has no effect on the
orthogonal coordinates xo and x3. We can consider then only the effective two dimensional

matrix i
'] [a B [dt
| dx,] - [V 5} [ dm} (1.1.21)
(where x1 := x). Thus we find the inverse transformation
] 1178 =p]|[a
2-als )
where |||| represents the determinant of the transformation, |||| = ad — 5y and we have
9 _ oo oxd 10,0 0
o~ oavor otor ||\ ot ox
0 ot 90 Oz 0 1 0 0
9 _ 09 o0xo 1/ ,9 0O 1.1.2
o0~ oror T oror || < 5&*“%)’ (1.1:23)

turning our wave-operator into

182 -, 1 (1 ) d\? ) d\?
2oV = ||y2<02 (*%f”ax) ‘(‘ﬁaﬁaax)
_1 22_282_ 2_2262
- ”H2 <<5 /C 6 )atg (a Y /C )6132
82
—2(046—75/8)(%(%). (1.1.24)

If it is to remain form invariant, the right hand side above has to look the same in the
frame S and we need to set

8_52 — M

c2 ) c’
v

0= T = I
5

af—L = o (1.1.25)
C

We have four unknowns and three constraints, so there is really just one parameter that
determines all the unknowns. It is easy to find. Note that setting

6 = ||| coshn, B = ‘CHsinhn (1.1.26)
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solves the first of these equations, as
o = |llcoshw, 7 = ef]|sinhw (1.1.27)

solves the second. The last equation is then a relationship between 1 and w. It implies
that
sinhn coshw — sinhw coshw = sinh(n —w) =0 = n =w. (1.1.28)

Our boost in the z direction therefore looks like

at’'| coshn Lsinhnp] [dt
[dx’] =l [csinhn coshn | |dx|’ (1.1.29)

We notice that |||| is not determined. We will henceforth take it to be unity.

What is the meaning of the parameter n? Consider a test body having a velocity u as
observed in the S frame. Its velocity as measured in the S’ frame would be (the velocity
does not transform as a vector)

o= da’ _ (coshn)dz + c(sinh n)dt
dt"  (coshn)dt + L(sinhn)dz’

(1.1.30)

Dividing by (coshn)dt we find

tanh
o = L ctannn (1.1.31)
1+ Ztanhn

Now suppose that the body is at rest in the frame S. This would mean that v = 0. But,
if ' moves with a velocity v relative to S, we can say that S should move with velocity
—uv relative to S’. Therefore, because the test body is at rest in S, its velocity relative to
S’ should be v/ = —v. Our formula gives

/

u :fv:ctanhn%tanhn:fg. (1.1.32)
c

This in turn implies that

1 sinh v/ec
s G ) mn = T T 5
V1—0v%/c? K V1—v%/c?

so we can write the transformations in a recognizable form

coshn = (1.1.33)

v t —vz/c?
1=/

, r — vt

xr =

V1—0v2/c



1.2. ELEMENTARY CONSEQUENCES OF LORENTZ TRANSFORMATIONS 9

7 = =z (1.1.34)

Notes:

e These are the Lorentz transformations of the special theory of relativityﬂ They
reduce to Galilean transformations when v/c < 1.

e Because tanhn € (—1,1) it follows that the transformations are valid only for v < c.
The velocity of light is the limiting velocity of material bodies and observers. There
exists no transformation from the rest frame of light to the rest frame of a material
body.

e In general the matrix L is made up of boosts and rotations. Rotations do not, in
general, commute with boosts and two boosts can lead to an overall rotation.

e Lorentz transformations keep the interval
ds® = c*dt* — da® — dy* — dz* (1.1.35)

invariantﬂ i.e., the same for all observers. The interval ds is known as the proper
distance and ds/c is known as the proper time (it’s not difficult to see that when dr' =
0, ds/c = dt i.e., it is the time measured on a clock that is stationary in the frame).
Like the proper distance, the proper time is an invariant. The transformations that
keep an interval like invariant form the Lie group SO(3,1).

1.2 Elementary consequences of Lorentz transformations

Our transformations mix up space and time, so there is no way for it but to consider
both time and space as part of a single entity: “space-time”. This is a four dimensional
manifold. A point in space-time is called an event and involves not just its spatial location
but also the time at which the event occurred.

2For the very curious: Lorentz transformations can be put in four categories:

— Proper orthochronous: LT+ with |||| = 41, Loo/c* < —1

— Proper non-orthochronous: LY with ||| = +1, Loo/c* > +1

— TImproper orthochronous: L with ||| = —1, Loo/c* < —1

— TImproper non-orthochronous: LY with ||| = —1, Loo/c® > +1

What we have are therefore proper orthochronous transformations.
3Problem: Prove this by direct substitution.
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1.2.1 Simultaneity

The single most important consequence of the Lorentz transformations is that the concept
of “simultaneity” is no longer absolute. Consider two events that are spatially separated,
but occur at the same time as measured in the frame of an observer, S. Thus dz # 0 but

dt = 0. According to (|1.1.34),
—vdz/c?
V1—v2/c?

Thus events that are regarded as simultaneous in one frame are not so regarded in another
frame, which is moving relative to the ﬁrstﬁ

dt' = #0 (1.2.1)

1.2.2 Length Contraction

Another interesting consequence is that length measurements of objects that are moving
relative to an observer are smaller than measurements performed in the frame in which the
objects are at rest. (The rest frame of a body is called the “proper” frame of the body).
To understand how this comes about, one must recognize that to correctly measure the
spatial distance between two points, their positions must be ascertained simultaneously.
Let S be the frame in which the body is at rest and let S’ be an observer moving at
velocity v relative to S. Since a measurement of the body’s length involves a simultaneous
measurement of its endpoints, we should have dt’ = 0. By the Lorentz transformations,
this means that dt = vdx/c? and therefore

dxr — vdt
de' = 2 V¢ = dz\/1 —v2/c2. (1.2.2)
V1 —v2/c?
But dx represents the length of the body as measured in its proper frame, so its length as
measured by S’ i.e., d2’, is “contracted” by a factor of /1 — v2/c2.

1.2.3 Time Dilation

Measurements of time intervals are also naturally observer dependent. Let S be the
proper frame of a clock, which is moving relative to an observer S’ with a velocity wv.
Being stationary in S, we might say that dz = 0 and dt = ds/c represents the proper time
intervals of the clock. The Lorentz transformation then tells us that time intervals read
off by S’ are related to proper time intervals according to

= (1.2.3)

V1—v2/c?

4Problem: Show that “future” and “past” are absolute; i.e., show that if event “1” occurs in the past
of event “2” in any inertial frame then “1” will occur in the past of “2” in every reference frame.
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future

t

C
/\\ \//Q
v
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Figure 1.2: The light cone

This is known as “time dilation”. Physically, this may be understood by noticing that
while the time interval is measured in S colocally (at the same place), it is not so in
S’. The clock in S appears to be “running slow” to the observer S’. This was in fact
predicted in 1897 (long before Einstein’s theory) by Louis Larmor who noticed the effect
for electrons orbiting the nucleus of atoms.

It is often valuable to understand these phenomena in terms of world (space-time)
diagrams. Thus, in figure [I.2] we show a two dimensional universe with the y—axis repre-
senting time from the point of view of some inertial observer, S. The red lines represent
the path of light rays emanating from the origin in the upper half plane and terminating
at the origin in the lower half plane. Consider a particle whose path, represented by the
black curve, passes through the origin. (This can be arranged by resetting the origin of
space and time). At no instant on this path may its slope, dt/dz, be less than or even
equal to 1/¢, otherwise our particle would be traveling faster than or at the speed of light
at that instant. Therefore the path lies wholly between the boundaries provided by the
lines t = £x/c. This is the light cone. The region within the light cone and to the future
is called the future light cone, the region within the light cone and in the past is called
the past light cone and the regions on the left and right sides of the light cone are forever
forbidden to the particle in the sense that it can never physically reach them. At any
moment in time, the particle may only receive information from (and thus be influenced
by) events within its own past light cone. Thus a fundamental role of Relativity is to
restrict the domain of causal influence on any event. However, notice that as our particle
travels along its world line, regions that were previously inaccessible begin to fall within
its past light cone and become accessible as shown until, after an infinite time, its past
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Figure 1.3: Two frames compared to each other

light cone encompasses the whole of the universe.

Figure shows two inertial frames drawn in the same diagram. Let the (¢, z) coordi-
nate system represent an observer S and consider what the reference frame of an observer
moving at velocity v relative to S might look like. The ¢’ axis is the axis for which ' = 0,
i.e., in the (t,x) frame it is given by the straight line ¢ = z/v as shown in green. On
the other hand, the ' axis is the one for which ¢ = 0, i.e., it is given by t = vz /c?, also
shown in green in the figure. Consider two events that are spatially separated but occur
simultaneously in S. These are represented by small circles on a horizontal (¢ = const.)
line. We see immediately that they do not fall on the same ¢’ = const. line. This graph-
ically encapsulates the relativity of simultaneity. One can similarly visualize both length
contraction and time dilation by projecting respectively on the x and ¢ directionsﬂ

1.2.4 Velocity Addition

Let us also recall the so-called law of “composition of velocities”. Consider a particle
whose velocity is being measured in two frames S and S’. Suppose that frame S’ has a
speed v in the positive x—direction relative to S then how do the particle velocities, as
measured by S and S’ relate, to one another? By definition, the velocity measured by S’
will be

;o dat  dz—wvdt ug—w

Yo = gy T dt —vdz/c? 1 — uzv/c?

J - @:dy\/1—02/02 :uy«/l—vz/c2
Y dt! dt — vdx/c? 1 —uzv/c?

5Problem: Do this!
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, dz' dz\/1=v2/c?  uz\/1—v2/c? (1.2.4)

YT gy T dt —vdx/c2 1 —uzv/c?

and they all reproduce the Galilean result when ¢ — oo.

1.2.5 Relativistic (Velocity) Aberration

Finally, we can compare directions in space, as measured by two different observers. For
example, if the particle is moving in the x —y plane (u, = 0), let us see how two observers
may describe its direction of motion. According to observer S’ the (tangent of the) angle
made with the positive x—axis will be

;L uiJ _uyy/1—v?/c2 usinfy/1 —v?/c?
tanf = — = = (1.2.5)
ux

Uy — V ucosf — v

where 6 is measured in S and w is the particle speed as measured in S. Notice that it
depends on the speed of the particle as well as the relative speed of the frames. If the
“particle” were a photon, i.e., in the case of light propagation, u = ¢ and

sinfy/1 —v?/c? (1.2.6)

tan @ =
cosf —v/c

This is the formula for light aberration ]

1.3 Tensors on the fly

One lesson that we learn is that we must work with the position vectors of events and
these are “four-vectors”, i.e., vectors having one time and three space components. It is
no longer useful or even correct to think of space and time as separate entities because
the Lorentz transformations mix the two. Continuing with a Cartesian system, label the
coordinates as follows:

o = (2, 2%) pe{0,1,2,3}, %=t z'=u,. (1.3.1)

SProblem: Show that the formula can be simplified to

tane—/—tang 1—vje
2 T2V 14+v/c

"Problem: Show that for small angles, in the limit v/c — 0 and up to first order in v/c, the aberration
angle A§ = 6 — ¢’ is given by

A~ Ysing
C
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Let us be particular about the position of the indices as superscripts, distinguishing be-
tween superscripts and subscripts (soon we will see that this is important) and consider a
displacement, dz#, in frame S letting the corresponding displacement in frame S’ be dz'*.
By our transformations we know that

drt — da'™ = ZL“de“, (1.3.2)

where L*, is precisely the matrix we derived earlier for the special case of boosts in the x
direction. In that case

LOO = —Loo/CQZCOShn,
L%y = —Lo/¢® =sinhn/e, L% =0V ic{23},
L'y = Ly=csinhy, Ly=0V ic{23},
L'y = Luy=coshny, LY=06 V ije{23} (1.3.3)
where
, 1 i=j
1 __
5j_{0 it (1.3.4)

is the usual Kronecker § (unit matrix).

In space-time, we may set up a vector space V at each point, P, by defining a set of
four vectors, {ﬂ(u)}, called a tetrad frame, spanning V. Suppose we choose the basis
vectors in such a way that u(,) points in the direction of increasing z/ at P, then an
arbitrary proper displacement in space-time can be expressed as ds =) u dm“ﬂ(u). Since
the displacement itself should not depend on the observer, but dz* transforms according
to , it follows that under a Lorentz transformation

a(#) — a/(u) = Za(a) (L_l)au (1.3.5)

A vector is any object of the form A= > " APy, with four “contravariant” components,
A each of which transforms as dz* (so that A is also observer independent), i.e.,
AP — A =", A (1.3.6)
14
The set of all of all vectors forms the vector space, V', with addition defined by

A+ B =) (A"+ B"i, (1.3.7)
M

and scalar multiplication by

ad =" (aA")i,), (1.3.8)
w
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where a € R. The additive identity is the zero vector (A* = 0V p), the additive inverse
of A is the vector —A = > (=AM, and the number “17 is the identity of scalar
multilication. All the axioms of a vector space are satisfied by these definitions.

It is both customary and useful to think of a vector in terms of its components, but it
is somewhat inconvenient to explicitly write out the summation (X) every time we have
a sum over components. We notice, however, that only repeated indices get summed
over; therefore we will use Einstein’s convention and drop the symbol ¥, but now with
the understanding that repeated indices, occurring in pairs in which one member appears
“up” (as a superscript) and the other “down” (as a subscript), automatically implies a
sum. Thus, for example, we would write the above transformation of contravariant vectors

as
Al AT = LM, A (1.3.9)

Notice that the derivative operator does not transform as dz*, but according to the inverse
transformation. In other words:

0 0 ox®

-—_ -—_ / —_—
o = O g = 0= 5O (1.3.10)
But since dz'#/dxz* = LV, and
ox* Oz _
o e =078 = (L He s, (1.3.11)
it follows that Py
€z - [0
o, = F 0o = (L D% Bas (1.3.12)

which is the same as the transformation of the basis vectors according to (6.2.6). Moreover,
if ¢(x) is any scalar function, i.e., ¢p(z) = ¢'(z') = ¢(z), then

da'0),¢/ (¢') = (L7")° LM adz®0p¢(z) = 6° ada“Op(x) = a0y ep(x) (1.3.13)

shows that dx#0,¢ is invariant.
Given any vector space, V', one can consider the space of all linear maps from V to
the real numbers, i.e., maps of the form & : V — R, i.e., for any vector A,

-,

J(A) € R
and for any two vectors A and B ,
&G(aA 4 bB) = ad(A) + b (B)

where a and b are real numbers. One may now define the sum of two linear maps by

—, —,

(a& + b7)(A) = aB(A) + bij(A) (1.3.14)



16 CHAPTER 1. SPECIAL RELATIVITY

then one can show that these maps themselves form a vector space of the same dimension
as V, called the dual vector space, *V. Given the tetrad {u,)}, spanning V', we could

introduce a basis for the dual vector space, {5(“)}, by requiring that

0 () = o, (1.3.15)

For the definition above to remain invariant, it must hold that, under a Lorentz transfor-
mation,

o) — g = L 9l (1.3.16)

Any member of the dual vector space, & can now be expressed as & = w,ﬁ(#). wy, are
called the “covariant” components of &@. They will transform as

wy = wy, = wa(L7H%, (1.3.17)
so that, given any vector, /_f, and any dual vector, &, one forms a scalar
G(A) = w, A", (1.3.18)

This is the four dimensional dot product, the analogue of the three dimensional dot product
we are familiar with. The simplest example of a dual vector is the gradient of a scalar
function:

Vo(x) = 0Wa,b(x), (1.3.19)

as we saw earlier. Notice that
Vo(ds) = Oppdat = do (1.3.20)

returns the change in the scalar function due to an infinitesimal displacement.
The form of (|1.3.18]) suggests that we could equivalently think of vectors as linear
maps on dual vector spaces, i.e.,

A@) € R (1.3.21)
Then, if we require
T (0)) = o7, (1.3.22)
it follows that . .
A&) = &G(A) = w, A%, (1.3.23)

that is, the dual of the dual vector space is the vector space itself.
The concept of vectors is generalized to tensors by simply defining a rank (0,n) tensor
to be a multilinear maplﬂ from an ordered collection of vectors to R, i.e.,

T:VeV...oV (ntimes) — R. (1.3.24)

8 A multilinear map acts linearly on all its arguments.
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A basis for T will be 81 @ §12) | @ §#n) and we could express T as
T = Tpy ..y 0D @ 012 @ ). (1.3.25)
Its covariant components will transform as n copies of a dual vector,

Tjn.. = Tagr. (L7 (L7H7, (L7175 (1.3.26)
Similarly, we could define a rank (m,0) tensor to be a multilinear map from an ordered
collection of dual vectors to R, i.e.,

T:*V®*V...®*V (m times) — R. (1.3.27)

By the same reasoning, a basis for T will be @(,,) ®U(,,) - - - ®U(y,,) and we could express
T as

T = T“W?"'“ma(m) X ﬂ(w) o® a(“m) (1.3.28)

so that its contravariant components will transform as m copies of a vector,
THA = LM LY g LA, TP (1.3.29)

More generally, we define “mixed” tensors as multilinear maps from an ordered collection
of vectors and dual vectors, T : *V @*V ...®@*V (m times) @V @V ...®V (n times) — R
and express it as

T = T“V“'Mﬁ(u) X ’l/l(l,) . ® é\()‘) & é\(n) ey (1.3.30)

with V and *V appearing in any order in the product (the above is simply one example). In
this case, the tensor is said to have rank (m,n). Thus scalars, vectors and dual vectors are
special cases of tensors: scalars are tensors of rank (0, 0), vectors are tensors of rank (1,0)
and dual vectors are tensors of rank (0, 1). Just as we think of vectors and dual vectors in
terms of their components, we will also think of tensors in terms of their components. Thus
we will speak of contravariant, covariant and mixed tensors according to their components.

There is a one to one relationship between the covariant and contravariant tensors: for
every covariant tensor we can find a contravariant tensor and vice-versa. To see how this
comes about, let us rewrite the proper distance ([1.1.35)) in a slightly different way. Let n
be the rank (0,2) tensor

=" @00 (1.3.31)

and ds' = dr®U(, be an infinitesimal displacement vector, then

ds? = —n(d§ ® d5) = —ny,datda”. (1.3.32)
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The tensor 7 is called the Minkowski metric. According to (1.1.35)), 1, is the matrix

—2 0 0 0

_ 0 100

T=mw=109 01 o (1.3.33)
0 00 1

or, simply, “diag(—c?,1,1,1)”. It is a covariant tensor of rank two. To double check its
transformation properties note that, given that ds? is invariant, we must have

— ds? = nydatde” — n)yeda’da’® =z L%, L7 datdz” = 1, datda”, (1.3.34)
which implies that
Ny = La,u.LB;ﬂ];ﬁ, (1335)
or, by taking inverses,
Mg = (L7 (LY g1 (1.3.36)

However, 7, is required to be an invariant tensor in Special Relativity, n:“/ = N, and
this can be used in conjunction with to derive expressions for the matrices L. It
is an alternative way of deriving the Lorentz transformations through the generators of
the transformation (see Appendix A). Now the metric is invertible (||7]|] # 0), with inverse

-5 000
0 100
~—1 def
TEE=10 01 o (1.3.37)
0 0 01
(It may be easily shown that the inverse metric n** transforms as
n/aﬁ — LOKMLBV”HV - na57 (1.3.38)

i.e., according the rule for a contravariant tensor of rank two.)

But, according to , scalars also result from the action of a dual vector on a
vector. Thus we expect that 7,,dz" should transform as a covariant vector. In general,
consider a contravariant vector A* and construct the quantity

Ay =nuwA”. (1.3.39)
How does it transform? We see that

Ay = Al =0 LY 0 A% = 0 LY o™ mn AN = (LY an®) (12 A%), (1.3.40)
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where we have used 777, = 6. But notice that ((1.3.35) implies the identity

Nag = Nuwl'aL"s = 1" Nag = nun Lo L5
=8 = (mul’an™)L"s = (L7)7,L"
= (LN, = mplfan™. (1.3.41)
Therefore reads

Al = A (L7, (1.3.42)

which is the transformation of a covariant vector. The Minkowski metric therefore maps

contravariant vectors to covariant vectors. In the same way it maps contravariant tensors
to covariant tensors:

Toy 02,00 = Moy By MaBa ~--77aanT61 P2 fn (1.3.43)

Likewise, the inverse metric n*¥ maps covariant vectors to contravariant vectors, i.e., the
quantity A* defined by

AP = A, (1.3.44)

transforms as a contravariant Vectorﬂ Therefore, it maps covariant tensors to contravari-
ant tensors:

T01,02,0m 77041/31,'704252 ---na"ﬁ"TBth,--ﬁn' (1.3.45)

This relationship between covariant tensors and contravariant tensors is why we originally

defined the boosts as in . Thus, L*, = n*“L,, which gives

L% = Lo =—Loo/c?,

L% = n"Ly =—Loi/c,

L'y = n"Ljo= L,

L'y = %Ly = L. (1.3.46)
Moreover, there is a natural way to define the (invariant) magnitude of a four-vector, A*.

It is simply
A% = AP A, = 10, APAY = Y A, A,, (1.3.47)

9Problem: Show this.
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which is the equivalent of the familiar way of defining the magnitude of an ordinary three-
vectorm For example, the familiar operator [, can be written as

O, = 00,0, = —9?, (1.3.48)

in which form it is manifestly a scalar. More generally, the action of the metric on any
two vectors will result in a scalar,

n(A@ B) = nu, A" B" (1.3.49)

called the inner product, or dot product, A-B , of the vectors A and B.
Finally, just as in three dimensions, the four dimensional permutation symbol, [uraf],

+1 if praf is an even permutation of 0123,
[uvapB) =< 0 if praf is not permutation of 0123, and (1.3.50)

—1 if praf is an odd permutation of 0123,

transforms as a tensor called the Levi-Civita tensor, €,,43. (Recall that a permutation of
any set, say 0123, is an exchange of two of the members of the set. An even permutation
is the ordering one gets after an even number of exchanges. For example, 1032 is an even
permutation of 0123. An odd permutation is the ordering obtained after an odd number
of exchanges, for example 1302 is an odd permutation of 0123.)E|

We see once again that the basic difference between Newtonian space and Lorentzian
space-time is that, in the case of the former, space and time do not mix and both are
absolute. In Newtonian mechanics there is no concept of an invariant distance between
events and it is sufficient to consider only spatial distances. Because spatial distances are
absolute, Pythagoras’ theorem ensures that the metric is just the Kronecker § (with three
positive eigenvalues), so there is no need to distinguish between covariant and contravariant
indices. In the case of a Lorentzian space-time an observer’s measurements of space and
time are not independent, neither is each absolute by itself and so one is forced to consider
the “distance” between events in space-time. The metric, 7, for space-time has signature
(—1,3) i.e., it has one negative eigenvalue and three positive eigenvalues.

For an arbitrary boost specified by a velocity @ = (v1,v9,v3) = (v!,v?,v3), we find the
following Lorentz transformations:

0 1 def

T Vitee "

10When A? < 0 the vector points within the light cone and is said to be “time-like”. When A% > 0 it
points outside the light cone and is called “space-like” and when A% = 0 the vector A is “light-like” or
“null”, pointing along the light cone.

"Problem: Show that the four dimensional Levi-Civita symbol is a rank (0,4) tensor by verifying its
transformation properties.
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LiO = _’Y’Uia
0 _ YUi
L T — 02 )
: ; viv;
L'y = §+(-1) WJ. (1.3.51)

These are most easily derived using (|1.3.35]) and the fact that 77;/w = Nuv- A more compact
way to write (1.3.51) is
t/ = [t— (1777)]

c2

=L
|

= Tyt + (y—1)—5(T-7) (1.3.52)

)

v

for a general .

Spatial volume elements are not invariant under Lorentz transformations. We can
make a rough argument for this as follows: suppose that the volume measured by the
proper observer is dV then the observer moving relative to this observer with a velocity
v will observe the length dimension in the direction of motion contracted according to
and all perpendicular length dimensions will remain unchanged, so we expect dV' =
dV/~. A more precise treatment follows by mimicking the argument for length contraction.
Consider the transformation form (¢,x) — (')

dt' = LY%dt + L%;dx?, da' = L'odt + L';dx’ (1.3.53)
with dt’ = 0 because length measurements must be made subject to a simultaneous mea-
surement of the endpoints in every frame. Therefore dt = —L%;dx? /vy and

) 1 . ) . ) 1— Ty )
dot = (~Lrir0 4 1) ) dod = (574 ) 20 da, (1.3.54)
Y Y v

so taking the Jacobian of the transformation gives

8$li

&7 — &7 = d°F
oxJ

= d37/~. (1.3.55)

The four dimensional volume element, d*z, is invariant for proper Lorentz transformations.
A consequence of the Lorentz transformation of volume is that the three dimensional
§ function, 6®) (¥ — ), which is defined according to

/ B3 (7 — ) = 1 (1.3.56)
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cannot be invariant either. If we require the defining integral to remain invariant then
SO(F =) — & — 7)) = 40 (7 — 7). (1.3.57)

The four dimensional delta function, 6(*) (z — xp), will, however, be invariant.

1.4 Waves and the Relativistic Doppler Effect

Maxwell’s equations for the electromagnetic field, A, in Lorentz gauge read
Oz Ay = ju- (1.4.1)

In the absence of sources, this is just the wave equation with ¢ being the speed of propa-
gation; in one spatial dimension

2, 0

[81&2 —c W] A, (t,z) =0 (1.4.2)

and a typical solution will look like a linear combination of plane waves of varying ampli-
tudes and frequencies,
A/(f) (t,x) = Al(io)(k,w)ez(kx*“’t), (1.4.3)

subject to k% —w?/c? = 0. Because A, transforms as a vector, the exponent must transform
as a scalar, i.e., kv — wt must be an invariant. This is only possible if k, = (—w,k)
transforms as a covariant vector,

W' =y(w—vk), K =7yk—-ww/c?) (1.4.4)

i.e., k" = (w/c?, k) transforms as 2* = (t,x). In particular, the first relation tells us that

;o 1—-wv/e
f _f\/1+u/c’ (1.4.5)

which is the expression for the Doppler shifting of light in the frame of an observer moving
with a velocity v, taken as positive when the observer is traveling in the direction of the
propagating light wave. Thus an observer moving “away from” the source sees a red-
shifting of the light, i.e., a shifting toward lower frequencies, and an observer moving
toward the source sees a blue-shifting, i.e., a shifting toward higher frequencies. If the
observer’s speed is small compared to the speed of light, the linear approximation of
gives

fr= (1 - %) f, (1.4.6)
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which should be compared with the Doppler shifting for ordinary mechanical waves that
propagate in a medium. We get the observed wavelengths either directly, by requiring
Af =c= N[, or by using the second relation in ((1.4.4)),

[14+wv/c
N = . 1.4.7
1—wv/e ( )
The “redshift” factor is defined as
N — A [1+wv/c
= = —1. 1.4.
? A 1—wv/c (1.48)

and z &~ T when v < c¢. Because all inertial observers are equivalent in special relativity
there is no separate effect for “moving sources” as there is in the case of mechanical waves.
Yet, one may wonder why there is an effect at all, considering that light requires no medium
in which to travel and its speed in all reference frames is the same. The Doppler effect for
light originates in time dilation.

1.5 Dynamics in Special Relativity

The relativistic point particle extremizes its “proper time” (this can be thought of as a
generalization of Fermat’s principle, which was originally enunciated for the motion of
Newton’s “light corpuscles”),

2 2 72
Sp = —mc2/d7' = —mc/1 VN dxtdzy = —mcz/1 dty/1— z—z (1.5.1)

where dr = ds/c = %\/—nw,d:c“dx” is the proper time and the constant “mc®” is chosen
so that S, has the dimension of action (or angular momentum: J-s). One sees quite easily
that this action principle reduces to Hamilton’s principle (with zero potential energy,
V' = 0) when the velocity of the particle relative to the observer is small compared with

the velocity light, for then

72 197
l—-—=1——-— 1.5.2
c? 2 ¢? ( )
which, when inserted into ([L1.5.1]), gives
2 1
Sy~ / dt [2m172 - ch} . (1.5.3)
1

The second term is, of course, just a constant (later to be identified with the rest mass
energy of the particle) and can be dropped without affecting either the equations of motion
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or the conservation laws. The first term is the non-relativistic kinetic energy of the particle
and the action is therefore just that of a free non-relativistic point particle.
The momentum conjugate to x’ is

oL ;
P = —— = L T ymu;, (1.5.4)

0 -2/
where £ is the Lagrangian of (1.5.1). The momentum of (1.5.4) reduces to its non-
relativistic version, p; = mv;, when |0] << c. Euler’s equations give
dp  d . d mu
D= iy = &,
dt — dt dt \/1—2/c2
which are the relativistic equations of motion of the particle. The Lagrangian does not

depend explicitly on time, so we expect that the Hamiltonian is the total energy and is
conserved,

(1.5.5)

. ) 2
E:”H:pijzz—ﬁzL+m62\/l—f)’2/02:L (1.5.6)

The quantity
m

V1—12/c?

is generally called the “relativistic mass” or simply “mass” of the particle, whereas the
parameter m we used initially is called the “rest mass” of the particle and can be thought
of as its mass when measured in its proper frame (7 = 0). We have just obtained the
famous Einstein relation,

(1.5.7)

mp =

E = mpc?. (1.5.8)

Notice that the energy of the particle is not zero in the rest frame. In this frame the
particle possesses an energy, £ = mc?, which is exclusively associated with its proper
(rest) mass. Furthermore, expanding E in powers of ¥ we find

1 3 o
E=mc+ -mi® + -m— +... 1.5.9
me” + 2mv + 8mc2 + ( )
The second term is the Newtonian kinetic energy and the higher order terms are all
corrections to the Newtonian expression. The kinetic energy, K, in special relativity is
defined via the relation
E = K + mc?, (1.5.10)

so it is what remains after its rest mass energy is subtracted from its total energy.
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The Hamiltonian is obtained by a Legendre transformation of the Lagrangian and is
expressed in terms of the momenta and coordinates but not the velocities. This is easily

accomplished by noting that (|1.5.4]) gives

29 - -
) mv v p
_ L= 1.5.11
P 1—9%/c2 ¢ /P24 m2 ( )
Thus we get
— 2.2
U mec
1-—=————, 1.5.12
2 pP4+m2e ( )
which, when inserted into (1.5.6]), gives another well known result,
p2e? + m2ct. (1.5.13)
Again we recover the rest mass energy, E = mc? when we set j = 0.
Let us note that the momentum
dt dJUl dl‘l
_ = = 1.5.14
pr=mate = ~ "ar (1.5.14)
is quite manifestly the spatial component of the four-vector
dx,,
=m—— =mU,, 1.5.15

where U* = dz* /dr is the “four velocity” of the particle and transforms as a vectorH
The quantity p, is called its “four momentum”. Its time component is

dt me?
2
_ B — 1.5.1
Do mce I a2 7 (1.5.16)

so the spatial momentum and the energy are components of one four-vector momentum,

%

dxH E . mu
o 0o _ = - 1.5.17
p m i p 2 p -2/ ( )

Formula (|1.5.13) for the energy is now seen to result from a purely kinematic relation,
because

dx* dx¥ ds?
P> = nup'pt = mZnun? = —m? Lh] = —m?c? (1.5.18)

12Problem: Convince yourself that p* = mda* /dr is indeed a four-vector under Lorentz transformations.
Remember that the proper time, 7, is a scalar. Notice that the four momentum can be written as

nat _ dtdet
ar ar a7

where v* = dz" /dt = v* = (1, 7). v* does not transform as a vector. Why?

p‘u:mU'u:
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(the kinematic relation being, of course U,U* = —c%, remember it). Therefore, expanding
the Lh.s.,
E2
p? = - +p? = —m??, = E? = +m? (1.5.19)
c

Interestingly, taking the square root allows for both positive and negative energies but we
have chosen the positive sign, thereby excluding negative energy free particles by ﬁatE

Euler’s equations as given in are not in a manifestly covariant form. They can,
however, be put in such a form if we multiply by =y, expressing them as

dp _ didp _ dp_

Vat T drdt  dr (1.5.20)

This is the equation of motion for a free particle, so the r.h.s. is zero. The L.h.s. transforms
as the spatial components of a four-vector and we need not worry about the transforma-
tion properties of the r.h.s., since it vanishes. In the presence of an external force the
r.h.s. should not vanish and the principle of covariance requires that both sides of the
equations of motion should transform in the same way under Lorentz transformations.
Let us tentatively write a covariant equation of motion as

N (1.5.21)

where f* is a four-vector. It must be interpreted as the relativistic equivalent of Newton’s
force. If m is constant then

dUu*
o
/ m dr
and, because U? = —c?, the “four force” must satisfy one constraint, i.e.,
fU=f"U, =0, (1.5.22)

which means that not all its components are independent. But what is the connection
between f* and the familiar concept of the Newtonian force, which we will call Fn? To
find it consider the proper frame, S, of the particle (quantities in this instantaneous rest
frame will be represented by an over-bar). In this frame 7 = £, p° = m and p' = 0. It
follows that the time component of the l.h.s of is zero (assuming m is constant)

and therefore so is ?0. The spatial part of the force equation then reads

P pma =T, (1.5.23)

13While this works well in the classical theory, it fails to be consistent in the quantum theory. When
quantizing classical, Lorentz invariant theories, both positive and negative energies must be included on
an equal footing.



1.5. DYNAMICS IN SPECIAL RELATIVITY 27

where @' is the particle’s acceleration relative to S, generally referred to as its proper ac-
celeration. Naturally, we identify F§ with 7' or, equivalently, with ma’. We will discuss

the connection between the proper acceleration, @*, and the acceleration as measured in
S,

i d2xi
dt?
in a later section. For the present take
" = (0, Fy). (1.5.24)

To determine f* in an arbitrary frame we only need to perform a boost because f* is
a genuine four-vector. Therefore, in a frame in which the instantaneous velocity of the
particle is U, we find in particular that

o U-Fy
= = (1.5.25)
i.e.,
dFE ~
— - F 1.5.26
at ~ 0N (1.5.26)

The equation says that the rate of energy gain (loss) of the particle is simply the power
transferred to (or from) the system by the external Newtonian forces. The same boost
also gives the spatial components of the relativistic force in an arbitrary frame as

m‘ <L
1

f=Fy+(v —1)5(7 Fy) (1.5.27)
and we notice that the component of f perpendlcular to the velocity is equal to the
corresponding component of the Newtonian force, f | = Fy .. However the component of
the force in the direction of motlon is | enhanced over the same component of the Newtonian
force by the factor of v, i.e. fH = 'yF N|- Our expression also has the non-relativistic limit
(y~1) f~ Fy, as it should.

We have given two forms of the action for the massive point particle in although
we have concentrated so far on the last of these. The first form,

2
Sy = —mc/ V/ — N drtdz, (1.5.28)
1

is actually quite interesting. If A is any parameter describing the particle trajectories then
we could write this as

2
—mc/1 d\ _me( )U(”)\) (1.5.29)



28 CHAPTER 1. SPECIAL RELATIVITY

where 2r(\)
x
o
U(A) = (1.5.30)
is tangent to the trajectories z#(\) and A is an arbitrary parameter. The action is therefore
reparameterization invariant and all that we have said earlier corresponds to a particular
choice of A (= t). This is like fixing a “gauge”, to borrow a term from electrodynamicsﬂﬂ

The relativistic Hamilton-Jacobi equation is obtained by replacing the momenta, p,,,

by 95/0x* in (1.5.19)),

0S oS
iz — 2.2
n (83:“) <8x”) m“c (1.5.31)
We could define S = S’ — mc?t and write the equation in terms of S’,
1 =, [0S 1 [958\?
il 2=y o= (22} = 1.5.32
Qm(vs) < ot 2me? \ Ot 0 (1.5.32)

In this form the limit ¢ — oo compares directly with the expected Hamiltonian-Jacobi
equation for the free non-relativistic particle.

1.6 Conservation Laws

We will now consider a system of relativistic particles and define the total particle mo-

mentum as L
dzy,
o E ' —_ § : Zn § : 7
Pom L= 2 g, = 2Tt (1.6.1)

“Problem: Starting from (1.5.28)), treat all the coordinates of an event, z*, on the same footing (instead
of singling out one of them — time — as a parameter) and define

i = a@ﬁ :
6y
Show that
H = p Ul — L =0.

This is a consequence of reparameterization invariance.

15Problem: The square-root Lagrangian in is inconvenient for a host of applications such as,
for example, the quantization of a collection of free particle or working out the statistical mechanics of
free, relativistic particles. A quadratic form, similar to the non-relativistic one, is preferable. This can be
achieved by introducing an auxiliary function, x, together with the action,

S = —/d}\ [Xnqu(ll;\)U(VA) + X71m2:|

and treating " and x as independent functions with respect to which the action is to be extremized. Show
that one obtains the expected equations of motion.
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The rate at which each particle’s four-momentum changes will depend on the net force
acting upon it, according to
doh _ (162
dTn "’ e
but this is an inconvenient form of the equation of motion, particularly when dealing with
many particles, because it describes the rate of change with respect to the proper time of
the particle, which itself depends on its motion. Making use of the fact that ~,, = dt/dr,,

let’s rewrite this equation in the form

dph,

=l 1
= (1.6.3)

and therefore also

dpu de” Syt (1.6.4)

Concentrate, for the moment, on the spatial components only and, as before, let f?; be
made up of two parts, viz., (i) an “external” force, f;‘i"t, acting on the particle and (ii) an
“internal” force, fmt actlng on it due to its interactions with all the other particles within
the system. Then
W= foen (1.6.5)
m#n
and it follows that

dt dtzpn— Z Vrjlfm%nﬂ‘z —1 eXt (1.6'6)

n,m#n

For low particle velocities v, =~ 1 for all n and ﬁ R~ FN , Where FN is the Newtonian
force. In this limit, conservation of particle momentum in the absence of external forces
follows by Newton’s third law.

What about the internal forces in a fully relativistic scenario? In principle, no effect
experienced at any world point z can have originated at a world point z’ outside its past
light cone, i.e., at a time earlier than ¢t —|F—7"|/ c{lﬂ because the speed of light is assumed to
be the maximal speed at which information or influence can travel. Instantaneous particle
interactions, in particular forces that depend only on the spatial distances between the
particles (which are typically employed in Newtonian physics), cannot have the desired
Lorentz transformation properties and therefore are impossible in the context of special
relativity. This, of course, becomes relevant only for very high particle velocities because
the change in position of one particle can influence another particle only after the infor-
mation has had the time to propagate through the distance that separates the particles,

6T his is called retardation.
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which itself changes appreciably during this time if the relative velocities are high, making
the interactions of particles depend in a complicated way on their motions. This is already
evident from the expression Zn’m?én At j?m_m describing the effects of the internal forces.
One gets around this difficulty by imagining that the particles are immersed in a set of
dynamical fields whose disturbances propagate in space-time with a speed not exceeding
the speed of light.

A “field” should be thought of as a potential (or set of potentials) associated with each
point of space-time. Disturbances in these potentials transfer energy and momentum from
one event to another. Every field is realized by a function (or set of functions) with definite
Lorentz transformation properties and one can have many kinds of fields, eg. scalar fields,
vector fields, etc., depending on how the field transforms. Particle-particle interactions
are then described in terms of local interactions of the particles with the fields, which
involve an exchange of energy and momentum between the two at the world point of the
particle. This exchange causes disturbances in the fields, which then propagate through
space-time and, at a later time, exchange energy and momentum (locally) with other
particles in the system. In this way fields act as mediators of inter-particle forces. A
familiar example of this would be electrically charged particles in an electromagnetic field.
The electromagnetic field is responsible for energy and momentum transfer between the
particles via their electromagnetic interaction.

This picture is only consistent if the field that is responsible for mediating the in-
teraction carries energy and momentum in its own right. We then define the total four
momentum of the system by

Pt =p' 47l (1.6.7)

where 7t represents the field momentum and assert the following:

e In the absence of external forces the total four momentum of the system, which
consists of the momentum of the particles and the field, is conserved.

This is a natural generalization of the non-relativistic statement about momentum conser-
vation and, in fact, follows from Noether’s theorem by space-time translation invariance,
as we will see later. It is worth understanding why any generalization of the conservation
law for momentum must involve the entire four-vector momentum if it is to be a covariant
statement. It can be argued as follows: let AFE and AP represent the change in energy
and momentum respectively of the system in some inertial frame S. In some other frame,
S’, we represent these quantities by AE’ and AP respectively. Being components of a
four vector, they are connected by the Lorentz transformation,

AP = ToAB+ (6;1 +(v - 1)”&?) AP

AE =~ (AE+6- Aﬁ). (1.6.8)
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It follows that if AP vanishes (the spatial momentum is conserved) in S then it will vanish
in S’ if and only if AE vanishes as well and if AE vanishes (the total energy is conserved)
in S then it will vanish in S” if and only if AP also vanishes. Therefore energy and
momentum conservation go hand in hand in Einstein’s theory of relativity and one cannot
be had without the other. This is a most remarkable fact. In Newtonian mechanics the
two conservation laws are distinct: momentum conservation requires the absence external
forces and a sufficient condition for the conservation of energy is that all forces acting on
the system are conservative. No such condition appears in the relativistic version of the
conservation law, which must therefore always hold provided that the momentum of the
particles and fields are consistently taken into account.

Note that neither the total field momentum nor the total particle momentum is sepa-
rately conserved since momentum may be exchanged between the two. This implies that
the interaction forces between the particles do not satisfy Newton’s third law i.e., action
is not equal and opposite to reaction.

It is often convenient to define the center of momentum frame in complete analogy
with the non-relativistic case by setting the spatial components of the total momentum in
that frame to zero, i.e.,

Em — —,
Pcum = < CC2 70> = (Mcmao), (169)

which also defines the total rest mass, My, of the system. The rest mass energy, Mep,c?,
contains all the rest energies of the particles that make up the system. It also contains their
kinetic energy relative to the center of mass as well as the energies of their interactions
with one another and of the fields involved in these interactions. In other words, the rest
mass of the system contains the entire internal energy of the system and it is conserved.
We know of four kinds of elementary fields, each with its characteristic interactions. From
weakest to strongest they are the gravitational field, the fields associated with the weak
interaction, the electromagnetic field and the fields associated with the strong interaction
or chromodynamics. The gravitational field is associated with space-time itself and its
description is unique. All the other fields are special cases of a single family of theories
called “gauge theories”. These will be discussed in the following chapters. The momentum
in a generic frame, S, can be obtained by a Lorentz transformation and will involve only
M. and the velocity of the center of mass relative to the Laboratory, vem,

PO = Mcm’)/cma -ﬁ = Mcm777cm- (1610)

Thus in every physical system consisting of interacting particles, the center of mass will
behave as a single particle with an effective mass (equal to My, ).



32 CHAPTER 1. SPECIAL RELATIVITY

1.7 Relativistic Collisions

The preceding discussion leads directly to the topic of collisions between relativistic par-
ticles. In this section we will briefly examine such collisions, assuming that whatever
fields are present diminish rapidly enough to zero that the field contribution to the total
momentum can be ignored when the particles are sufficiently far apart. We will then con-
sider “free” incoming particles and “free” outgoing particles as we did earlier and conserve
momentum according to ) pfw» =3 pgf as before, but this time taking care with the
relativistic factors.
First consider a collision in which two incoming bodies with momenta

K, Ky
Pl = <m1 + 1,p1> , D2i = (mz + 022,]02) (1.7.1)

c2

stick together to form a body of mass my, with momentum

Ky
Py = <mf + sz,pf> , (1.7.2)

where we used the definition of the Kinetic energy, E = mc? + K. Conservation of
momentum means that

K, K Ky
my+mg+ —5 + —5 =mfg+ —-
C C

p1+ P2 = Py, (1.7.3)

which three equations (the collision is planar) are sufficient to determine m; and py in
terms of the initial data. Such a collision is best viewed in the center of momentum frame
in which py = 0 and ms = M. Then, in this frame pty = (Mem, 0)
K | K S
my + mg + 2 + i Mem, P = —Ph (1.7.4)
where we used primes to denote quantities measured in the center of momentum frame or
system (c.m.s.). The first equation gives the effective mass, i.e., the mass-energy in the
center of momentum frame. The second simply defines the center of momentum frame. If
the velocity of the center of momentum frame as measured in the the Laboratory frame
i8 Vem, then
- ﬁcmc (ﬁ 1+ ﬁQ)c
Yem = 5 5 2 L 5)2 2 2
Pem T+ Mcmc \/(pl + p2) + Mcmc

and an appropriate boost recovers the solutions in that frame.

(1.7.5)
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Figure 1.4: Two dimensional collision

Consider a collision in which two incident particles, “1” and “2”, give rise to two
outgoing particles, “3” and “4” (we label the particles differently because, in relativis-
tic collisions, particle physics processes may cause one set of incoming particles to be
transformed into a wholly different set of outgoing particles and we wish to allow for this
possibility) and suppose particle “2” is at rest in the Laboratory frame. Let the x— axis
lie along the motion of “1” and let @ and ¢ be the angles made by “3” and “4” respectively
with the x—axis, as in figure Conserving the four momentum gives

K, 3 Ky
m1+m2+72m3+m4+7+7

C C C
p1 = p3 cos B + py cos ¢

p3sin€ — pysing =0 (1.7.6)

Note that in general

K2
p’c +m?ct = F? = (mc® + K)? = p> = 2mK + — (1.7.7)
c

so these equations are to be solved for ps3, ps and one of the angles. As before, the other
angle must be specified. Our strategy will be similar to the one we followed for non-
relativistic collisions. Multiply the third equation in by cos ¢ and use the second
to find

p3sin f cos ¢ = p4sin ¢ cos ¢ = py sin ¢ — p3 cos B sin ¢@. (1.7.8)

This gives
p1sing

eI (1.7.9)

p3sin(f + ¢) = p1sing = p3 =
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and inserting the result into the second equation of (|1.7.6))

p1 sin 6

= T o) (1.7.10)

Finally, to determine #, we must insert the above two formulae into the energy equation,
but the energy equation is much more complicated than its non-relativistic counterpart! A
welcome algebraic simplification occurs if the outgoing two particles fly off symmetrically,
i.e., with 8 = ¢ in the laboratory frame. If, moreover, the incident and outgoing particles
have the same mass, m, then

p1
= = 1.7.11
b3 2cos 6 P4 ( )
and
P22
By +mc? =2mc + 2K, K = L m2ct (1.7.12)
4 cos? 6

yields, after a little bit of algebra,

E? —m?2ct

2
0= .
o8 A[(Ey — mc?)? — 4m2c?]

(1.7.13)

It is interesting to notice that in the extreme relativistic case, i.e., when E; > mc?,
cosf — 1 and the separation angle approaches zero whereas, in the limit that the rest
mass energy is much greater than the incident kinetic energy, cos§ — 0 and the separation
angle approaches 7/2 radians. This, as we know, is the non-relativistic case.

The view from the center of momentum frame is different. Now the two particles
scatter as shown in figure because both the initial and final total spatial momentum
must vanish,

By + Ey = E\ + Ejy = My c?

PL+Py=0=7p5+p, =P =D, Py =—p, (1.7.14)
Let the initial momenta lie along the z—axis and let the masses (initial and final) all be
the same, say m as before. Then, because of the second equation above, Ef = Ej) = E!
and Ej = F) = E and because of energy conservation 2E; = 2E} = Mcnc?. Therefore
all momenta have the same magnitude. Since the final velocities are anti-parallel, there
is only one final angle, &, between the outgoing particles and the z—axis, but there is
not enough information to determine it. However, we can relate £ to the angle 6 in the
Laboratory frame discussed earlier by performing a Lorentz transformationm

17"Problem: Determine the relationship between the angle of scattering, &, in the center of momentum
frame and the angle 0 in the Laboratory frame, assuming that particle “2” is initially at rest in this frame
and that particles “3” and “4” leave the collision center symmetrically, as discussed.



1.7. RELATIVISTIC COLLISIONS 35

Figure 1.5: Two dimensional collision from the center of momentum frame

In general, a good amount of information about any collision in any frame is obtained
directly from the Lorentz invariants. For example, if, in the Laboratory frame, our incom-
ing particles had momenta py; and po; then, because p? is a Lorentz invariant, p? = pzm
or

(p1s +p2¢)2 = pi- +p§i +2p1i - p2 = pgm (1.7.15)

and therefore
(m3 +m3)c! + 2(E1i By — PP - pai) = Myc. (1.7.16)

Using E; = m;c® + K; in each case, we arrive at
(my + ma)?ct + 2(myc® Koj + mac® Ky + K1;Ko; — 2p1i - Pai) = M2, (1.7.17)

so if particle “2” (say) is initially at rest in the Laboratory frame, then g; = 0, Eg; = mac?,
E1; = mic® + Ky; where K; is the initial kinetic energy of particle “1” and

Mfmc4 = (m1 + m2)264 + 2mac? K. (1.7.18)

Thus the available center of momentum energy increases as the square root of the incident
kinetic energy. Equation ([1.7.16)) holds whenever two particles collide whether or not the
collision is inelastic and no matter how many the end products of the collision.
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1.8 Accelerated Observers

A question of interest is how to relate an accelerated frame to an inertial one in the context
of the special theory of relativity. Naturally this cannot be done directly because the
Lorentz transformations only relate inertial frames. However, it can be done by considering
a special one parameter family of inertial frames each of which is at rest relative to and
coincident with the accelerated frame at one particular instant of time. Geometrically,
this is equivalent to replacing the accelerated observer’s curved world line in Minkowski
space by a set of infinitesimal straight line segments along her world line. Each of the
infinitisimal segments corresponds to an inertial frame over an infinitesimal path length.
In this section we consider this problem in general and then specialize to one particular
case: the “Rindler observer”. Rindler observers, named after Wolfgang Rindler who first
considered this problem, undergo a constant proper acceleration (recall that the proper
acceleration is the acceleration of the detector w.r.t. a frame that is instantaneously at
rest relative to it).

First we analyze the problem in two dimensions. Let S be an inertial frame and let S
be the frame of the Rindler observer. S is not an inertial frame and cannot be directly
connected to S within the context of the special theory, so introduce a one parameter
family of inertial frames, {S(s)}, each of which is instantancously at rest relative to S and
coincides with it at proper time s/c. If S possesses an acceleration, a(s), at s/c relative
to the frame S(s) then a(s) is the proper acceleration of the Rindler observer,

_ &3

afs) = ol (1.8.1)

To begin with, we’ll let a(s) be arbitrary. Now S and every member of the family S(s)
are inertial frames and therefore they are related by Lorentz transformations. For a fixed
s, we have

o (t— /)
= y(z — vt). (1.8.2)

H‘ I

where v = v(s) is the velocity of frame S(s) relative to S. Defining the velocity u = dz/dt,

we find . ( )
_ X u—v

and therefore (remember that we must keep v(s) fixed because it represents the velocity
of S(s) relative to S and S(s) is inertial)

du u—v)(—v/c?du du
= e T e A sy
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This gives
du a
G=—=—F""""53 1.8.5
T (1 —uv/c?)3 ( )

Now, because the frame S(s) is instantaneously at rest relative to the the Rindler observer

S at proper time s/c, it follows that @(s) = 0 and @a(s) = a(s). Therefore u = v(s) an

=a = afs). (1.8.6)

But dud p
uds cdu
— S 1.8.7
“ dsdt ~yds ( )

Therefore, integrating we find that

/ _dw ctanhfl(g) b

0(1—%22) ¢

where ug = u(0) and u = u(s), so

= 1/08 dsa(s) (1.8.8)

uo C

1 S
u = ctanh <c2/0 dsa(s) + tanh ™t Uco> = ctanhn (1.8.9)

where we’ve called the argument of the hyperolic tangent on the right n. Again

dr dxds cdx c dz dz
YT Gt Tdsdt  ~yds  coshnds ds O (18.10)

therefore
S
T —x0= / dssinhn
0

1 S
t—ty= c/ ds coshn (1.8.11)
0

18problem: Consider the same problem in four dimensions. We have seen that the relationship between
the longitudinal component (i.e., in the direction of the motion) of the acceleration in S and the cor-
responding component of the proper acceleration, is @) = 73a“. What is the relationship between the
transverse component of the acceleration in S and the transverse component of the proper acceleration?
Show that a; = ’yzaJ_A
19Problem: Using the result of the last problem together with equation , show that
dp

i ’ygmé'u + yma

Then obtain this result directly by differentiating p = m~v w.r.t. t.
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Figure 1.6: Trajectory of the Rindler observer

Without loss of generality choose ug = 0. Further, specialize to the case of a constant
proper acceleration and let a(s) = a, where a = const., then n = as/c? and

2

c as c
$—$0=;[008h07—1], t—t():gsinh

as
2 (1.8.12)
This gives the trajectory of the accelerated observer as viewed by the inertial observer, S.
Convenient initial conditions would be x¢ = ¢?/a at to = 0 and we find that the trajectory

may be expressed in the form
4

c
22— P = = (1.8.13)
It is a hyperbola, shown in figure Notice that the path of the accelerated observer
may never cross the lines x = +ct. These lines represent “horizons” (past and future)
that mark the boundaries of that portion of Minkowski space that is accessible to the
accelerating observer. Not all of Minkowski space will be accessible to her, as is evident
from the diagram in figure[I.6] where one sees that she can never receive information from
events A and B and, while she will receive information from C', she will be unable to
ascribe a time to it! The lines x = +ct are called “Rindler horizons” because they apply
only to accelerating observers. They divide Minkowski space into four causal wedges,
called “Rindler wedges”, defined by = > c|t| (right), < c|t| (left), ¢t > |z| (future) and
ct < |z| (past).
Let us consider one of these wedges. Define the coordinates

2 2
- t
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then, because a is an acceleration it follows that £ has dimension of length and 77 has di-
mension of time. Both & and 7 range over the entire real line even though these coordinates
do not cover all of Minkowski space. The inverse transformations are

2 ~
z = S e/ cosh %, t = ot/ giny U (1.8.15)
a c a c

If @ > 0, the new coordinates (77,£) cover only the right wedge in the (¢,z) plane, i.e.,
x > c|t|. They are called “Rindler” coordinates and define the “Rindler frame”. In this
frame, lines of constant £ are hyperbole in the Minkowski frame and represent curves
of constant proper acceleration equal to ae %/ < The hyperbola £ = 0 describes the
trajectory of our particular accelerating observer and lines of constant 77 (time) are straight
lines through the origin as shown in figure [[.6] The metric is

ds? = 2% (2dn? — de?), 7€ (—o0,00), £ € (—00,00) (1.8.16)

and the horizons are located at & — —oo. Another coordinatization that is often used is
obtained by defining y = e/ c? /a (or, in terms of the original Minkowski coordinates:

y = Va2 — c?t?) then

2
ds* = Z—Qdeﬁz —dy?, 7€ (—00,00), y € (0,00) (1.8.17)
gives another parametrization of Rindler space. In these coordinates, the Rindler observer
is located on the (vertical) line y = ¢2/a and the horizons are located at y = 0. Notice that
in both coordinatizations the horizons get defined by setting the time-time component of
the metric to zero. This is a generic feature of time independent metrics.

But what exactly is a Rindler horizon and why does the coordinate system break
down there? Notice that the definition of y is quite independent of a, but the definition
of 77 depends on it therefore the proper time intervals of the observer will scale with her
acceleration although proper distance does not. Thus consider Rindler observers with
different proper accelerations living on vertical lines given by 3’ = ¢2/a’. Notice that the
greater the proper acceleration the smaller the value of y and, vice versa, the smaller the
proper acceleration the greater the value of y. Now it should be clear that the proper
distance between our observer and some other observer with y = ¢?/a will be fixed at
c%|a’ —a|/(aa’). Think of this distance as the length of a rod connecting the two observers.
If @’ > a then the observer with a’ lies on the trailing end of the rod and, vice-versa,
if a’ < a then the observer with a’ is on the leading edge. Whereas in Galilean physics
the two ends of a rod must have equal acceleration to keep the same length, in special
relativity the trailing end must accelerate a little bit faster to keep up! This is because of
length contraction: as the speed increases along the rod’s length, its length also shrinks
a little and the trailing end has to increase its velocity a little bit more in the same time
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interval to account for the shrinkage. Therefore observers on the “trailing end” i.e., toward
the horizon must accelerate more to “keep up”. The horizon marks the stage at which the
observer would need an infinite acceleration to keep up with the others.



Chapter 2

Scalar and Vector Fields

In theoretical mechanics, we developed a fairly sophisticated formalism to work with a
system of point like particles. Such a system is described by a finite number of degrees of
freedom, f, and its configuration space can be fully specified by a collection of variables,
{q',...,¢’}. The time evolution of the system is recovered by determining the “trajecto-
ries”, ¢'(t), of these degrees of freedom and the equations that govern these trajectories
are obtained from Hamilton’s principle. The state of the system at any time is specified
by giving the values of ¢*(t) and their velocities ¢*(¢) or momenta p;(t).

Then, when we started talking about fluid dynamics, we argued that there are situa-
tions in which it is more fruitful to think of the system of particles as “continuous”. The
system of particles is characterized by its Knudsen number, K, and if K < 1 then it may
be deemed continuous. The natural way to think about such systems is via the concept
of a “field”, which is essentially a function or set of functions over space and time. For
example, the description of fluids requires several “fields”, wviz., the velocity vector field,
0(7,t), which represents the average velocity of a fluid molecule at any given point 7 in
space at time ¢, the mass density field, p(,t), and the pressure field, p(7, ).

The fundamental difference between a “field” and a system of point particles is that
a field has an uncountably infinite number of degrees of freedom, a countable number
at each event in space-time, yet all these degrees of freedom are captured by a finite
set of functions. These functions are the fields that will be our concern in the rest of
these notes. While fluid dynamics provides an example of a set of “material” fields,
we are familiar with non-material fields as well, eg., the electromagnetic field. When
examining the conservation laws for a relativistic system of particles, we argued for the
need for such non-material fields: they act as intermediaries, allowing us to describe
particle-particle interactions as local interactions (of the particles with the fields), which
in their turn generate disturbances that propagate information about these interactions
to other particles also interacting locally with the field.

41
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There are also the field theories that describe elementary particles. In non-relativistic
wave mechanics, a single particle is described by its Schroedinger wave function, ¥ (7, t).
Owing to the Born interpretation, which asserts that it is an amplitude for determining
the probability of finding the particle in a given volume at any instant of time, the wave
function itself cannot be regarded as describing a field. However, the Born interpretation
fails when quantizing relativistic particles for two reasons: (a) the Born probability density
is not positive definite if the wave equation is second order in time derivatives and (b)
negative energy states arise generically in relativistic quantum mechanics (they are in
fact required for completeness) and the energy spectrum is unbounded from below. The
presence of these negative energy states implies that quantum mechanical transitions to
an infinite set of lower energy states could occur, allowing, in principle, for the extraction
of an unlimited amount of energy from a single particle. Moreover, Einstein’s relation,
E = mc?, and the uncertainty principle, AEAt > h, together indicate that the number of
particles within a system cannot be conserved because an arbitrary number of particles
may be spontaneously produced out of the vacuum, provided that the resulting mass-
energy exists for a short enough interval of time. Thus the relativistic wave function and
wave equation, obtained via the usual Dirac procedure, cannot be understood within the
Born framework and must be reinterpreted. We interpret the wave function as describing
a classical field and the wave equation as the equation of motion for this field. In this
view, the superposition principle is no longer required because the wave function, or what
is now the classical field, is not endowed with the Born interpretation. Therefore the
field equation need not be linear and non-linearities in the form of terms involving higher
powers of the field may be added to the equation of motion. In this book we will discuss
the classical dynamics of fields for which the equation of motion is derivable by Hamilton’s
principle from an action functional. E|

Symmetries (such as Lorentz invariance) place strict restrictions on the possible self-
consistent degrees of freedom of a physical field, but many possibilities still exist. There-
fore, a theory of fields will not be a single theory but a general framework, containing tools
for the description of experiments in which the concept of a field is useful. In this chapter,
we will attempt to set up such a framework and we will do this in a way that mirrors our
treatment of particles so that the powerful tools of mechanics can also be applied to great
effect. However, because any field will have a finite number of degrees of freedom at every
point, the Lagrangian, £, of a field theory will be a functional, i.e., an integral over space
of some function (the Lagrange density function, £) of the fields and their derivatives.

The physical interpretation of the degrees of freedom being described by a classical field
theory will vary from theory to theory. As mentioned, familiar examples are the vector

!Quantization of all classical fields occurs by following the standard Dirac procedure on the classical
phase space of the field; the field and its conjugate momentum become quantum operators acting on a
Hilbert space of states of particle number. In the quantum theory, the non-linearities get interpreted as
interactions between the particles.
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field representing the velocity and two scalar fields representing the density and pressure
in fluid dynamics, and the four vector potential of electrodynamics. Fields representing
other degrees of freedom may be constructed as well, as seen by the following example. An
infinitely long elastic rod, laid along the x—axis, is able to sustain oscillatory displacements
of its particles in a direction parallel to the rod. We “discretize” the rod by imagining
that it is made up of a very large number of point like particles that are spaced a distance
“a” apart and connected by massless springs (which simulate the interaction between
neighboring atoms in the rod). Consider the nth particle and denote it’s displacement

from equilibrium by 7,,. Its kinetic energy is

1 2

Ty = S, (2.0.1)
giving, for all the particles together, the total kinetic energy
1 .9
T=3 zn: mpn2 (2.0.2)

The total potential energy could be be written as the sum of the potential energies of the
springs which are stretched (or compressed) according to the displacements of neighboring
particles:

1
V= 3 zn: kn(nn41 — 0a)? (2.0.3)

The Lagrangian for the entire system follows from Hamilton’s prescription:
1 i
L=T-V=g > m [ = Wi (M1 — 1)’ (2.0.4)
n

which will be convenient to write in the following form

L= ;zn:a (=) [ﬁ,% — (awn)? <nn+1a— nnﬂ (2.0.5)

Now consider taking the limit as a — 0 of the above. The quantity m,,/a can be interpreted
as the mass per unit length or the linear mass density of the rod, which we take to be
some constant, u (independent of position). It is clear that in the same limit,

. Mntl — M .. 77(75733+a)_77(t750) _2
mT e ST ~ a0 (200

and that

9
.n a, ) 9 2 .
N — atn(t ) (2.0.7)
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but what about aw?? A little thought will show that this is related to the Young’s modulus,

Y, of the rod by
s Y
aMpWy = = (2.0.8)

which we’ll take to be independent of position as well. Finally, we let

> a(.), = /dx(...)(t,x) (2.0.9)

n

and thus, in the continuum limit, the Lagrangian functional can be written as

i [alt (52 L] o

—00

The quantity within square brackets is a density function (in this case a linear density)
called the Lagrange density, £, and

S = /dt /Z dz £(n(t,z),n (t,x),z,t). (2.0.11)

is the action. 7(t, x) is a “field”, which may be thought of as the field of displacements from
equilibrium of the rod’s constituents, the elementary excitations of the rod, or “phonons”
in one dimension.

2.1 Hamilton’s Principle

We will take a general field theory to be one that is described by a Lagrangian functional,
£[¢A7 8N¢A7 t] = / dgf £(¢A(t7 F)? 8M¢A(t7 F)a t? F) (211)

where qSA(t, 7) denotes a field, which, we assume, exhibits definite space-time transforma-
tion properties and carries indices both related and possibly unrelated to space-time, all of
which we collectively denote by A. If the field theory is Lorentz invariant then the action

S = / dt L[6™, 0,67, 1] = / 'z £(6M @), 0,67 (), ) (2.1.2)

must be a Lorentz scalar. Moreover, because actions must always have the mechanical
dimension mi?/t, it follows that the Lagrange functional, £, will have the dimension of
energy and the Lagrange density will have the dimension of energy density, [£] ~ m/It2.
The fields may transform under any finite dimensional representation of the Lorentz
group, i.e., as scalars (eg. the Higgs field), as vectors (eg. the electromagnetic field and
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other gauge fields of the standard model), as spinors (eg. Dirac/Weyl/Majorana fields for
fermions) or as tensors (eg. gravitational field). In the case of a vector or tensor field, the
index “A” would be one or more space-time indices. For example, for the electromagnetic
field, A, the superscript “A” represents the covariant space-time index p and for the
gravitational field, g,,, “A” would represent the pair of covariant space-time indices (pv).
Likewise “A” could be a spinor index if ¢ is a spinor field, or it could even represent
an internal index or a combination of space-time indices and internal indices if the field
transforms according to some representation of an internal group in addition to the Lorentz
group as, for example, “A” is the pair (Z) if ¢ represents the non-abelian gauge field Aj,
which we will describe in some detail shortly. We will assume that the equations of motion
are to be derived from the action using Hamilton’s variational principle.
Following the standard arguments for point particles, we realize at the onset that field
variations must also come in two types: (a) variations in the functional form of ¢4 (z),

¢ (x) = ¢ (2) = ¢™(x) + 60¢” (z) (2.1.3)
and (b) variations that arise because of a change in the arguments,
ot — 2 = ot et (2) (2.1.4)

where € represents an infinitesimal change in z#. This induces a change in the field
according to

¢A(z) — M) =o'z +e) = ¢ (@) + - 9% (2),
apt(x) = ¢Aa') — ¢t (x) = €- 09" (2.1.5)
In general, a change is made up of both components, i.e.,
¢A(x) = ¢U) =N+ e) = g(z) + e 00" + Goo!
ipt(x) = () - ¢M(x) = b9 (z) + 6107 (x) (2.1.6)

up to first order in the variations, of course. To apply Hamilton’s principle to the action
we first consider only functional variations that vanish at the boundary (usually taken to
be at infinity). Then, using Einstein’s summation convention for all indices,

5S = / s = / d'z [8;1450& + 8(;;%,)508“&]

B 4 872 A 0L N 0L A
- / “[awéo‘b G (8<amA>5°¢> On (8(8@/4))5”]
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where we have interchanged d,, and dg, because [0y, 0] = 0, and used the fact that the
integral of the total derivative is a surface term that vanishes exactly,

4 0L A>_ < Y A>:
[0 (gen®o’) = [ o (gemi®) =0 @19

by our condition that the variation dy¢ vanishes there. But, as dg¢ is otherwise arbitrary,
and the action is stationary (5 = 0), we necessarily arrive at Euler’s equations

0L 0L
30~ (305,0) = =

for a field theory governed by the Lagrange density £. Of course, Lagrange multipliers
and the Euler-Lagrange equations may be used when constraints are involved. The left
hand side of is called the Euler derivative of £.

For example, if we apply these equations to the action we wrote down earlier for the
elastic rod. The field is n(t,z) and the Lagrange density does not depend on 7(t,x) but
only on its derivatives. Therefore we have

0L 0L 0?n 0%n
92\ Lo, o= 2 O 2.1.1
o (55) o (5) =0 = vt Vo (2.1.10)

which is a wave equation for perturbations that travel at the speed of sound, vy = \/% ,
in the rod.

2.2 Noether’s Theorems

A symmetry of the action is a set of transformations of the fields and (or) the coordinates
that leave the action invariant. Symmetries that arise because of the way in which the ac-
tion is formulated (eg. reparametrization invariance of the free relativistic particle action)
are called non-dynamical and symmetries that result from a specific feature or property
of the matter or its evolution (eg. gauge invariance or general coordinate invariance) are
called dynamical.

Noether’s theorems explore the consequences of dynamical symmetries. The approach
follows the general lines of reasoning that were introduced when the number of degrees of
freedom was finite (i.e., for point particles), but they are considerably more powerful for
fields. Let the fields ¢ (z) and coordinates 2* undergo the following variations

0™ = GAow + T, 0w + ..., dak = e = GHow® + . .. (2.2.1)
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under a set of symmetry transformations with differentiable parameters dw®(x). One
can, of course, conceive of fields whose transformations involve even higher derivatives of
dw*(x), but we will not have occasion to do so in these notes so we restrict our attention
to cases for which only G4(x), G4 (z) and T (x) are non-vanishing. The transformations
will lead to a variation of the action according to

5S = / (5d*2)€ + d'258). (2.2.2)

We evaluate each term above separately. The first results exclusively from the change in
coordinates

ox'H
ot =gt +e(z) — B b + 0, () (2.2.3)
z
so the change in measure, dd*z is determined via the Jacobian
d*z — d*z’ = d'z det %” = d*z det(8" 4 O,¢") = d*z det J (2.2.4)
xv

where the “hat” is used to denote a matrix when its component indices are suppressed,
i.e., the components of J =1+ e are J#, = 6 + d,¢”. But the determinant of a matrix
J is related to its trace according tl

Indet J = trinJ (2.2.5)
so that R R _ R
detJ — etran — etrln(l+d€) ~ etrde ~1 +a#6u (226)
and it follows that
odz = d*a’ — d*z = d'z(9 - €) (2.2.7)

and therefore

58S = /d4x[(8-e)2+5£]:/d4x[(8-6)2+6-32+502]

0L 0L
= /d4a: {8 (L€M) + W(sod)A + W%%(ﬁﬂ (2.2.8)

Interchanging ¢y and 0, ([0o, 0u|¢ = 0), we find

. oL A oL A
99 [ s [ty e 0 (575,570 ) =0 (g ) | 29

2This is easy to prove: let A, be the eigenvalues of J , SO

det J =] An = Indet J=I([[An) =D Iy =trinJ
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which simplifies to

08 = / dix {5A50¢A + 0, [26“ + a(gif‘)aoqﬁf‘} } (2.2.10)
1]

where £4 are the Euler derivatives of £ as given by the left hand side of (2.1.9)). Exchange
the functional variation of ¢ (x) for a total variation and write the variation of the action

as
= 4 A e oA _872 AN v 872 A
58—/dm{6A(5¢ €-00") + 0y [(255 a(auw)a”‘z’ >e +3(8u</>/‘)5¢(2}2} )
2.1

Using , the first term above may be rewitten as
/ 'z £4 {(GA — QP65 + T, 60" )
- / dix {[E4(G — GROLG™N) — 0, (EAT)Sw® + 0u(EaT 6w} (2.2.12)
after an integration by parts. Therefore

55 = [t 1Ea(G — ") — au(ET

a

0L 0L
4 W A\ v A Aps a
+/d z O, Kséy 8(8M¢A)8V¢ )e +3(5M¢)A)6¢ + EAT M ow
(2.2.13)

Because these are symmetry transformations, §S = 0. This is only possible if the current

oL 0L oL
= Lot — —=—9, A) QY+ ———GA 1€ Tf”} dw? + ————TA9,00°
7 K (0,07 90,0 e o4 (0, 0%)
(2.2.14)

(called the Noether current) is conserved and, because the parameters are arbitrary,
the identities
Ea(GE — GH,0™) — 0, (EATH) =0 (2.2.15)

(called the Noether identities) are satisfied. Both must hold true regardless of whether
or not the equations of motion are satisfied. Thus we have two (Noether) theorems:

o To every differentiable symmetry of an action there exists a conserved current, an

example of which is given in (2.2.14]), and

o To every differentiable symmetry of an action there exists a set of differential iden-

tities, an example of which is given in (2.2.15]).
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The existence of a conserved Noether current implies the existence of a conserved
Noether charge; we see this by integrating the conservation equation for j* over a
volume, V,

d . .
— d3fj0_—/ d3FV-j——/dSﬁ-j (2.2.16)
dt Jy v S

by Gauss’ theorem, where ' is the surface bounding the volume V. If the fields and their
first derivatives vanish on S, or, if S is taken to infinity and they decrease rapidly enough
as infinity is approached, then the right hand side is zero and we find that the charge

Q= / d37 5 (2.2.17)
1%
is conserved,
dQ
= . 2.2.18
o ( )

The Noether current can be modified by the addition of any divergence free set of vectors
OF constructed out of the fields and their derivatives, so it is not unique and, as a con-
sequence, the Noether charge is also not unique. The differential identities of Noether’s
second theorem are trivial “on-shell” i.e., on classical solutions of the field equations
(E4 = 0), so Euler’s equations can be viewed as a particular solution of the Noether
identities. What is important is that the identities are required to hold “off-shell” as well.

2.3 Lorentz Transformations and Translations

As all actions are required to be Lorentz scalars, one of the most basic applications of
Noether’s first theorem is to global Lorentz transformations and space-time translations
(the group of transformations ISO(3,1)). These we take to be of the form z# — a* =
x# 4+ e/, where

dxt = €' = owt x” + dat. (2.3.1)

The first component of the transformations are the Lorentz transformationsﬁ] and the
second component are constant translations. Suppose that under these transformations

5™ = Gigow™” (2.3.2)

3Problem: Consider an infinitesimal Lorentz transformation

ot — 2 = (8", + swh)x”

2

and expand 22 = z/*z!, to first order in dw”,. Because z? is a scalar we must have 22 = 22. Show that

this implies that wu, = —wuu.
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(since fields are Lorentz scalars, vectors or tensors, they must be invariant under constant
translations), then if we define

0L
OF, = Lo+, — —— 9,9 2.3.3
and also
0L
boo=—"=_GA 2.3.4

the conserved Noether current in (2.2.14]) can be expressed as

1
j* = 0", 6ad" + <2 [G”QZL‘Q — @ugﬂ?a] + S‘ua5> SwB (2.3.5)

~

where we have antisymmetrized the second term because dw®? is antisymmetric; S is
already antisymmetric in the pair (% B), by definition. Evidently, by considering pure
translations (0w = 0) it follows that © is conserved. Likewise, the antisymmetric tensor

1
M'uaﬁ = 5(9“011‘5 — @Mﬁl'a) + S“Oéﬁ, (2.3.6)

is also a conserved current by invariance under pure boosts and rotations (da* = 0).

We have obtained two important conserved quantities. The (mixed) second rank ten-
sor, O, is called the canonical energy momentum or canonical stress energy tensor
of the ﬁeldﬁ The rank three tensor M* 3 is called the total angular momentum tensor
density of the field and it is made up of two parts, viz., the orbital angular momentum
tensor density,

1
LFo5 = 5(9“6@“5 — O0'gx,) (2.3.7)

and the intrinsic angular momentum tensor density, S¥,3. From the conservation of
M*# g follows

1
0" a5 = 5(Oas — Opa) (2.3.8)

and so S*,3 is separately conserved if Ois a symmetric tensor. Otherwise the intrinsic
angular momentum of the field is not separately conserved and may be exchanged in favor
of orbital angular momentum and vice-versa. The extent to which this occurs is measured
by the antisymmetric part of the canonical energy momentum tensor.

4Problem: Compute the stress-energy tensor of the field n(t, z), representing the excitations of an elastic
rod.
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We may define a 4-vector that is identified with the energy and momentum of the
ﬁeldE when ©#” is a symmetric tensor,

PH = /d3F QM (2.3.9)

(p* = O% is the momentum density of the field). Conservation of the Noether charge
means that the four quantities associated with space-time translations, P*, are conserved,

dapt

if the fields fall off rapidly enough at infinity or if they (together with their derivatives)
vanish at the boundaries. Likewise, we define

Mas = /d3F M°,5 (2.3.11)

whose spatial components are associated with the total angular momentum of the field.
Again, conservation of charge means that the six quantities associated with boosts and
rotations, M Oaﬁ, are conserved,

d
M5 =0, 2.3.12

under the same conditions.

It turns out that ©*" is not always symmetric in its indices. If it is not symmetric
it would not make a lot of sense to define the momentum four vector as above. How-
ever, we can exploit the fact that it is also not uniquely defined as a conserved quantity
because we could add to it any divergence free, second rank tensor. In particular, the
divergence, O\kMY = AM_ of a third rank tensor, k*¥, which is antisymmetric in the two
indices (A, 1) would satisfy this condition because partial derivatives commute whereas k
is antisymmetric by construction,

DA = 9,0\kM = 0. (2.3.13)

Therefore, if
= @M £ AMY = @M 4 gk (2.3.14)

then t"* is still conserved.
Suppose that by doing this we could find a tensor, t*¥, that is symmetric and conserved.
Then, notice that

/d?’FtO” =P, = /d3F e +/d3F Ok = /d3F (SRS +7§ d?s m; KO (2.3.15)
>

5Problem: Show that P transforms as a 4-vector
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where ¥ is a two dimensional boundary of the spatial region over which we are integrating
and 7' is its unit normal. If the £ vanishes on this boundary or falls off sufficiently fast
at infinity to make the second integral vanish then there is no difference between the total
momentum defined using ©% and the one defined using t°#; the momentum 4-vector could
be defined in terms of either energy momentum tensor. However, the energy momentum
densities would differ.

Exploiting , one can construct a candidate for A*¥ from the intrinsic angular
momentum tensor density asﬁ

M — (S/\/W 4 QHPA + SVM)‘> , (2.3.16)

and the resulting tensor t** = ©*” 4+ A" will be both symmetric and conservedm Modified
in this way, the tensor, t*¥, is called the Belinfante-Rosenfeld stress-energy tensor.
Given t*” define the modified orbital angular momentum tensor density

~ 1
Luaﬁ = i(t#axﬂ — t”gl‘a). (2.3.17)

and the modified spin angular momentum tensor density
5 1
S'ap = Sap = 5(Aazs — Algra), (2.3.18)

so that the conserved total angular momentum tensor density can be written in terms of
these modified tensor densities,

Mtog =LV 5+ 8" 5. (2.3.19)

It is straightforward that " ap 18 s~eparately conserved (auiﬂaﬂ =0) be~cause tH** is con-
served and symmetric. Therefore S op 18 also separately conserved (0,5" op = 0). More-

over, we notice that SH op 18 itself a divergence,
SHeB — gy zAneb (2.3.20)

where z {e8} — o = z{uleB [§]
We can now define the modified orbital angular momentum tensor,

EW = /d?’F ZOW = /dSF (Zppv — Tupp), (2.3.21)

SProblem: Show that kM is antisymmetric in (Ap): kMY = A 4 gty = g,
"Problem: Show that ¥ is a symmetric tensor: ¢ = t#¥ — t*# = 0
8Problem: Determine Z***# and prove that it satisfies the given symmetry properties.
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where @, = o, is the momentum density. Then the orbital angular momentum is con-
served p

@LW =0, (2.3.22)
if the fields fall off fast enough at infinity or vanish on the boundary. Equation (2.3.21]
is reminiscent of the way in which ordinary orbital angular momentum is defined in point
particle mechanics. Likewise, defining

S = / e (2.3.23)

we find that J

%S’“’ =0, (2.3.24)
provided the same conditions hold. We will now apply these concepts to some field theories
of elementary particles.

2.4 The Klein-Gordon Equation

The earliest attempt at a relativistic quantum mechanics was made by Oskar Klein and
Walter Gordon, who proposed a relativistic version of the Schroedinger equation in order
to describe relativistic electrons. They went about determining the wave equation by
applying the quantization procedure used in non-relativistic quantum mechanics, p; —
—ih0;, H = E — ihO; directly to the relativistic constraint, p> + m?c? = 0. The resulting
operator was taken to annihilate the wave function and they proposedﬂ

(Dx + m;c2> o(z) =0 (2.4.1)

where [, is the four dimensional Laplacian. The equation is manifestly Lorentz invariant
when ¢(z) is taken to be a scalar function, i.e., ¢(x) — ¢'(z') = ¢(z) (note that this
means that dg¢p = —01¢ = —e-9¢). The wave function is complex, and if we multiply this
equation from the left by its complex conjugate, ¢*(x), we find

def

¢*Dz¢ - ¢Dx¢* =0 = 8}L(¢*au¢ - Qbaﬂgb*) =

which has the form of a continuity equation with j* = a¢*§z¢ serving as a four vector

current density (« is any constant). Separating the space and time derivatives in the last
equation above,

0,(¢* T ¢) = 0, (2.4.2)

L, 0 = -
9t =L 1V .5=0 (2.4.3)
ot
9Problem: Starting from the relation p?> = —m?c? and the replacement rule p, — —ihd,, of ordinary

non-relativistic quantum mechanics, derive the Klein-Gordon equation.
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where p = j° should represent the Born probability density associated with the wave
function.

As we will see shortly, the mechanical dimension of the wave function must be [¢] =
vml/t. If p is to represent a probability density, [p] = 173, then [a] = t/mi? and we take
take a = —i/h,

p= g0 00, [= 6", (2.4.4)

S0 as to recover the correct non-relativistic limit for the probability current. Recalling
from ordinary quantum mechanics that the inner product must be commensurate with
the probability density, j°, we define it according to (2.4.4),

0.6) = 53 [ @7 (6@ T (@), (2.45)

but there are two problems with this interpretation, both related to the fact that the
equation is second order in time:

e The probability density p is not positive definite, a feature that is necessary for the
Born interpretation. This reflects the fact that the equation is second order in the
time derivative. (It also means that we must specify both ¢ and qb everywhere at
some initial time, say ¢t = 0.)

e There are positive and negative energy solutions and both are required for complete-
ness, but negative energy states can lead to an energy spectrum that is not bounded
from below. In a classical theory, this is not a problem because there is a mass
gap, i.e., an energy region, between —mc? and +mc?, that is forbidden. As energy
can only change continuously in a classical theory, if we simply assume that the
universe began with all particles in states with £ > +mc? then it will be impossible
for particles to transition to negative energy states. Even in the quantum theory,
it is not a problem so long as the scalar particles are free. However, if the particle
interacts with, say, an electromagnetic field, this can cause problems. In quantum
mechanics, changes in observables (in particular energy) can be discontinuous, so
even if the universe began with all particles in positive energy states, transitions
from positive to negative energy states can occur. In this way we could, in principle,
indefinitely extract energy from a system and use the extracted energy to do work,
but observations suggest that is impossible.

These problems are circumvented if we think of ¢(x) as a classical scalar field described
by the Klein-Gordon equation, instead of as the wave function of a relativistic particle.
On the classical level, we avoid the appearance of negative energies as the energy and
momentum densities of the field are given by the energy momentum tensor and the energy
density of the field is not negative. When the field is quantized multi-particle states
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appear. As we mentioned in the introduction to this chapter, this is to be expected in a
relativistic theory because the Einstein relation E = mc? together with the uncertainty
principle, AEAt 2 h, permits multi-particle states to be created out of the vacuum, so
long as they exist for short enough times. Thus particle quantum mechanics gets replaced
by multi-particle relativistic quantum field theory.

2.4.1 Mode Expansion

A general solution to the free Klein-Gordon equation with no boundary surfaces can be
given as

o(x) = /d4k‘ a(k)eF 5 (k* + m2c2/h?), (2.4.6)

where k, = (—w, k) = pu/h. Expanding, absorbing constants into a(k) and separating the
space and time components,

/ o / o e FT=00) 150 — ) + 6(w + wp)] (2.4.7)

where wy, = —1—\/ k2¢2 + m2c*/h2. The second 6—function in brackets shows that including
both positive and negative energy states is necessary for completeness. Integrating,

,r_—‘) / Wk;a z(k T—wt) + CL( W, E)ei(E.$+wt):| (2.4.8)
and making the change of variables k — —Fk in the second integral,

— d3E N i(k-z—wt) N —i(k-z—wt)
o(t,7) = E[a(wk,me ~ a(—wp, —F)e ] (2.4.9)

or, calling —a(—Ey, —k) = b*(E}), k), we have

é(z) = / &k [a(k)e“f'r + b*(k:)e‘““"”} (2.4.10)

2w

where it is now understood that k, = (—wy, k). If the field is real then b(k) = a(k).

Let uéi)(:v) = et Ag plane waves, u,(gi) (z) are not normalizable in infinite space,

but they form a complete, orthogonal basis. Applying (2.4.5), we find

27)3 (2w - o
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Y

Figure 2.1: Contour for the static Green’s function.

(=) (*)>_ Mg(,;_g/)

(g T he?
() ulY) = () ug )y =0, (2.4.11)
The energy and momentum carried by the mode functions, uéi) (x), are respectively
ITIUSE) (x) = ihgtuéi) (x) = j:Ekuéi) () (2.4.12)
and
pug (@) = =itV (2) = £pu” (@), (2.4.13)

where Ej, = hwy, and p'= hE, as expected.

2.4.2 Green’s Functions

If j(x) is a source for the field so that ¢ satisfies the inhomogeneous wave equation,

2.2

<Dx + mhf ) o(z) = j(z) (2.4.14)

then ¢(x) is readily determined by quadratures via the Green’s function approach.

Static Green’s Function

Let us first consider the static case, for which j = j(7) and ¢ = ¢(¥), then

=) m
(o

202

) o(r) = j(7) (2.4.15)
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and ¢(7) can be determined from

() = /d?’F’G(F,F’)j(F’) (2.4.16)
where
= m262
<—v2 + 7 ) G(F7) =83 (F—7) (2.4.17)

is the Green’s function associated with the operator, —V24m2c? /h?. Assuming no bound-
ing surfaces (for simplicity) and noting that translation invariance of the Laplacian requires
G(7,7) = G(F — "), we Fourier expand,

37, -
i) = [ -LE )R (2.4.18)
7T @nh)? e

It follows that G(k) = h2(k2 + m2c2)~! and therefore,
1 L ek (P
G(F7) = —— /d3k: R (2.4.19)

Performing the angular integrations,

G 7 (T _eitar 9.4.20
(7)== (2m)2Ar /oo k2 + m2c2 (24.20)

where Ar = |F— | and k = |k|. The integral may be performed in the complex plane (see
figure by closing the contour in the upper half plane to ensure that the semi-circle at
infinity does not contribute (Jordan’s lemma). The contour encloses only the simple pole
at k = +imc and therefore

h

GF =)= -~ — (2.4.21)

1 efMAr

Thus the “Yukawa potential” due to a point source at the origin, j(7) = jod(7), from

2.4.10), is

o(r) = 4‘% e 5T (2.4.22)

As m — 0, it approaches the expected potential due to a massless field.
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Figure 2.2: Contour for the “retarded”  Figure 2.3: Contour for the “advanced”
Green’s function. Green’s function.

Causal Green’s Function

If j(z) is time dependent, then ¢(z) can be determined from

o(z) = c/d4x/G($7x')j(x/) (2.4.23)
where 22 .
<Dx + 3 ) G(x,2') = E54(:c — ) (2.4.24)

is the Green’s function associated with the Klein-Gordon operator, (0, +m?2c?/h%. As be-
fore, assuming no bounding surfaces and noting that translation invariance of the Laplacian
requires G(x,2’) = G(x — '), we Fourier expand,

4 .
G(z, ") =/(;i;)4 G(k)en* (@=) (2.4.25)

It follows that G(k) = h?(k* + m?c?)~! and therefore,

37 o, oo —iE(t—t")
G(z,2') = /d u e%k'(”_r)/ cdb ¢’
(2m)3h oo 2Th _E2 4 202 4 24

- _/ d3E eiE.A,:'/OO cdE 6_%EAt (2426)
B (2m)3h o 2mh (E — Ei)(E + Ek) o

where At =t —t' and A7 = 7—7 and we have assumed spherical symmetry for simplicity.
The integral has two simple poles, located at F = £FE}, so we regulate it by evaluating
the energy integral by contour integration in the complex E plane (see figures and
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2.3)). How one chooses to go around the poles will determine (or, is determined by) the
boundary conditions on the field and the particular Green’s function obtained.

To ensure that the integrals over the semi-circles at infinity do not contribute to the
integral, we must close the contour in the lower half plane when At > 0 and in the upper
half plane when At < 0, according to Jordan’s lemma. Next, we must determine which
of the poles to include in the contour, i.e., how to go around the poles. Suppose we insist
that any effect of changes in the source at ¢ may be felt at a distant point only in the
future of # and no effect may be felt at a distant point in the past of ¢’. This is tantamount
to requiring that G(z,2’) vanishes when At < 0, so none of the poles should be contained
within the contour that closes in the upper half plane. We are left with the causal or
retarded Green’s function, Ggr(z,2’), (which should be familiar from electrodynamics)
shown in figure Because both poles are included within the contour of integration,
both positive and negative frequencies are propagated forwards in time. Figure [2.3] on
the contrary represents precisely the opposite situation: here the effects of a change in the
source are felt at a distant point only in the past of the change. It leads to the acausal
or advanced Green’s function, G 4(z, z’) for which positive and negative frequencies are
propagated backwards in time. In a classical theory we require causality, so choose the
causal Green’s function,

[
e

o OAY) [Pk ipar . [ EpAt

GR<$,$) = —W E7k v TSIH (2427)
where O(At) is the Heaviside function, guaranteeing that Gr(x —2') vanishes if ¢ < ¢'. As-
suming spherical symmetry, for convenience, and integrating over the angular coordinates,

the k— integrals can be written as

cO(At) [ kdk cikAr G <EkAt>

N — _
Grlz, ') = 2m2hAr | Ej h

(2.4.28)

where we used k = |k| and Ar = |A7]. The integral may be performed in the complex
plane over a contour that closes in the upper half plane (Jordan’s lemma) and avoids the
cut due to the branch point on the positive imaginary axis, at k = +imc, as shown in
figure one finds

O(At) | 1 me J1(BEV A2 — Ar?)
) = —O0(Ar — cAt) — ——1" 2.4.2
Gr(z,2") o Ar5< r — cAt) N JIAP A : (2.4.29)

provided that As? = ¢?At?—Ar? > 0, and zero otherwise. Above, J; is the Bessel function
of the first kind and the Heaviside function ensures that the event 2’ preceeds the event
z (t > t'). If the Klein-Gordon field is massless then the retarded Green’s function is just
the familiar one from the theory of electromagnetism.
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Figure 2.4: Contour for evaluating Gg(z,2’) in (2.4.28)).

2.5 Scalar Fields

Let us now turn the Klein-Gordon equation into a Lagrangian field theory. We begin with
the “real” scalar field.

2.5.1 Action and Symmetries

The “free, linear field” is described by the Klein-Gordon equation, which is derivable by
Hamilton’s principle from the action

1 2 2
S = _2/d4:(} [nuuaﬂ¢ay¢+ mﬁ; ¢2
2.2
= ;/d% [Clﬁ(t, ") — Vo(t,7) - Vo(t,7) — mhf 2 (t,7)] (2.5.1)

where m is associated with the mass of the field, ¢ is the speed of light and A is Planck’s
constant. S will have the mechanical dimension of “action”, i.e., [S] = ml?/t, if [¢] =

Vml/t.

The Lagrangian can be thought of as having the traditional form 7T'—V | if the derivative
terms can be associated with the field momentum and the non-derivative term with a field
“potential”. One can imagine generalizing the action to

1 v
5= / d'z [ 0,60,6 + 2V ()] (2.5.2)
where V(¢) is an arbitrary scalar field potential, one possibility for which would be

V($) = gno"(2) (2.5.3)
n=2
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so that go = m2c?/2h? would represent the “mass term” of the Klein-Gordon equation. If
go = 0 we say that the field is “massless”. The equation of motion

O¢(z) + V'(¢) =0, (2.5.4)

where V/(¢) = dV/dg, is not linear if g, # 0 for n > 2 showing that all the higher order
terms represent interactions of the field with itself. For example, the anharmonic potential

V(¢) = 920° + gad* (2.5.5)

is useful in particle phenomenology and condensed matter physicsm

If all the g, vanish, with the possible exception of g4, the action has an interesting
global scaling symmetry: it is invariant under the transformation x — 2’ = Az and
é(x) — ¢'(2') = A~1p(x). As in the case of fluid dynamics, position and time are required
to scale in the same way for any relativistic field theory, otherwise Lorentz invariance
would be violated. As an example of scaling in a theory that is not Lorentz invariant,
consider the action whose extremization would lead to the Schroedinger equation,

Ssan = [t [ a7 [gﬁw*%ﬁw Gy (o) - i (2.5.6)
One can check that it is invariant under the scaling transformation
Fam =\, t—=t =X\t, V(t,7) —= V' {'7)= "2V (t,r), (2.5.7)
and
W(t,7) = (', 7) = X7 2(t, 7) (2.5.8)

In fact, because space and time decouple in Galilean relativity, there is no required a
priori relationship between the scaling of space and the scaling of time. When space
and time scale in the same way the scaling is said to be isotropic and only isotropic
scaling is compatible with Lorentz invariance. Amnisotropic scaling is allowed only in
non-relativistic models.

Other choices of V(¢) are often of interest: for example, taking V(¢) = a[l—cos(¢/B)],
we get the Sine-Gordon equatio

Oé(z) + %sm(wﬁ) =0, (2.5.9)

where the constants o and 3 have mechanical dimensions [a] = m/It? and [8] = vVml/t
respectively. Here all powers of ¢ occur in the potential via the cosine funtion

OPotentials with g, # 0 for n > 4 do not satisfy the “perturbative renormalizability” criterion and are
not considered to yield self-consistent quantum field theories. However, they are perfectly good classical
field theories.

"The Sine-Gordon theory is “renormalizable”.

12Problem: Find an exact traveling solution to the Sine-Gordon equation in two dimensions as follows:
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The real scalar field may be generalized to the complex scalar field, described by the
action

S—_ / d'a (1 8,6°0,6 + V(1)) (2.5.10)

where ¢*(z) is the complex conjugate of ¢(x) and |¢p(x)| is its magnitude. The equation
of motion, obtained by varying the action independently with respect to the field and its
conjugate, is the same as before:

O¢(z) + V'(I¢)e(z) =0 (2.5.11)

(and likewise for the conjugate field), where V'(|¢|) = dV (|¢|)/d|¢|?. Furthermore, be-
cause the action is real, we have the additional global “gauge” symmetry: z — 2’ = x,
d(x) — ¢'(2') = e'*¢(z) for any real constant, a.

2.5.2 Non-Relativistic Limit

Before proceeding with an analysis of the scalar field, let us see how the Schroedinger
equation emerges from the Klen-Gordon equation as its non-relativistic limit. The me-
chanical energy of a particle, £ = E — mc?, is much less than its rest mass energy in this
limit, so define the Schoredinger wave function by

h _ imc2t

e (L, ) (2.5.12)

e Assume that the scalar field is of the form ¢(t,x) = ¢(u) where u = x — vt.

e Show that the Sine-Gordon equation turns into

&£y e

du2 - d¢ - UV (¢)7

where ¢’ = d¢/du and determine the constant o.

e Integrate once to get ¢'*(u) = 20V (¢) + C, where C is a constant.

e Ask for a “localized” solution, i.e., one for which the energy density vanishes at infinity, or
im0 @' (w) = limjy |00 V(¢) = C = 0. This says that ¢(co) = 2nxf for integer n.

e Integrate this equation for ¢’(u) and find the solution

¢+ (u) = 4B tan™" {exp {:I:—‘;a(u — uo)} }
This is the Sine-Gordon soliton, with ¢(ug) = 73; describe the solutions. The solution with the
positive sign, which approaches 4mn as u — —oo and 2(2m + 1)7f as u — 400, where m is
an integer, is called a “kink”. The one with a negative sign approaches 4mnf as u — +o0o and
2(2m + 1)7f as u — —oo, and is called an “anti-kink”.
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(the pre-factor ensures that the dimension v is [=3/2) and take the potential to be of the
form

2 ~
V(9) = + V(D) = T 9l + V(). (2.5.13)
We have . )
. 'me t . ch

and therefore the kinetic term in the action for ¢(x) turns to

2
— " 08" Dy = 2W + 0 (g ) - frwr? 5l (25.15)

We ignore the term |1/.}|2/mc2 and Writ

By g b* W e o, me
000~ o (0 - ) - oGP+ T (2510
so the non-relativistic action can now be written as
3 zh 9
S=[dt | d ¢—7\v¢| V)] . (2.5.17)
The action yielding the Schroedinger equation in (2.5.6) is obtained by taking ‘7( lv|) =
V(t, P2

2.5.3 Conservation Laws for the Free Scalar Field

Provided the scalar potential satisfies the required scaling properties, the action will be
invariant under the global scale transformation,

r— 1’ =X, ¢(x) = &) = 2o(x). (2.5.18)

This gives
dz¥ ="\, 0 = —p(x)oA (2.5.19)

13The dispersion relation that leads to the Klein Gordon equation is —E? 4+ p%c? + m?c* = 0 (a). Now
consider the same equation, written in terms of v, i.e.,

{¢_2zmc 14 92 =0

which follows from the dispersion relation —&£2/c* — 2m& + p® = 0 (b). The energies are related by
& = E —md?, i.e., substituting for £ in (b) returns the original dispersion relation in (a). Thus & is the
mechanical energy, which is required to be much less than mc? in the non-relativistic limit and it follows
that the first term in is much smaller than the second.
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(i.e., G¥ = x¥, G = —¢) and therefore Noether’s first theorem assures us that the
dilatation current
0L 0L
Ho= L8 — 81,¢> ' — ¢z
G 50,5
= ¢olp+ 0,2 (2.5.20)
is conserved, where
!, =0"p0,¢ + 6", L. (2.5.21)

Translational invariance will soon be seen to yield the conserved energy momentum tensor
for the scalar field,

oL
O, = L', — ¢ = Dy + 6", & 2.5.22

according to E

The energy momentum tensor, ©#" is symmetric. From it we can construct the
momentum density p* = O% and the total momentum carried by the field,

Pt = /d?’F ok (2.5.23)

Again, because ¢(x) transforms as a scalar under Lorentz transformations, Gﬁﬁ vanishes
identically and with it so does the intrinsic angular momentum, S*,5. The orbital angular
momentum tensor density,

1
LFop = 5 (OFazg — O gxy) (2.5.24)
is conserved and it gives the field angular momentum tensor
L = /d?’F L0 = /d3F ("™ — 2*p") (2.5.25)

as before.
In the case of the free, complex scalar field, we should find once again that the energy
momentum tensor is symmetric,

Ouv = (0,9 0y ¢ + 0" 0ud) + 1 £ (2.5.26)

and that the field carries no intrinsic angular momentum (spin). This means that the total
momentum and the orbital angular momentum can be defined in precisely the same way

1Problem: Show that the simultaneous conservation of the energy momentum tensor and the dilatation
current on shell implies that V(¢) = A\¢?, where X is a constant.
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as they were for the real scalar field. However, there is the additional gauge symmetry.
Global gauge transformations do not involve any transformation of the coordinates (i.e.,
x — 2’ = z) but only a transformation of the fields according to

d(z) — ¢'(2)) = eig(so‘qb(x) = (14 igéa)p(x) = d¢ = igdag (2.5.27)
where da is constant (similarly for the conjugate field). Thus there is a conserved current
given by

0L 0L N
=l —ip"——— =" 0" . 2.5.28
00,0 " 00,07) (2:5:25)

2.6 Local Gauge Invariance

Global symmetries can often be turned into a local symmetries by introducing a new field.
The action for the complex scalar field is not invariant under a local gauge transformation,
i.e., when o depends on z, because of the derivative term, which picks up derivatives of
a(z) as well. This can be remedied as follows:

e Introduce a new real, vector field A, (z), called a gauge field, which simultaneously
transforms under the local gauge transformation,

e =z, ¢x) = ¢ (a)) = 9D (), (2.6.1)
where ¢ is a constant, according to
Au(x) = Al (2') = Au(x) + dua(z) (2.6.2)
e Define the new action

5= / d'e [ (D) Dy + V(6] (2.6.3)

where D), is a new derivative operator,

D, =0, —1igA,. (2.6.4)
With this definition,
Dyé(x) = Dy (@) = €990 D ,(x) (2.6.5)
and _
(Dyud(a)” = (D! ()" = "9 (D, ()" (2.6.6)

and therefore the new action remains invariant under the local gauge transformation. The
operator D,, is called a “(gauge) covariant” derivative. It satisfies the Leibnitz rule, but
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this is not immediately obvious. It follows from the fact that the precise form of the co-
variant derivative depends on the transformation property of the quantity on which it acts
(characterized by g). Thus, consider the product of two functions with transformations

d(z) = ¢/ (a') = ) g(z),
U(z) = ¥ (2') = @ (),

then it is straightforward that
Dy(p) = {0, —i(g91 + 92) Ap} (V@) = Y(Dpg) + (Dprh) .

A, is called the “gauge connection”.
The covariant derivative does not commute with itself as the ordinary derivative does.
In fact

[D;u DV](rb = —igF;wd% (267)
where

Fw/ = a;;141/ - auAu, (268)
which is called the field strength tensor and which you may recognize as the Maxwell
tensor of Electrodynamics. It can be checked directly that F},,, is invariant under the gauge
transformations in (2.6.2)). This is indeed quite remarkable, saying that the electromag-
netic interaction can be understood as being a direct consequence of the gauge invariance
of the action describing matter. To include a gauge invariant “kinetic” term for the gauge
field, turning it into a dynamical field in its own right, we write the total action as

S == [ ds [#(Duo) D+ V(16D + & Fu P (2.6.9)

and vary with respect to both ¢(z) and A#(a:)m What we have obtained is the action
describing scalar electrodynamics. Varying with respect to ¢*(z) gives us the equation of

5Problem: Show that the mechanical dimension of A; must be ml/t and of Ag is ml2/t2. Then show
that the mechanical dimension of g is t/mi®. For this reason we may set g = e?/4mah, where both e
and « are dimensionless, e is taken to be the electric charge and « is the fine structure constant. Indeed,
comparing with the action for the electromagnetic field, we see that gc = 1/, where o = 47 x 1077 kg-m
is the permeability of the vacuum. This gives g = 2.6526 x 1072 J™*.s7! and a = 7.2783 x 1073 ~ 1/137.
In units in which ¢ = 1 = & (in these units the mechanical dimensions of I and ¢ are the same and m ~ 171),
the coupling constant g is dimensionless and the gauge field has the dimension of mass.

'“Problem: It is sometimes convenient to rescale the gauge fields according to A),(z) = v/gchA,(z) and
redefine the coupling constant as g’ = y/g/fic. show that, in terms of the rescaled fields and coupling
constant, we may write

5= [[ate |1 (Duo) Do+ Vol + .

where F, = 0, A, — 8,A), and D, = 9, — ig’A),. Veryfy the mechanical dimensions: [A]] = \/m2I3/t3,
I3 K © | 1% o

[Ap] = /m215/t5 and [¢'] = /t3/m?2I5.
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motion for the scalar field,
— D"Dyuo(x) + V'(|¢)¢(z) = 0 (2.6.10)

and varying with respect to A,(x) gives Maxwell’s equations with the scalar field as the
sourc

0uF = 1[5 D6 — (D)9] =t Do =~ (7 + 2gloPA").  (26.11)
The first term in the source for the electromagnetic field, on the right hand side of the
above equation, is the Noether current associated with global gauge invariance. The
second term is characteristic of what one sees for a massive vector field (imagine |¢|?
is constant), for example in . We will exploit this fact in a later chapter, when
we examine spontaneous symmetry breaking. Local invariance is stronger than global
invariance since an action that is invariant under local transformations is invariant under
global transformations but not vice-versa.

2.7 Vector Fields

The electromagnetic field discussed above is a real vector field with an interesting sym-
metry: gauge invariance, as captured in (2.6.2]). The price we pay for gauge invariance is
that the field is massless.

2.7.1 Action and Symmetries

If we add a “mass term” to the action for a gauge field in analogy with the scalar field,

2.2
S = —c/d4x (ZFW,F‘“’ + ”;hg AuA“> : (2.7.1)

then the action ceases to be gauge invariant. Gauge invariance is not an essential symmetry
for an arbitrary vector field (as is, for example, Lorentz invariance) and we may take (2.7.1))
to be the action describing a massive vector field. This is the Wentzel-Pauli action and

the equation of motion,

m2c?

gh?
is the Proca equation for massive vector fields. Now if we expand the Maxwell tensor, we
find that the equations of motion read

— 9, M 4

A” =0 (2.7.2)

m2c?

gh?

17Problem: Demonstrate the consistency of (2.6.11)) by showing that that on shell i.e., subject to the
— —
equations of motion, 9,(¢* D*¢) = D,(¢* D*¢) = 0.

O, AV + 9%(9 - A) +

AV =0 (2.7.3)
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and if we take the divergence of the above equation we find m?(9- A) = 0, so that, as long
as m # 0, the condition 0 - A = 0 holds and the vector field equations of motion

m2c?

0, A"
+ g

A =0 (2.7.4)

look exactly like those of four massive, real scalar fields (or D real scalar fields, where D
is the dimension of space—time)@

Gauge invariance of the massless vector field tells us that any solution of the field
equations is physically equivalent to another solution differing from the first by the gradient
of a scalar function. We are free to choose any one of the infinite possible solutions that
differ from each other in this way. Another way to think about this is to realize that we
are free to impose one additional condition on the field. This condition is called “a gauge
choice”. The argument goes as follows: for any solution, A,, of the field equations that
does not obey the gauge condition, a scalar function, «a(z), always exists such that the
gauge transformed field,

AL(&:) = Au(x) + Oua(x) (2.7.5)

does obey the gauge condition. Now the transformed field is also a solution of Maxwell’s
equations because the latter are invariant under gauge transformations, so the gauge
condition could be imposed from the start. How the gauge condition is chosen is irrelevant,
so long as it is not gauge invariant. It is generally chosen in such a way as to simplify
one’s computations. A popular gauge choice is

9-A=0 (2.7.6)

because it is linear in the vector field and Lorentz invariant but not gauge invariant. This
is called the Lorenz gauge. In this gauge, Maxwell’s equations for the massless vector
field are just A, = 0. Suppose, for example, that we have found a solution, A, (z),
of the field equations that does not satisfy the Lorentz condition. Consider the gauge
transformation of A, (z) as given in and take the divergence of both sides,

8-A'=0-A—Oa. (2.7.7)

We could choose « to be a solution of the Poisson equation, (o = 0 - A and work with
Al (z) from the start.

18 Theories with massive vector fields are not perturbatively renormalizable unless the mass is generated
by interactions with another field. The way to generate renormalizable massive gauge theories was first
described by P.W. Anderson in 1962 and a relativistic generalization was developed a couple of years later
by various authors. It has come to be known as the Higgs mechanism (after P. Higgs) in relativistic field
theory.
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One might have supposed that the natural action for a vector field would take a similar
form as the action for four scalar fields (or D of them, in D dimensions),

C m2 02

§=-2 / d*z [g(@uAl,)(a“A”) + S At (2.7.8)

What is wrong with this action is that it leads to an indefinite energy density, ©%, which
occurs via the indefinite metric signature. This is a serious problem for any field theory
as it signals the presence of tachyons (particles moving faster than light). It is corrected
by adding the term

Leorr = %(QMAV)((?VAN) (279)

to the Lagrangian of (2.7.8]), which then ends up becoming the Wentzel-Pauli Lagrangian.

2.7.2 Plane Waves

If the sources are very far away or in the absence of sources, we could expand the vector
field in Fourier modes that look like plane waves

Ak, x) = A, (k)eke (2.7.10)

where k, = (—wg, k) and wy, = +c\/k2 + m2c2/gh3. The Lorentz condition implies that

—.

k-A =0, and therefore A, (k) has three independent components, or three independent
polarization states, which we categorize as two transverse states with A} = 0 and AT | E,
and one longitudinal state with A} # 0 and AL I k. Letting AV = AE, the longitudinal
state must satisfy the condition

L 02|E A

Ay = 2.7.11
f=-0 2.7.11)

All three polarization states are spacelike, but the longitudinal state has norm

A2 m2 C2

me. 2.7.12
w? gh? ( )

— AE AT; —
which means that it becomes null in the massless limit.

If the field is massless, there is a residual gauge invariance even after the Lorentz
condition is imposed. To see how this comes about, recall that any solution of the field
equations can be transformed to a field satisfying the Lorentz gauge condition if we choose
a(z) to be the solution of a particular Poisson equation, specifically . Solutions of
Poisson’s equation are not unique because one can add to them any solution of Laplace’s
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equation to get a new solution. Thus, suppose we have two solutions of the field equations,
A,(z) and A} (), both satisfying the Lorentz gauge condition, and related by

Al(x) = Au(z) + 8,8(x), OB(x) =0 (2.7.13)

The function 8(z) = b(k)e’** automatically satisfies Laplace’s equation because wy, =
+|k|c. Therefore,

Al (k) = Au(k) + ib(k)k, (2.7.14)

We could use this equation to eliminate one more component of AL(I{:), leaving it with

-

just two independent polarization states. For example, we could set Afj(k) = 0 by taking
b(k) = —iAp(k)/wi. In that case, the Lorentz condition reads k - A’(k) = 0, showing that
only the two transverse polarization states survive.

2.7.3 Conservation Laws and the Bianchi Identities

It is easy to see that the massless vector field Lagrangian is also invariant under isotropic
scaling provided that A,(z) — A} (z') = A"1A,(z). This is identical to the scaling
symmetry of the massless scalar field treated above and we can expect the conserved
dilatation current

0L 0L
it = or — VAa v— Aa
o (o 00 Aa)” ) 50, A0) )
a 1 2 v gc e
= gc [F“ 0,A, — 4Fa565] ¥ + EFN A,
= gcFM*A, + 2,0M] (2.7.15)

where

1
0% = ge [0 4o — L] (2.7.16)

is the canonical energy momentum tensor, which is neither symmetric nor gauge invariant.
From here one can construct the orbital angular momentum tensor density,

1
e = (@“%5 - @“ﬁxa) (2.7.17)
and the orbital angular momentum tensor,

Los = /d3F L0, (2.7.18)
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This tensor has six independent components, three of which are spatial. The spatial
components of the tensor can be viewed as components of the angular momentum vector.
Defining the electric and magnetic fields in the usual way by

1 .
we find
Li= —eijk/d?’F LY, = i/d?’?? E* (7 x V) Ay (2.7.20)

The falure of the orbital angular momentum to be gauge invariant follows from the failure
of the canonical energy momentum tensor to be gauge invariant. To determine the intrinsic
angular momentum of the vector field we must evaluate the change in A, under a Lorentz
transformation,

ox'®

A @) = A" (@) = T

1
A%(w) = GA" = S (dhmpx — 8hnan) A*0w™? (2.7.21)
(upon antisymmetrizing) which says that

1
5 (Muamon = MupTan) A (2.7.22)

Gﬂaﬁ = 9

and gives the intrinsic spin tensor density
SHop = —geFM Gop = —% [FroAg— FlgA,]. (2.7.23)
As we did with the orbital angular momentum, we now define the spin tensor as
S = / B3 S0 = —% &7 [FOAg — FO4A,] . (2.7.24)
which also as six independent components, three of which are spatial,
Sk = —% /d3F [E; Ay, — EpAj], (2.7.25)

and can equivalently define a spin density wvector by contraction with the Levi-Civita
tensor,
St = kg, = g/d?’f‘ﬁ X A. (2.7.26)
c
S’ is also not gauge invariant.
Translational invariance yields the weak conservation of ©#¥ but it is not a symmetric
tensor and therefore one cannot directly construct the momentum density of the field,
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as we did earlier. To symmetrize the stress tensor we follow the prescription laid out
in section 3, i.e., we look for a third rank tensor, k™" which is antisymmetric in (X, p).
An obvious choice is to apply the Belinfante-Rosenfeld prescription in with the
intrinsic spin given in . We find kMY = geFMAY and

APV = ged\ (FMAY) = ge{(O\FM) AV + FMOy AV Y. (2.7.27)

The first term vanishes by the vacuum Maxwell equations, so A¥ = gcFM0yAY. Adding
this term to ©#" gives the Belinfante-Rosenfeld tensor,

1
th = gc |FFF, — 47]“VFagFaﬂ , (2.7.28)

which is both symmetric in its indices and gauge invariant. We can use t*¥ to define the
momentum density, p* = t°*, so that

72
0 _ 400 _ 0i 1720 9 s _ 9 [ E 2| _ €
=t" =gcF'F°;+ —FgF*" == —+B° | =— 2.7.29
Y gc i+ dc af 2 (CQ + ) 2 ( )
where Fpy; = —F; is the electric field, Fj; is given in terms of the magnetic field, B; as

Fij = eijkBk and & represents the energy density of the electromagnetic ﬁeldm
The field momentum density is

ol =1 = geFF, = pipk = YE « B, (2.7.30)
c c
which will be recognized as the Poynting vector and determines the energy flux of the

vector field.
Consider, also, the modified angular momentum tensor density,

~ 1
Lo = §(t°‘“xl’ — t*aH) (2.7.31)
and the angular momentum tensor
~pw ~ 1
L= /dSF Lo = B /d3f’(ga“x” —p"zh), (2.7.32)

whose three spatial components,

LY = 3 /d3F (p'a) — pla?) (2.7.33)

19Problem: Show that the energy density of the vector field given by the action (2.7.8)) is indefinite.
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represent the orbital angular momentum carried by the field. Using the three dimensional
Levi-Civita tensor we can now define the modified orbital angular momentum vector as

~1

- _/d?’Fs”’“E?k _ /dSF (7 x &) = i/d377 7 (B x B, (2.7.34)

which is gauge invariant@

We may also ask what Noether’s theorems say about local gauge transformations of
the massless vector field. If the transformations are taken to be arbitrary, parameterized
by the infinitesimal function da(z) then

ozt =0, dA, = 0u0a(x) (2.7.35)
determine G¥* =0 = G(A)M and T(A)I,j = 81, Insert these into ([2.2.14)) to find
G* = ge [ONFHMSa(z) + F“)‘OA(Sa(x)} = gcoy(F*5a(x)). (2.7.36)

This is a conserved current, which is guaranteed by the antisymmetry of F*”.

The Bianchi identities are a set of algebraic relations obeyed by the first derivatives
of the field strength tensor. These algebraic identities follow directly from the Jacobi
identity,

{HDM’ Dl/]’ Da] + [[Da) D,u]’ DI/] + [[Dl/v Da]’ D#]}¢ = 07 (2737)

and from the definition of the tensor; specifically we find that
aOéF,LLV + 81/Fa,u + a,LLFVOé = O' (2'7.38)

In four dimensions there are four independent identities and we can contract the left hand
side with the four dimensional Levi-Civita tensor, writing the relation as

€M Do Fruy = 0 F7 = 0 (2.7.39)

where *F7% = ¢7*"F,, is the dual of the field strength tensor. Expanding the above
into time and space components one sees that they are simply the “sourceless” Maxwell
equations, viz., Faraday’s law and the absence of magnetic monopoles@

20Problem: Show that the modified spin angular momentum is

S = %/d%«* [Ex A+7x (E-ﬁ)zf]z = %/d‘"‘fﬁ- [E (7 x A’)f’] :
in the absence of sources. Therefore the spin vector associated with the Belinfante-Rosenfeld tensor vanishes
for fields that decay fast enough.

21Problem: Show that (2.7.38)) and (2.7.39) are identical. Then show that they reduce to

-~ - OB S o
V x +8t 0, V 0
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2.8 Conservation Laws for Interacting Fields

Interactions are described by adding terms to the Lagrangian for the free fields. Collec-
tively, these terms are generally referred to as the interaction Lagrangian. The Noether
currents get modified by the interaction Lagrangian but, because the currents are linear in
£, these modifications are always additive. If we think of the Lagrangian as made up of a
“free” or non-interacting part plus an interacting part it is necessary only to compute the
modifications arising from the interaction Lagrangian and add them to the free currents.
For example, for the complex scalar field interacting with the gauge field in (2.6.9) write

L£=L4+La+ 'S(int) (2.8.1)
where £y is found in (2.5.10), £4 in (2.7.1) (with m = 0) and
Ln) = —i96" Dy dA" — P A%|62 = —g(j - A) — G*A% g2, (2.82)

where j# is the free scalar field current density given in (2.5.28)). To compute the modifi-

cations to the stress-energy tensor arising from the interactions, one would determine

SV VR TR g L (int) _38(1nt)8¢_MaA
s T T T 0(0u0) T 00u0) T 00 Aa)
= {—g(j-A) - g A2|¢*} 6", + gA"j, (2.8.3)
and find
OFy = 0%, g) + O, (a) + O (imy)- (2.8.4)

A similar approach determines the contributions of the interaction to the spin and angular
momentum tensors painlessly.

According to , the Noether current corresponding to local gauge invariance,
with non-vanishing variations at the boundaries,

dp(z) = igda(z)p(x), ¢ (x) = —igda(x)p(z), 0Ax(x) = Or(0a(x)), (2.8.5)
will be
JE = ¢ [8>\F/\“5a(x) + F)"‘@)\éa(m)]

= cOy <F)‘“5a(x)> : (2.8.6)

The terms involving the scalar field cancel, so this is identical to (2.7.36) even though the
matter fields have been taken into account in applying (2.2.14)! Since da(x) is arbitrary
we could take it to be constant (say, unity), in which case, using the equations of motion,

JH = c\FM = (i¢" D) = i (2.8.7)
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where j* is the source current for the electromagnetic field. Thus the conserved charge is
exclusively due to the source currents

Q= —g/d3F JO ~ —g/d3fj0 = —gc/dSF O F0 = +2 f E-dS (2.8.8)
cJs

so that for fields that are generated by localized charges and currents the source charge
can be converted to a surface integral at infinity, which is finite and non-zero in general.
This is Gauss’ law. It is a remarkable property of the minimal coupling that the Noether
current associated with gauge symmetry can be expressed in terms of the field strengths
with no explicit reference to the source (scalar) field. The infinite family of conserved
charges generated by is redundant.

2.9 Hamiltonian Description of Fields

The Hamiltonian dynamics of fields parallels the Hamiltonian dynamics of point particles
with obvious differences that owe to the functional nature of the field Lagrangian. Suppose
that we are given a Lagrangian density function

£ = (¢ (x),0,0" (x), x), (2.9.1)

and a Lagrangian functional
L%, 0,001 = [ 87 (07 (70).0,0° (7. 0). 7). (2.9.2)

We define the momentum conjugate to the field ¢4 as
0

7TA(5C) = 8¢A(x)£(¢A(£L‘),8u(Z)A(£E),LE) (2‘9'3)
and the Hamiltonian density by the Legendre transformation
H(ma(x), 94(2),0:6% (), 2) = ma(F, 1) (7. ) — £. (2.9.4)

The Hamiltonian of the system is constructed from the Hamiltonian density in the same
way as the Lagrangian is constructed from the Lagrangian density,

Hlra, o™, 00" 1) = /d% H= /d3F [WA(f, £)¢4 (7, 1) —2} . (2.9.5)

and it is not difficult to see that $) and likewise H are independent of ¢4 for instance
taking a derivative of § w.r.t. ¢4 yields
09 0L

934 (@) =ma(z) — 934 () = 0. (2.9.6)
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As was the case for point particles, the equations of motion are recovered by requiring
that the action,

2 .
§= [t [ra@i(@) - H(ra(e). 4 (2). 010 (@), )] (297
1

be stationary under independent variations of the field variables (w4 (z), ¢?(z)), keeping
both fixed at the boundaries “1” and “2”. This gives the canonical equations

AN OH 0% . _O0H 0% A 09
qﬁ(:c)—ém(x)_am, Ta(x) = oA (D) 8¢A+8Z<a(ai¢fl)> (2.9.8)

For example, for the Lagrangian density (2.0.10) describing the elementary excitations of
the rod, we have (suppressing the x dependence)

. . w2 Y
™= umn, jﬁ:wn—ﬁ: Z—’_ETI& (299)
giving the equations of motion
L B o5 (0%
1= =g+ () =T 2410

To obtain the Lagrangian equation of motion from the above canonical ones, use the first
to replace m with pn in the second and get

i — Yn'" =0 (2.9.11)

as we had before.

As in the case of point particles, the canonical equations can also be given in terms of
Poisson brackets. Let A[r, ¢, t] and B[r, ¢, t] be two functionals of the phase space, {¢, 7},
then define the Poisson brackets between them as

L A 0B oA 0B
t=t' _ 37 -
{A,B}pp = /d r [MA(ﬁ t) oma(Ft)  Sma(F,t) 6A(7,t)

(2.9.12)

If we compare the above expression with the definition we used for point particles, we will
notice that only two things have changed, viz., (a) there is an additional integration over
space and (b) the ordinary derivatives have been replaced by functional derivatives. Both
changes are dictated by the fact that we are now dealing with Lagrangian functionals.
Note, finally, that the Poisson brackets are defined at equal times.

Consider the functional

FAlg) = / 07 $A(F, 1) (2.9.13)
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then 51
A t=t’ _ 3—’7 — 3> JA/—>
{F* Hypp. = /d T STA D) /d 7 o7 (7, t) (2.9.14)
and likewise,
Falr] = /d3F7TA(F, t) (2.9.15)
leads to oy
t= tl _ 3 = 3 . —
{Fa. ”H}pp /d 5<Z>A(r ) /d 7 wA(T,t) (2.9.16)

From these equations it will be clear that we could also define the fundamental Poisson
bracket relations

{0770, 6" (7, 0)}p . = 0 = {ma (7 0), mp(7 )}
(oA (7 1), mp(F ) Yo = 588°(F — ) (2.9.17)
and write
GA(7 1) = {0 (7 ), H(E V5T,
7 a(7,t) = {ma(F 1), H{t) Yo ik (2.9.18)

They would yield the canonical equations of ((2.9.8) E

2.9.1 Scalar Fields

The algorithm to construct the Hamiltonian is straightforward for the complex scalar field.

Using the Lagrangian functional in (2.5.10)),
L—_ / P71 0,6" 00 + V(16])] (2.9.19)

we compute the field momentum densities, one conjugate to each of ¢ and ¢*,

1. 1.
T = oL _ -9, _ oL — 0" (2.9.20)
AV R
and construct the Hamiltonian density
=1 + 16— &= ' n+ {Vo* - Vo + V(¢])} (2.9.21)

22Problem: Show this!
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and Hamiltonian
H(gp, ¢, m, 7] = /d?’ﬂﬁ = /d3F[c2w*7r+{%*-%+V(|¢])} . (2.9.22)

Notice that the Hamiltonian density is simply the time-time component of the canonical
energy momentum tensor, @OOE
The canonical (Hamilton) equations of motion become

da) = {6(0) Wy = s = (),
ﬁu0=:&ﬂxx?ﬁp3.=-—gzi):{€”¢wx)—xWQ¢p¢wxnw (2.9.23)

together with their hermitean conjugates, and the second order (Lagrangian) equations
are recovered in the usual way, for example

i = 56 = [V~ V(6)6) = Das(e) + V/(19)o(x) = 0 (2.9.24)

and its hermitean conjugate.

2.9.2 Massless Vector Fields

Straightforward though it is for an ordinary scalar field, there are some subtleties to keep
in mind when dealing with massless vector fields. Let us begin with the Lagrangian in

(2.7.1), taking m = 0, and see that

0L
™= = gcF* 2.9.25
504 ° (2:9:25)
so 7’ = 0 (the momentum conjugate to Ay vanishes!) is a primary constraint and 7 =
—gE"/c. We want the “velocities”, A;, in terms of the momenta, so we write

T, = gFiO = —% i0 — —%(81.40 - aoAl) (2926)
and solve to get
Bod; = A; = Smy + 8 Ay, (2.9.27)
g
The Lagrangian density can now be expressed as
gC gC . .. c ) gc .
£ = —ZFWFW =7 [2FF° + F;F] = %ﬂ'm’l = ZEjFU, (2.9.28)

23Problem: Verify the energy localization conditions we used to find the kink /anti-kink solutions for the
Sine-Gordon equation and compute the energy density for each solution.



2.9. HAMILTONIAN DESCRIPTION OF FIELDS 79

so that we define the primary Hamiltonian density as
i 0 _ ¢ i 0 i gc ij
57)17 —7TA7;+7T ,u—,Q— @7’[’1'7'[' +m M+7T87,A0+ZFWF s (2929)

where we have introduced the Lagrange multiplier p to enforce the single primary con-
straint ® = 7% ~ 0. Integrating the above over space, we get Hamiltonian

Hp = /ddf [;ﬂ'iﬂ'i + 7T0M + %FijFij + Fiaz‘A():| (2.9.30)
g
and, again, integrating the last term by parts,
rH_d?)—»C,igC”ij 0 Andirt
= 7 %ﬂ'zﬂ' + ZF”F + 7 — ATt |, (2.9.31)

where we have assumed that the fields fall off rapidly enough at infinity or vanish at the
boundaries so that the surface terms disappear.

The first two terms in the Hamiltonian density will be recognized as the energy density
of the vector field,
)
ELp
c

C : C : C
—mmt + ngZ'jFU = ge

2.9.32
% 1 5 , (2.9.32)

and may be compared with £ in (2.7.29)). We may also define the Poisson brackets of the
fundamental fields,
{A (7 0), 7" (7. t)}pp. = 5Z53(F— ) (2.9.33)

and derive the canonical equations of motion from these relations via
P c
Ai(t, ) = {A:t.7), Hplpp. = P 9; Ao, (2.9.34)

which is just the relation we had before for the “velocities”, and
7l(t,7) = {n'(t,7), Hp} p.. = —gcd; FI". (2.9.35)
We also have

AO = {AO(taF)7Hp}P.B. =H

70 = {x'(t,7), Hp}pp. = O’ ~ 0 (2.9.36)

(Gauss’ law is a secondary constraint). There are no further constraints, so we end up
with one primary constraint (7 ~ 0) and one secondary constraint (9;7° =~ 0), both
of which are first class. Thus the Dirac brackets between observables coincide with the
Poisson brackets, the massless vector field has two (local) degrees of freedom and p is not
determined. The constraints generate gauge transformations.
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2.10 Some Classical Solutions

Let us take a look at some useful, non-perturbative solutions of the theories we have
studied so far. We will be interested in localized solutions of the classical (Euler-Lagrange)
equations of motion. By “localized” we mean that the energy density vanishes fast enough
at infinity so that the total energy of the system is finite. As we will see, there is a conserved
charge, derivable from a locally defined current, associated with these solutions. However,
this current does not arise out of a symmetry of the action and is therefore not a Noether
current. It is topological current, constructed so that its conservation is guaranteed by
the dimensionality of space-time.

2.10.1 Scalar Solitons in 1+1 dimensions

To warm up we return to the 1+1 dimensional sine-Gordon soliton (“solitary wave”) of
footnote 12, Chapter 2. Upon integrating once we had found

¢* —20V(p) =C (2.10.1)

where C' is an integration constant. To get a feeling for what the interesting solutions
might look like, we interpret C' as the “energy” of a “particle” moving in the inverted
potential U(¢) = —20a(l — cos¢/f) and u as a “time”. For periodic motion we must
require that this “energy” lies between the minima and maxima of U(¢), i.e.,

—4oa < C <0. (2.10.2)

The case C' > 0 would correspond to unbounded motion. It is convenient to parametrize
C as C = —4oa(l — k?) where k € [0,1]. Then (2.10.1)) turns into

¢ = dao(k* — cos® ¢/2)

and, when k =1 (C = 0), we obtain the solutions we had earlier,

o+ (u) =45 tan ! {exp

va u—ug
iﬁ31—wm4} (2.10.3)
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where u = x — vt@ The energy density of these solutions,

1 / _ da Va  (u—wup)
H= 5 [*m? 4+ ¢ + 2V (¢)] = msech2 (ﬁW) , (2.10.4)

vanishes exponentially at £oo. Integrating the energy density, we verify that their total
energy is finite as required,

F = dr H 8pva

= (2.10.5)
—o0 1—v2/c?
and can be used to define the kink/anti-kink mass, M, according to
M 2
p o __2C (2.10.6)

At the other extreme, when k = 0, the only solutions are the constants ¢ = (2n+1)n for
integer n. Their energy density is constant, at the maximum of the sine-Gordon potential,
so they are not localized. All the solutions in between, with k£ € (0,1), will be periodic
but not localized, and described by the Jacobi elliptic functions.

Let us concentrate on the k = 1 solutions. One can think of these solutions as taking us
from one minimum of the potential (equivalently a maximum of the inverted potential) at
u — —00 to another minimum (maximum of the inverted potential) at u — oco. However,
at the minima, the velocity of the field is zero and so are all of its higher derivatives! We
can see that this is true for any potential satisfying the required condition at infinity as
follows:

¢ =2V(9), ¢" =V'(¢), ¢" =V"(¢)¢', ... (2.10.7)

Therefore if ¢(u) starts out in one of the minima, say, ¢ = 4nnf, the kink solution
transitions the field to the neighboring minimum at ¢ = 2(2n + 1)x3, but cannot get past
it.

Although they possess the same energy density, the kink and anti-kink solutions are
inequivalent. We say that two solutions are topologically inequivalent if one of them

24 (u) is also obtained by Lorentz boosting the static solution (v = 0)

#(z) = 48 tan™" {exp [:I:%(x - xo)] } ,

which can be obtained by extremizing the energy functional

B¢ = 5 [ do[o” +2v(0)].
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@(u) E(u)
¢(u) =218 #(u) = 4a
#lu) =
u u
Figure 2.5: Kink and anti-kink solutions Figure 2.6: Energy density.

in the sine-Gordon theory.

cannot be continuously deformed into the other without passing through a barrier of infinite
action. To see that the kink and anti-kink solutions are inequivalent, consider only the
static solutions and a deformation

O(n,z) = g(n)d+(x) + h(n)o—(x) (2.10.8)
where g(n) and h(n) are smooth functions of n € [0,1], satisfying g(0) = 1, g(1) =
h(0) = 0, h(1) = 1. These conditions ensure that ®(0,z) = ¢4 and (ID( x) = (;S,.
Consider the static action,
1
S(n) = -5 /d:c (@ + 20 (1 — cos @/B)] . (2.10.9)
Using
P = —|—2\/&sm 3 o —2\/asin¢5_
it is then easy to show that
4 _ 2
g2 dalg=h” (2.10.10)

cosh? %(CL‘ — )

which ensures that the integral of the first term in (2.10.9)) is finite. However, the integral
of the second term,

o NCY NCY
2a/ dz sin® [than_le 5 (@=20) 4 optanleh (@T%0) |
—o0

diverges unless g = 0,1 and h = 0,1, which conditions cannot be met by the deforming
functions. Thus the two solutions are inequivalent.
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Figure 2.7: Kink and anti-kink solutions Figure 2.8: Energy density.

in the A\¢* theory.

In two dimensions, a simpler way to see that the kink and anti-kink solutions are
inequivalent is to define the conserved current,

JH = e 9,0, (2.10.11)

where e*” is the two dimensional Levi-Civita symbol. Conservation of J* is due to the
antisymmetry of the Levi-Civita tensor and is independent of the particular model being
considered. J* is therefore a topological current not a Noether current, because it does
not arise out of any continuous symmetry. It defines a (topological) charge,

Q= /OO de JO = — /Oo dr ¢'(u) = ¢|*_ = 0,+270, (2.10.12)

where we have included the charge, @ = 0, associated with the trivial solution ¢(u) =
2nmB3. The positive charge is associated with the kink solution and the negative charge
with the anti-kink. The sine-Gordon equation admits more solutions of the form
1 (f(@)
t,x) =4Btan"! [ L2 2.10.13
ot,) =15t (2181, (2.10.13
but we leave the development of such solutions and their interpretation for a more spe-
cialized study.
Kink and anti-kink solutions are also found in the “A¢*” theory with negative m?, for
which the equation of motion may be written as

m2c?

h?

O¢ — b+ A2 =0 (2.10.14)

and the potential has two neighboring global minima at ¢, = j:\/g 7, separated by a

local maximum at ¢max = 0. It can be viewed as a small field expansion about ¢ = 0 of
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the Sine-Gordon equation, with the appropriate identifications of the constants (a < 0),
or as the Euler equation for the field action

1 y A
S — _2/ [ 8,00, — h2 ¢2 (;54] (2.10.15)
By adding a suitable constant to the action, the potential may be redefined as
A, 2m3c? 2
2V(p) = 1 <qz5 U2 > (2.10.16)

and localized solutions obtained from

d¢

Tw) = /o (u — up), (2.10.17)
will be of the form
¢r(u) =+ 27 tanh ¢ (4~ %) (2.10.18)

\[h V1—v2/2
Therefore the kink, ¢, takes one from the left vacuum, ¢ = —\/E %75, at u — —oo to the

right vacuum, ¢ = + /\ %5, at u — 400 and the anti-kink, ¢_, does precisely the reverse.
Both solutions possess a localized energy density,

1 e d sech® [\[h %}
H=1 (%) v (2.10.19)

and a finite total energy,

meN3  def M2
E= / deH = —— ( ) ot M 9.10.20
3)\\/1—v2/c2 V1—v2/c? ( )
but they are not equivalent, as seen from the topological charge,
0_ 2mce
Q= d:): J'= ¢, =0, £2 N (2.10.21)

As before, the zero charge is associated with the trivial solution ¢ = 0, the positive charge
with the kink, ¢, and the negative charge with the anti-kink, ¢_.

Can the above two dimensional solutions be extended to higher dimensions? The
answer is “no”, according to Derrick’s theorem. The reason is that the finite total
energy condition cannot be met in more than two spatial dimensions. To see that this
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is so, note that, in D spatial dimensions, the total energy corresponding to the field
configuration ¢(7) is

def

Elg] = / deﬂrt:% / dP7 [690:(F)0;0(F) + 2V (9)] € Er[0¢] + Eald], (2.10.22)

Suppose that ¢1(7) is a localized solution of 0 E[¢] = 0. A necessary condition for the solu-
tion to be stable is that the second variation of the energy function should be greater than

or equal to zero, 02E[¢] > 0. To find out if 62E[¢1] > 0, consider the field configurations

DOA(F) = d1 (A7) (2.10.23)

where X\ > 0 is a scale factor. ¢,(7) is not, in general, a solution of the field equations,
except when A\ = 1. The energy functional for ¢y is

Bloa] = B = 5 [ a7 [590,0(7)050n(7) + 2V()] (2.10.24)

With 7 = A7, y* = Az’ we write it as

By o= g [ [A?aw‘%l(’ﬂ)am(m 2V (61 ()

2 oyt oy
A PR2E [061] + AP Ey[on] (2.10.25)
FE)), is extreme when
dE 2-D
| =Q-D)E[04] - DE:[¢1] =0 = Erfé1] = =5 E1[061]
A=1

and stability requires that

d’E),

e | = @=D)1-D)Ei[dé1] + D(D +1)Exfé] 2 0 (2.10.26)

A=1

Now Ej[¢q] is certainly non-negative and, if V' (¢1) is non-negative as well, so is Fa[¢1].
The first condition implies that D < 2, in which case the stability requirement also holds.
Moreover,

e if D =1 (the case we have been examining) then E; = E and

o if D =2then Ey =0 (V(¢) = 0).
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There are no solutions when D > 2.

It is interesting to ask what is the significance of the potential with m? < 0. If the
coefficient of the quadratic term in the potential were positive then it has the interpretation
of a mass term and the potential energy would admit just one lowest energy configuration,
i.e., at ¢ = 0. However, a negative quadratic term cannot be interpreted as a mass
term and now the potential energy admits two non trivial lowest energy configurations
corresponding to the values of ¢ given above. In the case of a complex scalar field, it
gives an infinite number of lowest energy configurations, each differing from the other by
a phase. When coupled to a gauge field, the complex scalar field may be expanded about
one of its lowest energy configurations,

¢:¢min+H

and the Lagrangian, written in terms of perturbations, H, about the lowest energy con-
figuration, now exhibits a mass term for the gauge fields. Any particular choice of field
configuration (amounting to a particular choice of the “vacuum” as indicated above) is
not gauge invariant. Therefore, in expanding the scalar field about one of its lowest energy
configurations, one of the scalar field degrees of freedom gets donated to the gauge field
which, upon acquiring the additional degree of freedom, becomes massive. This is called
spontaneous symmetry breaking (the U(1) gauge symmetry is spontaneously broken
by the choice of vacuum) and the process by which the gauge field acquires a mass is the
Higgs mechanism. We will examine this in greater detail in a forthcoming chapter.

2.10.2 The Abelian Higgs Model

Here we want to consider some non-perturbative solutions of the “Abelian-Higgs” model
which is described by the Lagrange density (in D dimensions)

£ = —n"(D,)* Dy — V(|o]) — %F’“’FW (2.10.27)

We are looking for static configurations, so let us begin by noting that it is always possible
to pick a gauge in which Ay = 0 (the “temporal” gauge). If we begin with any gauge
configuration, A,(7,t), and apply a gauge transformation, U = e92(7t)  then Ap(7t) —
AL(Tyt) = Ao(T,t) + Orar(7, t). Setting Aj(7,t) = 0 we find that

Ba(t) = —Ag(z), = U= e ia) Aot

So we will work in the gauge in which D¢ = 0 and, for static solutions, the energy density
will be .
=0 (D;¢)*(D;0) + V(|]) + gZFZjFij- (2.10.28)
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The total energy can therefore be written as the sum of three terms
El¢, A] = E1[D¢| + E»[¢] + E3[A] (2.10.29)

Let us repeat Derrick’s scaling argument and assume that we already know a solution pair
{61(7), A(yum } of the equations of motion. If we consider the family of functions (not
solutions except when A = 1)

OA(T) = d(AT), Apu(F) = AAL(AT) (2.10.30)

then, following the same argument we had for the scalar field, we should find that the
energy functional scales as

Ey = AP [NE1[D¢] + Ba[¢] + X E3[A]] (2.10.31)

and therefore that for stable solutions the following conditions must hold:

% = (2~ D)Er[D¢] — DEs[¢] + (4 — D) E3[A] = 0
A=1

d;E; — (2= D)(1 — D)Ey[D¢] + D(D + 1) Es[¢] + (4 — D)(3 — D)Es[A] > 0.
A=1

(2.10.32)

e In D =1 we find E; — Es + 3E3 = 0 but there are no propagating gauge fields in
one dimension, so F3 = 0, in which case we recover the D = 1 result for the scalar
field alone: E1 = E9 > 0.

e In D =2 we find Es = E3 > 0. This is known as a “vortex”.

e In D = 3 the conditions read Fy + 3Fs = E3, E1 + 6FE9 > 0. This is a “monopole”
solution.

eInD =4, F1+2FE, =0 and Es > 0, but since E; > 0 these conditions can only
hold if 1 = 0 = E5. The solution consists of the gauge field alone.

We will examine some of these solutions below.

A U(1) Vortex in 241 dimensions

We are interested in static solutions of the Euler equations. For an arbitrary potential
and in the temporal gauge, we must then solve the equations

~D'Di¢+ V'(|¢])¢p =0
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v, F 4 éqyﬁﬁ% —0 (2.10.33)

where D; = V; — igA;. It will be convenient to work in polar coordinates in which
A; = A;(r) is required for cylindrical symmetry and, for the scalar field, we make the
ansatz ¢(r,0) = f(r)e'??) where o(0 + 21) = o(6) 4 2kx for integer k is required so that
o(r,0) is single valued@

Begin with the simplest choice (obeying the single valuedness condition) for the phase
function, o(f) = —kf (integer k); Maxwell’s tensor has just one independent spatial
component in two spatial dimensions

Frp = 0,Ag — 0gA, = 0, Ag = —Fp, =B (2.10.34)

where B is the “magnetic” field. The vector field equations then read

A, =0
A2
A — 7" + = (k+g4p) =0 (2.10.35)

(assuming f(r) # 0) and, for the scalar field,

!

Pt g r V() =0 (2.10.36)

The energy density of the system is

H=f?+

12
ge Ay | (k+949)° 92A9>2f2 LV, (2.10.37)

2 r? +
therefore, to ensure that the total energy,

ge AP (k+ gAg)>

E:27r/drr[f'2+ s ot PV (2.10.38)

2°In all that follows we define the components of a vector as its coordinate components, so that the line

integral is
/A'-dF:/Aidyi
c c

where y® are the spatial coordinates. For example, if the spatial coordinate system is spherical, with
coordinates (r, 0, ¢), we define the components by

//ﬂd?:/Ardr—s-AgdG—i—Aq;qu
C C

and so on (see Chapter 6).
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is finite we adopt the following boundary conditions on the ﬁelds@

lim f=const., lim V(f)=0, lim Ap= _k
r—00 g

r—00 r—00

Ag
li = li = ., lim — =0. 2.10.
Tgr%)f 0, lim V(f) = const., lim — 0 (2.10.39)

We can define a topological current in much the same way as we did for the scalar field in
1+1 dimensions,
JH = —e"29, Ay, (2.10.40)

As before, its conservation is a result of the antisymmetry of the Levi-Civita symbol. The
current leads to a (conserved) topological charge

Q= /d2F J =~ /dQFEOijaiAj = —27r/ dro, Ag = —2m Ag|y (2.10.41)
0

where we used the fact that the Levi-Civita symbol is a density of weight —1@ The
boundary conditions in (2.10.39|) therefore determine this charge and we find

Q= (2.10.42)

g
The integral determining () is the magnetic flux through the disk bounded by the circle
at infinity and therefore, for k # 0, it represents a quantized magnetic charge.
For definiteness, we will now concentrate on the |¢|* model, taking

AL A
V(Iol) = 266 — 72 = 2(7 —0?)? (210.43)
so that, requiring V' (f) — 0 as r — oo implies that f — 4o in that limit. Also, V(f) —
Mt/8 as r — 0.
To get a better feeling for the asymptotic behavior of the solutions, take f(r) = v+h(r),
Ap(r) = —k/g + A(r) as r — oo and linearize the Euler equations to get

h/
R+ = + M?h =0
T

26The boundary conditions at infinity ensure that lim,_,.. D;¢ = 0 so that the scalar kinetic term
vanishes on the boundary.

2TProblem: In Cartesian coordinates, 2, the Levi-Civita tensor is just the permutation symbol, i.e.,
P = [a, 8,7], with the convention €**? = [0,1,2] = +1. In a general coordinate system, y*, one must
transform according to the general rules for tensors,

euuk _ ayﬂ 62-/,/ @
T 9z 9B dx

00 — (10 % and that €grg = €79 = 7.

[, B,7].

Show that in polar coordinates, €
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A=0. (2.10.44)
r C

Solutions obeying the required boundary conditions are

f(r) =v+ CrJo(VAvr)

k 2
A=+ Cory <, / fw) (2.10.45)

It is very difficult to obtain exact solutions to the coupled, second order equations above.

We get some insight into the behavior of solutions by examining particular cases. Let us
discuss an interesting limit in which the energy of the system is minimum and determined
only by the topological charge; in this limit, the system will reduce to a set of (coupled)
first order equations, but we will still not be able to get exact, analytical solutions. First,
we apply Derrick’s argument, by which Es[¢] = E3[A]. Thus

/d% [TFijFij - g(]qb\Q - qﬂ)?} =0, (2.10.46)
or
gf/d% Fij + %ﬂ ;C(\¢|2 — )| | F - 62] ;C(W —qﬂ)] =0 (2.10.47)
so, if we ask for solutions satisfying
Fij+ €ij i(|¢|2 —2%) =0, (2.10.48)
2\ gc

we guarantee that Derrick’s condition is satisfied. Consider then the total energy, written

as
_ ; )
_ 2 . |9c¢ -, Gy 2 2
B = /dx4<Ef%2MmﬂM UO

SRR (67 - o?) (Di¢)*(Dj¢)]

4
= /d2x _— ch

B (6~ ) + 1 (D16 (D))
VAgce
8

. Quv?  (2.10.49)

[ A .. ..
E /dQ:L' — gCEZ]FZ'j’(ﬁF +7)U(Di¢)*(Dj¢):| -
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where (@) is the topological charge in (2.10.42)).

Turning to the kinetic term for the scalar field, we write
0 (Di¢)*(D;6) = o0 ({na + i€t D'6)" ({njm + iejm } D™ ¢) — ie” (Dig))* (D) (2.10.50)
which can be checked directly by expanding the right hand side. Moreover,
—i/dQ:ceij(Digé)*(ngb) = —i—;/dza:eijgb*[Di,Dj]gé = +g/d2xeijFij|¢|2 (2.10.51)
follows from an integration by parts, therefore

- 1 - -
/d2x17” (Dig)*(Dj¢) = 2/d2$ [77”({7%1 + i€} D ) ({njm + i€jm } D™ ¢) + gGZ]Fz‘jWﬂ .

(2.10.52)
We may now rewrite what’s left of the energy function as
A .
B= [ |(§-5) Rl
2 4
Iy . % . m vV Age
o (na + i} D' @) ({njm + i€jm yD™P) | — Tngﬂ (2.10.53)

The second term in the integrand is non-negative, but the first term can go either way
depending on the relative sizes of g and A. If we consider the special case in which

A
4

then this term vanishes and we are left with a non-negative integral plus a topological
term. The lowest energy solution will then satisfy

g (2.10.54)

(nit + ieq) D' = 0. (2.10.55)
Equations (2.10.48) and ([2.10.55|) are the Bogomol'nyi-Prasad-Sommerfield (BPS) equa-

tions. The energy of this solution is £ = —%771{:2;2 for the ansatz we have been using.

One must now verify that these first order equations are solutions of the second order
equations of motion. In polar coordinates, (2.10.48|) reads

A, 1
79 = —E(fQ —v?) (2.10.56)
and
f+ (kJrTgAa)f =0. (2.10.57)

Indeed, the Euler (field) equations (2.10.35) and (2.10.36)) are verified directly by taking

a derivative of each of the above.
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2.10.3 The 341 dimensional Dirac Monopole

Let us briefly review Dirac’s treatment of the magnetic monopole. Suppose that a point-
like particle is endowed with a magnetic charge, ¢,,. The magnetic flux due to the magnetic
charge would be
5 g __ dm dm
dp=¢ B-dS=-—— = B, =—— 2.10.58
B ?{g 4 " 42 ( )
and all other components would vanish. B, is defined everywhere except at the origin
and is isotropic, as is to be expected. If we insist that the vector potential exists as a
description of the theory, then B* = %GUijk gives

Fr@ = Frzz) =0
Fyy = %Sin@ (2.10.59)

The well-known solution that vanishes at the north pole is

Ay = i—: (1 cosf), (2.10.60)
which is, however, singular on the half line, § = WE so the magnetic field obtained by
taking the curl of A coincides with the magnetic field in everwhere except on
the half line itself. That is because, physically, this is precisely the vector potential of a
semi-infinite and infinitesimally thin solenoid from infinity to the origin. This solenoid is
the Dirac “string”.

Now, at the classical level, the vector potential itself is not given any intrinsic meaning.
One can think of it as a convenient device with which to write the field equations in such
a way as to make the symmetries of the theory manifest. Thus one could consider two
gauge fields, both of which are solutions of the field equations (Wu and Yang)

qm _ < _
A¢>:{ Im (1 — cos0) 0<f<m—e (2.10.62)

—9m (1 + cosb) e<O<m

28/\This. becomes clear if we consider the components of the vector potential in the traditional basis,
{7.0.5). . )
A= a, 7+ apl + app (2.10.61)

Then by comparing the expression for the line integral,
/ A di = / (ardr + raedf + rsinfagde) = / Aypdr + Agdf + Agde
c c c

we arrive at a, = Ay, ag = Ap/r and

Ap gm (1 —cost)  gm (9)

—— tan
2

rsinf  4nr  sinf T Anr

Ay =
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or, in the {7, 5, P} basis,

4dmr

—m cot (0/2) e<f<m

Amr

I tan (6/2 <6 -
a¢:{ an (6/2) 06 <m—e (2.10.63)
The first (we call it /T“p) covers the upper hemisphere and a portion of the lower hemi-
sphere, and the second (which we call A9°"") covers the lower hemisphere, but only a
portion of the upper. Where they overlap, they are required to agree up to a gauge trans-

formation and it is easy to see that A;p - Ag"wn = Im 5o that a(z) = % does the trick.
The gauge transformation is therefore
U = 92(®) = ¢35 ¢, (2.10.64)
which, being single valued, implies that
2
JGm = 2nT = Qm = ﬂ, n ez (2.10.65)
g

Thus we arrive at Dirac’s conclusion that the magnetic charge on a monopole is quantized
in integer units of 27/g.

We can take an alternative, more physical approach by asking if this quantization of
magnetic charge is actually required for consistency by any measurement. After all, if the
gauge potential is really just an artifact of our description, should it not be impossible
to detect the Dirac string in the first place? Not in the quantum theory. Consider the
Schroedinger equation for an electron moving in the neighborhood of the string: we have

R (oo N2
BY(7) = —5— (V= igA(7) v () + V(@ (@) (2.10.66)

where g is effectively the electric charge on the electron. The solution can be given as

P (F) = exp [z’g /j/_f dr'| o (7) (2.10.67)

0

where 1y (7) satisfies the free Schroedinger equation! Therefore, the electron will pick up
a phase as it moves around the Dirac string. If we consider two paths passing the string
on opposite sides of it (see figure , there will be a difference in phase acquired along
the paths and this phase difference can lead to intereference fringes. The phase difference
will be

g?{/f- dr = gqm (2.10.68)

taking the integral over an infinitesimal circle around the string (0 — 7). For the string

to be unobservable,

2
9qm =2nT = @y = ez (2.10.69)
g

as before, and the monopole cannot have an arbitrary charge: only quanta of 27/g.
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screen

path 1

e source

Figure 2.9: A violation of the magnetic charge quantization condition would lead to a
detectable interference pattern on the screen due to the magnetic flux.



Chapter 3

Spinor Fields

Dirac, still thinking in terms of single particle relativistic quantum mechanics, attempted
to find an equation that was first order in time so as to overcome the problems associated
with an indefinite probability density. While he succeeded with a most remarkable first
order equation, negative energy states were still present, so we will interpret Dirac’s equa-
tion as the equation of a classical field, the Dirac field, in keeping with our general view.
The Dirac field turns out to describe Fermions. Together with the scalar field and the
non-abelian gauge fields, which generalize the abelian gauge field and will be introduced
in the next chapter, this will give us the ingredients necessary to construct a Lagrangian
description of the Standard Model of particle physics.

3.1 The Dirac Equation

Recall the problems associated with the scalar field of the previous chapter if the function
¢(z) were to be interpreted as a wave function. In (2.4.4]), we found the conserved current,
7

ju = _ﬁ<¢* u‘b - ¢au¢*)a (3'1'1)

whose conservation law 0,,j* = 0 should then be interpreted as a continuity equation,
Op+V-j=0, (3.1.2)

with p(t,7)d>7 = jO(t,r)d>7 representing the probability of finding the Klein-Gordon par-
ticle in the volume d37, according to the Born interpretation. However,

p6,7) = (6, 7) = 5 (6°0 — 66 (313)

is mot positive definite, as is required for the Born interpretation. The problem can be
traced to the fact that the Klein Gordon equation is second order in the time derivative,

95
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which also means that two initial data, i.e., the value of ¢ and its first derivative at one
instant must be specified for a unique solution of the equation.

To avoid the problems associated with the second order (in time) equation, Dirac
proposed that the Hamiltonian of the free relativistic particle should instead be treated as

p2c? + m2ct def (& pe+ Bm02> : (3.1.4)

If we agree to go with this view then & and ,/6’\ are evidently no longer real numbers but
matrices. This becomes clear if we square both sides of the above equation,

P+ m?ct —{oz allpipj +m 26432 +< {a ' BYymp; (3.1.5)
where the braces, in eg., {@*, a7}, represent the anticommutator a’a’ +a’a’. Because the
Hamiltonian operator is required to be Hermitean (to ensure real eigenvalues), we should

take @' and B to be Hermitean as well. Furthermore, comparing the left and right hand
sides, consistency requires

{a',a’} =297, {a' B} =0, B*=1 (3.1.6)

Assuming that this algebra is self-consistent, we can then apply the Dirac quantization
rule, letting p; — —ihd; and H — ih0; to get

ihdpp = (—ich& Y mc28) W, (3.1.7)

which is the Dirac equation. It is convenlent however to multlply this equation through—
out by B on the left and to define ¥ = B, = Boz This 1mphes then that ~
Hermitean but 4’ is anti-Hermitean because 'yZT = a’TﬁT =a'f=—pal =" In terms
of the “y matrices”, the equation above can be written as

(ichy"9,, — mc*)p = 0. (3.1.8)

This is the most commonly used form of the Dirac equation.
The ~* satisfy the anticommutation relations

{7} = —29""1, (3.1.9)

where 1 is the identity matrix. This is a particular example of a Clifford Algebra. Notice
that if we multiply the Dirac equation on the left by the operator —(ichy - & + mc?), then
we will recover the Klein Gordon equation,

h2 2
—(ichry - @ +mc*)(ichy - 8 — mc*)y = — < m? 4) =0

! Although each « is not a number we drop the “hats” for ease of notation.
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2

m C2

as in .

Being first order in the time derivative, one could construct a (positive definite) prob-
ability density out of the Dirac equation in the usual way as p = 1. This fixes the
mechanical dimension of 1 to be [=3/2, Furthermore, we expect that this probability den-
sity will be the “time” component of a four vector current density and this in turn leads
us to suspect that the current density should have the form

GH = Apta Oy, (3.1.11)

The combination “c?>y%9#” is necessary for the desired expression, p = jO = 1Tt and it

makes j# Hegnitean We must show that it is conserved so, calling ¥ = 2142, “we must
evaluate 0, (1)y*1)). To do this we have to determine the equation of motion for 1), which
is obtained from the Hermitean conjugate of the Dirac equation,

ch(i0,) AT = mcyt. (3.1.12)
Note that (iﬁuw)T = —ia,ﬂ/ﬁ and so the above equation becomes

— ichd byt = me?yt. (3.1.13)

Now multiply on the right by 4" and introduce unity in the form 02702 as follows:

— ichdy ) 77041170 = mcPypiyf (3.1.14)
~——
then, because
AOptA0 — b2 (3.1.15)

(see the footnote below), one gets the following equation of motion for 1
— ichO Pyt = me? (3.1.16)

and it follows immediately that J,j* = 0. The conservation equation can once again be
interpreted as a continuity equation for the probability current density, but this time the
probability density is positive definite, satisfying the requirements of the Born interpreta-
tion.

2Problem: Show explicitly that v#T = ¢?4°y#~4°. Then show that j* is hermitean.
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3.2 The Clifford Algebra

A realization of the Clifford Algebra in (3.1.9) can be given in terms of the unit 2 x 2
matrix and the Pauli sigma matrices,

ol = <(1) é) , o= ((Z] _OZ) , o= (é _01> (3.2.1)

which are Hermitean and satisfy two very interesting properties, viz.,
{o%,07} =20 and [0!, 07] = 2ieTF o (3.2.2)

as can be checked explicitly. If we now define the 4 x 4 Dirac matrices as

1 1 4 ‘ ;
7°=<3 _01> Y otw, fyZ:(_Oz- f(’)) €2 e, (3.2.3)

(& o

where we used the Kronecker product of matrices, then can be verified by direct
computationﬂ

The matrix representations above, which we use in these notes, form the “Dirac” basis.
Other common realizations of the Clifford algebra are (a) the “Weyl” (or chiral) basis,

1 1 ) i .
= (2 é) = Eal ®1, 4= (_Oi %) = io’ ® o' (3.2.4)

C g

and the (b) “Majorana” basis

1/0 o2 1 o 0
0o_ 2 _ 11 2 1 _ _ 3
7 _c<‘72 0> ¢’ ©wos, Z(O 03> i &a’

0 —o? ol 0
2 _ 20 2 .3 _ _ 1
v = <cr2 0 >— ot ®o°, vy Z(O 0_1) i1®o. (3.2.5)

3In (3.2.3) we used the “Kronecker” or “tensor” product of two matrices, which is defined in such a

way as to make the block structure of the result manifest in a compact way: if @ is n x m and b is pXq
then,

ail ... Qim b1 ... blq anb ... aimb
—~ -~ a1 e aam b21 P bz a21b e az b
a® b = X q — m

anl ... Qnm bpl cee bpq an1b ... Qanmb

is an np X mq matrix. So, for example, the Kronecker product of the two 2 x 2 Pauli matrices,

o (0 1 i (0 o
o ®”‘<—1 O)®U_<fai 0)

is a four dimensional (Dirac 7) matrix.
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Each basis satisfies the defining relation in (3.1.9). However, the Majorana basis is special
in that it is purely imaginary, i.e., it also satisfies the condition

A = —H (3.2.6)

and so the Dirac operator, like the Klein Gordon operator, becomes real. Therefore it is
possible to find real (carrying no charge) solutions for ), which is not possible with the
Dirac and the Weyl representations.

What then is the relationship between different solutions of the Dirac equation, ob-
tained from different representations of the v matrices? Indeed, in even dimensions, the
representations of our Clifford Algebra are unique up to a similarity transformation: if y*
and 7* are two representations of then

= UFFUT (3.2.7)

and ~
Y =Uy (3.2.8)
where U is a unitary matrix Therefore, if zz is a solution of the Dirac equation in

the Majorana representation then in any other representation the reality condition for
Majorana spinors would read

Ut =Utp, = U =Uly = = (UU)* (3.2.9)

where U transforms from the Majorana representation.

Let us now determine sixteen linearly independent 4 x 4 matrices that can be built
with the 7 matrices so that we will have a complete basis in which to expand any 4 x 4
matrix. In addition to the four v matrices, we can build six matrices in terms of the
antisymmetric combination

1
Uwzawwww (3.2.10)
then og; is anti Hermitean but o;; is Hermitean. In the same spirit, define the four
additional matrices

1
Xp = geumm”v“’yﬁ (3.2.11)

4Problem: Show that the unitary matrix
1 )
Up_w = ﬁ (1®1—zc72®1)
transforms the Dirac basis to the Weyl basis. Show also that
1
Upm = ﬁ (03®1+01 ®02)

transforms the Dirac basis to the Majorana basis. Find the matrix that transforms the Weyl basis to the
Majorana.
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of which yg is Hermitean but y; is anti Hermitean, and finally define the Hermitean matrix

5_ 1 pov.a B _ . o0.1.23_ L0 1) 14
V= ewas™ VY =0y —C<1 0) =20 ®L (3.2.12)

in the Dirac basis. In the Weyl basis,

1/-1 0 1
5_ + _ -3
7 == ( 0 1) =--0 ®1 (3.2.13)
and in the Majorana basis
1 /6% 0 1
5_ * _+3 2
7= (O _02) =0 ®o”. (3.2.14)

It is easy to see that x,, = i1, 7" ~® and, in this way, we have constructed sixteen matrices,

T = {1,704, i7", 7"} (3.2.15)

We will now argue that they are linearly independent, i.e., c; =0« >, ¢;I'r =0, V I so
that any (complex) 4 x 4 matrix may be written as a linear combination of them. That
cr = 0 is sufficient for the sum to vanish is obvious; to prove that it is necessary as well,
let us first consider some “trace identities” that the I'; satisfy. Using the following three
trace relations,

Tr(A+ B) = Tr(A) + Tr(B)
Tr(rA) =rTr(4), reR
Tr(ABC) = Tr(CAB) = Tr(BCA)

which hold for any matrices, A, B and C and any real number r, together with (3.1.9)),
one can establish the following:
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o Tr(yHr~H2 | .’y“?"+1’y5) =0.

Now we see that Tr(I';) = 0 for all I and Tr(I';I"y) ~ d17, so consider
> elr=0 (3.2.16)
I

and multiply by 'k, for some fixed K. We get

Y (TTg)=0=> Tk +cxlk. (3.2.17)
I I£K

Taking the trace we conclude that cx = 0 and, since K was arbitrarily chosen, we have
shown that cx = 0 for all K is necessary for the sum to vanish.

3.3 Properties of the Dirac Particle

3.3.1 Spin

Recall that the Hamiltonian of the Dirac particle can be written as
H = a-jc+ fmc = 2§ - 5+ me) (3.3.1)

so it is quite clear that [p, #H] = 0 and therefore that momentum is conserved. However if
we consider the orbital angular momentum, L = 7 X , we discover that it is not conserved
because

[Li, H) = eijilzjpr, H] = €ijilz, Hlpe = ifieijc®y°y dp, = ihc®y°[§ x pli # 0, (3.3.2)

so the question that arises is this: is it possible to find some vector, other than the orbital
angular momentum, whose commutator with the Hamiltonian exactly cancels the above
commutator of the orbital angular momentum with H? If this were possible then the
sum of the angular momentum and this vector would represent a conserved “total angular
momentum”. Such a vector does indeed exist and is constructed exclusively out of the ~y
matrices as

S=—79x7 (3.3.3)
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(we will derive it later, as a consequence of Noether’s first theorem)ﬁ Therefore

L. 10
J:L+S:F><ﬁ+%f7><f7 (3.3.4)
can be thought of as the conserved, total angular momentum of the particle. It includes an

“intrinsic” part, S , which is interpreted as the “spin” of the Dirac particle. Its components
can be written as , )
ih hifc" 0 ch o i s
5= Gou=g (7 %) =G (33.5)
The spin obeys commutation relations typical of the angular momentum operator in quan-
tum mechanics,

o
[5i, S5 = = 0" 7] = —iheijmSim (3.3.6)
and, moreover,
Al J2 h2 0.,%.5 0.,%.5 3h2
§-8=5"="7[0"")0" )] = =1 (33.7)

so, putting this together with , we can conclude that S represents an intrinsic spin of
1/2. The “helicity operator” measures the component of the spin vector in the direction
of the momentum, H = %57 - P ; it commutes with the Hamiltonian, so the helicity is also
a conserved quantity.

3.3.2 Continuous Symmetries

We now seek the action of a Lorentz transformation on the wave function using only the
principle of covariance. Suppose that under the transformation z# — 2'* = L*, 2", the
wave function transforms as

() = (@) = S() (3.3.8)
where S is a 4 x 4 matrix to be determined. By the principle of covariance, the Dirac
equation must have the same form in the primed frame, so

(ichn"a,, — mc® )Y (z) =0 = (ichq/“(L_l)auaa — mc®)Sy (3.3.9)
(where L is a boost or a rotation) or
Gl G oY
1 1\o 2.0
ichS™ y*S(L™) wpga ~MC =0 (3.3.10)
and it follows that
(L7, SIS = 4% = S48 = LMoy, (3.3.11)

Problem: Show that [L; + S;, H] = 0.
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This is the equation we want to solve for S (L). Any function that transforms as (i3.3.8]),
with S given by (3.3.11)) is a Dirac Spinor.

To determine S, consider infinitesimal transformations,
Lty = 6"y + oty
S=1+6S (3.3.12)
then, by expanding both sides of one has

(v, 65] = dwH oy, (3.3.13)

The solution is 1
68 = —géwag[’ya,’yﬁ], (3.3.14)

which can be verified using the anti-commutation relations satisfied by the ~ matrices.
Defining

1
Eaﬁ = 7[’70[7’7/3]7
2
the infinitesimal form of S is 1
S=1- E&uaﬁzaﬁ (3.3.15)

and from this infinitesimal form one can construct a finite transformation in the usual
way, by exponentiation,

~ . Wap N 1

S=1 (1 - Lzaﬁ) = oxp | — - wa N 3.3.16

N AN XD | Ty ad (3:3.16)

where we think of the finite transformation as an infinite series of infinitesimal transfor-
mations applied successively, each with parameter dwag = wag/N.

As an example, consider a boost determined by an infinitesimal velocity parameter,

67, then taking into account only terms that are linear in ¢, we have dw;y) = —dwg; = dv;
and thus 5 .
- 20v; (0 o
Ging® = dul’ %) = -2 () (3:3.17)
giving ‘
a_ vi (0 o
S =exp [20 (Ji 0)] . (3.3.18)
Expanding the exponential according to the usual definition,
o~
—~ An
A _
et = Z — (3.3.19)

n=0
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5 | vi (0 of . |7
S = cosh <2C +m o 0 sinh % (3.3.20)

where we made repeated use of the properties of the Pauli spin matrices in (3.2.1]).
Again, consider a rotation for which dw;; = d0; [ek]ij and which gives

we find that

0was X = 60ke" 7' (3.3.21)

Now it is not difficult to see that

o glod 0 1 ot ol 0 ok 0

once again exploiting the properties of the Pauli matrices. Therefore

~ Oy (% 0\] _ 01\ i (oF 0\ . (|f]
S = exp |:+2 (0 O'k):| = COS (2 + ﬁ 0 O‘k Sin ? y (3323)

where we set \5 | = VOrbO. 1f, for example, we consider a rotation about the z axis by an

angle ¢,
S = cos (%) +i (%3 £3> sin (g) (3.3.24)

and a rotation through and angle ¢ = 27 is seen to lead to S = —1, i.e., the wave function
suffers a phase change of w. A rotation through 4w is required to return the wavefunction
to its original value.

The matrices X*” provide a finite dimensional reprsentation of the Lorentz algebra.
The block diagonal matrices, ¥%, generate rotations. and provide a unitary representation
of the rotation group. On the other hand, the boost generators, % do not provide a
unitary representation of the boosts. This is expected as the Lorentz group is not compact
and therefore has no unitary, finite dimensional representation.

3.3.3 Discrete Symmetries

There are three discrete transformations, viz., Parity (P), or space inversion, Time Reversal
(T) and Charge Conjugation (C). Each one of them is an improper transformation i.e.,
the determinant of the transformation matrix is —1 and cannot, therefore, be reduced to
a combination of rotations and/or boosts. In considering their action on fields, it is useful
to begin by appealing to our basic intuitions in mechanics.
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Parity (P)
Parity is the transformation that reflects the spatial coordinates, as if in a mirror, so that
P =—F t—t =t (3.3.25)
The transformation may be represented by z# — z'# = PH, x¥, where
1 0 0 O
ph — 8 —01 _01 8 (3.3.26)

0O 0 0 -1

If we assume that the fundamental laws of mechanics are invariant under these transfor-
mations, then since p — p' = —p, we expect F — F' = —F. From the Lorentz force
law,

F =¢[E + 7 x B (3.3.27)
it then follows that the electric and magnetic fields behave respectively as E — —E and
B — é, or in terms of the vector potential, A, that

At,7) = A7) = —A(t,7), AL, 7) — A, 7) = A°(t, 7) (3.3.28)

Now consider the effect of parity on the complex Klein-Gordon field, by considering its
equation of motion when coupled to an electromagnetic field:

2.2
. ‘ m-c
— (0" —igA*) (0 —igAy) + NN o(t,7) = 0. (3.3.29)
Because A* transforms just as x*, the relative sign between the derivative and the electro-
magnetic potential remains the same and the operator is unchanged by the transformation.
Requiring covariance of the equation of motion, we conclude that

6(t,7) = ¢'(t, —F) = PY(t,7) = Apo(t,7) (3.3.30)
where Ap is some internal phase associated with the parity transformation. If Ap = 1 then
the field is a scalar, if Ap = —1 it is a pseudo-scalar.

The transformation is expected to be linear, so we can use the relation (3.3.11f to
discuss the effects of a parity transformation on the Dirac spinor,

PIyHP = PH oA~ (3.3.31)
Finding P for this transformation is trivial, since ¢y? is easily seen to satisfy the equation:
20l 0 — pit_ A
Thus P = cA p7" is the “parity operator” and we determine that
V() = Wt —7) = PY(t,7) = eApr (¢, 1), (3.3.32)

where Ap is an internal phase associated with the transformation as before.
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Time Reversal (7)

Time reversal is more subtle because it is not a linear transformation, as we will now
see. As the name suggests, time reversal reflects only the time coordinate according to
ot — o'# = T+, x¥, where

-1 0 0 O
0O 1 00
[ —

T, 0 01 0 (3.3.33)

0O 0 01
Under thls transformation it should be clear that p— p’ = —p and therefore that F =
F' = F. Now returning to the Lorentz force this would imply by arguments similar
to the ones used earlier that £ — E' = E and B — B’ = —B. Therefore, we get

the result in m for the electromagnetic potential. Consider what happens to the
Klein-Gordon equation under this transformation: because the space-time derivative and
the electromagnetic potential transform in an opposite way, the equation of motion for

¢'(—t,7) will now read

m2c?

—(8”+¢gAﬂ(@i+igAu)+47ﬁf ¢'(—t,7) = 0. (3.3.34)

But this is precisely the equation of motion for the conjugate field, ¢*(¢,7) and covariance
requires that

3t 7) = ¢ (—t,7) = To*(t,1) = Ar¢*(t,7), (3.3.35)

where Ar is an internal phase associated with time reversal.

Time reversal is therefore an anti-linear transformation and, for this reason, one should
not expect to use to determine the operator that induces a time reversal on the
Dirac spinor. Instead we ask for

D(t,7) — ' (—t,7) = T (t,7). (3.3.36)
Going through the arguments of the previous section, we find the condition
TINMT = —THnye (3.3.37)
which is solved by T = Ary'y3. Thus
Yt 7) = Y (—4.7) = TY(t,7) = Ary'y 0" (1, 7) (3.3.38)

is the transformation of the Dirac spinor under time reversal.
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Charge Conjugation (C)

Charge conjugation, unlike the previous two discrete transformations, is not a space-time
symmetry but instead changes the sign of the electromagnetic charge. The electromagnetic
force will not change only if E — E' = —E and B — B’ = —B (according to the Lorentz
force law), i.e., A¥(x) — AM(x) = —A¥(x). Tt is then clear that the Klein Gordon equation

turns into

m?c?

just as it did in the case of time reversal. This transformation is therefore also antilinear
and we have

B(t,7) = ¢/ (t,7) = C¢" (t,7) = A" (t, 7). (3.3.40)

For the Dirac spinor we ask for
W(t,7) = ¢ (t,7) = Cy*(t,7) (3.3.41)

which gives the condition analogous to (3.3.37)), with L¥, = ¥,

~

CIAHC = —y1 (3.3.42)

and is solved by C= Acy?, where A¢ is the arbitrary phase associated with charge conju-
gation.

The CPT theorem

The importance of the discrete symmetries discussed above is captured by the CPT
theorem, which states that:

e FEvery local, Lorentz invariant quantum field theory (QFT) with a hermitean hamil-
tonian is CPT invariant.

Therefore, Lorentz invariance may be preserved while the discrete symmetries are broken
but the combined transformation,

© =CPT

is always a symmetry of a local, Lorentz invariant QFT with a Hermitean Hamiltonianﬁ

SWhile Quantum Electrodynamics (QED) respects each of C, P and T separately, certain interaction
terms in Quantum Chromodynamics (QCD) break both T" and P. Electroweak (EW) interactions violate
P maximally and also T" weakly (in Kaon oscillations).



108 CHAPTER 3. SPINOR FIELDS

3.4 Solutions of the Dirac Equation

The problem of negative energies lingers in Dirac’s theory and we have seen that this
leads to serious problems applying the Born interpretation to the wave function. The
arguments given for interpreting the Klein-Gordon equation as describing a field theory
may be applied here. To get a better feeling for the physics of the Dirac equation, we now
look for solutions. With the Dirac representation, this means solving equation for
¥ (x) in the representation given by . We will exploit the block diagonal form of the
~ matrices in what follows.

As with the Klein-Gordon equation, a general solution of the Dirac equation may be
given as

3 —
P(x) = / SEZ; [C(p)U§,+)(x) +d*(p)ul ) (z) (3.4.1)

where p, = (—E,, D), ué_)(x) = u(_J;) () and d*(p) = —c(—p). The mode functions must

satisfy the Dirac equation, so we take them to be of the form

uéi) (:C) = u(i) (E'ij‘)e:t%(ﬁ"F—Ept), (342)

It is easy to verify that Ul(oi) (z) represent positive and negative energy waves respectively

because

. ous? (z)
H (@) = th—F5r= = 2By (@), (34.3)

Applying the Dirac operator to the wave function v;,(,i) (x), we find that

+E, — mc? Fcd - p

— (fey-p+ mCQ)u(i) (Ep,p) = < +cd - FE, - mc2)> u(i)(Ep,ﬁ) =0. (3.4.4)

Evidently u(+)(Ep,;5) has four components, which we write in terms of two component
(Pauli) spinors explicitly as

()
S, 5 =N | "L (Ep’m) 3.4.5
' (Ep, P) (ufgi)(Ep,ﬁ) (3.4.5)

where N is some normalization factor. The superscripts “L” and “S” stand for “long”
and “short”. Then we have

(£E, — ch)u(Li) F (co - ﬁ)ugi) =0

+(co - ﬁ)u(Li) — (£E, + ch)qui) =0, (3.4.6)
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Two non-trivial conditions arise when p'= 0, viz.,

(£E, — ch)u(Li) =0
(£E, + ch)u(Si) = 0. (3.4.7)

Thus uf;r) —0and ul” = 0, because E,, > 0 by definition, and the solutions will be linear
combinations of

u(+) (Epv 0) =

and u ) (E,,0) = (3.4.8)

o O O
(=Rl )

For negative energy solutions, we must take ul™)

tions of

= 0 and they would be linear combina-

uN(E,,0) = and u'7)(E,,0) =

0
0
. (3.4.9)
0

— o O O

In fact, (3.4.6) says that ug+) — 0 even if the particle is not at rest but moving slowly
compared to the speed of light, so in the non-relativistic approximation we will have

MCOAT
u$H(z) =N L) eire. (3.4.10)
— 0 for negative energy solutions in the non-relativistic limit and it also

Likewise, ul)
follows that

ul ) (@) _N< (()_)) eTHPT, (3.4.11)

In each case the wave function is completely determined by a single Pauli spinor, uj, or
ug, which corresponds with our expectation that the non-relativistic Dirac particle has
two spin states.

Beyond the non-relativistic approximation, a suitable eigenbasis for a general spinor
would be the normalized eigenstates of the helicity operator, & - p. This is called the
helicity basis. Let us express p in polar coordinates,

P = (sin 6 cos p, sin O sin ¢, cos ),

where 0 is the polar angle and ¢ the azimuthal angle. The eigenvalues of ¢-p are determined
to be +1 and we easily find expressions for the normalized eigenstates of this operator,

- (:08(9/2)6_“/’/2 B —8111(0/2)6_“*0/2
X+1 = ( sin(0/2)e’?/? )  X-1= ( cos(0/2)e’?/? )
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with eigenvalues +1 and —1 respectively. For example, when § = 0 = ¢, p is directed

along the z— axis and
1 0
X+1 = (0> sy X—-1~= <1> s (3.4.12)

are just the eigenstates of 0. For the positive energy solutions, take u(L+) = a4 X4+1FTa-X-1
with |ay|? + |a_|?> = 1, and u(SJr) will then be
(+) _ _co-p
== _X—1)- 3.4.13
Ug B, + me (a+Xx+1+a-x-1) ( )

The positive energy modes are then of the form

(+) X 1 i
ui? (@) = N (u(L+)> N ( &7 > @ (ayx41+a_x—1)err” (3.4.14)

Ug E+mc?

Once again, we can normalize the wave function in a large box of volume V', using the
inner product determined by j%(z), which requires that

k% (u(jﬁu(j) + u(;)Tu(S*)) =1 (3.4.15)
and, because u” is already normalized,
2.2
st s Ipl°c

therefore, according to ([3.4.15)),

E, — mc? E, + mc?
2 p p
Vil+ —————— | =1 = = = 3.4.17
V] < + E, + mcz) V1 \| 2E,V ( )

As was the case for the Klein-Gordon modes, this is not a Lorentz invariant normalization
because ulu is the time component of the current vector and the volume is not a Lorentz
scalar. An alternative normalization uses the bilinear @ u = uf4%u, which is a Lorentz
invariant as we show shortly. The normalization condition (still not Lorentz invariant
because of the volume) then reads

V|2V (u(L+)Tu(L+) — ug)Tug)) =1 (3.4.18)

E, —mc? E, + mc?
2 P [ Ep
v 1 = 4.1
ol < E,+ ch) ol 2mc?V (3:4.19)

and we have
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which, of course, is not applicable to massless particles. Therefore,

[E, +me2 (v .
(+) _ /4 L iy
up (@) = 2mc?V (Ufg+) er? (3.4.20)

and, by an identical treatment,
_ E,+me (W
uy (@) =\ Sy (u§> e, (3.4.21)

u§”) = byxgr +box-1

where

() _ 0P (o)

uy ' = Wus (3.4.22)

To summarize, a basis of positive energy solutions can be given as

)y JEptme 1 ipa 3.4.23
Uiy (w) 2me2V Epci£c2 @ X+1€ ( -k )

and a basis of negative energy solutions as

— E +m02 cGp i
A <E3m> ® X167 (3.4.24)

It is not difficult to establish the following orthonormality conditions:
(27h)3
Vv

Gl G A COTIACY
(Wop Ity ) = 0= (0 [Yg) (3.4.25)

where s = +1. Each eigenstate is defined by its energy, E,, momentum, p, and helicity,

s[

() () Sy (=)1,,(=)
<¢sﬁ ’ws/ﬁ/> - 555’5(17 _P) - _<wsﬁ ‘ws’ﬁ />

3.5 Particles and Antiparticles

Dirac sought to exploit the Pauli exclusion principle for fermions and proposed that the
vacuum is a multiparticle state in which all the negative energy eigenstates are filled (the so-
called Dirac sea). Since each state can be occupied by at most one particle no transitions

"Problem: Write out the general solutions in the basis:

wo =) (1)}

for positive (negative) energy solutions.
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E
Positive Energy
+mc’ v
0 Forbidden VAV,
me? Forbidden
Negative Energy

Figure 3.1: The Dirac Sea

to negative energy states can occur. This interpretation also gets rid of the single particle
interpretation of the Dirac equation, for a photon with sufficient energy can excite one of
the fermions in a negative energy state leaving behind a “hole” in the Dirac sea. This
hole behaves as a particle with a positive mass and the opposite charge, so interactions
will produce particle-hole pairs out of the vacuum. This led Dirac to posit the existence of
oppositely charged partners of all fermions, called “antiparticles”. The positively charged
partner of the electron, for example, is the positron, which was discovered by Anderson
(1932) soon after Dirac posited its existence.

This interpretation is not entirely satisfactory because (a) it is restricted to fermions
and (b) it results in an infinite negative energy contribution to the vacuum energy. One
could argue that this is not a problem since absolute energy is unobservable, but this is no
longer true in Einstein’s theory of general relativity. This infinite negative energy therefore
must be canceled by an infinite positive contribution from somewhere. The infinite charge
and current densities from the sea must likewise be canceled by an infinite contribution of
the opposite sign.

A more general interpretation of the negative energy states, that does not rely on
the Pauli exclusion principle to bring stability to the energy spectrum, emerges when we
realize that the transformation p,, — —p,, takes us from positive to negative energy states.
Causality requires that positive energy states, with time dependence e~ *F*, propagate
forwards in time, but the fact that

o—iBt _ —i(—E)(-t)
suggests that causality is retained if we require negative energy states to propagate only
backwards in time. In this picture the emission of a negative energy particle with mo-
mentum p,, at time t is equivalent to the absorption of a positive energy particle with
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Figure 3.2: Stiickelberg-Feynman picture  Figure 3.3: Contour for the Feynman
of antiparticles. Green’s function.

momentum —p,, at an earlier time, ¢, and vice-versa. Again, the electric current density
of a positive energy scalar particle carrying a charge +e,

2
AICre) = (mie/M)e" 9o = P15

is identical to the current density, j (_)(—e), for a negative energy scalar particle carrying
the opposite charge, —e. The Stiickelberg-Feynman interpretation of an antiparticle
is as a negative energy particle propagating backwards in time. The antiparticle has the
same mass as the particle and the opposite charge. This interpretation necessitates a new
choice contour when defining the Green’s function. The new contour is shown in figure

B3l

3.6 Projection Operators

Let us now construct a few projection operators that will become useful later These are
operators that project wave functions onto (a) the positive energy and negative energy
states respectively, (b) states of definite helicity and (c) states of definite chirality.

3.6.1 Energy

We can use the orthonormality and completeness of the eigenfunctions in ((3.4.23) and
(13.4.24)) to construct the projectors onto positive and negative energy states as follows

As(p) =Y 0P () @0 (p) = %ﬁmc. (3.6.1)
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from which it follows that

A (p) = D (p)

AT (p) =0

A_yp{P(p) =0

Ay (p) = o) (p). (3.6.2)

They satisfy the relations

Ai(p) = A+(p)

TrAL(p) =2
Ashy =0
Ap(p) +A-(p) =1 (3.6.3)

so A4 (p) projects onto particle states and A_(p) projects onto antiparticle states.

3.6.2 Spin

To construct the projectors onto states of definite helicity is straightforward because they
will be eigenstates of the helicity operator,

— o T D 0
S p=5"0G0" =5 <00p ) , (3.6.4)

H = S .
o-p

St =

which commutes with the Hamiltonian. In fact, it is clear that
1
Hy) = i?ﬂg)
_ 1 (_
Hy() = 598, (3.6.5)

A positive eigenvalue is to be interpreted as denoting the state for which the spin is parallel
to the direction of propagation (“right handed”) and a negative eigenvalue denotes the
state for which the spin is antiparallel to the direction of propagation (“left handed”).

Notice that for antiparticles it is w(__l) that is of positive helicity; we can understand why
this is so if we remember that, for a particle momentum p the antiparticle momentum is
—p , so for right handed antiparticles both the momentum and spin are antiparallel with
the particle momentum (and therefore themselves parallel).

We can now define the spin projection operator as follows

Sy == (142H) (3.6.6)

| =
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from which its action on the helicity eigenstates

Sty = v, sl =0
sy =0, D) =9

o) =0, 2ot =)

s_pl) =7, =9 =0 (3.6.7)
and the identities
»2 =%,
Tr(S4) = 2
Yi¥r =0
Y4 =1 (3.6.8)

are straightforward.

3.6.3 Chirality

Because 7° anticommutes with v#, the solutions of the massless Dirac equation,
ichy" 0, =0 (3.6.9)

will also be eigentstates of 4°. Now because 752 = 1/c%, it has two eigenvalues, viz.,
+1/c, which will therefore characterize the independent solutions of the massless Dirac
equation. The eigenfunctions of 4° form the chirality basis. But what are the solutions
of the massless Dirac equation? Notice that one could not simply take the limit as m — 0
of our solutions in (3.4.23) and (3.4.24) as the normalization would not make much sense
in this limit. For massless particles, we use a different normalization condition (which
could also be used for massive particles if desired) that reads

d>7
(2wh)3
(here we do not use t,(x)iy (x) because this would be undefined; we use 2|E| in the

normalization because 1) transforms as the time component of a vector density). The
massless eigenstates are then

37 B B
/ 7 ¢1(7+)T(t, 77)1/;](;/) (t,7) = 2‘E|5(ﬁ_ﬁ/) _ / w}(? )T(tﬂ?ﬁbé /) (t,7) (3.6.10)

(2wh)3

o) = VIET ([} ) v

tX+1

o5 = VIET (X7 ) v (3.6.11)

FXF1
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and we see that
e (@) = £ (2)
P (@) = Fol (@) (3.6.12)

so for massless particles (only!) the helicity and chirality bases coincide. Define the chiral
projector

1
P = 5(1:&67) (3.6.13)
then
Pw(:l v, PM“ =0

) _

ryl) =0, P =)

+7/’+1 7/) 1 ¢71

P_w(+) =0, P—¢(+ ¢(_—1)
) _

PJ/JH = ¢+1 , P_ 1/1 (3.6.14)
and, moreover,
P2 =Py
Tr(Ps) = 5
Pi+P =1 (3.6.15)

are straightforward.

The chirality operator does not commute with the Hamiltonian of a massive particle
and so chiral eigenstates will not be solutions of Dirac’s equation if m # 0. However,
because of the fourth identity in , we could decompose any solution of the Dirac
equation for massive fermions into chiral components,

Y =Pp+ P ap =1+ (3.6.16)

(but neither 14 nor ¢»_ would be solutions of the massive Dirac equation). One can show
that

3" = = s F o = g+ (3.6.17)
becomes the sum of chiral currents, but the term
V= Gy + B (3.6.18)

is necessarily mixed. Thus the mass term can be viewed as arising from an interaction
that transforms the chiral components of the spinor into one another. Indeed one can
define the axial current vector as

i =i = 3% = 9y, (3.6.19)
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which satisfies the conservation equation
Oujhy = 2imy (3.6.20)

on shell, and so is conserved only if the field is massless. The current, j#, however, is
always conserved.

3.7 Lagrangian Description

We now want to make our way to a Lagrangian description of the Dirac field. We will
begin by asking ourselves about all possible bilinear covariants that can be constructed
from the wave function t(z), its hermitean conjugate and the gamma matrices. Then
we will propose a Lagrangian density from which the Dirac equation can be derived by
Euler’s equations.

3.7.1 Bilinear Covariants

Starting with the linear transformation of ¢ () in (3.3.8) and the equation for S in (3.3.11)),
we have

() = ¥ (a) = Sy (x)
G(@) = ' (2) = (779510 = (40510 (3.7.1)
——
Now a very useful property of 4V is that
2yt = (3.7.2)

as can be checked explicitly. This property obviously translates to arbitrary products of
the gamma matrices

At = (0 0) (02 Lt = T e (3.7.3)

and, by extension, to 2**. We could then could use either (3.3.15)) or (3.3.16) to show

thatfl R R
2408140 = 571 (3.7.4)

and so conclude that B N -
P(x) = P (a') = P(z)5~1 (3.7.5)

In this way we obtain the following bilinear covariants:

8Problem: Prove this.
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e (x)1h(x) is an invariant, or scalar.

o U (2 )y () = P(2)S IS (x) = LPat(x)y* () and therefore Yyt is a vec-
tor.

!/

o O (2)oM i (3') = LMo LY gip(x) 0Py (x) is an antisymmetric tensor.
e Consider ¥/ (/)7°¢/(2) = 1()(S~14°S)(x); now
§_175S = 4'euya55 BV 7’63'\

7 ~ ~

= 4|6,uuoz,6’(s 7“5) (5_17B5>

A
= ewaslis P A = L] (3.7.6)
so its sign depends on whether Lisa proper or an improper Lorentz transformation.
Under a proper transfgrlmation, hyPp transforms as a scalar. However, under a
parity transformation ¢ (/)% (z') — —(2)y°¢(x), i.e., Yy transforms as a
pseudoscalar.

e An identical argument will show that ¥y“+>1 transforms as a pseudovector.

3.7.2 Action

It is now easy to see that the Dirac equation may be derived from an action principle by
Hamilton’s principle, exactly as were the equations describing the scalar and electromag-
netic fields. The required action is

S = —th/d4a: ¥ <“5> -~ ”;:) b (3.7.7)

where we have introduced a new (and commonly used) notation, which we henceforth

follow: @ dof 7 - 9. From here it follows that the mechanical dimension of ¢ is [¢)] = [=3/2,
The action is invariant under Lorentz transformations, Parity and Time Reversal.

It is also invariant under global gauge transformations, x — 2’ = z, ¥(z) — ¢'(2') =
e“)(x), where « is constant and can be made invariant under local gauge transformations
(o depends on z) by the same procedure we employed for the scalar field. If we introduce
the gauge field, A,(x), which transforms as , and the covariant derivative as in
then it is straightforward to show that

he? /d% m <“_> mc) b, (3.7.8)
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where

= — = .

VD=9 —ighA) —o(P +igh)y (3.7.9)
is indeed invariant. The combined action of the spinor field and the interacting electro-
magnetic field would then be

_ ) —
S = —hc2/d4x [¢ (;zp - ";LC) b+ A%CFWFW : (3.7.10)

where F),, is, of course, the Maxwell tensor of the electromagnetic field. The equations of
motion follow by Hamilton’s principle,

(ihﬁ —me)yp =0
@(zhﬁ +me) =0
O, F" = heypyyp (3.7.11)

where the first two equations follow respectively by varying with respect to i and 1,
whereas the last follows by varying with respect to A,. The first pair of equations are the
Dirac equation for ¢ and 1) respectively in the presence of an interacting electromagnetic
field. The last equation is familiar from electrodynamics, when

g = he*ipytp

is interpreted as the matter current four vector density. This term arises as a consequence
of the global gauge invariance of the free field action as we will see in the following section.

3.7.3 Non-Relativistic limit

Let us take a closer look at the first equation (drop the arrow indicating the direction of
the derivative’s action). First, we rewrite it as

v, v m?2c?
- ﬁlD (thlp —me)p =0=~"+"D,D, + ?w, (3.7.12)
where we use i) 1) = mcp. Moreover, because
v 1 14 14 4 v
=5 AT DA = A (3.7.13)
it follows that ((3.7.12)) becomes
2.2
— DX+ 5D, Dyp+ = ap = 0. (3.7.14)

h2
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Again, ¥*¥ is antisymmetric so

S DDy = S5 (D, D) = — s 3.7.15

uv—§ [,LU V]__E pv ( )

and the Dirac equation can be rewritten as

; 2.2
2 tg v m-c

We could go back to expressing this in terms of the momentum and energy operators; if

we set hg = e (the “electric charge”) and

7

D“_>h

(pu — €eAy), (3.7.17)

then (3.7.16)) turns into

ieh

—L§EWEW+m%2¢:O (3.7.18)

(Pu - eAu)2
This is not the Klein-Gordon equation in the presence of an electromagnetic field. The
difference lies in the second term, which is an entirely new feature introduced by the Dirac
equation.
We get a feeling for its meaning when we look at the non-relativistic limit of this
equation. Noting that

1 _ o
(P = e4p)® = = 5(B = e¢)” + (51— eA)?, (3.7.19)
where ¢ is the electric potential and A the vector potential, let us set £ = mc? + Ey.,

where E} .. is the non-relativistic energy of the Dirac particle which we take to be much
larger than e¢. Then

(E — e¢)2 = (mc2 + By, — e¢)2 ~ m2ct + 2m02(En.r, —ed) (3.7.20)
and therefore -
2B~ ed) + (5 eAP = TR 6 = (37.21)
or ~
(P —eA)? ieh

— —Y*"E,| . 7.22
+ e am m (0 (3 7 )

En.r.w = [ m

The first two terms on the right can be identified with the Hamiltonian of a scalar particle
and would lead to a Schroedinger equation of the form we are familiar with. The last



3.8. CONSERVATION LAWS 121

term on the right represents a coupling of the spin of a Dirac particle to the external
electromagnetic field. In the non-relativistic limit it is sufficient to consider only the
spatial components in the sum,

ih ih,. ih y =~ =

EzﬁWFW ~ EE”FU = Eeijkszk =25.B (3.7.23)

where S is the particle’s spin. Thus we have ended up with

> ™2 L.
Burt) = [Ho + Hinth = K(}”QZA) + e¢>) + <—%S : B) b (3.7.24)

and if we recall that in this limit the four dimensional Dirac spinor effectively reduces to
the two dimensional u”, we find the Schroedinger equation

Auk 1 (e 2\° h, =
in 2 [ (V—eA) —i—e(Z)—;—E-B u®, (3.7.25)

ot 2m \ ¢ m

which will be recognized as the Pauli equation! The interactions with the electromagnetic
field are more complicated in the relativistic case and we would then use the full Dirac
equation (first in (3.7.11))). Continuing with the non-relativistic limit, we see that the

interaction with the magnetic field takes the form Hi, = —fi - B , where
. egS
= 2= 3.7.26
=< ( )

[1Poh

is the “magnetic moment”. Above, we introduced the quantity “g”, called the g—factor.
While, according to the classical theory, g = 2, there are small corrections due to quantum
electrodynamic effects. Experimentally g = 2 x (1 4+ 0.00115965241 + 0.0000030020) for
the electron. For the proton, on the other hand, g = 2 x (1 + 1.79328...). This large
discrepancy from the expected value is due to (and indeed an indication of) the fact that
the proton has structure.

3.8 Conservation Laws

Let us begin with the action for a free Dirac particle in (3.7.7]). In the massless case there
is the obvious scaling symmetry,

r— ' =z, Plx) = () = AT (). (3.8.1)
Therefore, applying Noether’s theorem with
oxY 01 3 - 3
v_ Y v () 9% _ 2 (W) — _°2 92
G s =L G 5\ 21/), G 2¢ (3.8.2)
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gives the (conserved) dilation current density, j* = ©#”x,,, where

on — Zh—cw W+ S, (3.8.3)

as in the case of the Klein-Gordon field, is the conserved energy momentum tensor for
the Dirac field and can be explicitly obtained by demanding translation invariance (when

the equations of motion are satisfied (on-shell), the Lagrangian of the Dirac field vanishes
identically). We could write the orbital angular momentum tensor density as

1
paf po B qiB .o
L 5 (6 ¥ — My ) (3.8.4)

but it is not conserved. The orbital angular momentum vector is determined from L**?
to have its usual form,

Li= —eij’f/di‘” L0 = 37t (7 x ). (3.8.5)

We can also determine the intrinsic spin of the Dirac particle. Using the change in v by
a Lorentz transformation as given in (3.3.15)),

o 1
=L 8.
5eous 1 W (3.8.6)
the spin density turns out to be just
oL &y 0 0L thc—
SHeb — + — = noyeB L. 3.8.7
D(00) 3w wap D(0,0) 5 ¢ {oxetho (3.8.7)

Therefore the spin vector will be
) 3 1
St = e”k/d3 Sk = Z4 7 YT (7 x 7)) (3.8.8)

and in this way we have recovered, by an application of Noether’s theorem, the spin
operator that we had derived in (3.3.3]). The spin is not separately conserved because ©*
is not symmetric but the sum of the orbital angular momentum and the intrinsic spin

MHeB = ppaf 4 graB (3.8.9)

will be conserved.
To construct an orbital angular momentum tensor and a spin tensor that are separately
conserved, we must first determine the Belinfante tensor. The energy momentum tensor
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is made symmetric by applying the prescrlptlon laid out in the previous chapter, i.e., by
the addition of 9\kM¥ to OH 1n 3.8.3)), Wltkﬂ

hic?
P = =2 {2 b (3.8.10)
Using the Clifford algebra one can show without too much difficulty that

ihc?

k,/\p,l/ - _
4

B[yt = ] v, (3.8.11)
is antisymmetric in (A, x). Then, using the equations of motion one has

8,\k’\’“’ _ zhc [

PO + GO + PO — Py By (3:8.12)

and, adding this tensor A* = 9\kM" to ([3.8.3) we end up with the symmetric tensor

o th [

N 1/17”8“14 (3.8.13)

because the Lagrangian density also vanishes on-shell. With this symmetric tensor we
might identify

o0 — 00— I [wﬁw} (3.8.14)

as the energy density carried by the Dirac field and
. A ihe? [— & _
o =t% = % [mo 0" + m%?vﬁ} (3.8.15)

as its momentum density.

Having the symmetric energy momentum tensor, we could define the angular momen-
tum density and the angular momentum tensor in the same way as we have done for the
electromagnetic field. In this way, we arrive at the modified orbital angular momentum
tensor density,

~ 1
naf w8 up .o
L =3 (t " =t ) , (3.8.16)

which is conserved and, from LreB , the modified orbital angular momentum

= /d?’F (7 x @), (3.8.17)

9Problem: Prove this.



124 CHAPTER 3. SPINOR FIELDS

which is also conserved. Similarly, the modified spin density tensor,
~ 1
SrabB — guaB _ 3 (A“axﬁ — A“on‘> (3.8.18)

is separately conserved.
Infinitesimal global gauge transformations of the spinor field,

oy

Y(z) = ' (') = (1 +igda)(z) =G = i i (3.8.19)

and analogously for v, leads to the existence of the conserved current

G = —z@ ¥ = he2py*ap. (3.8.20)

0L
a( ,ﬂﬂ) T ;ﬂﬁ)

The Lagrangian density for spinors interacting with the electromagnetic field therefore
takes the form
£ = Lee + Lint (3.8.21)

where

Line = —g(j - A). (3.8.22)

The interaction Lagrangian density does not contain terms quadratic in the gauge fields
as did the scalar field.
Local gauge invariance of the action in (3.7.10]) leads to the strongly conserved current

JH = co\(FMsa(x)), (3.8.23)

which should be compared with (2.8.6). Again, since «(x) is arbitrary, we take it to be a
constant and discover that

JH = c6adyFM™ = (he®y™ip)da def jHéa, (3.8.24)

where j* = hc?1py*) is the source current for the electromagnetic field in the equations of
motion. One sees a generic feature of minimal coupling once again: the Noether currents
associated with gauge symmetry can be expressed in terms of the field strengths with no
explicit reference to the source. Defining the Noether charge,

Q= —g/d3fj° = —gc/ 7O F = fE ds, (3.8.25)

we recover Gauss’ law. (As before the infinite family of currents generated via local gauge
invariance is redundant.)
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3.9 Hamiltonian

If we begin with the Lagrangian for the Dirac field and determine the momenta in the
usual way, we find that the momenta do not involve the field “velocities” [1]

08 _ _ihet o

oL ihc®
™= —= —_— = —
ob 2

= = —". (3.9.1)
o0

, T =

This was to be expected because the equation of motion is first order in time and not
second order, but it means that the field “velocities” cannot be determined in terms of
the momenta and therefore that the above should be viewed as primary constraints,

b ih202 — ihc®—

A, D=7+ Tw'yo. (3.9.2)

We must apply the Dirac-Bergman algorithm. Begin with the canonical Hamiltonian
densit

and write the primary Hamiltonian by introducing two multipliers, p and 7,

mc

H, = /d3F (® + P+ H.) = /d% [wb + ®p + he* (;7? - h) w] . (3.9.4)

This gives the canonical equations

b =p

b=

7 = hc? [;MWO + ’L@'yzgz + n};c¢] )

T = hc? [—;'you - z’ylgﬂb + 77;;1#] (3.9.5)

Consistency requires that ® = 0 = ®, which give the conditions that fix u and 7 (they do
not lead to secondary constraints). Straightforwardly, one finds
1

) " me = rme
x =it in' B — TR0 = Gr oy I - ==Y

Y0Observe that 7 = c2y°xt.
1Pproblem: Show by using the equation of motion that . is the energy density, ©°, obtained in (3.8.14)
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I

— — = mc— w — 0= imc
X =i+ 0i+ P ~0 = 5 =Yy 0+ ==

=0
W Yy (3.9.6)

Inserting these expressions for p and @ into H,,, we get

) . o . 2
My = / d’r [02 <—1Wv°<5i + “ZCW) (W - m;vow)

. 2 .
+ (4 000 (=0 T - )

e (5070 -5 o]

= 2 /d3F [—dwifyogm - ﬂvovigﬂl) + % (7 — wwow)] (3.9.7)

The canonical equations of motion now coincide with the Euler-Lagrange equations.

A simple calculation confirms that the Poisson Brackets between the constraints do
not vanish, so they are all second class. This means that if we want to quantize the field
then the Poisson brackets must be replaced by Dirac bracketsE We can also determine
the number of local degrees of freedom carried by the Dirac field. The Dirac spinor has
4 complex components or 8 real ones, so n = 8. There are no first class constraints, but
there are 4 complex second class constraints, or 8 real ones, so we have 8 — 8/2 = 4 real,
local degrees of freedom. Two of these are associated with the Dirac particle and two with
the antiparticle.

12Problem: Determine the 2 x 2 complex valued matrix C,x of Poisson brackets between the constraints
and then evaluate the fundamental Dirac brackets for the Dirac field.




Chapter 4

Yang-Mills Fields

The need for locally interacting, dynamical fields that act as “carriers” of forces between
particles follows directly from the requirement of Lorentz invariance. The only question is
what properties the force carrying fields must have to best describe the kinds of interactions
found in nature.

We have seen in previous chapters that just as the need for force carrying fields follows
from Lorentz invariance, both the most salient properties as well as the dynamics of at
least one of these fields, the electromagnetic field, can be determined by requiring yet
another kind of symmetry: local gauge invariance. It is therefore natural to think of the
symmetry as fundamental and of the electromagnetic field as arising as a consequence of
the symmetry. Following this line of reasoning, we ask if the gauge symmetry used to
“derive” the existence and properties of the electromagnetic field can be generalized to
describe other fields that carry information about the other fundamental forces of nature.
The answer is affirmative; Yang-Mills fields are the generalization we seek for two more of
the four known fundamental forces of nature, viz., the “weak” and “strong” interactions.
Thus three of the fundamental forces are “gauge” theories and Gravitation, as we currently
understand it, must be dealt with separately.

4.1 Gauge Groups

The relevant generalization of the gauge symmetry of electrodynamics makes use of di-
rect products of compact, simple Lie groups and U(1) factors. In the simplest case of
electrodynamics, this is just U(1). In the standard model of particle physics (excluding
gravity) it is SU(3) x SU(2) x U(1) and describes the strong, weak and electromagnetic
interactions in that order. All compact, simple Lie groups can be represented by finite
dimensional matrices and fall into the following categories:

e SU(N), with N > 2 can be minimally represented by N dimensional unitary matrices

127
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of determinant one (this is called the fundamental representation).

e O(N), with N > 2 can be minimally represented by N dimensional, real orthogonal
matrices. Requiring the matrices to have unit determinant leads to the subgroup

SO(N).

e Sp(2N), with N > 1 can be minimally represented by 2N dimensional real, sym-
plectic matrices, i.e., matrices, O satisfying the property

OTwO=w, &= < 0 1NXN>
—1NxN 0

Any group element, g, that is connected to the identity can always be represented as

A

U(g) = 9"t (4.1.1)

where g is a constant, a® are the parameters of the group and f, are hermitean matrices
called the generators of the group. The number of parameters required determines
the dimension of the Lie group, dim(G). The number of generators must obviously be
the same as dim(G) and is not to be confused with the dimension, N, of the matrix
representation, U(g) of g. The generators satisfy commutation relations

[art] = Fapte, (4.1.2)

called the Lie Algebra of the group G. The constants fg, are called the structure
constants of the group and they are antisymmetric

fab = =Jra (4.1.3)

as follows directly from their definition. There is another identity that the structure
constants must satisfy and this one follows from the Jacobi identity

~

[Eas [Eb, Eel] + [Ees [Eas Tol] + [Eb, [fe, Ta)] = 0, (4.1.4)

which implies that
waloe+ foafas + fiafoa = 0. (4.1.5)

It is now easy to see that any set of structure constants will determine one set of generators
of G by taking [T}] =1 =11l C The dimension of this representation is dim(G) and
it is called the adjoint representation of the group G.

In this chapter we will begin by discussing pure Yang-Mills fields. Then we will go on
to discuss the adjustments that must be made to describe the actual interactions observed

!Problem: Use the Jacobi identitity to prove that the generators T, satisfy the Lie algebra of G.
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in nature. We consider a set of N fields that transform locally as a vector under some
irreducible N x N representation U(g) of a compact Lie group G For convenience, begin
with a set of scalar fields,

o' (x)
¢?(x)
P(x) = N (4.1.6)
o ()
and let . . R . . o
d(x) = ¢ (z') = Ulg)d(x) = 9"l g(z) (4.1.7)

(¢ transforms as a vector under the action of G in the N x N representation of {f,}).
Infinitesimally,

56/(2) = iga® (x)t, ¢/ () (4.1.8)

where t, are the generators of the group G. Our immediate purpose is to construct
Lagrangians that are invariant under local transformations of the type in (4.1.7)).

4.2 Gauge Invariance

The electromagnetic field, discussed earlier, arose by requiring an invariant action for the
scalar field under transformations that are a special case of the transformations in (4.1.7)).
There, the Lie group G is just the abelian group, U(1), of unitary transformations of the
field. Taking a cue from our construction for the electromagnetic field, we realize that we
should introduce a gauge field, A,‘j, that should transform simultaneously under a gauge

transformation of gg But how must it transform? To answer this, we must construct a
gauge covariant derivative, which we define to be

Dy = 8,1 —igAtt, < 9,1 —ig4, (4.2.1)
where flu = Affa, in components,
Dyl = 8,6 — igAstl, & = 8,6" — ig Al (42.2)

with the requirement that, under the gauge transformation of (4.1.7)),

Dué(z) = D¢ (a') = UD.o(x). (4.2.3)

2 An irreducible representation of a group has no nontrivial invariant subspaces. Any representation of
a semisimple Lie group can be decomposed into a direct sum of irreducible representations.
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Then under the general non-abelian gauge transformation of (4.1.7)),

Dué — D\ (2/) = [9,1 —igAL)U = U [aua +U10,0)6 - z‘gU*lA;w] (4.2.4)
So covariance requires that
(U 19,0) (4.2.5)

or

AL =UAT + ;U&MU’I, (4.2.6)

which reduces to the familiar gauge transformation of electromagnetism if U = eioo@),
For an infinitesimal transformation, i.e., retaining the parameter a® only up to first

order,
SAY = 0ua — ig fnAbal. (4.2.7)

The first term is, of course, familiar from electrodynamics. The last term is new and
owes to the non-abelian character of the symmetry group G. Notice that the right hand
side of has the same structure as because the structure constants serve as
generators in the adjoint representation, i.e., f. = [Tb]“c and we could set AZ foe = Aje
This means that a® transforms as a vector in the adjoint representation of the group.
Indeed, the covariant derivative acting on vectors V® in the adjoint representation of G
(disregarding any space-time indices that may be present) can be given as

Dy = 8,1 —igAlTy, < 9,1 —igA,, (4.2.8)
where [fl“]“c = AZ pe = Ajc. In components,
D,V = (0,V* — igfALVC) (4.2.9)
and, in particular, becomes
JA% = Dya. (4.2.10)

The covariant derivative of a vector in the adjoint representation can always be expressed
in matrix form as

D,V =08,V —iglA,,V]. (4.2.11)

where V is defined as V = VT}. This, of course, is equivalent to (4.2.9).
With the covariant derivative in (4.2.1), the following action for the complex scalar
field,

s == [ ds (0D, (D3 + V()] (4:212)



4.2. GAUGE INVARIANCE 131

is guaranteed to be gauge invariant provided that UTU = 1. Any group G that satisfies this
condition is a unitary group. The unitary groups that satisfy the additional condition
|T|| = 1 are the special unitary groups, SU(N) (here the N refers to the smallest
dimension of the matrix representation of a group element). Henceforth we will confine
our attention to unitary and special unitary groups. We must now construct an action for
the gauge field. Following the prescription laid out by our treatment of the electromagnetic
field we determine the Maxwell tensor for this field,

[Blta ﬁu](g d:ef —Z'QFWJ;, (4213)
which easily gives
F = 0,A, —0,A, —ig[A,, A (4.2.14)
or (F;w = ngfa)
Fl, = 0,A% — 0, A5 —igfi, AD AS, (4.2.15)

Notice that, according to its definition, the Maxwell tensor must transform under a gauge
transformation ad?
Fu(x) = F,(2") = UFu(z)U™ (4.2.16)

i.e., as a mixed, second rank tensor. Therefore the quadratic form Tr(F WF M) is a gauge
invariant Lorentz scalar. This is precisely what we need to complete the scalar field action,

A o> A o - C N ~
S == [ dt [p(D,3)!(D.8) + V() + % Te(Fr ). (1.2.17)
The last term can be rewritten using
Tr(E ") = Fo F¥ Tr(taty) = ka Pl F™ (4.2.18)

showing that the symmetric matrix ., = Tr(f.fp) and its inverse can be used to lower and
raise indices according to, for example, F4" = kg, F b The matrix Ky, must be taken to
be real for the Lagrangian density to be real.

Using Kqp, consider the structure constants with all lowered indices, defined as

def m
fabc = ’Qamfbc (4219)

It turns out that for all semi-simple Lie algebras the structure constants will satisfy the
cyclic property,
fabc = fcab = fbca~ (4220)

3Problem: While this transformation is obvious from the definition of FW, it is instructive to show this
by starting with the definition in (4.2.14) and applying the gauge transformation of A, in (4.2.6).
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We can prove this as follows:
[ta, o] = ftm = [ta, to)tn = [Emtn (4.2.21)

and taking the trace of both sides gives
Fnar = Tr(tatpty — tytatn) (4.2.22)
so (4.2.20)) is merely a consequence of the cyclic property of the trace. Taken with the
antisymmetry of the second two indices, this guarantees that fu,. is totally antisymmetricﬁ
The field equations that follow from the action in (4.2.17) are

—D'Dyé +V'(|8))6 =0

DoFH = D, FeH - igfuALEG = (1) (DHG) — (D461 (5] . (4.2.29)

na‘-atm
Cc

The left hand side will be recognized as the covariant derivative in the adjoint represen-
tation and the result generalizes to the non-abelian caseﬂ

That a similar construction can be developed for spinor fields should be quite obvious.
Starting with IV spinors,
V()
V()
P(x) = (4.2.24)

N (a)
and repeating all the steps performed with the scalar field, we would end up with the
Lagrangian

= [ 3 . R
S = —he? / d'z [w (;zp - ”;f) b+ ﬁTr(FWFW) (4.2.25)

where m = m;d;; is the “mass matrix” of the fermions. The equations of motion are
analogous to those we obtained before with abelian gauge invariance

o R
(ihD) — me)d =0

“Problem: Use the cycic property to show that
DyVa = (0uVa + igfra A V).

for any dual vector in the adjoint representation.
5A consequence of the result in the previous footnote is that the covariant derivative of the Maxwell
tensor can also be written in matrix form as

Do Fo* = 8, F* 4+ ig|Aa, FO™.
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oFOM = he) Loy (4.2.26)
thus generalizing (3.7.11)).

4.3 Conservation Laws

The conserved Noether currents for the free scalar and spinor fields corresponding to trans-
lation and Lorentz invariance (stress energy and total angular momentum respectively)
are straightforward generalizations of their counterparts in the previous chapters.

The canonical energy momentum tensor, the total angular momentum tensor and the
orbital and spin angular momenta of the non-abelian gauge fields all have expressions
that are intimately connected to the corresponding expressions we have derived for the
electromagnetic field. Thus, for example, the canonical energy momentum tensor of the
gauge field,

1
OM = ge | Fr9¥ A2 — ZnWFO‘ﬁ s (4.3.1)

a

is neither gauge invariant nor symmetric. We may define the non-abelian electric and
magnetic fields as

1 .
E¢ = —F% Bf= §eiijaﬂ’f, (4.3.2)
or, in vector form,
Ea _ _ﬁgba _ 8tA'a _ igfl?c¢b12fc
B* = VxA+ %f,fcffb x Ac, (4.3.3)
where ¢¢ = —A§ are the scalar potentialsﬂ They are not gauge invariant, as are their

abelian counterparts. In terms if them, however, we recover familiar expressions for the
orbital angular momentum

L= % / d*7 EF (7 x V) A} (4.3.4)
and the spin angular momentum
Si— z/d3f (E* x A,)! (4.3.5)

SProblem: Rewrite the sourced Maxwell equations in terms of the non-abelian fields, E® and E“, and
obtain their integral form.
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following the methods of the previous chapters. As before, neither is gauge invariant and
neither is separately conserved.
The symmetric, Belinfante tensor is also constructed in a similar way,

1
t" = ge [Fg;aFWa -~ 4nﬂ”FgﬁFgﬁ] (4.3.6)

and from it one may obtain the energy density,

gc (1 = = S o
E= 5 <02Ea - E, + B*- Ba) , (4.3.7)
the momentum density,
¢=2(E" x B,) (4.3.8)
c
and the conserved angular momentum
=7 /d?’F [7 x (E* x B,)]' (4.3.9)
c

of the gauge field.

Local gauge invariance will lead to a strongly conserved current. Consider, for example,
the action describing a scalar field coupled to a non-abelian gauge field in (4.2.17)). For
the scalar field, we have

00" = igty;6a°¢?, 56" = —igty;6a% ™ (4.3.10)

and for the gauge fields,
0AY = 9,0 —igfi Absal, (4.3.11)

Carefully inserting these transformations into (2.2.14)) we find
JH = coy(FM5a%), (4.3.12)

which, of course, obeys 0 - J = 0 because of the antisymmetry of FM Remarkably this
is no different from its abelian counterpart. It implies, however, that if we take da® to be
constant and let j4 represent the source currents for the gauge fields then

JH = c(ONEM)6a = (j# — igef, AL F M) 60 (4.3.13)

on-shell. The conserved charge, which we define as

Qo = —g/d3FJ3 = —gc/dSF O F0 = +% ?{ E,-dS, (4.3.14)
S
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is now not exclusively from the matter fields, as it was in the abelian case, but receives a
contribution from the gauge potentials as well,

. 2
Qo = —g/d?’FjS + ng,fa/d:”v? A’ E,. (4.3.15)
C

The first term represents the contribution from the matter fields while the second is a
contribution from the gauge fields themselves. This is to be expected because the gauge
fields also carry non-abelian charge and therefore contribute to the total charge.

The Bianchi identities will follow (as usual) from the Jacobi identity,

(D, [Dy, DA|J6 + (D, [Dyi, )16 + (D, [Dy, D,])é = 0. (4.3.16)
Using the definition of the Maxwell tensor in (4.2.13)), we find
D, Fj\ + DiF, + D, Fy, = 0. (4.3.17)

Contracting the identity with the Levi-Civita tensor, as we did in the abelian case, we
recover the homogeneous equations,

D FO* =0, (4.3.18)

for the non-abelian gauge field.

4.4 Examples

The first use of a non-abelian gauge theory was made by Shaw, Yang and Mills to describe
the proton and the neutron in the nuclei of atoms. It was based on the observation that
the proton and the neutron possess (almost) the same mass and play an identical role in
strong interaction processes. According to them, the proton and the neutron could be

regarded as a doublet,
¢p>
) 4.4.1

This is analogous to the spin % doublet and is called an isospin doublet. Conservation of
isospin leads to invariance under isospin rotations,

Y=y =U(g)y (4.4.2)

where g is an element of SU(2). If this invariance is required to be local we end up with
an SU(2) gauge field theory. The Pauli matrices provide a basis for the fundamental
representation of SU(2) transformations, which we take to be

. 1/0 1\ . 1/0 —i\ . 1/1 0
7“L1_2<1 0>’ t2_2<i 0>’ t3_2<0 —1> (4.4.3)
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satisfying
[ta, ty) = —i€aw te, (4.4.4)
so f& = —iep. It is easy to see that the raising/lowering matrix rqp is given by kg =
Tr(tq, ty) = %(5(11, and that the generators in the adjoint representation are [T,]¢) = —i€q°,
or
R 0 0 O R 0 0 — K 0 2 0
=10 0 i|, a=(00 o], 3=[-i 0 0], (4.4.5)
0 —2 0 1 0 0 0 0 O

which are both antisymmetric and imaginary.

Today the proton and neutron are known not to be elementary, but isospin invariance
still plays a very big role in particle physics. The left handed electron, muon and tauon (or
tau lepton) form isospin doublets with their neutrino counterparts, the electron-neutrino,
the mu-neutrino and the tau-neutrino,

O, 0 @)

but their corresponding right handed particles do not suffer these “weak interactions”.
Likwise, the six quark flavors (labeled up, down, charm, strange, top and bottom) form
isospin doublets according to

(), = {0, (), G 4

Local SU(2) invariance requires three gauge bosons to mediate the “flavor” interaction.
Because we're working with a non-abelian gauge theory, the gauge bosons will interact
among themselves.

Quarks possess an additional quantum number called color, causing them to undergo
“strong interactions”. “Chromodynamics”, the theory of the color or strong interactions, is
described by the symmetry group SU(3). Each quark comes in three colors (say red, green
and blue), which are arranged in a color triplet of fermionic fields, ¢'. The Lagrangian
density

£ = —he’g (2?1 - mc) ¢ (4.4.8)
2 h
is clearly invariant under global SU(3) transformations. If this invariance is made local we
will obtain local color interactions mediated by SU(3) gauge bosons (called gluons) and
described by an action of the type in . SU(3) is eight dimensional, so there are
eight gluons and, because the gauge group is non-abelian, the gluons carry color charge
and interact among themselves.
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A basis for the fundamental representation of SU(3) can be given in terms of the 3 x 3
complex Gell-Mann matrices:

A 1/0; O .
tZ—Q(O 0), 1 € {1,2,3},

L (001 L [0 0 =i
5425000,5525000,

10 0 0 0

L (000 L [0 0 0
5625001,572500—1,

010 0 0

L (100
ts=—=(0 1 0 (4.4.9)
23\ o o

It’s easy to see that Tr(fg, 1) = %5ab. The structure constants (equivalently, the adjoint
representation) can be determined by direct computation.

4.5 Hamiltonian

The Hamiltonian description of non-abelian gauge fields is a straightforward generalization
of its abelian counterpart and one gets very similar results. Beginning with the action for
a pure non Abelian gauge field,

5 = _T/FZVF;W (4.5.1)

we compute the momenta conjugate to Af, and find

0L
= " = gcFM (4.5.2)
¢ 0(0A) @
showing that 79 = 0 is a primary constraint and relating the electric fields to the momenta,
7t = —gE! /c. The Lagrangian density can now be written as
= Spige I papis (4.5.3)

4 e
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and the “velocities” obtained as before:

Af = St 004G — gL ALAG (4.5.4)

We may now write down the primary Hamiltonian density as

9, =AY+ 70 — ¢ iﬂ'éﬂ'? + w0u® 4+ 7wl (0; AL — ig fL AL AS) + %F“F” (4.5.5)

29 ijta

where the lagrange multipliers u® enforce the primary constraints, ®, = 79 ~ 0. We
therefore get the primary Hamiltonian,

H, = [ d°F [;qwgwg + %F;;ng + 7ou® — Agpmg] : (4.5.6)

after an integration by parts, where D; is the covariant derivative acting on the dual vector

(in the adjoint representation), 7. It follows that D;m’ ~ 0 are secondary constraints and,
again as before, the first two terms in the primary Hamiltonian yield the energy density

4 g 1 4 )
%W;wg + %}Q%ng - % [CQEZ@EZL + BgB;] . (4.5.7)

The fundamental Poisson brackets,
{AL(7, ), b (7 1)} pp. = SL6p8° (F — ) (4.5.8)
allow us to derive the canonical equations of motion,
. 5 5 C 3

AP (7, t) ={A{(7,t), Hplpp. = ;F? + 0, Af — g f5. AL A

A7, 1) = {AG (7. ), Hp} p.. = 1

7:‘{1(?7 t) - {772(7?’ t)? HP}P-B- - _chngi

T, t) = {77, t), Hp} pp. = Djml = 0. (4.5.9)
Both the primary and secondary constraints are first class, as is easy to verify. The
Lagrange multipliers u® therefore cannot be determined. There are then 2 x dim(G) first

class constraints, so the number of degrees of freedom is (4 —2) x dim(G), i.e., two degrees
of freedom for each generator of the Lie group.
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4.6 The 't Hooft-Polyakov Monopole

The Dirac monopole is a singular solution of an Abelian gauge theory (Maxwell’s equations
with magnetic sources). The 't Hooft Polyakov monopole is a singularity free, topological
soliton that arises in spontaneously broken Yang-Mills theories. Before considering the
problem of solitonic solutions in non-Abelian gauge theories, however, let’s look at what
has occurred in the examples we have worked out through a slightly different lens.

In the “A¢*” theory in one space dimension, both spatial infinity and the space of
solutions consist of two points, which we can identify with the zero dimensional sphere,
S9. Thus the boundary condition, lim;| 00 () = £v can be thought of as a map from
the boundary of space to the space of boundary configurations: the kink maps the point
at —oo to the solution ¢ = —v and point at +oo to the solution ¢ = +v and the anti-kink
does the opposite. Then, of course, there is the trivial solution that maps both infinities to
a single point in the space of boundary configurations. As we have seen, the maps cannot
be deformed into one another, neither can they be deformed into the trivial map that
takes both spatial infinities to the same vacuum. This is guaranteed by the fact that each
of the solutions possesses a distinct conserved charge, ). Likewise, in the vortex solution
of the Abelian Higgs model, the boundary of two dimensional space is the circle S and
so is the space of vacua, defined by |¢| = v. Thus the boundary condition, lim, . |¢| = v
can be thought of as a map from the spatial boundary, S at infinity, to the S* of the
boundary configurations |¢| = v. Maps of this kind are characterized by their “homotopy”
which counts the number of topologically inequivalent maps possible. In the case of the
maps from S' — S distinct maps are characterized by integers, as in ¢ — ve’? for any
integer k. This map takes a single turn around the boundary S! to k turns around the S!
of configurations |¢| = v and the dependence of @) on the integer k indicates that maps
with differing values of k£ are inequivalent.

In fact, inequivalent maps from the n sphere, S™, to the n sphere, S™, for any n > 1,
are always characterized by a single integer. So, in 3+1 dimensions, where the spatial
boundary can be thought of as the two sphere, S?, scalar fields whose space of boundary
configurations is M, will be characterized by the homotopy of maps from S? — M. If M
is also S? then they will, once again, be characterized by integers. Thus, for the simplest
example, we are led to consider a gauge theory of real vector fields, ¢%, transforming under

SO(3) and governed by the Lagrangian in (4.2.17)) with

vileh =5 (197 —?)". (46.1)

As before, we will pick the temporal gauge, A = 0, and assume time independence, which
together lead to the equations of motion,

~D'Dig +V'(|])¢ = 0
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Vi +ig AT = * |(16)/(D'6) — (D'6)! (1ad)] - (4.6.2)
The identity map from S? to S? indicates that we should choose an asymptotic behavior
lim ¢ = v, (4.6.3)
r—00
and seek solutions of the form
¢ =uvf(r)r (4.6.4)

with f(r) — 1 as r — oo. The scalar field points raidially, so this ansatz is sometimes
referred to as the “hedgehog” configuration.

For the Higgs model, the scalar potential term in the expression for the energy of the
configuration

= [ &7y m<j@+w@H€ﬁWﬁww] (4.6.5)

vanishes at infinity with our choice in - To have the scalar kinetic term also vanish (in
the interest of finiteness) at infinity, we must require that quﬁ =0, or 0;¢" —ig(A%,)" ,¢° =
0 as r — oco. We find{] ‘

{ xJ

lim Aa = Eﬁaijﬁ (466)

T—00

(is pure gauge) and therefore make the ansatz

a Z a :L‘]
where A(r) — 1 as r — oo. The scalar and vector field equations then read,
" 2 / 2 3 A— 2 202
ot = 5A=-107 f-p'f7=0
A 2gv°
A= 5 (2-34+ ) + - =0 (4.6.8)

where ;12 = Av?/4. As in the case of the vortex, these equations are second order and diffi-
cult to solve, but, as we have seen, essential properties of the solutions can be determined
without explicit solutions.

Let us now consider the BPS equations. According to Derrick’s conditions ,
in D = 3 we must have F3 — (Ey + 3E2) = 0 and E; + 6E2 > 0. The first requires
E2 = %(E;g — El) so that

2 . . 9 . . L
B== (El[quﬂ + 2E3[A]) - 3/d3F [n”(Digb)T (D;d) + %F” FJ} (4.6.9)

"Problem: Prove this. Show that A¢ is pure gauge and find the gauge transformation, U.
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which can be written as
gc 1 2 2
E=%Z [ &7 | F7+ ——é*Dé —Z_IRE . Dyl . 4.6.1
3/ ' ( N ’“d’> T Do (4.6.10)

As the first term is clearly non-negative, we have a lower bound on the energy of the

system,
2 RN -
E> :F\éﬁ /d3fe”kﬂj - Dy, (4.6.11)

which is saturated by solutions satisfying
L 1 . -
Fii4 — kD=0 (4.6.12)
Vgc

These are the BPS states.
't Hooft has argued that the antisymmetric field strength tensor

Fuw = Fup - ¢ — —€aped? D" D, 6° (4.6.13)

@ |

may be identified as the field strength tensor of a U(1) gauge field, where Pt = ¢* / |gz§|
The new field strength can be written as

Fouv = My, + Hy, (4.6.14)
where

M,, = 0,B, — 0,B,

B, = AlL¢"

mw:%m&@&@& (4.6.15)

and we may define the magnetic current as

: 1 1 can o
JH — _%8V*}“MV — 5(9”*}[#1' - @€abc€w/a58u¢aaa¢baﬂ¢c (4.6.16)

It is immediately obvious that J* is a topological current as its conservation is a conse-
quence of the antisymmetry of the Levi-Civita tensor. The conserved charge is

1 .. N, 1 y N
= / B J0 = ke, / &7 800,80 0,0° = — / &7 Tk ey 0, (¢a0j¢bak¢0)
29 29
(4.6.17)
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and, by Gauss’ law, the last is re-expressed and evaluated as the surface integral

Q=— / 45 Ase ™ gy d20; 800 d° = 2 (4.6.18)
29 Js2, g
using the asymptotic behavior of ¢(z) in ﬁ This result is reminiscent of the vortex
solution in the two dimensional Abelian-Higgs model.

We learn that the magnetic charge in non-Abelian gauge theories also does not originate
in any local symmetry of the action but is rather (in the case of SO(3) gauge theory) an
invariant of a mapping between two spheres, viz., the spatial boundary at infinity and
the boundary configuration of the field. The mapping is provided by the scalar fields
and the result in is for the identity map. In general, let ¢, a € {1,2}, be a
parametrization of S2, then z¢ = z%(£%) and

1 o
dS n; = §eijkea58ax28@xjd2§, (4.6.19)

so we find that )

Q=— / A2 € 4o 0P 959", (4.6.20)
29 Jsz,

It is now easy to see that the integrand is simply the solid angle subtended by the boundary

configuration. While the coordinates £ cover the two sphere once, the field configuration

may cover it an integer number of times (so that the field may be single valued). Therefore,

for a general, single valued map,

_ Ak

9

Q (4.6.21)

where k € Z, in line with (2.10.42)). X
Finally, as » — oo, D,¢ — 0 and F,,, = F},, - ¢. The lower bound of the energy in

(4.6.11]) can be expressed as

2 .2 y
EZzF\éﬁ/aﬁf’ewkak(Fij. )= ”g/ﬁ dS Tipe Tt Fy, (4.6.22)
s2,

If we identify the U(1) magnetic field, B¥, with J€*F;; then

v /gE NV,
E> ;%@B e ?” ¢ (4.6.23)
m g

where & = @)/4w is the magnetic flux.

8Problem: Using (4.6.3) and (4.6.6)) derive the charge Q.



Chapter 5

The Standard Model

Gauge invariance requires the gauge bosons that mediate the force field to be massless.
This is observed for electrodynamics (the photon) and chromodynamics (the gluons) but
it is not observed in the case of the flavor changing interactions. Experimentally, this
“weak” force is short range and mediated by three massive particles, two of which, the
W, carry electric charge and the third, the Z9, is neutral. The problem is to build a
theory of particle interactions mediated by massive spin one bosons. One of the great
intellectual accomplishments of the twentieth century, among many, was the discovery
that the flavor changing interactions are in fact described by a gauge field theory even
though the gauge bosons are massive. The central idea is that “particles” of any field
theory are actually excitations of the field around some vacuum, which is generally chosen
to minimize an effective potential. If the minimum of the effective potential is non-trivial,
i.e., if the field acquires a non zero value in its minimum configuration then one may
ask for an effective description of the theory by perturbations of the field around this
vacuum. It turns out that although the Lagrangian of the system may be invariant under
a certain set of symmetries, the lowest order pertrubations about the non trivial vacuum
do not necessarily obey all those symmetries. An effective description of the field and its
interactions, built out of these lowest order perturbations, generates masses for those gauge
bosons that correspond to the “broken” symmetries. This is the underlying mechanism of
“spontaneous symmetry breaking”, which we now describe in some detail.

5.1 Spontaneous Symmetry Breaking: Toy Models

Consider first a single, real scalar field, ¢(x), with potential V(¢(z)) and action

1
5= / A e[ 8,00, + V (9)
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V(¢)

Figure 5.1: Potential for spontaneously broken symmetry (real scalar field)

The classical minimum energy configuration is given by the minimum of the potential,

ov 0*V
— =0, —5 >0. 5.1.1
Take, for example, the ¢* theory, for which the action is invariant under the discrete
transformation ¢ — —¢ and

V($) = g2* + gad™. (5.1.2)

For there to be a global minimum energy configuration we must require g4 to be positive.
If g9 is also positive there is a single global minimum at ¢ = 0. If, however, g2 is negative
(it can no longer be interpreted as related to the mass of the field), then there is a local
maximum at ¢ = 0 and two global minima located at

|92
10) + 5.1.3
0 v 204 ( )

The configuration ¢(z) = £v corresponds to the lowest energy and therefore most stable
configuration of the scalar field and the constant v is called the vacuum expectation
value or VEV of the scalar field. Taking v as the background value of ¢(z), consider the
field of small perturbations of the scalar field around this value, setting

¢(x) =v+ H(x) (5.1.4)

then, because v is constant, the Lagrangian density for the small perturbations, H(z),
reads

1
&= -5 [nMVauHaVH + 2|go| H? 4+ /8g2|gs H?® + g4H4} + const. (5.1.5)
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Figure 5.2: Potential for spontaneously broken symmetry (complex scalar field)

which describes a scalar field, H, of positive mass and both H? and H* potential terms.
Notice that the action for H, although derived from the action for ¢, is not invariant
under the transformation H — —H on account of the appearance of a cubic term in the
potential. The original reflection symmetry of the action (¢ — —¢) does not survive
in the effective description but only in the relationship between the three coefficients
of the polynomial potential. Thus although the original Lagrangean theory is reflection
symmetric, the vacuum of the theory is not and one says that this symmetry has been
“spontaneously broken” E]

This gets interesting when we consider a complex scalar field with a continuous global
U(1) symmetry,

§=- / dh [ (0,67)(0,0) + V(18] (5.1.6)

where we will take
V(|¢]) = gal8l* + galo|*. (5.1.7)

An infinite number of global minima of the potential exist at

lp] =v = \/'29;', (5.1.8)

whenever g9 is negative and they are all connected by U(1) transformations, i.e., rotations
in the complex ¢ plane. Let us define the (two) real fields of small perturbations about

!This is what happens in Landau’s mean field description of ferromagnetism. For example, the zero field
Landau free energy of a one dimensional, ferromagnetic material would have a ¢* potential like the one we
have dealt with here, where ¢ represents the magnetization of the material (an “order” parameter) and the
coefficents g2 and g4 depend on the temperature. At high enough temperatures both go and g4 are positive
and the ground state is completely disordered (¢ = 0). At temperatures below a critical temperature, T,
the coefficient g2 becomes negative and the system settles into one of two possible magnetized states.
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the vacuum as
o(z) = [v+ H(z)]?® (5.1.9)

The VEV, v, represents is a fixed vector in the complex ¢ plane oriented along the real
axis and so it destroys the U(1) symmetry of the vacuum.
Rewriting the potential term in terms of H(x) and 6(x) we find that only the former
appears,
V(I6l) = —lgalv + H)? + galv + H)'] (5.1.10)

and the potential looks precisely like (5.1.5)). The scalar field 0(z) appears through the
kinetic term, which now reads

— 0" [0,HO,H + (v + H)*0,00,0] (5.1.11)

and involves derivative interactions between H(z) and 6(x). Notice that the field H(x),
which represents “radial” fluctuations, about the trough of the minimum, has the usual
mass term, whereas 6(x), which represents fluctuations along a direction in which the
potential is “flat” i.e., in the direction of neighboring vacua, is massless. 0(x) is called a
Nambu-Goldstone boson and this is an example of Goldstone’s theorem, which states:

e For every generator of a continuous global symmetry that is spontaneously broken,
there will appear one massless scalar particle.

This theorem was at first considered to be a serious problem with spontaneously broken
symmetries, but it was discovered, a few years later, that if the broken symmetries were
local instead of global then the degrees of freedom associated with the massless Nambu-
Goldstone bosons become associated with the zero helicity modes of the gauge bosons,
giving them a mass.

In light of this, consider the action for scalar electrodynamics,

S = / diz [n“”(Duqb*)(D,,gb) F V() + %FWFW : (5.1.12)

Take the scalar field potential to be the same as before,

V(19]) = g2lo|* + g4l9|* (5.1.13)

and, as before, assuming that go is negative, pick ¢(z) = [v + H(x)]e?®, with v =
\/192]/2g4. This time, consider the kinetic term for the scalar field:

(D,¢*) (D! ) = 0, HO"H + (v+ H)?9,00"0 — 2g(v+ H)*A*0,0 + g* A*(v+ H)? (5.1.14)

The first three are just the kinetic energy terms of the fields H(x) and 0(x) as well as
some derivative interactions between the two. The last term, apart from the interactions
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between A, (z) and H(x), contains a term that has the form of a canonical mass term for
the gauge fields. This is

ggauge mass — _92U2A2 (5115)

corresponding to a gauge field mass

24
291 2 (5.1.16)

=2,
that depends on the VEV of the scalar field. Notice that this is ultimately scalar elec-
trodynamics, which is known to be a consistent quantum field theory. By spontaneous
symmetry breaking and a simple field redefinition to fluctuations about the new global
minimum of the potential, we are able to have a description involving massive gauge fields.
The theory continues to be a consistent quantum field theory, but now with massive gauge
fields in its spectrum. We do not know of any other way in which a renormalizable theory
of massive gauge fields can be obtained. It comes at the cost of introducing the Goldstone
bosons and a range of unusual interactions between the fields.

Now a massive vector field has three, not two, degrees of freedom so it appears that an
extra degree of freedom has sneaked into our system. This would, of course, be inconsis-
tent, so let’s show that it is not the case. The action for the scalar field is invariant under
the gauge transformations

p(x) — ¢ (x) = 2@ p(x) = [v + H(x))N@+0@)]

We could pick a gauge, A(x) = —0(x) and let A, — é@,ﬂ(m) = B, (). In this gauge the
action becomes

S = —/d4a: {n“VaﬂHayH + 2|go| H? + LL%-LFWFW + ¢*v’ B+

+ ¢*(H? + 2vH)B? + g4(4vH? + H*)| + const.,  (5.1.17)

where F,, = 9),B,), and the Goldstone boson has been “gauged away”. In this way we
end up with only one massive scalar particle, i.e., H, a massive vector field, B,, and no
Goldstone boson. The total number of degrees of freedom have not changed: we began
with four degrees of freedom, two for the massless vector field, and two for the complex
scalar field. We end up with four degrees of freedom, one for the massive scalar field and
three for the massive gauge field: one of the original scalar degrees of freedom “turned
into” the longitudinal degree of freedom of the vector field! The gauge in which only
the real degrees of freedom survive in the Lagrangian of the effective theory is called the
unitary gauge.
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5.2 Goldstone’s Theorem

It is important to keep in mind that in choosing a vacuum and expanding about it we
have not in fact lost the symmetries of the Lagrangian. While the full theory remains
invariant under the the original symmetry group, it is the choice of vacuum that breaks the
symmetry. Different choices of vacua are related by transformations of the full symmetry
group. This distinction will become useful in generalizing the results above. We will be
interested in counting real degrees of freedom, so let us examine a set of N real scalar fields
transforming as a vector under a real representation of some Lie group, G, and described
by the action

1 ) .
5= [ dlaln 000,04 V(&) (521)
which is invariant under the global transformations
¢— ¢ = lag (5.2.2)

where f, are the generators of G. Because we are considering a real, N dimensional
representation of G, the generators are all imaginary. Moreover, if G is compact then we
can choose the representation to be unitary and therefore orthogonal so that faij is both
imaginary and antisymmetric.

Before proceeding, it will be necessary to formalize what we mean by the mass of a
field excitation. Suppose that the vacuum state of the field is given by ¢ = v*, for some
constant vector ¥. The matrix

1 0V
i = g 600 | - (5.2.3)
¢=0

is called the mass matrix of the theory. We do not expect M to be diagonal in general
but, if it is diagonalizable, let A; be its eigenvalues. If the vacuum is chosen to be a mini-
mum of the potential we are guaranteed that M will have only non-negative eigenvalues.
In this case, we set \; = m2c?/h? for real m;. Now, because M is a constant, symmetric
matrix, it can be diagonalized by a constant, orthogonal transformation, S. Therefore, let
MP = SMS1 = (m?c?/h%)6;; be the diagonal form of M. Expanding V(¢%) about the
vacuum, i.e., letting ¢' = v’ 4 ', we would get

V(¢') = const. + ' M;;¢’ + ... (interactions) (5.2.4)

because the first derivative vanishes at the minimum of the potential. The term that is
2 1 1

quadratic in ¢ can be put in the form @’ngw’j = m2y¢'iy", where @ = S@ are called

3
mass eigenstates. Mass eigenstates have masses determined by the eigenvalues of the

mass matrix.



5.2. GOLDSTONE’S THEOREM 149

The kinetic term in (5.2.1)) is manifestly invariant under the action of the group. For
the potential also to be invariant,

oV =1ia® gq‘;

must hold as well. A global minimum exists at ¢* = v* if and only if both

thi¢! =0 (5.2.5)

P1%
9

=0 (5.2.6)

v;
and the mass matrix
1 0%V

—

v
has no negative eigenvalues. We will now show that to every symmetry of the Lagrangian
that is not a symmetry of the vacuum state ¢' = v’ (a broken symmetry) there must
exist a zero eigenvalue of M. This is the mathematical statement of Goldstone’s theorem.
Taking the derivative of the invariance condition in (5.2.5) with respect to ¢*, we find
2
000V _4i 4 4 g

14 )

so at the global minimum of the potential we would have the relation

a0 2V vl =0 = 2M ;00 (5.2.9)

(1o ad)kad)iﬁajv— = k0", 2.
where we set dv' = ia“tfljvj. If it happens that tfljvj # 0, for some a, then it follows that
t! v7 is an eigenvector of M;; with zero eigenvalue. Therefore the mass matrix has a zero

aj
eigenvalue for every broken symmetry, which proves Goldstone’s theorem.

5.2.1 Examples

As an example, take a set of three real scalar fields transforming under global SO(3)
transformations and let .
¢

b=[02]. 6= ¢ =e29ag, (5.2.10)
¢3

where t,, a € {1,2,3} are the generators of SO(3). Imagine that the potential is given as
before by

-,

V(16]) = 926 - & + 9a(¢ - 6)° (5.2.11)
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where gy < 0. It will have a minimum at

> 92|
=22y 5.2.12
|| 201 ( )

as before and we can take the vacuum to be, for example,

do=7= (5.2.13)

S O O

Only 3% = 0 (rotations in the “xy plane”), so the other two generators (which involve
rotations of the “z” axis) are broken symmetries of the theory and we expect two Goldstone

bosons. Indeed, if we compute the mass matrix we find that

00 O
./\/lij: 0 0 0 . (5.2.14)
0 0 2l
has two zero eigenvalues]

Consider also a doublet of complex scalar fields transforming under global transforma-
tions belonging to the group SU(2),

b= (2; I;jﬁ) L b P = s Gy, (5.2.15)
where &, are the Pauli sigma matrices. We take
V(9,6) = 920" + 94(670)", (5.2.16)
which has a minimum at g2
2
o'e = %0 = v’ (5.2.17)

if go < 0, and the vacuum state can be taken to be

bo =T = <0> : (5.2.18)

2Problem: Take

and determine M;;. Find the matrix S that brings M to diagonal form.
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Evidently, 6,¥ # 0 for all a, so by Goldstone’s theorem we expect the mass matrix to have
three zero eigenvalues (three Goldstone bosons), considering that SU(2) is three dimen-
sional. One could take the following “polar” parametrization of the small perturbations

about the vacuum,
K¢t
¢ = ((v i H)€i92> , (5.2.19)

then expanding the scalar potential we find
V($,0") = g2(v + H)? + ga(v + H)" + 294 K> (H? + 20H) + g1 K*, (5.2.20)

which shows that H appears with a mass of mgy = 2|g2| and K, 6; and 6, are all Goldstone
bosons.

5.3 Non-Abelian Gauge Groups

Let us now couple the real scalar fields to local gauge fields by requiring local gauge
invariance. The action we must consider is then

1 1
S = / d'z [zn“”DngbTD,,qﬁ + 5V(¢>ngs) + %ngng : (5.3.1)

where “T"” indicates the transpose, and we expand the kinetic term about some VEV, v,
of ¢'(x), as we did in the U(1) case. We will find

- 5[8M¢T8”g0 + 2ig Al (v' + ¢")0up’ + g (v + @’)Akaﬁj(vJ + ¢7)], (5.3.2)
which contains the canonical mass term for the gauge field,
1 A
’ggauge mass — _1927}] {taa tb}jkva#aAZ (5'3'3>

along with several derivative interaction terms and defines the the mass matrix

2h4 o
(m%)ab = 9202 v o, tp } 0" (5.3.4)

This mass matrix makes it clear that gauge fields associated with unbroken symmetries,
i.e., with generators for which £, = 0, get no mass whereas those associated with broken
symmetries, t,7 # 0, become massive. Had our two previous examples been local gauge
theories, two of the three SO(3) gauge fields would have acquired a mass and one remained
massless, whereas all three of the SU(2) gauge fields would become massive.
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The entire action can be rearranged as

1 1
S = —/d4:v [QDugoTD“cp + iV(v + o)+ = F. F

02

—i—ﬁ(mi)abAZAb“ - igAfjvi(Dugoj) (5.3.5)
The last term contains interactions that vanish for the unbroken symmetries, since Azjvj =
A tfljvj = 0 for those symmetries. They are therefore interactions that are peculiar to
the gauge bosons that have acquired a mass by spontaneous symmetry breaking.

A naive count of the degrees of freedom makes it appear that we have increased the
number of degrees of freedom by precisely the number of newly massive gauge bosons
simply by the our choice of vacuum. This cannot be correct of course and we want to
argue, as we did before, that the Goldstone bosons are spurious degrees of freedom that
can be eliminated by a suitable choice of gauge. Suppose we represent by 7, the generators
of G that correspond to broken symmetries (i.e., 7,0 # 0, let there be p of these) and
by t4 the generators that correspond to the unbroken ones (there will be dim(G) — p of
these). It is easy to see that the generators that preserve the symmetries of the vacuum
form a subalgebra of the algebra of G and generate a subgroup, H, of GG, called the little
group of the vacuum, since

[ta, iU = figtmT =0, = t, € H (5.3.6)

i.e., f4p = 0. This means that all three of foap, faap and fap. vanish because of the
antisymmetry. Thus we also conclude that

[ta.tB] = fSplc
[fAv 7A_Oé] = fza%’y
o F3] = fhigta + fls%y (5.3.7)

To generalize the “gauging away” of the Goldstone boson to the non-abelian case, we
begin by expressing ¢(z) as a G transformation of fields, J(z), that do not contain any
Goldstone bosons. In other words we express ¢(z) as

¢'(x) = U'j(2) (! + ¢ () (5.3.8)
where U € G. Now any element in G can always be parameterized as

U(z) = i @7aci0? (@)ia (5.3.9)
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and the statement that ¢(x) should contain no Goldstone bosons is the statement that
J(x) is orthogonal to all the massless eigenvectors of the mass matrix. But, according to
Goldstone’s theorem, the massless eigenvectors of the mass matrix are just linear combi-
nations of v, therefore we should have the condition

(v + goi)Ti‘;vj =0= cpiT{;‘»vj (5.3.10)
(because T is antisymmetric))°| These are p conditions on the fields, so there will be N —p
independent fields contained in F(z). Furthermore, any @ ’(z) related to @(z) by an H
transformation will also satisfy this orthogonality condition and therefore

G+ @) =T+ (5.3.11)

simply amounts to a redefinition of ¢(z). The only elements of G that yield new, inde-
pendent fields in (5.3.8) must belong to G/H, i.e., we can take

—

P(z) = @7 (7 + F(x)) (5.3.12)

In this form, it is easy to see that the fields #%(x) can be eliminated by a gauge transfor-
mation, as in the U(1) case. In fact, (5.3.1) is invariant under the transformation

$(x) = ¢ (2) = U(x) = eA"ag(x)

together with

~

Ay B, = UA0 + 109,07,

so with the choice A* = —f® and A4 = 0 (the unitary gauge), direct substitution into
(5.3.1) will give

2

5= [ s | 0,87 (04 + V() + SR+ o

QAR RV @ 2h4 (m2B)abBZBbu (5313)

where ‘
¢ (x) ="+ ¢'(x) (5.3.14)
and(m?)ap is the mass matrix
2h4 o
(m%)ab = 9202 v {ta, to}ja0” (5.3.15)

30ne solution is obviously ¢*(x) = H(z)v’. This solution is also left invariant by the action of {4 € H,
since they annihilate v, so there will be at least one massive vector field.
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and F, = 8[HBg} + g fbféBZB,‘j. There is no longer any mixing term because goit?jvj =0
for all a. The spectrum consists of dim(G) — p massless gauge bosons corresponding to
the little group, H, and p massive gauge bosons corresponding to the p broken symmetries
interacting with N —p massive, real scalar fields generally referred to as the Higgs bosons.
All interactions are determined by the original gauge theory and the choice of VEV, v?, of
#. The masses of the massive gauge bosons are determined by the eigenvalues of (m?)q
and by the VEV. The masses of the Higgs fields are determined by the scalar potential
that fixes the vaccum state.

5.3.1 The Example of SU(2) x U(1)y

Consider a local gauge theory of the four dimensional product group SU(2) x U(1)y with
scalar fields and the usual ¢* potential we have been studying. The subscript “Y™” is used
to indicate that the U(1) factor is not directly connected with electromagnetic charge. It
is usually referred to as the “hypercharge” factor. Let the scalar fields form a vector of
the 2 x 2 complex representation of the group. The group generators satisfy

(64, 64] = —ieijkon

[V,6]=0 (5.3.16)
and can be chosen as the three Pauli matrices in (4.4.3|) together with

~ 1/1 0

Y = 5 <0 1) (5.3.17)

for the hypercharge. We will represent ¢(x) by the complex doublet of fields
¢1> (sol + i802> " .
= = . , = (o7, ¢3), 5.3.18
¢(x) ( & S o' = (¢71,93) ( )

where @;, i € {1,2,3,4} are real fields, and take the vacuum of the theory (after sponta-
neous symmetry breaking) to be given by

b0 = <O> (5.3.19)

v

with real v = \/|g2]|/2g4. All degenerate vacua will be obtained by acting on ¢g by
an SU(2) x U(1)y transformation[] The chosen vacuum state breaks the SU(2) x U(1)
symmetry leaving the little group H = U(1)g; we readily verify that

yia(ds+7) (2) _ (2) (5.3.20)

“The scalar potential of the ¢* theory has a symmetry group that is actually the group O(4) ~ SU(2) x
SU(2) of rotations of the four real scalar fields ;.
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is the only transformation that leaves the vacuum invariant, so

~

Q=2535+Y. (5.3.21)

generates U(1)q.

Three of the four symmetries are broken, so we expect a gauge spectrum containing
three massive gauge bosons and one massless gauge boson. The scalar spectrum will
consist of one massive Higgs field, H(z), and three Goldstone bosons, 0%(z); we take the
scalar field to have the form

_i(0Y(2)6140%(2)62 40" (2)6_) 0
p(x) =e <v +H(x)> (5.3.22)
where
N N - 0 0
6_=03—-Y = <0 _1> . (5.3.23)

To simplify the algebra, we will now used rescaled fields as discussed in the problem of
§2.6. In the unitary gauge, our Lagrangian density will read

1 — — 1 — 1 1
- _ 4 - 8" - a iz Hv
e /d x {Q(Dm) (D"6) + 5V(I0]) + Wi, Wi + - BwB™ |, (5.3.24)

where we have defined

- 0
o(z) = (v + H(x))
W, = W +igfpWOWs, 64 € SU(2)

7
By = 0By
Dud = (0, — igWioq —ig' B,Y)d, Y € U(1)y. (5.3.25)

The mass matrix for the gauge fields is found to be

2.0 0 0
0

g
3 | 0 2 0
2y _ g
(=730 0 2 —ad (5.3.26)
0 0 _gg/ g/2

but we are interested in expressing our effective Lagrangian in terms the mass eigenstates
of the gauge bosons, since these are what we observe. To do so we should diagonalize the
mass matrix.
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This is easily accomplished by the orthogonal transformation

10 0 0
0 1 0 0
Srs = 0 0 cosBy sinfy (5.3.27)
0 0 —sinfy cosby
with ,
_ 9 . _ g
cos by = sin Oy = (5.3.28)

The angle 6y is called the Weinberg or weak mixing angle (hence the subscript). It
depends in the coupling strengths of the SU(2) and U(1) factors according to

/
tan Oy = g—.
g

and the diagonal form of m? will be

L > 0 0 0
(m2D)rs = Z:Q 8 902 g2 Eg& 8 (5.3.29)
0 0 0 0
This leads us to define the linear combinations
Z, = cos OWWS —sin 6w By,
A, = sinfy W) + cosbw B, (5.3.30)

so that Z,, will end up having a mass proportional to > + ¢ and A, will be massless.
Further, considering that W,i’Q have the same mass, we could also define

1
Wi = (W, £iW5) (5.3.31)

With these field definitions, let us rewrite our original Lagrangian density.
Beginning with the scalar field kinetic term, we have

. . A ~ > A ) y O
D, = (3u1 - zg(Wl}tfl + WE@) - 19W3‘73 B Zg/B“Y> (v + H>

—igW, (v+ H)

OuH +i(gW3 —¢'By)(v+ H)



5.3. NON-ABELIAN GAUGE GROUPS 157

—igW, (v+ H)
_ (5.3.32)
OuH + i\ g*+ 9% Z,(v+ H)
therefore

(Dud) ' (D*¢) = (0,H) (0"H) + g*W,i W (v + H)* + (¢° + ¢"*) Z,Z"(H + v)*. (5.3.33)

In this term we see the expected masses of the W= and Z vector bosons

h3/2
My =~
2c
Mz = 2tgt=— . 5.3.34
z 2c VY T cos Oy ( )
The scalar potential expands to
V(v+ H) = —|g2l(v+ H)* + ga(v + H)*, (5.3.35)

from where we also recover the scalar Higgs boson mass, My = 2|g2|. The Higgs boson
does not interact with the massless gauge boson, A,. If we think of A, as mediating the
electromagnetic force, this is telling us that the Higgs boson carries no electric charge. It
does, however, interact with the massive gauge bosons of SU(2).

Finally, consider the gauge kinetic terms. While the algebra is tedious, it is in fact
quite straightforward to find that the two terms may be rewritten in terms of the fields
introduced so far as
1
4

1
4
—(sin Ow F,, + cos HWZM,,)WJF“W*”}

—c | =FuF*" + =72,,7" + ig{(cos Oy Z" + sin OWA“)(W:LLW_” - W;,W*'”)
—g*{cos® O [Z2(WT - W) —(Z-WH(Z-W7)]

+sin? Oy [A2(WH - W) — (A-WH(A- W)}

—sin Oy cos O [2(Z - AW - W)= (Z-WHA- W)= (Z-W)(A-WT)]

_%[(W+ W) — WERW (5.3.36)

where Fy,, = 0, A, Zw = 0%, and Wﬁ?, = 8[#Wj}t. The effective theory therefore
describes
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One massless, neutral vector boson, A, (z), corresponding to the only unbroken
gauge symmetry we called U(1)q,

e One massive, neutral vector boson, Z,(x),
e One (conjugate) pair of massive, charged vector bosons, W= (z), and
e A neutral scalar boson, H(x), (the Higgs field).

The theory has three parameters, viz., g, 8y and v, therefore if the masses of the W,
7/ and Higgs bosons are known, they should be sufficient to determine these parameters.
Experimentally, it has been found that My, = 80.385+0.015 GeV, Mz = 91.1876+0.0021
GeV and Mg =~ 126.0+0.4 GeV so, directly from the ratio of the W and Z masses we find
O ~ 28.17°. All interactions involving Z,,(x) have a strength of g cos fy and interactions
involving A, (x) have a strength of gsinfy . If we identify gsinfy with the strength of
the electromagnetic interactions then it follows that the strength of the weak interactions
is stronger than the electromagnetic interactions by a factor of csc 6y ~ 2.1182. Thus the
weak interactions are intrinsically stronger than the electromagnetic interactions, but they
are effectively weakened by the large masses of the gauge bosons that carry this “force”,
which shortens the range of the interactions.

This gauge fixed SU(2) xU(1)y theory in fact describes the physical degrees of freedom
of the bosonic sector of the standard model of particles except for the gluons of the strong
interactions. To arrive at the Standard Model of particle physics, all that is left to add to
this model are the leptons, the quarks and the strong interactions.

5.4 The Glashow-Weinberg-Salam Model

The Standard Model refers to the field theory that describes matter and its interactions
as observed in nature, with the important exception of the gravitational interaction. In
our discussion of SU(2) x U(1)y we discovered a portion of the bosonic degrees of freedom
consisting of three massive gauge bosons, one massless gauge boson and one scalar Higgs
boson. The W¥ carry isospins of +1 (in electronic units) respectively, because they
transform in the adjoint representation of SU(2), but they carry no hypercharge. Therefore
they are electrically charged, with charges of +1 according to . On the other
hand, the Z boson carries neither weak isospin nor hypercharge, therefore it is electrically
neutral. The Higgs boson carries a weak isospin of —% and a hypercharge of —1—%, so it is
also electrically neutral.

An essential feature of the electroweak interactions is that only left handed fermions
interact weakly. This was first established in an experiment at the National Bureau of
Standards by the low temperature experimentalist C.S Wu at the suggestion of theoretical
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particle physicists T.D. Lee and C.N. Yang. The experiment studied the [ decay of
polarized Co nuclei,
2Co — BNite™ +7,
or
n—p+e + U,

which occurs by the transformation of one of the d quarks into an v quark according to
d—=u+W —u+e +7,

The spins of the Cobalt nuclei were aligned by the application of an external magnetic
field. The original Cobalt nuclei carried J = 5 oriented along the positive z axis (say) by
the magnetic field, whereas the residual Ni nuclei carried J = 4 also oriented by the same
magnetic field. The difference of J, = 1 was carried away together by the electron and
the anti-neutrino. Since the neutrino and the electron are both spin % particles, this is
explained by requiring both their spins to align with the magnetic field. It was discovered,
however, that the electrons preferred to be emitted opposite the direction of the nuclear
spins and the anti-neutrinos preferred the direction of the nuclear spins (this held true
even when the magnetic field was reversed). Thus left handed electrons and right handed
anti-neutrinos were the preferred decay mode. Many experiments have since confirmed
the conclusion that only left handed leptons (and right handed anti-leptons) participate
in weak interactions.

The fermions of the standard model come in two families, the leptons and the quarks,
each family consisting of six leptons or six quarks. Each family is further separated into
left handed and right handed fermions. The right handed fermions are subject only to a
local U (1) symmetry (there are no right handed neutrinos in the standard model, which is
why the neutrino is massless), but the left handed fermions are conveniently arranged in
three generations of isospin (SU(2)) doublets according to their masses (increasing from

left to right) as follows:
(Vl> (1/@> (I/u) <VT>
l L ¢/L 7 KL ’ )L
(%> L <ﬁ> (8> L <t
dd d L ’ ).’ b ) L

Left handed leptons carry a hypercharge of —%. Neutrinos carry a weak isospin of —l—%,
which makes them electrically neutral, whereas each of the “bottom” left handed leptons,
e, u and 7 carries a weak isospin of —%, therefore all of them possess an electric charge of

—1. All left handed quarks quarks carry a hypercharge of +%. Combining this with the
weak isospin of —i—% for the “up” quarks (again, left handed quarks only) and of —% for

f (5.4.1)
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the “down” quarks, we conclude that the “up” quarks are positively charged at —i—% and

the “down” quarks are negatively charged at —%. Thus a neutron, for example, which is
made out of three quarks: two “downs” and an “up”, n ~ (udd), has a weak isospin of
—%, a hypercharge of —I—% and is electrically neutral, whereas a proton, which is made out
of two “ups” and a “down”, p ~ (uud), carries a weak isospin of —1—%, a hypercharge of —i—%
and a positive charge of +1. Right handed quarks and leptons carry no isospin (they do
not form isospin doublets) and, in each case, their hypercharge is equal to their electric
charge. We may summarize this information in the tables below.

Particle | 63 | V | Q | |Particle [ 63 | ¥ [ @ | |Particle| 63 | ¥ | Q |
Wt [+1] 0 [+1 up, | +3 | +5 | +3 vy |+5]—-35]0
w- [ 1] 0 | -1 dr, —5 | +s | —% Iz - -2]-1
Z 0[o0]o uRr 0 [+5]+3 e | 0010
H —2]+3] 0 dr 0o [-+[-% Ir 0 [ —-1]-1

Each of the fermions has its corresponding antiparticle and the quarks possess an additional
charge, called color, by which they interact strongly among themselves forming bound
states. These strong interactions between quarks are described by an unbroken gauge
theory of SU(3). There are therefore three colors (hence the vector over each quark
flavor) and, because the dimension of SU(3) is eight, the color force is mediated by eight
(themselves colored) gluons. There are, in all, N, = 3 X 6 = 18 quarks and consequently
eighteen antiquarks. Likewise, there are six leptons and six antileptons, therefore the total
number of fermions in the standard model is forty eight. In the bosonic sector, we have
one photon, three massive SU(2) gauge bosons and eight gluons together with one massive
scalar boson for a total of thirteen bosons. Thus the standard model describes the mutual
interactions of sixty one elementary particles. It has passed every experimental test to
which it has been subjected to date.

5.5 Fermions in the Standard Model

The gauge theory of SU(2) x U(1)y is an example of a unification of the electromagnetic
and weak interactions. Later it was extended to include quark matter as well by pos-
tulating the existence of the charm quark in addition to the u, d and s quarks that we
already known at the time. But, because quarks interact via the strong interactions as
well, we must now consider the gauge group SU(3) x SU(2) x U(1)y acting on quarks
and leptons subject to the experimental constraints described in the introduction to this
section. Because of the parity violation associated with SU(2) it will be necessary to
consider separately the left and right handed fermions, with the left handed ones forming
isospin doublets and the right handed ones as isospin singlets. Thus the “matter content”
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of the standard model will be

—

L_ = <Vll> , Ly = {VH-? l+}, Q- = (;ﬁ’_> , Q= {ﬁ-i-v J+}7 (551)

(we include right handed neutrinos here although they were not included in the original
Standard Model. We include them because more recent experimental evidence strongly
suggests that neutrinos do carry a small, but non-zero mass, which would be impossible
without the existence of right handed neutrinos). The fact that the right handed particles
are all singlets under SU(2) implies that they will not interact with the W and Z bosons.
Now this separation into left and right handed particles only makes sense if they are
massless (the chiral projection operator does not commute with the Dirac Hamiltonian
for the massive case), so we will have to begin with massless particles and turn to the
problem of fermion masses afterwards.

5.5.1 Kinetic Terms

It is straightforward to write down the Lagrangian for massless fermions:

ihc? _
o - Z VI P (5.5.2)

fermions

where, taking into account the isospin and hypercharge assignments,
A . - . . 1. -
Dy = 0y —igsGr(1 @ ty) —igWi(6a® 1) — gzg’Bu(Y ®1), forQ_

. R 2
Dy =0, —igsGyta — gig/Bul, for uy

. |
D, = 8, —igsGita + gig'Bul, for d.
Dy =0, —igWiéa +igB,Y,  for L_

D, = 0y, for vy

D,=08,+i¢'B,, forly
(5.5.3)

The tensor product of generators in the first of the covariant derivatives arises because
each of the v and d in
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represents a color triplet.
Let us now expand the covariant derivatives. To avoid the (purely algebraic) compli-
cations of the extra SU (3) gauge invariance carried by the quarks, begin with the leptons,

— _
L= th Z ¢$ P = —@ |:LJD L_ +ﬁl+<5) Vi + lJr<l5> l+:| (554)

leptons l

and fully expand the derivative terms in square brackets:

o] P — i (W3 - tanGWB) ' —igW ~ v
e (P EELS o+ g nons)) (1)
14 (P +igtanOw By + 7. D vy (5.5.5)

or

yl{ —i2g(W3—tan9WlB)}Vl+l—{@+ (W3+tan9W$)}

—igl_W Tv_ —igu, W Tl_ +14(P +igtanOw Bl + 7149 vy
(5.5.6)

The kinetic terms clearly reduce to the expected

SR =N"mPpu +1p1) (5.5.7)

l

(modulo the constant prefactor —ihe?/2) if one makes use of the fact that for any Dirac
spinor Y@ = p_P_ + 1, P1b;. Let us address the interactions. Replace the W3 and
B fields with their mass eigenstates using

Wj’ = cosfwZ, +sinfy A,
B, = —sinfwZ, +costwA,,

then we have
lepton )
gepton - = E < 2(3089 —2 v 7 v —igl Wty —igu Wl

!
1g cOS 26W

2 cos

igsin? Oy -

+igsin OwlAl + —— 1 7 |_ — 7 z+) (5.5.8)

cos Oy

where we used [_Al_ + 1 Aly = IAl In fact, we can get rid of the left and right handed
spinors entirely by simply replacing

Yo =51 £ )
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and we find, after a bit of algebra, that

lepton .
Lt = zl:< m{wz (11— )y —1Z (1 —4sin® Oy — cy )l}
_% {ZWJF(I — AP +TmW (1 - cvs)l} + igsin HWZAZ>
(5.5.9)

In the language of particle physics:

e The first term represents the coupling of left handed neutrinos to the weak, neutral
vector boson, Z,.

e The second term represents the coupling of both left and right handed [ to the weak,
neutral vector boson, Z,,. Note that both the first and second terms have the general
form

FZ (21(1 - ¢y”) — 4Qsin’ bw) f,

"~ 4cos 9W
where ) is the fermion charge and I is its isospin.

e The next two terms permit transitions between left handed v; and [ via the emission
of a weak, charged vector boson, Wﬁc

e The last term is the standard coupling of | with the electromagnetic field, A,,.

(Almost) identical expressions for the kinetic and interaction terms of the quarks will
exist, with the added strong interaction. We could write

ihc? — 2 — R
£:_T Z [QZ_JD Qi +Uir D uir +dir D dit (5.5.10)

i,quarks

where the sum is over all colors, i, and over all generations of up and down quarks. Taking
into account the isospins and hypercharges and repeating the algebra above, we will arrive
at the kinetic term

S =N (W ui + dif) dy) (5.5.11)
i,u,d

and the interaction terms

k . _
e = _ZQSZQZ’GU %

— 8.2 5
+Z< 4cos0 {uZ (1+381n Ow C’y>u
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_ 4
_diZ (1 — g Sin2 6W — C’y5> dl}
—% (AW (1 = ey®)us + wWW ~(1 — ey®)d;}
. . -
—% sin Oy A ug + % sin Oy d; A di> (5.5.12)

where the first sum (over ) is over the color index carried by each quark and the second
sum is over all colors and all generations of up and down quarks. Again, in the language
of particle physics:

e The first term represents the standard, unbroken gauge coupling with the gluon field
(strong interactions).

e The second and third terms represent the coupling of both left and right handed up
and, respectively, down quarks to the weak, neutral vector boson, Z,,.

e The fourth and fifth terms permit transitions between left handed up and down
quarks via the emission of the weak, charged vector boson, W/jt

e The last two terms are the standard coupling to the electromagnetic field, A, with
strengths that depend on the fractional charges of the quarks.

5.5.2 Lepton Masses

In the original standard model right handed neutrinos were excluded because there was
no evidence at the time that neutrinos were massive. Today, however, there is mounting
evidence that neutrinos do indeed have a very small, even by particle physics standards.
Neutrino masses have never actually been measured directly, but a strong upper bound
of about 0.3 eV for the summed masses of the three neutrino generations comes from
cosmology by careful examinations of the Cosmic Microwave Background (CMB), Galaxy
surveys and the Lyman Alpha forrest. Results from the Super-Kamiokande detector have
shown that neutrinos can oscillate, i.e., transform from one type to another. This is only
possible if they carry a mass and results show that there should be at least one neutrino
type with a mass of at least 0.04 eV.

To begin, we will assume that neutrinos are massless and ask how it is possible, within
the standard model, to have massive electrons, muons and tauons. One cannot simply
introduce mass terms because they mix left and right handed particles, which have been
assigned to different multiplets of SU(2), so a term such as

m(Z_l+ + L_l_)
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is not gauge invariant. On the other hand, gauge invariance permits an interaction term
involving a left handed lepton doublet, the scalar Higgs doublet and a right handed lepton,
such as .
> GL &l +he. (5.5.13)
!
where “h.c.” refers to “hemitean conjugate”. Such an term added to the action (by hand)
is called a Yukawa interaction. Expanding, in the unitary gauge, we find

ZGZ (v+ H)ly + 14 (v+ H)_] (5.5.14)

and we see straightaway that the VEV of the scalar field gives the desired structure,
S Gl +141-]=> Gl
l l

of a mass term for each [. Thus if m; is the mass of [, then

hG mic  gmih

= G= = 9,

m; = (5.5.15)
and the Yukawa interaction also implies the following interaction between the [ and the
Higgs,
gmyh
2Mw
whose strength is proportional to the lepton mass, m;.
Now in principle nothing prevents us from generalizing this to

1HI (5.5.16)

SN GuI' @l +hee., (5.5.17)
Ll

where Gjp is a general complex 3 x 3 matrix mixing different generations of leptons. Such
a term would also be gauge invariant and it has the expanded form

(U {_ H)lfGll/l/ + h.C. (5.5.18)
—+
l,l/

Let us use the fact that any matrix, such as Gy, can be diagonalized by a pair of unitary
matrices and may be expressed as,

G=U! Gp U, (5.5.19)
where G p is a diagonal matrix, so our Yukawa interaction term looks like

Z(’U + H)Z_ (fj{[ @D (72)”/ lg_ + h.c. (5520)
Ly
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One can now define the mixtures

Z+ = (U2l
= U)wl-
ﬁl, = (Ul)ll/l/l/_ (5521)

(we have made use of our freedom to define 7;,_ as we please) and re-express the rest of
the lepton Lagrangian in in terms of them as well. We see that this transformation
does not affect the other terms (this is easiest to see through (5.5.8))) but has the effect of
putting the Yukawa terms in the diagonal form

S (v + H)GIL; + hee, (5.5.22)
Ll

where G are the eigenvalues of Gjy. The mass eigenstates, I and vy, are the physical,
propagating states of the theory.

The situation is somewhat different for quarks. Both up and down quarks are known
to be massive, which brings in some added considerations that we will consider below.
We will have to deal with the same issues for standard model extensions with massive
neutrinos.

5.5.3 Quark Masses

As for leptons, we could write a gauge invariant Yukawa coupling of quarks as follows:

> GaQi Pudiy +hc, (5.5.23)
u,d

where we have explicitly intoduced the flavor index “a”. This would give coupling terms
for the down quark

> Gadi-(v+ H)diy +hec. (5.5.24)
d

but not for the up quarks. To get a coupling term for the up quarks we need

Y FueapQi @uiy +hec., (5.5.25)
u,d

where (a, ) label the quark generations and €, is the Levi Civita tensor in two dimen-
sions. This term is also gauge invariant and expands to

Z Fui;_(v+ H)uiy +h.c. (5.5.26)
u
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Both Yukawa couplings therefore give rise to couplings between the quarks and the Higgs
with strengths that are proportional to their masses, since

gmqyh gmgh
= = 5.5.27
U 2MW ) d 2MW ( )
as in the case of the leptons.
Generalizing as before, nothing prevents us from writing the two terms
> Futio(v+ Hyujy +he., > Gagdi—(v+ H)dj, +h.c. (5.5.28)

u,u’ d,d’

for arbitrary complex matrices FandG. Again, each could be diagonalized by two unitary
matrices

F=U{"Fp,Uf, G=UF" Gp US (5.5.29)
where F p and G p are diagonal. Therefore there are now four unitary matrices required
to diagonalize the mass matrices. Suppose we define

U = (UlF)uu/u—
~ F /
Ut = (Ug vy
d- = (U )aard_
dy = (US) gard', (5.5.30)

then we will end up with diagonal Yukawa terms
> Futii-(v+ H)tiy + hee.

u

3" Gadi- (v + H)dyy +hc. (5.5.31)
for the quarks. However, if we now go back to the quark kinetic and interaction terms in
(5.5.12)) and replace all the up and down quarks, (u;+,d;+), by (@, d;+), then we find

that the terms permitting transitions between the (left handed) up and down quarks via
the emission of a charged, weak vector boson become

—ig {E_(Uf’ﬁf W +a. + T w —<ﬁfﬁf”)i_} (5.5.32)
while all the other terms remain form invariant. The unitary matrix

Voxwm = UFUCT (5.5.33)
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is called the Cabbibo-Kobayashi-Maskawa (or CKM) mixing matrix. Since the physi-
cal, propagating states are always mass eigenstates, it says that either (i) the weak eigen-
states of the down quarks should be considered as mixtures of the mass eigenstates; ex-
plicitly,

d\ d
sl =Vexm | 5 (5.5.34)
b b

taking the weak eigenstates of the up quarks to be identical to their mass eigenstates, or
(ii) the weak eigenstates of the up quarks should be considered as mixtures of the mass
eigenstates; explicitly,

u u
c| =Vl |© (5.5.35)
t 0

taking the weak eigenstates of the down quarks to be identical to their mass eigenstates.
Either choice (our’s will be the first) is merely a convention. This mixing will only play a
role in the terms

ig (=~ o= ~ -
- 59 {d VW T A —ey®)a+a W —(1— c75)VCKMd} (5.5.36)

but the effect is dramatic: up quarks of one generation can now have transitions with
down quarks of a different generation by emission or absorption of a charged vector boson,
whereas no such inter-generational transitions can occur via emission or absorption of
a neutral vector boson because the CKM matrix is unitary. In the case of leptons, of
course, neutrinos will always interact only with their partner (an electron neutrino with
an electron, etc.) so long as the neutrino is massless.

5.6 The CKM Matrix

Consider the general case of n quark generations, because it is somewhat instructive (the
standard model has n = 3). The CKM matrix is therefore an n x n unitary matrix and will
be completely characterized by n? real numbers if we count the real and imaginary parts
of a complex element as two real numbers. How many of these real numbers are phases?
We know that a real unitary matrix would have n(n —1)/2 real parameters because this is
the number of parameters of SO(n) given that there are n(n —1)/2 independent rotations
in n dimensions. It follows that
2 nn—1) n(n+1)

2 2

of them are phases. Not all these phases may be observable because there is always a
possibility of absorbing some of them by a field redefinition.
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Now with n generations there are 2n quarks, so suppose we re-phase the quarks by
letting
Uat — €P%ugr, do — €Pdyy (5.6.1)

where ¢, and 0, are completely arbitrary. The mass terms are clearly invariant under this
transformation, since both left and right handed quarks are rotated by the same phase. All
the other terms, except the one in which the CKM mixing occurs, will also be invariant.
In , the net effect of this is to transform XA/CKM according to

VO%KM N 6i(9g—¢a)VO%KM (5.6.2)

A judicious re-phasing of the quarks should therefore be capable of absorbing some of the
phases of the CKM matrix. The question is: how many phases of the CKM matrix can be
absorbed in this way? Now, although there are 2n possible angles, (¢4, 04 ), corresponding
to 2n quarks, only 2n — 1 of the differences will be independent and can actually be used
to eliminate phases in the CKM matrix | This leaves

n(n+1)
2

(n—1)(n—2)

—2n-1)= 5

phases in 17CKM that cannot be absorbed by a re-phasing. For three generations, the CKM
matrix will therefore have three real parameters and one phase. If there were just two
generations (as was originally believed) there would be one real parameter and all the
phases of the CKM matrix could have been absorbed by re-phasing the quarks. Complex
phases in the CKM matrix lead to processes that violate CP. Thus, if there were two quark
generations, the standard model would exhibit no CP Violationﬁ

It remains to parameterize the CKM matrix. Naturally, there are many possibilities
but we will use the one recommended by the Particle Data Group:

Vexkm = RY(61) - U?(62,6) - R*(65) (5.6.3)
where

R 1 0 0

RY(6,) = 0 cosf; sinfy

0 —sinf; cos6y

Problem: Given two sets of n unknown numbers, {z;} and {y;} form the differences z; —y; = a;; where
the differences, a;;, are assumed given. Show that only 2n — 1 of the difference equations are independent.
Then show that the other equations are consistency conditions on the differences a;;.

5The third generation of quarks was in fact predicted by Kobayashi and Maskawa, (in 1973) to explain
the observed CP violation as the neutral K meson (K° = (d,3)) decays to its antiparticle, K= (d,s). It
is currently being studied for neutral B mesons (B° = (d,b)).
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R cos 05 0 sinfye
U?(62,6) = 0 1 0

—sinfye® 0 cos 6y

cosfl3 sinf3 0

R}(3) = | —sinfs cosfs 0 (5.6.4)
0 0 1
This gives .
R CoC3 253 S9e 10
Verum = | —c183 — s152¢3€™  c1e3 — s15983€% 51Co (5.6.5)
1) 1

5183 — Sociczet —81c3 — €18953€" c1C2

where s; = sin6; and ¢; = cos 6;.



Chapter 6

More general coordinate systems

6.1 Introduction

There are many examples of physical systems whose symmetries may sometimes make
their mathematical description much more difficult in Cartesian coordinates. Imagine, for
example, how difficult the problem of determining the gravitational field of a spherical
matter distribution would be in Cartesian coordinates. In such situations we search for
a different set of coordinates, selecting one that is best adapted to the symmetries (for
example it is much easier to find the gravitational field of a spherical mass distribution in
spherical coordinates). A judicious choice of coordinates can not only lead to a mathemat-
ically simpler description of the problem but also to a more transparent one. Similarly,
alternate coordinate systems may be advantageous if the physical system is constrained, or
if it turns out to be difficult to implement the appropriate boundary conditions in Carte-
sian coordinates. If the system is constrained we first attempt to solve the constraints in
parametric form and the parameters then turn into a new set of coordinates. The new
coordinates are not usually Cartesian (for example, think of the problem of determining
geodesics on a sphere). Yet again, if the boundary conditions are not rectangular, we turn
to coordinate systems that incorporate the symmetries of the boundary. A generic feature
of such systems — and one that is exploited in the physical problem — is that one or more
of the coordinate surfaces are curved. They are therefore called “curvilinear” systems.
The use of curvilinear coordinate systems becomes all the more relevant when the
effects of gravity cannot be ignored. According to Einstein’s theory of general relativity,
the gravitational field is properly described by the curvature of space-time. Space-time
becomes a “dynamical manifold”, whose curvature is determined by the matter distribu-
tion and determines, in turn, how matter movesE] In contrast to the examples discussed

LQuote: “Space-time tells matter how to move; matter tells space-time how to curve”, in “Geons, Black
Holes, and Quantum Foam: A Life in Physics” by K.W. Ford and J.A. Wheeler.
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in the previous paragraph it is then impossible to introduce a single Cartesian system or,
often, even any single curvilinear system, in all of space-time.

If the space-time is everywhere Minkowski then it is possible to introduce a global sys-
tem of Cartesian coordinates, 2%, a € {0, 1, 2,3}, and a corresponding set of four constant,
linearly independent vectors, or tetrad {ﬁ(a)}ﬂ such that an infinitesimal displacement is
given by

d5 = (g da®, ds® = d5-d5= (i, - ig))da"da’ = —nedz®da’. (6.1.1)
To get a handle on curved space-times, we assume that every curved space-time is “locally
flat”, resembling Minkowski space in small enough neighborhoods of each point. To be
more precise, by “locally flat” is meant that in some neighborhood of every point, P,

it is possible to find local coordinates, z%, and a tetrad, {ﬂ’(a)}, so that an infinitesimal
displacement within that neighborhood can be represented by

d5 = i(gydz®, ds® = d5-d§ = (i - i)de’da’ = g (P)dz"da?, (6.1.2)
where

ggi)(P) = Tab

g Q@) =0 (6.1.3)

and 74 is the ordinary Minkowski metric. Higher order derivatives of gff;) are not required

to vanish. Coordinates that satisfy the conditions above are called Riemann Normal
coordinates and the tetrad {(,)} is called a Local Lorentz frame (LLF). The normal
coordinates and the LLFs in two neighborhoods are not required to agree even in their
overlap, but the existence of a smooth (i.e., differentiable as many times as desired), local
Lorentz transformation from one to the other in the overlap is assumed. Physically, the
LLFs correspond to families of “freely falling” observers (therefore they are sometimes
called the Local Inertial frames, LIFs). The unit tangent vectors to the worldlines of these
freely falling observers provides a time-like vector for the LLF and at each point one may
define three orthogonal spacelike vectors to complete that frame.

Whether we are dealing with non-rectangular symmetries of a physical system, com-
plicated boundary conditions, constrained systems or curved space-times, the idea is to
introduce a new set of “curvilinear” coordinates, £¥, that cover some finite region of space-
timeﬂ We may then define another tetrad {u(,}, called the coordinate frame, so that

d5 = tyde", ds® = d5- dF = () - i,))de"de” € — g, (€)derde”  (6.1.4)

*We assume a four dimensional space-time, but all the results of this chapter can be easily generalized
to any dimension.

3Henceforth we’ll use the following notation: indices from the beginning of the alphabet, a,b, ¢, ..., will
represent a LLF and greek indices p, v, ... will represent a general (curvilinear) system.
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In general several coordinate systems may be necessary to cover the entire space-time;
we then require the coordinate functions to transform smoothly into one another in the
overlap.

What will be relevant in the following discussion is that it is always possible to find (at
least) one LLF in some neighborhood of every point. Here we will never actually need the
LLF itself, nor will we construct it explicitly, although this is sometimes useful. Our aim
will be to develop some general techniques to describe physics in curvilinear coordinate
systems. Later in this chapter we will address the problem of distinguishing quantities
that represent the actual dynamics of a “curved” space-time from quantities that appear
merely because we have chosen to use curvilinear coordinates.

6.2 “Flat” Space-time

By “flat” we will mean that it is possible to introduce a single Lorentz frame, with coor-
dinates 2% and Lorentz metric 1%, everywhere in space-time, i.e., a global Lorentz frame.
Suppose we perform a coordinate transformation from the coordinates z® to a set of curvi-
linear coordinates, £€*. We will take the new coordinates to be smooth, i.e., differentiable
as many times as we like, invertible functions of the x%, so that we are given {* = £#(x) and
x® = x%(§) (think of the transformations leading to spherical or cylindrical coordinates).
In the Minkowski system, the invariant distance between two infinitesimally separated
points is given by the Lorentz metric

ds? = —ngpda®da®, (6.2.1)

but, using the coordinate transformations, we can relate the differential of z® to the
differential of £&* by the chain rule,

_ 0z
= 36

dz®

dgt, (6.2.2)

and express the distance in terms of the new coordinates, £#(z), as follows

0a" 0"
Nab 8{”’ 85”

ds® = —ngpda’da’ = — ( ) dgtde” = — g, derde”, (6.2.3)

where
_ 0t 0a
uv = nabagu 8&”

(6.2.4)

now gives the distance between infinitesimally separated points labeled by the new curvi-
linear coordinates and plays the role of a metric. In contrast with the metric 7,3, the
symmetric matrix g,, is not constant. As a symmetric matrix it can be expected to have
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ten component functions. However, because our Minkowski system x® is global, g, is de-
termined by just the four coordinate functions, £#(x), and so the ten components are not
all independent. This simplification comes about only because we started with a global
Lorentz frame.

If we define the matrix

a ox®
e“(é) = oer (6.2.5)
then we have
dz® = el deH 9 =l 0 (6.2.6)
RS OEn Hoxa

by the chain rule. The mixed index object e} is called the vierbein (“four legs”) and,
like the metric, it is generally a function of position.
Let {ﬂ’(a)} be a tetrad representing the directions of a global Lorentz frame, say ug) =
(17 0,0, O)a Uy = (07 1,0, O)a Ui2) = (Oa 0,1, 0)7 U3) = (07 0,0, 1) Then
g(#) = u(a)ez (6.2.7)

will represent the coordinate frame since an infinitesimal displacement will have the form

ds =

Sy

(a)d.%'a = (ﬁ(a)€Z)d§M = g(u)dfu (6.2.8)

The metric in (6.2.4) is then the matrix whose components are the inner products of the
() -6

G (€) = Naveiel = () - Up))ehel, = € - € (6.2.9)
and it encodes the vierbein. It is manifestly a scalar under Lorentz transformations and is

invertible as a matrix if the transformation x < £ is invertible. In this case we can define
the inverse metric, g*”, by the condition g"”g,, = dk and find

v O OE”  aet v
g =t o2y = " ELE (6.2.10)
where e
BN = aia' (6.2.11)
We will then have relations analogous to (6.2.6]),
0 d
Il dr® )
d¢t = EFdx?, B = E¥ oer” (6.2.12)

and so EY transforms the coordinate frame into the the Lorentz frame according to

Ty = ENE ). (6.2.13)

“Problem: Check that the identity transformation leads to g, = M.
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EY is called the inverse vierbein because of the orthonormality relations

a Qep a 9e¢v
eZEl’f— Oz ai:&g, and e¢’EY = 0z 0" _ 5v

~ ogr oab wa = Bgn oga W (6:2.14)

which follow by repeatedly using the chain rule.
Transformations of {4} must preserve the Lorentz metric and are therefore Lorentz

transformations,
T 0" o r—1yb
) = g i) = Gy (L7 ) (6.2.15)

On the other hand, if we consider a transformation from one set of curvilinear coordinates,
&, to another set, ¢, which are invertible functions of £, then

—~ _ agA — > A_l by 2 1
€ = gemt = EnAT) (6.2.16)

The vierbein and its inverse have “mixed” indices, therefore:

° eZ transforms as a contravariant vector under Lorentz transformations,
la _ ra b
e, = L%e, (6.2.17)
whereas EY will transform as a covariant vector

EF =B (L7hP (6.2.18)

a
under the same transformations and

e under general coordinate transformations, & — ¢’#, the vierbein will transform as

ey =eg(A71), (6.2.19)
and the inverse as
E'"" = A", EY. (6.2.20)

(Remember that f\, unlike ﬁ, is not necessarily a constant matrix. These transformation
properties imply that the metric in (6.2.4]) transforms (under coordinate transformations)

as
Gy = Jas(A71)2, (A1), (6.2.21)

and
g = AP LAY 5g™P (6.2.22)

but is a Lorentz scalar.
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6.3 “Curved” Space-time

When no global Lorentz frame exists, we take {4} to be the tetrad defined by a Local
Lorentz Frame at each point, p, on the space-time. We can no longer take it to be global, as
we did in the previous secition, but all that we have said before carries over in infinitesimal
neighborhoods of points if one simply defines the vierbein to be the (invertible) matrix that
transforms the LLF into the coordinate frame, {€,,)}, according to (6.2.7). Infinitesimal
displacements are still given by and the metric in the LLF, which is

d5 - d§ = (i) - Up))dada’® = —nepdzda’, (6.3.1)
transforms, in our curvilinear system, to
d5 - d5 = (&) - €))dE"dE” = (—napeel)dEHde” = —g,, dErdg” (6.3.2)

i.€., guv = €),- €, as before. The metric continues to encode the vierbein. The difference in
this case is that, because a single tetrad frame is no longer defined throughout the space-
time, there are six degrees of freedom in choosing it at every point. These are, of course,
the three rotations and three boosts, all of which keep the Lorentz metric invariant. Add
this to the freedom to choose four coordinate functions and we find that all ten of the
metric components are now independent.

6.4 Vectors and Tensors

Whether or not a global Lorentz frame exists, we will always have two frames, viz., the
LLF and the coordinate frame at every point p. Any vector A could be expanded in the
tetrad frame

A= A%, (6.4.1)

where A® are its contravariant components in this frame. We will refer to them as the
LLF components of A. Of course, A itself is independent of the basis in which we choose
to express it and we could use the coordinate basis at each point instead. Then

—

A= Ar¢,, (6.4.2)

where A* are its contravariant components in the coordinate frame. We will call these its
coordinate components. Thus A can be given by specifying either the components A% or
the components A¥. Using the vierbein to transform from one frame to the other, we find
relations between the contravariant components,

A = el A1 (6.4.3)
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One could also introduce the dual vector space and a dual basis in the usual way: (@) and
EW) = EEO@) satisfying

—

0O (i) = 0O - iy = &b, EW(E(,) = EW) - &) =" (6.4.4)

and express any dual vector as

—

&= w, EW = 0,0\, (6.4.5)

where w,, are its covariant components. Then there are relations between the covariant
components of dual vectors as well,

wWe = wuEY, (6.4.6)

in complete correspondence with the relations for contravariant vectors.

It should be clear that the LLF components, A% (A,), of any vector A transform
under Lorentz transformations according to the usual rules but they do not transform
under coordinate transformations. Likewise, the components A* (A,,) will transform under
general coordinate transformations but not under Lorentz transformations. The latter
transform under the same rules as the LLF components, but with A instead of L. As a
vector should not depend on the basis in which it is expanded,

A=Arg, = AN &, =A%, (6.4.7)

implying obviously that
At = AP, AY. (6.4.8)

A completely analogous argument shows that

A=A (AT (6.4.9)

I

is the transformation property of the covariant components. The contravariant compo-
nents and the covariant components transform inversely to one another, so they must be
related by the metric

Ay = guwA”
AR = g A, (6.4.10)

because the metric and its inverse have precisely the required transformation properties.

Knowing how the components of a vector transform, we now wish to know now how

to construct scalars under general coordinate transformations. Given two vectors A and
é, we know that

— A-B=—nu,A°B° (6.4.11)
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is a scalar. Rewrite the above using (6.4.6)),
A-B=(A*e,) - (B'E,) = A*BYE, - &, = g,, A"B" = A"B,,. (6.4.12)

That this is a scalar also follows directly from

AMB), = NG ABs(A1) = 05 A*Bs = A®B,,. (6.4.13)

As usual we will define tensors as copies of vectors, their components in any basis being
given by

T = T“VA"'g(#) (=) g(,,) & é‘()\) = THV)\...E_T(“) (= E(V) X E(A) (6.4.14)

where TH" - and Ty, are the contravariant and covariant components of T respectively.
We could also consider “mixed” components,

— —

T = T'uy"'aﬁ__ 5(,0 ® g(y) o ® E(a) ® E(ﬁ) . (6.4.15)

Components with m contravariant and n covariant indices are said to be of rank (m,n).
The transformation properties of contravariant and covariant tensor components are given
by
T = AP AY g AN TP (6.4.16)
and
-1 —1 —1
Trin.. = Tagy. (A7), (ATH7 (A7) (6.4.17)

respectively. Just as for vectors, the covariant and contravariant components of a tensor
are related by the metric (tensor):

T,LLI/)\... — guagyﬁg)\'ﬂ” Taﬂ'y... (6418)

and
T/u/)\.” = Guadvpgiy--- Taﬁ’y.,. (6419)

and one can interpolate between components in the LLF frame and in the coordinate
frame by simply applying the vierbein and its inverse, just as we did for vectors

T = eleb.. TH,  TH = EMEY.. T
Tw.. = EYEf.. T, Tuw.=che. . Ta. (6.4.20)
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6.5 Differentiation

The derivative of a tensor is supposed to quantify its instantaneous rate of change as we
move from point to point on the manifold. In a global Cartesian basis, this is done by
measuring the difference between its components at infinitesimally close points, p and p/,
and then dividing the change by the separation of the points, finally taking the limit as
the separation approaches zero. This simple procedure will fail in a general coordinate
system because the basis vectors at the two different points, p and p/, differ from each
other. This means that there is no direct way to compare the components of a vector
or tensor at two points. A naive application of the procedure employed in a Cartesian
basis will result in a rate of change that does not have definite transformation properties
under general coordinate transformations. This is unsuitable for applications in physics
because of the principle of general covariance. Below we will consider two ways to define
the “derivative” of a tensor so that the derivative is itself a tensor.

6.5.1 Lie Derivative and Lie Transport

The first derivative we address concerns the change in the components of a tensor field
along the flow defined by a vector field.

Consider a one parameter family of coordinate transformations £#(\, &) which are
such that the A = 0 transformation is just the identity, £(0,£) = £. Let the coordinates
of point p be &. Holding &, fixed, £#(\,&,) represents a curve passing through p at
A = 0. Suppose that we have chosen our one parameter family of transformations so
that the curve £#(\,&,) passes through p’ at dA. Let U¥ (), &,) be tangent to the curve,
UH(0,&,) = UM(&,) is tangent to the curve at p. The (infinitesimally separated) point p’
is therefore

€1 = E1(OX, &) = € + BAU(&,) (6.5.1)

This is the “active” view of coordinate transformations, where they are used to “push”
points along the integral curves of a vector field.

We will be interested in the functional change in the components of a tensor field, T,
induced by the coordinate transformation, i.e., we want to compare the original compo-
nents TH1H2-, . (€) of T with the transformed components, T"#1#2-, . (&) at the same
point, i.e., at the same numerical value of the coordinates, when & = ¢’. Equivalently, we
could compare TH#2-, (&) with T'H1#2--, (£). Therefore, define the Lie derivative
of T along the vector field U in two equivalent ways:

1
[£UT]H1H2~.V1V2M — 61/\1§0 ﬁ [Tﬂluzmljll/g...(é-/) o T/“LLQ.“VIVQ,,,(&-/)] ) (652)
or as
. 1
["EUT]MMQMVIVQ.._ = 61)32105 [T,U»1M2---V1V2m(£) - Tlulu}“l/ll/z-..(g)] ) (6'5'3)
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It measures the rate of change of the functional form of the components of a tensor field
along the integral curves of U.

For scalar functions, we see immediately that this is just the directional derivative, for
if T is a scalar function, f(&), then

FE&) = (€)= f(&) = f(§) = AU"O,.f (6.5.4)
(to order 6)) because f'(¢') = f(&), therefore

1
£uf@) = Jim = [£(6) ~ 7(©)] = U"9,(6). (655)
If T is a vector field, V#(&), then
1
LoV = Jim o [VHE) — V)
= gim = [vee) s oo - Lo
C 5A=0 0N " oEr
1
= lim L VHE) + OUOVA(E) - (8 + 0N0UIV(E)]
= U9 VM — VEGUF = —[ £y U (6.5.6)
and if T is a co-vector field, W, (&)
1 !/ !/ !
[LoW], = 6&?—%5 [Wu(f ) — Wu(f )]
o1 . ogr
= Jim 5 (W€ + AU 0, — S W(e)
1 » K "
= 61/\1210 Y (W (&) + MU0 W), — (67 — 0A, U™ )W, (€)]
= UrOW, + W,d,U" (6.5.7)

and so on for tensors of higher rankﬂ If £yT =0, then T does not change its functional
form as we move along the integral curves of U. In this case, the vector field U is called a

5Obtain the Lie derivative of second rank contravariant, covariant and mixed tensors. In general, the
Lie derivative of a mixed tensor takes the form

[£UT]ILL“2M = U(rao'TullLQmulug“. - TU#2~~~U1V2“-80U#1 ..

viva...

+ TH1H2~-~UV2M6V1 UU + ...

where the ellipsis means that we repeat the terms of each index of the same type.
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“symmetry” of T. ﬁ Note that the Lie derivative of a tensor field T is again a tensor field
and of the same rank as T.
The Lie derivative is linear and satisfies the Leibnitz rule. If @ and b are real numbers{’|

° fU(aA—i-bB) =afyA+bLyB
o LovswvT =afyT+bLyT
e £(A®B) = (LyA) @B +A® (LyB)

When £y T = 0, the tensor T is said to be “Lie transported” along the integral curves
of U. If the metric tensor is Lie transported along the integral curves of a vector field, U,
then the vector field is called a “Killing” field after the mathematician Wilhelm Killingﬁ

6.5.2 Covariant Derivative

The Lie derivative can be thought of as an operator that acts upon a tensor to yield
another tensor of the same rank and tells us how the functional form of its components
changes along the flow of some vector field. However, when we think of a derivative, we
think of the operator (J,, say), which has the effect of increasing the rank of the tensor
and specifies how it gets transported along a curve. In a global Cartesian basis, if T is a
rank (m,n) tensor (m contravariant indices and n covariant indices) then 0T is a tensor
of rank (m,n 4+ 1). But 9T is not a tensor in a general coordinate system, as we will
see below, because it compares components in different bases. We would like to obtain
a derivative operator, V, in general curvilinear coordinates that plays the role of 9 in
Cartesian coordinates, so let us begin with vectors. For this we will need to introduce
some additional structure.

Imagine transporting a vector, fT, from some point p to some other point p’. The basis
vectors are not necessarily constant during this transport — they would be constant only
if the coordinate system is Cartesian. Instead of asking about changes in the components

SMore generally, a tensor T is called Lie-recurrent if there exists a non-vanishing scalar field \(x)
such that
£uT = AT.

"Problem: Prove these.
8Problem: Find the Killing vectors of the sphere of radius r, with metric

ds® = r*(df* + sin” 0dg?)

How many of them are there? A maximally symmetric space is one that possesses the same number
of symmetries as Euclidean space. An n dimensional Euclidean space is rotationally and translationally
invariant and there are n(n — 1)/2 rotations and n translations. Therefore a maximally symmetric n
dimensional space will have n(n + 1)/2 symmetries and Killing vectors. Is the two sphere maximally
symmetric?
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of a vector ff, let’s ask instead how the vector as a whole changes as we move from p to
p’. To do so it is convenient to work with

A= Arg, = A%, (6.5.8)

SA = (§AM)E) + AM(68(,) = (FA")T() + AP (51(s)) (6.5.9)

We see that the change in A is made up of two contributions, the first coming from a
change in its components and the second from a change in the basis as we move from
one point to another. This latter contribution is captured by the second term in both
expressions on the right above.

Now, since the basis is complete, the change in () must be a linear combination of
the @, themselves and likewise the change in () a linear combination of the . Then
let

(5_‘(#) = 5(,,) (5111/107 (517:(1,) = ﬁ(a) (5w“b) (6510)

where 01", (x) and dw?(z) will in general be functions of position. Of course, if (,) refers
to a global orthogonal tetrad, dw®, = 0, but, for the moment at least, let us be as general
as possible and agree to let the tetrad frame change from point to point (in doing so, we
are allowing for space-time to be curved). It should be possible to write the total change,

5A, as 6A = (0AF)E(,) = (0A%)ii(q) as well, so we find
VAN = §AF 4 (oT*,) A (6.5.11)

and
VA = A 4 (dw)A® (6.5.12)

The second term in each expression on the right represents the effect of the changing basis
vectors on the components. The derivative corresponding to the infinitesimal changes 0
given above is called the “covariant derivative” of A",

V0 AP = 0, A +F§VAV (6.5.13)

and the 3-index object Ffj)\ is called a “Levi-Civita connection”. We also find from
(16.5.12))
VAA" = 9y A% + w§ A° (6.5.14)

and the 3-index object w$, is called the “spin connection” (how these expressions gen-
eralize to contravariant tensors should be clear).

Now we have to ensure that (6.5.11)) and (6.5.12)) are compatible, since both refer to
the same vector; this will relate the Levi-Civita connection to the spin connection. Thus,

starting from ((6.5.12)),
(VAA“)g(M) = (V)\Aa)ﬁ(a) = (8,\Aa + w()\leb)ﬁ(a)
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= EL[or(epA”) + when AY)E)

= [0A" + (B (Orep) + Elwiyer) A1

= (A" + FﬁVA”)e*(m (6.5.15)
and comparing the last two expressions above, we find
wipy = €, By TS, — By (Oxey). (6.5.16)

which shows that we can determine the spin connection via the the Levi-Civita connection
and vierbein. Conversely, if the spin connection and vierbein are known then the Levi-
Civita connection is determined. The relation between the two can be put in the more
instructive form
el — TS, ed + whed = 0. (6.5.17)

We will call the left hand side the covariant derivative of the vierbein and say that the
vierbein is covariantly constantﬂ We will assume that the the Lorentz metric, %, is also
covariantly constant, which is equivalent to the statement that wib = wicnd’ is antisym-
metric in the pair (a,b). Often the covariant derivative is represented by a semi-colon and
the ordinary derivative by a comma; for example, 9, A" = A" , and V,A* = A¥,,. This
compact notation can be quite useful in complicated expressions and will be used later.

The Levi-Civita connection measures the rate of change of the coordinate basis as we
move from point to point and, under certain conditions, is computed directly from the
metric g,, as we will now see. Consider the change in the metric as we move from z to
x + dzx,

5g,w = 55@) . 5(,,) -+ g(u) . 55(1,) = (51#"“5(,{) . 5(,,) + g(u) . €(K)5FKV
= 8’Yguu = qugnu + qugufc- (6518)
If we take the combination

OrvGuv + O gy — Ouguy = F—’;ugnv + F—’;ugm + 0 Gk + Fﬁugw - F;’jugm - szgl/ﬁ

9Equation (6.5.17)) is more directly obtained by considering the change in the coordinate basis vectors,
55(1,) = 6(ezﬁ(a)) = (565’&'(&) + wabelb,ﬁ(w = 5F36?\ﬂ'(a),

which implies that
Oxel — TS, €0 + wiper, = 0.



184 CHAPTER 6. MORE GENERAL COORDINATE SYSTEMS

Ly + T e + Tl 9vms (6.5.19)

where we freely use the fact that g, is symmetric, and further assume that the Levi-Civita
connection is symmetric in its lower two indices,

) =0, (6.5.20)
then
8’yguu + 31/97# - 3/191/7 = 2F:ygun (6.5.21)
and it is easy to see that
1

The expression in braces is also called the Christoffel symbol.

A Levi-Civita connection that satisfies is said to be “torsion free” and every
torsion free connection can be uniquely related to derivatives of the metric. This is the
connection on which Einstein’s theory of general relativity is based. However, bear in
mind that this is an additional condition that is imposed on Levi-Civita connection. The
torsion tensor is defined by

[V, Vilo(x) = Tp,0xp(x) = =T, 000(x),

where ¢(x) is any scalar functionm If the torsion does not vanish, the connection is
decomposed into two pieces, one of which is the Christoffel symbol,

[
e, = { " } + K5, (6.5.23)

and the other, K¥%,, is the contorsion tensor. It may be expressed in terms of 7%, but we
will not pursue this here. We will consider only space-times for which the torsion vanishes.

The ordinary derivative, 9, A", of a contravariant vector does not transform as a
(mixed) tensor but the covariant derivative, V,A*, does. The fact that the covariant
derivative transforms as a tensor is of great importance because the laws of physics should
not depend on one’s choice of coordinates. This means that they should “look the same”
in any system, which is possible only if the two sides of any dynamical equation trans-
form in the same manner, i.e., either as scalars, vectors or tensors under transformations

10problem: Sometimes the Torsion is defined as

a def a a a c a ¢
Ty, = Oue, —Ove, + wpeey — Wyeey,.

. Use (6.5.17) to show that this is equivalent to the definition given above.
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between coordinate systems. Thus, covariant derivatives and not ordinary derivatives are
more meaningful in physics.

First let’s see that 0, A* is not a tensor. For the sake of simplicity consider a flat space-
time (for which a global Cartesian basis is available, therefore w$, = 0). Then
gives .

T = (8,8)) - B = a?vg RYET (6.5.24)

so I'Y is manifestly symmetric in (v, ). We have

m A m A m K A A2¢n
DAM 9N D (ag H)_ag o 9A" o P, (6.5.25)

o€ - €M aigx ocr - O PEr IEN OE PENER
The first term on the r.h.s. corresponds to the tensor transformation, but the second term

spoils the transformation properties of 9, A*. Let us then examine the transformation
properties of V,, A*:

VAN = gAML T A

85)\ 85’“ HAY 8§>‘ 825/“ 85’“ ,
= A7 e A7 5.2
aé‘lu aé"y 8§>‘ + 8€/y 85){7 + 867 VK (6 5 6)

If we can show that

aémrw B 8f>‘ aglura 8f>‘ 825,"

= - .5.2
857 VK 85”’ 85‘7 Ay 881, af)‘f'y (6 5) 7)
then we will have
845’\ oE [0A° 85)‘ o' _
AN = — + I A7 = A% = (A~ ALV LA .5.2
Y OEW D7 | OEN + 1y oe D Va (A7) AFGV (6.5.28)

and we will have accomplished the task of showing that V,A* is a tensor. It is not so
difficult to show (6.5.27)). First put it in the form

0 0g™ 087 1, 0N %M 9

b= - 5.2

VK aé-/y aga 85’” Ay 85’” ag)\g,y ag,m (6 ) 9)
and write . B

Il =0Tt = (0,6,)  E" = —&,(9,E™) (6.5.30)

where we have used '), = (0,€,) - Enr as, according to (6.5.24)), is appropriate when the
spin connection vanishes. Then

9T AN 9 (oL L
/1L - _ L s
Flm aé/n 3511/ €y 8§>‘ <3§a L
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L0902 0g" L sy 06 0 9%
= ONE° -B°
‘fm é‘ll/ &'o‘ Ery ( A ) é‘/n é-/u 5)\350 ’Y
A / A 2 ¢/
_ 0o 8‘5ur§7— 0c” 9% o8 (6.5.31)

ag/n 85”’ aga 85”’ 8£>‘6§7 85/;@

which is the desired result. With a little more effort (left as an exercise) we can generalize
the discussion to the case with a non-vanishing spin connectionﬂ Again, notice that
without the second term the above would correspond to a tensor transformation, but the
second term spoils the transformation properties. In fact it is precisely because of the
presence of the second term that V,A* transforms as a tensor. Note also that if the
unprimed coordinates were Cartesian, (o, \,v) = (a,b, ¢), then I'}, = 0 and

ozt 9%t Oz

Ml =~ gg autoweogr ~ 0 (O F) (6:5.32)

which is equivalent to our starting point ((6.5.24)) because €, - Er = o5,
In the global Cartesian basis we are considering, the derivative of a vector is just 9, A°.
If we now transform to the curvilinear coordinates,

oc* 0

b_
Dud - Oz OEn

= (A¥eb) = EF(,A7)eb + BFAY(0,¢) (6.5.33)

so that
eLER0,A" = eLEpEN(0,AY)el + e EpEFAY(9,€h)
= 0, AN+ EpAY(Dyeb) = 9,AN + T AV (6.5.34)

If we think of 9,A4° as the components of a (mixed) tensor in the LLF then, in a general
coordinate system, its components should be given by egEg‘(?aAb. The above equation
shows that its components in the general coordinate basis are given by the components of
the covariant derivativeE In other words, ordinary derivatives of the LLF components of
vectors must be replaced by covariant derivatives in general coordinate systems.
It should be clear that the covariant derivative of a tensor copies the covariant deriva-
tive of the vector. Setting,
T = TH (M) (9 6( )er (6.5.35)

Uproblem: Generalize this to the case when the spin connection does not vanish. Treat W, as a
coordinate vector i.e.,
o
a _ 087 4

Wxp = Tfﬂ
and show that (6.5.31)) is valid in this case as well.
12Problem: Modify this argument to include a non-vanishing spin connection. Employ (6.5.17)).
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we get
0T = 5T”V"'€(u) &® g(,,) + T“V"'(dg(u)) X _’(,/)... + T“V"'g(u) & (55(,,)) + ... (6.5.36)
from which it follows that
Vo TH s = QT 4 TH T 4 T TR (6.5.37)

We have defined the covariant derivatives of a contravariant vector. How about the co-
variant derivative of a covariant vector? For a dual vector, w, we should find

dw = (w,) EW + w, (JEM) (6.5.38)
and we want to know what 6 5 is. Use the fact that
&y - V) =6 = (0€() - W) + &y - (SE®)) =0 (6.5.39)
or
& - (EV)) = —(68(,)) - EW = —(T",)&(w) - EV) (6.5.40)

so that, writing it out in component form and multiplying the 1.h.s. by Eé” ) gives
SEW = — (67" ,)EW (6.5.41)
which should be compared with (6.5.10)) for the variation of €(,). Therefore

86 = (dw, ) EW = (6w, ) EW — ), (6TH,) E*) (6.5.42)
and we could write the covariant derivative of the covector, A,
Vowy = 0wy, — T wie (6.5.43)
and of a covariant tensor, TW,{M
VT, = 05Ty — T3, Do = T, Tn + . (6.5.44)

in complete analogy with the covariant derivative of contravectors and tensors. In partic-
ular we see that

Vyg,w = 8yguy - Ff;p,gffy - Ffﬂ,g#ﬁ = V,yg‘uy =0 (6545)
by (6.5.18]). This is called the “metricity” propertyﬁ The covariant derivative is linear
and satisfies the Leibnitz rule{t]

e V(aA + bB) = aVA + bVB
e VIA®B) = (VA) @B+ A® (VB)

13Using the Lie derivative of the metric (a rank two co-tensor) show that if U is a symmetry of the
metric then it must satisfy

VuUy =V, U, +V,U,=0
The symmetry vectors of the metric are called Killing vectors. In Minkowski space there are 10 of them
corresponding to the 10 generators of the Poincaré group: translations, spatial rotations and boosts.
Problem: Prove these.
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6.5.3 Parallel Transport

Having defined the covariant derivative operator, in a general coordinate system, we may
now define the absolute derivative (or directional derivative, or total derivative, or intrinsic
derivative) of a tensor, T, along the integral curves of any vector field, U, as the projection
of its covariant derivative on U, i.e.,

DyT = (U - V)T. (6.5.46)

The absolute derivative measures the total rate of change of T along any integral curve of
U and is a tensor of the same rank as T itself. It is satisfies both linearity and the Leibnitz
rule.
A tensor T is said to be “parallel transported” along the integral curves of a vector
field U if and only if
DyT = f(\T (6.5.47)

along the curves. Let us consider what parallel transport means geometrically. Let £#(\)
be an integral curve of U and let A be a vector defined at any point, P, on the curve, say
at A = 0. To “parallel transport” A along the curve is to define a vector field along the
curve in such a way that at every point on the curve A remains parallel to itself. This
is only possible if ff, evaluated at neighboring points, changes by some multiple of itself
along the curve, i.e.,

6A =3dg(N)A, (6.5.48)

where g(\) is an arbitrary function of A. If, in addition, we wish to keep the magnitude
of A unchanged as well then dg(\) = 0. Bearing in mind that the changing basis vectors
must also be accounted for, we write this in component form as

DAI = 5EUV, A = 5g(\) A" (6.5.49)
or d o
;%)\VQA“ — (U VYA = ¢/(\) A" (6.5.50)

which is (6.5.47)) for vectors with f(X) = ¢'(N).

For any vector, A, we have

dAr
(U-V)A! = U0, A" + 15, A%) = —= + 15, U7 A% = f(A) A%, (6.5.51)

S0, in particular, if a tangent vector is parallel transported along its integral curves, then

o 2¢n o K "
WY e pore = T BIET )

= — = = .5.52
dA dN? T o dXx dA ) dA (6:5.52)
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gives a very special second order equation for the integral curves. In the next chapter
we will see that this is the geodesic equation (geodesics are paths of shortest distance
between points) when g(A) = In(ds/d\), where s represents the proper distance. For
example, if we identify A with the proper distance, s, itselfﬁ then f(A) =0. In the LLF,
where the connections vanish, we would find simply that

d2 a
T:Q -0, (6.5.53)

This will be recognized as the equation of a “straight line” in flat space. We can now give
a more general meaning to the notion of “straight”: a “straight path” is one along which
its tangent vector is parallel transported.

6.5.4 The Divergence and Laplacian

Consider divergence of a vector, which can be defined as

A
VA" = 0,A" —I—FZ)\A (6.5.54)
But .
Fﬁn = §gup[angpu + OuGpr — 3pg,m] (6.5.55)

and interchanging (up) in the middle term shows that it cancels the last, so

1
Fﬁn = §g“paﬁgpu (6556)

This expression may be further simplified: let g be the determinant of g,,, then

Ing=trlng — dlng = %9 = trg=16g = g"°dg,, (6.5.57)
g
and therefore )
Eﬁng = "0k Gup, Fﬁn = 0. In+/—g, (6.5.58)
which gives
1
VAt = 0,A" + 0 In/—gA" = —=0/—gA" (6.5.59)

v—9
A similar result holds for any antisymmetric tensor (only!), A,

v, AM — Jl_fgaﬂ(\/?gAW) (6.5.60)

5More generally, if s is a linear function of \; such parameters are called “affine”.
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and this can be shown in the same way as the previous result["| These formulas can be
quite useful while computing divergences.

Another important operation on vectors and tensors in physics is the Laplacian. It
is an invariant under coordinate transformations, being defined in an arbitrary system of
coordinates as L, = V,V#. Because it involves the covariant derivative its action will
depend on whether it operates on a scalar, a vector or a tensor. Consider its operation on
a scalar function, ¢ (remember that V#¢ = 0#¢ is a vector)

Do = V,,VF¢ = 0,V + T8, V" = 9,9" 0,6 + TV, g™ 0,0 (6.5.61)

where we have used the fact that the covariant derivative operating on a scalar function
is just the partial derivative. Inserting (6.5.58]) above shows that

e
NS

This is a very compact formula. Life is not so easy if the Laplacian, (., operates on a
vector (worse, on a tensor), instead of a scalar. Then we have

Oatp = 3u(g" 0, 0) + 6" (8, In V=)0 = ——0,iv/—g9" D (6.5.62)

O0,4% = V,V/AF = ¢""V,V, A" = ¢"%[9,V A" — T V \A* +TH V, A
= g0, (0 A" + T\ AY) =T} (O6A* + T AY)
+ T8, (0. AN + T, A))] (6.5.63)

which is certainly more complicated. Let’s see how this works through some common
examples. Only the results will be given, the details are left to the reader.

6.6 Flatland Examples

6.6.1 Orthogonal Coordinates

A coordinate system, £#(x) is considered to be “orthogonal” if all of the coordinate sur-
faces, defined by £* =const., intersect at right angles. Cartesian coordinates, for example,
form an orthogonal system. Mathematically, orthogonal systems are simpler to work with.
For example, differential equations of interest in physics often can be solved by the method
of separation of variables if the coordinate system respecting the symmetries of the phys-
ical system is orthogonal. In the following examples we will only consider coordinate
transformations that do not involve time, i.e., we consider transformations of the form

16problem: Prove it.



6.6. FLATLAND EXAMPLES 191

t =t =t and ¢ = ¢(Z) and suppose that the £ (Z) are all invertible; for a complete set
of Cartesian basis vectors, (), take

@y = (1,0,0,0), g =(0,1,0,0), @ = (0,0,1,0), @y =(0,0,0,1),  (6.6.1)

then the vierbein is

Lo ow ay 0n
@ = Gpararar) = 1000

0 oy 0

€; - (’86178517851) (662)

and orthogonality is defined by €;-&; = h?(£)d;;. They serve as a complete set of coordinate
basis vectors, u(,) = €,. Alternatively, in terms of the inverse vierbein

= ot ot ot Ot

Et = (=,2=, =, 2)=(1
(at7ax7ay?az) ( 707070)

B _ og' agt og'

the orthogonality condition will take the form E'- EJ = h;Q(g )6ij. They serve as the dual
coordinate basis vectors, §H) = E*. The metric tensor is therefore diagonal

-2 0 0 0
0 h2 0 0

9w =10 0 K o (6.6.4)
0 0 0 h2

and the distance function is given explicitly by
ds? = dt* — g;;d&'de? = Pdt* — (h;dg")?. (6.6.5)

Notice that it has no off-diagonal components. The functions h;(§) are called “scaling”
functions and they can be used directly to compute various differential operators once the
Christoffel symbols are determined from I'), = (9,€,) - E* or

; 0%z 9¢

(It should be clear that only the spatial components of the Christoffel symbols will be
non-vanishing because we have chosen a static (time-independent) frame and because the
time-time component of the metric is constant.) Let’s look at some common examples of
such coordinate systems.
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P(1,0,0)

Figure 6.1: Spherical coordinates

Spherical Coordinates

Take the following coordinate functions: &* = (¢,71,0,¢) where

= 1

t
r = \/m
(x/a:Q—l—y +22>

-1

o = (%) (6.6.7)

and the inverse transformations: z% = z®

t =t
r = rsinfcosy
y = rsinfsingp
z = rcosf (6.6.8)
Let’s compute the vierbein
ot Jx Oy 0z
ey = (=, —,—=—,—=)=(1,0,0,0) =
@ = Graoaa) = 1000
ot dx Oy 0z

é. = (5, 3 o 5) = (0,sinf cos p,sinfsin p, cos @) =7
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€g = (%,%,%,%) :r(O,cochosgo,costingp,—sin@):7“5

€, = (g;, gz, g(i, g;) =r(0,—sinf#sing,sinfcosp,0) =rsinf ¢  (6.6.9)
and its inverse

E' = (gz,g;,g;,gz):(l,o,o,o):?

Er o= (%, %, g;, %) = (0,sinf cos p,sin @ sin g, cos @) =7

E? = (gf,gi,gg,gi):i(O,cochoscp,cosHsincp,—sin@):f

EY = (gf’ gi, E;S;, Zf) = ;(O,—sin&sinap, sin 6 cos p,0) = rsilﬁ (6.6.10)

It is easy to check that €, - EV = d,, and that eZEl’f = 0y. Now compute the inner products

to get the metric function: gy = —1, g = 1, gg9 = > and Jpp = r?sin? 6 (all other
components vanish). In matrix notation,

2

-2 0 0 0
0 1 0 0

Juv = 0 0 72 0 (6611)
0 0 0 r%sin?6

and the distance function is given explicitly by,
ds® = 2dt* — (dr? + r2d6? + r? sin® Odp?) (6.6.12)

Next compute the connections using either T, = (9,€) - E* or (16.5.22)) to get the non-
vanishing components

oo = —T, Il,=-r sin? 0
1 1
0 0
FrO = F@T‘ = ;’ chp = Fgr =
), =—sinfcosd, THy=T§ =cotd (6.6.13)

(all others vanish) m

"Problem: Show that the metric of the three dimensional line element:
ds® = dr® + r*(d6” + sin® 0dy?)

admits three independent Killing vectors.
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Care must be taken in translating the results from working in the basis {€,,} (or {Er})
and the basis {tA, 7, 5, ¢} usually found in the literature. For example, the gradient of a
scalar function, f has components J, f in the basis given by {E“} Therefore, written in
terms of the usual basis, this becomes

_ ~ 1 ~ 1
1 — ~ - - ~
(0u)E" = O+ (Ou))F+ — (0010 + ——(0,1) (6.6.14)
Likewise, the divergence of a vector U = U*¢), is given as
1 ¢, 1 2777 1 . 6
V-U= ﬁa,ﬂ/—g Ut =o,U" + 7337«(7‘ Uur)+ m@g(smeU )+0,U”.  (6.6.15)

However, if we are given the vector U in the basis {?, 7, 5, P} as

U =t +u'7+u’8 + ufP (6.6.16)
then
g Ul u?
Ut=ul, U'=u", U'=—, U¥=— (6.6.17)
r rsin 6
and . ) )
t 2. r . 0
U = =0, 0 ® .6.1
V.U = 0w +T28(ru)+rsin989(sm u)—i_rsinﬁa‘pu (6.6.18)

which is the standard expression found in the literature. Henceforth we will take for
granted that our components are always given in the vierbein basis.
What is the action of of the Laplacian, [J,, on a scalar function? Directly applying

the expression in (6.5.62) we find

1 1 1 1 1
0 — —_uv , — 2 . 2 R : 2
= ¢ 7\/—79(%(\/ 99"’ d,0) = 8t¢+728 (r°o, ¢)+T2 Sin(989(SH1989<;5)—|—7T2 si1(129 (p)
6.6.19

the spatial part of which will be recognized as the standard result from ordinary vector
analysis. Its action on vectors is quite a bit more complicated but can be written out,

1 1 1 1
0_ | Lta2q0, Lai2g 40 . 0 2 40
0,A4° = 028“4 + . O (r<0,A”) + 3 Sin989(81n 00y A”) + = sinzea‘pA ]
ro__ __i 2 g7 l 2 T - : T # 2 g7
0,A" = 2 O; A" + 7"28T(r 0. A" + = sinHag(Sm 00y A" + = sinZQawA
2 (A 4ot 0A° 4 rdpA° + ra@/w)]
r
0,A4% = Y + l&,(r‘l&Ae) - Dp(sin 00y A?) + L
2t rt r2sin6 r2sin?6 ¥
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.
—P

. P(p,6.2)

Figure 6.2: Cylindrical coordinates

2 1
+ﬁ(69Ar — 5T cos 20 A% — r cot 98¢A"°)]

_ 1 2 1 4 3 1 2
DxALP = —gat A(P + Tjar(’f’ 87«./44’0) + m@@(sn'l eaeAQD) + 7"2 Sin2 9890./4.90
ey (sinf#0, A" + r cos 98@149)} (6.6.20)
SN

We see that the Laplacian acts on the time component, A°, of A*, just exactly as it does
on a scalar. This is because the coordinate transformation was purely spatial. On the
other hand, its action on the space components mixes them.

Cylindrical coordinates

Take the following coordinate functions: &* = (¢, p, p, z) where

= 1

(6.6.21)

z
and the inverse transformations: x* = z%(¢)

t = 1
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T = pcosy
y = psingp
z = =z (6.6.22)
Let’s compute the vierbein
0t 0x Oy Oz,
€ = (a, a5 a,a) = (1,0,0,0)
. ot Ox Oy 0z i
€, = (87)’37)’ o’ a—p) = (0, cos ¢, sin p, 0)
. ot O0x Oy 0z .
€p = (%7%, i,%) = p(0, —sin ¢, cos ¢, 0)
0t Or Oy 0z,
€z = (%7 &7 &7 &) - (070707 1) (6623)
and its inverse
= ot ot Ot Ot
Et = (avgaaiyya) = (1,0,0,0)
= dp Op Op O .
Er = (87;)’872’875’675) = (0, cos ¢, sin ¢, 0)
= dp Op Jp Op 1 .
Fe — (&P 9P 9% YYy T _
(at’(?;(}, ay’ az) p(ov SIHQD,COSQ0,0)
. 0z 0z 0z 0z

Again, it’s easy to check that €}, - Ev = ¢, and that eZEl’f = 0p. Now compute the inner
products to get the metric function: gy = —1, gpp = 1, gpp = p? and g.. = 1 (all other
components vanish). In matrix notation,

2

-~ 0 0 0
e /?2 8 (6.6.25)
0 0 0 1
and the distance function is given explicitly by,
ds® = Adt* — (dp® + p*dp* + d2?) (6.6.26)

The non-vanishing components of the connections, obtained by using either I',, = (9,€5) -
E* or (6.5.22]) are just

ICe=—p
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1
If,=T¢,=- (6.6.27)

(all others vanish)m, while the action of the Laplacian, [J;, on a scalar function is

1 1 1 1
(o6 = = 0u(V/=96"000) = = 5006+ 0,(p0p0) + 5050+ 0% (6629
the spatial part of which being, as before, the standard result from ordinary vector analysis.
Its action on vectors can be written out and we leave this as a straightforward exercise["|

6.6.2 Rindler Coordinates

The formalism we developed applies just as well when the transformations mix the space
and time coordinates. As an example, consider the two dimensional Rindler space of the
previous chapter. The coordinate functions we take will be ¢# = (1, &) where

t
n = € tanh1 &
a
_ a® 5 a2
& = %ln 0—4(56 — ) (6.6.29)
and the inverse transformations: x* = z%(¢)
t = Seot/ginh !
c
2
= Se/ cosh ! (6.6.30)
a c

Let’s compute the vierbein®

ot Ox 2 a a
e, = _— ) = a‘g/c ﬁ 1 ﬁ
én (877’ 377) e (cosh . , csinh . )
ot Ox 21 a a
e = —_— — ) = a{/c — sl —n —n
€e (85’ 85) e (Csmh . , cosh . ) (6.6.31)
and its inverse
= 1
B = (G50 = e cosh 2~ sinh )

18Problem: How many Killing vectors does the three dimensional cylindrical metric admit? Determine
them.

Problem: Write out O, A for each component of A* in cylindrical coordinates.

20Problem: Is the Rindler system orthogonal?
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., o0& 0¢ —at /e . ,oan an
ES = (=, )= %/ (= h— h— .6.32
(815’833) e (—csin . Cos c) (6.6.32)

Again, it’s easy to check that €, - Ev = 4, and that eZEéL = 4. Now compute the inner
products to get the metric function: gy = —c2e2a8/ 02, Jee = e2a8/ 02, (all other components
vanish). In matrix notation,

_ 2. 2af/c? 0
c e
Juv = [ 0 €2a§/02] (6.6.33)

and the distance function is given explicitly by@

ds* = 62“5/62(C2dn2 — de?) (6.6.34)

The non-vanishing components of the connections are obtained by using either I'},, =
(Ov€x) - EF or (6.5.22)),

n a
Lye = 2’
¢ _
an =a
a
I, = = (6.6.35)

(all others vanish), while the action of the Laplacian, (., on a scalar function i@

e~2a/¢ 2 22

6.7 Integration

We have spent much time discussing differentiation. Let us now summarize some important
aspects of integration. We will focus on defining volume integrations, integrations over
hypersurfaces and general forms of the integral theorems.

6.7.1 The Levi-Civita tensor

It is useful to develop a generalization of the Levi-Civita tensor (density), which is adapted
to general coordinates in four dimensions. To do so, we will make use of the permutation

21Problem: Determine the single Killing vector of the Rindler metric.
22Problem: Write out [, A* for each component of A* in Rindler coordinates.
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symbol in (|1.3.50)) and recall that this is the object one uses in the definition of the
determinant, M, of a four dimensional matrix, M,

= [aBuv]| Moo Mgy M, 5 M,3 (6.7.1)

The permutation symbol, by itself, is only a tensor if the coordinate system employed is
Cartesian. In a general coordinate system,

€y = V—9 [aBuv] (6.7.2)

is what transforms as a tensor called the Levi-Civita tensor. The proof goes as follows:
the quantity

DE™ OB ogr ogv
aé‘l’y 86/6 86’)‘ 85/0'
is completely antisymmetric in {7, 4, A, o}, so it must be proportional to [ydAc|. We say
that

[aBuv] (6.7.3)

gy 067 D7 067 6"
H 85’7 85/6 8§/A 85’0
where the proportionality factor, A, could depend on £. Take [ydAo] = [0123], then

= () [yoAa], (6.7.4)

oE> 0P agr 9gv

[OZBW/] 6&’0 85/1 35/2 35’3 - H agl

(6.7.5)

Now if 2 represents a Cartesian system, in terms of which the coordinates £# and £'* are
defined via invertible functions £&# = {#(z) and ¢ = ¢*(x), the last determinant can be
0¢ Ox

written as
_ ||
6{’ |0z 8{’ |0z 8{’
Notice that under the coordinate transformation that took z® — &*, the metric also
underwent a transformation

(6.7.6)

0z 0x®
b = s = Tab e S = Nav€fie), (6.7.7)
It follows, upon taking determinants, that
o2
g=-c a—z (6.7.8)

where we have used the fact that the determinant of the Lorentz metric is just —c?. It
follows that

ox

o€

(6.7.9)
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and from here we find
g/
A= 4[>, 6.7.10
p ( )

Therefore we see that €,s,,, of (6.7.2) transforms as a (0,4) tensor,

IEX 9EB dEm LY
V=3l 5o 565 s e = V=9 oMol (67.11)

It is straightforward now to argue in the same way that

1
B — __—_[af 6.7.12
€ afuy 7.
\/_—g[ ] (6.7.12)
transforms as a (4,0) tensor@ Any object that can be written as
T = (—g)2? T, (6.7.13)

where T is a rank (m,n) tensor, is called a tensor density of weight A. Hence, the
permutation symbol is revealed either as a covariant tensor density of weight —1 or a
contravariant tensor density of weight +1.

6.7.2 The four dimensional Volume element

The invariant volume integral is always written as
1 . 1
[av =1 [Cometdesetiasiagagas = [ =g (0719)

To see that it is indeed invariant under coordinate transformations, let £ — & and use

(6.7.10) to find
8 /
die = dt¢’ 85 — di¢’ 93, (6.7.15)
that is,
d¥¢/—g = d*¢'\/—g'. (6.7.16)

Simple examples are (i) spherical coordinates, in which

s 2w
i/d4§\/—g:/dt /dr r2/ de sin&/ de, (6.7.17)
0 0

23Problem: Follow the same proof to obtain this result.
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(ii) cylindrical coordinates:

i/d‘*gﬁ:/dt /dz /dp P’ /O%dcp (6.7.18)

and (iii) the Rindler frame,

1

C/d%\/—g - /dn/d§ a8/ (6.7.19)
However, (6.7.14) has general applicability.

6.7.3 Three dimensional Hypersurfaces

Any hypersurface, ¥, of dimension one less than then dimension of space-time, (called a
hypersurface of codimension one) can be specified by a constraint of the form

® (&) = constant (6.7.20)

The normal to this hypersurface is given by the vector n, ~ 0,®.

Spacelike or Timelike hypersurfaces

If n, is not null, we will take it to be the unit normal, i.e., we let
n, = eNO,®, nfn,=¢ (6.7.21)

where N > 0 is a normalization and ¢ = =1 is positive if the normal is spacelike and
negative if it is time-like. The unit normal has been defined so that n - 0® > 0, i.e., n,
always points in the direction of increasing ®. Hypersurfaces with time-like normals will
be called spacelike and, vice-versa, hypersurfaces with spacelike normals will be called
time-like. Null surfaces are more subtle because € vanishes. Confining our attention, for
the present, to hypersurfaces that are either spacelike or time-like, the normalization, N,
will be given by

N2 =¢g"0,00,®, e¢=+1 (6.7.22)

and
h;u/ = Guv — € NyNy (6723)

projects any vector onto the hypsersurface because the component perpendicular to it is
annihilated by h,,. In principle, the constraint ®(£) = const. could be solved (as we have
done in many examples before) by introducing parametric equations of the form

& = eh(y") (6.7.24)
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where y* are coordinates “on” (intrinsic to) the hypersurface@ Consider, then, a trans-
formation from the original coordinates, £#, to {®,y*} (although ® is placed in the first
slot here, we do not imply that ® is a time-like coordinate, merely that we are singling
it out as being the coordinate orthogonal to our hypersurface). In the new coordinate
System,

&Y 0P
n{:b = 8®€ana = GNai(paié_a =eN
o&* 00
/
n, = 8a€ana = ENaya 8750‘ = (6725)
where we have used the usual transformation properties of covariant vectors. Define
Q= 0.y and qf = 0,£%, then Q4q; = df is the completeness relation. The second

equation in ([6.7.25) shows that ggna = 0, S0 G(,) = qgU(q) is a coordinate basis in 3 and
Q(“) = Qg§<a) will be its dual basis. The distance between two points in X is

ds% = —gudéhds” = fg#,,qu‘quy“dyb def fvabdyadyb. (6.7.26)
Yab = Guwdhqy = huwqhqy is called the induced metric on ¥. An explicit form for the
metric g, in the system {®,y*} may be given as follows: under the coordinate transfor-
mation from &* — {®,y?}, the contravariant components of the metric transform as

g/<b<1> — g,uuauq)ayrb = %
N(Z
glCIDa _ guua#q)ayya _ %n . aya d:ef ﬁ
gv = g“”@uya&,yb def sab- (6.7.27)

In doing so we have introduced three new functions, viz., N = eN n“QZ in the second
line above; the metric has been decomposed into the six independent components of L%,
the normalization function N and the three functions N®. In matrix form we may write

€ Nb
Nz N2

gP = . (6.7.28)
% Eab

Take the covariant components of the metric to be of the form
A By
Jop = (6.7.29)
Ba Yab

24Consider the sphere in three dimensions, defined by the constraint > z? = r? and parametrize it in
the usual way: = = rsinfcosyp, y = rsinfsing and z = rcosf. The “latitude”, 6, and “longitude”, o,
are intrinsic coordinates on the sphere.
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(its spatial components follow from the definition of the induced metric) and require that
g’ 95, = 05. We find the conditions,

€A+ N*B, = N?

eB,+ N, =0

N%A 4+ N?2%B, =0

N®B, + N?x%y,, = N252 (6.7.30)

where we define N, = v, N b, By the second equation, B, = —eN, and therefore, by the
first, A = eN? + N°N,,. The last equation then yields

(6.7.31)

where 7% is the inverse of the induced metric, defined in the usual way as 7%y = §9.

Returning to (6.7.27)),

aNb

N
Eab _ g’“’QﬁQﬁ — ,yab +e

ab __ v a b
e = =R (6.7.32)

gives a compact form for y.
We define the directed hypersurface integration measure to be

/ ¥, = / oy 05 a5 03 dy* dy?dy®. (6.7.33)

The quantity x, = em/gwq?qg qg must be proportional to n,, because q;f Xu = 0 by the
antisymmetry of the Levi-Civita tensor. Therefore, we set x, = An,, which means that

ed = xun* = =glnaByIn'qf' e 43 (6.7.34)

The inner product is simplest to evaluate in the {®,y"} system; here ¢ff = ¢ etc., and
we find

1
eX = /—gn® = /=gg®?%eN = NV 9=V 17l (6.7.35)
from which it follows that
/dZM = 6/d3y | n. (6.7.36)

The metric 7, will be of indefinite signature if the hypersurface is time-like and of Eu-
clidean signature if the hypersurface is spacelike; that is why we have introduced the
absolute value of the determinant under the square root.
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Null Hypersurfaces

While one cannot define a unit normal for a null hypersurface, n, = —® , is in fact the
normal vector. Because it is null, the vector is orthogonal to itself and also tangent to
the null hypersurface. First, let us show that n, is parallel transported along its integral
curves on the hypersurface. Let )\ represent the parameter along the integral curves of n*,
i.e., O&H/ON = n* and consider

D
Di; = (n-V)n,. (6.7.37)
However,
1
(n-V)n, = —n’® 5 = -n'd,, = -n'V,n, = —§VMTL2 (6.7.38)

(assuming a torsion free connection). But, because n? = 0 on the surface, we could set
n? = —2k(£)®(¢) (assuming ®(£) = 0 descibes the constraint surface) for some scalar
function, k. Then (n - V)n, must be proportional to n,,

(n-V)n, = kn, (6.7.39)

on ®(§) = 0. Thus n, is parallel transported along its integral curves on the constraint
surface,

Dn,,

‘DA
The parameter A is not affine in general, if it is then x({) = 0. A convenient choice
of coordinates on the null hypersurface is to pick one of them, say y', to be A and the
remaining two to span the space transverse to n*. In that case, ¢ = 9¢#/OX = n*. In
follows that 711 = 0 = y14, A € {2,3}. The first is because n* is null, the second because
Y14 = Gunt (06" oy?) and 9¢¥ /9y* is orthogonal to n*. The induced metric,

= (n-V)n, = rny. (6.7.40)

ds% = oapdy”dy®, (6.7.41)

3 og”
OAB = Guv <6§A> <6§B> 5 (6742)

is therefore two dimensional 29
As before, we define the directed hypersurface volume element by

where

_ B
d¥, = €uwapdida s (6.7.43)
25To project onto the hypersurface, one must introduce an auxilliary null vector field, n,, such that
n -k = —1. This choice is not unique, but with its help we can define

h»uu = Guv + nuku + kunuy

which clearly projects transverse to both k£ and n, so it is a two dimensional projector, h®, = 2.
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and evaluate it explicitly in the coordinate system {®, A, y',%2}. In this coordinate system,
J** = 9" 0,20, =0
g™ = ¢"0,@0\=-n-0A=—1
g = g“”8M<I>8VyA =—n-oyt=0

gV = G NI def nrA

g/,\A _ guuauAayyA def NA
g = ¢voutayt L nAB. (6.7.44)
that is,
0 -1 0
Jg¥=[-1 N NB (6.7.45)
0 NA EAB

and it follows that the non-vanishing components of the normal in this system are
ne =—1, n*=1. (6.7.46)

Making the same arguments as before we write

fnu = euuaﬁnVQ?QQﬁ (6747)

but, because n,, is null, we cannot find f as we did before. Instead, introduce an auxilliary
null vector k#, such that n-k = —1. Then

f = —€uapkn"ai'as = —/—gluvaBlk'n’ ¢t dy (6.7.48)

In our preferred coordinates, a suitable choice for the auxilliary vector would be to take the
only non-vanishing components of k to be ky = —1. We see that f = /—g. From (|6.7.45)),
then —g = o, where o4p is the induced metric on the null hypersurface. Therefore, we
have

/ %, = / d\d*y/an,, (6.7.49)
b
which is similar to (6.7.36]).

A simple example should serve to illustrate the above constructions. Consider the
following constraints surface on four dimensional Minkowski space,

. 52
B(t,z) =AY 2t = {Jrzg (6.7.50)
7
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If a # 0, the normal to the hypersurface described by this constraint is evidently
€
lal

which is spacelike in the first case and timelike in the second. Let us consider the timelike
hypersurface, given by

n, = eN9,® = — (c*t, —xt, —2?, —2?) (6.7.51)
O(t,z) = At - Z:pﬂ = —a? (6.7.52)
i

and choose, of many possible parametrizations, the following:
ct = asinhen/a, & = acoshen/a(sinf cos g, sinfsin g, cos §), (6.7.53)
so that the hypersurface coordinates are {7, 6, ¢}. Then
cosh(cn/a) 0 0
csinh(en/a)sinfcos¢ acosh(en/a)cos@cosp —acosh(en/a)sinfsin g

csinh(en/a)sinfsing acosh(cn/a)cosfsingp  acosh(en/a)sinf cos ¢

csinh(en/a) cos —acosh(cn/a) sin 6 0
(6.7.54)
and we find the induced metric on the three dimensional hypersurface,
—c? 0 0
Yab = M@ eq"y = [ 0 a®cosh?(en/a) 0 (6.7.55)
0 0 a? cosh?(cn/a) sin? 6
The hypersurface line element,
ds% = c*dn® — cosh?(cn/a)dQ? (6.7.56)

represents a three dimensional maximally symmetric space called “de Sitter space”, in
global (isotropic) coordinates. An alternative parametrization of the same constraint:

ct =+/a? —r2sinhn/a, x' =+/a®2 —r2coshn/a, 2*>=rsind, x> =rcos (6.7.57)

(r < a) uses the hypersurface coordinates {n,r,0} and gives the line element

-1
2 _ 2(4_ r? 2 (4 _ r? 2202
dsy, =c* | 1 2 dn 1 3 dr —r<df”*, (6.7.58)

which is also de Sitter space, this time in static coordinates.
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If a = 0, we have a null surface. In this case, n, = (—c?t,x', 22, 23) is orthogonal to
the surface but cannot be normalized. Note that

Ozt ) o
g = = 6.7.59
o =" P ( )
where f(y4) is any function of the transverse coordinates, which we may take to be a

constant (say a). This suggests the following global parametrization of the constraint:

t= ge)‘, & = ae*(sin  cos @, sin § sin p, cos §), (6.7.60)
c
and gives
1 0 0
infsinyp cosfcosp —sinfsinp
b A | S
Ta=0c sinfsinp cosfsiny sinfcose |’ (6.7.61)
cos 6 —sinf 0
whence
1 0
OAB = M qp = a2e® (0 sin? 9) : (6.7.62)

Other parametrizations are possible@

6.7.4 Gauss’ Theorem
We may now state Gauss’ theorem.

e Let M be any region of space-time bounded by a closed hypersurface 9M; then for
any differentiable vector field V¢ defined in M,

/ d'o/—gV©., = f{ d¥a Ve (6.7.63)
M

oM

where n,, is the outward normal to the boundary, OM of M.

26problem: For example, take
a - .
t=-e T=¢€ (\/a2 — rz,r31n9,rcose)
c

(r < a) and show that

i.€e.,
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Figure 6.3: The volume M is foliated by closed surfaces ® = a < 1, with ® = 1 being the
boundary, OM.

To prove this theorem, let’s consider the boundary of the region M to be given by the
constraint ® = 1. Now ® = « defines a hypersurface, H,, of codimension one for every
a. Suppose ® varies from zero to one (more generally, any closed interval in R) in such a
way that the union of the set of hypersurfaces, H,, is M, i.e.,

M= ] Ha (6.7.64)

We say that the hypersurfaces H, “foliate” our volume M, with & = 1 being the outermost
layer of the foliation and coinciding with the boundary, OM, of M, as shown in figure
The coordinates on the closed hypersurface, y®, will all be compact coordinates because
the hypersurfaces ® = « are all closed. Consider the volume integral in the coordinates

&= {D,y"},
/Md%f—g Ve, = / €0 (v—gV™)
1 1
_ / i 74 P yo(v=gV") + / 0 f P y0(v gV
0 0
1
d
— dd—— ¢ dPy/—qV?
/0 5§ Pyv=gV
1
= fatyavt) = § v
0 oM
= % d?’yN\/MV@:e]{ d3y |7] na V'
oM oM

= dSa Ve (6.7.65)
oM
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The second line in the proof follows simply by applying the divergence formula of .
The second integral in this line is vanishing because the coordinates y® are all compact.
The rest is a straightforward application of the fundamental theorem of calculus when the
hypersurface at ® = 0 is taken to have zero volume.

6.7.5 Two dimensional Hypersurfaces

A two dimensional surface, S, (or, more generally, a hypersurface of codimension two) can
be defined in a similar manner, by imagining it to be embedded in a three dimensional
hypersurface. As before, let S be specified by a constraint of the form ¥(y*) = constant
and let r, ~ 0,V be the unit normal to S. The projector onto S is hay = Yap — € TaTs,
where ¢ = F1, depending on whether 7, is timelike or spacelike. Let y* = 3%(#4) solve
the constraint so that #* are coordinates intrinsic to S and define Pf = 9,04, p%h = 0ay®
as before. Then

oA = hap®phs (6.7.66)

will be the induced metric on S with inverse 042 = K% PAPB. Now S admits two mutually
perpendicular normals, because r* = ¢hr® = ¢h~y®r;, satisfies r#n, = 0. We define the
integration measure in .S by

1
/dSW = 266//Sd29\/|0" n[uTy] (6.7.67)

where o is the determinant of the induced metric on S, and € (¢') are defined according to
whether n, (r,) are timelike or spacelike respectively. If one of them is timelike then the
other must be spacelike and e/ = —1. However, both € and ¢ may be spacelike, in which
case €€’ = +1.

6.7.6 Stokes’ Theorem

Stokes theorem concerns the integration of an anisymmetric tensor field on a surface of
codimension two.

e Let R be any region in a codimension one hypersurface, >, bounded by a closed
(codimension two) hypersurface S and let B*? be any antisymmetric tensor field in
>, then

/ d¥,VB* = 7{ S, B (6.7.68)
R S

The proof follows the same pattern as the proof of Gauss’ theorem@ We consider the
hypersurface integral in the coordinates {®, ¥,64} and employ the expression for the

2TThis is to be expected as they are both particular cases of one theorem, the Gauss-Stokes theorem,
which is easiest to prove using differential forms.
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divergence of an antisymmetric tensor. We imagine, as before, that the boundary of ¥
is given by the constraint ¥ = 1 and let ¥ vary from zero to unity so that surfaces of
constant V¥ foliate the hypersurface with ¥ = 1 being the outermost layer of the foliation
and coinciding with S. The coordinates #4 are all compact because S is closed. Then

1
IS.VsBP — / By ina——0s (V/]g]B*) = / iy 0, (]9l B*
| a2 = ( ) ( )

1 1
_ /d29/ ATy (\/]g]BM}) +/ d\I’/d208A<\/|g|Bq)A>
0 0
1
— 2 U
- fon().
= ?{dQHNN’\/|U|B<N’ = ;66/7{ d?0+/|o| T, B
S S

_ / ds,,, B" (6.7.69)
S

where we used ne = €N, rg = ¢ N’ and took the surface with ¥ = 0 to have zero area.

6.8 Riemann Curvature

The quantity that distinguishes between “flat” and “curved” space-times is the Riemann
curvature. As in the case of gauge theories, the covariant derivative does not commute
with itself except when it acts on scalars (assuming a torsion free connection). Indeed, if
we consider the action of its commutator on a vector we find an expression of the form

[V, V,JAY = R%,,, AP (6.8.1)

where (using commas for partial derivatives)

def n 7
Raﬁy’y - F%VJ'L - F%N:V + Fﬁl/l—\%u - FBHF%V (6'8'2)

is called the Riemann or curvature tensor. It transforms as a mixed tensor of rank four
and contains second order derivatives of the metric. It can also be shown that

[V ViAo = R’ Ag = —RP o, Ag (6.8.3)

and, more generally, that the action of the commutator on a general mixed tensor follows
the same pattern:

(Vi VT, g, = R oy T gy oo — R 3 T " 0185y (6.8.4)
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with one Riemann tensor appearing for each index (upper and lower) of T exactly as in
(6.8.1) and (6.8.3). Let us now see that the Riemann tensor depends only on the spin
connection and its derivatives. Consider

[V, V,JA% = [V, V,|ESA® = E°[V,,, V,]A® (6.8.5)

where we used the fact that the vierbein (and its inverse) are covariantly conserved. Ex-
panding the last expression,

[V, Vo JAY = EZel (9wl — 0wy + whws, — wiw,) AP (6.8.6)

where we assume a torsion free connection. Comparing this with our definition of the

Riemann tensor in ([6.8.2)),
R gy, = Egey (Oueiy = 0oy + wiiethy — wicwin) = Eg R (6:87)

It follows that if a global Cartesian frame is available (wj, = 0) then the Riemann tensor
must vanish for, as a tensor, if it vanishes identically in one frame then it must also vanish
in every other frame.

6.8.1 Algebraic Symmetries and Bianchi Identities

The Riemann tensor possesses some algebraic symmetries that are worth taking note of
because they greatly reduce the number of independent components of this tensor. These
identities can be verified by direct computation: Rogu, = ganR" g

o R,puv is antisymmetric in (p,v), i.e., Ry =0,
® Rupu is antisymmetric in (a, §) i.e., Riagym = 0,
® Ry =0 and
* Ropuw = Ruvap-

The first of these follows from the definition of the Riemann curvature. The second is a
consequence of the metricity condition,

Vi Vilgap = 0 = R° qywgop + R’ puvgao- (6.8.8)

The third is a Bianchi identity, which we will derive below, and the last is not independent
but can be obtained using the first three.
The Bianchi identities for the Riemann tensor follow from the Jacobi identity

{Vu, Vi, VAL + IV, Vil Vil + [V, Vil VT %7, g, = 0 (6.8.9)
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as did the Bianchi identities for the Maxwell tensor. Consider the first term when T is a
vector Ag,

(Vi VU, ValAa = [V, VU[(Vada) = Va([Vy, Vi]Aa)
= R7O\uwVeAa+ R 0w VaAs — VA(R quwAs)
= +R\uwVeAa — VAR gu)As. (6.8.10)
Now add all terms in and get (using semi-colons for covariant derivatives)
(R zuw + R7uxp + R joa) Acio — (R apuin + B anpsw + R awrgu) Ag = 0 (6.8.11)

but, since A, is arbitrary, this is only possible if each term vanishes; the first gives just
the third of the identities listed above and the last gives a new (differential) identity

* R oy =0

The five bulleted identities above are worth remembering.

6.8.2 Independent Components

Let us now count the number of independent components of the Riemann tensor. The first
and second identities say that the first and second pairs of indices each satisfy n(n +1)/2
conditions (in n dimensions, 10 in four dimensions) and so, with these two conditions we

should have only
172 -1)7?
[n2 _ n(n;—q - [n(nQ)] (6.8.12)

independent components. However, the antisymmetry implied by the third identity is
an additional set of n?(n — 1)(n — 2)/6 conditions and so the number of independent
components will be

2
{"(”2_1)] _ éng(n 1) (n-2) = %n2(n2 .y (6.8.13)
independent components, i.e., 20 in four dimensions. This is far greater than the n(n+1)/2
independent components (10 in four dimensions) of the metric tensor which, in Einstein’s
theory, describes the gravitational field and for which we will eventually seek dynamical
equations. Therefore the full Riemann tensor cannot be required for a complete set of
equations governing the gravitational field. Instead, the following “contraction” of R%g,,,

Ry = R%00 =19, — %, , + 71,10 —T7 T2 (6.8.14)
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called the Ricci tensor is symmetric in its two indices (one can show this by direct
computation, using the listed properties of the Riemann tensor) and therefore has precisely
the required n(n + 1)/2 independent components. Another contraction gives the scalar

curvature or Ricci scalar,
R=¢""R,,, (6.8.15)

Both the scalar curvature and Ricci tensor will play important roles in the gravitational
field equations.

6.9 Curved Space Examples

To accustom ourselves to working with the connections and curvature tensors, let us take
a few simple examples of the non-trivial, curved space-times that we will encounter in
future chapters.

6.9.1 Homogeneous and Isotropic Metrics

If the universe is assumed to be homogeneous and isotropic, then one can show that
space-time may be described by a metric of the form

ds* = Pdt* — a*(t) [dx® + f2(x)dQ?] (6.9.1)
where a(t) is a function of time, df? is the two dimensional solid angle and

siny x € [0,7/2)
f=9 x  x € [0,00) (6.9.2)
sinhxy x € [0,00)

One should think of a(t) as a time dependent “scale factor”, whose effect is to scale the

spatial metric in a time dependent way. With f(x) = sin x the spatial metric itself repre-

sents a three sphere, S3, of unit radius. Likewise, with f(x) = x the spatial metric is that

of R? (in spherical coordinates) and, with f(x) = sinh x the spatial metric is hyperbolic.

These different cases describe the “closed”, “flat” and “open” universes respectively.
The unique torsion free connection has non-vanishing components

1
t
Fxx_*

1 1
.t 02t 02 s2
200 Lpp = CQaaf , Top = C2aaf sin”

a/ .
ngzrit:a Ty =—ff, F%:—ff'smzﬁ
A /
F?HZth:ga Fig—FZX—J;, Fid):—sinﬁcose
6 _ro _0 o _ro _ ' e _re _
U =Th = Tl =Th="T Tly=T),=cots (6.9.3)
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The Riemann tensor, Ricci tensor and scalar curvature can be evaluated from (6.8.2)),

(16.8.14)) and (6.8.15)) respectively; in particular the scalar curvature,

R= 02;2@2 [2¢%(1 — )+ 6f%(a® + ad) — 4c* f "] (6.9.4)

is non-vanishing. Even if a(t) = a (constant) we find

+5%  f(x) =siny
R=4 0 fO) =x (6.9.5)
— [f(x) =sinhx
showing that only if f(x) = x is the space-time of zero curvature. This is, of course, just
Minkowski space in spherical coordinates and x is the radial coordinate. In this case one
also finds that all components of the Riemann and Ricci tensor vanish.
An equivalent approach is via the vierbeins and spin connections. There is no unique
choice for e}, because it depends on how we choose to define the LLF at each point. One
choice that generalizes the flat space vierbeins for spherical coordinates is

1 0 0 0
|0 a(t)sinfcos¢ a(t)f(x)cosbcosp —a(t)f(x)sinfsin¢ 6.9.6
“~ o a(t)sinfsing a(t)f(x)cosOsing a(t)f(x)sinfcos¢ |- (6.9.6)
0 a(t) cosd —a(t)f(x)sind 0

It is easy to see that it satisfies (6.2.9). However, a far simpler choice that also satisfies

E29) s

10 0 0

o |0 a(t) 0 0

“=lo 0 anf o (680
0 0 0 a(t)f(x)siné

With this choice, together with the unique torsion free connection obtained above, the
spin connection is obtained as,

o _ 6 o 1.5 1.
Wrl = 3y Wi = C—Zfa, We3 = C—Qfast
1 . 1 / 1 / .
Wpo = Gy, wgy = —[, wgg=—fsind
2 . 2 1,2
weozfa, wm:f, W¢3:—C089
wgo = f(l sin 9, wgl = f/ Sin97 WZQ = COS 9, (698)

using (G516) P

2Problem: What rotation matrix transforms the vierbein in into the one in (6.9.7)7 Verify the
spin connections in (6.9.8)), compute the components of R*,,,, and show that it is identical to the Riemann
tensor obtained directly from the Christofel symbols.
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6.9.2 Static, Spherically Symmetric Metrics

The most general static, spherically symmetric metric can be written in terms of two
non-negative functions, A(r) and B(r) as

ds®> = 2 A(r)dt* — B(r)dr? — r2dQ2. (6.9.9)

The unique, torsion free connection associated with this metric is

/
L
F:tnt: %7 77:7": %’ 50:_%7 gd):—%sinQH
%, =19 = o thb = —sinfcosf
re, =19 = % g, =T% = cotf (6.9.10)

from which follow the components of the Riemann tensor, the Ricci tensor and the scalar
curvature. They are non vanishing for general functions, A and B @
The simplest vierbein that is compatible with the static, spherical metric is

VA 0 0 0

u 0 VB 0 0

=1\ q o 0 (6.9.11)
0 0 0 rsinf

and, in conjunction with the Christoffel symbols, yields the following spin connection

AI
wz(f)l = )
2V AB
L A L 7_L L 7_sin9
t0 9 /7AB7 62 \/E’ ¢3 \/§7
1
Wi = 75 wgﬁ = —cos?,
in ¢
wh =22 Wl = cosh (6.9.12)

\/E,

As always, the vierbein and spin connection provide an alternate route to the curvature
tensor and its contractions.

29Problem: Determine the components of the Riemann tensor, the Ricci tensor and the scalar curvature
of the general static, spherically symmetric space-time.



Chapter 7

The Gravitational Field

Once the principle of covariance was accepted, Einstein was faced with the following
dilemma: the equations of Newtonian gravity are not Lorentz but Galilei covariant, and
therefore imply that the gravitational force acts instantaneously at all points of space
propagating, as it were, at infinite speed. This is unacceptable in the face of special
relativity as no information is allowed to travel faster than the speed of light and it
becomes clear that gravity must be described by a Lorentz covariant field theory that
reduces, in the limit as the speed of light approaches infinity, to the Newtonian theory.

This was no easy task because gravity couples to the mass according to Newton and
according to special relativity mass is only a form of energy. Therefore in a relativistic
theory, gravity must couple not just to mass but to all forms of energy. However, as a
dynamical field, the gravitational field would carry its own energy and momentum and so
it would have to couple also to itself. Thus a relativistic theory of gravity would have to
be nonlinear. Non-linearity eliminates the possibility of superposition; as a consequence,
the field of two masses would not be the sum of the fields of the individual masses but
would be modified by the gravitational interaction between them.

7.1 The Equivalence Principle

Newton assumed, without further explanation, that the “gravitational masses”, by which
is meant the masses that appear in his force law,

F=-c™2 5, (7.1.1)
T12

are the the same as the “inertial masses”, by which is meant the masses that define the
momenta of the particles,
ﬁl = mlﬁ’l, ﬁQ = m2?72. (7.1.2)

216
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Figure 7.1: Everything floats. Is the spaceship free or freely falling?

As a consequence,

e all particles satisfying the same initial conditions would follow the same path in a
gravitational field and this path would be independent of any characteristic property
of the particles, including the rest mass.

This is the weak equivalence principle and dates back to Galileo, whose famous ex-
periment at Pisa was meant to demonstrate it.

A consequence of the universality of the motion of particles is that, at least locally, it
should always be possible to find a reference frame that makes the effects of gravity disap-
pear. To understand this rather subtle point, Einstein proposed the following “gedanken”
(“thought”) experiment. A thought experiment is an “experiment” that is not performed
in a laboratory but in the experimenter’s mind: it consists of analyzing the consequences
of an hypothesis in an imagined, idealized experimental setup that may itself not be re-
alizable in practice, but is, in principle. Its goal is to rigorously pursue all the logical
consequences of any hypothesis. In this spirit, consider an experimentalist situated in a
closed spaceship, with no access to the universe outside. His task is to determine if he is
in a gravitational field.

Now imagine that the spaceship is floating freely in deep space, far from the gravita-
tional effects of stars and planets. In the absence of any forces, our astronaut scientist
will simply float in his spaceship and if he releases two stones of unequal mass they too
will float along with him. The “weightlessness” of all he is able to observe will convince
him that a gravitational field is absent. However, there is another possibility: he could
conclude, by the weak equivalence principle, that he is instead freely falling in an uniform,
external gravitational field. In fact he has no way of distinguishing between these two
possibilities because there is no experiment he could perform within the confines of his
spaceship that would distinguish between them.

Again, suppose that some alien power grabbed the spaceship and began dragging it
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Figure 7.2: Everything “falls”: Is the spaceship being dragged “up” or is it stationary in
an external gravitational field?

through space with a constant acceleration. Our experimentalist first finds that he is
pressed against the trailing end of the spaceship; then he releases his stones of unequal
mass and finds that they are both accelerated toward that end of the spaceship at the
same rate. He could conclude that his spaceship is being accelerated by some alien power,
but he could also conclude that he is stationary in an uniform, external gravitational
field. Again, no experiment performed inside the spaceship would be able to discriminate
between the two possibilities.

One conclusion that stands out is that in both cases our experimentalist is unable to
distinguish between the presence of an external gravitational field and some inertial effect.
Forces whose effects are the same for all bodies are well known: familiar examples are
the “fictitious” forces which depend only on the reference frame of the observer, viz., the
centripetal force and the Coriolis force. Our thought experiment therefore suggests that
gravitation must now be included in this class.

There is a subtlety, however: we have assumed that the field is uniform inside the
spaceship in which the experiment is being performed. This cannot hold in a general
external gravitational field because some degree of non-uniformity will be present in any
gravitational field due to a realistic mass distribution, owing to both its shape and the
distribution of matter within it (for example, the gravitational field due to the earth is
not constant but spherically symmetric and points toward a single point — the center
of the earth). Thus the falling objects, our experimentalist included, will follow paths
that focus at the earth’s center (see figure . Moreover, a sensitive enough experiment
would distinguish between the magnitude of the acceleration at different points within
the spaceship. The changing mangitude and direction of the acceleration at different
locations provides a way to distinguish between the presence of an external gravitational
field and kinematical acceleration through space. To overcome this difficulty, we can
imagine that the spaceship is very small, occupying, in the limit, an infinitesimal volume
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Figure 7.3: In a non-uniform field, trajectories will not generally be parallel.

in which all non-uniformity of the field can be ignored. Thus while the effects of an
external gravitational field cannot be completely eliminated or mimicked kinematically on
a large scale, it should be possible to do so locally. This leads us to a stronger form of the
equivalence principle:

e the effects of a gravitational field can be eliminated or mimicked locally by an appro-
priate choice of reference frame.

But if the effects of the gravitational field can be eliminated locally by an appropriate
choice of reference frame then we can make an even stronger statement that would agree
with the special theory of relativity. This is Einstein’s equivalence principle, or the
strong form of the equivalence principle, which may be stated as:

e it is always possible to find a reference frame in which all the laws of physics reduce
locally to those of the Special Theory of Relativity.

In this frame the motion of a free particle would be given by the usual equation

R
ds?

—0, (7.1.3)

but, because the motion of otherwise free particles in a gravitational field is also described
by a second order differential equation in which no characteristic of the particles appears,
Einstein proposed that free particle motion in a gravitational field should be interpreted as
geodesic motion. Since the trajectories are no longer “straight” world lines in the presence
of a gravitational field, he concluded that the effect of gravity is to deform the space-time
metric of special relativity.

This is a bold step if we take into account the pivotal role played by inertial frames in
the special theory of relativity and their intimate connection with the Minkowski metric
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and Cartesian frames that extend over all of space-time. By allowing deformations of
the Minkowski metric we are saying that whereas inertial can be defined locally according
to the strong form of the equivalence principle, global inertial frames do not exist. This
is very similar to the idea in Riemannian geometry that a smooth enough curved space
can always be considered “flat” in a small enough neighborhood of every point and it led
Einstein to conjecture that gravity in fact manifests itself as the curvature of space-time.
If we take this seriously, then the strong form of the equivalence principle suggests that
the gravitational field must be represented by a general metric, g,,(§), in a curvilinear
coordinate system, £, that is not necessarily related to a global Cartesian system by a
coordinate transformation, but is always related to one in small enough neighborhoods of
points.

But what does the Einstein equivalence principle imply for the other laws of physics?
Since it declares that there is a reference frame at every point in which the laws of physics
take the form that they do in special relativity, we again begin in a local Minkowski frame.
In this frame, Maxwell’s laws of electromagnetism, for example, would have the form

Fab = 8af4b - abAm
D F® = —5° 9,*F% = 0. (7.1.4)

In a small neighborhood of the point we can transform these equations to a general coor-
dinate system

Fu = VA, —V,A,,
N AL L v (7.1.5)

by making a coordinate transformation. Since the transformation properties of the left
and right hand sides are the same under general coordinate transformations, we simply
declare that these are Maxwell’s equations in any coordinate system and for any metric.
This procedure is often referred to as the principle of general covariance:

o the laws of physics must preserve their form under general coordinate transforma-
tions and should reduce to the laws of Special Relativity in a space-time that is
described by the Minkowski metric

By virtue of this principle, if the laws of physics in an inertial (Minkowski) frame are
known then they are also known in the presence of a gravitational field. The principle of
general covariance combines the Einstein equivalence principle and the requirement that
the laws of physics should be independent of the coordinate system.

The principle of general covariance offers guidance but not uniqueness in the construc-
tion of generally covariant equations. For example, an ambiguity appears when we want
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to apply its prescription to quantities involving second order or higher than second or-
der derivatives, for then there is no unique ordering of the derivatives in flat space but
in curved space the difference between different orderings will be depend on the curva-
ture. For example, there is no difference in flat space between X¢, = 0,0,A° and and
Xy, = 0p0,A°. In curved space, however,

X, — X}, =R g, AP (7.1.6)
In particluar, if we define the scalar in flat space by X = B*X{,, then B“X[cac] =0, but
in curved space

B'X] = —RapA“BP. (7.1.7)

Because the principle of general covariance does not provide any preference for the or-
dering of derivatives, it cannot determine the status in the theory of additional curvature
dependent terms that may arise by different choices.

7.2 Geodesic Motion

If we accept the conjecture that particle motion in a gravitational field is described by the
geodesics of a curved space metric then the equations of motion should be obtained by
extremizing the proper distance between two points

2 2 dér dev
S = —mc/1 ds = —mc/1 dk\/—guu(f)gé, (7.2.1)

where )\ is an arbitrary parameter (the action is reparameterization invariant) and

ds _p_ |_, d&rde”
o EEN I (72:2)

Setting U, (’;) = d&*/dA, we apply Euler’s equations to getﬂ

dU(/ﬁ\) 12 (o} B I

o T lasUnUi) = N0,
with f(A) = dln L/d\. These are just the equations of parallel transport in (6.5.52), with
a specific function, f(\), which can be made to vanish by choosing A so that L is a positive
constant,

(7.2.3)

d
d%:a ~ A—astb (7.2.4)

!Problem: Derive the geodesic equation starting from the action in (7.2.1)) and applying Euler’s equa-

tions,
(oL \_oL
dX OU("A) agr
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and then the geodesic equation reads

P L e ds”

The geodesic equation has this form only for parameters that are related to the proper
distance by linear transformations. Parameters for which the geodesic equation has the
form in are called affine parameters. An alternate and sometimes more useful form
for the geodesic equation is

(U()\) ) V)U(lf\) = f(A)U(l;)'
Although derived for time-like paths, (7.2.5) should also be valid for null paths. In the
latter case A cannot be linearly related to s, since ds = 0 for null trajectories. However,

affine parameters do exist for null geodesics. To see this, begin with the general form in
(6.5.52)) and ask if, for any A, it is possible to find a transformation A — X'(\) which is

such that (7.2.5) is recovered. From (6.5.52)) we find

AN\ 2 [d2er dee dep dN  d?N\ der
—_— e —— | = |f(A)—=~ — - 2.
(d)\) [dA’z g dN d)\’] [f( )d)\ d)\Q} dN (7.2:6)
Evidently, what we want is
d\ 2N
- _ 2 = 2.
assuming that d\'/dX # 0. The solution is
A N s "
N = a / ANl IO Ly (7.2.8)

but the resulting equation for null geodesics cannot be thought of as a limit of the geodesic
equation for time-like trajectories. Remember also that the four velocities are subject to
the constraints U(‘f\)U(A)# = —(ds/d))? for time like geodesics and U&)U(A)# = 0 for null
geodesics.

The existence of Killing vectors implies that there will be locally conserved quantities
characterizing the geodesics: let e be a Killing vector of the metric, then e-U is conserved
along the geodesic. This follows because, if A is an affine parameter,

D

1
(e U)=U V(e U)= UCUPY yep = anUﬁv(aem =0 (7.2.9)

by the Killing equation.
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7.3 The Einstein Equations

Let’s consider the spatial acceleration of a slowly moving “test particle” in a weak, static
gravitational field. A “test particle” is an idealized particle whose energy is small enough
that it does not significantly alter the gravitational field in its neighborhood. A weak
gravitational field should be given by a small deformation of the Minkowski metric, so we
set

Guv = M + h,uzz (7.3.1)

where |h,,| < |77/W|E| If the metric is static then h,,; = 0 and we can also set hy = 0
because, by time reversal invariance, terms of the form hydtdx’ in the expression for the
proper distance should vanish identically. As far as the test particle is concerned, by slowly
moving we will mean that

dz’ dt
— 7.3.2
s | < “ds (732)
so the geodesic equation for such a particle would be
APzt dt\?
— - = 7.3.
ds? & <ds> (7.3.3)
Now to first order in h,, we find
H L ow
Ly ~ —gﬁu bty (7.3.4)
and therefore , , )
d°t dez; 1 dt
— = d ~=hy;|— ] . 3.
ds? 0, an ds2 27 <ds> (7.:35)

The first equation tells us that ¢ ~ as + b, where a,b are constants. Without any loss of
generality take a = 1/c and b = 0 then the second equation is

dei 1
-7 = §htt,i (7.3.6)

which has the same form as the Newtonian force law,

PF

and leads us to interpret ¢ = —hy /2 as the Newtonian potential of the gravitational field.

2Problem: The inverse metric will be g"¥ = n** — h*¥, where h*” is obtained by raising the indices
of hy. using the inverse Minkowski metric, n*”. Show that the negative sign is necessary to ensure that
" g, = 8% up to O(h).
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It would therefore appear that the Newtonian theory is the non-relativistic, static,
weak field limit of a more general theory in which gravity is described by the geometry of
a curved space-time. It remains to determine the equations that govern the metric, given
any distribution of matter in space-time; in other words we would like to know how the
Newtonian Poisson equation

V2¢(F) = 4rGp(7), (7.3.8)

is generalized in such a theory. We will seek equations that are similar in structure
to this, in the sense that on the left it should have terms involving second derivatives
of the gravitational potentials, which our examination of geodesics has indicated must be
related to the metric coefficients, and, on the right, terms involving the matter distribution.
Moreover, not one but n(n+1)/2 such equations are needed, one for each of the n(n+1)/2
components of the metric tensor in n dimensions and they should obey the principle of
general covariance, i.e., they should relate tensors to tensors. We must therefore relate
a symmetric, second rank tensor involving non-vanishing second order derivatives of the
metric (we must allow for a curved space-time) to an algebraically similar tensor involving
energy and momentum. Finally, the n(n + 1)/2 equations should reduce to in the
non-relativistic, static, weak field limit 7] [

From the discussion above it should have become clear that the equations we seek will
relate second rank tensors as follows:

Riemann / Contractions = const. x Energy/Momentum of matter distribution. (7.3.9)
The simplest candidate for the left hand side is
R+ Agu (R —A), (7.3.10)

where A is a dimensionless constant and A has dimension [~?. We also know that the
stress energy tensor is a second-rank tensor that represents the energy and momentum
carried by the matter fields, so the equations governing the gravitational field should have

the form
DG

RMV + AgMV(R - A) - CTTMV (7311)

3Problem: Obtain by expanding the particle action to second order, then directly applying
Euler’s equations.

4Problem: Consider a space-time that is not static but stationary. In this case, we can still take
huv,t = 0 but we cannot assume that h¢; = 0 because time reversal is not a symmetry of such space-times.
Calling A;(7) = hw(7)/2, repeat the calculation in the previous problem to find the lowest order particle
Lagrangian

L=m %f—dmw.ﬁ ,

then directly determine the modification of Newton’s force law by A. Of which well-known interaction is
the addtitional term reminiscent? It is called the “gravitomagnetic” term.
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where we have introduced another dimensionless constant D on the right hand side and
G /c* makes the two sides agree dimensionally. We must now determine the constants A, A
and D. Since the stress-energy tensor is conserved, the equation above can be consistent
only if the left hand side is also conserved, i.e.,

V¥R, + AR, =0, (7.3.12)
but by contracting the Bianchi identities in we determine

2VFR,, — R, =0, (7.3.13)
so take A = —1/2 and it remains only to find A and D in

1 DG
RMV — iguy(R — A) = CTTMV (7314)

For this, we return to the weak field limit of the left hand side of (7.3.14). Setting
v = M + Iy, we expand to first order in Ay, so

Fﬁu ~ Waﬁ [huﬁ,u + hﬂu,u - h;w,ﬁ] (7.3.15)

N

and

&
<
<

X

0ol — 0T,

1
- 57704,8 [hup,aw + Mg pa = huvap = Ppg.or = Papuw + Ppa,]

1

= =5 [P~ 1°? (oo + Mgy pa) — Ohy | - (7.3.16)

In the static approximation, the time-time component of the Ricci tensor is
1 -
Ry = 50y = V2p(7) (7.3.17)

and we will now see that this is sufficient to obtain the Newton-Poisson equation for the
gravitational potential. By contracting ([7.3.14]) we get

D
R= —c—4GT + 24, (7.3.18)

therefore ([7.3.14)) can also be written as

DG 1 1
Rlll/ = CT <T;U'V — 29/'“/T> + §Ag/“/' (7319)
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For the right hand side we use the perfect fluid stress tensor,
T = g + (p+ 5 ) Ul T =3p = pc?, (7.3.20)

where p is the mass density of the fluid and p is the pressure. But, in the non-relativistic
limit U’ ~ 0 and we can ignore the pressure (as ¢ — o)

Ty = pct, T = —pc? (7.3.21)

and the time-time component of field equations should read
- 1 1
V23p(r) = 5DGp - 5Ac2. (7.3.22)

This compares with Newton’s equation (7.3.8)) if D = 87 and A = 0. Thus we arrive at
Einstein’s equations for the gravitational field,
1 8w

Hwr = 50w 0= =17

The left hand side is often called the Einstein tensor, E,,. It has the property that it
is divergence free, like the stress-energy tensor.

A represents a constant, intrinsic energy density of the vacuum and an associated
pressure. It can still be included in the equations (and was originally introduced by
Einstein to achieve a static universe) provided it is small enough so that it does not
significantly alter the predictions of Newton’s theory in experiments conducted within our
solar system. This is the regime in which Newton’s law of gravitation is extremely well
tested. Nevertheless, as the energy density of the vacuum, it may be important on larger,
even cosmological, distance scales. When it is included it is called the cosmological
constant, and Einstein’s equations with a cosmological constant,

1 87

Ry, — 5QW(R —A) = T Ty, (7.3.24)

Ty (7.3.23)

represent the most general, self-consistent, second order equations for the gravitational
field in four space-time dimensions. Other possibilities involving higher powers of the
Riemann curvature and its contractions in very special combinations exist in higher di-
mensions. They must all be taken into account in any theory, such as string theory, that
aims to describe physics in more than four dimensions.

7.4 The Hilbert Action

Now that the equations governing the gravitational field are known, the next question
to ask is whether or not those equations are derivable from an action principle, i.e., as
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Euler-Lagrange equations of a particular action. Let us first show that the left hand side
of can be obtained by a functional variation with respect to the metric of the
action .
. 6(; G /M d*zy/—g R, (7.4.1)
where R is the curvature scalar, M represents the space-time manifold and the constant in
front has been chosen so that Sg has the dimension of “action”. We have returned to using
“x” for our coordinates; henceforth they will represent general curvilinear coordinates
unless otherwise stated.

Notice that the action involves second order derivatives of g,,, via the curvature scalar,
which is unusual: in all the examples we have worked with so far, the action has only
involved first derivatives of the fields. However, the gravitational action must be a scalar
under coordinate transformations and there is no geometric scalar that involves only first
order derivatives of the metric, so we are left with no choice. Ordinarily, the presence of
second order derivatives in the action would lead to higher than second order equations
of motion and require us to impose additional boundary conditions on the variations so
that the contributions from the boundary vanish. However, the equations of motion will
continue to be second order if the higher derivative action can be shown to split into
a bulk (volume) action involving only first order derivatives and a total derivative, or
surface, term. Only the boundary conditions then need to be modified so that the surface
contribution to the variation vanishes. This is the case with the Einstein-Hilbert action.

To see how this comes about, let us rewrite the action as

Sg =

Sa =

4
C 14
90 /M dz\/—g P* O‘BRWW (7.4.2)
where PHvaB — gragrB _ giB gva  Noting the symmetries of PP it is antisymmetric in
(1, v) and in (o, 3), we could rewrite the action as

A

— 4. B | TH n
fo = 167TG/deV 9 P Tl + Tl

4
_ C 4 — vafB1n no_ 1 1 — vaf
= 5 o [P~ R

C4 4
(/=g P, T A.
56 [ amaR ) (7.4.3)

+

Now simplify the second term using

SO (VGR ) = 0u( B + Dy =) P (7.4.4)

together with the identities
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e J,In\/—g= Fﬁa and
o VoP, P =0=0,P,"" —T), P\ +T%, P, + T2 P,

and find
1

Ve

which leads to the compact result Sg = Spuik + Ssurf, Where

0300 (V—=gB" ") = =2P,"*PT}, I, (7.4.5)

Shulk =

16 g / d*ar/=gP, T}, Tl (7.4.6)

and .
C

w=——r [ d'z 0a(vV=gP,"*’Th,). A.

Surt = 155 [ 4" Oulv=aR T (7.47)

The “bulk” portion of the action contains only first order derivatives of the metric. The
boundary or surface portion contains second order derivatives. Neither of the actions is
separately coordinate invariant. This was to be expected because, as mentioned in the
introduction to this section, no coordinate scalar exists which involves only first derivatives
of the metric; so we have learned that the surface term in the Einstein Hilbert action is
unavoidable and it is a direct consequence of requiring coordinate invariance together
with second order dynamics for the gravitational field. It is, furthermore, a curious result
(proved by explicit computation) that

1 6£bulk
rf = « K 4.
Lourt 9 0, <g)\ 9gAn,a > (7 8)

where £,k = /— gP#”O‘ﬂ FZ BF#Q, so that the gravitational action can be put into the form

A 4 1 O0Lbulk
e . 4.
167G /Md v [Sb“”‘ 27 <gA 69)\n,a>:| (749

This is a special formﬁ With it we are guaranteed that the Euler equations will be second
order, if the momenta and not the configuration space variables are held fixed on the
boundary.

Sq =

SProblem: Consider the particle action

s= [ fewan = [o (5]}

The total derivative term introduces higher order derivatives, but it will be recognized as a mere canonical
transformation that interchanges ¢ — —P and p — @. Show that the Euler equations are second order
and that it is the momentum, p, not the coordinate, ¢, that is required to be held fixed at the boundary
points.
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7.4.1 Variation of S

Let us proceed with the variation of Sg,

C4

905G = 167G

[ s [Gv=a R+ v=gGur)]. (7.4.10)

This involves the variations d,/—g and dR. The first is easy to determine if we recognize
that for any matrix A the identity

-~

Indet(A) = trin(A) (7.4.11)

implies, varying both sides and using A = det E, that

_ _ 2 _t(A-15A
§In(A) =25InvVA = \/Z6ﬂ—t (A1 4) (7.4.12)

and therefore taking A to be the metric, the variation of \/—g will be

1
Sov/—g = 5\/?%#1/509/“, (7.4.13)
but if we use the fact that
0(9*7908) = 0= 00(9°7) 908 = —9*° (d09s5) (7.4.14)
then dog,, = —guag,,ﬂéogo‘ﬁ and we have the equivalent expression
1
Sov/—g = —;/—gguyéog"”. (7.4.15)

for the variation of \/—g.
The variation of R is a little more delicate. Consider

ooR = (50(9’“/RW) = ((50g‘“’RW) + glw(S(]ij (7.4.16)
and let us now concentrate on the last term. It’s more convenient to consider
SoR“ g = 601“31,#—501“%#,1,—#(5OF"V)F3M+F’7V(5OF$W)—(50FZH)F,°7‘V—FZ#(5OF2V) (7.4.17)

instead. Direct computation shows thatﬁ

1
50F%V = 590”7 (509775;1/ + 50977V;B - 50961/;77) 5 (7.4.18)

5Problem: Show this.
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which is manifestly a type (1,2) tensor. If we take the covariant derivative of JpI' and
compare it to our expression for 69 RRg,, we will find the remarkable result that

do R g = &J‘%DW — &J‘%WJ (7.4.19)
and therefore
doR,, = 501“,‘1‘1,;& — 50Fﬁa;y. (7.4.20)
Now insert
g oo Ry = (g“”(Sol“ij);a — (g“”éol“ga);y (7.4.21)
into (|7.4.10) and find
ct 1
) = d*z/=g | —=guw | 6og™”
0Sa 16WC¥]C4 T/ —g [ zguvR-%Iﬂl] 09
C4 4 v e v «
6 /Md /=g [(§" 0005 )0 — (9" 00 50) ] - (7.4.22)
The second term above is a boundary term and can be written as
A
d*zy/—g [PFY 60T 7.4.23
167G /M =g 0 ‘“’];a ( )
so it follows that
ct 4 1
_ — — g Y HY 0005 4.24
doSa 167TG/Md.CE\/ g{|: 29“ R+R#}5og + Vadoj } (7 )
where
50ja = PuaycréOFZV — P’MUV(SOQ;W;U = (guo—galj - g“ugag) 509/,11/;0' (7425)

involves derivatives of the variations. Notice, however, that
A ct

4 o 4 " ——
167G / 0 2V/=9 Vaboj® + 1o—= /M d'x 0a[l500(v/ =g P ")) (7.4.26)

so the variation of the “bulk” action, Spukx = Sg — Ssurf, Wwould involve a surface term
which does not contain derivatives of the metric variations. Therefore we conclude that:

50 Ssurf =

e if the gravitational action is taken to be the coordinate invariant functional Sg then

2 68 ct 1

— = — v — —Quu 4.2
/G809 81C [R“ 29 R} (74.27)

subject to the condition that dyj vanishes at the boundary of M;

e alternatively, if it is taken to be the non-invariant functional Sy then
2 6Spulk ct 1
— = — R, — -g9uwR
v —g dogh G | * P
subject only to the condition that dpg"” = 0 on the boundary of M.

(7.4.28)
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7.4.2 Inclusion of Matter

Now if the left hand side is derived via a variation with respect to the metric then it
is reasonable to expect that the right hand side must also be derivable from a similar
procedure. Let Sp; be an action describing the matter fields, which must be added to the
total action giving a combined action of Sg+ Sjpsr. Then we define the stress-energy tensor
of the matter fields as the symmetric tensor

2 0SSy
V=9 dogh
How does it compare with the generalization, prompted by the principle of general co-
variance, of the stress tensors obtained in Chapter 2 from translation invariance in flat
space? Consider the examples of a scalar field and a massless vector field. The stress

energy tensor for a scalar field in a flat background is given in (2.5.22)). Therefore, by the
principle of general covariance, it should be generalized to

T, = (7.4.29)

T,uz/ = auﬁbay(b + (7430)

1
— g L.
v
One can check explicitly that this is recovered from ([7.4.29)) by varying the scalar field

action (notice the definition of £ below)

Suaar = [ e 2= =3 [ dtav/=glg"0,00,6+ 2V (). (7.4.31)

Likewise, applying the definition of the stress energy tensor to the action for the massless
vector field

Sem = /d4x Qem = _% /d4$\/jgguaguﬁFuuFa,8 (7432)

gives precisely

T,ul/ - |:gCFuaFya + (7433)

as in . Note that this is the symmetrized version of the vector field stress tensor. In
fact will always yield the symmetric generalization of the stress tensors obtained
earlier because g"” is symmetric. If the total action is now taken to be the sum of the
gravitational and matter actions, S = Sg + Sy, then requiring that S is stationary under
variations of the metric will yield precisely Einstein’s equations.

For phenomenological applications, it is often useful to consider non-interacting parti-
cles. The stress energy tensor for a single free particle may be given as (see the footnote)

2
T = —— 2P 505 (4)) (7.4.34)
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where §(7 — 7(t)) is defined by the integral [d*7 6(F — #(t)) = 1 and E = p°c? =
mc?(dt/ dT)E] For an collection of non-interacting particles it follows that
2 () (n)

_ ¢ Pu Dv S o
Tw_zn: = 5 5(F — (1)) (7.4.35)

and in the continuum limit, for an ideal fluid,

p
Ty = PG + (p + ?) UuUy (7.4.36)

where U* is the fluid four-velocity, p its pressure and p its mass densityﬁ

7.5 Symmetries and Conservation Laws

The gravitational action is not scale invariant but it ¢s invariant under general coordinate
transformations,

dx® 9zP

ot — 2 =t 4 e (x), gu(z) — giw(x/) = @Wgaﬁ(x)

(7.5.1)
and thus
dxt =e"(x), 69w = —Guat® v — Guac® (7.5.2)

As the symmetry is local, we want to determine the conserved current and Noether’s
identities for the theory. Even though the Lagrange density in the case of gravity is not
first order as assumed in writing the Noether identities in , their form remains the
same provided that we treat the £4 as the Euler derivative for the higher order theory.
Then with

51’“ 59
_ _ B — my B B
Gua — (56‘70‘ —_— 557 T uro — 5(05504) — _g“aay - gyaaﬂ (7-5.3)
we find from (2.2.15)), using E4 = —/—gE", that
- ZaBEaB - Eaﬁg)\ag)\aﬁ + EAJQ)\U,Q = _2vﬁEa6 — 0, (754)

"Write the action for a free particle as

S = fmc/ds = fmc/dt\/fg“”vuv = —mec | d*z\/—g"ruu, 6(F —7(t))

and take the functional derivative w.r.t. g"”. We find

_me WU sem_mg)) = UnUy P— 1) = < pupy P

8Tn flat space and in the rest frame of the fluid, 7% = —pc27 7% = 0 and Tij = p(5§-.
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which is the Bianchi identity of , so it tells us nothing new. This was also the case
for gauge fields.

For consistency we must also show that general coordinate invariance requires that
T, is divergence free, so consider what coordinate invariance would mean for the matter
action. Varying the action would involve two terms: (a) a variation with respect to the
metric and (b) a variation with respect to the matter fields. The variation with respect
to the matter fields vanishes on shell (i.e., if the equations of motion are satisfied). For
the variation with respect to the metric, use £4 = %\/TgTW, according to , in
(2.2.15)). Because T"" is symmetric we will find, as we did in the case of F,,,, that

208T0" + ToP 9 9005 — T 900 = 2V 5T0" =0, (7.5.5)

but only on-shell. One should be quite careful in interpreting these results.
Firstly, being covariantly divergence free is not the same as being divergence free
because of the added contributions from the connections

%5 =0= T 5 = —T5 T° —T5,7° (7.5.6)

and the right hand side should be viewed as a “gravitational” source term. It encapsulates
the exchange of energy and momentum between the matter and the gravitational fields.
Secondly, tempting as it may be, it would be wrong to consider E,,, as representing the
stress energy tensor of the gravitational field. Although it is symmetric, covariantly diver-
gence free and constructed entirely out of the metric tensor, it contains second derivatives
of the metric tensor in contrast with the stress energy tensor of matter, which contains
only first derivatives of the fields. As a consequence, E,,, does not vanish in a local inertial
frame. On the other hand, we have seen that the gravitational force vanishes in such a
frame. Therefore, if F,,, were to represent the energy and momentum of the gravitational
field then we would arrive at the untenable conclusion that the gravitational field may
exert no force while still carrying energy and momentum in a locally inertial frame.

Apart from the Bianchi identities, general coordinate invariance will also lead to a
strongly conserved current density, but we cannot use directly because it is adapted
to first order Lagrangians. Instead we use ([2.2.8]) to write

5Se = / 042 [0, (£<") + 60 (7.5.7)

where £ = \/—gR. We have already seen that

87G .
CT (502 = —/ —gE‘uV&)gMV + 8,11\/ _géoj'u (758)

so a variation of Sg gives

C4 .
0Sq = % /d4IL‘ [—\/ —QEHV(SOQ;W + a,u\/jg (REM + 50]M)]
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- 87TG/d4 V=gE" 809, + O, \ﬁ( aupaﬂﬁ(,aorgﬁ)} (7.5.9)

Now dog,., represents a functional change in the metric under the diffeomorphism £* —
2'* = xF + e#, therefore

509;w = 59#1/ —&- 89;1,1/ = _V,I,Lgl/ - Vygp, = —£ggm, (7510)

and substituting this into the variation of S, then integrating the first term by parts, we
determine

4
8Sq = 80G/d4x QFEM vE + O/ — [ EMe, + Rel 4 PP 5,19 ” (7.5.11)
™

The first term vanishes by the Bianchi identity, showing that diffeomorphism invariance
requires the conservation of the current

Jr = ng [QE/“’gV + Ret — (ga"g“ﬂ —g*’g" U) Vav(agﬁ)}

4
L 2Re, — PV, 0eg)| (7.5.12)

where the brackets, (...) mean symmetrization of the indices, as usual. We see right away
that if e is a Killing vector of the metric then

4\/7
JH = R“V 7.5.13
4G ( )

For a general diffeomorphism, the current can be simplified even further by reordering the
derivatives of € in a suitable way so as to eliminate the curvature term. We getﬂ

A=
JH = g praboy v 7.5.14
87TG BEOW ( )
which can further be written in terms of the antisymmetric tensor
JHY = a —_— e WBJV <y V[“ O‘] (7.5.15)
87

where [...] mean antisymmetrization of the indices, as J* = V,J**. As we know from
(2.2.16)), conserved currents imply conserved charges, but we must first provide a general,
covariant proof of this statement.

9Problem: Derive the result by first showing that
PPN,V gy = V2! + VaVHed — 2VH(V - ¢)
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Figure 7.4: The space-time split of M =R x X

To this end, let M be a space-time that is globally hyperbolic, i.e., of the form R x 3,
where R is a time-like direction and ¥ is a spatial hypersurface. Let g, (X) be a metric
on this space-time in some coordinates X* and let ¢(X) be a smooth, real-valued function
on M such that there is a differentiable bijection between spacelike surfaces, denoted by
Y, of constant ¢(X). M may then be described as a sequence of spacelike hypersur-
faces (a foliation), which are the level surfaces of ¢(X) (see figure [7.4). Let a region M
of this space-time be bounded by a closed hypersurface 9M made up of two spacelike
hypersurfaces, ¥, characterised by constant times, t_(X) < t4(X), and a timelike hy-
persurface, B. Integrating the conservation equation for a (covariantly) conserved current,

JH = JH/\/—g, and applying Gauss’ theorem ([6.7.63)),

0:/ vuj“:f nMJ”:/ d2+n;j“—/ dzn;jﬂ+/d23 buT" (7.5.16)
M oM oy o B

where nff is the timelike, future directed, unit normal to the >, the negative sign in the
second term on the right hand side compensates for the fact that we have chosen to use
the future directed unit normal on Y _, which is inward pointing, and b, is the outward,
spacelike unit normal to B. If we define

Q= [ dX¢n,J" (7.5.17)
¢

where ¥ is any spacelike hypersurface then,

Q) —Q_ = —/deg b J" (7.5.18)

Then, using [V*, Va]e® = —R" ey, simplify the last term above to get
PPN,V gy = V3! — VaVF e + 2R ey

and insert this into the expression for J*.
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This is the appropriate generalization of the statement in . The integral on the
right represents the flux of J# through the timelike portion of the boundary, B. If this
flux vanishes then, because ¢+ (X) can be chosen arbitrarily, it follows that @ is conserved.
Using the fact that our current is expressible as the derivative of an antisymmetric tensor,
we have .

c

Q= [ dv,J" = / A8V, T = —. 7{ dS,, Ve, (7.5.19)
hI > 87’l’G S

where we have applied Stokes’ theorem and S is the two dimensional boundary
of the spatial hypersurface >;. When ¢* is a Killing vector, the integral on the right is
called a Komar integral. When the spacetime is asymptotically flat, the integral over the
two sphere at infinity is the total mass energy as measured at infinity if ¢# is the timelike
Killing vector and the angular momentum measured at infinity if e# is the azimuthal
Killing vector.

7.6 Energy Conditions

Before we can look for solutions of the Einstein equations, we should ensure that the sources
of the gravitational field obey some general physical requirements. These are intended to
exclude matter that would lead to “unphysical” solutions of the Einstein equations. One
or more of these requirements are generally met by most forms of normal matter and non-
gravitational fields. There are four “energy conditions”, defined in terms of unit time-like
vector fields, n# (n? = —1), and light-like vectors fields, I* (1> = 0). Time-like vector
fields represent tangent lines to time-like trajectories and define the worldlines of (possi-
bily accelerated) time-like observers. Light-like vector fields represent the trajectories of
massless particles. All the energy conditions are defined locally.

e Weak Energy Condition: For every future directed time like vector field, n*,
Twnfn” > 0. (7.6.1)

It states that the energy density of the matter distribution measured by every time-
like observer, with four velocity n*, must be non-negative. Using Einstein’s equation
we can think of it as a statement about the geometry of space-time. The condition
directly translates into the requirement that R, n#n" + %R > 0.

e Null Energy Condition: For every future directed null vector field, {*,
T, 1M1 > 0. (7.6.2)

This is essentially the weak energy condition applied to null vector fields. Since [? = 0
it follows from Einstein’s equations that the null condition requires R, [*” > 0 for
any future directed null vector field.
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e Strong energy Condition: For every future directed time-like vector field, n*,

1
<T;w — 2gWT> n*n” > 0. (7.6.3)

The strong energy condition can also be put in a geometric form. Einstein’s equations

imply that
81G 1

so the statement is that R, n#n” > 0 for any future directed, time-like vector field.

e Dominant Energy Condition: In addition to the weak energy condition, the
current vector field
G = —Tou k" (7.6.4)

is always future directed and null or time-like, provided that k* is future directed
and either null or time-like. This condition requires matter to always flow in future
directed, time-like or null directions.

Often these conditions are not required to hold at every space-time point but only on the
average; for example, the averaged null energy condition would read

/ T M1V dA > 0 (7.6.5)

where A is the affine parameter along the integral curves of [#. This allows us to include
stress energy tensors of quantum fields as sources for the gravitational field, although there
is some argument about whether or not this is very meaningful.

As an example, consider the case of the stress tensor for the time-like ideal fluid,

p
TMV = PYuv + (P + 072) U,uUV (766)

where U* is the time-like four velocity vector of the fluid elements. Since all the energy
conditions are scalar we can choose a particular frame in which to evaluate them, the
most convenient being the comoving frame of the fluid, i.e, the one in which U? = 1
and U? = 0.

e The weak energy condition will be

—p+<p+%)(n-U)2=—p+(p+%>n320 (7.6.7)
since n? = —1 and where we have set (n - U)? = n2, which is positive but otherwise
arbitrary. If we take n# = U /c then we find that p > 0. But since n2 can be made
arbitrarily large, we must also require pc? + p > 0. This second condition restricts
how negative the pressure can get, but places no other restriction on its magnitude.



238 CHAPTER 7. THE GRAVITATIONAL FIELD

e The null energy condition reads
p 2 2
p+ 2 (1-U)">0=pc+p=>0. (7.6.8)

since 12 = 0.

e Applying the strong energy condition and taking n* = U /c gives pc? + 3p > 0 and
we must also have pc? +p > 0 because ng is arbitrary. Again, there is no restriction
on the magnitude of the pressures.

e Finally, the dominant energy condition requires, besides the weak energy conditions,
that —pc? < p < pc? and thus restricts the magnitude of the pressure as well.

In the general case, determining the implications of the energy conditions for any stress
tensor is essentially an algebraic problem and can always be formulated in terms of the
eigenvalues of the stress energy tensor.

7.7 Geodesic Congruences

The behavior of both time-like and null geodesics is an essential tool in analyzing the
space-time produced by a matter distribution.

7.7.1 Time-like Congruences

We will begin with a look at time-like geodesics. In fact, we will look at time-like geodesic
congruences in regions of space-time, by which we mean entire one parameter families
of time-like geodeiscs that do not intersect anywhere in the region. Therefore, only one
curve of a geodesic congruence passes through any given event in our region. Our goal is
to determine how the congruence “evolves” over time, which we will make precise below.

Let x#(\, o) represent the geodesic congruence, shown in figure where A is an
affine parameter and o labels the geodesics. Holding ¢ fixed and varying A yields the
geodesic curve labeled by o, but holding A and varying o yields a curve labeled by A\ and
parameterized by o. Thus U¥(\,0) = 0z*(\,0)/0X would represent the tangent vector
field to the geodesic curve labeled by o. Because each x#(\, o) is a solution of the geodesic
equation, the acceleration vector vanishes,

a = (U - V)U* = 0. (7.7.1)

In analogy with the four velocity, let us define the vector field V#(\, o) = 0z (A, 0)/00o.
VH(X, o) represents the tangent vector field to the second family of curves mentioned
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Figure 7.5: The congruence z#(\, o)

above that were labeled by A and parameterized by o. We want to determine some of its
properties, so first consider the fact that integrability requiresm

ove  our

- e (U-V)VH=(V.-V)U". (7.7.2)
We can combine this with the geodesic equation to prove that d(V - U)/OX = 0 as follows
%(V U)=U0-V)(V-U)=[U-VV]-U+[(U-V)U]-V. (7.7.3)
The last term vanishes by the geodesic equation and using we have
%(V-U):[(V-V)U]-U (7.7.4)
Now because U? = —1 for time-like geodesics it follows that U*(V,U,) = 0, therefore
%(V'U) =VYVU")U, =0 (7.7.5)

(as promised), which says that V - U is a constant in the affine parameter. Now we recall
that the affine parameter is not uniquely defined, being defined up to linear transforma-
tions. Thus we could shift the affine parameter by a constant that depends on the geodesic
label, A = X (o) = A+ pu(0), for any arbitrary function of o. Under such a transformation,

d
VI V=V %U“ (7.7.6)

10 Alternatively,
LyVH =0= LyU"
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Now V'-U =V -U — c2du(o)/do. One could therefore choose p(o) so that V' - U = 0
at some point on each geodesic. Then by the vector field V' would be everywhere
orthogonal to each geodesic in the congruence. The vector field V' (or V') can be thought of
as characterizing the deviation between neighboring geodesics and is called the geodesic
deviation vector.

Expansion, Shear and Rotation

Given any time-like vector field, say U*, one defines a “projector” transverse to U* by
ht, =", + U U, (7.7.7)

To see that h¥, projects transverse to U¥, notice that h*,U” = 0 = U,h", because
U? = —1 and therefore, for any vector A*, if A’i = ht, A" then U - A| = 0. hy, satisfies
h®, = 3 and therefore projects onto a three dimensional (spatial) hypersurface, orthogonal
to U. The tensor

B,uz/ = U, (778)

is also transverse because B, U” = U"Uy,, = (U -V)U, = 0 by the geodesic equation and
UtByy = UrUyy, = 5V,U% = 0[F] Furthermore, by (7.7:2),

ovH

S (U-V)VF = (V- -V)U* =B, V", (7.7.9)

so By, governs the evolution of the deviation vector. It is convenient to separate B into
a trace part, a trace free symmetric part and an antisymmetric part as follows,

1
Bp,]/ - gehuyj + O-My + w}u/, (7710)

where © = B%, (hence the factor of three) is called the expansion scalar, the symmetric
tensor o, = %B(W) — %@h,ﬂ, is called the shear tensor and the antisymmetric part,
Wy = %B[W] is called the vorticity or rotation tensor. The expansion represents
the rate of change of the volume of an infinitesimal sphere of geodesics with respect to
the affine parameter of the geodesic passing through its center (when © > 0 the geodesic
congruence is diverging and when © < 0 it is converging). The shear represents the rate at
which the original spherical volume gets distorted and the rotation describes the tendency
of the original sphere to rotate during its evolution, causing the geodesics to twist about
one another.
Let us examine the evolution of B,,,,

%BW = U*Bu = UpipaU® (7.7.11)

1Problem: Show this explicitly.
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Rewrite the right hand side as follows:

6 o « (07
aBW = [Uu;[va]+Uu;aV]U = UpaU _RPYMOWUVU

= (UuaU — UpaU% — R o Uy U® (7.7.12)
The first term on the right vanishes by the geodesic equation, so
9
O\
This allows us to obtain the geodesic deviation equation by taking a derivative of (7.7.9)),

By = —BuaB®) — R 10, U, U, (7.7.13)

PV
ON?

which shows that it is the Riemann curvature that is responsible for the relative accelera-
tion between neighboring geodesics. This relative acceleration is sometimes referred to as
the tidal acceleration.

= — RV, U UV, (7.7.14)

Hypersurface Orthogonal Vector Fields

Any vector field, £, identifies a congruence of world lines to which the field is tangent at
every point. When are we guaranteed that there exists a family of hypersurfaces to which
these world lines are everywhere perpendicular? If there exists such a family of hypersur-
faces, W(xz) = const., then the vector field is said to be hypersurface orthogonal. In
that case,

§u(@) = N(2)V (2) (7.7.15)

where N (z) is some function. It follows that

fu;lx = N,V\I/“u, + N\Il;;u/ (7716)
and therefore 1 )
€] = N = N8y = 5 INwéu — Nyt (7.7.17)
or
Gwyﬁf[u;yﬁﬂ =0 (7.7.18)
by the antisymmetry of the Levi-Civita tensor. The vector field
1
_ v
w* = §€a“ f[u;y]f/g (7.7.19)

is called the rotation of the congruence of world lines defined by &*. We have shown
that a vanishing rotation is necessary for a vector field to be hypersurface orthogonal,
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but it turns out that it is also sufficient, i.e., if the rotation vanishes then locally there
are functions N(z) and ¥(z) such that £, = N(x)0,¥(z). This is more difficult to prove
(and we will not do so here). The result is called Frobenius’ theorem: a necessary
and sufficient condition for a vector field to be hypersurface orthogonal is that its rotation
vanishes.

A slightly simpler condition is obtained when Frobenius’ theorem is applied to a
geodesic congruence, U¥. In this case, because U* is hypersurface orthogonal, i.e.,

1

N[N,VUM - N,,uUz/]a (7.7.20)

Ulpw] =

and By, is transverse, i.e., Uy, U” = 0 = Uy, U*, it follows that Uy, ) U” =0 or
1
[(U-V)NJU,+c¢*N, = N, = —5[(U - V)N]U,. (7.7.21)

Inserting this result back into ([7.7.20)) shows that

1

= 52y [Tl VINIUU, + (U - V)N]UU] = 0. (7.7.22)

5Bl = W

i.e., the rotation tensor vanishes. The converse is also true: if the rotation tensor vanishes
then the geodesic congruence is hypersurface orthogonal.

Evolution of the Expansion, Shear and Rotation Tensors

Taking the trace of ((7.7.13)) gives the Raychoudhuri equation,

00 y )
87 = _B,uI/B B RMVU'LLU
1
= —562 — oo™ + wpw — R, UMUY (7.7.23)

The first two terms are always negative because the tensor o#” is transverse to a time-like
congruence. If the strong energy condition holds, then the last term is negative as well.
Therefore, the divergence of a hypersurface orthogonal congruence (rotation free, w = 0)
will always decrease if the strong energy condition holds,

00

1
a = —g@g — O-HZ/O"uV - R'LLI/UMUV S 0. (7724)

This is the focusing theorem. In particular,

— <202 = 0tV (A - N) (7.7.25)
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means that if ©; < 0 then ©~! — 0~ or ©® — —oo for some value of the affine parameter.
This happens when the geodesics converge to a point called a caustic. A caustic is a
singularity of the congruence. At this point the decomposition breaks down and
the expansion, shear and rotation are meaningless.

The evolution of the rotation tensor also follows directly from ([7.7.13]) because

9 10 2 . .
aww = 55B[MV1 = —ge ww, — O'#aw v+ opaw m (7726)

where we exploited the third of the algebraic symmetries of the Riemann tensor listed in
the previous chapter. Similarly, the evolution of the shear tensor can be obained as

0 2 1
< = ~ 5O = 040", = Wuate”y — Ras UU” + 3 (0% =& + RasUU? )
(7.7.27)
where o2 = aagaaﬂ and w? = wagwaﬁ . We leave this as an exercisem

7.7.2 Null Congruences

The analysis of null geodesic congruences has much in common with the anaylsis of time-
like geodesics, but there are also several complications, all of which are brought about by
the fact that K2 = 0, where K* = dx*/0X. Thus we could define the geodesic deviation,
V¥ in the same way as before and we would obtain £y K* = £xV*# as before. The
acceleration of the geodesics is zero by definition, i.e., a# = (K - V)K" = 0 and it is
straightforward to show that O(V - K)/OA = 0, this time because K2 = 0.

The dificulties arise from the fact that, because K* is a null vector field, é#, + K* K,
does not not annihilate K* and so it does not project transverse to K*. This is because the
hypersurface orthogonal to any null vector is two and not three dimensional@ To correct
this, we must introduce an auxilliary null vector field N#, which is such that K - N = —1.
We do this by first picking any spacelike hypersurface, ¥, and a null vector field, N*,
defined on 3, which satisfies K - N = —1. If we extend N off 3 by parallel transport along
geodesics, (K -V)N* = 0, then the two conditions N2 = 0 and N - K = —1 are guaranteed
to hold. While this can always be done, the conditions do not uniquely determine the null
vector N*. However, once a particular N* is chosen on ¥ the projector

W, = 6", + K*N, + N*K,, (7.7.28)

2problem: Derive the evolution of the rotation and shear from (7.7.13)).
1370 see this, consider flat space in null coordinates, u+ = ct + . The line element is

ds® = duydu_ — dy2 —dz2.

If we let K be tangent to the curves u+ = const., then the transverse line element is given by ds? =
—dy? — dz?, which is two dimensional.



244 CHAPTER 7. THE GRAVITATIONAL FIELD

does indeed project transverse to K*. It also projects transverse to N# and therefore h,,,
is a two dimensional projector, satisfying h%, = 2. Furthermore, because both K and N
are parallel transported along geodesics, it follows that so is h*,, i.e., (K - V)h*, = 0.

Expansion, Shear and Twist

Taking our cue from the treatment of time-like geodesics, we define the tensor

B, =K. (7.7.29)
It follows that gve
— = B*,¢", 7.7.30

but B, is orthogonal only to K*, not to N*, so it is not transverse. Therefore, we use
the projector and define the transverse tensor

Bag = Buhtoh 5. (7.7.31)

Expanding B as before into a trace part, a symmetric, traceless part and an antisymmetric
part,

~ 1
B,u,l/ = §®huu + Ouv + Wy (7732)

defines © = Eaa, O = %[E(uu) —Ohyy] and wy, = %B[/w]a which are the expansion, shear
and twist of the null congruence, respectively. Note that the geodesic equation and the
null condition together ensure that Eaa = B#,.

The argument, given for timelike geodesics, to show that the deviation vector can
always be chosen to be transverse, fails in the case of the null geodesic congruence because
K? = 0. Thus, even though V - K is a constant along each geodesic, it is not guaranteed
to vanish everywhere by a suitable choice of parameterization. In general, the deviation
vector could be expanded as

VH = aK" + bN* + VH, (7.7.33)

where K -V =0 = N -V and we are only guaranteed that b = —V - K is constant along
each geodesic. Because h,, is parallel transported along geodesics, the evolution of the
transverse part of the deviation vector, V# = h#*, V<, follows directly from ([7.7.30]) as

ovH
—— = W, BY3VP. 7.7.34
B\ ; ( )
Now we have
ove o (7B 8. B o (1 nB o T8
—— = h*4BY3(aK” + bNP + VP) = b, B*3(bN” + VF), (7.7.35)

oA
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where the last equation follows because BYgK # = 0. Thus deviation vectors for which
b=—K -V =0 satisfy
oV b po 178 v pa B v 19 v pB pa Y — RBE Y
W:hQB V7 =haBYsh"y W5V = W h" B VT = BV, (7.7.36)

where we have used the definition of the transverse tensor EW in (7.7.31)).
The evolution equation for B,,, is obtained in precisely the same way as (7.7.13) with
the same result,

0
an = —BuoB% — Ry K, K“, (7.7.37)
which allows us to find the null geodesic deviation equation,
oV H
Vi — RV o KOKEP (7.7.38)

and, once again, it is the Riemann curvature that is responsible for the relative acceleration
between neighboring (null) geodesiCSE

Frobenius’ Theorem

The congruence K* is hypersurface orthogonal if and only if w,, = 0. As before, we will
only prove that if the congruence is hypersurface orthogonal then w,, = 0. Thus, suppose
that the congruence is orthogonal to the family of (null) hypersurfaces given by ¥(z) =
const., then it follows that K, o ¥ ,. However, then K* is at once both orthogonal
and parallel to the hypersurfaces, since KV , = 0, and therefore K* is also tangent to
the hypersurfaces and lives within them. They are called the null generators of the
hypersurfaces ¥(x) = const.

Now we may set K, = f¥ , as before, but now f(z) is any arbitrary function. Then

B,ul/ = f,l/\:[],/t + f\Ij;/u/ = J;VK,J, + \Il;,u,u (7739)

and, if we assume that space-time is torsion free, it follows that

1

B[;w] = ? (f,VKu - .ﬁuKV) . (7740)

Therefore after projecting in the transverse direction we will find that E[W] = 2w, = 0.

14Problem: Determine the evolution equation for EW and the geodesic deviation equation for the trans-
verse part of V#.



246 CHAPTER 7. THE GRAVITATIONAL FIELD

7.8 Hamiltonian Description

The Hamiltonian dynamics of particles and fields relies heavily upon the splitting of space-
time into space and time. In other words, we must consider space-times, M, that are
globally R x Y3 where R represents a time-like direction and ¥ a spatial hypersurface. We
therefore return to the foliation of M by spatial hypersurfaces as described in section 7.5.
This approach, developed by Arnowitt, Deser and Misner, allows the problem of finding
the geometry of M to be treated as an initial value problem in which the initial data are
prescribed on an “initial” hypersurface and then evolved according to the field equations.

7.8.1 Arnowitt-Deser-Misner (ADM) metric

The treatment here will closely resemble the discussion of three dimensional hypersur-
faces in the previous chapter. Because ¥; is a surface of constant ¢, J,t is everywhere
perpendicular to ¥;. Assuming that d,t is future directed and nowhere lightlike, let

N2 = —g"9,td,t >0 (7.8.1)
be its norm and let n, be the future directed, unit normal to X,
ny, = —NOut. (7.8.2)

Now let us transform from the original system of coordinates, X*, to a new system,
X" = {t 2'}. By the transformation laws,

1
n = nlot = — (7.8.3)

and we can define three new functions N*(X’) such that

Ni

~ (7.8.4)

n" =ty = —

The metric on M in the coordinates X’ captures the geometric structure of the factorizable
manifold M; by a straightforward calculation, we arrive at

1
g/OO = g’“jautayt = _W
S , 1 . N
g/Oz — gle — g,uua#tayl,z — _Nnua“xz — m
N'NJ

g7 = g" 9,207 = W O,a' a7 — (7.8.5)

N2 7
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where we have defined the “projection” h,, = g, +n,n,, which annihilates any vector in
the direction of n#. Since the first term on the right hand side of the last equation “lives”
only on X, we let

v = W 9,2 0,2’ (7.8.6)

and write the (inverse) metric as

-7z N7 /N?
g = : (7.8.7)
Ni/N? ~% — NiNJ/N?

where we have dropped the primes. Finally, defining «;; to be the inverse of N e,
Wik'ykj = (5;-, we have a canonical form for the metric on M:

—N? + 4, NIN™  N;
Juv = (7.8.8)
N; Vij

where V; = v;; N J. The matrix 7ij is the induced metric on 3, or the first fundamental
form. It defines the distance between infinitesimally separated points on ;. When it is
given as , the metric is said to be in the Arnowitt-Deser-Misner (or ADM, for
short) form. The function N is called the shift and N* are called the lapse functions.
The ADM distance between two points on M will be

ds* = —gudrtds” = N?dt* — ~;;(dx’ + N'dt)(dz? + N7dt) (7.8.9)

and the 10 functions comprising the shift, the lapse and the spatial metric are to be
recovered from Einstein’s equations. The volume element, written in terms of these 10
functions becomes

d*z/—g = d*zN/y (7.8.10)

where « represents the determinant of the induced metric.

The ADM form of the metric is designed to turn the problem of finding solutions to
Einstein’s equations into a Cauchy problem, i.e., into the problem of finding solutions
subject to initial data specified on some initial spatial hypersurface. This provides a clean
way to classify the initial data while also allowing us to formulate the concept of causality
in general relativity. Our aim in this section is more limited. We only seek a Hamiltonian
formulation of the theory.

7.8.2 Hamiltonian of a scalar field

As a preparatory exercise, let us first apply this general metric to determine the Hamilto-
nian of, say, a real scalar field. The procedure is similarly carried out for all other fields.
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Consider a (real) scalar field minimally coupled to the gravitational field so that its action
is

5= [dav=glg0,00,6 + 2V(0) (7.8.11)

and re-express it, using the ADM decomposition in the previous subsection,

1 1 . QNZ i Ni i2 -
:2/dt/d3xN*ﬁ [N2¢2 ¢ d’*( ]\?2’) +'7”¢,i¢,j+2V(¢)] (7.8.12)

The Lagrangian density for the field is

1 . 2Nigh Nig ;)2 y
SzzNVﬁLw¢‘— Nf¢+(Jﬁ)—~W¢mJ—ﬂ%@] (7.8.13)

and the momentum conjugate to the field is

0L \/,7 . .
=—="=|¢p—N'¢,;|. .8.14
5 = W [6- Vel (7.8.14)
Solving for the field velocities,
. Nm
b=~ +Ng,, 7.8.15
7 ( )

and performing the Legendre transfrmation in the usual way, gives the Hamiltonian of the

scalar field,
/ >z [qu — 2}

71_2 7
- /d%Nﬁ [27 (]j\r?}) += { Db +2V(e)} .

T
I

(7.8.16)

Now if ¢* is a Killing vector then the four momentum, p# = &HT*, is (covariantly)
conserved (V,p* = 0), so integrating p* over the spatial hypersurface, X, yields the
conserved quantity,

Q= [ daindeT). (7.8.17)

In a stationary spacetime, taking &* to be the time-like Killing vector £# = (1,0,0,0), we
find that Q¢ = H [

15Problem: Work this out using the unit normal, n,, = (—N,0,0,0), the ADM metric in (7.8.9) and the
stress tensor for a real scalar field in ([7.4.30)).
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7.8.3 Extrinsic and Intrinsic curvatures of a hypersurface

The metric and the unit normal together will define a projector onto the spatial hyper-
surfaces,
h,u,l/ = Qv +nyuny. (7818)

To see that this is indeed a projector consider that acting on any vector parallel to n,, it
must yield exactly zero, since h,,n” = 0, and it also satisfies

Ry = (gun + nuna) (6 +n'ny) = hy,. (7.8.19)
Now let us define the differential operator “D” by

DATQLNBL.. = h)\ahalul by NGy, (7.8.20)

i.e., by projecting the components of VT using the projector, h. “D” defines the intrinsic
covariant derivative operator on the hypersurface. It is easy to show that D,hgy = 0
and that “D” inherits all the conditions (eg., the Leibnitz rule) that would make it an
acceptable derivative operator from the ordinary covariant derivative operator “V”. It is
also torsion free i.e.,
[Dy, Dylo(x) =0, (7.8.21)

therefore “D” defines a unique, torsion free connection in ;. Now with the help of “D,,”
and n, we can define two properties of the spatial hypersurfaces, ¥;.

The extrinsic curvature of ;, or the second fundamental form, is defined as the
spatial rate of change of ”um

K., = Dyn, =V, n, +nyua,, (7.8.22)

where a, = (n - V)n,, called the acceleration of the foliation, is perpendicular to n* and
therefore tangent to EE The extrinsic curvatures is a symmetric tensor, a property that
is not obvious from its definition in . It follows because the connection is torsion
free so that

K = "1V gng = hy* 1y’ (9ans — 0gna). (7.8.23)

Now, using the fact that ng = —N, n; =0, we have

Ky = =hp*h 0o N + hy,°h, 93N, (7.8.24)

but huo = 0, so it follows that K[, = 0. Furthermore, all the indices of K and of ®R
are perpendicular to n by definition.

16Problem: Show that K., = h,*Van,.

~

"This follows from the fact that 7 is a unit vector and therefore n*Vaen, = 0. Thus n-a =
nn*(Vany,) = 0.
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The intrinsic curvature of the hypersurface is defined in the usual way, but in terms
of the derivative operator D, as

[D,, D,JA% = B Ry, AP (7.8.25)

for all vectors A that “live” on ¥, i.e., are perpendicular to n (n- A = 0).

7.8.4 The Gauss equations

Let us now determine some relations between the four dimensional Riemann tensor, its
three dimensional counterpart and the the extrinsic curvature of ;. Starting from the
definition of ®) R, we have

DDA = kRN AW ohy PV A7) — (145 v)

= B R (VAo hy )V p AT 4 W o he PV AV, A% — (1 45 v)
(7.8.26)

The last term in square brackets on the right, when antisymmetrized in (u,r) gives
hﬂ)‘hlﬂho‘UV[AVﬂA" = hagh#AhVWRUKAVA”. Again, because n - A = 0 we can write
Af = Aﬁh[g“ and express the contribution from this term as ho‘ghrg“hu}‘hﬂR",ﬁMAﬁ.

To evaluate the first term, notice that

R M R (VAR 6 ) hef + B0 (VAR P)|V , A7
= (R PR oV an® + hy My The onfV ., |V, A
= [hno K, " + h®onP K, |V , A° (7.8.27)

The second term in square brackets will vanish upon antisymmetrization because K is
symmetric. Moreover, the first term can be rewritten as

hP K, 1oV A7 = —h,PK,*(V g ) A7, (7.8.28)

using the fact that n- A = 0 and, because of the same identity, we can set A7 = AP hg? so
the above expression turns into

— hPhg" (Vone) K2 AP = —K,* K, AP

Finally antisymmetrizing with respect to (u,r) we get the contribution —K [#QK,,}BAB
from this term. Therefore putting everything together, we recover the Gauss equations

G R, = K hg"hy h TR o0y — K"K, (7.8.29)
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relating the intrinsic and extrinsic curvatures of the three dimensional spatial hypersurfaces
with the projection of the intrinsic curvature of the four dimensional manifold onto the
spatial hypersurface. We can now contract appropriately to recover the Ricci tensor,

(3)R/31, = R, +2Rgyn,n” + Reyn“n'ngn, + R"mynan)‘ — K" Ky)3 (7.8.30)
and the scalar curvature

@R = R+ 2Rsn n" — K,°K,}" (7.8.31)

7.8.5 The Codazzi-Mainardi equations

There is another set of useful identities, called the Codazzi-Mainardi equations, that
are obtained by considering projections of the four dimensional Riemann tensor along the
normal direction. To obtain this set, consider the derivative of the extrinsic curvature,

D.K,» = hhhVaKss = h,%h, h\Vo(hg he"Vn,)
= B, ®hPha"hg he?N oV oan, + b P hy oV o (hg he?) V0,
= huh RV oV, + KuhaP(n - V)n, (7.8.32)

Hence we find that
D[MKV})\ = _h)\ph,uahl/'yRchwnﬁ (7833)

because of the symmetry of K. Contracting,
Dy, K,)" = —h, "1 Rgpann” = —h,* Ragn” (7.8.34)

The Gauss-Codazzi-Mainardi equations are useful for decomposing the ten Einstein equa-
tions into components that are orthogonal to and components that are tangential to the
spatial hypersurface. For instance, the orthogonal components of the Einstein tensor
(time-time) are given as

2G gn°n” = 2Ragn®n” + R = O R + K,"Kz”, (7.8.35)
upon directly applying (7.8.31)). Its mixed components (time-space),
hu*Gagn® = h,*Ragn® = —D|,Kp", (7.8.36)

follow directly from ([7.8.34)) and so on.

Such a decomposition of the Einstein equations is a necessary prelude to setting up
the initial value problem of general relativity. The field equations are second order, so any
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unique solution requires a specification of the metric and its first time derivative at some
initial “time”, i.e., on some spatial hypersurface, . However, on any X, the time-time and
time-space components of the space-time metric cannot be given meaning in terms of the
geometric properties of ¥ alone, so only the six components of the first fundamental form
can be specified. The remaining four components of the space-time metric are arbitrary
and this reflects the freedom to choose how the four coordinates are laid down. Likewise,
specifying the time derivative of the induced metric turns out to be a statement about
the extrinsic curvature (the second fundamental form), as we will shortly see. The initial
value problem of general relativity therefore consists of specifying the induced metric and
the extrinsic curvature of some spatial hypersurface. They cannot be chosen freely but
must satisfy the four constraints of general relativity, one given by ,

167G of 167G
(3)R+K[QO‘K5]5 = CZ Tagno‘nﬂ def :4 p (7.8.37)
and three by (|7.8.36]),
8rG . def 87Gy
= DK = = b Togn” = =7 (7.8.38)

The remaining six (the space-space equations) provide the evolution equations for the first
and second fundamental forms.

7.8.6 Action

With the help of the Gauss equation, we can now write the gravitational action (neglecting
the boundary term). However, we must first find an expression for R,,n*n" in terms of
)R and the extrinsic curvature, which we can do by using the fact that

[V, V,JAY = R%5,, AP (7.8.39)
holds for any vector and, in particular, for 7. It follows that
Rntn” = n"[V,, V,n"
= n"(V,V, -V, V,)n*
= —(Vn")(Vunt) + (V,n")(V,nt) + Vu(n"Vynt —n#V,n")
= K,'K,"+ %V“Q“. (7.8.40)
where Q" = 2[a" — Kn*] and K = K?,. Inserting this into ([7.8.31)
®R=R+K,'K,)” -V -Q (7.8.41)
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and therefore the bulk term of the Hilbert action can be written as

c* ¢t
= d*z/—gR=—— [ d*z N GR - K MK,»» 8.42
Sa e / v/ —9gR e / x N v R W K| + Som (7.8.42)
where the surface term is

C4 4
- = — n_ H
Som =g /d & N /7 Vu(a" — Knh). (7.8.43)

Now ()R contains no time derivatives of the metric, so it is a “potential” term. The
bulk action therefore has the classic form of “kinetic energy”, captured by the extrinsic
curvature, minus “potential energy”, captured by the intrinsic curvature.

7.8.7 Hamiltonian
The Lagrangian density (here, we include ,/¥) for the gravitational field is now

4
¢ = %\ﬁ VR + K, KM — Kﬂ (7.8.44)
Our configuration space consists of the lapse and shift functions together with the six
components of the induced metric. We want to obtain the momenta conjugate to these
variables.
The fact that all the indices of K*” are perpendicular to n, implies that K =0 =
KM therefore the Lagrange density can be written as

4
c*N .
= ®R 4+ KK — K? 7.8.45
167TGW + 1] ) ( )
where K = 7;; K . We may work only with the spatial components of K ; consider
0 N Oc
Kij = Ving =Ny = 59" [gaij + aji — Yijal

1 , N!
= o Wig + Nia = Figl + 55 i + g = sl
1

= o [35 — Dby (7.8.46)

where the braces as usual refer to the anticommutator [

18Problem: Using the expressions for the unit hypersurface normal, show that
ho®=0=h", h’ =26, hy'=N".
Use these expressions and the definition of the extrinsic curvature to demonstrate that
Koi = Kio = N'Ky, Koo = N'N" K,
and hence that K°* = K*° =0 and K% =~ K.
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Notice that there are no time derivatives of the lapse and shift functions in the La-
grangian, so the momenta conjugate to these functions are identically zero. Let these be
mN, conjugate to N, and ﬂf\, conjugate to NV;. The vanishing of these momenta will be the
primary constraints. There are time derivatives of the induced metric, however, so call 7%
the momentum conjugate to 7;;, then

08 d VA (K — I K) (7.8.47)
" 9 162GV 7 e
Taking the trace,
4
c
= — K 7.8.48
i 87TG\Fy ( )
and thus 6 .
VYK = 62 [Wij - 'yijﬂ] . (7.8.49)
c 2
Now, from ([7.8.46)) we have

so putting it all together to get the Hamiltonian density, we find
Hp = ’%‘jﬂ'ij + Tvp+ vaui —L£=7mNu+ vayi + NH + NiHi (7.8.51)
and thus the Hamiltonian

Hyplij, 7™ = /d39€ [m\m + mivvi + NH(yij, 7)) + NiH' (5, ﬁkl)] 7 (7.8.52)

where we introduced Lagrange multipliers p and v; to enforce the (four) primary con-
straints ® =y ~ 0, ! = 77?\/ ~ 0, and where

4 .. .. 4
0 - (CW> (K — K2~ O)R) — <sz> G — < ¢ ) AR,
C

167G 167G
. 04\/7)/ . . .
H' = ———=(D'K - D;K”") = —2D;n”, (7.8.53)
in which .
Gijim = 7(%‘1’ij + Yim Y1 — %ﬂzm) (7.8.54)

23

and from which a total divergence,

C4 ; : ..
<87rG> OiyA(N'K — KV Nj)| = 20;(Njm*) (7.8.55)
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has been dropped. Notice that H is quadratic in the momenta and of the form g;; (Q)p'p’ +
V(q), with Gjjp; playing the role of a “metric” on the configuration space of components
of the induced metric. G is called the DeWitt metric.

Given that my, 7T§V and 7% are the conjugate momenta, one should define the funda-
mental Poisson brackets so that only

(Nt 7) (7)o = 8% (F = 7)
(Ni(t,7), wh (¢, 7)Yy = 6983 (7 — )
(g (8, 7), 7 (', 7)Y, = (0776 + 6165)0° (7 — 7) (7.8.56)

are non-vanishing. Taking the Poisson brackets of 7wy and 7%, with #H, then shows that
H and H; are secondary constraints,

N (t,7) ={mn(t,7), Hptpp. = H =0
iy (t,7) = {7 (t,7), Hptpp. = H' = 0 (7.8.57)

and, after some tedium, it can be shown that the secondary constraints H and H; form a
closed algebra,

(H (6,7, Hilt 7)Y, = 01 (H (8,950 (7~ 7))

{Hi(t,7), H;(t',7) Y5k = Hu0;0 (7 — ) (7.8.58)
There are four primary constraints and four secondary constraints, all of which are first
class. Thus, the Lagrange multipliers p and v; cannot be determined and we could simply
set them to be zero. Furthermore, the vacuum gravitational field will have just 10 — 4 —
4 = 2 local degrees of freedom. Just as the contraints of gauge theores generate local
gauge transformations, the constraints of general relativity generate general coordinate
transformations.

7.9 The Initial Value Problem



Chapter 8

The Weak Field

Finding solutions of the gravitational field equations is a difficult affair in general. Because
of the non-linearity of the field equations, it is very useful to first consider approxima-
tions in which the gravitational field is weak, by linearizing the equations about a flat
(Minkowski) background. Gravity being the weakest of the known forces, these approx-
imate solutions can be of great practical importance in many situations of astrophysical
interest such as, for example, in the study of the far field surrounding massive bodies and
therefore of phenomena such as the precession of Mercury’s perihelion, the bending of
light about the sun, etc., the field within tenuous clouds of matter ,useful for studying the
effects of Dark Matter, for example, gravitational waves and more. The weak field of slow
moving bodies is the subject of the present chapter.

8.1 Linearization

In the absence of a cosmological constant, a weak gravitational field may be represented
by a small perturbation of the Minkowski metric, i.e., we take g,, = 7., + hu, where
|huw < || (the inverse metric is then g"” = n*” — h*¥, where the indices on hy, (h*")
will be raised/lowered by the Minkowski metric). This allows us to retain only terms that
are first order in A, in the gravitational equations of motion. We can then think of h,,
as a symmetric second rank tensor field in Minkowski space and Einstein’s equations as
the equations of a free symmetric tensor field in Minkowski space, in this way enlarging
our repertoire of free, Lorentz invariant field theories.

8.1.1 Field Equations
Up to first order, the Christoffel symbols are

1
F;)l\,y = 5 <h>\,u,u + hAu,,u - h,uzl’>\> (811)

256
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and the Riemann curvature is
1
R% 5, = 5 (=0%0ghyy — 0,0,h%g + 0“0y h,p + 0,08h™)) . (8.1.2)

Contracting, we find the Ricci curvature,

1 «
R, = 3 (Ohy — by + B (4)a) (8.1.3)
and also the scalar curvature,
R =0h+ hap®. (8.1.4)
Einstein’s tensor becomes
]' 6% o
By =5 (Dh,w — Dy + By — TR — Ny 5) . (8.1.5)

If we define E/w = hu — %nuththen h = —h and therefore huw = E;w — %nuyh, so B,
can be re-expressed in terms of h, as

1 — -« - LafB
B =5 <Dh,w + 7 (e — T Tios ) . (8.1.6)

Now it is easy to see that R%,, is invariant under the transformation
hyw — h;w = huw + &y (8.1.7)

where £ is any arbitrary function. This is the change in the metric induced by a coordinate
transformation z# — 2/# = x# 4 £#(x) and corresponds to a “gauge freedom” within the
linearized theory, under which

P = oy = T + € — Mun€® . (8.1.8)

We may exploit this freedom to pick four functions, &#, so that EWW = 0. To see that this
is possible, suppose that we know a solution of the equations of motion, A, but it does

not obey this condition. We will show that E,uw given by ({8.1.8)), will satisfy this condition
provided we choose £* judiciously. We have

B, =R, el e =R, — e (8.1.9)
so if we take &” to be a solution of the equation

et = 1", (8.1.10)
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then 1" V7,, = 0 and E;w is an equivalent solution of the equations of motion. This is
called the “harmonic gauge” condition. Applying it from the start, we have the linearized
Einstein equations in their simplest form,

_ 167G

i = =1 Ty (8.1.11)

This is a wave equation in a flat background, so one can directly write down the solution
in terms of the retarded Green’s function for the four dimensional Laplacian,

@ T ct—[F— 7)) o
huy(t,r):&/d‘g?’ Z " + RO (L, 7) (8.1.12)

(0)(

t,7) is an appropriate solution of Laplace’s equation and the integration is
over the past light cone of the observation point. Notice that ELOV) must also satisfy the
harmonic gauge condition, because the stress tensor is divergence free. Equation
is similar to the equation for electromagnetic waves except that the source is a second
rank symmetric tensor, not a vector, and can be used to describe a variety of physical
situations, including gravitational waves, in which the gravitational field is weak. The
stress tensor may belong to one or more fields, as determined in the previous chapters, or

a collection of particles.

where h

8.1.2 Energy and Momentum

For small deviations about flat space, gravity is being described by a symmetric, second
rank tensor field propagating on a flat background. This should lead us to ask for the
energy and momentum carried by this field, just as we would for any other field Lorentz
invariant field theory. There are several proposals out there. For example, WaldE sug-
gests that we should consider the vacuum equations to second order. While the linearized
vacuum equations require the first order Einstein tensor to vanish, this tensor will not gen-
erally vanish to second order in the metric perturbations. To continue to have a vanishing
Einstein tensor at second order, imagine adding to h,, a higher order perturbation,

Guv = Nuw + hw/ + hg/) (8.1.13)

To second order, the Einstein tensor will be quadratic in h,, and linear in h,(f,,) . Any cross
terms would be third order in the perturbations, so to second order,
G ~ G,gblzj)(h(Q)> + G;(E)(h)’ (8.1.14)

14

"Wald, R. M., General Relativity, U. Chicago Press (1984).
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where the superscripts on G indicate the order of the expansion and we have used the fact
that G,(}l,) (h) = 0. We may then write the last equation as

GL(nP)) = -GQ)(h), (8.1.15)

interpreting the right hand side as proportional to the stress energy tensor of the gravita-
tional, according to A
c
b = — 5 Gfo)(h). (8.1.16)
It is certainly conserved, by the Bianchi identity, and symmetric by the properties of the
Einstein tensor. It is not gauge invariant, as is to be expected (it is impossible to define
a diffeomorphism invariant local energy and momentum density), and involves second
derivatives of the linearized field, h,,, a feature that is absent in other field theories.

It is possible, of course, to approach the question of the energy and momentum of the
gravitational field in a more canonical way, following the techniques laid out in Chapter 2.
Note that another approach to is via the bulk action of . The bulk action is
Lorentz invariant in the weak field limit and first order in field derivatives, which makes
it straightforward to apply the machinery of Chapter 2. In the linear approximation the

actionlﬂ

4

& 4 1 1
Sbulk = o~ / d'z [haﬁmhna,ﬁ — hghP", — 5izawﬂﬁﬂ + hah" (8.1.17)
is both Lorentz invariant and gauge invariant provided that the fields vanish rapidly enough
at the boundary. The Lagrangian, however, is not gauge invariant, owing to the surface
terms that have been dropped. PIIY

2Problem: Derive (8.1.5) from (8.1.17).
3Problem: Show that Spyu in (8.1.17) can be written as:

4
_ C 4 —af 1 _ 1 TaB,n
Sbulk = -G /d x {h ah e Qhaﬁ,nh .

where EW has been defined earlier.
“Problem: Show that so long as h,, vanishs rapidly enough at the boundary, the action is invariant
under a restricted gauge transformation

59]7‘!—“’ = _g{u,u}v

where £ preserves its asymptotic behavior. Hint: You will need to integrate by parts several times, eg.,
write the first term as

6ngulk,1 ~ d4$ [6ghaﬁ,nhna,ﬁ + haﬁynéghna,ﬁ]
d'z [f{aﬁ}nhna,ﬂ + haﬁ’né{n,a}ﬁ]

d'e [25"Dhm”’ n zgﬁh"“,aﬁn] .

2
—— —
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One finds
0L ct s 1 1
— h)\,u,u h)\u,,u . ,uzzh)\ g - )\uh,u = )\uh,,u . h,uzz,)\ ,uyh,)\ )
Ohpr 167G [ * e Tl 2" K

(8.1.18)
If we call this quantity F ¥ then it is clear that y\F™ = c*E* /(87G) so Euler’s
equations are precisely (8.1.11)). Therefore, while FM¥ itself is not gauge invariant, its
derivative, 9y FM# is gauge invariant and vanishes in the vacuum. It can be written as

4
A — —160 = [h”’” PR nWEA",U] (8.1.19)
Y

and is symmetric in (y, v), i.e., F Al = (. The canonical stress energy tensor is obtained

by applying (2.3.3)),

@0(,8 — naﬁs _ 9L h;u/’B — naﬁg _ Fa#thyvﬁ
Ohyv,a
4
= gofg _ fewy P popP 8.1.20
N — Fhy, " — o h R, (8.1.20)
WhereE| .

~ C —Qot,V -, —uv,o
fow — & [powy | povi _ pur ] . 8.1.21
167G + ( )

It is not symmetric, because of the middle term, but we have already seen that the remedy
for this was given by Belinfante and Rosenfeld. We must first construct the intrinsic
angular momentum tensor density,

oL
SMOé,B = G)\pozﬁ = FM)\pG)\paB (8122)
8h>\/w
where
Shrp = Gipapdw®. (8.1.23)

is the change in h), under a Lorentz transformation. As a symmetric, second rank tensor
field, h), suffers the change

ox' dx'P
0% dxr

Doing this for all the terms, show that they cancel. Notice that, while the action is invariant under the
gauge transformation, the Lagrangian is not. This is because all the surface terms have been dropped in

using (7.4.6) to write (8.1.17).
5Problem: Show that

WY — WA =

hor = (00 4 6w?) (6P + SwP . )he"

ﬁ)\a[‘] N ﬁl)\aﬁ _ ﬁ)\a[‘} o 25)\,04& + (n/\a(sg + n)\B(s? _ naﬁ(sé\) 5;@7“0-

under the transformation EW — E:W = EW —&upw) + Nuv€a’®.
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1 oKg,
ShY = 5 [5)\5'0 Nk + 5}36[)(\1775]0] h"éw 5’ (8.1.24)

O’[a

where we have taken care to antisymmetrize appropriately. Thus we could take

1 g K g SK
Grpag = 5 [m[a%% + np[aég](x} hor (8.1.25)

and therefore o
greB — pralapfl Fﬂn[ahﬁ]n, (8.1.26)

gives the intrinsic angular momentum tensor. The last equality above follows from the
symmetries of F' and h. To verify that this expression makes sense, we must check that
(2.3.8)) holds. Now, because of the identity

4
e — _ poni 4 ¢ il

1.2

it is easy to see that in the vacuum and on shell the left hand side is

4
518 —  puilepfl | _pemp € puemipB g
1 K 87TG mnun

— PR, 0
1

- _ 1~
= _§Faw (hﬁn,u + hﬂwz - hunﬂ) - §Fawh;mﬁ —aef

1o~ 1o
= g FmE, QF“Whm]’ﬁ —a© B

1 -~ N 76 o 7 f1e
-5 (Fawh;m _Fﬁwhm] )

where we have discarded terms that are symmetric in («, 8) in going from the first to the
second line and again in going from the fourth to the fifth line. The last expression is
precisely (07 — @5«) /2,

The Belinfante-Rosenfeld construction, , requires us to assemble the tensor

fhof = <S“a5 + 5B Sﬁaﬂ) = (ﬁﬂ’i[aﬁmn + PRt 4 Fﬁﬂ[aﬁ”}n) (8.1.28)

and (2.3.14) gives the symmetric energy momentum tensor as follows: we have already
seen that

A

of _ g5 guaB _ yafa
O =S =L - G

770‘775 1 - 7 75 - 7 &
nn = (Fwwh;m +F6”“hw )7
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Expanding the remaining terms,

—0y (So‘ﬁﬂ + Sﬁaﬂ) = -0, (ﬁan[ﬁgﬂln + ﬁﬁn[aﬁu}n
= -9, [(150”75 + ﬁﬁna) B, — Femg’, ﬁﬁnugan}
C

aB  zun | Taf un
= g (PR ) +

~amn 7B | SeamuiB ~gnu 7O | SBpuTe
i (Fomu’uh . —{—FBW’Hh 0+ FBnu, mu) 7
(8.1.29)

and applying (8.1.27)) together with the vacuum equations, 9, F'*"* = 0, it follows that

4
= _© guanm

FO”’“M = %h " (8.1.30)

and the right hand side of (8.1.29) simplifies to

A Taf  pn gop TBn Bp gan | af un
- T 8xG (h ot = R = R b R g h w)
+ﬁa7wﬁﬁmu + ﬁﬂnuﬁamﬂ

(8.1.31)

Putting all the terms together again,

1~ - - 1~ _ _
= op — §me (h;mﬁ - Qhﬁn,#) - §Fﬁw (hwfa - 2han7u>
4 T -
_ _ _ _ _ _ s 1 e
halgﬂiuhlm’] o haﬂ’nuhﬂﬁ _ hB/J'ﬂ]H‘hO”] + haﬁ’nh/»nfldl + Zh,ahug

o
8rG

167G
A

_ B I B
= £+ FOmEP

4 -
_ — — — — — —aB — e
c haﬁmuhun _ hauwuhﬁn _ hﬂu’whom + haﬁmh;m’“ + Zh,ah,ﬁ ‘

&G |

(8.1.32)

The expression above involves second derivatives of field, in contrast with the energy
momentum tensors of the other fields we have examined so far. It is Lorentz covariant but
not gauge invariant. This is quite as it should be, considering that gauge transformations

are diffeomorphisms and a diffeomorphism invariant definition of energy and momentum
cannot exist.
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If we employ vacuum solutions satisfying Eaﬁ’ 3 = 0 the expression for the stress energy
tensor is simplified,

167G

8 = gnof 4 —
C

Fromm B < [pes gy Lpeps 8.1.33
np G ST + Z ( ks )
but a term involving second derivatives of the gravitational field persists. This term can,
however, be expressed as a total derivative,
—af  pn —af  un
gl = (h nh )
e
and therefore does not affect the total momentum, P%, of (2.3.9)), provided that the fields
vanish at the boundary. Indeed, under these conditions, the total stress energy of the

gravitational field on shell is also greatly simplified. Integrating by parts and dropping
surface terms, we find

4
(tP) z/d?’Ftaﬁ: c
1

67G

— | T, 16 17’0[776
/d«% [h h =SB h ] (8.1.34)
which has the vitrue of also being gauge invariant under restricted gauge transformationsﬁ

8.2 Gravitoelectromagnetism

Of some astrophysical interest is the stress-energy tensor of ideal fluids,
TH — v + <p + %) UruY, (8.2.1)
c

where p is the pressure and p is the mass density. The non-relativistic limit of this tensor
brings along some useful simplifications with interesting results. In this case the fluid flows
slowly, UY = 1 and U? = v%, so the components of the ideal fluid stress tensor approach

TO — T — (p + %) Wi, T = psii 4 (p + %) vivd (8.2.2)

Notice that [T /T ~ O(v) and |T% /TY| ~ O(v?), so to linear order in v* we simply
take ' ' -

T = p, TV =~ pv*, TY ~0. (8.2.3)
With this stress energy, the equation of motion (8.1.12)) lets us take Eij = 0, but note

.. . . .. -—(0 . ..
that this is a choice in boundary condition, because we have set h;(w) = 0, and will limit

5Problem: Derive (8.1.34) and show that it is gauge invariant under restricted gauge transformations.
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its application to localized, stationary sources. To continue, let h = EOO =—h < 4o /c?
and hg; = ho; = Aj/c. These definitions mean that hgy = hoy — %nooh = —2® and
hij = —(2®/c?)8;;. The metric becomesﬂ
2¢ 24; . . 2% o
ds® = ¢? <1 + 2) dt* — —dztdt — <1 - 2) 0ijdx’da’ . (8.2.4)
c c c
Furthermore,
t — |7 — )
P(t _ G d3—rl p(T’ , C
&) / 7]
A7) = 4G B p(r, et — |7 —or!|) v (7, ct — |7 — 7]) (8.2.5)

c |7 — |

and the gauge condition requires that A; = 0 and V - A=—49 /c. The off-diagonal terms
in the metric in represent a genuine correction to Newton’s law of gravitation but
its effect is small for slowly moving objects, being suppressed by v/c. Conservation of the
energy momentum tensor, 7" , = 0, implies that

op =
E—FV-(pv)—O

—(pv) = 0. 8.2.6
(o) (526)
The first is the continuity equation and guarantees the conservation of mass, the second

says that momentum is conserved.
In this linear approximation, the Christoffel symbols are

P D, 1 2%
0 0 i 10
0= 2 10i = Cﬁla U= T8 (Ai,j + Aji+ C%)

. Al . . 1 . .20 .
o __ T 3 Z‘: . v R Y]
00 = 7 + @7, Ty, 9% <A g — A4 C5g>

. 1 , . .
i = 3 (® 0% + D6}, — P05) - (8.2.7)

We will consider only the stationary case, taking V-A=®=0. The geodesic equations
for a test particle moving slowly relative to the source, dr ~ dt, U’ ~ 1 and U’ ~ u’ (we
use u’ for the test particle velocity to distinguish it from the velocity distribution, v*("),
of the source in (8.2.5))) will be

R
dt?

"With our definitions, both gravitational potentials, ® and A;, have the mechanical dimension 1% /t>.

= Ty — 2 u? = =& — = [A’j — Aj'] o, (8.2.8)

C
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or
d>v - U -

It has the appearance of the Lorentz force of electrodynamics, with A playing the role of
the vector potential. The analogy is completed by defining

E,=-V®
By, =V x 4, (8.2.10)
whence .
i=E,+ - xB,. (8.2.11)
C

In the same approximation, using (8.2.5), we also find that the field equations mirror
Maxwell’s equations,

6-E’g:—47er, ﬁxE’g:O

- — 167TG—)
=0, VxBy=-—"] (8.2.12)

<
so
I

thus completing the electromagnetic analogy, but only in the non-relativistic limit. The
sign of the source terms is opposite to its electromagnetic counterpart; this because “like
charges” attract in gravity. The extra factor of four in the magnetic source term reflects
the fact that the gravitational field is spin-2 whereas the electromagnetic field is spin-1.
Equations (8.2.10), (8.2.11]), (8.2.12) and the gauge condition define “Gravitoelectro-
magnetism” or GEM for short.

8.2.1 Static and Stationary Sources

The linear approximation can be used to determine the gravitational field far from mas-
sive bodies, so long as they are not moving too fast. For an example, the gravitational
potentials ® and A;, far from a spherical, static mass M, of radius R, located at the origin
are found to be

() = ———, A; =0, (8.2.13)

to leading order, where r = />, 2i% and

R
M = /d?’f"p(f") :471'/0 drp(r). (8.2.14)
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It gives the linearized Schwarzschild line element,

ds? = ¢? <1 - W) dt* — ( + 2GM> Sijdxtda?, (8.2.15)

c2r

in “isotropic” coordinates.

For another example, consider the gravitational field far from a massive, rotating
body. Applying and the multipole expansion of the Green’s function, because
we're interested only in the far region, gives

(7)) = —f/d?’ﬂ () [1+ T —i—(’)(r?’)—i—...] ~ —Giw (8.2.16)
and
Ai(P) = 45 &3 T (7 )[ +F7j +O(r‘3)+...]
—g xl/d?’F’ 7% () (8.2.17)

to leading order. To evaluate the final integral, consider the integral
/d37_‘¥8k(:n'ix'lT0k) = /d377’ (x'lTOi + 2T 4 x’ix'lT0k7k) . (8.2.18)

By the continuity equation, the last term on the right hand side above vanishes for a
stationary source. The left hand side above also vanishes if the integral is taken over the
entire source. Therefore the symmetric part of the integrand for A;(7) vanishes,

/d3 7T (7 )y = 0, (8.2.19)
and A;(7) depends only on the antisymmetric part,
A (7“ _07"73 X /d3_¥TO[Z T'_I ZL‘E] _67473 i /d3_’/Loll T'_I (8220)

where LY; () are the spatial components of the orbital angular momentum tensor density
as defined in ([2.3.7). This term can be written in terms of the total angular momentum
L' = —e”kLOjk (equivalently, 2L = —eilkLk),

2G

crs

Ai(F) = = ezlka: ILF = = (Fx L); (8.2.21)

The GEM metric is,

2GM 4 2GM
ds* = ¢? <1 _ % ) dt? — C—G (7 x L)da'dt — < - f > Sijda’dr?,  (8.2.22)
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the gravitoelectric and gravitomagnetic fields are

. GM_
9= 2 "
- 2G - P
By = =3 [L —3(7-) r] (8.2.23)

and the gravitomagnetic acceleration of a test particle moving with velocity « will be

E[:%x(ﬁx/f):%[ﬁxf—i—?)(?xﬁ)(?-ﬁ)] (8.2.24)
A test particle moving in the equatorial plane, with an inward radial velocity, will experi-
ence a tangential acceleration in the direction of the rotation and, vice-versa, opposite the
direction of the rotation if it is moving radially outward. This effect is known as rotational
“frame dragging” (or the “Lense-Thirring” effect) and occurs whenever the off-diagonal
components of the metric are non—vanishingﬁ The effect is stronger for closer objects, so
imagine an extended test object falling into a massive, stationary body: the inner parts of
the test object will be dragged more than the outer parts, resulting in a net torque that
causes the the test body to rotate about itself, creating a locally rotating frame even as it
is dragged as a whole around the rotating bodyﬂ

8.2.2 Hydrodynamics in GEM

An ideal fluid cannot avoid gravitational collapse without pressure. To find the non-
relativistic Euler equations, we must consider the conservation equations on the space-time

given by (8.2.22)), taking 7" to order v?

T ~ p (1 + v2> . T =~ pvt, TV = pé¥ + pv'o’. (8.2.25)
C

Using the connections in (8.2.7)), we find, to lowest order,

ap =

0 _ =)

VT =0 = 5t + V- (p0) =0,

8You are already familiar with this effect as the “Coriolis Effect” in Newtonian mechanics.

9Problem: Suppose that the angular momentum vector points in the z direction with magnitude L. (1)
Show that the metric in (8.2.22)) can be given in isotropic coordinates as

ds® = ¢ (1 _GM ) dt? + AGL g depdt — (1 + 2GM ) (dr® +r°d6” + r® sin® 0d¢”) .

c3r c3r c2r

(ii) Now consider the conserved charges associated with diffeomorphism invariance of the metric in .
Taking ¢ = (1,0,0,0) and S to be the two sphere of radius r (thus n, = (1,0,0,0) and r, = (0,1,0,0)
and e’ = —1) in , show that, in the linear approximation, Q; = Mc?, i.e., the mass of the body is
conserved. (iii) Repeat the calculation, taking ¢* = (0,0,0,1) and show that Q, = 3L, implying that the
angular momentum is conserved.
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. dv; J
V.M =0 = pd% = —0ip — pOi® — P%(Ai,j — Aji), (8.2.26)

where we have included terms of linear order in v/c. These are the continuity and Euler
equatlons respectlvely In the static case, we recover the equation of hydrostatic equilib-
rium, Vp = —pV<I> When rotation is present it gets modified by the gravitomagnetic
potential,

Bip == —p81<1> - p?(Ai,j - Aj,i)- (8227)

or
Vp = pE, + p- x By, (8.2.28)
C

a result we should have expected from . These equations must be supplemented
by an equation of state of the form p = p(p).

What we have described so far are only the first steps in a systematic perturbative
approach, called the Post Newtonian Expansion, in which both the field potentials (h,,,)
and the speed of the matter (v’ and u') are assumed to be small (compared respectively
to unity and the speed of light). This approach was used extensively in the early days of
General Relativity to determine some of the observational consequences of Einstein’s the-
ory such as the precession of planetary orbits and the deflection of light in a gravitational
field, among others.

8.2.3 Scalar Fields and GEM

Let us begin with the action for a scalar field in a gravitational field,

S == [ d'ey=g [5°9.6" 050+ V(1o])] (8.2.29)

where g, is the space-time metric, V' (|¢|) is the scalar potential, which we take to have
the form

Vel = Vi(l¢l)- (8.2.30)

In the weak field approximation, gog = nag + hag, the determinant of the metric is given
to linear order in h by /—g =1+ %h and to the same order in h

g - / i <1 + 1h> 1% 006* 5 — hP005"036 + V(|9))

= So—=2 / d‘&m aﬁaacz»*amwlcbl / d'zh*? 90" 00,  (8.2.31)
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where Sy is the ordinary scalar field action in flat space. The remaining terms represent
interactions between the scalar field and the gravitational field. Let us now go to the
non-relativistic limit as we did in (2.5.12). Then the first term has the familiar form

L[ih R -
so= [ [ |G- 19 -] (5.2.32)
m
In the same approximation, the second term
=_= - - - 2.
51 2/dt/drh[2w 0~ 5 IU P~ Va(ly) (8.2.33)
is ignorable, and the last term is

Sy = / d*zh®P 0 ¢* D

Q

/ dt / 3 Bmc‘*h“\w + mjh” {Y* (Vi) — (viw*>w}]

_ m/dt/d3F [—®G|@Z}|Z+ij-A , (8.2.34)
where "
. v * *
Ji=—5 [V (Vi) = (Vi )] (8.2.35)

is the Schroedinger current (see (2.4.4)) in the non-relativistic limit.
To the desired order, therefore,

A |-
5= / dt / 37 [gw*b_,?w — o (U = Va(l) — mPalgl? + g - A} . (3.2.36)

This may be put in an amusing form, if we use the “four-vector” A, = (®,—A4;/c) and
the “gauge covariant derivative” D, = 8, + ** Ay, in terms of which our action reads

h h2
S = / dt / &7 [;w*m ~ oD - vl(rwb} , (8.2.37)

dropping terms of O(A2). The first two terms have the form of an “electromagnetic”
coupling. Varying the action (8.2.36f) yields the non-linear Schroedinger equation

2
Dy = —%v2w + 28 4 V(e (8.2.38)

where we have used V - A = 0 and defined the transport derivative

Dyp = (at - %CA : v> 0, (8.2.39)
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which accounts for frame dragging due to the rotation. Finally, to this order, the stress
energy tensor for the scalar field in (2.5.26)) has the following components,

Too = mc'[y?, Ty = Tj = —mcji (8.2.40)
therefore, the (8.2.38) must be supplemented by (8.1.12)),

V20 = —4nGm|y(t,r)|?

V24, = 8imGh

W (Viyy) = (Vi ™) )] (8.2.41)

This completes the setup for non-relativistic scalar fields in GEM. In condensed matter
physics, the non-relativistic scalar field action on a flat background describes a Bose-
Einstein condensate in the mean field or Hartree-Fock approach, with ¢ representing the
single particle wave function. In the Hartree approximation, all bosons are in the state
1. When the gravitational interaction is included, within the context of GEM, the Bose-
Finstein condensate becomes weakly self-gravitating and so is of interest in astrophysical
phenomena. This system has therefore been proposed in a description of dark matter as
a Bose Einstein condensate, which successfully avoids several of the issues associated with
dust (“cold” dark matter) models.

Unfortunately, equations (8.2.38)) and (8.2.41]) form a coupled system that is impossible
to solve analytically. Nevertheless, a (remarkable) hydrodynamic analogy is obtained by
performing a Madelung transformation,

Y(t,7) = \/p(t, 7)), (8.2.42)

on the GEM-scalar field system. The real and imaginary parts of the non-linear Schroedinger
equation are then

Dip + % (Vp-VS+pV2S) =0
1

h 2 m !/ .
DS+ 5 (V) + 5@+ V() + Q=0 (8.2.43)
where
AP I WAV A
__n _ (¥ 2.44
@ dm | p 2 < P ) (5249

is Bohm’s “Quantum Potential”. If we call v = AV S/m, the first equation has the form
of a continuity equation,
Dip+ V- (pv) =0, (8.2.45)
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so v has the interpretation of a velocity. It can be thought of as the velocity of a scalar
field “fluid” for the second equation can also be put into a suggestive form, if we take its
gradient,

1 1 1 1 h
- —V(4- V4 VD + =V — =0. 2.4
Opv 2CV( v) + QV’U + 2V + mV (p)Vp+ mVQ 0 (8.2.46)
Now the velocity field is irrotational, therefore V;v; = V,v; and it follows that Vo? =

2(v- V)v and V;(A;v;) = v;V;A; + (A - V)u;; this leads to the following generalization of
Euler’s equation,

1 1 1 h
Div; + (U . V)Ul — ?cvjViAj = —;le — §Vz<1> — EVZQ (8.2.47)
for a fluid of mass density p and pressure P, where
VP = %V"(p)vip. (8.2.48)

serves as an equation of state. For example, if we take the interaction potential to be of
the form V(p) = 3p% (i.e., V(¢) = 3|8|*), we find

by 2
P= ﬁ. (8.2.49)

Thus repulsive self-interactions (A > 0) lead to a positive pressure and, vice-versa, attrac-
tive self-interactions to a negative pressure.

8.3 Plane Gravitational Waves

In the absence of sources, or if the sources are very distant, we could expand Euu in Fourier
modes, with mode functions that look like plane waves,

Ty (ky ) = Ay (K)e*® (8.3.1)

where k,, = (—wy, k) and wy, = |k|c. The actual metric functions will be of a similar form,

N _ 1

hw = A (k)e™ AL, =4, — §nMVAO‘a. (8.3.2)
From the gauge condition, we find that the amplitude components of EW must be perpen-
dicular to k,, i.e., Z,ﬂ,k:” =0=Ak" - %kuAaa. This set of four conditions reduces the

ten components of A, to six independent ones. But there are further constraints on 4,,,
due to the fact that the solutions of Poisson’s equation in (8.1.10]) are not unique. Indeed,
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one may add to §, any solution, x,, of Laplace’s equation with no change in SO
that the gauge transformation still expresses the perturbations in the simplified, gauge
fixed form. This is similar to the situation with the massless vector field, but this time we
have four additional conditions on A, so it is left with, once again, only two independent
components, equivalently two independent polarization states. It was to be expected as we
have already seen from counting the gravitational constraints that the pure gravitational
field has only two degrees of freedom at each event.

8.3.1 The Transverse-Traceless gauge
Let us make this explicit, by taking (for a solution to Laplace’s equation)
Xu = bue®® (8.3.3)

with &k, = (—wy, E), as before. Let hy, and E;“, be two plane wave solutions satisfying
the gauge condition (therefore both are perpendicular to k*) and let them be related by
E;W = hy — X{upt T Muw X o We will let A, be any set of coefficients (so long as they
are perpendicular to k*) and ask if the additional freedom can be used to simplify Z;“,.
The two sets of coefficients are related by

A, = Ay —ikgbyy + inuk b (8.3.4)
and therefore, taking the trace, (4 = A%,)
A =A+2ik-b (8.3.5)
We could choose b, so that A= 0, in which case

- - 17— Wi 2

— w2 - -
kb= sA="2b+ k-5 > k-b=A- "L (8.3.6)

L
2

Three further conditions may be imposed on b, so we ask for Zgi = 0, which gives

Ag; — ikob; — ikibo = 0 (8.3.7)
or, “dotting” with &,
- Lo a2 92
Aoiki = —iwpk b+ hpy = g 4 %y (8.3.8)
c2 2 c2

upon eliminating k-b by using the previous equation. This can be used to solve for by in
terms of the components of the matrix A and of the momentum k,
b= — 1 [A0 ”’fZ] (8.3.9)
0 — 2w}% 01 2 . .
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Now because ZW is perpendicular to k*, we have in particular Zouk:“ =0, or wpAgo/c? =
—Ap;k*. Therefore by can be re-expressed as

i

_ 1,
_ Z 3.1
bo Seon I:Ao() + 26 A:| , (8.3 O)

which ensures that Z()o = 0. The solution for by can be reinserted into (8.3.7)) to find b;,

’ ki [(— 1 o—

bi = — |Agi + —— (Ago + =24 | (8.3.11)
WE 2w 2

Thus all the components of b, are fixed while Z:W is constrained to be traceless and

transverse, satisfying Zi)u = 0. We could simply begin with a traceless and transverse

(TT) form of the amplitude tensor, which we henceforth refer to as AEVT .
If, for example, the wave propagates in the z direction then k' = k? = 0 and

0 0 0 0
0 A(t,z) B(t,z) 0
TT _ ’ ’ —
h,, = 0 B(t.2) —A(t,z) 0 = A(t,z)es + B(t, z)ex (8.3.12)
0 0 0
where e, and ey refer to the polarization states
00 0 O 0 000
01 0 O 0010
“Zloo -1 0] ™" fo100 (8.3.13)
00 0 O 0 00O

It is completely characterized by its energy, and the coefficients A(¢, z) and B(t, z). Again,
since ElTwT is traceless, there is no difference between EEVT and hEVT .

8.3.2 Effect on Matter

We can understand the effect of this gravitational wave by considering the geodesic motion
of particles as a gravitational wave passes by. Consider a wave traveling in the 22 direction
and passing a stationary particle (U° = const.); the geodesic equations become simply

dU*
= 3.14
— =0 (8.3.14)

so a particle that was initially at rest, will experience no acceleration and remain at rest,
i.e., its coordinates do not change.
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OO {)

Figure 8.1: Effect of an e Gravitational Wave on a ring of particles in a plane L to its
propagation.

However, consider two particles at rest, say along the z axis, and separated by a
coordinate distance A, in the z = 0 plane. As a e, wave passes them, the proper distance
between the particles will be

Ay
Al, = /\ — gudatdz’|V? = / V9zzdr = Agr/1 4+ Ay cos(ckt) (8.3.15)
0

Likewise, particles separated along the y axis will experience a changing proper distance
according to

A
Aly = /0 ’ VOyydy = Ayy/1 — Ag cos(ckt) (8.3.16)

so particles along the x axis are “pushed out” while particles along the y axis are “pulled
in”, and vice versa (depending on the phase of the incoming wave). We can make this
even more explicit by considering two particles in the x — y plane, separated by a distance

A along a line making an angle 6 with the z axis, so that

Al = / Ve 1 gy = A/ (L+ a(D) cos0 + (1 —a(D)sin?0 (8.3.17)

where a(t) = Agcos(ckt) < 1. Instead of two particles, now consider a ring of particles
for which diametrically opposite pairs make angles 6 with the x axis, i.e., € [0,27), then
we can view the above as the expression for the separation between diametrically opposite
points on an ellipse of time-varying eccentricity

1 —|a(t)] 2|e(t)|
=4|l-—5=|—= 8.3.18
‘ \/ T+ 1a®] | T+Ta] (5:345)
This is shown in figure [8.1

Next we analyze the passage of an ex wave on particles lying in the plane perpendicular
to its propagation. It is easy to see that particles separated along the x and y axes are not
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OO O

Figure 8.2: Effect of an ex Gravitational Wave on a ring of particles in a plane L to its
propagation.

affected by the wave, but particles separated along a line making an angle 6 (# 0,7/2)
with the x axis will again experience the “pushing” and “pulling”. This time,

Aly = / \/dq;Q + dy? + 2g.,drdy = A\/1 + By cos(ckt) sin 26. (8.3.19)

This can be brought to the same form as (8.3.17)) if we rotate the coordinate system by
7/4, i.e., define @ = 0 + w/4 and rewrite (8.3.19) as

Al = A/ (L+ (1)) cos? 0/ + (1 — B(t)) sin? 0. (8.3.20)

where [(t) = By cos(ket). The conclusions are the same as before, the ellipsoidal pertur-
bations are rotated by 7/4 in the zy plane, as shown in figure

The changing proper distance between objects during the passage of a gravitational
wave is measured by gravitational wave detectors. They are monitored by measuring the
light travel time in the mutually perpendicular arms of a Michelson Morley interferometer.
Differences in the light travel time produce measurable interference fringes in the output
of the interferometer.

_IOProblem: Apply the equation for geodesic deviation (7.7.14)), taking the non-relativistic limit, U® ~ 1,
U"® =~ 0, to arrive at the same conclusions. First show that

PVH v
i = —ZR"0,0V", (8.3.21)
whence, for separations (V*,V¥), in the zy plane,
VT P iiw oy VY P e
T~ AV HBV] G~ Ao By

Then argue for the ellipsoidal perturbations as follows: first let Vi = V¢ 46V, where V¢ is the separation
before the passage of the wave and assume that §V' < V{; the equations become

SV ~ % [A%z + BVJ] , 6V § [AVOZ B Bvoy] '

Take A = Ag cos(ckt) and B = By cos(ctk).



276 CHAPTER 8. THE WEAK FIELD

P

Point
of observation

Sy

Region containing
the gravitational source

Figure 8.3: A distant, localized, gravitational source.

8.4 Sources of Gravitational Waves

We now give a general form of hE;F for an arbitrary (null) wave vector, k#. To do this,
we first construct a projection operator that projects perpendicular to the direction of
propagation. However the wave vector is null, so we employ a second null vector m* that
also satisfies m - £k = —1 and define

P;w = N -+ kz(umu). (8.4.1)

It is easy to see that P, projects transverse to k", is symmetric, of trace P%, = 2 and
satisfies P, P = P,”. With this projector we can construct the operator

1
A,u,uozﬁ = PpaPV,B - §P/U/Pa,6’ (842)

and define B
hiy = NP hags (8.4.3)

where Eaﬁ is given in Lorentz gauge, but not necessarily in the TT gauge

We will be interested in the spectral distribution of the radiation from a distant,
isolated source of finite size, 9, much smaller than its distance, r, from the observer (see
figure E In terms of the temporal (inverse) Fourier transforms

o0 dw . 5
T, (t,7) = / T, (w0, 7)

"Problem: Show that hEE defined by (8.4.3) is indeed traceless and transverse for a general 27 I we
consider propagation in the z direction, then k* = {¢™!,0,0,1} and we could take m* = %{071, 0,0,—1}.
Show that the projection gives precisely the form in (8.3.12]).
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ht.7) = [ e ) (8.44)
the wave equation will read

A A = [ g3F L ik|r—| 8.4.5
N’V(w7r) C4 / r |F_7;7| € ( )
where k = w/c. Now, since the integration is over the source and |F] > ||, we can
approximate

|F—7|~r—n-7, (8.4.6)
where . = 7, so that
- 4G ikr o,
by (w, ) & C—4€r /d3_' Ty (w, etk (8.4.7)

The Lorentz gauge ensures that we have to evaluate only the spacelike components of
hyw (w, ), for

- Zw

R’ =0 = Shuo(w,) 4B (w0, 7) =0

;a2

= Euo(wa F‘) = %Eukk(wa 77) (848)
and therefore
ZC2 R — 647 Jik .
hio(w, ) = thk (w, ), hoo(w,T) = _Ehik (w,T). (8.4.9)

Now the spacelike components of h are obtained from the spacelike components of the
stress energy tensor. If we define the wave vector k = kn, then

_ 4 ikr -,
hij(waf) Ge /d34 zg(w 7")6 ik (8410)

Ay

The exponent, above, has the Taylor expansion

e N T (8.4.11)

o

so in the long wavelength limit, i.e., if the wavelength \ = 27 /k > 0, we may replace the
exponential by unity and

o 4G eikr 3
hij(w,f') ~ CT r /d _l j(w ’l") (8.4.12)
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Conservation of stress energy allows us to express the integral in a useful way. Using it
we find

™ ,=0 = T, + T | =0 = Wl (w,7) = T 4 (w, 7). (8.4.13)

With this in mind, consider the fact that
0 = /d?’f@;§ [z”Tjk(w,f') + x’jTik(w,F')}
= /d?’f’ [QTij(w,f’) + x'iTijf(w, ) + :B’jTikyk(w,F')}
— / 7 [27 (w, ) + iw (2T (w, ) + 29T (w, 7))] (8.4.14)

(being an integral over the entire source), which implies that

/dgf' T (w,7) = —% & (2" T (w, ) + 27T (w, 7))

= = [ o (T ) - T )

2 . .
- _% / P27 TO (w, ) (8.4.15)

where, in the last step, we again dropped a total derivative over the source volume and
used (8.4.13). The integral on the right is the quadrupole moment tensor, Q%, of the
source, more precisely,

QY (w) =3 / 32" 2 T (w, ) (8.4.16)

so we find a simple expression for the generation of long wavelength gravitational waves
from a distant source,
2 ikr
ooj (o, ) ~ _%%Qij(w) () ~ ;?fr@ij(t —r/0). (8.4.17)
and, from here, one could employ to determine ho;(t,7) and hoo(t, 7).

The leading contribution to the long wavelength, gravitational wave produced by an
isolated source and observed in the radiation zone depends only on the acceleration of the
quadrupole moment of the source at the retarded time. On the other hand, the leading
contribution to the electromagnetic radiation is from the dipole moment of the source. The
reason for the absence of dipole radiation in gravity is that an accelerating gravitational
(energy) dipole moment is forbidden by the conservation of momentum. There is no
gravitational dipole radiation. The lowest contribution is from the quadrupole moment,
which is weaker than the dipole moment, so gravitational radiation is generally weaker
than electromagnetic radiation.
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M

Figure 8.4: A simplified binary system.

8.4.1 Example

To illustrate (8.4.17)), we consider the particularly simple but still very interesting system
consisting of a binary star system. Assume that two equal masses are rotating slowly and
uniformly in identical circular orbits in the x — y plane about their center of mass, as
shown in figure and that it is sufficient to describe this system within the Newtonian
approximation. Thus, if € is their angular velocity then their positions at time ¢t may be
given as

tA,B(t) = R{cos(Qt + ¢A,B), sin(Qt + ¢A,B)> (8.4.18)

(we are using the angular brackets to denote the vector displacement of each star from
the center). Without loss of generality, take ¢4 = 0 and ¢p = 7. We may give the stress
energy tensor as

TP, ) = M [8*(F —va(t)) + 6° (7 —vp(t)] 6(2)), (8.4.19)
whence we compute the non-vanishing components of the quadrupole moment,
Qu(t) = 2MR?cos’(0t)
Qi2(t) = 2MR?cos(Qt)sin(Q)
Qaa(t) = 2MR?sin?(0t) (8.4.20)
The gravitational radiation follows from ,

B 8GM cos(2Qt,)  —sin(2Q4,)

hij(t,7) = (QR)? | —sin(29,) — cos(2Qt,)

8.4.21)
4 K (
3ctr 0 0

o O O
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where t, =t — r/c and the angular frequency of the orbits is given by

M
Q= ,/%. (8.4.22)

The remaining components of h,,, are now easily recovered from (8.4.9).



Chapter 9

Static and Stationary Solutions

Within regions in which the gravitational field is too strong for the linearization to yield
meaningful results, we must ask for exact solutions of the Einstein equations. These are
ten coupled non-linear differential equations to be solved simultaneously, by no means an
easy problem. To yield tractable results, we confine our search for solutions to situations
involving a high degree of symmetry with idealized matter sources. Idealized as our so-
lutions will be, they are still important as building blocks for our understanding of more
complicated (and realistic) situations for which sophisticated numerical techniques must
be applied. We categorize the solutions according to their symmetries and the kind of
matter they describe, i.e., according to the physical interpretation of the stress energy
tensor. As such, we will consider (a) Vacuum solutions with and without a cosmological
constant: T}, = 0, (b) Electrovacuum solutions, for which the stress tensor describes the
electromagnetic field, (c) Dust solutions, where the stress tensor describes pressureless
dust, (d) Ideal Fluid solutions in a cosmological context, for which the stress tensor de-
scribes an ideal fluid with some equation of state and (e) solutions sourced by classical
fields.

Before we proceed, it is well to say a few words about two essential concepts.

o Singular Space-time: The question of what constitutes a singular space-time is a very
difficult one. Here we take the pragmatic view that, in a singular space-time, one or
more of the curvature invariants becomes infinite somewhere, i.e., at a “point” or at a
set of points. Curvature invariants are scalars constructed from the Riemann tensor,
its derivatives and its contractions. For example, the Ricci scalar, R, is a curvature
invariant of the first order in the Riemann tensor and R?, RaﬁRo‘ﬁ and RWWRO‘BW
are examples of curvature invariants to second order in the Riemann tensor. Higher
order invariants can, of course, be likewise constructed. Because curvature serves as
a measure of the energy density and pressure of matter via Einstein’s equations, the

281
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physical properties of matter also become infinite at a space-time singularity. Space-
time singularities therefore signal a breakdown of the laws of physics wherever they
appear. What exactly is meant by “where” is, of course, ambiguous, because “where”
the geometry breaks down the notion of time and place will have no meaning. One
may detect these points by following a geodesic (lightlike or timelike), from any point
where the curvature is well behaved and finding that it terminates at a finite value
of the affine parameter, as it runs into the curvature singularity.

o Geodesic Incompleteness: If a geodesic of a space-time cannot be extended either into
the past or into the future to arbitrary values of the affine parameter then it is said to
be past or future incomplete. For a particular solution, geodesic incompleteness may
simply signal a failure of the coordinate system being used (a coordinate singularity),
in which case it can be extended by extending the coordinate system. It may also
indicate the presence of a genuine curvature singularity (which has to be verified)
at the point beyond which it cannot be extended. (For example, all infalling radial
geodesics will be future incomplete in the space-time of a black hole and the geodesics
of a Big Bang cosmology will be past incomplete.)

9.1 Spherical Symmetry

The earliest and arguably the most important solution of the Einstein equations, apart
from Minkowski space, was obtained by Karl Schwarzschild in 1916, very shortly after
Einstein published the gravitational field equations (in 1915). The solution describes a
spherically symmetric vacuum and is, as we will soon prove, unique (subject, of course,
to spherical symmetry). Whereas Schwarzschild solved Einstein’s equations without a
cosmological constant, we will here consider the more general case with a cosmological
constant, A.

Spherical symmetry means that it is possible to foliate the three dimensional space by
two spheres. The metric on each sphere of the foliation is

dsé) = db? + sin® dy* (9.1.1)

where (6, ¢) are coordinates on the two sphere and may be identified with the polar
and azimuthal angle respectively, when the two sphere is viewed as embedded in a three
dimensions. The two sphere is a maximally symmetric spaceH We will now appeal to
the following theorem (without proof): for a m dimensional space-time foliated by n
dimensional maximally symmetric spaces with coordinates u’ and metric Vij, it is always

'Recall that a maximally symmetric n dimensional space is one that possesses the maximum number,
n(n + 1)/2, of linearly independent Killing vectors. You have already determined the three independent
Killing vectors of the two sphere in a pervious exercise.
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possible to find m — n coordinates, v?, such that the space-time metric can be expressed
as o
ds? = —gudrtds” = —gaudv®dv® — R*(v)y;jdu’du’. (9.1.2)

where R(v) is some function of the m — n coordinates. A general, four dimensional,
spherically symmetric metric will then take the form

ds* = —g11(dv')? — 2g19dvtdv® — goo(dv?)? — R%(vh, v?)d0? (9.1.3)

where dQ? = df? + sin? 0dp? and the metric components g, are all functions of (v!,v?)
(we have not written this dependence out explicitly). Notice that the area of a sphere at
fixed (v',v?) is 47 R?, so R(v!,v?) is called the “area radius”. Let us use the area radius
as one of our coordinates, solving R(v',v?) = r for v?, and call the v! = T. Replacing
v? = v?(T,r) in the line element, it will take the form

ds* = —grrdT? — 2gp,dTdr — grpdr?® — r2dQ2, (9.1.4)

where the metric components are all functions of (T,7). We now want to find a new
function ¢(7,r), if possible, which is such that the two dimensional (7,7) metric gets
replaced by

ds%z) = —gudt® — gl dr? (9.1.5)

This would only be possible if we could satisfy the conditions:

ot \?

gtt 67 =grT
ot\?*

it E + grr = Grr

git (g;) (g:) = 977 (9.1.6)

These are three equations for three unknown functions, ¢(T,r), gu(T,r) and g¢..(T,r).
They could be solved, in principle, subject to initial conditions for ¢(7',7), and the metric
could be given as

ds® = —gu(t,r)dt* — gl.(t,r)dr? — r2dQ> (9.1.7)

Now we assume that the manfold is locally Lorentzian and identify ¢ with the time-like
coordinate, so g«(t,r) is negative definite. We have therefore concluded that the most
general spherically symmetric metric has the form

ds* = A(t,r)dt* — B(t,r)dr* — r*dQ? (9.1.8)

and will depend on two unknown functions, to be determined by Einstein’s equations.
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In order to be static as well, the metric must also admit a time-like Killing vector
that is everywhere orthogonal to the spatial hypersurfaces. To satisfy this condition, the
spherically symmetric metric of (9.1.8]) must be independent of time, so

ds® = A(r)dt? — B(r)dr? — r?dQ? (9.1.9)

is the most general spherically symmetric and static line element. For a static metric there

are four Killing vectors, viz., the three spacelike Killing vectors associated with the two

spheres we used to foliate the three dimensional space and one timelike Killing vector. The

three spacelike Killing vectors are associated with the conservation of the three components

of the angular momentum and the timelike Killing vector with the conservation of energy.

These can be obtained by applying . For an asymptotically flat (static) spacetime,
integrating over the sphere at infinity, we ﬁndﬂ

4 2 A/
E=Qe=——— 21 Ar) (9.1.10)
2G \/A(r)B(r)

r—00

We will now apply (9.1.9) with certain simple sources to obtain some remarkably useful
exact solutions. But, first we remark on some quite general properties of geodesics in
static, spherically symmetric space-times.

9.2 Geodesics and Redshift

9.2.1 Geodesics

For every Killing vector, £#, of any metric, the scalar U-£ will be conserved along geodesics.
This is easy to prove because, if A is the affine parameter,

d d¢ aut

_ . Y 50 et T Ty S § 1) g d°] _TH arrB

d)\(U & =U I\ + Y §u=U"UY o Faﬁqu U (9.2.1)
where we used the geodesic equation in the last equality. We can rewrite this result as

follows:
d 1

SU-9=3

This is, of course, identically zero because ¢ is a Killing vector, i.e., {3 = 0.

(€0, — 2058 | UT”. (9.2.2)

“Problem: Show that the charges due to the three Killing vectors on the two sphere:

1ty = (0,0,0,1)
My, = (0,0, — cos ¢, cot Bsin ¢)
n(zy = (0,0, sin ¢, cot 6 cos ¢)

vanish.
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As the test particle’s angular momentum vector is conserved, the particle will move in
the plane perpendicular to its angular momentum vector, which, without loss of generality,
we can take to be the equatorial plane, § = 7/2. With this choice, two of the components
of the angular momentum will vanish and the two remaining non-vanishing conserved
quantities will be the energy, related to the timelike Killing vector, 5’1 = (1,0,0,0),
and the surviving component of the angular momentum, related to the azimuthal Killing
vector, 5@) = (0,0,0,1). Thus, for geodesics in the general spherically symmetric and

static metric (9.1.9)), we have

oy U=Ur= —A(r);l—; =—FE, {u U=U,= TQZ—f =1L, (9.2.3)
where we set § = 7/2. There is a preferred affine parameter for timelike geodesics, namely
the proper time, 7. If we take A to be the proper time along the geodesics, the constants
are, respectively, the Killing energy and the angular momentum per unit mass of the
test particle. The Killing energy has been defined with a negative sign because both
and U are timelike, so their inner product is negative, and we want the particle energy
(per unit mass) to be positive. The second conservation law is the relativistic version
of Keppler’s second law. Unfortunately, £ and L do not have such a clear meaning for
lightlike geodesics because of the freedom to rescale the affine parameter. However,

cL_ﬁdcp

— = — 9.24
E A dt ( )
has dimension of length and is independent of any rescaling of A\. It can be related to
the impact parameter for a lightlike geodesic that propagates to infinity, where we assume
that the metric is almost flat.

The geodesic equations are,

vt A,
T_L 2 A t2 - 7’22
d‘%}‘w gU +ZBU +2BU 0
— +-U%U" =0 9.2.5
dA +r ( )

and equations (9.2.3]) give the first integrals of the first and the third. The first integral
of the second equation follows most easily from the constraint that the geodesics must
satisfy; for any affine parameter, A\, we may write

d 2
g UPUY = —AU'® + BU™ + r2U%? = — (di) L e (9.2.6)
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where € is a constant. If, moreover, X is the proper time then ¢ = F1 or zero depending on
whether we are looking at timelike, spacelike or lightlike geodesics. For equatorial orbits
therefore, taking into account our conserved quantities, this amounts to

ec2  E? L?

"M==+ — — —. 2.
U"(r) 5 + 1B B2 (9.2.7)
which completes the list of first integrals of the motionfﬂ Knowing the velocities,
U,=(—E,U.(r),0,L) (9.2.8)

allows us to compute the shear, expansion and rotation of the geodesic congruences. In-
deed, for timelike geodesics,

AU, EA
" 2B 24 0 0
EA B'U, L
2A U;" T 2B 0 T
B,uzl = Uu;l/ = (929)
U,
0 0 0
L Ur
0 -7 0 5

is symmetric, so we conclude that they are rotation free. In all static, spherically symmetric
vacuum space-times, a certain combination of Einstein’s equations will yield the relation
AB = 2. This simplifies the expression for the expansion,

1 (r20.\
0= (Zg) : (9.2.10)

for either timelike or null geodesics.

9.2.2 Gravitational Redshift

Stationary observers, i.e., at a fixed (r,6,p), in a static space-time are not in general
inertial observers. This is easily seen by calculating their acceleration vector, a,. With
UH = (¢/+/A(r),0,0,0) for such an observer, one finds

A
a, = (U-V)U, = (0, 2A,o,o) . (9.2.11)

Consider two radially separated, stationary observers, located at r1 < ro (with the same
angular coordinates). Suppose that observer Oj, at 71, sends an electromagnetic wave,

3Problem: Derive the first integrals directly from the geodesic equations.
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which is later received by observer Oo, at r5. We would like to know how the frequencies
of the emitted and received waves compare. To answer this question we must have a
coordinate independent (not observer independent!) definition of the frequency of an
electromagnetic wave. For this we appeal to the equivalence principle and the expression
for the frequency measured by any observer in flat space: if k, = (—w, /;) is the wave four
vector in some inertial frame, S, then w’ = —k - U gives the wave frequency measured by
another inertial observer whose four velocity is U* relative to S. By the usual arguments
we take this to hold in all coordinate systems. Now k* satisfies the null geodesic equation,
which we have already integrated. In particular, we know from that ky = —F is
constant and the absence of a canonical affine parameter for null geodesics means that we
can choose it so that E represents the proper frequency of the electromagnetic wave.

Now the four velocities of the two observers, O; and Os, are U(l;) = (¢/+/A(r;),0,0,0),
so we can give the frequencies measured by these observers as

wlz—k-U(l) :\/1%
wy =~k Uy = \/% (9.2.12)
and it follows that
W = jgg; wr. (9.2.13)

Suppose, for example, that the space-time is asymptotically flat, i.e., it approaches flat
space as r — oo. In this case, let observer Oy be the asymptotic observer so that A(rg) —
c? and O; be located at r. Then Oy measures the frequency

Woo = %\/A(r) w, (9.2.14)

where w is the frequency measured at r. Now in the cases of interest it will turn out that
0 < A(r) < 2, so the electromagnetic wave is red-shifted as it climbs out of a gravitational
potential well. Conversely, it is blue-shifted as it falls into the well. We can also state this
result in terms of the wavelength,

A(ra)

=\ A

A (9.2.15)

and give the redshift factor as

Ay — N\ A(ra)
p— p— —_— 1_ 9.2.16
& )\1 A(Tl) ( )
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Because w = 27 /T, where T is the proper period of the wave, gravitational redshifting is
equivalent to the statement that proper time intervals measured at r are related to proper
time intervals measured at infinity by

cAT
A(r)’

i.e., a proper time interval measured by a stationary clock at r corresponds to a larger
proper time interval as measured on an identical stationary clock at inﬁnityﬁ Therefore,
any activity deep within the space-time appears to take place at a slower rate to the
asymptotic observer. This phenomenon, known as gravitational time dilation, has even
been observed in terrestrial experiments by comparing clocks at differing altitudes. The
effect is small, being measured in nanoseconds.

(9.2.17)

ATy =

9.3 Static Vacua
With a cosmological constant, the vacuum Einstein equations
1
Ry — ig,uV(R —A) =0, (9.3.1)
and the metric (9.1.9) yield the following equations,
Ey=0 = —2B+(2-r*A)B*4+2rB' =0
B, =0 = 2A—-2AB+ Ar*AB+2rA’ =0

Egg=0 = —rBA? +2A?B' +2ArA*B? + A(—rA'B' +2BA' +2rBA") =0

E,, = sin® 0Fgp (9.3.2)
The last is a consequence of spherical symmetry. The first says that
A2\
B(r) = (1 + 2o g) (9.3.3)
r

1A simpler approach to this particular case is the following: a proper time interval measured on a
stationary clock in the static space-time will be given by

therefore, if A(r) — ¢ as 7 — oo then a proper time interval on a clock at spatial infinity will be A7, = At,

hence
cAT

Alr)

from which (9.2.14) and (9.2.16|) follow. Employ similar reasoning to argue for length contraction.

AT =
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for some integration constant, o, whose meaning we will shortly determine. We also find

that 5 5 (ABY
tt rr
il =0=-"""- 9.34
A7 B rAB? (9:3.4)
so that A(r)B(r) = ¢?3, where B is some constant. With these solutions for A(r) and
B(r) the last equation is an identity. Moreover, we can get rid of the constant 5 by simply
rescaling the time coordinate, ¢ — St. Our metric is therefore completely determined by

a single integration constant,

Ar? Ar2\ 7!
ds? =2 (1+ 2 -2 a2 - (1+ 220 ) a2 — 2402 (9.3.5)
r 6 r 6

To discover the meaning of this constant, consider the diffeomorphism charges, taking e*
to be the time-like Killing vector, e* = (1,0,0,0), and A = 0. As we have seen before
(eg. in our study of the weak field) the conserved charge associated with time translation
invariance is the energy, specifically Mc?. Applying (7.5.19) we find

act 2GM

_ — 2 —
Qt——@—MC = o= — C2

(9.3.6)

where M now represents a point mass located at the originﬂ We therefore give the solution
in the form,

2GM  Ar? 9GM  Ar2\*
ds? = &2 (1— gr —g> dt2—<1— gr —é) dr? — r2d02. (9.3.7)

When M =0 and A > 0 the metric describes de-Sitter space (dS) and when M = 0 and
A < 0 it describes anti-de-Sitter space (AdS), both in static (or de-Sitter) coordinatesﬁ
When A =0 and M > 0 this is the Schwarzschild metric. It represents the space-time
of a point mass located at the origin of coordinates. Finally, when both M and A are not
zero, the space-time is called the “Schwarzschild-de-Sitter” space (SdS) when A > 0 or
the “Schwarzschild-Anti-de-Sitter” space (SAdS) when A < 0. Minkowski space, de-Sitter
space and Anti-de-Sitter space are maximally symmetric spaces, i.e., like the two sphere,
they possess the maximum number of Killing Vectorsm

9.3.1 Uniqueness

The solution in (9.3.7)) represents the unique vacuum solution of Einstein’s equations with
a cosmological constant. Its uniqueness can be proved quite easily by considering the most

5Problem: Show that the conserved charges associated with the three Killing vectors of the two sphere
vanish. These are associated with angular momementum.

5These were the coordinates that de-Sitter originally used.

"Problem: Obtain explicit expresions for the Killing vectors of dS and AdS space.
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general spherically symmetric vacuum metric (not necessarily static),
ds®> = A(t,r)dt? — B(t,r)dr* — r2dQ> (9.3.8)

Of the four vacuum Einstein equations, E,,, = 0, the equation Ey,. = 0 tells us that B(t,r)
is independent of time and

Ar2\ 7!
By=0 = —2B+(2-r2A)B>+2rB'=0 = B(r)= (1 + 2 g) (9.3.9)
T
where « is some constant. Now we see that all of Einstein’s equations are time independent.
Also, inserting the solution for E(r) into FE,, = 0 gives

E.=0 = 2A-2AB+ Ar*AB+2rA' =0 = A(t,r)B(r) = *B(1) (9.3.10)

and we can get rid of 8(¢) by simply defining a new time coordinate t — t' = [ g (t)dt. The
remaining Einstein equations are automatically satisfied, the metric becomes entirely time
independent and agrees with . Thus, every vacuum solution is static and reduces
to the SdS or SAdS solution. This is Birkhoff’s theorem.

9.3.2 de-Sitter Space

2 2\ 1
ds? = <1 — Ag) dt* — (1 — Ag) dr? — r?dQ> (9.3.11)

represents only a part of de-Sitter space, called the static patch, r < /6/A. De-Sitter
space with d space dimensions is actually a hyperboloid in a higher dimensional flat,
Lorentzian manifold with d+ 1 spatial dimensions, X;, and one time dimension, T, defined
by the constraint

The metric

T? - X7 = —d”. (9.3.12)
%

where a is a real constant. The constraint preserves all of the symmetries of the d + 2
dimensional Lorentzian manifold, viz., d(d + 1)/2 rotations and d + 1 boosts, therefore
d+ 1 dimensional de Sitter space will admit d(d+1)/2+ (d+1) = (d+1)(d+2)/2 Killing
vectors and is maximally symmetric. The four dimensional metric in is recovered
by the following parameterization of the constraint:

X1 = rsinfcosp
X9 = rsinfsing
X3 = rcosb

X4 = Va?—1r2 cosh(ct/a)
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1
T = E\/az—TQ sinh(ct/a), (9.3.13)

which directly leads to once we identify A with 6/a?. The space-time admits
no curvature singularities, but the parameterization is valid only so long as r < a. On
the hypersurface r = a, the norm of the timelike Killing vector vanishes. When this
happens, the hypersurface is a called a Killing Horizon. In this particular case, r = a is
known as the de-Sitter horizon. Because de-Sitter space has no curvature singularity,
the existence of the de Sitter horizon simply signals a breakdown of the coordinate system.
Other parameterizations of the constraint are possible. |§|

Geodesics

The radial component of the velocity of equatorial geodesics for the de Sitter metric are

. dr E? L? 72

where we have adopted the notation a? = 6/A. When it is written as

dr 2 2742 L2 T2 E? 9
<d)\> +€CCL2+T‘2(1CL2>:C2+€C. (9.3.17)

we notice the striking similarity with the energy equation describing orbits of test particles
in a central force. If we take A\ to be the proper time, this allows us to identify an effective
potential measured by an observer attached to the test particle,

2 2 2
Ve = ECQZ—Q + % (1 - ;) (9.3.18)
8Problem: The parametrization
X; = ez, 1<i<3
X4+ = acosh(ct/a) — %ecﬁa
T = %sinh(ct/a) + z%jce“/a, (9.3.14)

where 7* = 3", 27, is called a “flat slicing” of dS. Show that (i) the parametrization is faithful and (ii) it
gives

ds? = Pdt* — /e Z da;. (9.3.15)
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It follows that the gravitational force is repulsive for timelike geodesics, attractive for
spacelike geodesics and vanishes altogether for lightlike geodesics. In the usual way, pro-
vided that L # 0, we can give the solution of this equation as

" dr /r? 1
/ 7 il (9319
ro (/€ — L — Lkr?

where & = E?/c? + L?/a® + ec® and k = 2ec?/a®. This is precisely of the orbit of a body
in a central force whose magnitude is proportional to its distance from the force center
(like, eg., a harmonic oscillator). Therefore, borrowing the well known result, we give the

solution as )

@ _
2= 1+ ecos2(p — @), (9.3.20)
where
2L2 2k L2
=14/ — =14/1-— 9.3.21

and @ is an integration constant. Timelike geodesics, for which € > 1, are then hyperbola
in the equatorial plane, spacelike geodesics are ellipses and lightlike geodesics (¢ = 1) are
straight linesﬂ

For radial, timelike geodesics (L = 0) it is more convenient to consider (7 = dr/dr)

, FE? 1 1 dri? 1

so we have general solutions
r(7) = Acosh(cr/a) + Bsinh(cr/a), (9.3.24)

but they are subject to (9.3.23)) and therefore the integration constants must satisfy

2 2 > (B
Lightlike geodesics are simply given by
E
r(A\) =+—\+ B, (9.3.26)
c

9Problem: This can be made explicit by taking = = rcos ¢, y = rsiny and Py = 0 (which amounts to
choosing an orientation of the x and y axes). Show that the solution takes the form
2 2
z Y
— =1 9.3.22
a?/(e+1) a?/(e—1) ’ ( )

which describes an ellipse when € < 1, a straight line when € = 1 and a hyperbola when € > 1.
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and the condition 0 < r < a implies that they are past and future incomplete, i.e.,
geodesics will exit the static patch in the past and in the future at finite values of the
affine parameter. Notice, however, that geodesics do not cross the horizon in a finite
coordinate time! To see this, it is sufficient to consider radial null geodesics, for which

dr  dr/d\ r?
dt — dtjax ( a2) (9:3:27)

Integrating the equation, setting r(f9) = 0, we find

a

r(t) = atanh (M) (9.3.28)

showing that r only asymptotes to the horizon in coordinate time.

How can we understand the fact that gravity is repulsive when sourced by a positive
cosmological constant? The reason is that both pressure and energy density contribute to
the gravitational field in general relativity. Just as a negative energy density would lead
to a repulsive gravitational field (the gravitational force due to a negative mass would
be repulsive even in Newton’s theory), so does negative pressure. If we think of the
cosmological term as a source of the Einstein field equations, the effective stress tensor,

4

A

Ty = ——

i 167G I

has the form of an ideal fluid with positive energy density and negative pressure. It satisfies
(just barely) the weak, null and dominant energy conditions, while violating the strong
energy condition. This violation of the strong energy condition is what leads to gravity
acting repulsively on timelike geodesics.

(9.3.29)

Analytic Extension

Mindful of the range of r, we can define a new coordinate system for de Sitter space as
follows. Letting

1—
Ty = —/ dr ~ = —atanh™! L T/a, (9.3.30)
1-5 a 2 1+47r/a
the de Sitter metric takes the form
2
ds? = (1 T (g*)> (at? — dr?) — r?(r)dQ?, (9.3.31)
a

where 7, € (—00,0]. This maneuver essentially pushes the horizon out to negative infinity,
where the metric becomes degenerate, but it leaves a simple light cone structure every-
where. Exploiting this simplified light cone, introduce the null coordinates v = ct — 7,



294 CHAPTER 9. STATIC AND STATIONARY SOLUTIONS

% Al &
U /\\ %?3 ! jg) X& V
kS P 1 <7
|
[ oC <
&
-
-
| V I
.
- - -»
A R
o O/7S)j
p N | /‘\\
< = oc 9
Q |
4 N
N 1 N o)

Figure 9.1: The maximally extended de Sitter space-time.

v = ct + r4; then the deSitter metric can be written as

<1 - W) dudv — 12 (u, v)dQ? (9.3.32)

a

and we can get rid of the troublesome factor by defining a new set of null coordinates,
U= —ae % € (—00,0) and T = ae’/* € (0,00). We find

a2

2 2 =
ds2 = -2 (1 - T(“”)> duds — r2(a,7)d02

2 —
— elu—v)/a <1 T (“’”)) dudv — r*(u, v)d0?

2 —_ —
<1 LY (;;’ U)> dudv — r?(u, v)d0?

— <1 + r( C’LU > dudv — r* (@, 7)dQ>. (9.3.33)

(@) = a <1+““/a?> , (9.3.34)

1 —uv/a?
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so we may write the de Sitter metric as

L [4dﬂd@ —d2(1 +m/a2)2d92] (9.3.35)

= T

There is no pathology in the metric that prevents us from extending the ranges of the
coordinates 7 and T to the entire real line, so long as —a®? < ww < +a?. This is known
as the maximally extended de Sitter space. As r — a~ both w and v approach zero.
Thus the horizon is matched to two null surfaces, viz., u = 0 and v = 0, whereas r — 0
and 7 — oo are mapped to the hypesurfaces w0 — —a? and W — a® respectively. Indeed,
hypersurfaces of constant r are all characterized by wo = «, where —a? < a < +a? is
constant. Inside the horizon, o < 0 and the surfaces are all timelike, but outside the
horizon, o > 0 and they are spacelike. Constant time (¢) hypersurfaces are the straight
lines /u = —§, where ¢ is a constant. The null surfaces, © = 0 and ¥ = 0, represent
t — 400 respectively and are called the future and past horizons, H*, respectively.
We may also define the new coordinates, T" and R by

1 1
u= (T~ R), 1= (cT+R), (9.3.36)

and express the metric as

16a*
(4a2 — T2 + R?)?

ds® = (9.3.37)

272 _ R2 2
CQdTQ _ dR2 _ (CL+ C4Fi> dQ2
a

The space-time diagram for maximal extension of de Sitter space-time is shown in figure
There we see that the space-time naturally divides into four regions, labeled I —
IV. Regions I and III have uwv < 0 and are therefore covered by the static coordinates,
but regions II and IV have wv > 0. They represent the space-time beyond the de Sitter
horizon. Region I is what we would think of as the static de Sitter space: every future
directed, timelike geodesic in region I will eventually pass into region II and no future
directed path from II will get us back to region I. An observer in region I may move in
any radial direction, but must move forward in coordinate time; she can avoid crossing the
horizon by accelerating appropriately. In region II, the observer can move in any direction
in coordinate time, but must always move toward increasing r. Both regions II and IV
lie outside the de Sitter horizon. What one perhaps did not anticipate is the “doubling”
of the interior and exterior regions, i.e., the existence of regions III and IV. These are an
artifact of the analytic continuation and are not realized in nature.

9.3.3 Anti-de-Sitter Space

Like de Sitter space, Anti-de-Sitter space with d space dimensions is non-singular and can
be thought of as a quasi-sphere embedded in a flat, higher dimensional space. However,
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this time the higher dimensional space has d space dimensions and two time dimensions
and is SO(d, 2) invariant, while the quasi-sphere is defined via the constraint,

A(TP+ T’ - X7 =a’. (9.3.38)
i
The constraint preserves all of the SO(d,2) symmetries of the original manifold, wviz.,

d(d — 1)/2 spatial rotations, 2d boosts and one time rotation, therefore AdS will admit
the maximum number, d(d—1)/2+1+2d = (d+1)(d+2)/2, of Killing vectors. The four

dimensional metric with a negative cosmological constant (A = —|A|),
Alr? Alr?\ 7
ds? = ¢ (1 + |6|7“> dt? — <1 + 6“) dr? — r2d0?, (9.3.39)

can be obtained by parameterizing the above constraint as follows:

X1 = rsinfcosyp
Xy = rsinfsingp
X3 = rcosf

¢y = Va?+r? cos(ct/a)
cTy = +a?+r? sin(ct/a), (9.3.40)

where, as before, a = /6/|A|. This time there is no restriction on r, the coordinates
are global but, as before, other parameterizations are possiblem Note, however, that the

10Problem: A useful parameterization leads to the Poincaré coordinates of AdS: consider the transfor-
mations

X1 = auxi, X2 =auxs,

> = a}tt

X; = ? (1- ua® — u’xf + a5 — 02t2])

chh = %0 (1+ u’a® +uat + a3 — 7).
u

where u > 0. Show that parameterization is faithful and that the line element is given as
du?
ds®* =a® <u2(62dt2 — daf — dx3) — —2> .
U

Because u > 0, this metric covers only half of AdS and the other half must be covered with a similar system,
for which u < 0. It enjoys the symmetries of the full Poincaré group, ISO(2,1), in two space and one
time dimension, as well as an additional dilatation: {t,7 u} — {\,\¥,A\"'u}. A further transformation
u — z = 1/u brings the metric into the form

2
ds® = L (Pdi* — da? — dad — d2?).
z

showing that AdS is conformally flat.
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periodic nature of the parametrization requires us to identify points that are separated
by At = 2mwa/c. Another way of saying this is that curves of constant r,6, ¢ are closed
curves. This is very unpleasant in physics because closed time curves could lead to all
sorts of paradoxes, such as someone from the future returning to the past and killing their
own grandfather. Happily, we notice that because the metric is static periodicity in time
is not apparent. Therefore we simply unwrap all the time circles and extend them in
a line, allowing ¢ to range over (—oo,00) and discarding the original higher dimensional
quasi-sphere model of AdS. This space is referred to as the universal covering of AdS,
or CAdS.

Geodesics

The effective potential for geodesics now takes the form
2 2 2
r L r
‘/eﬁf = —6029 + 7’72 <1 + CL2> (9341)

Timelike geodesics with non-vanishing angular momentum will be elliptic and spacelike
geodesics will be hyperbolic. In particular, stable, circular, timelike orbits of radius

r= \/? (9.3.42)

will exist. As was the case for dS, null geodesics experience no gravitational force in AdS
and travel in straight lines. The solutions are given in (9.3.19)), with a> — —a?. Radial
timelike geodesics, which are clearly given by

r(17) = Acos(ct/a) + Bsin(cr/a) (9.3.43)
together with the constraint,
E2
B? + A? = ¢? <4 — 1) : (9.3.44)
c

just oscillate about r = 0 and never get to the boundary, r — co. On the other hand, radial
null geodesics are straight lines given by (9.3.26]) and eventually do reach the boundary of
AdS (as A — o0). What about the coordinate time? Using

% = tc (1 + :;) (9.3.45)
we find
r(t) = atan <C(t_t°)> (9.3.46)

a

showing that the boundary of AdS is reached in a finite coordinate time, At = 7a/(2c).
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9.3.4 Schwarzschild Black Hole

The Schwarzschild metric,

2GM 2GM\ !
st = (12 2EM N g2 (1 _2¢ dr® — r2dQ?, (9.3.47)
c2r c3r

should be thought of as covering only a portion (the “static patch”) of the space-time
describing the gravitational field of a point mass, located at the originE The coordinates
break down at r = r,, where

M
rs = 2GM/c* ~ 3 km <> : (9.3.48)
Me
given in terms of the solar mass, Mg ~ 1.99 x 103 kg, and at 7 = 0. A genuine (curvature)
singularity of this space-time occurs only at » = 0. This is verified by computing the

Kretschmann scalar,
K = RO gy Ry — 1205 9.3.49
= RO R = 5 (93.49)
Thus, while static coordinates for the Schwarzschild metric are valid only so long as r > rg,
we should expect to be able to extend the coordinate system to cover the entire space-time,
up to the singularity at » = 0. The surface r = ry is nevertheless interesting because the
norm of the timelike Killing vector vanishes there. It is therefore a Killing horizon and
is called the Schwarzschild horizon. Its area radius, r,, is called the Schwarzschild
radius. This is similar to the case of dS, where the static patch is valid so long as r < a,
and the surface r = a is a Killing horizon called the deSitter horizon.

Outside the horizon, B(r) = (1 —rs/r)~! is positive and the normals to hypersurfaces
of constant r are all spacelike. This is just as it should be because hypersurfaces of
constant r are expected to be timelike. On the other hand, inside the horizon they are
all timelike, so that surfaces of constant r are spacelike! One might argue, of course, that
the coordinates cannot be used to draw any conclusions about the nature of hypersurfaces
when r < r5. However, the coordinates may be extended across the horizon and all the
way up to the singularity and this statement, being coordinate invariant, will continue to
hold true. Because surfaces of constant r are spacelike when r < r,, the singularity at
r =0 is spacelike.

Uproblem: Show that the exact solution in (9.3.47) is compatible with the GEM solution in (8.2.22)
9.3.47)) to a

with L = 0. Do this by finding a coordinate transformation from the radial coordinate, r, in (
new radial coordinate, r’, that transforms (9.3.47) to isotropic form:

2 1—GM/2C27", 2 2 GM 4 2 2 2
ds® = (H»GT/%Q']‘/ dt® — 1+ﬁ (d'l"/ +7", dQ ).

Then verify that the linearized version of the above is precisely (8.2.22)) when L=o0.
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The gravitational redshift formula of ((9.2.16) shows that an electromagnetic wave
emitted by a stationary source at a radius r in the Schwarzschild space-time will get

redshifted by the factor
r

Zz =

-1 9.3.50
r—rs ( )
Thus the wavelength of light emitted from a source closer to the horizon suffers a greater
redshift by the time its gets to the asymptotic observer, until the redshift factor simply
“blows up” as the source approaches the horizon. Therefore, the Schwarzschild horizon
is also an infinite redshift surface and appears black, hence this solution is commonly

known as the (eternal) Black HoleE The solution is asymptotically flat and, by (7.5.19)),

its energy is Q¢ = Mc?.

Geodesics

The geodesics of a particle outside the horizon are again given by (9.2.8) with

dr E2 L? r
ro__ _ _ 2 _ .8
Ur = e :i:\/c2 (7”2 ec ) (1 . ) (9.3.51)

From here we find the effective potential,

2
Vo = 22 L—2 (1 - E) : (9.3.52)
roor r

the first two terms of which are familiar from the Newtonian case (apart from a factor of
a half). The last term, which is absent from the Newtonian effective potential, represents
the “spin-orbit” interaction between the spin of the gravitational field and the orbital
angular momentum. It is responsible for, among other phenomena, the precession of
Mercury’s perihelion and the bending of light by massive bodies (apart from this spin-
orbit interaction, the gravitational force is exactly zero for massless particles). Circular
timelike orbits (V; = 0) exist at

L2
c2r

T+

3 2.2
144/1— z;] (9.3.53)

The orbit of radius r, is stable and the one of radius r_ is unstable. As L — oo, the

radius of the stable circular orbit grows,

L2
c2rg

ry — s (9354)

12Problem: Show that it is impossible for an observer to remain stationary on the horizon.
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but the radius of the unstable orbit approaches r_— — 3r,/2, which is also the radius
of the only circular lightlike orbitH A minimum angular momentum, L?nin = 3c%r2, is
required for a timelike circular orbit. It gives a minimum radius for stable circular orbits
of 74 min = 3rs, which is also a mazimum radius, r_ ax, for unstable circular orbits. Thus
we see that stable timelike circular orbits have r > 3r, and unstable (timelike) orbits lie
between 3rs/2 < r < 3rs.

The radial equation indicates that there will be a turning point of the motion

(72 = 0), if there exists a positive, real root of

E? .
o (e — L) (r — 1) = 0. (9.3.55)
C

This is a cubic equation unless one considers a massive particle dropped from rest at
infinity. Such a particle is said to be marginally bound and has E = ¢2. In this case, a
turning point will exist if and only if

Erar? — L (r —1y) = 0, (9.3.56)

which has real roots if and only if |L| > 2¢rs = 4GM/c. Provided that the angular mo-
mentum satsifies this criterion, the turning points will lie outside the horizon. Otherwise,
we know that the polynomial on the left hand side of must have at least one
negative root because it approaches —oo as r approaches —oco and a positive constant as
r approaches zero. Therefore, if it is to have a real, positive root then all three of its roots
must be real (i.e., the cubic discriminant should be non-negative). Turning points for
massless particles (photons) occur when

— 3 —L2(r—r) =0. (9.3.57)

In this case, we can set L = Fa/c, where a is the impact parameter; then the smallest
value of a for which the orbit does not terminate at the black hole singularity is ampn =
3v/3rs/2 = 2.60r,. This is the radius of the “black hole shadow”, because only rays
of light incident on one side of the hole, whose impact parameter is greater than a, can
make it to an observer on the other side of the hole. Thus a black hole will appear to
cast a shadow against a bright backdrop. If the impact parameter is smaller than ay;n,
the particles are captured by the black hole. If it is larger than but close to ami, the
particles may rotate around the black hole in the neighborhood of r = 3r,/2 several times
before escaping. The deflection of light around massive bodies leads to the phenomenon
of gravitational lensing, in which one or more distorted images of an object in the

13Problem: Show that there is only one possible circular photon orbit at r = 3rs/2. This is called the
photon sphere.
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background are formed, depending on the observer’s location. By analyzing the images
one can estimate the mass of the gravitational source.
As a function of the azimuthal angle, provided that L # 0,
dr/r? 1
/ — (- o) (9.3.58)

/T
2 2 2 L
7o \/E—%—%—F%

T

where £ = E?/c? + ec?. Its solutions can be given in terms of the Weierstrass elliptic
function, g, which is the general solution of the equation

dy 2
( dx) — 4y — gy — g, (0.3.59)

written as y(x) = p(x + xo | g2,93), where x( is an an arbitrary constant. Substituting
u = rg/r, the orbital equation can be turned into

2 2 2,.2
<Z;> — (TLf — -’ u3) : (9.3.60)

but the cubic on the right hand side becomes a depressed cubic by the additional trans-
formation]

1
w=u— -
3
and the orbital equation,
d 2
(iﬁ) — 4uw® — gow — gs, (9.3.61)
now has the standard form defining the Weierstrass p-function in (9.3.59), where g = /2
and
1 ec?r?
— 4(:= s
92 <3 + 72 )
ec?r?  r2¢ 2
= 4 S — . .3.62
g3 (3L2 12 +27> (9.3.62)
Thus 5 )
r
75 =1+3p <2<p + ¢o | gz,gg> : (9.3.63)

" Any cubic az® 4 bz? + cx + d can be brought to “depressed” form by the transformation y = x + b/3a,
which turns the expression into

a+ (= )y (a2 22
4 30 )Y 3a | 2742 )"
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provides an exact solution of the orbits. These are not exact conic sections, owing to the
spin-orbit coupling.

Radial timelike geodesics are the same as they are for the Newtonian case because of
the absence of the spin-orbit coupling. Lightlike geodesics,

E
r(\) = £—\ + B, (9.3.64)
C

are future incomplete if they are infalling and past incomplete if they are outgoing because
they cannot be extended beyond r;; there is no curvature singularity of space-time at r =
rs, however, so the incompleteness signals a breakdown of the spherical coordinates. One
can find regular coordinates that extend the solution beyond the Schwarzschild horizon,
where the solution is no longer static but time dependent and spatially homogeneous.
Again, we see that the lightlike geodesics do not cross the horizon in a finite coordinate
time,

Ts r
— =+c (1 - 7) = ry=r+rsln (r - 1) = *c(t — to) (9.3.65)

S
showing that r only asymptotes to the horizon in coordinate time.
A particle at rest in the gravitational field of a black hole will have a four velocity

c
Ut =—(1,0,0,0), 9.3.66

10,00 (9.3.66)

and its associated Killing energy per unit mass will depend on its position, E(r) = —{q -
U = —U; = ¢v/A. Tt is conserved along geodesics, but a particle at rest is not in free fall.

Thus, a particle at rest very far from the hole has E,, = ¢? and a particle at rest near
the horizon has energy E(r;) = 0. Imagine lowering the particle quasi-statically into a
black hole from infinity. The quasi-static process is taken to mean that the particle does
not follow a geodesic, rather it is instantaneously at rest relative to the hole at all times.
Thus, while lowering the partcile to the horizon from infinity quasi-statically, all its rest
mass energy could be extracted as useful work at infinity. Conversely, raising a particle
quasi-statically from the horizon to infinity would require an input of energy equal to the
rest mass energy of the particle. Upon lowering the particle to the horizon, one could
simply let it fall in; the black hole mass remains unchanged because the particle energy
is zero: M = 0. Since the area, Ag, of the horizon depends only on the mass, this also
implies that d.4; = 0 in this adiabatic process.

Analytic Extension

The Schwarzschild coordinates can be extended across the horizon. In the coordinates
(t, 7+, 0, ), the Schwarzschild metric reads

ds? = (1= 22) (df* = dr?) —1%(r.)dO2. (9.3.67)
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Figure 9.2: The maximally extended Schwarzschild space-time.

The coordinate 4 is called the tortoise coordinate. It ranges in from —oo to oo and is
only related to r by (9.3.65) when r > r4. Following our construction for de Sitter space,
we introduce the lightcone coordinates, u =t — r, and v =t + r,, and

u= _rse—u/Qrs € (—oo, 0)7 U= 748'91)/276S € (0, OO) (9368)

The Schwarzschild metric

4rg

ds® =
* T @)

@0/ qudv — v (w, v)dO?, (9.3.69)

is now free of any explicitly bad behavior at the horizon. Now we simply extend the
ranges of the coordinates w and T to cover the entire real line, subject to the condition
v < r2. This is the maximal extension of the Schwarzschild space-time: the event horizon
is mapped to the two null surfaces H* : @ = 0 and H~ : v = 0, and the singularity at
r = 0 turns into the (spacelike) hypersurface wo = r2. The intersection of H* and H~
is called the bifurcation two-sphere. On the bifurcation two sphere, the Killing vector
vanishes, as opposed to being simply null.

Hypersurfaces of constant r are all characterized by uv = «, where « is a constant.
When r > rg, o is negative and the hypersurfaces are timelike, but when r < r,, « is
positive and the hypersurfaces are spacelike. (This has already been noted through an
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argument concerning the sign of B(r).) Constant time (¢) hypersurfaces are the straight
lines T/u = —§, where J is a constant.

As in the case of de Sitter space, one can make yet another transformation to coor-
dinates, one of which is timelike. These are the Kruskal-Szerkeres coordinates for the
black hole: letting w = ¢I' — R and v = ¢T' + R, we find

4rg

ds® =
* T (T,R)

o~ (TR)/rs (Cszz _ dRQ) — (T, R)d?, (9.3.70)

The space-time diagram for the “maximal” Schwarzschild black hole is shown in figure
It is useful to divide the space-time into four regions, as shown. In region I, w < 0
and v > 0, and in region III, @ > 0 and ¥ < 0. In both these regions, wv < 0, so these
regions represent the space-time outside the horizon, where the Schwarzschild coordinates
are adequate. On the other hand, in region II both @ and v are positive whereas they are
both negative in region I'V. In these two regions, uv > 0, so they represent the space-time
within the horizon. The portion of the event horizon that serves as the boundary between
regions I and II is called the future event horizon (w = 0) and the portion that serves as
the boundary between regions IV and I is called the past event horizon (v = 0).

e Region I is called the “normal” region. It is asymptotically flat and observers may

move in either direction in r, but always move forward in time. Radial, timelike
geodesic observers in this region cannot evade the future horizon and will cross over
into region II. Non-geodesic observers may, however, hold themselves at constant
r. Once the future horizon is crossed, all communication with observers in region I
is cut off. The future horizon represents the last null ray that is able to escape to
infinity.

e Region II is called the “black hole” region. Particles may move in either direction
in ¢, but always move toward decreasing r. This region is cut of by the space-time
singularity at r = 0, which lies in the future of all trajectories, geodesic or otherwise,
i.e., it is not possible to maintain a fixed radial coordinate in this region: crashing
into the singularity in the future is inevitable.

e Region III is a parallel or mirror universe, identical to region I in all respects, except
that observers must always move backward in time.

e Region IV is called the “white hole” region. Just as region III is the time reverse
of region I, so is region IV the time reverse of region II. Observers are required to
always move toward larger values of r, but are free to move in either direction in ¢.
In doing so, they may choose to enter regions I or III.

Only regions I and II are actually realized in stellar collapse. Regions III and IV are
artifacts of the anaytical continuation.
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9.4 The Electrovacuum

The electrovacuum solution is a static solution of the Einstein-Maxwell system describing
the gravitational field of a non-rotating mass M of charge (). Thus the field equations are
1 81gG

1
Ru = 39w(R=4) = =3~ [FuaFu“ = gIwlasl aﬁ}

V.F*, = 0, (9.4.1)

where g is the electromagnetic coupling and F,5 = V|, Ag is the Maxwell field strength
tensor and we have used the expression

1
tuy = gc [F,uan/a - 4gWFaﬁF°‘5} (9.4.2)

for the electromagnetic stress tensor. For spherical symmetry to hold, the only non-
vanishing components of the Maxwell tensor can be Fy,. = f(r) and Fp, = g(r)sinf. The
Bianchi identities, 0,*F%g = 0, require that g(r) = @, (a constant) and the other two
Maxwell’s equations imply that

2 B A VAB
!
—_—— —.—— —_— = = -4.
f + l:r 2B 2A:| f 0 = f(r) Qe 7’2 ) (9 3)
where Q. ([Qe] = ml) is also an arbitrary constant. The two constants of the integra-

tion, Q. and Q,,, represent, respectively, electric and magnetic charges. (We include the
magnetic charge, although no magnetic monopoles have been detected, to show that the
electric and magnetic charges play the same role as far as the space-time is concerned. Of
course, it can can be set to zero.) Thus we find the general static, spherically symmetric
electromagnetic potential,

A, = (— /7’ dr’ f(r'),0,0, —Qy, cos 9) (9.4.4)

and the stress energy tensor

N I I
90 0 0
1 0 —=

t, = —gc r 9.4.5
v 29 0 0 %42 0 ( )

o o0 o %

where Q% = Q% + Q?,. Now according to the Einstein equations,
8mgG 2A 8m1alG ZBQ

B, = ST9GQ ~ B2+ BA?—2) +2rB = TG Y — (9.4.6)

274 c r
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which is easily solved to give
r2 Ar2 !
B(r) = (1 LT A (0.47)

where we set the arbitrary integration constant to rs = 2GM/c?, in view of the fact
that the diffeomorphism charge associated with time translations is the mass energy, and
ré = 41gGQ?*/c. Again, it turns out that

E E,.. AB)’
Ew  Ew _,_ (AB)

2T 5 =0= ag = AN =8BT0 (9.4.8)

as we had for the vacuum solutions. The constant § is absorbed into a redefinition of ¢
and the last independent equation is automatically satisfied. In this way we have found
the Reissner-Nordstrém-(A)dS solution,

72 Ar2 r2 Ar2 -1
M:&G—“+Q—Tw—lf“+§—g dr? —2d0?  (9.4.9)
T T

o(r) = ke (9.4.10)

The solution has the same overall form as our previous spherically symmetric vacua, with
an additional contribution from the electric and magnetic fields, and is valid so long as
gt > 0,.

Consider the Reissner-Nordstrom solution (with A = 0). Its curvature invariants are
singular only as r — 0, if they are singular at all (eg., the scalar curvature vanishes
everywhere). An example of an curvature invariant that is singular is the Kretschmann
scalar,
12r2  48r2rq N 5617,

_ poa Buv __ S
K =R g Bo™ = 76 7 8

(9.4.11)
If r¢ > 2rg, there are two Killing horizons at the real roots of gy,

rs:t,/rg—47“22
(9.4.12)

r=ry= )

2

called the “outer horizon” and the “inner horizon” respectively. If 7y = 2r¢g (this is known
as the extremal Reissner-Nordstrém solution) there is one Killing horizon, and there is
no horizon if r, < 2rg. Surfaces of constant r are timelike outside r, spacelike between
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r_ and r; and timelike within r_. The singularity at » = 0 is therefore timelike. In
the second case, the singularity is hidden behind just one horizon located at half the
Schwarzschild radius. This horizon is a root (of g4 ) of multiplicity two, therefore the sign
of g, does not change as it is crossed and surfaces of constant r never become spacelike,
so that the singularity at r = 0 is timelike in this case as well. It is also timelike in
the third case, because no horizon is present. Thus the Reissner-Nordstrom singularity is
always timelike. As it is asymptotically flat, the energy of the Reisner-Nordstrom solution
is given by as Q¢ = Mc?.

As we did with the Schwarzschild black hole, we will now imagine lowering a charge
(of unit mass) quasi-statically down from infinity to the outer horizon of the Reissner-
Nordstrom black hole. Because the four momentum of the charged particle is p, = U, +
dqA,, its Killing energy will depend on its position through the four velocity and the
electrostatic potential, F(r) = —€4) p= eV A+ §g®. At infinity, where the electrostatic
potential is zero, E = ¢2, but very near the outer horizon, E = §q®(r,). This is negative
if the black hole and the particle are oppositely charged, implying that we have could have
extracted an amount of energy greater than the mass energy of the particle to do useful
work, W = ¢ — §q®(r, ). Dropping the mass into the black hole will have changed the
black hole mass by §Mc?> = —|6q®(r,)| so the additional energy that was extracted has
come at the cost of the mass of the black hole. Again, by dropping in an opposite charge,
the black hole’s charge has been reduced by §Q. = —(47gc)~!|dq| and we have the relation

SMc? — 4mges Q| ®(ry )| = 0, (9.4.13)

which implies that the area of the horizon, A(ry) = 4mr?, does not change in this adiabatic
process, i.e., JA(ry) = OE

9.5 Static Interiors

Whether or not a given amount of matter will collapse into a black hole depends on its
mass and its equation of state. The Schwarzschild radius of the earth, for example, is
about 1 c¢m, so, to form a black hole, it would have to be compressed to a density far
exceeding the nuclear density of roughly 3 x 107 kg/m3. All the mass of a ten solar
mass star, however, would have to be compressed to under nuclear densities for it to cross
the star’s Schwarzschild radius of about 30 km. Let us now consider the metric inside

15Problem: Show that W is the maximum amount of energy that it is possible to extract from a
marginally bound, charged particle. (For example, if the particle is not dropped quasi-statically but is
allowed to fall freely, its Killing energy would be conserved and the amount of energy that could be
extracted is exactly zero.) Verify that the area of the horizon does not change in the adiabatic process.
Suppose that the energy extracted to do useful work were less than the maximum possible energy. How
do the mass and charge of the black hole change? Is the change in horizon area still zero, less than zero or
greater than zero?
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a static ideal fluid. We will take its energy momentum tensor to be given by ([7.4.36]),
with U* = (¢/+/A(r),0,0,0) to ensure a static condition. Then Einstein’s equations are
sourced by the stress tensor

(9.5.1)

ocoo3g O
o o o
b O O O

and must be supplemented by some equation of state, p = p(p). Spherical symmetry
requires the energy density and pressure to be functions only of 7.
The Einstein equations for this system,

B B c
Ex. E. (ABY &G, ,
A B  rABZ A (pe” +p),
rA” rA? Al < B’> B’ Ar 887G

TO0AB 4423 T2AB\' "32B) ap T2 T a®

2 1Y 1
Ey = — +2r <> —(2-Ar?) = —GLQGTQp(r),

Epo (9.5.2)

are readily solved by quadratures. Formally integrating the time component of the gravi-
tational field equations, we find

-
a 8nG '

r2\
B(r) = <1 + P dr'rp(r') — A> , (9.5.3)

where the integration constant, «, represents a mass point at the center. To avoid a
singularity there, we take o = 0 and write

2GM(r)  Ar? !
where we have interpreted
471'/ dr'r?p(r’) = M(r) (9.5.5)

as the mass contained within a radius r. M (r) is known as the Misner-Sharp mass. The
proper mass within the body is given, over a constant time hypersurface and within a
volume bounded by r, by

47 /7” dr'r\/B(r") p(r') = My(r). (9.5.6)
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It is always greater than the Misner-Sharp mass and the difference, M, (r) — M (r), called
the mass defect. The mass defect represents the gravitational binding energy, which
must be subtracted from the proper mass to get the gravitational mass.

Next we appeal to the special combination of the time and radial components of the
FEinstein equations, which can be written as

A" 8rGrB B’
L= @+p8y—§f (9.5.7)
and formally integrated,
I (! 2
WGM(r)  Ar? 87G [T p(r') + MATe
_ 2 4mr
A(T) = BC <1 — T — 6) ex 64/ d?”/'f'l (]__QGM(TI) 5 (958)
CQT‘/

where 3 is an arbitrary integration constant. If we now plug these results for A(r) and
B(r) into the angular components of the Einstein tensor we get one additional constraint
that must be satisfied by p(r) and p(r). This is the equation of hydrostatic equilibrium,
which is entirely equivalent to and can be recovered more directly from the conservation
of stress energy (V,T*, = 0),

A/
r, A 2y _
Pt 5t pe’) =0, (9.5.9)
or, using (9.5.8)),
4.3
p'(r) + ng) M(r)02 + 47rr3p(r) — Agcj: (p(r) -+ p(r)cQ) =0. (9.5.10)

Equation is the Tolman-Oppenheimer-Volkoff (TOV) equation.

Suppose that the mass sphere has a sharp boundary at r,. Then p(r) = 0 = p(r) when
r > 1 and the mass function is constant outside the sphere. By Birkhoff’s theorem, we
know that the unique vacuum space-time is Schwarzschild, therefore the the two solutions
must be compatible at r,. In fact, whenever two regions of space-time, described by two
different metrics, meet at a sharp boundary, it is necessary to match the two regions at
that boundary in such a way that the entire space-time is at least C'). This implies
the continuity of the first and second fundamental forms across the boundary, called the
Darmois-Israel junction conditions. In the case of the static interior and the Schwarzschild
exterior, we use the same coordinates — the Schwarzschild coordinates — on both sides and
match at r = ry, so the induced metric (first fundamental form) can be written as

—-A 0 O 0
0O 0 O 0
hyw = g — nuny, = 0 0 g2 0 , (9.5.11)
0 0

0 r2sin? 6
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where n* = (0,1/4/B,0,0) is the unit normal to hypersurfaces of constant r, and the
extrinsic curvature (second fundamental form) is

A’

5B 0 0 0
o 0 0 0 0
Km/ = hu Van, = 0 0 - 0 s (9512)
VB 'y
T Sin
0 0 VB
To distinguish between the interior and exterior metrics, let “—” represent the interior and

“+” the exterior. Earlier we had seen that both A(r) and B(r) are continuous across the
boundary if the pressure vanishes there, therefore the first fundamental form is continuous.
The second fundamental form is continuous if
A At
lim —— =

r—ry— \/Bi— rlgﬂrler \/Bi-l—’

which is a condition on the arbitrary constant of integration we encountered in (9.5.8]),

and implies that9]
r M'(r")c?
81G o () + T

(9.5.13)

2G' M (r) Ar2>
— ~ _Jex
c2r 6

A(ry=¢ <1 -~

This guarantees that any perfect fluid interior can be matched to a Schwarzschild exterior.

For particular models, we must either specify p(r) or p(r) or an equation of state,
p = p(p). If p(r) is specified, B(r) is obtained by integrating the density to find M (r) while
the TOV equation can be rewritten as a Riccati equation for z(r) = p(r) + p(r)c?,
using to eliminate all dependence on A(r),

4nGrB B’
Rl p =0 (9.5.16)

* ct 2B

and gives, in principle, the pressure as a function of r. If this step is successful, knowing
the pressure and the energy density allows us to use to recover A(r). On the other
hand, if an equation of state p(p) is specified, the TOV equation in the form may
be integrated to recover both p(r) and p(r) in terms of A(r), then the time component
in and solved as a coupled system to obtain B(r) and A(r). Notice that

SProblem: Show that the second fundamental form is continuous across the boundary if p(ry) = 0 and

» /(TI)C2
8w b p(rl) + %
04 / dr'r <12G1\4<7‘/> (9514)

B = exp

c2r/
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the TOV equation is inconsistent for pressureless dust, implying that a stable dust ball
is impossible. This is expected because, bereft of pressure, dust is helpless against the
inexhorable pull of gravity.

In all but the simplest cases, only a numerical solution of the TOV equation will be
possible. However, consider the following example, with A = 0, for which the TOV is
readily integrated. Taking the mass density to be constant within the ball,

_Jpo T <)
p= { 0 1> (9.5.17)

According to (9.5.4)),

871G por? !
Br)y=(1—- ——— . 9.5.18
m=(1-5% (9.5.18)
and the TOV equation (9.5.16] is a Bernoulli equation whose solution is,
2
z(r) = pc’ & (9.5.19)

pC 5 (ZO 7 B?Ei)) )

where zg is a constant, which can be fixed by demanding that the pressure vanishes at the
boundary, p(ry) = 0. After some algebra, one finds

V1 —81Gpor?/3c% — \/1 — 87Gpor /3c?

3\/1 — 81Gpor/3c2 — /1 — 8nGpor? /3c?

p(r) = poc® (9.5.20)

and

A(r) = i (9.5.21)

The central pressure, required to sustain the ball,

1—+/1—-2GM/c?
e = poc® /e | (9.5.22)
3v/1—=2GM/c?ry, — 1
will be positive if
9GM
3v1— 2GM/627“b >1 = Ty > ZT (9523)
c

Therefore, a star of uniform density, sustained by a positive central pressure, cannot be
smaller that 1.125 times its Schwarzschild radius. This places an upper limit on the star’s
density, which behaves as pmax ~ M 2.
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The TOV equation is also easily integrated for a polytropic fluid, with equation of
state

_ [alp) T e <y
p= { 0 o (9.5.24)

where a and n # —1 are constants (n is called the polytropic index). Polytropic fluids
are useful in describing a variety of astrophysical objects, ranging from rocky planets, to
main sequence stars, white dwarfs and neutron stars. In this case, equation is a
Bernoulli equation

A/ Al P nL

Pt = <5) - (9.5.25)

and may be integrated to obtain
A\ ]

— Tp nt

= n ~1

o = o (50) "]
1 n
o | AGr)\ T
p(r)c? = ( A((rb))> — 1] : (9.5.26)

Now that the pressure and the energy density are known as functions of A(r), one may

attempt to solve the time component of (9.5.2]) and (9.5.7)),

(L) ~1= -T2 pa0)
fj — &Tcﬁzm(r)) — g (9.5.27)

as a coupled system of first order differential equations for A(r) and B(r). This is best
done numerically.

9.6 Axial Symmetry

Intuitively, axial symmetry (or axisymmetry) refers to the symmetry of rotations about
a fixed axis. More precisely, it is an isometry generated by a spacelike Killing vector, &,
with compact orbits. The “axis of symmetry” is the set of all fixed points of the isometry.

Consider some general coordinates, (¢, X?) on the (axisymmetric) manifold and let
X3 = © be the coodinate adapted to the Killing vector that generates the isometry, so that
&H ) = (0,0,0,1) in this chart. This means that all the metric functions are independent

©
of p, as can be shown by applying the Killing equation,

v{ugu} =0= a,u,gu + al/é-,u, - 2F2V5)\ (961)
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and expanding the right hand side, noting that £, = g,3,

0= Gu3w + Gua,u — g)\3g>\g(ga,u,1/ + Jov,p — g,uu,a) = 9uv,3- (9-62)
According to the ADM decomposition, the line element can always be written in the form
ds® = N2dt* — 4;;(dX" + N'dt)(dX? + N7dt) (9.6.3)

where N and N° are the “lapse” and “shift” functions, and 7;; is the first fundamental
form, i.e., the metric on the spatial submanifold, ;. All the metric functions will be
depend on (¢, X1, X?).

Let us focus on the three dimensional hypersurfaces, foliating them by surfaces of
constant ¢,

ds?y = 11dX " + 2120 X X2 + ypd X2, (9.6.4)

and exploiting a most useful theorem, which says that every two dimensional metric is
conformally flat. What is meant by this statement is that new coordinates, (r,z) can
always be found so that (9.6.4) takes the form

dsé) = B(r, 2)(dr* + dz?), (9.6.5)

where B(r, z) is called the conformal factor. The proof of this statement goes as follows:
from the transformation properties of the metric,

oz'* z'v

I _
Ox® OxP

g*8, (9.6.6)
we find the following relations:
B~ =~"9;r0;r
Bl = *yij@zc‘)jz
0 =~"(0;r)(9;2). (9.6.7)
Direct substitution shows that the last of these equations is satisfied by
Dz = iy ™M1 (9.6.8)

(because of the antisymmetry of the two dimensional Levi-Civita tensor, €;;). The inte-
grability condition, 0102z = 02012z implies that

— 01 (VA ™ Omr) = Do (/AP Omr) (9.6.9)
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or simply D(Q)T(X 1'X?) = 0. With this solution the second equation becomes equivalent
to the first, which in turn defines the conformal factor, B(r, z). Therefore any solution of
Laplace’s equation on the two dimensional surface provides a coordinate transformation
to the conformally flat metric in E

The two dimensional surfaces are generally not maximally symmetric, so the proper
distance on Y; will involve three additional functions and have the form

ds%?,) = B(r, 2)(dr* + dz*) + 2D1(r, 2)drde + 2Do(r, 2)dzdp + C(r, 2)dp?, (9.6.10)

i.e.,
B(r, z) 0 D (r, 2)
Vij = 0 B(r,z) Da(r,z) (9.6.11)
Dy(r,z) Dsy(r,z) C(r,z)
Recall that a space-time is stationary if it admits a time-like Killing vector. If ¢ is adapted
to this Killing vector, the metric functions will depend only on r and z. Moreover, if we
assume that the proper distance is invariant under the simultaneous reflections ¢t — —t and
© — —, then four of the metric functions, viz., N"(r, z), N*(r,z), D1(r,z) and Dy(r, 2)
will vanish. We conclude that the most general stationary, axially symmetric metric in
four dimensions obeying the reflection symmetry will be given in terms of four functions,

ds? = N2(r, 2)dt? — B(r, z)(dr?® + dz%) — C(r, 2) (dp — J(r, 2)dt)* . (9.6.12)

Using (7.7.19) one can see that, so long as J(r,z) # 0, neither fﬁ) = (1,0,0,0) nor
Eéfp) = (0,0,0, 1) are hypersurface orthogonal, although

¢ =&y + I (r2)E, (9.6.13)

is hypersurface orthogonal but not a Killing vector field unless J(r, z) is constant.

In order to be static as well the time-like Killing vector must be hypersurface orthog-
onal, which implies that J(r,z) = 0. Then the most general static, axially symmetric
metric is given in terms of three functions,

ds* = N%(r, z)dt* — B(r, z)(dr? + d2*) — C(r, z)d¢>. (9.6.14)

If we are interested in vacuum solutions, it is convenient to redefine the three functions
according to

ds? = P2 g2 — ¢=2(r2) [620(T’Z) (dr? + dz*) + *(r, z)dcpz} , (9.6.15)

1"Problem: Find a transformation that turns (9.1.1)) into a conformally flat metric.
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as this simplifies Einstein’s vacuum equations. Indeed, a remarkable consequence is that
« (Rtt + R%,) = —e2lo=H) (83 + 82) a =0, (9.6.16)

showing that « is harmonic in the flat, (r, z) plane. We could now take a(r,z) = r to get
the canonical, Weyl form of the static, axisymmetric metric:

ds? = 22 4?2 — =21l [€2U(T’Z) (dr® 4 dz*) + r2d¢2] , (9.6.17)

which depends on just two unknown functions, p(r, z) and o(r, 2).
The vacuum equations, R, = 0, will now read

Rtt = _6_2(0_“) (:u rr+ K2z 'U;:T> =0

R (,UJ rr M 2z i —Oprr — 022

J , o 2
R*, (,U/rr“‘/ﬁzz = = Oy — Oy — — _2,“,2 )

r r
R ( - 2:“ rH z)
R‘p@ =— (9.6.18)

It follows from the first equation that
V2u(r,z) =0, (9.6.19)

where the Laplacian is on a flat, three dimensional manifold in cylindrical coordinates.
The remaining three equations are not all independent and reduce to the pair

O,r 2 2
- ,U,T - ,U/,Z )
r

2 =20, (9.6.20)

whose integrability condition is just (9.6.19). Thus, once a suitable solution for pu(r, z) has
been found, the solution for o(r, z) follows by quadratures.

9.7 Weyl Vacua

The existence of two Killing vectors, guarantees that geodesics in the static, axisymmetric
space-time will be possess two conserved quantities, viz.,

o di
§o U=—eM09 - =—F (9.7.1)
and p
Ep) - U = e 020 ? df L. (9.7.2)
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The remaining geodesic equations read

aovr
dX

dUu=
dA

+2(0, —p)UU+ U™ -U**) 0, —py)+P=0

+2(0, — p ) UU* + (U2 —U(pr —0.) +p.Q =0 (9.7.3)

where

L? 1
P {E“ —e ( - “ﬂ

r

L2
Q=c2 [E2 + 264#] . (9.7.4)
r
If we take A = 7 (the proper time), then the geodesic constraint reads
L2
— E%e7 % 4 —262“ + 20U 4+ U??) = ec? (9.7.5)
r

where € = F1 or zero, depending on whether we are examining timelike, spacelike or
null geodesics, respectively. These equations are evidently difficult to solve except in very
special cases. We now examine some Weyl space-times.

9.7.1 The Chazy-Curzon Metrics

Consider a single mass point, M, located at r = 0 = z, with density

o(e) = 2L 51)5()6(¢).

,r./
acting as a source for ((9.6.19)). The solution of Laplace’s equation is clearly

GM

rz)=——— 9.7.6
and we easily find from ((9.6.20) that
2072,2
o(r,z) = —— G Mr (9.7.7)

B 2¢4(r2 + 22)2

The solution is regular on the axis (r = 0) but not at the origin and is not equivalent to
the Schwarzschild metric, which is the unique spherically symmetric vacuum solution of
General Relativity.
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Consider also two masses, My, located on the z—axis at z = +a. The linearity of the
equation for yu(r, z) allows for superposition, so the solution for u(r, z) is now

GM, GM_
= — — 9.7.8
/“L(T7 Z) 02R+ C2R_ ( )
where Ry = /72 + (2 F a)?, and (9.6.20) shows that
2 M2 2 M2 2 M. M._ 2 2 _ 2
o(r,z) = & +2T - _; + = (r+z —a) (9.7.9)
2t | BT T R @R\ R_

Curzon has also given solutions for N point masses located symmetrically on the z axiSE
Notice that for the single particle solution u(r, z) — —GM/c?|z| and o(r, z) — 0 along
the z axis. On the other hand, for the two particle solution in the same limit,

G M, M-
R ==
M M_
o(r,z) — GzTJ;Q sgn (2% — a?) = oy (9.7.10)

Thus, o approaches a negative constant between the mass points and a positive constant
everywhere else outside z = +a. Considering the conformally scaled spatial metric very
near the axis, we see that

d§(§) = dr? + dz? 4+ r?e290d¢?, (9.7.11)

which reveals that the geometry admits a deficit angle. A deficit angle is the difference
between 27 and the angle subtended by a closed loop about a point. For example, starting
with a flat sheet of paper, cut off a wedge and identify the edges of the wedge. The result
is a cone. The angle subtended by the wedge is the “deficit angle”, §, and the apex of
the cone is a topological defect, called a conical singularity. Note, however, that the cone
is locally identical to the sheet, i.e., the curvature invariants of a cone vanish everywhere
except at the conical singularity, where they are undefined. In the situation at hand,

§=2m(1—e ) (9.7.12)

occurs at all points on the z axis. This line defect is referred to as a cosmic string (or
“strut”) laid along the z axis. The strut holds the two masses apart. A deficit angle will
occur whenever og # 0 and pu(r, z) is regular on the axis.

'8See the original papers: J. Chazy, Bull. Soc. Math. France, 52 (1924) 17; H. Curzon, Proc. Math.
Soc. London, 25 (1924) 477.
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9.7.2 The Zipoy-Voorhees Metrics

The Zipoy-Voorhees metrics are defined by a uniform rod of finite length located along the
z axis, from z = —a to z = 4a, which acts as a source for (9.6.19)). The density function

for this source is
M

- 2ar/5(rl)@(a +27)0(a - 2")(¢)

p(z')

where © is the Heaviside function. Applying the spatial Green function,

1
-
G(r,m) = —ma

we find the appropriate solution to Laplace’s equation,

GM

(rn2) = - /“ dz'
PAT - 262a —a /7‘2—|—(Z—Z/)2

GM [, Ry —(z+a) R_+(z—a)
= 1 1
4c2a [HR_—(z—a)+ nR++(a—|—z) ’

where Ry = /72 + (2 £+ a)?. Now direct computation reveals that

Ry—(z2+a) R _+(2—a) Ry+R_ —2a
R_.—(2—a) Ry+(a+2) Ryi+R_+2a

therefore
GM 1 R+ + R_ —2a

" 2¢% nR++R_+2a
To find o, we turn to (9.6.20) and find

pu(r, 2)

o(zr) = & (GM)21n [(R+ +R_)* - 4a®

2 AR\ R_

c2a

(9.7.13)

(9.7.14)

(9.7.15)

(9.7.16)

(9.7.17)

These solutions were first given by Bach and Weyﬂ and later explored and interpreted
by Zipoym and Voorhees@ Notice that o(r,z) — 0 as r — 0 when |z| > a, so, in this

case, there is no strut on the z axis outside the rod.

9R. Bach and H. Weyl, Mathematische Zeitschrift 13 (1922) 134.
20D, M. Zipoy, Jour. Math. Physics 7 (1966) 1137.
21B. H. Voorhees, Phys. Rev D 2 (1970) 2119.
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9.7.3 Weyl-Bach Ring Metrics

As a final example, we consider an uniform ring of mass M and radius a, laid out in the
z = 0 plane and centered at the origin. The density function for this metric is

M

p(z) = 27rr’5(r/ —a)d(2) (9.7.18)
and the solution to Laplace’s equation for the metric function p(r, z) is
(r.2) GM [ do
p\r,z) = —

2me® Jo \/r2 4 a? + 22 — 2arcosp

GM | 1 dar 1 dar
= —— |—K | = —K | ——— 9.7.19
o ln () ()] oo
where Ry = /(r +a)? + 22 and K(z) is the complete elliptic integral of the first kind.

From here, the solution for o(r, z) is found by quadratures.

The solutions described are difficult to interpret because, as we have seen, the space-
time geometry does not generally reflect the geometry of the source. For example, we do
not recover the Schwarzschild black hole in the case of a single point mass. Motivated by
the need to directly compare the symmetries of the space-time with those of the source,
Zipoy and Voorhees suggested that the coordinates chosen to express any Weyl metric
should be adapted to the symmetries of the source.

9.7.4 Prolate and Oblate Spheroidal Coordinates

Prolate spheroidal coordinates are obviously best suited to the line metrics of Zipoy and
Voorhees. These may be defined by

r = asinhusing, z = acoshwucos, (9.7.20)

where u > 0 and 6 € [—7/2,+m/2]. The level curves u = const. and 6 = const. represent
confocal prolate ellipses,

52 2
=1 9.7.21
a2cosh?u  aZsinh?u ( )
and (orthogonal) hyperbolae
2 2
° - 1 (9.7.22)

aZcos?0  alsin2f
respectively, with foci at z = 4+a as shown in figure One finds that the gravitational
equipotentials, e#("?) = const. are equivalent to the statement that u = const., as

GM Ri+R_—-2a GM U
0) = 1 = In tanh — 7.2
lu,6) 2% Ry +R_+2a c%a fianiy (97.:23)
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Figure 9.3: Prolate Coordinates in the r — z plane.

and

o(u,0) = = (GM)an [ sinh® 2 ] . (9.7.24)

2\ c2a cosh? 4 — cos? 6

Now suppose we define the radial coordinate

p = acoshu, (9.7.25)
then
() = GMI p—a
P = 5 ™ p+a
1 /GM\? p* —a?
- (ZE) | 7.
o(p.0) 2(02(1) n[pQ—azcoszﬁ] (9.7.26)

and the line element reads,

2
ds® = e2tdt? — e [62‘7 (p2 — a2 cos? 9) <dp + d92> + (p* — a?)sin? 0 dgoﬂ .

02 — a2
(9.7.27)
A special case clearly arises when a = GM/c?, for then
e21(p)  — p—a
p+a
2 _ 2
po—a
e Pl) = (9.7.28)

p? —a?cos? 0
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Figure 9.4: Oblate Coordinates in the r — z plane.

so that (9.7.27) can be written as

p=a 2 pta

ds® =
p+a p—a

dp* — (p+ a)? (d6* + sin® 0 dyp?) . (9.7.29)

If we shift the radial coordinate by a, i.e., let R = p+ a > 2a, we may express (9.7.27) as
2 2a 2 20\ 2 2 (102 | 12 2

ds® = 1_E dt* — 1_E dR*— R (d0 + sin 0d<p), (9.7.30)

which is explicitly the exterior line element of a Schwarzschild black hole of mass M.
Notice the counter-intuitive fact that the (spherically symmetric) Schwarzschild black hole
arises as the Weyl vacuum solution sourced by a rod of a particular length (equal to the
Schwarzschild radius of the hole). The mapping from Weyl coordinates to the spherically
symmetric ones is one-to-one and covers the entire region outside the line mass.

Oblate spheroidal coordinates are likewise defined as

r =acoshusinf, z = asinhwucosf (9.7.31)

with the same ranges as before, viz., u > 0 and 6 € [—7/2, 7/2]. The level curves u = const.
are once again confocal ellipses whereas the level curves 6 = const. are the orthogonal
hyperbole, with focus at 7 = a as shown in figure[9.4] Instead of guessing at an appropriate
source for this metric symmetry, let us consider Laplace’s equation in the coordinates
(u, 0, ) defined in . Assuming that the gravitational potential depends only on u,
we find that p(u) must satisfy

p (u) + tanh(u)p'(u) = 0 (9.7.32)
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outside of sources, with solution (C is an arbitrary constant)

p(u) = Ctan™? (tanh %) = %gd(u), (9.7.33)

representing the gravitational field outside an oblate homoeioid, i.e., a thin shell bounded
by two confocal ellipsoids. (Note that this same approach could be taken in the case of

the prolate system of ((9.7.20]) to arrive at 9.7.23@
If we define Ry = +/(r £ a)? + 22, then

u Ri+R_—2a
t h—: _
MY TV R Rt 2a
_ R++R_—2CL
=Ct == .7.34
u(r, z) = Ctan ”R++R_+2a (9.7.34)

We can now integrate the second of (9.6.20) to find that

and therefore

C? 2R, R_
=—h|l——F— D 9.7.35
or2) = G| s+ D) (9.7.35)
and the first requires that D(r) = D (constant), which we take to be zero. Thus,
C? 2R{R_ C? cosh 2u + cos 26
=—h| ——— 0) =—1 9.7.36
o(r2) =3 n[(R++R_)2]’ o(w.f) =3 n[ 4 cosh? u } (57.36)

[1n))

gives the metric function “o” in the original cylindrical (r, z) coordinates and the oblate
(u, 0) coordinates.

9.8 Kerr Metric

The discovery of the Schwarzschild solution only a few months after the publication of
Einstein’s field equations began a search for other exact solutions. Particularly sought
after was a solution that could describe a rotating mass carrying angular momentum.
This, however, took almost fifty years to discover, even though the weak gravitational
field due to a rotating massive body had been discovered by Lense and Thirring

22Problem: (a) Determine the flat, three dimensional metric in the prolate system. (b) Show that, if
u = p(u), Laplace’s equation reads
" (w) + coth(u) (u) = 0
and (c) show that the solution of this equation is precisely ((9.7.23]).
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within about two years. The result is the Kerr metric, named after its discoverer, R.
Kerr.

Kerr’s original derivation of the metric is complicated, so we will here follow a more
intuitive path to it. A rotating mass tends to flatten at the poles, so it is reasonable to
expect that the coordinates best suited to describe the gravitational field outside the mass
belong to an oblate, spheroidal system, which we may define as

x = acoshusinf cos ¢
y = a cosh u sin 0 sin ¢
z = asinhwucos#, (9.8.1)

where u > 0, 0 € [0,7] and ¢ € [0,27]. In this way, u = const. describes a family of
oblate, confocal ellipsoids. Now let r = asinhu € [0,00). Then

x =12+ a?sinfcosp
y=1V1%2+a?sinfsing

z =1cosb, (9.8.2)
and the flat line element in this system is

0

ds? = 2dt? —
2 + a2

dr® — p*df* — (r* + a?) sin® 0dp? (9.8.3)

where p? = 7?2 4 a® cos? 0. By simply rearranging terms, this metric may be written as

sin’ 6
2

2
r2 4 g2

2 2
s T 4a
ds—ip2

(cdt —asin® Ody)? — dr® — p*df* — (12 +a?)dp —acdt]*. (9.8.4)
The cross term vanishes, i.e., the coefficient of the dtdy term is zero because this is only
the flat space metric.

We may rewrite the GEM line element (8.2.22)), with the angular momentum, J, point-

ing in the +z direction, as

c2r c2r c2r

2GM 2GM / 2
= Adt* - (1 + G; ) dr? — r2dQ?* — G; (cdt ~ L sin? 9dcp> (9.8.5)
cAr c?r c

2GM 4 2GM
ds? = ¢ (1— ¢ )dt2+ stin29d<pdt—<1+ ¢ )dr2+r2d92

where @’ = J/M ([a'] = [?/t) is the angular momentum per unit mass of the body and the
second expression is only valid up to terms linear in a/. Comparing (9.8.5) and (9.8.4)),
we are able to guess that the oblateness parameter a in (9.8.4) must be related to the
angular momentum per unit mass by @’ = ac or a = J/Mec. Again, taking a cue from
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Schwarzschild’s spherically symmetric solution, we ask if would be recovered as the
linear approxmation of a line element of the form (9.8.4)), with 72 + a® replaced by F(r) in
the first and second terms. The function, F, if it exists, would be obtained from Einstein’s
vacuum equations and the line element for the solution would read

p? sin?

F(r) 2 2792 0. 2 2 _ 2
F(r)dr p-df e [(7° + a®)dp — acdt]*  (9.8.6)

2 __
ds® = e

(cdt — a sin? 9d<p)2 —
or, letting F(r) = r2 + a? + f(r),

2
ds* = 2dt* + m(calt — asin® 0dp)? — P ar? - p?df* — (r? + a?) sin® Odyp?

p? F(r)
_ 2 f(r) o 2f(r) .2 PQ 2 2 192
= C (1 + p2> dt — p2 ac sin gdtd@ — 7‘2—|—a2——|—f(7")dr —pP d9
2
- <r2 +a? — f(;ga sin? 0) sin? Ady? (9.8.7)

Note that we recover the flat metric (in oblate spheroidal coordinates) as f(r) — 0 and the
Schwarzschild metric if @ — 0 and f(r) = —rsr. Let us now look at Einstein’s equations
for the geometry described by the line element given above. We find

Foo = ,012 (f —rf'+ ;ﬁf”> =0 = ['=0, rf'=f (0.8.8)

which establishes that f = ar for some constant « and in fact solves all of Einstein’s
vacuum field equations. Comparing the solution to the GEM line element then
reveals that o = —2GM/c? = —r,, so we have arrived at the Kerr solution in “Boyer-
Lindquist” coordinates,

ds* = ¢ (1 — 7“527“) dt* + wdtdgp — #dr2 — p*de*
P p T4+ ac —rr

2
— <r2 +a+ % sin? 9> sin? Ady?. (9.8.9)
It can be put in the ADM form

2A 2 by
ds?2 = 2L 2 a2 — P ar? — p249? - = sin2 (dy — wt)? (9.8.10)

b)) A
where

PP =712 +a%cos?, A=r>+a®—ryr
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Figure 9.5: Surfaces of the Kerr metric

acrgr

Dy

One should be careful in interpreting the coordinates. For example, r = 0 is not a point.
On a constant ¢ hypersurface it represents the double cover of a disk whose boundary,
at @ = /2, is a ring of physical radius a, which is a curvature singularity. The solution
is asymptotically flat, but it is not unique. There is no equivalent of Birkhoff’s theorem
for the Kerr metric, therefore, to assume that it necessarily describes the space-time near
a very massive rotating body would not be correct. What is true is that the vacuum
geometry of a massive rotating body asymptotically approaches the Kerr geometry. To
include charge (electric and magnetic), simply replace r5 by rs — @Q%/r in , where
2 = (@Q? + Q2,. The metric is then known as the Kerr-Newman metric.

Let us now take a closer look at the Kerr geometry. It admits two Killing vectors,
one timelike, 55) = (1,0,0,0) and the other spacelike, 5{:0) = (0,0,0,1). The norm of the
spacelike (azimuthal) Killing vector, being the sum of non-negative terms, never vanishes,
but the norm of the timelike Killing vector vanishes when

¥ = (r’ 4 a?)? — a®*Asin?0, w=

(9.8.11)

1
1— Tp%?” =0, = r(iE) =3 [rs + /72 — 4a? cos? 0} , (9.8.12)
which defines two Killing horizons when 75 > 2a. These are the outer and inner ergo-
surfaces of the Kerr black hole, shown in red and green in the figure [9.5 There is no
ergosurface when ry; < 2a¢ and, when the angular momentum vanishes, r = rSrE) becomes
the Schwarzschild horizon. There is also a coordinate singularity when

1
Pta®—ra=0 = ry= 5 [7“5 +4/r2 — 4a2} (9.8.13)
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and rg > 2a. The two solutions describe the outer and inner event horizons, shown in
orange and blue in figure We will soon see that the event horizons are also Killing
horizons. There are no event horizons when ry < 2a and, when r; = 2a (the extremal
case), only one event horozon exists at half the Schwarzschild radius. (This is also the case
when a = 0, but now this is just the Schwarzschild black hole). Finally, the Kretschmann
scalar reads

12r2(r? — a2 cos? 0)(p* — 16ar? cos? 0)

e , (9.8.14)

K = Rupu, RO =

so there is a curvature singularity when p = 0, which happens only when r = 0 and
0 = 7/2. Referrng back to the coordinate definitions in , this turns out to be not a
point but the ring

2+ y? =d% z=0. (9.8.15)

Thus the angular momentum “stretches” the point-like Schwarzschild singularity into a
ring singularity. It is easy to see that

(E)

rB > >p > ® (9.8.16)

and that the ring singularity is surrounded by three of the four surfaces we have described,
viz., T = rSrE) and r = r4, as shown in figure It coincides with the inner ergosurface
in the equatorial plane. The region between the outer ergosurface and outer horizon is
called the erogoregion. We will soon see that in the ergoregion it is impossible for an
observer to remain stationary.

The Killing vectors show the space-time is characterized by its mass energy, Q; = Mc?
and angular momentum, @), = —2Mac = —2J, as may be calculated by evaluating
on the two sphere at infinity.

9.8.1 Equatorial Geodesics

It is not difficult to verify that motion remains confined to the equatorial plane if the
initial velocity is in the plane. To simplify matters, therefore, take § = 7/2 and we have
the following conservation laws,

U=-21-2)ut-2ye = —p & 4ut 4 BUY
®
T r
. :_% L 2 2 Tj Y d:ef t ©
§p U= "0+ [ +a? (1+2) | =L ¥ BU'+ CU% (98.17)

This system is readily solved for U! and U¥ by inversion,

_CE+BL ., _AL{BE

¢ LB T DL _ AT bbb
v B2 — AC’ B2 - AC

(9.8.18)
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or

—acLrs/r + E[r? + a?(1 + rs/7)]
A(r2 +a? —rgr)
B cL(1 —rs/r)+aBErs/r

U= (9.8.19)

Ut =

where we used B2 — AC = c%(r? +a?® — ror) = 2A.
It is immediately evident that a particle carrying zero angular momentum (a ZAMO,
or inertial, Zero Angular Momentum Object) will possess a non-zero angular velocity,
_dp  U¥Y acrs/r

= = = 9.8.20
W =4 =T T P r @it (9.8.20)

in the direction of the hole and increasing as the hole is approached. This property of the
space-time is called the “dragging of inertial frames”. The effect vanishes at large distances
from the hole as 3. Another consequence is that, no matter what its angular momentum
or energy, the particle’s angular velocity on the outer ergosurface will necessarily be,

d
d—f 9 lim w(r). (9.8.21)

wE = = —
+ r242a%  rors

r=rg

Similarly, regardless of its angular momentum and energy, it will have the angular velocity

d
wy = di: =% (9.8.22)
r=ry TsT4
on the outer event horizon.
Taking A to be the proper time for spacelike or timelike geodesics we find
2
guwUPUY = AU + 2BU'U? + CU?? + U™ = ec? (9.8.23)

A

where € = F1 or zero, depending on whether the geodesics are timelike, spacelike or null
respectively. The expression may be simplified and written in terms of the conserved

quantities with the help of (9.8.17); we find

2
— EU' + LU + %U” = ec? (9.8.24)

from which, using (9.8.18]), it follows that

_ CE?+ AL* 4 2BEL N e’ A

r2
u 2

o g (9.8.25)
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One may frame the above equation as follows:

U= 3—; = +/E — Vg (9.8.26)

where
E? 5
and 9
21 E? o B
Ve — €T +2{L2—a2 (2+662>] _7’3<L_a> (9.8.28)
r r c r ¢

The first term represents the ordinary Newtonian gravitational potential, the second repre-
sents the centrifugal force and the last the spin-orbit interaction. Notice that the structure
of the effective potential is identical to (9.3.52) and in the Schwarzschild limit (a — 0) we
recover the geodesic equation in @ Equatorial geodesics can be recovered by the
same methods.

9.8.2 Equatorial Static and Stationary Particles

The outer ergosphere is a Killing horizon of the time like Killing vector ) = (1,0,0,0),
which implies that, within the outer ergosphere and the outer horizon, the particle cannot
remain static. To be static its velocity four vector would have to point along the time di-
rection, i.e., U* = ~v&H, where ¢# = (1,0,0,0) is the Killing vector and ~ is a normalization
factor (ensuring U? = —c?). Static particles are, naturally, not inertial and their motion
is not geodesic. They require some external agent to keep them in place, but we see that
they cannot exist within the ergoregion, where £# becomes spacelike! What happens is
that frame dragging within the erogoregion compels the particle to rotate with the hole.

We may then ask if it is possible for a particle to remain stationary within the ergore-
gion. To remain stationary, the particle should possess a velocity that looks like

Ut =axt =~ (6{;) + Qﬁf;)) (9.8.30)

where 7y is again a (constant) normalization and (2 is a constant angular velocity. Like static
particles, stationary particles are not inertial and their motion is not geodesic. Because
Q) must be constant, x* is a linear combination of Killing vectors and is therefore also a

ZProblem: Consider circular, timelike orbits. Show that for any value of E and L there are two circular

orbits at radii
3c2(L — aE/c)?r?
1+ \/1 - —(L2 —28)? . (9.8.29)

L? —a%¢

Ve/ff=02>7’i= >
c?rs

What is the radius of the only lightlike orbit?
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Killing vector. Our only requirement is that it should be timelike, and this is possible
(rs > 2a) if and only if r < r_ or r > r4 and

Q<0< Oy (9.8.31)

where

VA
Qi = w(r) + r24+a2(1+rs/r) = w(r)

(9.8.32)

From here we learn that:

e it is possible to remain stationary but not static within the outer ergosphere, outside
the outer event horizon and inside the inner event horizon,

e the stationary particle on the outer ergosurface will have an angular velocity between
zero and 2wf ,

e ()_ is negative outside the outer ergosphere and positive inside it,
e as r decreases, (), decreases and {)_ increases, and

e O, = Q_ on the outer horizon, where the stationary particle will have an angular
velocity precisely equal to wy.

Owing to the last, we associate

ac

TsT4
with the angular velocity of the black hole. Stationary particles enter into a state of
corotation with the black hole as they approach the outer horizon. The vector x* is
null on the outer and inner horizons, which are therefore also Killing horizons. Within the
outer and inner even horizons stationary particles do not exist. Thus, the outer ergosphere
serves as the inner boundary of the static region, which extends to infinity, and the outer
horizon as the inner boundary of the stationary region of the Kerr geometry.

9.8.3 The Penrose Process

Penrose discovered a way in which energy could be extracted from a rotating black hole
via a fully classical process. The idea hinges on the conservation of energy and momentum
and the fact that that the outer ergosphere is the boundary of the static region of the Kerr
geometry.

Consider an inertial particle originating at infinity and falling into the Kerr black hole.
If p* is its momentum, its energy will be ' = —§;) - p > 0 and its angular momentum
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L =&,y - p- Both of these quantities are conserved during its (geodesic) motion. Once it
enters the horizon, imagine that it decays into two particles. Conservation of momentum
implies that p, = p&l) + pf?), which means that the original energy and momentum get

split into two parts according to

E=—{u - p=—Eu pM =& p® =B + B

L=¢)-p=CEy Y + &) - p® = L1 + Lo (9.8.34)

In the outer ergoregion &) is spacelike and therefore the signs of Fj 3 are individually
indefinite although the sum is required to be positive and equal to F. Suppose that Fo
is negative then the other particle’s energy would have to be greater than the original,
F, > E. But, because FE» is negative, the second particle cannot exit into the static region,
for then its four velocity would be spacelike. The first particle, however, can return to the
static region, where its energy can be extracted, with an energy that is greater than the
energy that fell into the hole. Of course, we cannot create energy, so the excess energy
must have come from the black hole. Some of the energy of the rotating black hole has
been extracted. This is the Penrose process.

More concretely, for the second particle to fall into the outer event horizon, it must
satisfy

Xu+ P2 = —(§u) twié(yp) P2 =FEa —wiLa >0 (9.8.35)
and, because F» is negative, this implies that
E
I, < 22l 2’, (9.8.36)
Wi

so the particle must have a negative angular momentum, i.e., opposite the hole. Once
this particle crosses the outer event horizon it is effectively absorbed by the hole. Then
the mass and angular momentum of the hole will change according to 6Mc? = —|FEs| and
0J = —|La| < —|E2|/wy, where we let J = acM be the angular momentum of the Kerr
black hole. It follows that

SMc* —w, 6J >0, (9.8.37)

which ensures that the area of the outer horizon increases during such a process@ This
result and its analogue for the Reissner-Nordstrom black hole in ([9.4.13]) can be viewed as
consequences of an interesting set of theorems concerning the physics of horizons.

9.9 Classical Black Hole Thermodynamics

We have seen, in each of the special cases treated above, that processes involving black
holes can (even on the classical level) allow for exchanges of energy in which useful work

24Problem: Show that the area of the outer horizon increases as a consequence of the Penrose process.
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may be extracted from physical systems, with black holes acting as intermediaries. As far
as the extraction of energy goes, adiabatic process, in which the area of the black hole
horizon does not change, are the most efficient. This is strikingly similar to isentropic
processes in thermodynamics, if the area of the horizon plays the role of entropy. This
analogy is the subject of the present section.

9.9.1 Surface Gravity

The proper acceleration of a body at rest at r in a spherically symmetric vacuum is

daut 1
au:? — (U-V)U":—iA W = a= w/aﬂa“:m. (9.9.1)

When r represents the surface radius of an astronomical object, we call it the object’s
surface gravity. For example, the surface gravity of the Earth is calculated to be 9.81
m/s? and that of a 2 solar mass neutron star of radius 11 km is 2.2 x 10*2 m/s?. Within
strong gravitational fields (such as on the surface of a neutron star) time dilation plays a
significant role. The effect of time dilation will only grow as the horizon of a black hole
(A(r) = 0) is approached and the definition will fail near the event horizon of a black hole.

Suppose we ask a different question: what force would have to be applied to a unit
mass, by an agent at infinity, to suspend an object (by an infinitely long, light string)
near the horizon of a black hole? One way to think about this would be to note that dt
represents an infinitesimal interval of proper time at infinity, therefore this observer exerts
a force per unit mass of ab, = dU"/dt. But because

dU¥*  dU* dt
w2 22
C T T at ar (9:92)
we have
VAA 1

which is well defined on the horizon of a black hole. We wish to construct a scalar that
reproduces as.. If we are successful, then its value on the horizon is what we shall mean
by the “horizon surface gravity”.

More generally, a Killing horizon is defined as a surface on which a Killing vector,
which is timelike in a region of space-time bounded by it, becomes null. The surface
gravity of a Killing horizon can be expressed in terms of its defining Killing vector, &).
Because §(y) is null on the horizon, it is both tangent and perpendicular to it. The normal
to the hypersurface ® = { - {) = const. is n, = ® ,, which on the horizon (only!) is
proportional to ). Therefore we define the surface gravity, r, of the Killing horizon as
(dropping the subscript (t)),

2K
c

(gaga),uh.[ = - f,u|7.[- (9.9.4)
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We will now check that x is precisely ao, but first let us work with the above definition.
An equivalent definition of k is via

(€ V)&= —S&u (9.9.5)

on the horizon. This can be shown by expanding the left hand side of (9.9.4]) and using the
fact that 4.,y = 0 because ¢ is a Killing vector. Now, the Killing vector is hypersurface
orthogonal || so it satisfies the identity

g,u;ug)\ + 5)\;“511 + fu;)\g,u =0 (9.9.6)

Contracting with &%,

§M;V’Sy;u§A = _EM;V [5)\;#&/ + {I/;)\&#]
K
e

[g'ug)\;u - gyfu;)\]

2k?

Comparing the two sides, we get yet another equation for k,

9 .
K :_nggw (9.9.8)

on the horizon. All three equations (9.9.4)), (9.9.5) and (9.9.8)), are equivalent definitions
of k.
For example, using (9.9.8)) in the static background and taking the positive root of

(O18) we find

A/
b= ag = A0 (9.9.9)
2 H
Thus, the surface gravity of the Schwarzschild horizon is
2 4
R (9.9.10)

P o T aGM

and of the outer horizon of the Reissner-Nordstrom black hole it is

422 — A2
2 _ c cr
o Sl —rs) hd (9.9.11)

W (s Jar—an)

25Problem: Verify that the rotation of the timelike Killing vector vanishes everywhere.




9.9. CLASSICAL BLACK HOLE THERMODYNAMICS 333

VA

\/

Figure 9.6: The light-cone in the v — r system.

These are both finite and constant.
One can also use (9.9.4) and (9.9.5) to obtain the same result, but Schwarzschild
coordinates do not serve us well because they are ill defined on the horizon; in particular,

the light-cone “closes” at A(r) =0,

dt
— =+ AL 9.9.12
I (7) ( )

To evaluate the left hand side of either of the equations on, say, the future horizon, we
transform to the advanced time coordinate, t — v = ¢ + r4, in which the static solution
takes the form

1
ds? = —QA(T)dv2 — 2dvdr — r2dQ?. (9.9.13)
c
The light cones do not close on the future horizon in this system, for the radial null curves

are given by
dv 0
% - {QCQA_l(T) (9.9.14)
as shown in figure The timelike Killing vector transforms to £# = (¢, 0,0,0), but now
&= (=A(r)/c,¢,0,0) does not vanish when A(r) = 0. Then
P=¢-{=—A(r) = @, =-A(r), (9.9.15)

so, applying (9.9.4), we find (again) that k = A’(r)/2|7.[@

26Problem: Repeat the calculation of the surface gravity on the past horizon, by using the retarded time
coordinate, t — u =t — r«. You should find that k = —A'(r)/2|». What is the significance of the change
in sign? Sketch a few light-cones in this system.
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We can also use (9.9.8) and (9.8.10) to directly calculate the surface gravity of the
outer horizon of the Kerr space-time, taking

&' =1(1,0,0,wy), (9.9.16)
where w is the surface gravity of the outer horizon. The result is

ZA/ 2 9 _
p= & Gt ) = gs), (9.9.17)
2VS |y, 2017 +a?)

which is also finite and constant.

9.9.2 Zeroeth Law

We have seen that the surface gravity is a constant on a (Killing) horizon in three exam-
ples. In fact, this can be proved rigorously, assuming only (i) stationarity, (ii) Einstein’s
equations and (iii) the dominant energy Conditionm The statement that:

o the surface gravity of a Killing horizon is constant

is known as the zeroeth law of black hole thermodynamics. The law itself is reminiscent
of the implicit assumption, made in classical Thermodynamics, that thermal equilibrium
is a reflexive property of equilibrium thermodynamic systems. It is therefore saying that
the black hole horizon is in a kind of “thermal” equilibrium with itself but it is not a
statement about the transitivity of this “thermal” equilibrium, as is the zeroeth law of
thermodynamics. The analogy between the surface gravity and the “temperature” gets
better with the first law.

9.9.3 First Law

Let us return to the Schawarzschild black hole, whose event horizon has an area A = 4772,

and notice that
i (CA d(Mc?) (9.9.18)
—d|— )= c). 9.
27 4G

Likewise, for the Reissner-Nordstrom black hole, where the outer horizon has the area
A= 47?1“3_, we find

2A
% d <C4G> = d(Mc?) — dnged(r)dQ, (9.9.19)

2TJM. Bardeen, B. Carter and S.W. Hawking, “The Four Laws of Black Hole Mechanics”, Commun.
Math. Phys. 31 161 (1973).
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and, for the Kerr black hole, whose outer horizon has the area A = 477(7& +a?),

K 02./4 2
o d (4(}) = d(Mc®) —wydJ (9.9.20)

where wy is the angular velocity of the black hole. In all three cases, we find equations
analogous to the first law of thermodynamics,

TdS =dE +» pidX’ (9.9.21)

where F is the energy, X' are the extensive variables of the system and p; their conjugate
momenta, provided we think of the surface gravity of the Killing horizon as a temperature
and its area as an entropy. Then we can think of d W = 4ngc®(ry)dQ. and dW = w;dJ
as thermodynamic work done by a black hole on charges and/or objects falling into it.

The Smarr Formula

All of this can be made more rigorous by considering the conserved charges in (|7.5.19)).
Recall that we had

4
A t 43, V, T = 8; = fs dS,, Ve (9.9.22)
and that the left hand side can be written ad®|
V,J" = iv vkl = < pu o (9.9.23)
v - 8nG° AnGT o
therefore
2 / A%, RF e = j{s dS,, Ve (9.9.24)
DY

For stationary black holes, we apply the equation above to a spatial hypersurface stretching
from the (outer) event horizon to spatial infinity. The spatial hypersurface then has two
boundaries: one is the two sphere at infinity, S, and the other is the horizon two sphere,
Sa+. With the help of Einstein’s equations we may write

f{ S, VHe"l — 7{
Soo S

04

C4
— Vel = [ ds, (21", — 6hT)e” ,ViHe] 9.2
SWGyiwdS“ 5 /Etd u(2TH  — 0ET)e t3.C SH+dS# € (9.9.26)

A

dX,(2T* — P T)e* = —
/Ef, w21 = 05T)e 87G

Ht

dSWV[“s”]] (9.9.25)

or

Z8Problem: Show that if e* is a Killing vector then Ve = —RF,e®.
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If # is the timelike Killing vector, the left hand side represents the total mass energy of
the spacetime, the first term on the right is the matter contribution to the mass energy
and the second term is the energy of the black hole. An analogous interpretation in terms
of the angular momentum can be made if e is the azimuthal Killing vector. In the case
of vacuum spacetimes there is no distinction between the mass and angular momentum of
the spacetime and that of the black hole.

Let us therefore take the timelike Killing vector, fé), in ((9.9.26). The left hand side

yields Mc?. To evaluate the horizon integral on the right, we note that

555) =x" - w+£é‘@) (9.9.27)
so that
i ds, vkl — i f dS,, Vi — % ds v[ug”}
G Sy+ i G Syt me + Syt m ()
A
— [t V]
877Gj(é dS VX 4wy Jy (9.9.28)
H+

where we have simply called Jy; the angular momentum of the hole and

4
< f dS,, Ve = — .
7@ S+ H ()

The integral over x* is straightforward because because H ™' is a Killing horizon of x* so
the area element on the horizon two sphere may be expressed dS,, = dSx(,n,|, where n,

is any vector that is null on H™" and satisfies n - y = —1 there. Then
C4 [ ] C4 62
dS,,, VHxY = j{ dSx,n, VX" = kdS (9.9.29)
&G SH+ ’ 8rG SH+ e 8mG SH+

where we have used (9.9.5)). As the surface gravity of the horizon is constant, we have the
remarkable result (for the Kerr black hole) that

K <c2AH

MZ_
¢ 4G

T om

) +wiJy (9.9.30)

where Ay is the area of the horizon (we have discarded the source term because we are in
a vacuum).

The source term cannot be discarded when T, does not vanish, which is what happens
when the black hole is charged. In that case, we must include the stress tensor term in
(19.9.26)). The integral of over the spatial hypersurface gives Q.®(r;), so we get
the general result

2A
M= K (C : G”) T Quby+ oy T (9.9.31)
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9.9.4 Second and Third Laws

The analogy with thermodynamics is made complete if it can be said that:
e the area of the Killing horizon never decreases in any process.

In fact, this statement is true on the classical level and was proved by Hawkinﬂ This
proof is summarized in the Appendix.

The third law of of black hole thermodynamics is similar to the Nernst statement of
the third law in ordinary thermodynamics:

e the surface gravity of a black hole horizon cannot be reduced to zero in a finite
advanced time.

To see what this means, notice that x« would be zero for either the extremal charged
or rotating black holes, i.e., ry = 2rg in the charged case and r; = 2a in the rotating
case. The extremal black holes are boundaries between “covered” singularities (those
that are protected by an event horizon) and “naked” ones (with no event horizon for
protection). Naked singuarities present a problem for describing time evolution in their
futures because no initial data can be given on a singular surface. The third law can
be viewed as prohibiting the existence of naked singularities, a statement about “cosmic
censorship”. However, there are many theoretical counterexamples to this and the issue
remains open. There is no statement of the third law analogous to Planck’s.

9.9.5 Information Loss

The association of the surface gravity with temperature and the horizon area with entropy
may seem strange at first glance. After all, we have used the classical, time reversal
invariant, equations of a field theory to obtain these space-times and there was never a
hint of anything approaching (Fermi’s) master equation along the way. Moreover, the
mechanical dimension of the surface gravity is acceleration and that of the horizon area
is, well, area. Finally, thermodynamic objects are supposed to radiate but classical black
holes are black. In yet another brilliant work, Hawking showed that quantum black holes
do radiate and that the temperature that can be associated with this radiation is indeed
proportional to their surface gravity. In fact, using Planck’s constant, dimensional analysis
shows that temperature can be related to the acceleration by

hk
kpT = — .9.32
B 27e (9.9.32)

and the thermodynamic entropy (called the black hole horizon entropy) to the horizon
area by
ASA

S=ksing

(9.9.33)

298, W. Hawking, Phys. Rev. Lett., 26 (1971) 1344.
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These relations are entirely compatible with the statement of the first law:

K A 9
%d <4G) =d(Mc*) +aw. (9.9.34)

If a quantum black hole does radiate, then the area of a black hole horizon must actually
decrease in some processes and such processes would violate the underlying assumptions
of Hawking’s proof of the area law, but they are possible in the quantum theory. However,
the black hole cannot be thought of as an isolated system and one must account for the
entropy of other fields that are also present in space-time. In that case, one may expect
that a generalized second law of black hole thermodynamics, which states that

e the total entropy, the sum of the radiation entropy and the black hole horizon entropy,
does not decrease

would remain inviolate. All of this brings about what is perhaps one of the greatest puzzles
of modern theoretical physics: information loss.

This is most easily seen in the case of the Schwarzschild black hole. Suppose that the
black hole evaporates (radiates away its energy) over time, shrinking as it does so. Its
temperature keeps rising in this process, naively implying that the process accelerates. If
it continues, the black hole should end up evaporationg completely into thermal radiation.
If what is left is only a density matrix and not a wave function then the unitarity of
the quantum theory is challenged. However, unitarity may be preserved if some unknown
mechanism (arising, perhaps, from a more complete theory of quantum gravity) terminates
the evaporation at some stage leaving behind a highly degenerate remnant. Alternatively,
it is possible that Hawking’s radiation from the black hole is not thermal in a more complete
treatment. It should also be remembered that this problem arises because of the presence
of a Killing horizon, which leads to a third possibility: quantum gravity may prevent the
formation of a horizon in gravitational collapse.



Chapter 10

Time Dependent Solutions

10.1 Gravitational Collapse

We begin with the simplest form of matter obeying the energy conditions, i.e., time-like,
pressureless dust, whose energy momentum tensor is given simply by

Ty = pU,U, (10.1.1)

where p represents the mass density of the dust in its comoving frame and U* its four
velocity. This stress tensor can be derived by varying the action

1
Sdust = —2/d4wx/jg p(x) <9aﬁUaU’8 + cQ) (10.1.2)

with respect to g, and p. The first returns the energy momentum tensor and the second
yields the constraint U? + ¢ = 0, which enforces the time-like nature of the dust. Dust
obeys all the energy conditions trivially if p > 0. We will look for spherically symmetric
solutions of the Einstein equations sourced by . The equations we want to solve will
therefore represent a spherically symmetric dust cloud (a dust ball) that may be collapsing
under its own gravitational field, or expanding by virtue of its energy. Their solutions were
first obtained by G. LeMaitre in 1933 and later developed by Tolman (1934) and Bondi
(1947).

Although the spherically symmetric metric can be given in terms of just two functions
as in , it is more convenient to express it in terms of three functions,

ds? = —gdrtds” = P2t g2 — 2O g2 _ R2 (¢, 1) dO?, (10.1.3)

and use the additional freedom to choose a suitable frame. The function R(t,r) is the
physical (area) radius and our objective is to determine the functions u(t,r), A(¢,7) and

339
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R(t,r) from Einstein’s equations, once a suitable choice of frame has been made. We take
the comoving frame, (U° = e #(") " = 0) and begin by exploiting the conservation
of energy and momentum, V,T"" = 0. With the metric in (10.1.3) conservation leads to

two equations
. 2R
) A4+ —1=0
o (i 37)

o =0 (10.1.4)

where the overdot refers to a time derivative and the prime to a space derivative. The
first can be integrated in terms of one arbitrary function of r,

Q)"

R2T) (10.1.5)

p(t,r) =
The second says that p = p(t), but this is equivalent to the statement that it is possible

to make the gauge choice u = 0, for if p is a function of time, we could define a new time
coordinate, t' = [ bendt. Thus we take

ds? = Adt? — PN dr? — R2(t, r)dQ? (10.1.6)
and A
Q(r)e "

t = 10.1.7

p( 9 T) R2 (t, T_) ( )

Coordinates for which gg; = 0 and ggop = —c? are called synchronous. In synchronous

coordinates, the proper time, t, is the same for all comoving observers. “Synchronous”,
therefore refers to the fact that all comoving observers’ clocks are synchronized.

10.1.1 Dust Einstein Equations

Of the four non-trivial Einstein equations, consider
Gn=0=A R -R =0 (10.1.8)

which can readily be put in the form e*d;(e *R’) = 0 and whose solution is clearly

/
AT — RZ’(Z, (10.1.9)

where H(r) is a positive definite but otherwise arbitrary function of r. Then we can write
the mass density as
F/

= 10.1.1
p(t’r) 47T02R2R/ ( O 0)
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where we defined Q(r) = F'(r)/4mc?\/H (r) for reasons that will soon become clear. The
energy conditions require that p > 0, which means that F’'/R’ > 0. It seems reasonable
to impose the condition that the area radius increases with the label coordinate, so that
R’ > 0. Then we must also require that F’ > 0 to ensure that the positive energy condition
holdsE Also with this identification, the equation

81G
Gm):—{%fﬂNZZSWGp (10.1.11)
gives
. 2GF’
[R{R*>+c* - *H}) = % (10.1.12)
c
o °GF
52 | 2 _
R+ c*(1-H) = (10.1.13)
In addition we have the equations,
Gii=0=2RR+R*+*(1—-H)=0
Goy =0 = (2RR+ R?> — *H) =0
G33 = sin2 9G22 (10.1.14)

Of the last three only one is independent and we take that to be the first. It is compatible

with (10.1.13f), for if.we multiply (10.1.13) throughout by R and take a derivative with
respect to ¢, we get RG11 = 0. Thus the “equation of motion” for the area radius is

. 2GF
= 2 —1 — 10.1.1
R i\/c (H-1)+ 5 (10.1.15)

and the sign that is chosen will depend on whether we wish to describe an expanding or a
collapsing dust ball: the positive sign represents an expanding dust ball and the negative
sign a collapsing one.

At this stage, it’s a good idea to take stock of where we are: we have seen that the most
general solutions of the gravity-dust system are given in terms of two functions, F(r) and
f(r) = H(r) — 1. The function F(r) must be non-negative and monotonically increasing;
the function f(r) must be everywhere larger than —1. The metric is given by

R2(t,7)

ds® = 2dt? — ——22dr? — R%(t,r)dO)? 10.1.1
s c 5 1) r R*(t,r) , (10.1.16)

!Situations in which R'(t,r) = 0 for any r must be excluded since they would correspond to a singular
energy density for that r. These are called “shell crossing singularities” and are generally avoided by
carefully choosing F(r) and f(r).
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where the area radius satisfies

1. GF(r) ¢
§R2(t,7“) _ m — Ef(r) (10117)

Notice that has the traditional Newtonian form: “Kinetic Energy” 4+ “Potential
Energy” = “Total Energy”, if we interpret M(r) = F(r)/c? as the gravitational mass
contained within 7, and ¢? f(r) /2 as the total energy contained within that radial label. The
gravitational mass energy of the dust is determined by F(r) according to (10.1.10f). These
solutions obviously become singular when R(t,r) = 0 and F’(r) # 0, or when R'(t,7) =0
and F’'(r) # 0. A “central singularity” forms when R(t,7) = 0 and F'(r) # 0. A “shell
crossing” singularity occurs when R/(¢t,r) = 0 and F’(r) # 0. Shell crossing singularities
can be avoided by appropriate choices of the initial data (the functions F'(r) and f(r))
but a central singularity cannot be avoided without the introduction of a cosmological
constant.

Let us now turn to the interpretation of these solutions. In particular we want to give
a physical meaning to F'(r) and f(r) in terms of familiar concepts and then explore the
properties of the space-times described by the solutions.

10.1.2 Meaning of the Integration Functions
The function M (r) can be obtained by integrating the energy density (10.1.10) at a fixed

time,

~ Myt /0 dr R2(t, )R (t,)p(t, 7). (10.1.18)

where My = F(0)/c? is a constant. If M is non-vanishing, it leads to a singular initial
configuration, so it is usually set to zero. Now, according to , M (r) is naturally
interpreted as that total gravitational mass energy contained within the shell labeled by
r; it is called the Misner-Sharp mass function or simply the mass function. The
gravitational mass contained within any shell does not change with time.

The gravitational mass is not the same thing as the sum of shell masses within the
body. Over a constant time hypersurface, and within a volume bounded by 7, the latter
quantity is given by

T r 2(t,7)R(t,r
Mihen(r) :/0 dr \/~(t,r)p(t,r) :/0 dr Wp(to,r) (10.1.19)
or, simply , )
Mgpen(r) = Fir)e (10.1.20)

0 " VIFI0)
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Evidently the sum of shell masses is also constant in time, but, depending on the sign
of f(r), the sum of shell masses may be greater than (f(r) < 0), equal to (f(r) = 0)
or less than (f(r) > 0) the gravitational mass. If f(r) < 0 the system is gravitationally
bound and the energy difference, Mgnen(r) — M (r), called the mass defect, represents
the binding energy of the system which must be subtracted from the simple sum of shell
masses to get the gravitational mass. If f(r) = 0, the marginally bound case, the
two masses are equal. On the other hand, when f(r) > 0, the system is unbound and
the gravitational mass is greater than the simple sum of shell masses indicating that the
excess energy contributes to the gravitational mass.

The function f(r), which represents the total energy in the Newtonian equation, is
called the energy function.

10.1.3 Geodesics
Let us take a quick look at the radial geodesics of ((10.1.16)); these are described by the

equations

P RE(dr)
a2 e+ fH\an) —

d?r 2R [(dt\ [dr R" f! dr\?

Sl (el Y (e =L (2 =0 10.1.21

d\? + R (dA) (d/\> + [R’ 2(1+f)} <d)\> ’ ( )
where A is any affine parameter and must be subjected to one of the two conditions,

dt R2  (dr\?
— = 14+ —++—— 1| — 10.1.
ds +\/ + A1+ f) <ds> ’ (10.1.22)

where s is the proper distance, for time-like geodesics, or

dt 4 R dr

DN

for null geodesics. The positive sign refers to outgoing geodesics and the negative sign to
infalling ones. It is clear by inspection that the future directed time-like solution,

(10.1.23)

dt dr

— =41, —=0 10.1.24
ds +h ds ( )
is valid for any time-like matter distribution, i.e., any choice of F'(r) and f(r), and that
it represents the dust flow lines. Because of this, a shell at rest in a comoving frame will
stay at rest and it is often useful to think of the dust ball as made up of “shells”, each
at rest in this frame and labeled by the coordinate r. Although each shell remains at a
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fixed r during its entire evolution, its physical distance from the center, given by the area
radius, is a function of time.

If dr/dX\ # 0, we can set t = t(r) so

2 2 2
dt  ,dr d°t ,dr+t,,<dr) (10.1.25)

dX d\’ d\? d\? dX

and using the second geodesic equation in the first,

2t (dr\* ,|2R, [R f! dr\?
o= () P S - 10.1.2
FIChn (d)\) NwtT [R’ 2(1+f)] (d>\> ’ (10.1.26)

gives the equation for ¢(r),

S5/ 1/ / /!
2 [R ! LS LI, (10.1.27)

=t R’_2(1+f)]t,+c2(1+f)

R/
This is nonlinear and one can expect to be able to construct other families of geodesics,
which will naturally depend on the properties of a particular solution of the field equations.

It may be verified by using (10.1.23]) that (10.1.27)) is automatic for all null geodesics,

so (for null geodesics only) it is sufficient to find a solution of the first order equation

(10.1.23)). Outgoing null geodesics must satisfy

R/
A — (10.1.28)
(14 f)
Therefore, letting ¢, (r) represent a solution of this equation, the physical radius along an
outgoing null geodesic will be R, (r) = R(t,(r),r) and

dR, - R
=R th+R|_, =R |1+ ——x : (10.1.29)
dr t=ty (r) =tn(r) c+f/),
t=tn(r)
If the solution represents a collapsing dust ball, using the negative sign in (10.1.17]) one
finds
~ 2 29GF/c2
AR _ o[y |EfF2GE/CR : (10.1.30)
dr A1+ f) ot 1)

which clearly vanishes when R,, = 2GF/c* (assuming no shell crossing singularities). Thus
outgoing light rays starting out, say, at the origin, may not cross the surface R(t.n,7) =
2GF/c*. This closed surface is called the apparent horizon. Since outgoing light itself
may not cross this surface, it is a surface of no return. Anything that crosses the apparent
horizon from the exterior will forever be confined within it. An apparent horizon forms
during a collapse and not during an expansion.
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10.1.4 Marginal Models

While the shell label does not change during collapse or expansion, the radius of the shell
changes according to the evolution equation ((10.1.13). This equation can actually be
solved in general, but here, as an illustration, we will consider the marginally bound

case, for which f(r) = 0. Eq. (10.1.13) integrates to

3 [2GF(r)
1i2,/w2m(t—to)], (10.1.31)

the function ¢ (r) being another integration function and ¢y being the initial time. We can
exploit our freedom to choose 7 by asking for R(tg,r) = 7, which makes ¢ (r) = r3/2 and

RY? = (r)

2/3
3 [2GF(r)

If f(r) # 0 the solution is more complicated, but it still can be given implicitlyﬂ
Notice that, in the case of collapse (the negative sign), R(¢,r) in ((10.1.32)) will approach
zero in a finite amount of proper time,

Ritpr) = 0=ty —tp = 24| S0 (10.1.33)
r) = — = — . oL
Tk P03\ 2GF(r)

This says that the shell labeled by r will approach zero physical radius in the time t4(r) =
ty —to. R(t,r) = 0 is a singularity of the space-time and t4(r) is called the singularity
curve of the collapse. Since all the shells will eventually approach zero physical radius,
every dust ball with f(r) = 0 will eventually reach a singular configuration, there being
no pressure to counter the Collapseﬁ However, as we have seen in the previous subsection,
an apparent horizon also forms. It turns out that the singularity may be covered by the
apparent horizon, in which case no information (light ray) from the singularity will be
accessible to observers outside it. Covered singularities are generally considered benign.
If the singularity is not covered by the apparent horizon for any interval of time then it
is called a naked singularity. Naked singularities are generally considered unacceptable
because information from the singularity is capable, in principle, of reaching an external

2Problem: Determine a solution of (10.1.13) when f(r) # 0.

3Problem: Show that the condition for the avoidance of shell-crossing singularities in the marginal

model is
2¢2rF(r)
E=b 2\ G

If this condition is violated for ¢t < ty, shell crossing singularities will form.
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observer. But singularities are, by definition, unpredictable therefore a naked singularity
would destroy causality in its future. The cosmic censorship hypothesis declares that
one should simply consider all initial data leading to naked singularities as unphysical.

10.1.5 Constant Mass Function

The particular solution with F(r) = Fy and f(r) = 0 is very interesting. A constant mass
function should represent a point mass located at the center, which is just a Schwarzschild
black hole. We will now show that this is indeed the case by finding the transformation
from the LeMaitre-Tolman-Bondi coordinates to Schwarzschild coordinates, but only in a
restricted portion of space-time. Suppose we retain the same angular coordinates that we
have been using and label the time and radial coordinates of the static metric 7'(¢,r) and
R(t,r) respectively. We express the transformation between the coordinates by

(Zlg) - (; g/) <3:> (10.1.34)

(3;) - llH (i‘g _1?/> <Z£) (10.1.35)

where |||| refers to the Jacobian of the transformation matrix. The transformation from
the marginally bound solution to the new coordinates takes the form

ot ot 2 or or 2
ds? = | —dT + =——d —R? | ——=dT + =—d — R%d0? 10.1.
oo (S an) e (S om) 10136
which we rewrite, using (10.1.35)), as
c2 R/2 . i
ds® = —=(R'dT — T'dR)* — ——(—RdT + TdR)* — R*dQ>. (10.1.37)

1112 1112

We want to choose T'(t,7) so that the off diagonal terms in the metric vanish,
— T+ RRT =0. (10.1.38)

But, for a constant mass function, the marginally bound solution is

2/3
3 [2GF,
R(t,r)=r (1 5\ 23 (t— t0)> (10.1.39)
. 2G Fy , T
_ ./ _ T 10.1.4
R 2R R 7 (10.1.40)

so that



10.1. GRAVITATIONAL COLLAPSE 347
and therefore our condition for no off diagonal terms becomes

2G Fyr .
2t 0 .
=T [y T =0. (10.1.41)

Now if we ask for a solution of the form T'(¢,r) =t + f(R(t,r)), where f(R(t,r)) is some
function to be determined, then

_ 29 [2GEr (1 n de> —0 (10.1.42)

dR ?R? dR

2G Fy
g __V IR (10.1.43)

iR " (5 - )

or

The solution is readily determined and we define the Killing time, T'(¢,7), as

2GFyR(t,r)  2GFy n VR, ) —\/2GF/c*
b c VR, )+ /2GFy/ct

T(t,r)=t—2 (10.1.44)

so that

2G Fyr
A = V@ (10.1.45)

- 2GFy T 2GF :
R_ 040 C4O_R

Then, using (10.1.34)) and (10.1.35|) it is straightforward to show that line element of
(10.1.16)) can be written in terms of the new coordinates (7, R) as

-1
ds? = ¢ (1 - 26GM> dT? — (1 - ng\f) dR* — R?d0?, (10.1.46)

where we have let M¢? = Fy.

10.1.6 Matching the Solutions to an Exterior

The solutions we have discussed cover only a portion of the space-time, which is the
interior of the collapsing dust ball. We must also concern ourselves with the exterior of
the dust ball (for example, the dust ball may represent a “star” with a definite boundary).
The “interior” solution, must be matched to an “exterior” solution in such way that the
solution over the entire space-time is at least C'!). This means that one should ensure the
continuity of metric and its first derivatives, equivalently the first and second fundamental
forms, across the boundary between the “interior” and the “exterior”.

If the exterior is taken to be a vacuum, the solution is uniquely a Schwarzschild solution
of some mass M, by Birkhoff’s theorem. We will now show that every dust interior can
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be matched to a Schwarzschild exterior at the boundary of the dust ball. In the process
we will also determine the Schwarzschild mass, M, and thus the mass of the entire dust
ball as viewed by an external observer. As we have seen, the exterior Schwarzschild metric
can be written as

(10.1.47)

~ <~y = ~ 2GM
ds®> = V(R)dT? — V"Y(R)dR? — R?d0?, V(R) = (1 _ > .

2R
Let us choose the synchronous and comoving coordinates (t, 6, ¢) to describe the boundary
Yp := 1 =1 of the dust cloud. Then, as seen from the exterior, 3 will be described by

the parametric equations 7' = T'(t), R = R(t) and the metric of the boundary as viewed
from the exterior will be

. 22 ~
ds3, . = (VT? — V'R )dt* — R*dQ? (10.1.48)
From the interior, its metric will be
ds3, = dt* — R*(ry, 1)dQ?,

so identifying the angular coordinates and comparing the two tells us that the area radii
must be equal on Xy, i.e.,

R(t) = R(t,rp) = Ry(2) (10.1.49)
and ‘2

(AVT? - VIR ) =2 (10.1.50)
Thus

. ~ 22 2G F
VT = \/V(R) +R Je2= \/1 1) - o= (M - (Zl’)> LYy (10.1.51)
c C
which can be solved for T'(t) because we already know that ﬁ(t) = Rp(t). Thus we have
matched the first fundamental form on .
We now turn to the second fundamental form. Viewed from the interior the unit
(outward) normal to X will be

_ R/(t,T‘b)
n, =0, ——=—,0,0 10.1.52
g ( V1+ f(rs) >rb ( :

and the non-vanishing components of the extrinsic curvature of the boundary (using
(7.8.22))) turn out to be

Koy = Reo T Fm)R(tr) = VIT ) Ry, (10.1.53)

sin? 6
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Viewed from the exterior the condition defining the boundary can be found from the
general transformation equations in (10.1.35)) by setting dr = OE| This gives the outward
unit normal to the surface as

~ A

nt = "R, = (c - — A
+ = (=R, T,0,0) = (c\/ A V(R),V(R),O,O) (10.1.54)

Given n:[ it is straightforward to compute the extrinsic curvature, K" v viewed from the
exterior. We find the non-vanishing components

2 ry) — Mc2)/(ct r) — Mc
Ko = COE) szw )/( Rb)\/1+f(rb)+2G(F(cZ}%b M)

G(F(ry) — Mc?)/(c*Ry) 2GF(ry)
K;R:KI—L:T:C f(rb)‘i‘T
Ry (1 — ZCQG]]%\;[) "Ry

G(F(ry) — Mc®)/(c*Ry, (f(rb) n M)

+ ARy
RR —
2GM rp)—Mc2)
Rb (]. - Csz> \/1 + f C4Rb
K} 2G(F(ry) — Mc?)
Kfy=—22 =Ry /1 b . 10.1.55
9 gin20 b\/ +flro) + ARy ( )

The angular part of K+ agrees with its interior counterpart if F(ry) = Mc?. Furthermore,
in this case, all the other components of Kt will vanish so their counterparts in the (¢, )
system will also vanish. Hence the components of the extrinsic curvatures on both sides
of the boundary agree and we have confirmed that the mass of the Schwarzschild exterior

geometry that smoothly joins with the collapsing geometry is the total gravitational mass
of the dust ball.

10.1.7 Homogeneous Models

A very interesting class of models is obtained by requiring R(t,r) = ra(t), where a(t) is
known as the scale factorﬂ According to (10.1.17)) this would only be possible if

F(r) =A% f(r) = —kr? (10.1.56)

“Setting r = rp in (10.1.35) shows that —RdT + Td}N{ = 0 on the hypersurface. Therefore, the unit

normal to the surface will be proportional to n} = (— R T,0,0). But one can check explicity that it nt
already has unit magnitude.

5A homogeneous space is translationally invariant. An isotropic space is rotationally invariant. A
space that is everywhere isotropic is also homogeneous, but the converse is not true.
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where A and k are constants. We will take r to be dimensionless, so the scale factor has
a length dimension. Then k is also dimensionless and [\] = mi2/t?. The mass density of
the dust ball depends only on time,

3\
)= —— 10.1.57
Pt) dmcad(t)’ ( )
the equation of motion can be written in the form,
. 2 2
a ke 8tGp
e B 10.1.58
(a) e 37 ( )
and the metric as )
d
ds* = 2dt* — a?(t) [1 _TW + r2d0?| . (10.1.59)

This is known as the Friedmann model.

Three distinct types of solutions exist, wviz., solutions with k = 0, £ > 0 and k < 0.
However, only the sign of k£ and not its magnitude is relevant since one can eliminate |k|
by simply rescaling the radial coordinate by the transformation r — \/WT and letting
a(t) — a(t)/+/]k]. Tt is sufficient to take k = 0,41. The curvature scalar of the spatial
sections of the metric is R = 6k. When k& = 0 the spatial sections are all flat
and they are positively and negatively curved when k& = +1 and k = —1 respectively. The
first case is obvious since when k£ = 0 the spatial section is just the metric of a flat three
dimensional space in spherical coordinates. In order to gain some insight into the other
two cases, consider the following coordinate transformation,

sin~lr k=41

r—x= r k=0 (10.1.60)

/T dr B
vV1—Fkr?
sinh~'r k=-1

When k = +1, the coordinate r is not infinite in range but runs from zero to one. Other-
wise, r extends over the entire non-negative real line. Consequently, x runs from zero to
/2 when k = +1 and the spatial sections are compact, being equivalent to a three sphere
but when k& = 0, —1, they are non-compact. In terms of x the metric can be expressed as

ds* = 2dt* — a®(t) [dx* + f2(x)d?] (10.1.61)

where f(x) is one of
simny k=+1 x € [0,5)

f)=% x k=0 x € [0,00) (10.1.62)

sinhy k=-1 x € [0,00)
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The corresponding proper distance between two “radially” separated points is a(t)Ax,
i.e., it’s time dependence arises only via the scale factor, a(t), and the cross-sectional area
subtended by a solid angle df2 at time ¢ is dS(t) = a®(t) f2(x)dS2.
Recalling the connection between the energy function and the constant k, we see that
k = 0 describes a homogeneous, marginal expansion or collapse, k = —1 describes shells of
positive total energy and k = +1 describes shells of negative total energy. If the dust ball
is expanding, it will continue to expand (at an ever decreasing rate) forever if k£ = 0 or if
k = —1, but it will eventually collapse if £ = +1. If one transforms the time coordinate
according to
t = Lt 10.1.63
—n= / @ (10.1.63)

then n(t) is called conformal time and the metric gets re-expressed as
ds®> = a*(n) [cszQ —dx® — fz(x)dﬂz] , (10.1.64)

which are conformally related to the metrics on (a) R x S3 (k = +1), (b) R x R? (k = 0)
and (c) R x H? (k = —1) respectively.

Solutions to can be chosen to be expanding (a(t) > 0) or contracting (a(t) <
0). The gravitational collapse of a homogeneous dust ball was first considered by J.R.
Oppenheimer and H. Snyder (1939) and the collapsing solution with k& = +1 is referred
to as the Oppenheimer-Snyder model. Expanding (dust) solutions are studied in Cos-
mology, where they are found to be useful in describing the universe at late times. For
the model with £ = 0 the solution could simply be read off from , but it is often

more useful to give it as a function of the conformal time. Noting that

/

7da@7a

a(t) = ndt (10.1.65)

where the prime denotes a derivative with respect to 77, we have the Friedman equation

2G ) \a

a? + Pka® =
2

(10.1.66)

It follows that with £ = 0, the solution is

2
a(n) = (x/% £/ %(n - 770)) (10.1.67)

where a(n9) = ap. The negative sign is for collapse and the positive sign is for expansion.
On the other hand, with £ = 1 (the Oppenheimer-Snyder model) we find the general

solution o y
. .1 c
a(n) = o [1 + sin {c(n — o) £ sin"! (G)\ao - 1) }] (10.1.68)
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where a(n9) = ap and, again, the negative sign is for collapse, the positive for expansion.
With k= —1,

a(n) = % [cosh {c(n —no) + cosh™! <1 + é‘;%)} — 1] , (10.1.69)

with the same conventions as before. Collapse does not occur in this Caseﬁ
In the case of collapse, an apparent horizon will form at

a(nan(x)) = 2GAf*(x)/c". (10.1.70)

Each shell therefore arrives at the apparent horizon at a different time, but all the shells
will collide into a central singularity the same time, given, in each case, by a(ns) = 0.

An expanding dust ball is obtained by choosing the positive signs in the above expres-
sions. In this case, because a(n) is an increasing function, it will vanish at some past time
and describes a big bang singularity. For example, in the marginally bound case (k = 0)

2c%a
= =-\"5 2. (10.1.71)

If we agree to set the origin of time at the bang then 7y = 4/ 2?}2;0 represents the time at

which the scale factor has the value a(7), which could be taken to be the present moment.
The solutions then become greatly simplified and we find

%[1 —cosen] k=41

a(n) = S k=0 (10.1.72)

%[coshcn 1] k=-1

with commensurate simplifications in the expressions for a(t).

10.2 Cosmological solutions

Cosmological solutions are geometries that describe an entire universe. They are founded
on an extension of the Copernican principle. Recall that, in connection with the solar
system, the Copernican principle simply states that Earth is in no privileged position
in our solar system and that, in fact, the motion of the planets could be more simply
understood and described if one treats the Sun and not the Earth as its center. The

5In each of these cases, the solutions may also be expressed in terms of the proper time by integrating
(10.1.63). Find the general solutions in terms of ¢ in each case.
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Figure 10.1: The large scale structure of the Universe.

Copernican principle represented, in its day, a major paradigm shift from the Ptolemaic
system in which the Earth was taken as the center of the Universe. In cosmology this
idea is extended to the universe as a whole: we assume that there is no privileged position
within the universe and, by extension, no privileged observers.

Looking out from our position in the universe, we observe it to be roughly isotropic
on distance scales larger than about 300 Mpc. By the Copernican principle, then, every
observer should observe that the universe is roughly isotropic on the same distance scales
and, if the Universe is everywhere isotropic, it follows that it must also be homogeneous.
The two assumptions, that the universe is (a) homogeneous and (b) isotropic on large
enough distance scales, form the cosmological principle. We will now begin a brief
discussion of some exact solutions in General Relativity that are relevant to the study of
cosmology, i.e., that obey the cosmological principle.

10.2.1 Classical Perfect Fluid Cosmology

A perfect fluid is described by the energy momentum tensor

Ty = pgu + (p + i%) UuUy (10.2.1)
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where p is the pressure exerted by the fluid and p is its mass density. In a comoving frame
this takes the simple form

—pc2 0 0 0
0 p 00
wo_
T, 0 0 p 0 (10.2.2)
0 0 0 p
and we seek solutions of Einstein’s equations for a homogeneous expansion. If we take the

metric to be of the forml’]
ds® = Adt* — a(t) [dx* + f*(x)d2?] (10.2.3)

then Einstein’s equations read

5 (a)2 L0

a f2a?
1. . f?=-1 8rnG
—6—2(a2 + 2ad) + 7 chaz
1. —~ " 8rG
—g(az =+ 2@@) 7 = 7]9(12 (1024)

Since f"? = 1 — kf? and therefore f = —kf we find two independent equations after

rearranging terms,
a\*, he? _ 8nG
2 37"
2 AN 87G
- (a) + = (10.2.5)

a? c?

and with the help of the first, which is the Friedmann equation we had for dust, the second

can be put in the form

a 4rG 3p

- - . 10.2.6

- 3 <p+ 62> ( )
These two equations are not sufficient to determine the three functions, p(t), p(t) and a(t)
and must be supplemented by an equation of state.

The equation of state is generally taken to describe a barotropic flow, p = p(p). A
large class of fluids may be described by a linear barotropic flow,

p = Cwp, (10.2.7)

"It can be shown that this is the most general homogeneous and isotropic metric.
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where the weak energy condition requires that w > —1, the dominant energy condition
requires, in addition, that w < 1 and the strong energy condition requires that w > —1/3.
Polytropic flows, for which

p = wp®, (10.2.8)

where @ = 1 + 1/n have also been considered. The constant n is known as the polytropic
index.

The conservation of energy and momentum can be obtained directly from the Bianchi
identity, V, T, = 0, but it is just as easily found by taking one derivative of the Friedmann
equation and using the second equation in ,

dp 3a Py
pr + " (p + ?> =0. (10.2.9)

In relativistic flows, one must distinguish between the mass density, p(t), and the rest mass
density, (t), which is defined in terms of the number density of particles, n(t), and the
rest mass of each particle, according to € = nm. From the relativistic hydrodynamics of
perfect ﬂuidsﬁ we know that, given a fluid velocity U*, one can define the particle number
density current, N* = nU*, which must be conserved if the total number of particles is
constant. Combining the conservation of particle number with the conservation of energy

and momentum then yields,
1 2
pd () +d <”C> = 0. (10.2.10)
n n

Because 1/n is the specific volume, v and pc?/n is the specific energy, u, this expression
has the form of the first law of thermodynamics

Tdo = du + pdv (10.2.11)

where T' is the temperature and o is the specific entropy. Of course, ideal fluids undergo
isentropic flows, hence do = 0. The first law can also be written as

pd <i> +d (f) =0 (10.2.12)

and therefore

d
ap=(p+5) = (10.2.13)
) €
This permits us to express (10.2.9)) as
43l oo, (10.2.14)
€ a

8See notes on Classical Mechanics
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provided that p + p/c? # 0, which shows that

3
ao
et)=¢co| —= 10.2.15
(0 =0 (%) (10.2.15)
and expresses the conservation of particle number in cosmology.

If the pressure is given in terms of the rest mass density, p = p(e), it is not difficult
to see that ([10.2.13)) is a Bernouli equation giving the mass density, p in terms of the rest
mass density,

dpp _ ple)
— == 10.2.16
de € 2’ ( )

whose solution is

€ /
p(e) = Ac + 5/ dg”;(;g, (10.2.17)

where A is an integration constant. On the other hand, if the pressure is given as p = p(p),
then the rest mass density is found from the mass density,

£ = egexp Up: p—i—pd(pp)/CZ] , (10.2.18)

where (pg) = . In case p(p) < pc?, we may approximate the relation above by

p /
e(p) =Bp — Bp/ dp’ ];’(fcg (10.2.19)
which can be compared with . Equations of state for barotropic flows may be
specified in either form.

Returning to the linear barotropes in , we see that if w = —1 then p = —p/c? =
A (constant). This is, of course, the case of a cosmological constant, which one associates
with space itself or a vacuum energy. On the other hand, with w = 0 we have pressureless

dust with p(t) given by (10.1.57)). In general,

a —3(14w)
p(t) = po <(t)> , (10.2.20)

ago

where pg is a constant representing the dust energy density at time ¢, which can be taken
to be the present, and ag = a(to)ﬂ

9Problem: Show that the the first equation of (10.2.5)) is the first integral of (10.2.6) by rewriting the

latter as 9
1da e
el § |
i= 5o =~ (1 4+ 3w)ap(a),
where p(a) given in (10.2.20)). Integrate the equation for a? to recover the first. Interpret the integration
constant.
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The evolution of the scale factor will depend on whether space is flat, spherical or
hyperbolic. We want to find general solutions of the equations of motion, but let us first
transform them to conformal time, 5. Then since ¢ = a’/a and G = a”’/a — a’?/a?, it
follows that

a’ &G
— + k= —d?p
2
g// a2 Z?ﬂ'G 5
—— 5= _T(l + 3w)a’p (10.2.21)

Defining the function b = a’/a, we have

h? + ke = ?cﬁp
b = —47G(1 + 3w)a?p. (10.2.22)

We can now use the first equation to eliminate p(a) obtaining the following equation for

b,
20" + (1 + 3w)(h? + kc?) = 0. (10.2.23)

When k& = —1, the weak energy condition requires that h > ¢. One possible non-trivial
solution occurs when k£ = —1 and h = c¢. It describes an empty, hyperbolic space-time
called the “Milne” universe (see the problem below). Again, w = —1/3 also implies that
b is constant for any value of k, but in this case the universe is not necessarily empty. If
p # 0 and so long as w # —1/3,

( ctan [—%(1 + 3w)(n — no) + tan* %0} kE=+1

_ 20 _
h(n) = (T3 @ho (7—70) 72 k=0 (10.2.24)

ccoth {5(1 + 3w)(n — o) + coth™* %0} kE=—1

where ho = h(1np). We can integrate the above to find

2

b3 < — Ctap-1 L[ —
ap [\/ 3 +1 cosq5(1+3w)(n—mno) —tan™" = kE=+1

a(n) = ao [4(1 + 3w)ho(n — no) + 1] 775 k=0 (10.2.25)

2

b3 : c —1 ho T
ap [\/ 2 —1 s1nh{§(1+3w)(n—no)+coth ?} E=-1
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Figure 10.2: Behavior of the scale factor for dust with & = 0, 1.

The special case of w = —1/3, for which the function b is constant, h = ho, has the
solution a(n) = age’(=M). Notice that, in this case, the scale factor only vanishes as
n — —oo. Solutions satisfying a(0) = 0 can only be found for w > —%,

( 1

ap {% <Z—§ + 1) (1 —cos(1+ 3w)c77)] T =41

a(n) = ao [L(1 + 3w)hon] T k=0 (10.2.26)

1

ag [% (ﬁ - ) (cosh(1 + 3w)en — 1)} A .|

c2

These generalize the solutions in (10.1.72)) to linear barotropic ideal fluids and are shown
in for the case of dust, w = 0J"")

In each of these cases, the proper time may be expressed in terms of the conformal
time by using (10.1.63]) but the expressions are complicated in all but the simplest case of

10Problem: Use the dust energy density in (10.1.57)) to recover (10.1.72) for w = 0.



10.2. COSMOLOGICAL SOLUTIONS 359

a spatially flat cosmology, for which

3(14w) 1
P w1

t= /71 a(n)dn ~ < ebon w = _% (10.2.27)
In hon w=—1
Therefore, a(t) ~ #2/30+4w) " axcept when w = —1. In particular, for some standard forms
of matter/energy we obtain
t2/3 w =0 (dust)
a(t) ~ /2 = % (radiation) (10.2.28)
t/3 w =1 (stiff matter)
When w = —1/3 we find, using the solution for a(n) given earlier, that
a(t) ~ bot. (10.2.29)

In this case there is neither acceleration nor deceleration of the scale factor and the universe
expands at a constant rate[l’] Indeed this is the boundary between solutions with a
decelerating scale factor (& < 0) and solutions with an accelerating scale factor (d > 0),

which always occur when w < —1/3. In all cases, except when w = —1, the bang occurs
at t = 0. When w = —1, which is the case of a cosmological constant, we find
a(t) ~ eMo/aolt gy — 1 (10.2.30)

and the bang occurs in the infinite past.

10.2.2 Distance and Red-Shift

The proper spatial distance between two points is the distance between two events as
measured simultaneously by an observer. Going back to we see that the proper
spatial distance between two points separated along the radial coordinate (dt = d2 = 0)
depends on time via the scale factor according to D(t) = a(t)Ax (the coordinate distance,

1Pproblem: Show that this same solution is obtained for the Milne universe. We end up with the metric
solution
ds® = dt* — *t*(dx® + sinh® xdQ?).
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Ay, is often called the comoving distance). Consider an observer located at xo and an
object located at x(t). The proper distance to the object, measured at time ¢, will be

D(t) = a(®)[x(t) — xol (10.2.31)
and gives the proper velocity

dD(t) | .

v =20 _ a)x(t) — xol + alt)i00), (10232
which is the sum of two parts. We call the first term on the right hand side the Hubble
flow because it is a contribution that arises purely from the changing scale factor. The
second term is called the peculiar velocity because it arises from changes in the position
of the object in the comoving coordinate system, i.e., changes in x(¢). We might write

this as
a(t) def
v= @D(t) + a(t)vpec(t) = H(t)D(t) + a(t)vpec(t) (10.2.33)
where H(t) = a/a is called the Hubble parameter. The Hubble flow will be non-
vanishing as long as the universe is not static. This contribution is referred to as Hubble’s

Law,
v=HD, when vpe = 0. (10.2.34)

Hubble’s law is extremely powerful in determining distances to far-away stars and galaxies,
assuming that their peculiar velocities are zero or negligible, since D is then determined
directly from a measurement of v at the present time and the present value of the Hubble
parameter according to D = vy/Hy.

But how is v determined? Everything we know about the universe is determined from
the electromagnetic waves reaching us from distant objects. In traveling through space,
light emitted by any source will suffer a red-shift due to the universe’s expansion. To see
this, let A be the wavelength emitted by the source at the time, ¢, that it was emitted. If
there is no peculiar motion of the object then A may be written in terms of of the scale
factor as A = a(t)Ay, where Ax represents the coordinate separation between successive
crests of the wave. Likewise, if Ay is the wavelength received at the present time, ty, then
Ao = a(tp)Ax and then

)\0 a(to)
— = 10.2.
3 a(l) (10.2.35)
and one defines the red-shift factor by
pofozA b)) (10.2.36)

A a(t)
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It is positive for an expanding universe and negative for a contracting universe when we
would expect blue-shifts, not red-shifts, for distant objects. For close enough objects we
may expand a(t) in a power series,

CL(t) = ag [1 + H()(t — to) + .. ] (10.2.37)

where ag = a(tp). The time ¢ty — ¢ is the time it takes for light to travel from the object to
the observer. From the equation for null geodesics,

to dt/
— =X 10.2.
o[ = (10.2.35)

and, if we take the scale factor to be approximately constant in this time, a(t) ~ ag, then
c(to — t) = ag(x — x0) = Do and the red-shift factor becomes

z~ HoDy/c=vo/c. (10.2.39)

The red-shift can be directly determined by comparing the spectrum of the received ra-
diation with the known spectra of elements. Assuming there is an independent way to
determine the proper distance D, the slope of red-shift distance diagrams for nearby stars
will yield the present value of the Hubble parameter, which is today found to be

Hy=70.2+1 (km/s)/Mpc. (10.2.40)

From Hubble’s law, we then conclude that the proper distance to the “edge” of the ob-
servable universe is Dy = ¢/Hy ~ 4.27 Gpc or 13.9 Gly. This is called the Hubble radius
of the universe.

When we consider that only a miniscule fraction of the electromagnetic energy emitted
by sources in the universe is actually collected in our telescopes, we realize that the another
relevant measurable quantity is the flux of energy arriving at the present time on Earth.
The inverse square law for the flux gets modified by the red-shift for three reasons, viz.,

e the proper area of a sphere centered at the source and passing through Earth at
the present time is different from the proper area of a sphere centered on Earth and
passing through the source in the past. The difference is captured by the reciprocity
theorem ]

e the intrinsic luminosity of the source differs from its measured luminosity because
of the red-shifting of photons and

2Etherington, L.M.H., “On the definition of distance in general relativity”, Phil. Mag. Ser. 7 15 (1933)
761.
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e the expansion of the universe slows down the arrival rate of the photons leading to
an additional drop in the measured luminosity.

For an observer at the present time, tg, the area radius is defined to be the distance Ry
for which a past directed bundle of null rays, subtending an angle of d)y at the observer
has a cross-sectional area dSp; = Rngo at Ro (which is, say, the area radius to some
observed galaxy (). On the other hand, the galazy area radius R is defined as the radius
at which a future directed bundle of null rays subtending a solid angle Q¢ would have
a cross-sectional area dSg = RédQG at the observer at time ty. Because of the cosmic
expansion, the two radii are not the same; one has

R = a(to) f(x), Ro=a(t)f(x) (10.2.41)

so they are related to one another by
Re = (14 2)Ry. (10.2.42)

While the observer area radius is, in principle, measurable via direct astronomical obser-
vations, the galaxy area radius is not.

The luminosity radius, Dy, is defined as the distance satisfying the inverse square
law

L
- 47TD%7

where L is the intrinsic luminosity (also known as the bolometric luminosity) of the emitter
at t and Fy is the apparent flux, i.e., the luminosity per unit area received by the observer
at 9. The reason for this peculiar mixing of intrinsic and observed quantities is that the
intrinsic luminosity is often known from theoretical considerations as, for example, in the
case of the “standard candles” such as Type IA supernovee. However, the received flux
will depend on the received luminosity and the area radius as measured from the source
according to

Fo (10.2.43)

Lo Ly

© AmR%  AmRE(1+2)?
but L is not the same as the intrinsic luminosity, L, which also suffers a change due to the
expansion as we can see from the following argument: photons emitted with a frequency
v in time intervals ét at time ¢ are received with a frequency 1 in time intervals %y at
the present time. Wavelengths and time intervals are related by

Fo (10.2.44)

)\0 v (5750
2 =" 10.2.45
Aoy Ot t ( )
therefore the emitted power (or Luminosity) is related to the received power by
Lo o V05t L

=(1+4+2)72% = L= (10.2.46)

L udty (14 2)2
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and it follows that the received flux, expressed in terms of the intrinsic luminosity of the
emitter and the observer radius is
Fo = LOQ = L .
4R, AmRE(1+ 2)*
Hence we find D, = Ro(1 + 2)? = aof(x)(1 + 2)%. Assuming thermal radiation, the
wavelength at which the received flux is maximum gives the apparent temperature of the
star according to Wein’s law, A\g maxZ0 = const. As the constant on the right depends only
on the fundamental constants, the intrinsic temperature of the source is then

T =(1+2)Tp. (10.2.48)

(10.2.47)

Knowing the intrinsic temperature of the source, one may employ the Stefan-Boltzmann
law, L = 0 AT*, where A = 7TD124 is its surface area and D4 is its angular diameter, to
determine the intrinsic luminosity of the source assuming that its angular diameter can
be measured. This requires an accurate measurement of the angle, §6, subtended by the
source at the observer, in terms of which D4 = Ry06 = a(t) f(x)d0.

10.2.3 Many Species

The universe consists not simply of one type of energy (by which we mean satisfying a
particular equation of state) but of different types. In different epochs one type of energy
may have dominated its evolution only to be superseded by another type at a later time.
This follows by the fact that, as the universe expands, the energy density of the various
species falls as p(a) ~ a—30+4w) g6 for example, the density of pressureless dust falls off as
a3 whereas that of radiation as a~%. This implies that, at some stage, the universe will
cease to be dominated by radiation energy and become dominated by dust. On the other
hand, the energy density of the cosmological constant never changes, so the universe will
ultimately become dominated by this vacuum energy (however small, but provided it is
non-vanishing) no matter what its initial conditions were.

Consider the cosmological equations with many species, singling out the special case
of the cosmological constant, which lies at the very boundary of what is permitted by the
weak energy principle, and writing the Friedmann equations as

k287G
2 _ .

_w[

H+ H? =
+ 3

Z(l + Bwi)pi —2A

%

(10.2.49)

In a flat universe it must hold that

3H
> pitA= o & P (10.2.50)
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which defines a “critical energy density” (including all forms of energy) of the universe for
which it would be flat. We use this to define the fraction of the critical energy density
contributed by each component species present as follows:

: A
Q=2 gy== (10.2.51)
Per Pcr

All quantities above are time dependent, of course, so in the case of a non-flat universe

3kc? B

Q; +Qp — 1. 10.2.52
87Ga?per ZZ: T3 (10.2.52)
If we define )
3kc
Q= -
F 8nGa2pe’

the Friedmann equations become the statements that

ZQi+Qk+QA:1

H 1
T tl=—35 D (14 3wi)Q; — 20 (10.2.53)

7

The fractions at the present time will be referred to, as usual, by the suffix “0”. Current
observations of the Cosmic Microwave Background (CMB) indicate that the universe is
flat, Q0 = 0, and

Qmo = 0.31, Q0 =10"%, Qp9=0.69 (10.2.54)

where (), refers to pressureless matter and 2, to radiationE Pressureless matter is
further categorized as baryonic (atoms) and non-baryonic (dark) matter,

Q= Q4+ Qam, Qo = 0.04, Qgmo = 0.27 (10255)

so the vacuum energy, by all standards a bizarre form of energy that we have no direct
(i.e., non-gravitational) means to observe and study, clearly dominates the energy budget
of our universe at the present time. This is the “Dark Energy” problem. Furthermore, only
4% of the matter energy content of the universe has been accounted for and not much is
known of the properties of the remaining 27%. This is the “Dark Matter” problem. They
are two of the most pressing problems in theoretical physics today.

3How data on the CMB is analyzed is beyond the scope of these notes. A clear description may be
found in Weinberg, “Cosmology”, Oxford University Press (2008).
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Figure 10.3: The scale factor in ACDM (solid) and CDM (dashed).

10.2.4 The ACDM Model

Let us now consider a two component, flat universe with a cosmological constant (A) and
pressureless dust (cold dark matter, CDM). The equations we want to solve are then

Qo+ =1

. H?
H+H*= — 5 [ — 204] (10.2.56)

Using the first equation, the second may be put in the form
2H + 3H? = 3Q,H? = 87GA (10.2.57)

From ((10.2.56)), the absence of CDM implies that H = 0 and we recover the w = —1 result
of (10.2.30). For CDM obeying the weak energy condition, we must take 3H? > StGA

we easily solve (10.2.57)) to find
H2
V6rGA (t —ty) + coth™ Sy (10.2.58)
8TGA

A
H(t) =4/ 87T§ coth

Integrating once more gives the scale factor

) = a0 |1/ 220 1 sinh d VErGA (¢ — to) + coth1 ) 20
a=a Vg T T 0) €0 87GA

2/3
., (10.2.59)
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Figure 10.4: The Hubble parameter in ACDM (solid) and CDM (dashed).

so the solution with a(0) = 0 becomes

2/3
3H?
a(t) = ag o GOA —1 sinh V6rGA t (10.2.60)
The solution reduces to ordinary CDM at “early” times,
8rGA\ ' (3Ht\**
a1 — e R t < (67GA)~1/2 10.2.61
= (1-550) (Bt omony (10261
with a negative acceleration, d < 0, but, at late times, it grows exponentially,
1/3
_ ao 3H; \/EEEA ¢ ~1/2
a(t) = 5373 (87rGA -1 e , t> (6mGA) (10.2.62)

To estimate the time at which the cosmological constant begins to dominate it is sufficient
to determine the inflection point in a(t), which occurs at 7o = cosh™1(1/3/2)(67GA) /2.
Given the presently quoted values of Hy and Q,, one finds A =~ 0.67 x 10726 kg/m3. This
gives the estimate 79 &~ 7.2 by for the transition from a matter dominated to a vacuum
energy dominated universe, which is in fair agreement with the conclusions from various
supernovae experiments and the CMB data. Figure shows the evolution of the scale
factor in the ACDM model as compared with its evolution in a dust (CDM) model and
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Figure shows the Hubble parameter as a function of time in each case[[]
The causal structures of the space-times discussed above are determined by the light
cone structure, for which it is necessary to solve the null geodesic equation
dt’ 1

t
dt?* — a*(t)d*> =0 = U_Ui:/:i

L) = F ) (10.2.63)

It is helpful to rewrite the time integral as

dt dlna
/a(t) - [ (10.2.64)

and then to employ the Bianchi identity in (10.2.20) and the Friedmann equation in
(10.2.22)), which, in the simplest case of a flat universe, implies that

h=ho (CZ))(HMW (10.2.65)

and gives (w # —1/3)

~1 (1+43w) /2
/dt: 2hy <a> . (10.2.66)

a(t) 143w \ag
Therefore
2[]51 (l(t) (143w)/2 a; (14+3w)/2 1
— N = — — | — =+—(x— Xi)- 10.2.67
n== e [(ao o (= xi) ( )
Rewriting this in terms of b, using ((10.2.65)) gives
2c
—x—xi=t——(h7t —p;! 10.2.68

This is the light cone and therefore the greatest coordinate (or comoving) distance that
light can travel between two times, t; and ¢. If the initial time, ¢;, is taken to be the
time of the big bang, it is called the particle horizon. The physical distance to the

1Pproblem: Repeat the analysis for a two component evolution with a cosmological constant and matter
with an arbitrary w > —1/3. Show that the solution with a(0) =0 is

3H2 2/3(14w)
0o _ .
\/87TGA 1 sinh V6rGA (1 + w)t

and determine the inflection point. How does the time 7y change with w?

15Problem: Consider a two component system consisting of radiation and CDM. Obtain the scale factor
as a function of time. When does the transition from a radiation dominated universe to a matter dominated
universe occur?

a(t) = ao
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Figure 10.5: The particle horizon for the CDM and ACDM models.

particle horizon is, of course, d, = a(t)x,. So long as the strong energy condition is
obeyed (w > —1/3), the scale factor is increasing and h~! also increases, causing the
particle horizon to increase in time. However, if a component that violates the strong
energy condition (w < —1/3) controls the evolution of the universe, then an increasing
scale factor will cause the particle horizon to decrease in time. This is shown in figure [L0.5
for the CDM and ACDM models worked out earlier.

In the ACDM model less and less of the universe is accessible to the observer in time.
Therefore in the distant future an Earth bound astronomer will eventually be confined to
observing just our Milky Way.

10.3 The Fine-Tuning Puzzles of Classical Cosmology

Classical Cosmology describes the evolution of the universe well and in close agreement
with observations provided two assumptions are made concerning the initial conditions.
These initial conditions cannot be specified at the big bang because there is a singularity
there. Rather, we must give them on some later, smooth spatial hypersurface, 3. It
is customary to take this hypersurface to be at the time of last scattering, when the
CMB was released, i.e., when the universe became cool enough to become transparent to
electromagnetic waves, about 300,000 years after the big bang. Physics is not so much
about initial conditions as it is about evolution, so one could take the point of view that
the initial conditions are given a priori and simply to be accepted, there being no context
for arriving at them or “explaining” them within the confines of physics. However, one
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Figure 10.6: The Planck spacecraft’s large telescope view of the CMB.

hopes that the initial conditions that lead to our present day universe would be, in some
sense, generic. They do not appear to be. On the contrary it appears that we live in a
very finely tuned universe.

10.3.1 The Horizon Problem

The first of puzzle is that the universe appears to have begun isotropic and homogeneous
over regions that should have been causally disconnected at the time of last scattering.
This is because, if the universe had a beginning, the light cone from any point on the last

scattering surface cannot be traced “back” indefinitely.
Let us consider the behavior of the particle horizon, given by (10.2.68)). We found that

Xp ~ allH32, (10.3.1)

The exponent is positive for matter obeying the strong energy condition (this is assumed
in standard cosmology) and the particle horizon increases with time. As it does so, regions
that were outside the horizon at the time of last scattering enter the horizon. But this
means that portions of the CMB that we observe today were causally disconnected regions
at the time it was released and so there is no dynamical mechanism by which they could
achieve thermal equilibrium with each other. On the contrary, we observe an almost
perfectly isotropic thermal background at approximately 2.7° K (see figure .

10.3.2 The Flatness Problem

The second puzzle is that the universe appears to be “flat” (k = 0), that is Qx ~ 0 at the

present time. But, according to (10.2.53)),

3kc? B
8rGa2pe

kc?
; (Ha)? : T (103.2)
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In standard cosmology, (Ha)™! grows with time, therefore |Qx| = | >, Q; +Qa — 1| should
diverge in time if k£ deviated even slightly from zero in the early universe! In other words,
the critical value ), Q; +Qp = 1 is an unstable fixed point of the evolution. The fact that
energy density of the universe at the present time is found to be very close to its critical
value, means that the early universe must have had an energy density even closer to its
critical value, numerically estimated to have departed from it by no more than one part
in 10%2.

10.3.3 Inflation

Both of the problems above are connected to a common assumption: that the strong
energy condition (w > —1/3) holds throughout the evolution of the universe. What if we
relaxed this condition for some time interval? We have seen that when —1 < w < —1/3
the particle horizon shrinks in time,

dxp

AP 10.3.3
o <0 ( )

the so-called “Hubble radius”, (Ha) ™!, decreases,

d
Z“(Ha) ' <0 10.3.4
o (Ha) (10.3.4)
and the scale factor accelerates,
d%a
— > 0. 10.3.5
7 ( )
Generically, when these conditions are met, we say that the universe is in an inflationary

phase.

Therefore imagine that, for some interval of time soon after after the big bang, the
universe undergoes an inflationary phase, after which the component responsible for it be-
comes sub-dominant and allows the universe to follow a normal track. This early inflation
would solve both the horizon and flatness problems.

e Provided that inflation occurred for a sufficiently long time, regions that enter the
particle horizon during its later normal phase could have been inside the horizon be-
fore the early inflation began. Spatial homogeneity would then have been established
prior to the start of the inflationary period. This solves the horizon problem.

e Again, through such an inflationary period, (Ha)™! decreases, driving €, to zero
and the energy density to its critical value. This solves the flatness problem.

The universe thus appears to have undergone roughly four principal eras in its expansion,
up to the present time. Immediately after emerging from the quantum gravity (Planck)
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era, it is thought to have inflated, going from a length scale of about 1073 m to about one

micron in a small fraction of a second. Later, it passed through an era first dominated by
radiation and followed, as its temperature cooled to below roughly 10* K, by one dominated
by matter. During this time, the universe decelerated in its expansion. Finally, about 7
billion years ago, it appears to have entered the so-called Dark Energy (DE) dominated
era and has been accelerating in its expansion ever since. Whereas the last three eras
are observationally on solid ground, early inflation remains speculative. It is generally
accepted, however, because it solves both the horizon problem and the flatness problems
as well as the problem of the initial singularity.

10.4 Cosmology with Scalar Fields

Matter that satisfies the condition w < —1/3 is at best unfamiliar. The simplest models
of inflation employ a single scalar field source, with action

5= [ dlav=glg"0,00,6-+ 2V (). (10.4.1)
and stress tensor
T = 0,00, ~ g | 397020030+ V(9)]. (10.42)
For a homogeneous solution, Einstein’s equations are ,
H? + k;c; = ?w
2H + 3H? + ’ch = —8:—2Gp¢ (10.4.3)

where the field mass density, pg, and pressure, py, are given by
poc = S5 +V(9)
¢ 2¢2
1 .
Py = @¢2 — V(o). (10.4.4)
To these we may add the scalar field equation of motion,
b+ 3Hp+ AV'(¢) =0, (10.4.5)
although it is not independent but follows from the conservation of energy and momentum.

The middle term can be thought of in the same way as one thinks of the frictional “drag” on
a particle moving in a medium. In this case, the drag coefficient is the Hubble parameter,
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therefore, the faster the universe expands the greater the drag on the field and the slower
it evolves.

For simplicity, let us begin by considering the post inflationary era in which the universe
is flat. The equation of state depends on the potential V' (¢). Scalar potentials leading to
prescribed equations of state may be found, but a given potential does not always lead to
a unique equation of state. To see this, employ the first of (10.4.3) in (10.4.5)) for a flat
and expanding universe to express the latter as

d
9
do

1. 247G -

Letting y = ¢, 22 = p¢c4, the scalar field equation reduces to

dz

7 +oy=0 (10.4.7)
where o = /67 G /c*. The dominant energy condition holds so long as V(¢) > 0. In this
case, we may set z = c/V(¢) coshu(¢) and y = ¢1/2V(¢) sinh u(¢). Rescaling ¢, z and
V(¢) according tﬂ

127G
SO - C4 @7
. 127G ~ 127G
=\ s Ve =—5V(9) (10.4.8)
allows us to write the scalar field equation as
2/
— +tanhu =0 (10.4.9)
z
or B
V/
u'(p) + ©) ootn u(p) +1=0, (10.4.10)
2V(¢)

where the prime now refers to a derivative with respect to ¢. We can take the equation
of state to be a specification of wy(¢), defined by

wel(p) = L2 = &~ 2V(p) = 2tanh?u(p) —1 € [—1,1). (10.4.11)

P @242V (p)

The potential completely determines the equation of state (subject to boundary conditions)
and, conversely, the equation of state (i.e., a particular solution u(¢)) determines V()

6By this recaling, ¢ is dimensionless, but [£] ~ 1/t and [V] ~ 1/¢>.
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up to a multiplicative constant. The former is a formidable problem because is
nonlinear. It can lead to multiple possible equations of state. However, if u(y) is known,
all the quantities of interest may be expressed in terms of the energy density and its
derivative, in particular,

V(QD) = 22 - 2/27
2~/2
Wy = ; 1, and
1 3z

where A is some constant and g, is the “deceleration parameter”. From Einstein’s equa-
tions it follows that the universe accelerates in its expansion when g, < 0 and decelerates
otherwise. The complete solution reduces to quadratures:

@Z—ﬁeél(gp) = /@ dp Z\@e(t—to)

o 2 ()
o  V2e._ 1 [? . Z(p)
- =+ Z(¢) = alp) = a(po)exp [—/ dp—= , (10.4.13)
a 3 3 @Yo Z,(QO)
where € = +1 accounts for periods of expansion or contraction of the universe. We will
now examine a few examples of the application of the above relations.

10.4.1 Linear Barotropes Revisited

Consider what scalar field potential would lead to linear barotropic behavior, i.e., to wg
(equivalently, u) is constant. If u = ug we find

Z=75e" = V(p) = Vpe?¥ (10.4.14)

where v = —tanhug = :F\/@ and we have used ((10.4.12)). For definiteness, let v < 0
(an analogous solution is obtained if 4 > 0). The corresponding scalar field equation in
(110.4.13])

2VO(1 + wo) 1P

10.4.15
T ( )

p=c

has the solution

2
120 (t — to) . (10.4.16)
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JV (@)
¢
Figure 10.7: The exponetial potential, Figure 10.8: Scalar field vs. velocity plots
2 for the three families of solutions for the

with v = —\/j .
5 exponetial potential.

When e = +1, the scalar field increases indefinitely, i.e., descends, or “rolls down”, the
potential in time (because v < 0) while, by the first of Einstein’s equations, the scale
factor grows as a power law,

Vo(1 + wp)? S
w
at) = ag |1+ ey 0L 7%0(t — t4) . wo # —1, (10.4.17)
1-— wo
arising out of a singularity at the time
1—
ty =ty — (| =0 %0 (10.4.18)
Vo(1 + wp)?
If wg = —1 both the potential and the the scalar field are constant and the universe

undergoes an exponential expansion. We have obtained these results before, of course.
With an exponential potential, the nullcline (v’ = 0) also solves equation for

u and serves as a separatrix between two families of solutions. This makes it very special.

The general solution of for the exponential potential is obtained in implicit form,

'yln|'ycos:2uj—lsinhu\—u ~ ?é +1
Yo — = (10.4.19)

% [2u + 6_2“] v==1

but, because the solution naturally yields ¢(u), one can now seek to find u(t), using

d ~
o = a‘fii“) = c\/ 2Vpe?™ sinh u. (10.4.20)
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Vig)
¢
Figure 10.9: The scalar potential for the Figure 10.10: Scalar field vs. velocity plot
Chaplygin gas. for the evolution of the scalar field.

A simple, yet useful way to obtain a qualitative picture of the evolution is via a “phase”
diagram for the evolution. Figure is a plot of ¢ vs. \/V(p) for the evolution of the
5
two families of solutions on either side of the separatrix. Bear in mind, however, that this
is not a true phase diagram for the evolution of solutions (in a cosmological background,
the scalar field momentumis pg ~ a®$, and not simply ¢, while the momentum conjugate
to the scale factor is p, ~ —aa; because our system is Hamiltonian, Louville’s theorem
guarantees that the total phase space volume remains constant throughout the evolution).
It only serves to illustrate the behavior of the field alone during the evolution. For all
solutions, ¢ — 0o as t — o0, i.e., the scalar field eventually “rolls down” the potential,
with decreasing speed as ¢ grows indefinitely. Thus all solutions terminate at the origin.

32
1—y

represents linear barotropic fluids. Solutions above the separatrix simply “roll down” the
potential, whereas solutions below may begin by “rolling up” the potential but eventually
stop and “roll down”.

scalar field with the exponential potential, where we have taken v = — showing the

The separatrix, shown as the dashed line in green, is a straight line of slope > and

10.4.2 Polytropes
With the polytropic equation of state
p — K/CQ,OH_l/n, w = K/pl/n — KZQ/n,

we find, by ((10.4.11)),
1
tanhu = £4/5 (1+ Kz2/7). (10.4.21)
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Thus the energy density is determined from

N dz _ P~ %0
5 3\/1+ K32/n V2

Considering the special case for which K = —|K| < 0 and n = —|n| < 0, we find

(10.4.22)

~1/|n|
z = |K|"/2 cosh/" (SO T, osnt 20 ) : (10.4.23)

V2In| VIK]

and the scalar field potential

V() = Vycosh?IM=1 x . (1+ cosh? X)), (10.4.24)
where
Xoo EEP0 ot B (10.4.25)
+ = . 4.
V2|n| VIK]

When n = —1/2, (10.4.21)) describes the Chaplygin gas, for which the scalar field potential

1S

V() = Vo (sech X + cosh X)), (10.4.26)
where X = v/2(p F o) + cosh ! 22/1/|K]|. Applying (10.4.13), one finds that
sinh X | ~Y/6
a(p) = a(eo) (Smh Xo> (10.4.27)

so that the energy density, as a function of the scale factor, behaves as

2 _ 4 _ ag 6
22 = pe _\/|K\+A<a> , (10.4.28)

where A = |K|sinh Xy. For small values of the scale factor p ~ a~3, which behavior is
characteristic of pressureless dust. On the other hand, for large values of a, the energy
density p ~ const., which is characteristic of a cosmological constant. This simple model
therefore interpolates between an early dust phase and a late de Sitter phase, mimicking
the ACDM model and has been suggested as a unification of Dark Matter and Dark
Energy. Solutions for ¢(t) and a(t) can be found in implicit form, and we leave that to the
reader. From the shape of the potential (figure we can deduce the shapes of the ¢ vs
¢ plots, shown in figure [10.10] For example, a field beginning at a positive value of ¢ and
a positive velocity (the curve in red) slows to a stop, reverses course and rolls down the
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Figure 10.11: Evolution of a scalar field with a quadratic potential.

potential toward ¢ = 0, where all solutions eventually convergem The late inflationary
phase results from the fact that ¢ — 0 and V' (¢) — 2Vj # 0 as t — oo, so that the scalar
field behaves as a cosmological constant at late times.

10.4.3 The Potential V(p) = pu?p?

The inverse problem, which is to determine the equation of state and evolution from a
given problem is far more difficult. The reason is that it is most often extremely difficult
to find a suitable integrating factor for . In such cases, a numerical approach
must be taken. As an example, the evolution of the scalar field with a quadratic potential
is shown in figure Notice the existence of an “attractor” to which all solutions
converge in time, as the scalar field oscillates about the ¢ = 0.

Although a closed-form solution is unavailable, we can distinguish some regions that
are of interest. For example, consider what happens when the kinetic energy dominates
over the potential energy, ¢ > u|p|. In this case, we may neglect the potential compared

7Problem: Analyze the equation of state

B
er(oei8)

where —1 < A < 1, and B and n are positive constants. Determine the scalar field potential and describe
the evolution in the case n = 1/2; in particular, show that the evolution interpolates between a linear
barotropic fluid, whose nature is determined by A, and a late de Sitter phase.
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with ¢ and, from (|10.4.5)), find
¢ = poeT¥me0), (10.4.29)

where the negative (positive) sign refers to positive (negative) field velocities. Integrating,
P(t) — o =xIn (1 +¢o(t —to)) (10.4.30)

and substituting this result into the Friedman equation reveals that H(t) ~ 1/3¢, which
describes decelerated expansion typical of stiff matter. The opposite limit, where the
potential energy dominates over the kinetic energy, ¢ < up, will describe a period of
accelerated expansion.

10.5 Inflation Parameters

In practice, however, one is really interested in the conditions on V(¢) that would en-
sure that the universe undergoes an early inflationary phase for a sufficiently long time.
Continuing with a flat universe, and returning to (|10.4.3)), we see that

a A7 G 1

o= —T(l + 3wy)py = —§H2(1 + 3wy) (10.5.1)
(we will no longer require wgy to be constant, so py = w¢(p¢)p¢02 represents a general
equation of state). If we define the first slow roll parameter, ¢, by

a  def
a

H*(1 —¢) (10.5.2)
then € = %(1 + wg) > 0. Accelerated expansion occurs when € < 1. It is easy to see that

H
and so it is related to the evolution of the Hubble parameter. In the limit as ¢ — 0,
#? < V(¢) and the potential energy dominates the evolution giving a constant Hubble
parameter, Hy, which in turn implies that

a = age™. (10.5.4)

The solution is therefore a flat slicing of de-Sitter space, so it is known as the de-Sitter
limit. Again, the accelerated expansion will be sustained only so long as the frictional
term dominates over the acceleration in (|10.4.5)), i.e.,

o] < [3H|. (10.5.5)
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We therefore define the second slow roll parameter, 7, by

__ ¢
n= 3HY (10.5.6)

In a flat universe, the two parameters can be related. Using (10.5.3)), we find that

1 d q
———lhe=——-—= 10.5.
€~ o g € I (10.5.7)

and H can be associated with the acceleration of the scalar field in (10.5.06) by Einstein’s
equations. Combining the two equations of (|10.4.3) we find

and it follows that
é H 1 ( 1 d )
= = ==(e—-———1Ine ). 10.5.9
g 3H¢ 6HH 3 2H dt ( )

If we call N = Hdt = dIna, then dN represents the number of e—folds by which an
exponentially growing scale factor would increase, and

1 1d
n= (5 - lns> . (10.5.10)

Thus 1 ~ ¢/3 ensures that the fractional change in e per e—fold is small.

The conditions on the slow roll parameters, namely 3n ~ ¢ < 1, may be expressed as
conditions on the shape of the potential as well. Within the slow roll regime (¢ ~ 0 ~ ¢)
the first of and the scalar field equation of motion respectively tell us that

G . AV ()
2 ~ ~
H* ~ 32 V(¢) and ¢ SH (10.5.11)
In this approximation, the slow roll parameters of (10.5.3) and (10.5.6)) become, respec-
tively,

ct V2 1 I
= — d =- — 10.5.12
V= TonG (v) and v =3 [Ev+87rG v}’ ( )

and the spacetime is almost de-Sitter (with an exponentially growing scale factor). Infla-
tion ends when ey = 1. The number of e—folds before inflation ends is given by

tend 4 d)start d
Niot = In 2end Hdt = ﬁ/ ¢ (10.5.13)
Astart C &

tstart end
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and is required to be between 40 and 60, based on the fluctuations observed in the CMBE
A homogeneous and isotropic universe has no structure. To describe the observed large
scale structure of our universe one must turn to fluctuations of the field(s) responsible for
inflation, Dark Matter and Dark Energy.

18problem: Determine the slow roll conditions for the potentials considered in the previous section. In
each case, (i) what is the relation between the number of e—folds and the field value before the end of
inflation, and (ii) when are the fluctuations observed in the CMB created?



Appendix A

The Poincaré Group

If there is a physically measurable feature of a physical system that remains unchanged by a
set of transformations, those transformations are symmetries of that system. Symmetries
represent redundant descriptions of the system, but they may also point to particular
useful descriptions. Here we will consider only continuous symmetries described by matrix
groups.

A.1 Galilei Group

The Newtonian concept of “absolute time” and “absolute space” requires that time and
space intervals and are independent of the (inertial) observer. As all distance measure-
ments involve a simultaneous measurement of the end points, this is equivalent to saying
that the spatial distance,

d§2 = 5ijdxidxj, (All)

is invariant, and implies that there is a set of transformations of the coordinates, x;, that
leaves it unchanged.

A.1.1 Rotations
If those transformations act linearly on the coordinates, we let

where R = R;; represents a set of real, constant square matrices having the dimension of
space (say, n). Then, because of the invariance of ds 2

d§2 == 5,‘jd$id.’1}j = (5wd$;dx; = 5inilemd1'ld-%'m (A.1.3)
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so that

RyRim = Rl Rim = im (A.1.4)
or, simply, RT.R = g, where 0 is the unit matrix. We assume that R depends continuously
on a certain number of parameters (to be determined), a;.The set of transformations
satisfying form a group under matrix multiplication, where the unit matrix is
the identity element and the inverse of any transformation is its transpose. Associativity
follows because matrix multiplication is associative.

This is the orthogonal group O(3), of orthogonal matrices. It turns out that the
group elements also form a manifold in which group multiplication and inversion are
smooth maps. Such a set, combining both group and manifold structures, is called a Lie
group. The orthogonality condition implies that every orthogonal matrix will
have determinant Hﬁ” = #+1. Orthogonal matrices of determinant +1 represent rotations
and form a subgroup of O(3) called the special orthogonal group, SO(3). We will focus
on the special orthogonal group.

We will build finite transformations from infinitesimal transformations, which means
that all our group elements will be connected to the identity. An infinitesimal transforma-
tion can be written as

Rij = di; + 60U (A.1.5)

where € is some small parameter. Then (A.1.4]) requires that
> (655 + Ui ((8ik + 6Ui) = 8 + (6Uji + 0Ukj) + O(€?) = b (A.1.6)
or sUT = —5U. We conclude, therefore, that sU , being real, square and antisymmetric,

can depend on at most n(n — 1)/2 parameters, da;. We therefore write a general §U as

the sum R R
§U = 6a;UD, (A.1.7)
I

where U are constant matrices called the generators of the group, and construct a
finite group element connected to the identity by simply iterating the group operation
many times,

N ~
0 (DH)yn ~
S —~ ar 5 _ (a;UY)) def o, 5D
R—J\}g{l}o <5+ EI —NU ) nEZO”! =e (A.1.8)

As an example, consider an explicit representation of the rotation group in three dimen-
sions. There are three parameters and and three generators, which we can choose to
represent rotations about each of the three axes,

0 0 0
v =u,=(0 0o 1],
0 -1 0
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00 —1
U =t,=(0 0 o |,
10 0
0 10
U® =Us=[-1 0 0 (A.1.9)
0 00

~

(Notice that [U;];x = €k, where €5, is the totally antisymmetric Levi-Civita tensor in
three dimensions.) For example, if only o, # 0 (ag, = 0) then the exponentiation in
(A.1.8]) gives a finite rotation about the z axis:

~ 7 ~ 1 1 ~ 1 1 ~
R, = e=U =54 <2'az4|o¢§+...) U2 + (ozzB'ongrzﬂaﬁ...) Us
cosa, sina, 0
= | —sina, cosa, 0 (A.1.10)
0 0 1

and we may similarly derive expressions for the rotation matrices about the other two
axes. The generators form a closed commutator algebra,

[ﬁi’ ﬁj] = _Eijkﬁka (A.1.11)

called the Lie algebra so0(3) of SO(3) and the components of the Levi-Civita symbol on
the right hand side are called the structure constants of the algebra.

The matrices Uj generate the action of SO(3) on the finite dimensional vector space
R3. They form a finite (in this case, three) dimensional representation of so(3) called the
fundamental representation. Let us now consider the action of SO(3) on the infinite
dimensional space of real valued, C* functions, ¢(z), on R3,

dp(x) = dog(x) + Okp(x)dx) = o9 (x) — Seviesjra Ok (), (A.1.12)

~

where we made use of the fact that [Us];z = €. The first term above represents a
functional change in f. The second is a change in ¢(x) induced by a change in its arguments
and can be expressed as

01(z) = —00i(Lio) (A.1.13)

where EZ = €;kT;0k. It has the same form as dx; and the set of operators fl satisfy the

Lie algebra (A.1.11]), o R
[Li, L] = —€ijiLy. (A.1.14)

An alternate form of these generators,

Lij = eijuLi = 2,0; — 2;0; (A.1.15)
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is also frequently used, in terms of which
516(x) = —%&UU(EM@, Suwij = eindan. (A.1.16)
They satisfy the algebraﬂ
[Lij, Lim] = dimLj1 — 64 Ljm + 051 Lim — 0jm La (A.1.17)
Finally, note that 12 = 5¢jiiij is the only quadratic invariant of the algebra, i.e.,
(L%, L;] =o. (A.1.18)
L? is known as the quadratic Casimir invariant of so(3).

A.1.2 Boosts

Galilean boosts,
t o> =t z — 2=z — vt (A.1.19)

act on a four dimensional space of vectors with components z, = {t,z;}, n € {0,1,2,3},

with action
t N (1 0\ [t
() = () =C Y6 (120

Therefore, two boosts with parameters 4 and ¥ are simply equivalent to a single boost
with parameter u+ ¥, i.e., the order in which they are applied is irrelevant. The following
are the three generators of pure Galilean boosts:

0 0 0O 0 00O 0 0 0O
O P I K B ) e
0 0 0O 0 0 0O -1 0 0 0
They are obviously nilpotent of degree 2 and commute with one another,
(K, K;] =0 (A.1.22)
but they do not commute with the generators of spatial rotations,
[K;,Uj] = —eiji K, (A.1.23)

!Exercise: Find the structure constants of the algebra of the generators Em
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What about the action of boosts on the infinite dimensional vector space of C*° functions
o(x)? We find

d0p(z) = dop(z) + dzi0kp(x) = dop(x) — tdv;0;¢P(x) (A.1.24)
shows that R
51¢($) = —51}1(31(;5) (A.1.25)
with B\l = t0;. It satisfies the same algebra as I?l i.e.,
[EAi, éj] = —EijkiAk
[fzi,ej] = —¢€;x By
[Bi, Bj] =0, (A.1.26)

where we have included the algebra of pure rotations for completeness.

A.1.3 Translations

The Galilei group is a combination of rotations, boosts and translations, the last of which
capture the homogeneity of space and time. Translations are given by

t—t' =t+s
T — T =i + a;. (A.1.27)

To obtain a finite dimensional representation of the Galilei group as a matrix group one
must enlarge the dimension of the vector space on which it acts by taking a space-time
event to be represented by the five dimensional vector (¢,x;,1). A suitable form of a
general Galilei transformation would then be

t ¢ 10, s\ [t
| = |z]=|v R x; (A.1.28)
1 1 0 0 1 1

We see that time translations are generated by

00001
00 00O
E=[000 0 0 (A.1.29)
00 00O
00 00O
whereas the three generators of space translations are
00000 00000 00000
00 0 01 00000 00000
My=]000 0 0|, My=|0000 1|, Ms=|[0 0 0 0 0] (A.1.30)
00000 00000 000 01
00 000 00000 00000
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These are all nilpotent of degree 2 and commute among themselves,
[, M;) = 0 = [M;, M| (A.1.31)

but not with the rotations and boosts. In fact, one can show that

[E,U] =0, [E,K]=M, (A.1.32)
and o o N
[Mi, Kj] =0, [Mi, U]] = eijkMk (A133)

The Galilei group is ten dimensional, with generators E, ]\//ZL-, I?, and (7, satisfying the
algebra above. Its algebra is the extension of the group of rotations and boosts by trans-
lations. Acting on the functions of space and time, we find that E— —-H= —0¢ and
]\/4\1- — ﬁl = ;. The infinite dimensional representations obey the same algebra, which we
now state:

Ty

B Bl =0

(B3, Lj] = €ijibr

B Bl =0

[Bi, Lj] = eij By

[Li, Lj] = —e€iji L (A.1.34)

There are two Casimir invariants, viz., P? and W2, where W =P x E

One may consider a central extension of the algebra by a generator, M , which
commutes with all the other generators (i.e., which lies at the center of the algebra), by
modifying the fifth commutation relation above as follows:

[Fi, Bj] = —Mbi;
This is called the Bargmann algebra. With the central extension, the two Casimir invari-
ants get modified to
52

MH — ~ and wW-wW, (A.1.35)

WhereW:]\//ff—i—ﬁxé.

2Problem: Check this using the algebra of the Galilei group.
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A.2 Poincaré Group
The Lorentz SO(3,1), group keeps the (Minkowski) distance between events in space-time,
ds? = *dt* — §;;dx'da? (A.2.1)

invariant. When we add space-time translations to the rotations and boosts, as we did for
the Galilei group, we obtain the Poincaré group.

A.2.1 Lorentz Group
According to (|1.3.51]), boosts are captured by the transformations

/ _ Y
<C€l> = ’);1 i ¢ vivj <c§> ) (A22)
r - i+ \

which lead to the following three generators of the boosts,

0 -1 0 0 0 0 —1 0 0 00 —1
o -1 0 0 0 - 0 0 0 0 o 0 00 0
BEr=1l09 o0 ool %210 0 o/’ =0 00 o , (A2.3)
0 0 00 0 0 0 0 100 0

These generators do not commute with one another (as they did in the Galilei algebra),
rather the commutator of two boost generators yields a rotation generator, according to

[I?i,f?j] = Eijk‘ﬁk (A24)

so the boosts do not form a subgroup of the Lorentz group, whose Lie algebra reads

[Us, Uj) = —eijnUg
[ffz‘, qg] = —€ijk K,
[Ki, KJ] = Ez'ijk (A25)

The generators of rotations can now be given in terms of the four dimensional Levi-Civita
tensor as [U;]r = €os5x and it follows that are
. 1 ~
(51(;5 = —(50/([4(;5) = —550.)1‘]‘([/1‘]‘ ), wij = €0ijk(5ak (AQG)

where .
Li = EOijk:Ejak = igﬂijk‘ija Lij = {L‘iaj — xj& (A27)
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The finite dimensional boost generators can also written in terms of the Levi-Civita tensor
as

~

1 .
(K, = §€0ijk5]k“u = 10u0; — 847w (A.2.8)

where indices are raised and lowered by

-1 0 0 O
0 1 0O
0 0 0 1

and its inverse. Therefore, acting on the infinite dimensional space of real valued, C'*°
functions,

o'~

hflx) = d2louf(zx) = . [KG)H 2”0, f(x)

we find that the boost generators are represented by
~ 1
B; = ctd; + —x;0; (A211)
c

This has the same form as the rotations in D if we define z# = (ct,2') and z,, =
N’ = (—ct,z'). In fact, by defining B; = L;p both rotation and boost generators can
be combined into

Ly = 0, — 2,0, (A.2.12)
Moreover, (we check explicitly that) the Lorentz algebra is
[E/W, Eaﬁ] = T]'UﬂE,/a — T]MQEVB + nyaiug — nyﬂiua (A.2.13)

The Lorentz group admits two quadratic Casimirs, which can be conveniently expressed
as

C)=L*=1"L,, and Cy="L-L = e€uasL* L. (A.2.14)

However, these are no longer invariant once translations are included, because translations
do not commute with the rotations and boosts.
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A.2.2 Translations

To complete the symmetries required by all classical field theories, we must include trans-
lations,

t—>t =t+s
T; — :L‘/Z = x; + a;. (A.2.15)

Finite dimensional representations can, once again, be given by enlarging the dimension
of the vector space on which the group acts, so that the generators of time and space
translations will be exactly given by ((A.1.29] and m A.1.30)) respectively. If we let E= —Mo,
the algebra of all ten generators is now (A.2.13|) together with

[gm ]:\ZV} =0 . A
(M, Lag] = MuaMg — 1,5 Ma (A.2.16)
Moreover, the infinite dimensional representation of M\u is ﬁu = —0J,. We may cast the

entire Poincaré algebra in the compact and covariant form

8l = mupLlve = Nualup + Mvalys — Mg Lpa

O

s Lo
1 B =
i Lo

§>¥> h>

5] = 1uaPs — 1upPa (A.2.17)
There are again two quadratic Casimirs, but they are

C,=P? and Cy=W?=W,W¥ (A.2.18)
where Wu is the Pauli-Lubanski vector,

— 1 ~
W, = igmmp%ﬁf (A.2.19)

Hence, both P2 and W? are not only Lorentz invariant but Poincaré invariant as well,

whereas (A.2.14)) are only Lorentz invariant.

A.3 Poincaré Invariance of Fields

Physical fields, ¢*, generically transform under the action of a Poincaré group element A
according to some finite dimensional representation, D(A),

-, -

() = §(a') = D(w)d(x) (A.3.1)
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so that an infinitesimal transformation will have the form (see (2.2.1))
06(z) = §/(a') = dlx) = 6w Cpé (A.3.2)

where, explicitly, [@W&]A = [@W]A ®P and G )™ is some finite dimensional represen-
tation of the Lorentz generators; their precise form will depend on the nature of the field.
Furthermore, the change induced in the field may be decomposed into a functional change
and a change brought about by the change in coordinates, z# — 2/ = x# +dx*, according
to

0 5é
5p(x) = ¢(x) — d(x) + 60,0 (x)= dod(z) + 616(x) (A.3.3)

We are concerned principally with the functional change in the fields, on which the con-
served quantities depend as shown in (2.2.10)). Under a Lorentz transformation,

Sod(z) = 8d(z) — 616(x) = SwH [@W + ;EW] o(z) (A.3.4)

where, L w = Tu0, — 2,0, are the generators of the Lorentz group in the infinite di-
mensional representatlon As we have seen, the action of G;w on d) produces its spin

whereas the action of LW on d) produces its orbital angular momentum. Physical fields
are invariant under translations, therefore (under pure translations)

Sod(z) = 5(1"?“(5(35). (A.3.5)

We may now state the total functional change in the field due to a general Poincaré
transformation as

1

Sod(x) = [&W (@w + 23“”) + 5a/~‘134 é(x) (A.3.6)

and, employing the second term in ([2.2.10)), find the conserved currents of (2.3.5)).

A.4 Finite Dimensional Representations

Given the importance of the finite dimensional representations of the Lorentz algebra, let
us classify them. These representations act on finite dimensional vector spaces and, as far
as the standard model is concerned, only four of them participate. The simplest of these
is the trivial representation, for which G is zero. This is the scalar field, for which the
transformation matrix lA)(w) =1
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To construct the non-trivial representations, it is best to return to the non-covariant
form of the generators, U; and K;, which satisfy (A.2.5)). If we define

~

Li= % (17,- + zf?) , Ri= % ((7; - zf?) (A4.1)

then it follows that the generators {{f;} and {K;} commute with one another, while each
satisfies the same commutation relations,

[ﬁ:u ;‘] = —eijkz/li
[731',7};'] = —€i;kRi
LRy =0 (A.4.2)

In this way, the Lorentz algebra has turned into two copies of the algebra of the group
SU(2), i.e., s0(3,1) ~ su(2) x su(2). The finite dimensional representations of SU(2) are
well known, wviz., the spin j/2 representations with j being any whole number. Let us
consider how these come about.

Consider the algebra of either LorR (say 2), defining Ei = %(21 + iEg),

N

[é—i—a /Z\"\—} = 7‘2%\

(L3, Ly] =+ily (A.4.3)
and let |I) be an eigenstate of L3, with eigenvalue m, i.e., L3|l) = im|m) (the eigenvalues
are imaginary because the generators, as defined, are zintihermitean). It follows _that
Li|m) is an eigenstate of L3 of eigenvalue m + 1 and £_|m) is an eigenstate of L3 of
eigenvalue m — 1, as follows:

L3L4|m) = L Ls|m) +iL|m) = i(m + 1)L |m)

L3L_|m) = L_L3|m) —il_|m) =i(m — 1)Li|m) (A.4.4)
By succesively applying E+ to any state, we could generate an infinite set of eigenstates
of L3, unless there is a state, |l), for which

L) =0

This is called the highest weight state and will determine the dimension of the represen-
tation, so let us label the eigenstates of L3 with [ as well as m, taking L3]I, m) = im|l, m),
m < [. Furthermore, we will have

Lill,m)y =N |l,m+1), L_|l)=N;, |l,m—1) (A.4.5)
where N* are to be determined, and Nﬁl = 0. Any state, |[,m) can be recovered from the
highest weight state by a successive application of EA,, since

L™ = Ny Nig -+ NlLm) (A.4.6)



xii APPENDIX A. THE POINCARE GROUP

Now,

L, L™ = Ly-L5™L) =N

st N oo NG Lol m)

,m+2 "

= Niwsr Nigo o Ny NG Lm+-1) (A.4.7)

because E+|l ,1) = 0. However, applying the algebra, we find that

l—m—1
Ly, LMy = > Lr Ly L] L)
r=0
l—m—1 R R R
=iy L7-Ly-L7™TTYLI
r=0
I—m—1 R
= - (m+r+ 1)L L
r=0
— —m-=11 ~
— [(m—|— (i —m)+ U m)(l2 m= D] gimm-ry gy
1 ~
= —yU=—m)(l+m+ DL (A.4.8)
and putting this together with (A.4.7)) we have
1
N1 - N = —5(=m)(+m+1) (A.4.9)
But the generators are antihermitean, which implies that
(,m|_|Lm + 1) = (Lm + 1L L,m) = —(I,m + 1|L4|l,m) (A.4.10)

and therefore (N )" = —Nl+m. Again, since NZJFZ = 0, it follows that

N = \ji\/(l —m)(l+m+1)

N, = \%\/(z Tm)(—m+1) (A.4.11)

Notice N, = vanishes when m = —I, so the representation is 2/ + 1 dimensional. Fur-

thermore, the state |, —[) is arrived at after an integer number of applications of L_ to
the highest weight state, so 2] is an integer and 2m must be an integer as well. There is
exactly one irreducible representation for each [ € {0, %, 1, %, ...} and, because the fields
will transform in some representation of two copies of su(2), we’ll say that they trans-
form in the (,7) representation, where [ will refer to the representation of L and r to the

representation of R in which they transform.
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A.5 Spinors and Vectors
As an example, let us construct the lowest non-trivial representation, | = % The vector
space is two dimensional, so we will take it to be spanned by the unit (basis) vectors

0= mip-p=()

for which

and hence
~ 7 1/0 4 ~ 7 1/0 1 ~ ) 1 /4 0
£1_201_2<i 0>’ Lr=gm=51{_ 0)’ 53_2”3_2<0 —z’)‘ (A.5.2)

Consider fields that transform under £ but not under R. In this case,

~ ~ ~ 1
U, =iK;, = U;=L; = %O'Z' and K; = 50'2‘ (A.5.3)

They are called “left handed spinors” and are said to transform in the (%, O) representation
of SO(3,1), o
Dp(w) = este =13, (A5.4)

where a’ are real rotation angles and b’ are parameters of the boosts. “Right handed
spinors” would transform under R, but are unchanged by £, so that

. P ; 1
U =—ik, = U;=R; = %a,- and K; = —> 0. (A.5.5)

They are in the (0, %) representation of SO(3,1),
Dp(w) = ez(@+ib)a:, (A.5.6)

Spinors are a pair of complex fields because the representations of SU(2) are necessarily
complex. Let ¢y and v¢p represent the left /right handed spinors, then

dr(e) = v (a) = Dr(whir(e) = ¢2 @7y, (2)
Yr(x) = YR(2") = Dr(w)Pr(z) = e2 @ T (2) (A5.7)

Similarly,

W (x) = U () = (Dr(w)p(e))* = e 3@ 7 g ()
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W(z) = P (z') = (Dr(w)pr(z))* = e 2@ =7y (1) (A.5.8)
but, if we define € = o5, we find that € 57 = —&; € and it follows that
i (z) — e (a)) = cem 2@ HiDIF Y (1) = e2(a"Fb)Tigyx () (A.5.9)

which is precisely the transformation of y)g(x). Likewise, €y}, (x) will transform as ¥ (z).
Since a Lagrangian for the two component spinors would involve both the field and its
conjugate, one can work with either left or right handed Weyl spinors.

Under a parity transformation, rotation generators remain unchanged but boost gener-
ators change sign, causing ¢7, to transform as ¥'g and vice-versa. A theory that is invariant
under parity must therefore include both left and right handed spinors. These are the four
component “bispinors” or Dirac spinors that transform in the direct sum, (%, 0) @ (O, %),
representation of su(2) x su(2),

A_i o, 0 A.—l o; 0 _ Vr
Ui_?(O (Ti>’ Kl_2<0 _O.i)a ¢D_<wR> (A.5.10)

The boosts and rotations are readily verified by writing the matrix S of (3.3.16) in the
Weyl basis (3.2.4). It is now easy to see that the combination

— 0 1 L
G = v = (v, ) <1 O) (jR) — w6l on + vl (A5.11)
is Lorentz invariant.

We now turn to the vector representations, (%, %) = (%,0) ® (0, %) of su(2) x su(2).
These are four dimensional representations, produced by taking the tensor product, ﬁL ®
Dpg, of the two dimensional representations and, by looking at the infinitesimal transfor-

mations, the generators are seen to be
ﬁi:Ez’@l‘f‘l@ﬁi, f?i:Ei(@l—l@ﬁi. (A.5.12)

Given £ and R in (A.5.2)),

ﬁi:%(ai@@l—i—l@ai), I?i:%(aie@l—l@ai), (A.5.13)
which give
01 10 0 1 1 0 1 0 0 O
I A (e
01 10 0O -1 -1 0 00 0 -1
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and
0 -1 1 0 0 -1 1 0 00 0 0
~ 1l=-1 0 o0 1 . il1 0 0 1 - 01 0 0
Bi=g511 o o -1l ®=731 0 0o -1 ™= o0 -1 0
0 1 -1 0 0 -1 1 0 00 0 0
(A.5.15)

While these look nothing like the representations we had earlier for the action of rotations

(in (A.1.9)) and boosts (in (A.2.3)) on four vectors, they are in fact related by a similarity
transformation, G — G/ = W G W™, where

0 1 -1 0
= 111 0 0 -1
- A5.1
W V2 i 0 0 4 (A-5.16)
0 -1 -1 0
W is unitary and generates a change in basis,
T — 1y t
1 t—z x
il , A5.17
—x — 1Y z

so the standard representation for D (%, %) is just given with respect to a different basis.

In a coordinate basis, the finite dimensional vector representations of the Lorentz algebra

~

can be given simply as (Guu)aﬁ = 5;“(55 — 55(53, which was used in (2.7.21]) to define the
spin of the vector field in (2.7.23]) and (4.3.5).
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