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Chapter 1

NEWTONIAN
COSMOLOGY

1.1 Introduction

Many of the modern ideas in cosmology can be explained without the need
to discuss General Relativity. The present chapter represents an attempt to
do this based entirely on Newtonian mechanics. The equations describing
the velocity (called the Friedmann equation) and acceleration of the universe
are derived from Newtonian mechanics and also the cosmological constant
is introduced within a Newtonian framework. The equations of state are
also derived in a very simple way. Applications such as conservation laws,
the age of the universe and the inflation, radiation and matter dominated
epochs are discussed.

1.2 Equation of State

In what follows the equation of state for non-relativistic matter and radiation
will be needed. In particular an expression for the rate of change of density,
p, will be needed in terms of the density p and pressure p. (The definition
t = %7, where t is time, is being used.) The first law of thermodynamics is

dU + dW = dQ (1.1)

where U is the internal energy, W is the work and @ is the heat transfer.
Ignoring any heat transfer and writing dW = Fdr = pdV where F is the

5



6 CHAPTER 1. NEWTONIAN COSMOLOGY

force, r is the distance, p is the pressure and V' is the volume, then
dU = —pdV. (1.2)

Assuming that p is a relativistic energy density means that the energy is
expressed as
U=pV (1.3)

from which it follows that
U=pV+pV=—pV (1.4)

where the term on the far right hand side results from equation (1.2). Writing
V o r3 implies that % = 3;. Thus

b:—ﬂp+mg (1.5)

1.2.1 Matter

Writing the density of matter as

M
,0 = 4 3 (16)
§7T7’
it follows that J )
. P . r
= —7=-3p— 1.7
p=r P (1.7)
so that by comparing to equation (1.5), it follows that the equation of state

for matter is
p=0. (1.8)

This is the same as obtained from the ideal gas law for zero temperature.
Recall that in this derivation we have not introduced any kinetic energy, so
we are talking about zero temperature.

1.2.2 Radiation

The equation of state for radiation can be derived by considering radiation
modes in a cavity based on analogy with a violin string [12]. For a standing
wave on a string fixed at both ends

L= (1.9)



1.3. VELOCITY AND ACCELERATION EQUATIONS 7

where L is the length of the string, A is the wavelength and n is a positive
integer (n = 1,2,3.....). Radiation travels at the velocity of light, so that

c=f\= f% (1.10)

where f is the frequency. Thus substituting f = 57 c into Planck’s formula
U = hw = hf, where h is Planck’s constant, gives

1
nhel s, (1.11)

V=731

Using equation (1.2) the pressure becomes

p=-T =31, (1.12)
Using p = U/V, the radiation equation of state is
1
p=3p (1.13)
It is customary to combine the equations of state into the form
p=1p (1.14)

3

where v = 1 for radiation and v = 0 for matter. These equations of state
are needed in order to discuss the radiation and matter dominated epochs
which occur in the evolution of the Universe.

1.3 Velocity and Acceleration Equations

The Friedmann equation, which specifies the speed of recession, is obtained

by writing the total energy E as the sum of kinetic plus potential energy

terms (and using M = %W“Sp )

M 1
m_ L - ?m (1.15)

1
E:T+V:§mf«2—a
where the Hubble constant H = ;, m is the mass of a test particle in the
potential energy field enclosed by a gas of dust of mass M, r is the distance
from the center of the dust to the test particle and G is Newton’s constant.
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Recall that the escape velocity is just vescape = \/ QGTM = \/ %pﬂ, so that
the above equation can also be written

= 02 ape — K13 — 2 (1.16)
with &' = —%. The constant k' can either be negative, zero or positive

corresponding to the total energy E being positive, zero or negative. For
a particle in motion near the Earth this would correspond to the particle
escaping (unbound), orbiting (critical case) or returning (bound) to Earth
because the speed 7 would be greater, equal to or smaller than the escape
speed Vescape- Later this will be analagous to an open, flat or closed universe.
Equation (1.15) is re-arranged as

H? = S Pt 5133 (1.17)

Defining k = _n%% and writing the distance in terms of the scale factor R

and a constant length s as r(t) = R(t)s, it follows that £ = £ and L = £

giving the Friedmann equation
R
H2 = (= 2 _
()

G k

— P =5 1.1

which specifies the speed of recession. The scale factor is introduced because
in General Relativity it is space itself which expands [19]. Even though this
equation is derived for matter, it is also true for radiation. (In fact it is also
true for vacuum, with A = 871G pyqe, where A is the cosmological constant
and pyqc is the vacuum energy density which just replaces the ordinary den-
sity. This is discussed later.) Exactly the same equation is obtained from
the general relativistic Einstein field equations [13]. According to Guth [10],
k can be rescaled so that instead of being negative, zero or positive it takes
on the values —1,0 or +1. From a Newtonian point of view this corresponds
to unbound, critical or bound trajectories as mentioned above. From a geo-
metric, general relativistic point of view this corresponds to an open, flat or
closed universe.

In elementary mechanics the speed v of a ball dropped from a height r
is evaluated from the conservation of energy equation as v = /2gr, where
g is the acceleration due to gravity. The derivation shown above is exactly
analagous to such a calculation. Similarly the acceleration a of the ball is
calculated as a = g from Newton’s equation F' = m#, where F' is the force
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and the acceleration is 7 = %. The acceleration for the universe is obtained

from Newton’s equation
Mm .

4

Again using M = gm"Sp and % = % gives the acceleration equation

— = r =—=——0. (1.20)

However because M = %m'?’p was used, it is clear that this acceleration

equation holds only for matter. In our example of the falling ball instead of

the acceleration being obtained from Newton’s Law, it can also be obtained
by taking the time derivative of the energy equation to give a = % = v% =
(\/2gr)(\/292\1/;) = ¢. Similarly, for the general case one can take the time
derivative of equation (1.18) (valid for matter and radiation)

d oy oow STGd,
G = 2R = = T (0R). (1.21)

Upon using equation (1.5) the acceleration equation is obtained as

R ArG drG
7= 3 (p+3p)=———(L+7)p (1.22)
which reduces to equation (1.20) for the matter equation of state (y = 0).

Exactly the same equation is obtained from the Einstein field equations [13].

1.4 Cosmological Constant

In both Newtonian and relativistic cosmology the universe is unstable to
gravitational collapse. Both Newton and Einstein believed that the Universe
is static. In order to obtain this Einstein introduced a repulsive gravitational
force, called the cosmological constant, and Newton could have done exactly
the same thing, had he believed the universe to be finite.

In order to obtain a possibly zero acceleration, a positive term (conven-

tionally taken as % ) is added to the acceleration equation (1.22) as

R yve. A
— - - 1.2
7 3 (p+3p) + 3 (1.23)
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which, with the proper choice of A can give the required zero acceleration
for a static universe. Again exactly the same equation is obtained from the
Einstein field equations [13]. What has been done here is entirely equivalent
to just adding a repulsive gravitational force in Newton’s Law. The question
now is how this repulsive force enters the energy equation (1.18). Identifying
the force from

T R Frepulsive A
= o Trepbsive 1.24
r R mr 3 ( )
and using
A dv
Frepulsive = ng‘ = _W (125)
gives the potential energy as
1A
V;ﬂepulsive = _§§m7‘2 (126)

which is just a repulsive simple harmonic oscillator. Substituting this into
the conservation of energy equation

&G A

E=T =3 - -5 = —mr?(H?> - ——p— =) (1.2
+V mr — G . 53 M 2mr( 3 P 3)( 7)
gives
R, 8G k A
H=(5)P=—"Fp— 5+ = 1.28
B =3 mts (1.28)

Equations (1.28) and (1.23) constitute the fundamental equations of motion
that are used in all discussions of Friedmann models of the Universe. Exactly
the same equations are obtained from the Einstein field equations [13].

Let us comment on the repulsive harmonic oscillator obtained above.
Recall one of the standard problems often assigned in mechanics courses.
The problem is to imagine that a hole has been drilled from one side of the
Earth, through the center and to the other side. One is to show that if a
ball is dropped into the hole, it will execute harmonic motion. The solution
is obtained by noting that whereas gravity is an inverse square law for point
masses M and m separated by a distance r as given by F' = G ]\g”, yet if one
of the masses is a continous mass distribution represented by a density then
F=G %mer. The force rises linearly as the distance is increased because
the amount of matter enclosed keeps increasing. Thus the gravitational force
for a continuous mass distribution rises like Hooke’s law and thus oscillatory
solutions are encountered. This sheds light on our repulsive oscillator found
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above. In this case we want the gravity to be repulsive, but the cosmological
constant acts just like the uniform matter distribution.

Finally authors often write the cosmological constant in terms of a vac-
uum energy density as A = 87Gpyqc s0 that the velocity and acceleration
equations become

R 871G kA 871G
H2E—2: _ = vac) — =5 1.29
(%) 3 Pt 3= 3 (Ppae) — 5 (1.29)
and
R 4G A 4G 87G
——=_"0 =1 —— Pvac- 1.
7 3 ( +7)p+3 3 (1+y)p+ 3 P (1.30)

1.4.1 Einstein Static Universe

Although we have noted that the cosmological constant provides repulsion,
it is interesting to calculate its exact value for a static universe [14, 15]. The
Einstein static universe requires R = Ry = constant and thus R=R=0.
The case R = 0 will be examined first. From equation (1.23) this requires
that

A =4nG(p + 3p) = 4nG(1 + 7)p. (1.31)

If there is no cosmological constant (A = 0) then either p = 0 which is an
empty universe, or p = —% p which requires negative pressure. Both of these
alternatives were unacceptable to Einstein and therefore he concluded that
a cosmological constant was present, i.e. A # 0. From equation (1.31) this
implies

B A
 A4nG(1 +7)

and because p is positive this requires a positive A. Substituting equa-
tion (1.32) into equation (1.28) it follows that

p (1.32)

A= M[(£)2+%]_ (1.33)
0

34+v " Ro
Now imposing R = 0 and assuming a matter equation of state (y = 0)
implies A = %. However the requirement that A be positive forces k = +1
0
giving

2

1
A = — = constant. (1.34)
RO
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Thus the cosmological constant is not any old value but rather simply the
inverse of the scale factor squared, where the scale factor has a fixed value

in this static model.



Chapter 2

APPLICATIONS

2.1 Conservation laws

Just as the Maxwell equations imply the conservation of charge, so too do
our velocity and acceleration equations imply conservation of energy. The
energy-momentum conservation equation is derived by setting the covariant
derivative of the energy momentum tensor equal to zero. The same result is
achieved by taking the time derivative of equation (1.29). The result is

p‘+3(p—|—p)% =0. (2.1)
This is identical to equation (1.5) illustrating the intersting connection be-
tweeen thermodynamics and General Relativity that has been discussed re-
cently [16]. The point is that we used thermodynamics to derive our velocity
and acceleration equations and it is no surprise that the thermodynamic for-
mula drops out again at the end. However, the velocity and acceleration
equations can be obtained directly from the Einstein field equations. Thus
the Einstein equations imply this thermodynamic relationship in the above
equation.

The above equation can also be written as

dR?

d
E(PR% TP T 0 (2.2)

and from equation (1.14), 3(p+p) = (3 + 7)p, it follows that

%(pR:HV) =0. (2.3)

13
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Integrating this we obtain
c

P = R3HY (2.4)

where c is a constant. This shows that the density falls as % for matter and
% for radiation as expected.

Later we shall use these equations in a different form as follows. From
equation (2.1),

1
p+3(p+p)p =0 (2.5)

where primes denote derivatives with respect to R, i.e. 2’ = dz/dR. Alter-
natively

d
T (PR) +3pR* =0 (2.6)
so that
L d sy
WE(PR )=0 (2.7)

which is consistent with equation (2.4)

2.2 Age of the Universe

Recent measurements made with the Hubble space telescope [17] have de-
termined that the age of the universe is younger than globular clusters. A
possible resolution to this paradox involves the cosmological constant [18].
We illustrate this as follows.

Writing equation (1.28) as

. G
R = =2 (p+ puad) B — b (2.8)
the present day value of k is
rG
k= 3 ——(po + POvac)R2 H(%R?) (2.9)

with H? = ( ) Present day values of quantities have been denoted with a
subscript 0. Substltutmg equation (2.9) into equation (2.8) yields

. 81G
R? = 3 ———(pR? — poR3 + pacR® — povacR3) — HERE. (2.10)
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Integrating gives the expansion age

T /Ro dR /Ro dR
0= — = .

o B Jo |\ [S1G(pR? — poR2 + puacR? — povacR]) — HIR3

(2.11)

For the cosmological constant pyee = povec and because R? < R% then a
non zero cosmological constant will give an age larger than would have been
obtained were it not present. Our aim here is simply to show that the
inclusion of a cosmological constant gives an age which is larger than if no
constant were present.

2.3 Inflation

In this section only a flat k = 0 universe will be discussed. Results for
an open or closed universe can easily be obtained and are discussed in the
references [13].

Currently the universe is in a matter dominated phase whereby the dom-
inant contribution to the energy density is due to matter. However the early
universe was radiation dominated and the very early universe was vacuum
dominated. Setting k = 0, there will only be one term on the right hand
side of equation (1.29) depending on what is dominating the universe. For a
matter (v = 0) or radiation (v = 1) dominated universe the right hand side
will be of the form # (ignoring vacuum energy), whereas for a vacuum
dominated universe the right hand side will be a constant. The solution
to the1 Friedmann equation for a radiation dominated univerge will thus be
R o t2, while for the matter dominated case it will be R o ¢3. One can see
that these results give negative acceleration, corresponding to a decelerating
expanding universe.

Inflation [19] occurs when the vacuum energy contribution dominates the
ordinary density and curvature terms in equation (1.29). Assuming these
are negligible and substituting A = constant, results in R o exp(t). The
acceleration is positive, corresponding to an accelerating expanding universe
called an inflationary universe.
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2.4 Quantum Cosmology

2.4.1 Derivation of the Schrodinger equation

The Wheeler-DeWitt equation will be derived in analogy with the 1 dimen-
sional Schrodinger equation, which we derive herein for completeness. The
Lagrangian L for a single particle moving in a potential V' is

L=T-V (2.12)

where T' = %mﬁ is the kinetic energy, V' is the potential energy. The action

is S = [ Ldt and varying the action according to §S = 0 results in the
Euler-Lagrange equation (equation of motion)

d 0L oL
E(%) o (2.13)
or just
. 0L
P=— 2.14
e (2.14)
where oL
P=—. 2.1
ot (2.15)

(Note P is the momentum but p is the pressure.) The Hamiltonian H is
defined as

H(P,x) = Pz — L(z,x). (2.16)
For many situations of physical interest, such as a single particle moving in
a harmonic oscillator potential V' = %kxz, the Hamiltonian becomes

P2
H=T+V=-—+V=E (2.17)
2m

where E is the total energy. Quantization is achieved by the operator re-
placements P — P = —ia% and E — E = i% where we are leaving off
factors of h and we are considering the 1-dimensional equation only. The
Schrodinger equation is obtained by writing the Hamiltonian as an operator
H acting on a wave function ¥ as in

HU = BV (2.18)
and making the above operator replacements to obtain
1 92 %)
—— VU =iV 2.19
( 2m Ox2 +V) "ot (2.19)

which is the usual form of the 1-dimensional Schrodinger equation written
in configuration space.
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2.4.2 Wheeler-DeWitt equation

The discussion of the Wheeler-DeWitt equation in the minisuperspace ap-
proximation [20, 21, 11, 22] is usually restricted to closed (kK = +1) and
empty (p = 0) universes. Atkatz [11] presented a very nice discussion for
closed and empty universes. Herein we consider closed, open and flat and
non-empty universes. It is important to consider the possible presence of
matter and radiation as they might otherwise change the conclusions. Thus
presented below is a derivation of the Wheeler-DeWitt equation in the min-
isuperspace approximation which also includes matter and radiation and
arbitrary values of k.

The Lagrangian is

R k 81

L= —rRN(Z=)2 - 4 227 vac 2.20
R = 23 + o (0 prac)] (2:20)
with k = z%' The momentum conjugate to R is
p=2L_ _oni (2.21)
OR

Substituting L and P into the Euler-Lagrange equation, P— % = 0, equa-

tion (1.29) is recovered. (Note the calculation of % is simplified by using
the conservation equation (2.5) with equation (1.14), namely p’ + plq. =
—(3+7)p/R). The Hamiltonian H = PR — L is

. R k  8rG
H(R,R) = —an”[(E)2 + 5~ 3 (PF )] =0 (2.22)
which has been written in terms of R to show explicitly that the Hamiltonian
is identically zero and is not equal to the total energy as before. (Compare

equation (1.29)). In terms of the conjugate momentum

p? k 811G
P = — o] I — T T vac)] = 2.2

which, of course is also equal to zero. Making the replacement P — —i%

and imposing H¥ = 0 results in the Wheeler-DeWitt equation in the min-
isuperspace approximation for arbitrary k and with matter or radiation (p
term) included gives

0? 972 831G

{55 * 1gz|(FR = 5~ (0 + puac) R} = 0. (2.24)
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Using equation (2.4) the Wheeler-DeWitt equation becomes

2 2
O IR - %R“ - —87;Gc

{~2m 12 R} = 0. (2.25)

This just looks like the zero energy Schrodinger equation [21] with a potential

given by
A 871G
V(R) = kR* ~ SR - ”Tc

For the empty Universe case of no matter or radiation (¢ = 0) the po-
tential V(R) is plotted in Figure 1 for the cases k = +1,0, —1 respectively
corresponding to closed [21], open and flat universes. It can be seen that only
the closed universe case provides a potential barrier through which tunnel-
ing can occur. This provides a clear illustration of the idea that only closed
universes can arise through quantum tunneling [22]. If radiation (y = 1 and
¢ # 0) is included then only a negative constant will be added to the poten-
tial (because the term R~ will be constant for 4 = 1) and these conclusions
about tunneling will not change. The shapes in Figure 1 will be identical
except that the whole graph will be shifted downwards by a constant with
the inclusion of radiation. (For matter (y = 0 and ¢ # 0) a term growing
like R will be included in the potential which will only be important for very
small R and so the conclusions again will not be changed.) To summarize,
only closed universes can arise from quantum tunneling even if matter or
radiation are present.

R, (2.26)

2.5 Summary



2.6. PROBLEMS

2.6 Problems

2.1

19



20 CHAPTER 2. APPLICATIONS

2.7 Answers
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Chapter 3

TENSORS

3.1 Contravariant and Covariant Vectors

Let us imagine that an ’ordinary’ 2-dimensional vector has components (z, y)
or (z!,2?%) (read as z superscript 2 not x squared) in a certain coordinate
system and components (%, 7) or (Z',Z?) when that coordinate system is ro-

tated by angle 6 (but with the vector remaining fixed). Then the components

are related by [1]
cosf sind x
( ) N ( sinf cos6 ) ( y ) (3.1)

Notice that we are using superscipts (z) for the components of our or-
dinary vectors (instead of the usual subscripts used in freshman physics),
which henceforth we are going to name contravariant vectors. We empha-
size that these are just the ordinary vectors one comes across in freshman

< 8l

physics.
Expanding the matrix equation we have

T =xcost+ysind (3.2)
7= —xsinf + ycosb

from which it follows that
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%:—sme g—z:cose
so that
oz 0T
T=—— — 4
T=g@ + 8yy (3.4)
__ oy 0y
v= &fcw + oy
which can be written compactly as
9Tt
i ]
=57 (3.5)

where we will always be using the Einstein summation convention for doubly
repeated indices. (i.e. z;y; = Y., ziyi)

Instead of defining an ordinary (contravariant) vector as a little arrow
pointing in some direction, we shall instead define it as an object whose com-
ponents transform according to equation(3.5). This is just a fancy version
of equation(3.1), which is another way to define a vector as what happens
to the components upon rotation (instead of the definition of a vector as a
little arrow). Notice that we could have written down a diferential version
of (3.5) just from what we know about calculus. Using the infinitessimal da*
(instead of z?) it follows immediately that

oTt
ozJ

dz' = ——da’ (3.6)
which is identical to (3.5) and therefore we must say that dz’ forms an
ordinary or contravariant vector (or an infinitessimally tiny arrow).

While we are on the subject of calculus and infinitessimals let’s think
about aii which is kind of like the ’inverse’ of dz'. From calculus if f =

f(@,7) and T = T(x,y) and § = y(z,y) (which is what (3.3) is saying) then

of _ofor 01y

o7 oxom Ay O (37)
of _ofor  of oy
oy 0xdy Oydy
or simply ‘
of  of 02 (3.8)

ozt Oxd oFt
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Let’s ‘remove’ f and just write
o 027 0
oT'  0F Oxd’
which we see is similar to (3.5), and so we might expect that 9/dz% are
the ’components’ of a 'non-ordinary’ vector. Notice that the index is in the

denominator, so instead of writing /9% let’s just always write it as x; for
shorthand. Or equivalently define

(3.9)

T = 8(23i (3.10)
Thus A
j

T; = %xj. (3.11)

So now let’s define a contravariant vector A* as anything whose components
transform as (compare (3.5))

(3.12)

and a covariant vector A, (often also called a one-form, or dual vector or
covector)

(3.13)

In calculus we have two fundamental objects dz’ and the dual vector 9/dx".
If we try to form the dual dual vector 9/9(9/0x') we get back dx® [2]. A
set of points in a smooth space is called a manifold and where dz* forms a
space, 9/0z" forms the corresponding 'dual’” space [2]. The dual of the dual
space is just the original space dz?. Contravariant and covariant vectors are
the dual of each other. Other examples of dual spaces are row and column

matrices (z  y) and ( g > and the kets < a| and bras |a > used in quantum

mechanics [3].

Before proceeding let’s emphasize again that our definitions of contravari-
ant and covariant vectors in (3.13) and (3.13) are nothing more than fancy
versions of (3.1).
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3.2 Higher Rank Tensors

Notice that our vector components A* have one index, whereas a scalar
(e.g. t = time or T' = temperature) has zero indices. Thus scalars are called
tensors of rank zero and vectors are called tensors of rank one. We are
familiar with matrices which have two indices A;;. A contravariant tensor of
rank two is of the form A", rank three A**7 etc. A mized tensor, e.g. A~
is partly covariant and partly contravariant.

In order for an object to be called a tensor it must satisfy the tensor
transformation rules, examples of which are (3.13) and (3.13) and

Y 9zH 9T o
T = Gia 55T

(3.14)

Tl ozt 0z _,
T

(3.15)

v 92 077 027 g (3.16)
P Qx> 0P oz ’
Thus even though a matrix has two indices A;;, it may not necessarily be
a second rank tensor unless it satisfies the above tensor tranformation rules
as well. However all second rank tensors can be written as matrices.
Higher rank tensors can be constructed from lower rank ones by forming

what is called the outer product or tensor product [14] as follows. For instance

TS = A®Bg (3.17)
or
1% = ASBY. (3.18)

The tensor product is often written simply as
T=A®B (3.19)

(do Problem 3.1) (NNN Next time discuss wedge product - easy - just
introduce antisymmetry).

We can also construct lower rank tensors from higher rank ones by a
process called contraction, which sets a covariant and contravariant index
equal, and because of the Einstein summation convention equal or repeated
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indices are summed over. Thus contraction represents setting two indices
equal and summing. For example

T =T (3.20)

Thus contraction over a pair of indices reduces the rank of a tensor by two
[14].

The inner product [14] of two tensors is defined by forming the outer
product and then contracting over a pair of indices as

T§ = AYB). (3.21)

Clearly the inner product of two vectors (rank one tensors) produces a scalar
(rank zero tensor) as

AM'B,, = constant = A.B (3.22)

and it can be shown that A.B as defined here is a scalar (do Problem 3.2).
A scalar is a tensor of rank zero with the very special transformation law of
mvariance

c=c (3.23)

It is easily shown, for example, that A*B* is no good as a definition of inner
product for vectors because it is mot invariant under transformations and
therefore is not a scalar.

3.3 Review of Cartesian Tensors

Let us review the scalar product that we used in freshman physics. We wrote
vectors as A = A;é; and defined the scalar product as

A.B = ABcosf (3.24)

where A and B are the magnitudes of the vectors A and B and 6 is the
angle between them. Thus

AB-= Aiéi.Bjéj
= (€:.€;)AiB;
= 9ijAiBj (3.25)
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where the metric tensor g;; is defined as the dot product of the basis vectors.

A Cartesian basis is defined as one in which g;; = d;; (obtained from
é;.€j = |é]|éj|cos = cos® = 6;;). That is, the basis vectors are of unit
length and perpendicular to each other in which case

AB=A,B;
=A;By+ AyBy + ... (3.26)

where the sum (+...) extends to however many dimensions are being consid-
ered and
AA =A% = A4 (3.27)

which is just Pythagoras’ theorem, A.A = A% = A;A; = A2 + AZ + e
Notice that the usual results we learned about in freshman physics, equa-
. .. 1
tions (3.26) and (3.27), result entirely from requiring g;; = d;; = 0 (1)
in matrix notation.

We could easily have defined a non-Cartesian space, for example, g;; =

11
( 0 1 > in which case Pythagoras’ theorem would change to

AA= A= AA; = AL+ AL+ A A, (3.28)

Thus it is the metric tensor g;; = é;.¢; given by the scalar product of the
unit vectors which (almost) completely defines the vector space that we are
considering. Now let’s return to vectors and one-forms (i.e. contravariant
and covariant vectors).

3.4 Metric Tensor

We have already seen (in Problem 3.2) that the inner product defined by
A.B = A, B" transforms as a scalar. (The choice A*B" won’t do because
it is not a scalar). However based on the previous section, we would expect
that A.B can also be written in terms of a metric tensor. The most natural
way to do this is

AB=A,B"
= gijVBH (3.29)

assuming g, is a tensor.
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In fact defining A.B = A,B" = g, AY B" makes perfect sense because it
also transforms as a scalar (i.e. is invariant). (do Problem 3.3) Thus either
of the two right hand sides of (3.29) will do equally well as the definition of
the scalar product, and thus we deduce that

Ay = gAY

(3.30)

so that the metric tensor has the effect of lowering indices. Similarly it can
raise indices

(3.31)

How is vector A written in terms of basis vectors ? Based on our expe-
rience with Cartesian vectors let’s define our basis vectors such that

A.B=A,B"
= g A" B*
= (ey.e,)A”B* (3.32)

which imples that vectors can be written in terms of components and basis
vectors as

A = Ale,
= Aget (3.33)

Thus the basis vectors of a covariant vector (one-form) transform as con-
travariant vectors. Contravariant components have basis vectors that trans-
form as one-froms [5] (pg. 63-64).

The above results illuminate our flat (Cartesian) space results where
Guv = O, s0 that (3.31) becomes A* = A, showing that in flat space there
is no distinction between covariant and contravariant vectors. Because of
this it also follows that A = A,é, and A.B = A,B, which were our flat
space results.

Two more points to note are the symmetry

Juv = Guu (3.34)
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and the inverse defined by

Iuag™ =90, =g, (3.35)

so that g); is the Kronecker delta. This follows by getting back what we start
with as in Ay, = gAY = gug"* Ao = ) Aa.

3.4.1 Special Relativity

Whereas the 3-dimensional Cartesian space is completely characterized by
9w = Oy OF
10
Jguw =101
0 0
Obviously for unit matrices there is no distinction between ), and d,,. The
4-dimensional spacetime of special relativity is specified by

0
0 (3.36)
1

10 0 0
N = 8 _01 _01 8 (3.37)
0 0 0 -1
If a contravariant vector is specified by
AF = (A AY) = (A% A) (3.38)
it follows that the covariant vector is A, = 7,, A" or
Ay = (Ao, Aj) = (A% —A) (3.39)

Note that Ag = A°.

Ezercise: Prove equation (3.39) using (3.38) and (3.37).

Thus, for example, the energy momentum four vector p* = (E, p) gives
p?> = E? — p?. Of course p? is the invariant we identify as m? so that
E? = p? +m?.

Because of equation (3.38) we must have
0 0 0
implying that
0 0 0

ot = % = (a—x()?—V) = (Ea —V> (341)
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Note that 3° = 0y = % (with ¢ = 1). We define

0% = 9,0" = 9y0° + 9;0" = 9y0o — Di0;
0? , 02 9
= — — = — 3.42
0 V =gV (3.42)
(Note that some authors [30] instead define 0% = /% — g: ).
Let us now briefly discuss the fourvelocity u* and proper time. We shall
write out ¢ explicitly here.
Using dz* = (cdt,dx) the invariant interval is

ds? = dx,dat = *dt* — dx>. (3.43)

The proper time 7 is defined via

ds = cdr = — (3.44)
8
which is consistent with the time dilation effect as the proper time is the
time measured in an observer’s rest frame. The fourvelocity is defined as
dxt

ut = o = (ye,yv) (3.45)

such that the fourmomentum is

FE
P =mut = (=,p) (3.46)

where m is the rest mass.
Erercise: Check that (mut)? = m2c?. (This must be true so that E? =
(pe)? + (mc?)?).

3.5 Christoffel Symbols

Some good references for this section are [7, 14, 8]. In electrodynamics in
flat spacetime we encounter
E=-vo¢ (3.47)

and
B=yv xA (3.48)



32 CHAPTER 3. TENSORS

where E and B are the electric and magnetic fields and ¢ and A are the scalar
and vectors potentials. 5/ is the gradient operator defined (in 3 dimensions)
as

v = i0/0z + j0/dy + kD)=
= éﬁ/&xl + éga/axg + éga/axg. (3.49)

Clearly then ¢ and A are functions of z,y,z, i.e. ¢ = ¢(z,y,2) and
A = A(z,y, z). Therefore ¢ is called a scalar field and A is called a vector
field. E and B are also vector fields because their values are a function of
position also. (The electric field of a point charge gets smaller when you
move away.) Because the left hand sides are vectors, (3.47) and (3.48) imply
that the derivatives §¢ and 6 x A also transform as vectors. What about
the derivative of tensors in our general curved spacetime 7 Do they also
transform as tensors ?

Consider a vector field A, (z") as a function of contravariant coordinates.
Let us introduce a shorthand for the derivative as

W04,

wr =g (3.50)

We want to know whether the derivative A, , is a tensor. That is does A, ,,

transform according to ZM,V = g%i g%f Ay - 7 To find out, let’s evaluate the

derivative explicitly

. 0A, 0 oa°
Anr = 500 = 5 o
0% 0A, 9% x™
- OTH ¥ 9TV OTH

An)

Aq (3.51)

but A, is a function of =¥ ng)t TV, 1le. Ay = An(z¥) # An(T¥) . Therefore
we must insert %’g{,’ = %’%gﬁu so that

8Zu 02 0z7 0A, 02

ozv Ozt oz¥ Oz 0T’ OTH
0z 07 0%x™
ozt oy ovozr

A

2l

(3.52)

We see therefore that the tensor transformation law for A, , is spoiled by
the second term. Thus A, , is not a tensor [8, 7, 14].
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To see why this problem occurs we should look at the definition of the
derivative [8],

0A, I Ay(x+dx) — Ay(x)

A,,=—F= .
Ho B’ duo dxv (3:53)
or more properly [7, 14] as limg,v— Ay (x7+d5;2_’4”(x7).

The problem however with (3.53) is that the numerator is not a vector
because A, (x + dx) and A, () are located at different points. The differnce
between two vectors is only a vector if they are located at the same point.
The difference betweeen two vectors located at separate points is not a vector
because the transformations laws (3.12) and (3.13) depend on position. In
freshman physics when we represent two vectors A and B as little arrows,
the difference A — B is not even defined (i.e. is not a vector) if A and B
are at different points. We first instruct the freshman student to slide one
of the vectors to the other one and only then we can visualize the difference
between them. This sliding is achieved by moving one of the vectors parallel
to itself (called parallel transport), which is easy to do in flat space. Thus
to compare two vectors (i.e. compute A — B) we must first put them at the
same spacetime point.

Thus in order to calculate A, (x + dx) — A, (x) we must first define what
is meant by parallel transport in a general curved space. When we parallel
transport a vector in flat space its components don’t change when we move
it around, but they do change in curved space. Imagine standing on the
curved surface of the Earth, say in Paris, holding a giant arrow (let’s call
this vector A) vertically upward. If you walk from Paris to Moscow and keep
the arrow pointed upward at all times (in other words transport the vector
parallel to itself), then an astronaut viewing the arrow from a stationary
position in space will notice that the arrow points in different directions in
Moscow compared to Paris, even though according to you, you have par-
allel transported the vector and it still points vertically upward from the
Earth. Thus the astronaut sees the arrow pointing in a different direction
and concludes that it is not the same vector. (It can’t be because it points
differently; it’s orientation has changed.) Thus parallel transport produces a
different vector. Vector A has changed into a different vector C.

To fix this situation, the astronaut communicates with you by radio and
views your arrow through her spacecraft window. She makes a little mark
on her window to line up with your arrow in Paris. She then draws a whole
series of parallel lines on her window and as you walk from Paris to Moscow
she keeps instructing you to keep your arrow parallel to the lines on her
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window. When you get to Moscow, she is satisfied that you haven’t rotated
your arrow compared to the markings on her window. If a vector is parallel
transported from an ’absolute’ point of view (the astronaut’s window), then
it must still be the same vector A, except now moved to a different point
(Moscow).

Let’s denote § A, as the change produced in vector A, (z*) located at 2
by an infinitessimal parallel transport by a distance dz®. We expect 04, to
be directly proportional to dz®.

dA, o dz® (3.54)

We also expect 0 A, to be directly proportional to A,; the bigger our arrow,
the more noticeable its change will be. Thus

0A, o A,dz® (3.55)

The only sensible constant of proportionality will have to have covariant p
and « indices and a contravariant v index as

6A, =T, Ay dx” (3.56)

where I'), are called Christoffel symbols or coefficients of affine connection
or simply connection coefficients . As Narlikar [7] points out, whereas the
metric tensor tells us how to define distance betweeen neighboring points, the
connection coefficients tell us how to define parallelism betweeen neighboring
points.
Equation (3.56) defines parallel transport. 64, is the change produced
in vector A, by an infinitessimal transport by a distance dz® to produce a
new vector C}, = A, +dA,. To obtain parallel transport for a contravariant
vector B* note that a scalar defined as A, B" cannot change under parallel
transport. Thus [8]
d(A,B") =0 (3.57)

from which it follows that (do Problem 3.4)
VAV = T8 A" dx“. (3.58)
We shall also assume [8] symmetry under exchange of lower indices,
I =15, (3.59)

(We would have a truly crazy space if this wasn’t true [8]. Think about it !)
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Continuing with our consideration of A,(z®) parallel transported an in-
finitessimal distance dz®, the new vector C,, will be

Co= Ay, + 5A,. (3.60)

whereas the old vector A, (z®) at the new position x4 dxz® will be A4, (z* +
dz®) . The difference betweeen them is

dA, = A, (2% + da®) — [A, (%) + 5A,] (3.61)

which by construction is a vector. Thus we are led to a new definition of
derivative (which is a tensor [8])

_d4, . Au(r +dr) — [Ay(x) +0A,]
A = o = g e (3:62)

Using (3.53) in (3.61) we have dAu = g;jgd V64, = Wedey — T, Acda®

and (3.62) becomes A, = fli‘;lﬁ = ax,, — I, Ac (because dﬂ;,, = (50‘) which
we shall henceforth write as

Ay = Ay — T A,

(3.63)

where A, , = 8 4. The derivative A, is often called the covariant deriva-
tive (w1th the word covariant not meaning the same as before) and one can
easily verify that A, is a second rank tensor (which will be done later in
Problem 3.5). From (3.58)

AlL = Al £ Th A€

(3.64)

For tensors of higher rank the results are, for example, [14, §]

A = AT A Ty
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(3.65)
and
Apn = Apwx = TinAar — T Ape (3.66)
and
Ay = Ay + TR AL T A2 (3.67)
and
A= AR F TR AS, £ TS AR S TOAM TG AR (3.68)

3.6 Christoffel Symbols and Metric Tensor

We shall now derive an important formula which gives the Christoffel symbol
in terms of the metric tensor and its derivatives [8, 14, 7]. The formula is

F%’Y = %gae(geﬂ,'y + 9ev,8 — 9Bv.e)-

(3.69)
Another result we wish to prove is that
e = (Inv/=g),u = 5[n(=9)]u
(3.70)
where
g = determinant|g,,|. (3.71)

Note that g # |¢"”|. Let us now prove these results.

Proof of Equation (3.69). The process of covariant differentiation should
never change the length of a vector. To ensure this means that the covariant
derivative of the metric tensor should always be identically zero,

Juv\ = 0. (372)
Applying (3.66)

uv:x = Guv, X — FZ)\gezx - F;Ague =0 (3.73)
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Thus

G = Tinger + ToAGe (3.74)
and permuting the uv A indices cyclically gives

I =TS gen + L9 (3.75)
and

g = Thugex + T390 (3.76)

Now add (3.75) and (3.76) and subtract (3.74) gives [§]
[DNTRY, + v — Guui = 2wag)\e (377)

because of the symmetries of (3.59) and (3.34). Multiplying (3.77) by ¢g'®
and using (3.34) and (3.35) (to give grcg® = gerg® = 62) yields

1
F,Ofu = igAa(gku,u + Guap — guy,)\)~ (378)

which gives (3.69). (do Problems 3.5 and 3.6).

Proof of equation (3.70) [14] (Appendix II) Using g“ges.a = 9980,
(obtained using the symmetry of the metric tensor and swapping the names
of indices) and contracting over av, equation (3.69) becomes (first and last
terms cancel)

1
Fg,a = §ga€(geﬁ,a + Gea, s — gﬁa,e)‘

1
= igaegea,,@ (379)
Defining g as the determinant |g,, | and using (3.35) it follows that
9g
= ggt"” 3.80
g~ %9 (3.80)

a result which can be easily checked. (do Problem 3.7) Thus (3.79) be-
comes
o _ 1 99 99
B 99 0gra 0P
1 0g
= 55 907
_101Ing
T2 0aP8
which is (3.70), where in (3.70) we write In(—g) instead of In g because g is
always negative.

(3.81)
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3.7 Riemann Curvature Tensor

The Riemann curvature tensor is one of the most important tensors in gen-
eral relativity. If it is zero then it means that the space is flat. If it is
non-zero then we have a curved space. This tensor is most easily derived
by considering the order of double differentiation on tensors [28, 2, 9, 7, 8|.
Firstly we write in general

02 A+
0xa0xP

o (3.82)
and also when we write A;” op We again mean second derivative. Many authors
instead write A% 5 = Af‘% g or Al 5= Af;; 5 We shall use either notation.

In general it turns out that even though A" 5= A’/‘g » however in general
it is true that Al 5 # Af; . Let us examine this in more detail. Firstly
consider the second derivative of a scalar ¢. A scalar does not change under
parallel transport therefore ¢., = ¢ . From (3.63) we have (¢., is a tensor,
not a scalar)

¢;/‘L;l’ = ¢’/‘L;y = ¢,M,l/ - FZV¢7€ (3‘83)

but because I'},,, = I';,, it follows that ¢,,, = ¢, meaning that the order
of differentiation does not matter for a scalar. Consider now a vector. Let’s
differentiate equation (3.64). Note that A, is a second rank tensor, so we
use (3.67) as follows

B Al Bope €
A;V;A - A;w\ + DAL — DAL

0
= w(Aff/) + T AL, — T Al
= Aff/,/\ + Fgf,)\AG + FIILJLGA,E)\ + FKEA,GZ/ - PIGJ)\A:MG (384)

Now interchange the order of differentiation (just swap the v and A indices)

AL, = AL T AT+ T AS, 4 Th AS, — T, AL (3.85)

pYNY

Subtracting we have

AL, - Al = AT

Ve,

0 0
- Fl)\Le,V + Fl/\t9rv6 - FﬁGFAE)
— ARV (3.86)

Aev

with the famous Riemann curvature tensor defined as
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v

Rs = 15,5 + 155, 165 — TG,

(3.87)

Ezercise: Check that equations (3.86) and (3.87) are consistent.

The Riemann tensor tells us everything essential about the curvature of
a space. For a Cartesian spcae the Riemann tensor is zero.

The Riemann tensor has the following useful symmetry properties [9]

Rg,y(s == _R%(S’y (388)
RS + R+ RSy =0 (3.89)

and
Raﬁ75 = _Rﬁa’y(s (390)

All other symmetry properties of the Riemann tensor may be obtained from
these. For example

Raﬂfy& = R’yéa,@ (391)
Finally we introduce the Ricci tensor [9] by contracting on a pair of indices
Rag = R (3.92)

which has the property
R.p = Rgq (3.93)

(It will turn out later that R,g = 0 for empty space [9] ). Note that the
contraction of the Riemann tensor is unique up to a sign, i.e. we could have
defined R, 5 or Rf 5 or R as the Ricci tensor and we would have the
same result except that maybe a sign differnce would appear. Thus different
books may have this sign difference.

However all authors agree on the definition of the Riemann scalar (ob-
tained by contracting )

R=R"=g"R,ps (3.94)
Finally the Einstein tensor is defined as
1
Guw =Ry — §Rg,w (3.95)

After discussing the stress-energy tensor in the next chapter, we shall put
all of this tensor machinery to use in our discussion of general relativity
following.

3.8 Summary



40 CHAPTER 3. TENSORS

3.9 Problems

3.1 If A* and B, are tensors, show that the tensor product (outer product)
defined by T} = A*B, is also a tensor.

3.2 Show that the inner product A.B = A*B,, is invariant under transfor-
mations, i.e. show that it satisfies the tensor transformation law of a scalar

(thus it is often called the scalar product).

3.3 Show that the inner product defined by A.B = g, A*B" is also a scalar
(invariant under transformations), where g, is assumed to be a tensor.

3.4 Prove equation (3.58).
3.5 Derive the transformation rule for ng Is ng a tensor 7
3.6 Show that A, is a second rank tensor.

3.7 Check that % = gg". (Equation (3.80)).



3.10. ANSWERS

3.10 Answers

no answers; only solutions

41
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3.11 Solutions

3.1

To prove that T# is a tensor we must show that it satisfies the

8
tensor transformation law T’L gii ‘gi TO‘

Proof T“ =A"B oz A*F oz? — Bg

V= gro

_ 93" 9P pa
— 0z~ Oxz” A B

__ 9z* 2P
— 0z 0z” Tﬁ

QED.

3.2

First let’s recall that if f = f(f,«) and 6 = 0(x,y) and o =
( ) then af of oz + df 8y __ Of Ox*

— 0x 00 " 9y 08 — Bzt 00 -

Now
1B — A'G. — 08" gada®
AB=A"B B, = aiaAaaiuBB

s
= Z o avn,
= gi”z A%Bg by the chain rule
=60 A“Bg
= A*B,

=A.B
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3.3
AB =7, "B

= S S gon G G AV
= 5 O S B Gop AT B
= 5 55 gas AV B

- 5,‘;‘5?901614735

= gapA*B”

= A°B,

— AB

3.4

3.5

3.6

3.7
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Chapter 4

ENERGY-MOMENTUM
TENSOR

It is important to emphasize that our discussion in this chapter is based
entirely on Special Relativity.

4.1 FEuler-Lagrange and Hamilton’s Equations

Newton’s second law of motion is

dp
F=— 4.1
or in component form (for each component F;)
d .
F, = api (4.2)

dt

where p; = m¢; (with ¢; being the generalized position coordinate) so that

dj’; = 1q; +mg;. If h = 0 then F; = mg; = ma;. For conservative forces

F = —<7V where V is the scalar potential. Rewriting Newton’s law we have
av d

AV _d 4.3

d.  di (md;) (4.3)

Let us define the Lagrangian L(g;, ¢;) = T —V where T is the kinetic energy.
In freshman physics T' = T'(¢;) = %mq? and V = V(g¢;) such as the harmonic
oscillator V(g;) = %k‘qf That is in freshman physics T is a function only
of velocity ¢; and V is a function only of position ¢;. Thus L(¢;,¢;) =

45
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T(¢;) — V(gi). It follows that gTLi = —% and % = g—qj.; = m¢; = p;. Thus
Newton’s law is
dp;
F, =
Codt
oL d 0L
or_4 (1.4
dq; dt " 9¢;

with the canonical momentum [1] defined as

The second equation of (4.4) is known as the Euler-Lagrange equations of
motion and serves as an alternative formulation of mechanics [1]. It is usually
written

d oL oL
—_— —_—— = 4n
dt (8(]2 ) qu ( 6)
or just
oL
)i = —— 4.
5= 5 (4.7)

We have obtained the Euler-Lagrange equations using simple arguments. A
more rigorous derivation is based on the calculus of variations [1] as discussed
in Section 7.3.

We now introduce the Hamiltonian H defined as a function of p and ¢ as

H(pi, ¢i) = pidi — L(qi, Gi) (4.8)

For the simple case T = %mq? and V' # V(¢;) we have pig—i = mg; so that
2 2 2
T =2 and pig; = % so that H(p;,q;) = 2pi +V(¢;)) =T + V which is the

 2m m
total energy. Hamilton’s equations of motion immediately follow from (4.8)

as

OH
opi

di (4.9)
because L # L(p;) and g—g = —g—é so that from (4.4)

oq

Pi- (4.10)
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4.2 Classical Field Theory

Scalar fields are important in cosmology as they are thought to drive infla-
tion. Such a field is called an inflaton, an example of which may be the Higgs
boson. Thus the field ¢ considered below can be thoguht of as an inflaton,
a Higgs boson or any other scalar boson.

In both special and general relativity we always seek covariant equations
in which space and time are given equal status. The Euler-Lagrange equa-
tions (4.6) are clearly not covariant because special emphasis is placed on
time via the ¢; and %(g—é) terms.

Let us replace the ¢; by a field ¢ = ¢(x) where 2z = (¢,x). The generalized
coordiante ¢ has been replaced by the field variable ¢ and the discrete index
i has been replaced by a continuously varying index z. In the next section
we shall show how to derive the Euler-Lagrange equations from the action
defined as

S = /Ldt (4.11)

which again is clearly not covariant. A covariant form of the action would
involve a Lagrangian density £ via

S = /£d4x = /Ed?’:cdt (4.12)

with L = [Ld3z. The term —2L in equation (4.6) gets replaced by the

9q;
covariant term —%(ﬁx). Any time derivative % should be replaced with

Oy = % which contains space as well as time derivatives. Thus one can
guess that the covariant generalization of the point particle Euler-Lagrange
equations (4.6) is

oL oL
8“8(8,@) 90 0 (4.13)
which is the covariant Euler-Lagrange equation for scalar fields. This will
be derived rigorously in the next section.
In analogy with the canonical momentum in equation (4.5) we define the

covariant momentum density

oL
I* = 4.14
90,9) 1
so that the Euler-Lagrange equations become
oL
O IIM = — (4.15)

d¢
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The canonical momentum is defined as

o 0L

=1 == (4.16)
The energy momentum tensor is (analagous to (4.8))
Ty = Hu0u¢ — gL (4.17)
with the Hamiltonian density
H= / Hd'x
H=Ty=0p—L (4.18)

4.2.1 Classical Klein-Gordon Field

In order to illustrate the foregoing theory we shall use the example of the
classical, massive Klein-Gordon field defined with the Lagrangian density
(HL units ?7?)

Lia = 5(0,60"6 — m?6?)
= L1~ (79— m?] (4.19)

The covariant momentum density is more easily evaluated by re-writing
Lra = 39" (0u00,¢ — m?¢?). Thus I = 5555 = 59"(530,0 + 0,007)
= 3050 + 0V 0%) = 5(0°¢ + 9*¢) = 9*¢. Thus for the Klein-Gordon
field we have

I = 9% (4.20)

giving the canonical momentum II = I = 60¢ =y = é,

Il =¢ (4.21)
Evaluating % = —m?¢, the Euler-Lagrange equations give the field equation
as 9,0'¢ +m>p or
(0% +m?)p =0

$— ¢ +m?p =0 (4.22)
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which is the Klein-Gordon equation for a free, massive scalar field. In mo-
mentum space p®> = —02, thus

(P> —m*)¢ =0 (4.23)

(Note that some authors [30] define O? = /* — 88—:2 different from (3.42), so
that they write the Klein-Gordon equation as (02 —m?)¢ = 0 or (p>+m?)¢ =
0.)
The energy momentum tensor is
T =11,0,¢ — gL
= u¢8u¢ - guuﬁ
1

= u¢au¢ - §guu(aa¢aa¢ - m2¢2)' (4'24)

Therefore the Hamiltonian density is H = Tpy = &2 — %(8a¢8°‘¢ — m2¢?)
which becomes [31]

ol 1 2, 1 9.9
H=5¢"+5(Ve) +5m7e
= S+ (99)? + m?6?) (125)

where we have relied upon the results of Section 3.4.1.

4.3 Principle of Least Action

derive EL eqns properly for ¢ and ¢ (do later). Leave out for now.

4.4 Energy-Momentum Tensor for Perfect Fluid

The best references for this section are [9](Pg. 124-125), [7], and [32](Pg.
155). The book by D’Inverno [32] also has a nice discussion of the Navier-
Stokes equation and its relation to the material of this section. Other ref-
erences are [8](Pg. 83), [15](Pg. 330), [33](Pg. 259), [34](Pg. 38), and
[2].

These references show that the energy-momentum tensor for a perfect

fluid is
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[T = (p+p)utu’ — pn|

(4.26)

where p is the energy density and p is the pressure. We shall now work this
out for several specific cases [9]. Fig. 2.5 of Narlikar’s book [7] is particularly
helpful.

Motionless dust represents a collection of particles at rest. Thus u* =
(¢,0), so that T% = p. The equation of state for dust is p = 0 so that
T#=0=T%=T%". Thus

TH = (4.27)

O O oD
o O O O
o O O O
o O O O

Motionless fluid representes a collection of particles all mowving randomly
(such that they exert a pressure) but the whole collection is at rest, such
as a gas of particles at non-zero temperature, but confined in a motionless
container. In this case u* = (¢, 0) again, but now p # 0. Thus again T% = p
but now T% = p and T% = 0 so that

p 0 0 0
0 p 00
w
T 00 p 0 (4.28)
00 0 p
Motionless radiation is characterized by the equation of state p = %p.

Again the radiation is confined to a container not in motion so that u* =
(v¢,0). (The % just comes from randomizing the pressure in 3 dimensions
[7].) Thus

4
THY — g pu“u” _ 5 PUW
p 0 0 0
0 ip 0 0
— 3
00 lp 0 (4.29)
00 0 3p

Thus the general case is the motionless fluid energy-momentum tensor
in equation (4.28). The special cases of motionless dust or motionless radi-
ation are obtained with the respective substitutions of p = 0 or p = %p in
equation (4.28).
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4.5 Continuity Equation

In classical electrodynamics the fourcurrent density is j* = (cp,j) and the
covariant conservation law is J,j* = 0 which results in the equation of
continuity % + . = 0. This can also be obtained from the Maxwell
equations by taking the divergence of Ampere’s law. (do Problems 4.1
and 4.2) Thus the four Maxwell equations are entirely equivalent to only
three Maxwell equations plus the equation of continuity.

We had a similar situation in Chapters 1 and 2 where we found that the
velocity and acceleration equations imply the conservation equation. Thus
the two velocity and acceleration equations are entirely equivalent to only
the velocity equation plus the conservation law.

In analogy with electrodynamics the conservation law for the energy-
momentum tensor is

TH =0 (4.30)

In the next chapter we shall show how equation (2.1) can be derived from
this.

4.6 Interacting Scalar Field

We represent the interaction of a scalar field with a scalar potential V' (¢).
Recall our elementary results for L =T -V = %mqf — V(g;) for the coordi-
nates ¢;. These discrete coordinates ¢; have now been replaced by continuous
field variables ¢(z) where ¢ has replaced the generalized coordinate ¢ and
the discrete index 7 has been replaced by a continuous index x. Thus V(g;)
naturally gets replaced with V(¢) where ¢ = ¢(x).

Thus for an interacting scalar field we simply tack on —V'(¢) to the free

Klein-Gordon Lagrangian of equation (4.19) to give

L= (060" —m*6?) — V(9)
=Lo+ L; (4.31)

where Lo = Lgg and L7 = —V(¢). Actually the Lagrangian of (4.31)
refers to a minimally coupled scalar field as opposed to conformally coupled
[21] (Pg. 276). It is important to emphasize that V(¢) does not contain
derivative terms such as d,¢. Thus the covariant momentum density and
canonical momentum remain the same as equations (4.20) and (4.21) for the
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free particle case namely II* = 0%¢ and 7™ = gb Solving the Euler-Lagrange
equations now gives

(O +m?)p+V' =0

b—P2p+mPe+V =0 (4.32)
with o
= 4.
V= (4.33)

The energy-momentum tensor is the same as for the free particle case,
equation (4.24), except for the addition of g,V (¢) as in

T;w = au¢au¢ - guu[%(aa¢aa¢ - m2¢2) - V(qb)] (4'34)

yielding the Hamiltonian density the same as for the free particle case, equa-
tion (4.25), except for the addition of V(¢) as in

H =Ty = %¢2 + %(V@Z + %m2¢2 + V(o)

1
= 5[ +(76)* +m?*¢°] + V(9). (4.35)
The purely spatial components are Ty; = 0;¢0;¢p— gii[%(ﬁaqb@aqb—m?qﬁz) —
V(¢)] and with g;; = —1 (i.e. assume Special Relativity NNN) we obtain

Ti = 3+ S (V9 — 5m?6 — V(9) (436)
Note that even though 7j; has repeated indices let us not assume ), is
implied in this case. That is T;; refers to T;; = 111 = T2 = T33 and not
Ty = T11 + Too + T33. Some authors (e.g Serot and Walecka [34]) do assume
the latter convention and therefore will disagree with our results by %

Let us assume that the effects of the scalar field are averaged so as
to behave like a perfect (motionless) fluid. In that case, comparing equa-
tion (4.28), we make the identification [13, 34]

E=p=<Ty > (4'37)

and
p=<T; > (4.38)
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where £ = p is the energy density and p is the pressure. (Note that because
Serot and Walecka do assume the Einstein summation convention for Tj;,
they actually write p = % < Tj; >.) Making these identifications we have

p= %d? + %(wﬁ)? + %m%ﬁ? +V(9) (4.39)
and ) ) .
p= 58+ (Vo) - m’$ — V(@) (4.40)

Let us also assume that the scalar field is massless and that ¢ = ¢(t)
only, i.e. ¢ # ¢(x), so that spatial derivatives disappear. (See Pg. 276-277
of Kolb and Turner [21] and Pg. 138 of Islam [13]). Therefore we finally
obtain [13, 21].

p=356"+V(e)

(4.41)

and

(4.42)

4.7 Cosmology with the Scalar Field

We have finished with our discussion of the energy-momentum tensor and
therefore we should now move onto the next chapter. However, with the
tools at hand (energy-momentum tensor and Friedmann equations) we can
discuss the relevance of the scalar field to cosmology without needing the
formalism of General Relativity. Therefore before proceeding to the next
chapter we shall make a brief digression and discuss the evolution of the
scalar field.

If one is considering cosmological evolution driven by a scalar field, one
can simply substitute the above expressions for p and p into the Friedmann
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and acceleration equations (1.29) and (1.30) to obtain the time evolution of
the scale factor as in

H*=(3)" =513 ¢ + ( 9"+ 5m "+ V(9] - 55+ 5 (443)
and
R 4nG 1.5 1 2 1 90 A
R= 3 39 +5(Ve) - gmieT V(9 + 3 (4.44)

The equation for the time evolution of the scalar field is obtained either by
taking the time derivative of equation (4.43) or more simply by substituting
the expression for p and p in equations (4.41) and (4.42) into the conservation
equation (2.1) to give

¢+ 3H[p + |+ m2p+V' =0. (4.45)

(Vo)
¢

Note that this is a new Klein-Gordon equation quite different to equation (4.32).
The difference occurs because we have now incorporated gravity via the
Friedmann and conservation equation. We shall derive this equation again
in Chapter 7.

Again assuming the field is massless and ignoring spatial derivatives we
have

b+3Hp+V' =0

(4.46)

Notice that this is the equation for a damped harmonic oscillator (V = %kxz
and 9 =V’ = kx with F = —V’) as

mi + di + kx = 0 (4.47)

Kolb and Turner [21] actually also include a particle creation term due to
the decay of the scalar field, which will cause reheating, and instead write

$+3Hd+Td+V' =0 (4.48)
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4.7.1 Alternative derivation

We can derive the equation of motion (4.46) for the scalar field in a quicker
manner [29] (Pg. 73), but this derivation only seems to work if we set m =0
and 7¢ = 0 at the beginning. (Ezercise: find out what goes wrong if m # 0
and 7o # 0.)

Consider a Lagrangian for ¢ which already has the scale factor built into
it as

£= B[ (0,000 — m*6") — V(0) (149)

The R? factor comes from /—g = R3 for a Robertson-Walker metric. This
will be discussed in Chapter 7. Notice that it is the same factor which
sits outside the Friedmann Lagrangian in equation (2.20). The equation of
motion is (do Problem 4.3)

é—2b+3Hd+m?>¢+V' =0 (4.50)

which is different to (4.45). (NNNN why ???) However if m = 0 and \7¢ =0
it is the same as (4.46).
Let’s only consider

L=RLF - V(o) (451)

which results from setting m = 0 and ¢ = 0 in (4.49). The equation of
motion is

¢+3HO+V' =0 (4.52)

Notice how quickly we obtained this result rather than the long procedure
to get (4.46). We didn’t even use the energy-momentum tensor. Also realize
that because ¢ = 0 the above Lagrangian formalism is really no different to
our old fashioned formalism where we had ¢;(t). Here we have only ¢ = ¢(¢)
(not ¢ = ¢(x)), and so we only have i =1, i.e. ¢; = ¢.

Identifying the Lagrangian as [29] £ = R3(T — V) we immediately write
down the total energy density p =T +V = %¢2 + V(¢). Taking the time
derivative p = ¢¢ + V’(ﬁ = —3H¢? from (4.46) and substituting into the
conservation equation (2.1), p = —3H(p + p) we obtain the pressure as
p = %¢2 — V(¢). Thus our energy density and pressure derived here agree
with our results above (4.39) and (4.40). Notice that the pressure is nothing

L

more than p = 7. [29].
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4.7.2 Limiting solutions

Assuming that k = A = 0 the Friedmann equation becomes

R
H2=(§)2

81G 1 .

This equation together with equation (4.46) form a set of coupled equations
where solutions give ¢(t) and R(t). We solve the coupled equations in the
standard way by first eliminating one variable, then solving one equation,
then substituting the solution back into the other equation to solve for the
other variable. Let’s write equation (4.46) purely in terms of ¢ by eliminating

R which appears in the form H = %. We eliminate R by substituting H
from (4.53) into (4.46) to give

$+\/127G(¢2 +2V)d+V'=0

3?4+ 20V —127G(d* +2V) % + V2 =0 (4.54)

Notice that this is a non-linear differential equation for ¢, which is difficult
to solve in general. In this section we shall study the solutions for certain
limiting cases. Once ¢(t) is obtained from (4.54) it is put back into (4.53)
to get R(t).

Potential Energy=0

Setting V' = 0 we then have p = %452 = p. Thus our equation of state is

p=p (4.55)
or v =3.
With V' =V’ =0 we have
% +V12rGd* =0 (4.56)

which has the solution (do problem 4.4)

o(t) = do + In[1 + V127Go(t — t,)] (4.57)

1
V127G
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(Note that the solution is equation (9.18) of [29] is wrong.) Upon substitut-
ing this solution back into the Friedmann equation (4.53) and solving the
differential equation we obtain (do problem 4.5)

R(t) = Ro[1 + V121Gdo(t — t,)]/3. (4.58)

This result may be understood from another point of view. Writing the
Friedmann equations as

and o
then the solution is always
Roct?/™ (4.61)
which always gives
1
pxX g (4.62)
If
p = constant (4.63)

(corresponding to m = 0) then the solution is
Roce! (4.64)

(do problem 4.6). Note that for m < 2, one obtains power law inflation.
For ordinary matter (m = 3), or radiation (m = 4) we have R o t2/3 and
R o t1/2 respectively. Returning to the scalar field solution (4.57) the density
isp= %qﬁQ for V.=10. Thus

Ly Po
olt) = 14+ V121G (t — to) (4.65)
combined with (R%)?’ =14+ V120G ,(t —t,) from (4.58) yields
. hoR3
dr) = Pl (1.66)

to give the density
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(4.67)

corresponding to m = 6 and thus R o ¢'/3 in agreement with (4.58). Note
also that this density p o % also gives p tiz

Thus for a scalar field with V' = 0, we have p = p (v = 3) and p x %.
Contrast this with matter for which p = 0(y = 0) and p % or radiation
for which p = %p (y=1/3) and p x %.

However equation (4.67) may not be interpreted as a decaying Cosmo-
logical Constant because p # p (see later).

Kinetic Energy=0

Here we take gi) = qﬁ =0, so that p =V and p = —V giving

p=—p (4.68)

or v = —3 which is a negative pressure equation of state. Our equation of
motion for the scalar field (4.54) becomes

V=0 (4.69)

meaning that

V=1, (4.70)
which is constant. Substituting the solution into the Friedmann equation
(4.53) gives
8rG
H? = (%)= —V, 4.71
(7= (471)
which acts as a Cosmological Constant and which has the solution (do prob-
lem 4.7)

R(t) = RoeV "5 Volt=to) (4.72)

which is an inflationary solution, valid for any V.
Warning

We have found that if K = A = 0 and if p x Rim then Roct? for any
value of m. All of this is correct. To check this we might substitute into the
Friedmann equation as

H? = (5)? o — (4.73)
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and say % x % giving [ %%dt x [ % which yields In R o Int and thus
R o t¥™. The result R t is wrong because we have left out an important
constant. .

Actually if % = 7 thenIn R = clnt = Int° giving R o< t¢ instead of Roxt.

Let’s keep our constants then. Write p = Ig—fn then R = (%1)2/’”752/’”

_ 2 _ (2m)? PR . . .
and p ()22 72— Substituting into the Friedmann equation gives
. 2 .
(l,—lfé)2 = (24—21)2 or % = @ with the above constant C = 2 yielding

R xt?/™ in agreement with the correct result above.
The lesson is be careful of constants when doing back-of-the-envelope
calculations.

4.7.3 Exactly Solvable Model of Inflation

Because (4.54) is a difficult non-linear equation, exactly solvable models are
very rare. We shall examine the model of Barrow [35] which can be solved
exactly and leads to power law inflation. The advantage of an exactly solv-
able model is that one can develop ones physical intuition better. Barrow’s
model [35] is briefly introduced by Islam [13].

Any scalar field model is specified by writing down the potential V' (¢).
Barrow’s potential is

V(¢) = Be ™ (4.74)

where § and A are constants to be determined. Barrow [35] claims that a
particular solution to (4.54) is (which was presumably guessed at, rather
then solving the differential equation)

o(t) = V2Alnt (4.75)

where v/2A is just some constant. We check this claim by substituting (4.74)
and (4.75) into (4.54). From this we find (do problem 4.9) that

2
A=1/5 (4.76)

and
8=-A (4.77)

or
B = A(247GA — 1) (4.78)
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Note that Barrow is wrong when he writes A\A = V2. Also he uses units
with 87G = 1, so that the second solution (4.78), he writes correctly as
B = A(3A—1). Also Barrow doesn’t use the first solution (4.77) for reasons
we shall see shortly.

Having solved for ¢(t) we now substitute into (4.53) to solve for R(t).
(Recall ¢(t) and R(t) are the solutions we seek to our coupled equations
(4.46) and (4.53).) Substituting V' = 7 and ¢ = @ (see solution to
problem 4.9) we have

R

8tG 12A [ 81G 1
2 p— E— 2 J—
H=(5) == G tp) =73 A+0, (4.79)
giving an equivalent density
A+p

Clearly we see why we reject the first solution (4.77) with 8 = —A. It would
give zero density. Using the second solution (4.78) with 8 = A(24rGA — 1)
yields

= 247Tt—§Az (4.81)
Solving the Friedmann equation (4.79) gives
Roxt8mG4 (4.82)
where D is some constant. Setting 87G = 1 we have
Roct™ (4.83)
in agreement with Barrow’s solution. Power law inflation results for
A>1. (4.84)

Inverting the solution (4.83) we have t> = C'R?/4 where C’ is some constant.
Substituting into (4.81) we have

1

which corresponds to a Weak decaying Cosmological Constant. (See sections
4.7.4 and 4.7.5) For the inflationary result A > 1 we have % = m < 2 which
corresponds to the quantum tunneling solution!!

Note of course that (4.85) can also be obtained via p = %q52+V. We have

\/2,4 2 1
V= t2 X RQ/A and ¢ = giving ¢? X fa7a-
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4.7.4 Variable Cosmological Constant

In this section we address the question as to when the density can be inter-
preted as a Cosmological Constant. Recall the Friedmann equations

R, 8G k A
H2= (=2 =""p—- = 4+ = 4.
and
R 47G A
R T T ety
4G A
- = p(L+7v)+ - (4.87)
3 3
for p = 3p. Suppose p = k = 0, then we have
R, A
H*=(5)?=7 4.88
(77=73 (439)
and ~
R A
— = — 4.89
R 3 (4.89)

where two things have happened. Firstly the velocity and acceleration equa-
tions both have the same right hand side. Secondly the acceleration is posi-
tive. What sort of density would give the same result. Again for k =0

R e
H?>=(=)>=—= 4.90
(3P =3 (4.90)
and )
R 887G
20T 4.91
7 4 (4.91)

only for v = —3 or p = —p. From our conservation equation, p = —3H (p+p),
this can only happen for p=constant. Thus constant density with equation
of state p = —p acts identically to a Cosmological Constant. In addition
the solution is automatically are of exponential inflation, R o« ef'*. (Ex-
ercise:verify this.) Let us define a Strong Cosmological Constant as one in
which the velocity and acceleration equations both have the same right hand
side, (which automatically implies that the acceleration is positive). Such a
Strong Cosmological Constant must be a true constant.
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On the other hand we can imagine densities that still give a positive
acceleration (i.e. inflation) but do not normally give the velocity and accel-
eration with the same right hand side. Examining (4.54) indicates that the
acceleration is guarenteed to be positive if v < —1 giving p < —%p. (Recall
that the exponential inflation above required v = —3, which is consistent
with the inequality.) Thus negative pressure gives inflation. (Although not
all negative pressure gives inflation, e.g. p = —ip.) The inflation due to
will not be exponential inflation, but something weaker like per-
haps power law inflation. Let us define a Weak Cosmological Constant as
one which arises from negative pressure (actually p < —% p) to give a positive
acceleration (inflation) only. The velocity and acceleration equations need
not have the same right hand side.

Recall that ordinary matter and radiation, or any positive pressure equa-
tion of state, neccesarily leads to negative acceleration (with A = 0). Thus
positive pressure leads to attractive gravity. However positive acceleration
implies a repulsive gravity or antigravity. Thus negative pressure (actually
p < —% p) leads to antigravity. This is why we wish to use the term weak Cos-
mological Constant (even though right hand sides are not the same) because
it is consonant with antigravity.

Let us summarize. We consider p alone with A = 0. For

R > 0=+ < —1 and p =anything (e.g. p = p(R) or p =constant)
R > 0 and p =constant = v = —3

For v < —1, p behaves as a weak Cosmological Constant and for v = —3,
p behaves as a Strong Cosmological Constant.

Finally let us emphasize that it is perfectly legitimate to consider a Weak
Cosmological Constant as a real Cosmological Constant. Einstein’s original
motivation in introducing A was to obtain a static universe. Thus all he
wanted was a antigravity term; i.e. all he wanted was a weak Cosmological
Constant. It “accidentally” happened that the right hand sides turned out
to be equal, giving a strong A.

Interpreting p as a Cosmological Constant leads us to expect that a
weak Cosmological Constant can vary. This follows from p=anything above.
i.e. p=constant or p = p(R) giving a variable function. (But a strong
Cosmological Constant cannot vary).
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4.7.5 Cosmological constant and Scalar Fields

Refer back to the density and pressure of the scalar field in equations (4.41))
and (4.42). We had

p= 5B +V(9)
and

p= 5 V(o)

For the case where PE =V = 0 we have p = p. The pressure is positive
and therefore equation (4.67), p %, cannot be interpreted as a (variable)
Cosmological Constant.

For the case where KF = %qb2 = 0 we have p = —p meaning that p can
be interpreted as a Strong Cosmological Constant. (We found V' = 0 and
thus p = V = constant =V, and p = —V,,.)

These results are true in general (assuming m = V¢ = 0) as we have not
yet specified V(¢).

Let us now consider the Barrow model V(¢) = Be~*?. we found that
#(t) = 2Int and g = %(% — 1) for 87G = 1. Introducing A = 2 we can
re-write as 8 = A(34 — 1) and ¢(t) = V2AInt and V(¢) = A(3A — 1)e®4.
Substituting we obtain

3A%
PBarrow = t—2 (492)
and 2 94 N
3 2 2
PBarrow = tT(? -1)= (? —1)p (4.93)
the general equation of state is p = 3 p giving the Barrow equation of state
2
YBarrow = Z -3 (494)

in equation (4.84) we concluded that power law inflation results for A > 1.
Substituting this into (4.94) implies

YBarrow < -3 (495)

which we ezpect because power law inflation implies R > 0. thus for 4 > 1
2

the Barrow pressure is negative with v < —1 and thus pparrow = ?’% cor-

responds to a Weak Cosmological Constant. Furthermore this Cosmological

Constant is variable and decays with time. in equation (4.85) we wrote this

1
as PBarrow X fa/a-



64 CHAPTER 4. ENERGY-MOMENTUM TENSOR

4.7.6 Clarification

We wish to clarify the distinction between a Strong Cosmological Constant,
a Weak Cosmological Constant and a Varying Cosmological Constant. A
Strong Cosmological Constant occurs when the Friedmann equation are of
the form

H*>= (%) =% 4.96
(72=73 (1.96)
and .
R A
—qH*=— =2 4.97
q 7= 3 (4.97)
and comparing with
R, 81G
—)=— 4.98
(72 ="7p (199)
R 81G
—=—— 3 4.99
=0+ 3p) (499)
leads us to conclude that the equation of state for a Strong Cosmological
Constant is p = —p, where we have identified A = 87Gp,. The conservation
equation
p=—-3H(p+p) (4.100)

leads us to conclude that A = 87Gp,=constant for a Strong Cosmological
Constant.

A Variable Cosmological Constant A(R), can also be considered but the
equation cannot be like (4.96) and (4.97) with no p term. As we shall see be-
low a Varying Cosmological Constant automatically involves matter creation
(existence of a p term). Thus A(R) cannot be written down in the Friedmann
equation without also writing p. Thus for a Varying Cosmological Constant
(let k = 0) we have

R 87G  A(R)
- + -~ 7

H?>= (=)= 4.101
(R) 5 P 3 (4.101)
and B
R A7G A
—gH?*=—=-""(1 = 4.102
q 7 3 (L+me+3 (4.102)

One can easily show that the conservation equation becomes

p+ pv =3H(p+p) | =—H(3+7)p
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(4.103)

(do Problem 4.10). Other ways of writing this are (see equations 2.1-2.7

).

dpRY) AR
R3p, =0 4.104
o TP TR (4.104)
d R3+”{
AR | paeas (4.105)
dt
3
Ptpy=—pp+p) (4.106)
d(pR®
PR | 50?1 B3, = 0 (4.107)
dR
1 d(pR*™) :

The last equation show clearly that if p, # 0 (i.e. p, # constant) then
matter or radiation is created or destroyed. This is why we cannot write
(4.96) and (4.97) if A is allowed to vary. We must include particle creation
terms as in (?7?) and (4.102).

For a Variable Cosmological Constant the same term @ appears in
both right hand sides of the Friedmann equation (4.101) and (4.102). How-
ever we don’t know its equation of state. Also v can be anything and thus
pv can lead to creation of matter, radiation or anything else. Further A(R)
can vary.

Both a Strong and Weak Cosmological Constant have well defined equa-
tion of state, both with (different) negative pressure. A Weak Cosmological
Constant can vary but the right hand sides of the Friedmann equations differ.

Thus we see that we have 3 different types of Cosmological Constant
namely, Strong, Weak, and Variable, each with both similar and dissimiliar
properties. These are summarize in the Table.

4.7.7 Generic Inflation and Slow-Roll Approximation

We shall first discuss features that are common to many models of inflation
based on scalar fields [21]. These models typically have a large region of the
potential where the potential is flat (slow-roll region) and then a harmonic
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Weak Strong Variable

Right Hand Sides
of Velocity and Different same Same (but must include p)
Acceleration Eqns.

Eqgn. State p < —%p p=—p Unknown

A =8nGp, Variable | Constant Variable

Table 4.1: Properties of 3 types of Cosmological Constants

region where the potential looks similar to an oscillatior (rapid oscillation
region). Such a potential is shown in Fig 4.1.

Let us first analyze this situation from a simple physics point of view. If
Fig 4.1 were actually a plot of V' (z) versus x the equation of motion would
be

mi +bt+V' =0 (4.109)

which, for V = %ka or V' = kx would represent a damped harmonic oscil-
lator, which indeed is the case in the rapid oscillation region. In the slow
roll regime we have V =constant or V =V, — Cz where C is small, giving
V! = —C. The physical situation would represent a ball rolling down a hill
with friction into a valley [21].

In the slow roll regime friction dominates and the ball moves at terminal
velocity [21], #=constant and & doesn’t change much so that & = 0. This is
the slow roll regime we have

bi +V' =0 (4.110)
and for V =V, — Cx we have
bx~=C (4.111)

When the ball finally reaches the valley we are back to the full equation
(4.109) where V' = kx so that the ball experiences rapid, damped oscilla-
tions.

Let’s return to the scalar field equations which are (for A = k = 0)
R 871G 1.
H=(5)P=—(c¢+V 4.112
(=" +V) (1112)
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and

$+3Ho+V' =0 (4.113)

where the friction term 3H is due to the expansion of the universe [21]. Based
on analogy with the rolling ball, the slow roll approximation (gb ~constant,
$~0) is

3HG+V' =0 (4.114)

In addition, the slow roll region is characterized by a small kinetic energy
%qbz <<V, so that
81G

H? ~ 3 Vo™ constant (4.115)

For the rolling ball we only had one equation, but here we have two equations
(4.114) and (4.115) involved in the slow roll approximations. The slow roll
equation can also be obtained directly from equation (4.54) where we set
q52 << 2V, and ¢ ~ 0 to give

V24rGV,p + V' =0 (4.116)

which is consistent with combining (4.114) and (4.115). Normally we would
have the formula for V(¢) and solve (4.116) or (4.54) first for ¢(¢) and then
substitute our answer into the Friedmann equation to obtain R(t). However
we have not yet specified V' (¢). We have specified that we are in a slow roll
regime thus making (4.115) valid which we can solve directly for R(t) giving
an exponential inflationary solution

R(t)~R,e'V 5 Vo (4.117)
Thus, no matter what V(@) is, the slow regime always give approximately
exponential inflation.

To obtain ¢(t) we must specify V(¢) even in the slow-roll regime.

4.7.8 Chaotic Inflation in Slow-Roll Approximation

The Chaotic inflation model is defined by the potential

V(¢) = ~m?¢? (4.118)

which is exactly analogous to the harmonic oscillator potential V(z) = %ka.
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Using V, = im?¢?2 the slow roll solution (4.117) becomes
R(t) = RyetV5vomo
= Re'Viwm? (4.119)

where G' = # is in agreement with equation (9.23) of Madsen [29]. Having
p

specified V(¢) in (4.118) we can solve (4.116), which

. 1 Vv’
= — 4.120
¢ V247G V'V, ( )
or )
0] m 1
—=— — 4.121
¢ V127G do ( )
This gives
m t mMp ¢
¢(t) = ¢06_ PoV127G  — ¢0€_ poVi2m
M,
= g 1y (4.122)

127

is the slow roll region in agreement with equation (9.25) of Madsen [29]. For
m << M, or for short times we see that ¢(t) will be approximately constant,
or slowing rolling. We see that ¢(t) is a decaying exponential in time. Thus
there will be a “half-life” or “lifetime” associated with slow roll which we

define as
G0V 127
T =
mM,

(4.123)

When t = 7 we see that ¢ = qbo%. That is the amplitude is reduced by the
factor % We expect that the slow roll approximation will be valid for ¢ < 7.

Our solution of ¢(t) in (4.122) came from solving (4.116). We can also
obtain ¢(t) slightly differently. Let’s not assume V = V,=constant, but only
that ¢ << 2V and ¢ ~ 0. Then instead of (4.116) we have

V24rGV o+ V' =0 (4.124)
which, for chaotic inflation becomes

V12rGmod + m?¢p =0 (4.125)
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or

b= (4.126)

which has the solution

¢(t) = ¢0_mt
_ g, My, (4.127)
127

in agreement with (4.122) for short time.

We can further investigate the validity of the slow roll approximation by
evaluating the potential as a function of time and checking that it is constant
for short times. We do this by substituting our solution for ¢(t) back into
the potential. We get

mM,
V — %mZ 2 = %mQQSgei d)o\/:f_ﬂ
1, mM,
~o-—m — t 4.128
50060~ 2 L) (4128)

Thus we see that for m << M, or for short times the potential is indeed
constant.

For short times (or for m << M,) we have verified that ¢ and V are
approximately constant. This means that qS ~ 0 and p ~ V, which give
exponential inflation. (Also p ~ —V,, so that p = —p).

In order to solve the horizon, flatness and monopole problems, most
models require a high degree of inflation typically amounting to about 60
e-folds [21]. Given R(t) = Rye!t, the number of e-folds after time ¢ is

E(t)

o

N =1In(*22) = Ht. (4.129)

(Actually a better formula is given in equation (8.26) of the book by Kolb
and Turner [21] (pg.278)). After one lifetime 7, the number of e-folds is

4t m | ¢V 12w 2
N=Ht=\/—— = 472 4.1
’ 5 30,7 i, "z (4.130)

where H = \/%Mﬂpgbo taken from (4.119) and 7 is from (4.123). Thus the
requirement N > 60 yields

N>60 = ¢,>V5M,. (4.131)
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Notice how the flatness problem is solved in inflation. We have H? = (%)2 =
% p— % ~ %VO - %. During inflation (slow roll) V, stays constant but
by the end of inflation R = R,e% or # = Rige*m(). The term % has
dropped by e 1?9, whereas V,, has remained constant. Thus the term % is
entirely negligible. Inflation does not give k = 0, but rather gives % ~ 0
which is equivalent to k£ = 0. This is an improtant distinction. The universe
can have k = 0 or k = +1 or k = —1. No matter what the value of k, it gets
diluted by inflation and is equivalent to a universe with k = 0. thus within
our horizon the universe is flat. Quantum cosmology predict that a universe
which arises via tunnelling must have kK = +1. This is perfectly OK with
inflation which simply dilutes the curvature.

Quantum tunnelling requires k¥ = —+1. Inflation actually says nothing
about the value of k. It simply predicts that % ~ 0 at the end of inflation.

On Earth, the reason many people believe the Earth is flat is because
we cannot see beyond the horizon. Up to the horizon it looks flat. If we
could see beyond the horizon we would see the curvature. Similarly for our
universe. According to inflation the size of the universe is much larger then
the distance to the horizon ( i.e. as far as we can see) the universe looks
flat becuase % is negligible. If we could see beyond the horizon we would
see the curvature. And quantum tunnelling predicts that what we would see

would be a universe of positive curvature.

Cosmological Constant associated with Chaotic Inflation
Let us now calculate the density as a function of R. We solve (4.119) for

t=1t(R) as
/3 M, R

Substituting into (4.122) we have

R M2
H(R) = ¢o(§°)4w% (4.133)
and with V(¢) = 2m?¢* we have
1 . Mg
V(R) = 5??%%3(%)2”3- (4.134)

e voVizmnt (4.135)
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so that
O(R) = %(Z 3 (4.136)
Finally evaluating p = %(Z)Q + V we have
1, M2 i
p(R) = om*(5E oty )2”’2- (4.137)

2

Thus
2

1
p(R) x = where m = (4.138)

p
R™ 22

Recall previously that an inflationary solution requires m < 2, yielding

M,
=0.3 M, 4.139
T =031, (4.139)
which is entirely consistent with (4.131)! ‘
What is the equation of state? using p = %¢2 — V we obtain

bo >

MQ M2
p=gmA(p — )2y, (4.140)

The question is, is the pressure negative? We find that for inflation to occur
M, . .
we need ¢, > T Write this as

M,
4.141
7 (4.141)
Thus the density becomes
m?M? 1 R
R) = P4+ (=) 4.142
p(R) = L (4 ) () (1142)
and o o
m-MZ 1 R
= (o — A=) 4.14
p(R) = "2 - () (4.143)

. _ m2M2
Deﬁnlng K= —g.

p= 1 +3£2 p The requirement ¢ > 1 yields

2(Heym we write p = (5 + £*)r and p = (3 — (*)k, giving

1
p<—5p (4.144)
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which means negative pressure! Writing p = % p gives

y=——. (4.145)
2
These results are in agreement with our previous constraints that in order
to have positive R (inflation) we needed p < %p or v < —1.
Our chaotic inflation model is the slow roll approximation gives negative
pressure (but not p = —p) and corresponds to a Weak Decaying Cosmological
Constant!

4.7.9 Density Fluctuations

An important result that we shall use without proof is that fluctuations of
the scalar field are given approximately by

5(;5%%

(4.146)

this result is discussed by Linde [36] (Pg.17,50), Kolb and Turner [21](Pg.284),
Collins, Martin and Squires [37] (Pg.410) and by Dolgov, Sazhin and Zel-
dovich [38].

Using p = $¢>+V(¢) we have g—g =V'(¢) or

5p = V’(smv’g (4.147)
™

which, upon assuming qﬁ =0, gives

1) 2 2 2 !
op_ J2GVE_J2 V' (4.148)
p V3r v 31 MyVV
where we have used G = ﬁ For the chaotic inflation model, V = %ngbz
P
this yields

op 4 m

— =\ 4.149

p 3m M, ( )
This is an intensely important formula often written as

(%p%m G = (4.150)

o
MP
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the density fluctuations observed by COBE are ‘%p ~ 107° yielding m =
107° M,

The above formula is not very useful for the Barrow model where a well
defined inflation means m = My, fiation 1S nOt present. In that case the
formula is written more usefully as [?, 7, 7]

@ _ Pin flation

(4.151)
14 Pp

4.7.10 Equation of State for Variable Cosmological Constant

In this section we wish to demonstrate that Variable Cosmological Constant
models have negative pressure [?7, 7, 7].
Firstly if one assumes

p= %p (4.152)
then the conservation law follows as
1 d
Let’s assume that R
«
o= = pw(ﬁo)m. (4.154)
Integrating the conservation law we have
A
p = W + X Pv (4.155)
where m
= 4.156
X=3 +v—-m ( )
and A is a constant give by
A= (po— Xpuo)RITT. (4.157)

The pressure is
v A v m
3R 33+y—m
This looks like bad news. Assuming that p, dominate over the first term
at some stage of evolution, it looks like the pressure only get negative for
m> 3 + v. However, there are two things to keep in mind. Firstly, the

P v (4.158)
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pressure p is not the pressure of radiation or matter or vacuum because
p= % +xp, and p = %,0. The pressure that we would want to be negative
would be the vacuum pressure p,,, which we shall work out below. Secondly,
the key point is not as much having p negative but rather having R positive.
The equation

. S
—qH?*===—""(p+3p) + LPU (4.159)

can still give postive R even if p is not negative, because the p, term has to
be considered. The Friedmann equation is

= (1) =T ot ) -

4.160
7 3 (4.160)

R?
Let us evaluate the right hand sides of these two equations (4.159) and

(4.160).
From (4.155) we have

A k
H? = () = =gy + (X + Dol — 53 (4.161)
where 5
+7
l=—"—. 4.162
X+ 3+v—m ( )
Also assuming p= %p we have
R 4G A 8rG
— 2 = — - - -
¢H" =& 5 (14N (G Hxee) + =50 (4163)
4G A B+a)m=2)
= —I1 vl (4.164
3 LYy + Ey— pul. (4.164)
Define
3 -2
p= BFNm=2) (4.165)

3+v—m

we see that 6 is always negative for m < 2! Thus if the vacuum term domi-
nates equation (4.164) then R will be positive for m < 2. This agrees with
our previous consideration that if p = 75 dominates the velocity equation
then m < 2 leads to inflation.

Note however that # can be negative for other values of m as shown in

Table 4.2.
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m | f(y=0) | 6(y=1)
0.5 -1.8 -1.7

1 -1.5 -1.3
1.5 -1.0 -0.8

2 0 0
2.5 3.0 1.33

3 00 4

4 -6 00

5} -4.5 -12

6 -4 -8

Table 4.2: 0 as a function of v and m

Having established that a decaying Cosmological Constant can lead to
negative pressure, let us now work out the vacuum equation of state for a
decaying Cosmological Constant. Looking at (4.161) let us define

A
and 34
- v
Y = Dpy = ———py 4.167
pv=(x+1)p p— ( )
so that
P+ pu=p+py (4.168)
giving
R 87G k 8rG k
H?=(2)?=—"2 y) — == = ———(p+ pp) — —= 4.1
(%) 5 (Ptpw) =3 5 P+ D) = 73 (4.169)
and from (4.164) we have
R 4G
—qH® = 7= _T[(l +7)p — 2py] (4.170)
A7 G . -
= TRt m-2p] @)
which we would [like to write as
R N C . 4G, . -
—qH? = R —T(P‘f‘ 3p) — T(Pv + 3pv). (4.172)

This is achieved if we make the following defintions
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p= 3P
(4.173)
and
Po="520, = %y,
(4.174)

which is our vacuum equation of state for a decaying Cosmological Constant.
We see that for m< 3 we have p, and -, negative. For a m < 2 we have
vy < —1 which we saw previously is the condition for inflation assuming
vacuum domination of the density and pressure.

It is also satisfying to note that the equation of state for the non-vacuum
component (equation 4.173) is identical to the equation of state for a perfect
fluid that we encountered for models without a Cosmological Constant.

Alternative Derivation

Our definition of p and p, above are not unique. We present alternative
definitions below which will give the same vacuum equation of state but
different for the non-vacuum component.

In equation (4.161) the density is

A
pprv = gt (xt 1oy
R, 3+ Rom
= o vo)\ " D) pvo(—
(Po = XPuo) ()7 + (x + 1)pvo(5)
= Boyaiy Bovm _ (Royziy
= Po(F)" T+ puol (D)™ = x(F)*7] (4.175)

We previoulsy defined p = ﬁ and p, = (x + 1)p,. However we might
alternatively define
R,

p= pO(E)3+’Y (4.176)
and
Ro Ro3+’y
711 = vo 1 — )" — ey
p ool X + D)™ = x( ]

= (x+1)po - x%ﬁ (4.177)

o
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still obtaining
p+po=p+po=p+ po (4.178)

Assuming p = %p we have (compare to equation 4.171)

R A7G
—qH? = 7 = 3 (+7p—2p)]
47TG Vo N\ — —
- —jfﬂl+v—m%ﬂp+0n—ﬁm] (4.179)

(where we have used the second expression in 4.177), which we would like
to write as

R drG , _ . 4nG _
—qH* = B —T(PﬂL 3p) — T(Pv + 3py)- (4.180)

This is achieved if we make the following definitions

Pvo
y—mEre
Po —

p=

3

P

ol

P

(4.181)

and

|

w

|
wfR

=
<]
Il
mF
S
I

(4.182)

4.7.11 Quantization

All of our proceeding work with the scalar field was at the classical level. In
this section we wish to consider quantum effects.

In section (2.4.2) we dervied the wheeler-DeWitt equation in minisuper-
space approximation. We began with the Lagrangian in equation (2.20)

R k 81

L=—-kR[(5)}? - —+— v 4.183
KB = 25 + (o + )] (4183)
and identified the conjugate momentum p = % = —2kRR and derived the

Wheeler-DeWitt equation, after quantizing with p — ia%w as

02 3G
{—3m+ 4k2[kR* — — o+ po) R} = 0. (4.184)
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Notice that our quantization 'didn’t do anything to the density.”

In the work that we have done in the present chapter we have made
an effort to write the scalar field as a function of R, i.e. ¢ = ¢(R) and
using p = %¢2 + V(¢) we have written as an effective density p(R) for
the scalar field. Our intention has been to simply insert this p(R) into
the Wheeler-DeWitt equation (4.184). In our work on inflation we found
that for p x Rim dominating the Friedmann equation then inflation occurs
for m < 2. If this density also dominates p 4+ p, in the Wheeler-DeWitt
equation, then a tunnelling potential will only be present for m < 2. Thus
inflation and quantum tunnelling require the same condition. This leads us
to the hypothesis that inflation and quantum tunnelling are identical! Or in
other words, inflation is simply a classical description of quantum tunnelling.
We call this hypothesis Quantum Inflation.

Quantum inflation is easy to validate for ordinary densities, either p or
pv, that behave like p R%- With our discussion of the scalar field we have
written pg o Rim so it would seem that the idea of quantum inflation also
works for scalar fields.

In our quantization procedure we ”didn’t do anything to the density.” In
terms of scalar fields then this quantization procedure is different to what
other people do with quantization. The usual procedure [?, 7, 7, 20, 21] is
to quantize ¢ and R seperately and arrive at a Wheeler- DeWitt equation
in terms of both of these variables. Let us now study this procedure.

We begin with the Lagrangian

R k 1.
I = — e VA 22 3r=- 12 4.1
RB(R) =l 2RISR V(9] (118))
where k = Z’—g.
From this one can deduce that
R, 8rG 1., k
(E) = T(§¢ +V) - o2 (4.186)
and also ) .
¢p+3Hp+V' =0 (4.187)

provided one uses % = —%(p + 3p) with p = %¢2 +V and p = %(bQ - V.
(NNN see FE)
The canonical momenta are

oL .
IIp = — = —2kRR 4.188
R Py K ( )
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and oL
My, = — = 21°R3. (4.189)

o

The Hamiltonian (H = p;¢; — L) becomes (using x = i_g)
H = TgR+Tgp— L (4.190)
R ko 871G 1.

= —kRN(Z)14 = - —(5*+ V) =0 4.191
RR(5) 4 55— =5 (58" + V)] (4.191)

where the result H = 0 is obtained by comparing the expression for the
Hamiltonian to the Friedmann equation (4.186). This Hamiltonian is ezactly
analogous to the Hamiltonian we had in equation (2.22) where we had p
instead of %(;52 + V.

Writing H in terms of the conjugate momenta we have

112 112
Ry 481G e Ly (4.192)

H=—-kR? —
sl et e~ 3 (guape

which, of course is also equal to zero. This Hamiltonian is inherited to
equation (11.34), Pg.462 of the book by Kolb and Turner [21]. This equation
is re-arranged as

2
2 + %(kRQ - %v#) = 0. (4.193)

2 _ 3 2

R 4rG R?
In order to compare to our signal Wheeler-DeWitt equation let’s replace Il
with Il = 212 R3¢, which results in

9
% + 4—G2[kR2 -

8rG 1.
WT(§¢2 FVIRY =0 (4.194)
which is ezactly analogous to our original Wheeler-DeWitt equation (2.24)
where we had p instead of %¢2 + V.

Equation (4.193) is quantized by making the replacements

.0
and
m, — i (4.196)

and setting Hy = 0 to give
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(4.197)

which is the Wheeler-DeWitt equation in minisuperspace approximation for
a quantized scalar field ¢. This is identical to equation (10.1.11), Pg.270 of
the book by Linde [36].

We identify the potential as

U(R,¢) = §&z (kR* — CVRY)

(4.198)

which is identical to equation (11.35), Pg.463 of the book by Kolb and Turner
[21]. In equation (10.1.25), Pg277 of the book by Linde [36], he gives an
expression for V (R, ¢) = 25V (a), so that our result does agree with Linde.

We can see that the above method of quantizing the scalar field ¢ directly
is still consistent with our idea of Quantum Inflation. Recall that p(R)
and V(R) in terms of ¢(R) obvioulsy p, V and ¢? must have the same R
dependence. Thus if p Rim then also V' ﬁ in the same way. Thus our
potential U(R, ¢) will alsways exhibit a tunnelling shape for m < 2. Thus

Quantum Inflation still works for U(R, ¢) when ¢ is quantized seperately.

4.8 Problems
4.1 Show that 9,j" = 0 is the equation of continuity % + V -j = 0 where
it = (p.J)-

4.2 Show that the above equation of continuity also results from taking the
divergence of Amperés law.

4.3 Show that the Lagrangian in equation (4.49) yields the equation of mo-
tion (4.50).

4.4 A) Solve the differential equation (4.56). B) Check your answer by
substituting your solution back into the equation.

4.5 Now put your solution from problem 4.4 into the Friedmann equation
(4.53) and solve for R(t).



4.8. PROBLEMS 81

4.6 A) If (%)2 X 7=, show that R o t2/m. B) If H? = (1,—}%)2 = constant
show that R oc eflt.

4.71f (£)2 = 879V, show that R = RpeV "5 Voli=to),

4.8 Show that inflationary solutions are characterized by R > 0 and non-
inflationary expansions by R < 0

4.9 Barrow’s model is V(¢) = Be *?. Check that ¢(t) = V2AInt is a
soluttion and evaluate the constants 8 and A in terms of A.

4.10 Prove equations (4.103)-(4.108).
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Chapter 5

EINSTEIN FIELD
EQUATIONS

The Einstein’s field equations are
G = 81GT,, + Mg (5.1)

which are a set of 16 coupled equations which will give g,, (buried inside
Gw) gives T),,. Actually there are only 10 independent equations because
of the symmetry g,, = guu-

In principle our job is easy. Just write down T}, and solve for g,,, which
specifies the metric. Then we can calculate the paths of light rays, the orbits
of planets, etc. In practice the solution of the Einstein field equations are
exceedingly difficult and only a few exact solutions are known.

Two excellent reference for this section are Chapter 7 of the book by
Lawden [?] and Chapter 2 of the book by Islam [13].

In actual practice, the way one usually solves the Einstein’s equations
is to specify a metric in general terms which contains unknown coefficients.
This metric is substituted into the Einstein equations and one solves for the
unknown coefficients.

Thus we need to learn how to derive the metric for the spaces un-
der consideration. Let us learn how to derive the Friedmann-Robertson-
Walker (FRW) metric which is the metric appropriate to a homogeneous
and isotropic universe but where size can change with time.

83
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5.1 Preview of Riemannian Geometry

5.1.1 Polar Coordinate

A general N-dimensional Riemannian space, denoted by R s, is one in which
the distance ds between two neighboring points can be written (Pg. 88 [?])

ds® = g datdz”. (5.2)
If coordinates can be found such that
ds* = dxtda” (5.3)

over the whole space then the space is said to be Euclidean and is denoted
by En. Clearly £y is a special case of Ry.
Below we shall restrict our discussion to the spatial part of the metric
denoted as
dl* = hyjda'da?. (5.4)

We shall very often have (eg. FRW and special relativity metrics)
ds* = 2dt* — dr* (5.5)

so that
hij = *gij- (56)
Consider the two dimensional space where

de? = dr? + r2de>. (5.7)

Here hi1 = 1, hia = ho1 = 0, hay = 2. The space looks like R but actually it
is €9 because we can find coordinate such that (5.3) is true. These coordinate
are the two-dimensional plane polar coordinates

x = rcosb (5.8)
= rsinf (5.9)

in which
di? = da? + dy?, (5.10)

with g11 = goo=1 and g12 = go1 = 0 or gy = 6y
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Recall that for 3-dimensional spherical polar coordinates

x = rsinfcos¢ (5.11)
= rsinfsing (5.12)
z = rcosf (5.13)

and the increments of length df., dfy, dly is the e, ey and e, directions
respectively are

dt, = dr (5.14)
dly = rdb (5.15)
dly = rsinfde. (5.16)

Thus the surfaces of a sphere is an example of a space which is R and
cannot be reduced to £9. On the surface of the sphere the distance between
two points is

de* = dg +de (5.17)
= r2df* + r?sin® 0dg? (5.18)

where hi1 = 72, hia = hg; = 0, hay = r2sin?6. For this surface it is not

possible to find z, y such that ds?> = da? + dy? and therefore the surface of
a sphere is not £ but rather a genuine R¢ space.

5.1.2 Volumes and Change of Coordinates

The measure is the volume element in some set of coordinates. There are 3
ways to calculate the measure.

1) Infinitesimal Length Method is one in which one identifies the infin-
tesimal increments of length and simply multiplies them together to get the
volume element. In Cartesian Coordinates we have d¢, = dx, d¢, = dy, and
dl, = dz to give

AV = dl,dl,dl, = dxdydz. (5.19)

In 2-d plane polar coordinates df, = dr and dly = rdf to give
dV = dt,.dly = rdrdf (5.20)

(actually this ”volume” is an area). In 3-D spherical polar coordinates df, =
dr, dlg = df and dly = rsind¢ to give

dV = dt,dlpdly = r? sin Odrdfde. (5.21)
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2) Jacobian Method is the one usually mentioned in introductory calculus
books ([?] Pg.746) for changing variables. Suppose z = x(u,v) and y =
y(u,v) then

//f(ac,y)d:vdy = //f[x(u,v),y(u, v)] | J(u,v) | dudv (5.22)

where | J(u,v) | is the modulus of the Jacobian defined as

u ()

J(u,v) = (5.23)
9y Oy
ou  Ov

For 3-dimensions with = = z(u,v,w), y = y(u,v,w) and z = z(u,v,w) we
have

dr Jx Oz
ou Ov Ow
—_| 0 0, 0,
J(u,v,w) =| gL L 4 (5.24)
dz 9z 0z
ou Ov Ow

For Cartesian coordinates obviously J(x,y,z) = 1. For plane polar coordi-
nates (x = rcosf, y = rsinf)

cos —rsinf

J(r,0) = sinf rcos6

| =r (5.25)

and for spherical polar coordinates (z = rsinfcos¢, y = rsinfcos¢p, z =
rcosf)

sinfcos¢ rcosfcos¢p —rsinfsing
J(r,0,6) = | sinfsing rcosfsing rsinfcos¢ | =r’sinf (5.26)
cos 6 —rsinf 0

The volume element in 2-d is
dv =| J(u,v) | dudv (5.27)
and in 3-d it is
AV =| J(u,v,w) | dudvdw (5.28)

which then reproduce equations (5.19), (5.139) and (5.140) for Cartesian,
plane polar and spherical polar coordinates.

3) Metric Tensor Method is what we prefer in general relativity. Here
([21], Pg.33)
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dV = vhdudvdw

(5.29)
where h is the determinant of the spatial metric tensor. Thus
| J |=Vh
(5.30)
For a plane polar coordinates ds? = dr? + r2df? = gijda:idxj so that
110 5
h = | 0 7"2 =7r (531)

giving vh = 7 so that dV = v/hdrdf in agreement with (5.139). For spherical
polar coordinates d¢? = dr? + r2df? + r? sin? 0d¢p? = hijdz'dz? giving

10 0
h=]0 r? 0 = rsin? 6 (5.32)
0 0 r%sin?6

giving vh = 2 sin 6 so that dV = Vhdrdfdé = 2 sin fdrdfdé in agreement
with (5.140).

Thus define
dr = dudv
dr = dudvdw
d'z = dudvdwdt (5.33)

so that the measure is

dV = vVhd?z or Vhd3x

(5.34)

depending on the number of dimensions. It is important to remember that
d3z or d*z om this notation is not df1dladl3 or diidladlzdly but simply only
the coordinates. For example in spherical polar coordinates

3z = drdfde (5.35)
or with time
d*z = drdfdedt. (5.36)

The measure is volume is obtained with dV = vhd>z or \/—gd4x (because
for 4-d we use g, and hi; = —g;; and h = —g). Thus in general
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dV # d3z
or
dV # d*z

in contrast to conventions used, say in undergraduate physics books.

5.1.3 Differential Geometry

A Good reference for differential geometry is the book by Lipschutz [?].
Introductory material is discussed by Purcell and Varberg [?] (Pg.625-634,
285-290).

Previously we wrote the definition of a circle as 22 + y?> = r? which
could be written generally as y = y(x). The same equation can be expressed
parametrically in terms of the parameter 6 as x = rcosf and y = rsinf or
generally as x = z(f) and y = y(f). For many curves the form y = y(x)
can be clumsy and nowadays mathematicians always prefer the parametric
representation. (See [?] Pg.570). Another way to write our equation for the
circle (radius=1) is

x = cos 0é; + sin héy (5.37)

where €1 and é5 are basis vectors in £s.
Thus a general curve (Chapter 3 of [?]) is expressed as

x = x(t) (5.38)

where ¢ is the parameter. If the basis is chosen to be £ then x = x(t) is
equivalent to two scalar equations 1 = x1(t) and zo = x2(t). Thus a curve
can be specified in any number of dimensions. For our circle above we have
x1 = x1(0) = cos @ and x9 = x9 = sinf.

A general surface (Chapter 8 of [?]) is expressed as

x = x(u,v). (5.39)
If, for example, the basis in €3 then
x(u,v) = x1(u,v)é; + xo(u,v)és + x3(u, v)eés. (5.40)

Good references of the next 3 sections are the books by Kolb and Turner
([21], Pg.31-35) and Landau ([?], Pg.177-181) and Ohanian and Ruffini ([§],
Pgh46-552) and Chow ([28], Pg.197-200) and the article by Kung [?].
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5.1.4 1-dimesional Curve

Let us first consider the circle, often called the one sphere denoted by S*.
Recall that for a circle the radius R, the proper way to express it is in terms
of 1-dimensional parameter 6 as

x(0) = R(cos 0é; + sin Héq). (5.41)

However in introductory books one always introduces a ficticous extra di-
mension and embeds the 1-d curve in a 2-d Euclidean space via

2?4 y? = R? (5.42)

which we recognize as the equation for a circle. Remember though this
equation is really overkill. [t is a 2-d equation for a 1-d curve! The 1-
parameter equation (5.41) is much better. We can also write

x3 4+ 13 = R2. (5.43)
The element of length in the 2-d Euclidean space is
dr* = da? + da3. (5.44)

In an ordinary 2-d Euclidean space x and y (or x; and x3) are free to vary
independently and this is how the whole 2-d space get covered. Equation
(5.44) is true in general. However the reason that (5.42) or (5.43) describes
a circle is because it constrains the value of y in terms of x. This constraint
(5.42) picks our only those points in €2 which give the circle.

Equation (5.44) covers all of £2. We can constrain it for the circle by
reducing the two parameters x; and zs to only one parameter. Thus we will
have d¢ for the circle. We do this using the 2-d constraint (5.43) and writing

y=+VRZ— 22 and dy = \/ﬁd:ﬁ so that

dy? = da?. (5.45)

R2 _ 22
Note that dy? = (dy)? and dy? # d(y?). Thus (5.44) becomes
2
R2 _ 22
R2

— 2

d? = da?®+ da?
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This can also be written in terms of the dimensionless coordinate
T
R

T (5.47)

to give
dr?
1—r2
where R is the radius of the space (the circle).
Another convenient coordinate system for the circle use the angle 6 from
plane polar coordinates specified via

df* = R?

(5.48)

r = Rcosb
= Rsind. (5.49)

Identifying the increments of length dfr and dfy in the ér and ég directions
as

dlp = dR
dly = Rdb (5.50)
then
de? = de% + de
= dR?+ R%dp* (5.51)

which gives the distance df in the 2-d space. To restrict ourselves to the rim
of the circle (curved 1-d space) we fix dlr = dR = 0 and get

de* = R%db* (5.52)

which makes it obvious that the space is the one sphere (circle) of radius R.
Using simple trigonometry one can show that (5.52) is the same as (5.46).
(Do Problem 5.1)

Using df* = h;jdz'dz? we evidently have

hij = (R?) (5.53)

which is a 1-dimensional ”motion”. The determinant is obviously h = R?
giving vh = R. This allows us to calculate the volume (we are calling the
length a geological volume) as

2T
V= / Vid'z = / Rd = 27 R (5.54)
0



5.1. PREVIEW OF RIEMANNIAN GEOMETRY 91

The 1-d curve that we described above is the circle or one sphere denoted
S1. However there are three 1-d spaces which are homogeneous and isotropic.
There are i) the flat = line (R!), ii) the positively curved one sphere (S')
derived above and iii) the negatively curved hyperbolic curve (H!). [21]

The formulas for a space of constant negative curvature [21] can be ob-
tained with the replacement

R — iR (5.55)
to yield
e = _R;Rj:ﬁd:f
= %dﬁ (5.56)
or using r = 5
di* = R? 1%:;. (5.57)

These results are also obtained by embedding in Minkowski space ( do Prob-
lem 5.2).
The line element for a space of zero curvature is obviously just

dt* = da? (5.58)

or using r = %

de* = R%dr?. (5.59)

These formulas are obtained from S' or H! by letting R — oo.
We can collect our results for R', S' and H' into a single formula

2 R2 2
or using r = %
2 _ p2_ dr?
e = R4
(5.61)

where £ = 0,41, —1 for flat, closed and open curves respectively. (i.e. for
R, S and H! respectively)
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5.1.5 2-dimensional Surface

Kolb and Turner [21] analyze this problem very nicely. Other references are
listed following equation (5.40).

A surface is represented by two parameters u, v and expressed as x =
x(u,v) as mentioned previously. However we shall introduce a surface ficti-
cious coordinate (three parameters) and embedding the surface in £3. Thus
with 3 parameters the equation for the two sphere is

2? +y2 4+ 2% + R (5.62)

which we recognize as the equation for a sphere used in introductory books.
However this equation is overkill. It is a 3-d equation for a 2-d surface. We
can also write

3+ 22 + 22 = R?. (5.63)

Any 3-d Euclidean space £3 has length element
df* = dz? + dz3 + da? (5.64)

which under normal circumstances would map out the whole 3-d volume.
However (5.63) restricts w3 according to

3= R*— 2% — a3, (5.65)
Writing
8ZE3 8$3
drs = —2d —2d 5.66
T3 92, 1+ 02y T2 ( )
. dxs _
and with a—ﬁi’ = \/1%277“;71%7% we have
d d
dny — 21421 + T2dry (5.67)
R? — x% — x%
or

2 (l‘ldl‘l + $2d$2)2
A = (5.68)

to give ([21], Pg.32)

z1dry + x2d$2)2

2 2 2
dg —d$1+d1'2+ RQ—(L'%—:U%

(5.69)
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which is re-written as

1

de? = m[(RQ—w%)dw%—l—(R2—x%)dw%+x1:):2dx1dx2+m2x1dm2dx1].
Xy — 2y
(5.70)
Let us introduce plane polar coordinates in the x3 plane as
1 =1"cosf x5 =r1"sind. (5.71)

These coordinates are shown wvery clearly in Fig 2.1, Pg.32 of Kolb and
Turner [21]. Thus

6 : 0 — 2rm
" 0 — R. (5.72)
Using
8:@ ’ 6.%1
then (5.69) and (5.70) become
2 R’ 202 902

This can also be written in terms of the dimensionless coordinate

/

r
re% (5.75)
to give
de* = R?| L r2d6?] (5.76)
1—r2
where
r: 0 — L (5.77)

Another convenient coordinate system for the two sphere uses angles 6
and ¢ from spherical polar coordinates specified via

x = Rsinfcos¢ (5.78)
= Rsinfsin¢ (5.79)
z = Rcosf (5.80)

and substituting into (5.64) directly yields
df* = R*(d6* + sin? 0d¢?). (5.81)
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Equation (5.81) is alternatively obtained by identifying the increments of
length dlg, dlg, dly in the ér, ég and é,4 directions as

dlr = dR (5.82)
dly = Rdf (5.83)
dly = Rsinfdg (5.84)

then
A = dly + dlg + de3,
= dR? + R*(d6? + sin? 0d¢?) (5.85)

gives the distance ds in the 3-d space. To restrict ourselves to the surface of
the sphere (curved 2-d space) we find dfr = dR = 0 and get

dl* = R*(d6? + sin® 0d¢?) (5.86)

in agreement with (5.81).
Using d¢* = h;jdz'dz’? we evidently have for S?

R? 0
hij - < 0 R2 Sin20 > (587)

The determinant is obviously
h = R*sin?0 (5.88)

giving vh = R%sinf. The volume (we are calling the surface area a gener-
alized volume) is

27

V= / Vhd?z = / Vhdfde + R / sin theta | do=47R?>  (5.89)
0 0

Actually there are three 2-d spaces which are homogenous and isotropic.
There are 1) the flat 2 — y plane (R?), ii) the positively curved two sphere
(8?) and iii) the negatively curved two hyperbola (H?).

As before we can obtain the formula for H? with the replacement

R— iR (5.90)

to yield
dr?

d€2: 2
R [1~|—r2

+ 72d6?). (5.91)
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This result is also obtained by embedding in Minkowski space. The metric
corresponding to (5.81) is ([21], Pg.34, equation 2.17)

de* = R%*(d6? + sin? 0d¢?). (5.92)

We can collect our results for R?, S? and H? into a single formula

+ r2d6?) (5.93)

where k=0, +1, -1 for flat (R?), closed (5?) and open (H?) surfaces respec-
tively.

The volume can be alternatively calculated using d¢?> = hijdxidxj in
(5.93) we have

_R? 0
hij = < 176%2 B2 ) (5.94)
giving the determinant
R?r?
=172 (5.95)
or vh = \/%. The volume is
v / Vid? / Vi = R’ / o T (5.06)
= Tr = = _— .
0 vV1—kr2Jo
0 rdr
= 27R? / E—— 5.97
0 V1—kr? ( )

The limits of integration fOO dr can be clearly seen from Fig 2.1 of Kolb and
Turner [21], Pg.32. What this really means is

0 R
/ dr = 2/ dr (5.98)
0 0

s

where r = 0 at = 0 and r = Rat 0 = § and r = 0 again at 0 = 7.
(See bottom Pg.179 and top pg.180 of the book by Lawden [?] for more
explanation)

The integral and its limits are more clearly done with the substitution

Vkr = sin x (5.99)
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when
X : 0 — . (5.100)

Thus [ dx is equivalent to fé) dr =2 fOR dr. Thus the volume in equation
(5.97) becomes

™1 1
V:27TR2/ —— ——sinyd 5.101
o VEVE XX (5.101)
giving
A7 R?
V= ﬂk . (5.102)

Thus for k = +1 we have V = 47 R? as before. For k = 0 we have V = oo
and for £k = —1 we need to do the integral again. We would find V' = oo for
k=-1.

5.1.6 3-dimensional Hypersurface

Proceeding upwards in our number of dimensions we might inquire a ” curved
volume”. But the curvature can really only be imagined with respect to
embedding in a 4-dimensional FKuclidean space £4. We call the 4-d space as
a hypersurface.

Our 4-d Euclidean space (into which we will embed the hypersurface)
has length element

dl* = da? + dx3 + da3 + da? (5.103)

(it is d¢?* and not ds?).

A hypersurface is represented by three parameters u, v, w and is ex-
pressed as x = x(u,v,w). Introduce an extra ficticious coordinate for the
three sphere S as

P+ + 2+ w? = R?
i+ a4 a4l = R? (5.104)
which restricts x4 as
23 = R? — 22 — 23 — 22 (5.105)
Writing
0 0 0
drs = ﬁd:131 + ﬁdJUg + ﬁal:zzg (5.106)

ox1 Oxo O3
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and with gﬂ = —=% _____ etc. we have
T1 R2,x%,x§,x§

d d d
dy = X147 + T20T2 + T3AT3 (5.107)

2 _ 2 a2 g2
\/R —x] — T3 — X3

or
9 (xldacl + xodxy + xgdx3)2
= 5.108
d$4 Rz_x%_xg_xg ( )
to give ([21], Pg.34)
d d dxs)?
402 — da? + dad + da 4 (FL4TLF 22dvs + Tadrs)” (5.109)

2 _ 2 _ 2 _ .2
R* — 27 — x5 — 23

Let us introduce spherical polar coordinates in the x4 hyperplane as

x1 = 7r'sinfcos¢ (5.110)
r9 = r'sinfsing (5.111)
z3 = r’cosd (5.112)
where
0 : 00— (5.113)
o : 0 — 27 (5.114)
P . 0— R (5.115)
Using
= . df d 5.116
dx ar/dr +89 +8q§ 0] ( )
then (5.109) becomes
R2
de? = Wdyﬂ + 12d6? + 12 sin? Odp> (5.117)
—r

Introducing the dimensionless coordinate

/

<

(5.118)

ﬁ
Il

=

gives
2
ar* = Rﬂ% + r2d0* + 1% sin? 0dp?] (5.119)
- T
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where
r: 0 — 1. (5.120)

Another convenient coordinate system for the three sphere uses angles
X, 0, ¢ from 4-dimensional hyperspherical polar coordinates specified via

x = Rsinysinfcos¢ (5.121)
= Rsinxsinfsin¢ (5.122)
z = Rsinxcosf (5.123)
w = Rcosy. (5.124)
Substituting into (5.119) directly yields
df* = R?[dx? + sin? x(d6? + sin® §dp?)]. (5.125)
Using d¢? = h;jdz'dz’ we have
R? 0 0
hij=| 0 RZ?sin®x 0 (5.126)
0 0 R?sin? y sin? @
The determinant is
h = RSsin? y sin? 6 (5.127)
giving v/h = R3sin? xsinf. The volume is
Vv o= / Vhd3z = / Vhdxdfde
T T 2
= RS/ sin? de/ sin 6df do (5.128)
0 0 0

where the limits [ dy are the same as in the previous section. Thus

sin 2
4

™
V= 47rR3/ sin? xdx = 47TR3[§ 10 (5.129)
0
giving
V =21°R3 (5.130)
for the volume of our hypersphere. Compare this to the volume of a Eu-
clidean sphere %TI'R?’.
For a flat, open and closed hyperspheres the metric is

dr?
1 — kr?

d* = R?| + r2dh* 4 r% sin® 0d¢?] (5.131)
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The volume can be calculated alternatively. Using df = h;jdx;dx; in
(5.131) we have

1Fl:r2 0 0
hij = 0 R%»? 0 (5.132)
0 0 R%*Zsin%0
giving the determinant h = 617'—21%29 The volume is

V= / Vhddz = / Vhdrdfde

2

R3/ W/ singdo [ do
— T

0 r2dr

0o V1—Fkr?

The limits of integration are the same as discussed in equation (5.98).
Using the substitution

= 4nR? (5.133)

Vir = siny/ (5.134)
with
X 0 — (5.135)
becuase x : 0 — . Thus the volume is
1
V = 4rR? i k3/2 sin? xdy (5.136)
giving
212 R3

For k = +1 this agrees with our result before.

5.2 Friedmann-Robertson-Walker Metric

The metric of Special Relativity is
ds® = c2dt — (dz?dy?dz?). (5.138)

Clearly the spatial part is a 3-d Euclidean flat space. We have seen that the
spatial metric for a homogeneous, isotropic curved space with a size R(t)
that can change in time is

dr 2
1 — kr?

ds® = R*(t)[ + r2(df? + sin® 0d¢?)). (5.139)
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Replacing the spatial part of the special relativity metric with (5.139) we
have the Friedmann-Robertson-Walker (FRW) metric [13]

dr?
1 — kr?

ds® = c*dt* — R*(t)] + r2(d6? + sin® 0d¢?)) (5.140)
where R(t) is called the scale factor and the constant k£ can be 0, £1 depend-
ing on the curvature. This can also be derived with the use of Killing vectors
[13].

Writing ds? = gudxtdx” and identifying

x =ct (5.141)
=7 (5.142)
=0 (5.143)
3 =¢ (5.144)
we have
goo =1 (5.145)
—R?
= .14
g1 =T (5.146)
g2 = —R*r? (5.147)
g33 = —R?r?sin® 0 (5.148)
Defining the determinant
g = detgu = 900911922933 (5.149)
RSr%sin? 6
= —-—— 1
1 — kr? (5.150)
(Note that this is not g = detg"”.) Thus
R3r?sin 6
Vg = ———. 5.151
V1 — kr? ( )

If g is represented by a matrix [g,,], then we found previously that
g"" is just the inverse of this metric namely [g,,]~!. For a diagonal matrix
(which we have for the FRW metric) each matrix element is simply given by
gt = gﬂ%. Thus it’s easy to get

g0 =1 (5.152)
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911 (1— IW"Z)

= (5.153)
22 _ 1 (5.154)
—1
33 _
9 B (5.155)

5.2.1 Christoffel Symbols

We now calculate the Christoffel symbols using equation (3.69). Fortunately
we need not calculate all of them. We can use the symmetry F%v = F% to
shorten the job. We have

1
By = 59 (9epy + garp — ove) =155
1
= igaa (gaﬁ,'y + Gay,3 — 95%04) (5156)

which follows because ¢g* = 0 unless € = a. (g"” is a diagonal matrix for
the FRW metric.) The only non-zero Christoffel symbols are the following;:

1 1
F(l)l = 5900(901,1 +go1,1 — g11,0) = 59110

because go1 = 0 and g® = 1. This becomes (let’s now set ¢ = 1)

1 10, —R?
0 = —_ = - —
M= =590 =550 %)
1 1 OR? 2RR RR
= 5 = = 1
21—kr2 0t 2(1—kr?) 1—kr? (5.157)
because r # r(t) and R = R(t). Proceeding
1 10 .
0o _ _ = _ _ Y% p22y_ 2
oy = =520 = =5 5, (- R7") = r°RR (5.158)
19 =r*sin?0RR (5.159)
kr
1 _
=152 (5.160)
Iy = —r(1 — kr?) (5.161)

Iy = —r(1 — kr?)sin®6 (5.162)
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1
[y =15 = , (5.163)
I'2, = —sinfcosf (5.164)
I3, = cotd (5.165)
R

Iy =T% =T3; = (5.166)

R
(do Problems 5.2 and 5.3)

5.2.2 Ricci Tensor

Using equation (??) we can now calculate the Ricci tensor. For the FRW
metric it turns out that R,, = 0 for s # v, so that the non-zero components
are Rog, Ri11, Ra2, R33. Proceeding we have

Roo = (Tov/—9), —(In v/=g) 00 — T 6

1
V=g
but I'fy = 0 giving

Roo = —(Inv/=g) 00 — T0T00 — T6aTh1 — T5sT 02 — ToaTh3

when we have performed the sum over e. The term Fgo = 0. In the last
three terms we have I'fy where o = 1,2,3. Now I'g, = 0 for 6 # «, so that
we must have § = 1,2, 3 in the third, forth and fifth terms respectively. Also
the second term contains F89 which is always 0. Thus

Ry = —(lny —9),00 - F}ﬁorél - F%QF%Q - F83F83
= —(Inv=9)00 — (T51)* — (T52)* — (T3)°

= (nvg)m - 35y

R
Now
o/—g OV—g r’sinf OR? B 2 sin 0 9 -
Vo905 = Tor ~ViRr ot yiReob R
and

Olny/~g Olny/—gdy/—g 1 0\—g

V=)= "5 0y—g Ozn /g Oan
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so that
1 9y=g V1—kr? R?*sinf . R
(Inyv/=g),0 = I SR SRR =3t
: —v/—=g 020 R3r2sinf \/1 — kr2 R
giving
— o R RR-R*> R _ R
l - — —_—\— ) = = — — — 2
We finally have .
R
Rop = —SE. (5.167)
One can similaraly show that
RR —2R? + 2k
Ry = 72 (5.168)
Ros = r*(RR + 2R? + 2k) (5.169)
Rsz = r?sin® O(RR + 2R? + 2k) (5.170)

(do Problem 5.4)

5.2.3 Riemann Scalar and Einstein Tensor

We now calculate the Ricci scalar R= RRS = gaﬁRaﬁ. The only non-zero
contributions are

R = ¢"Roo + g Ri1 + g% Rz + ¢**Ra3 (5.171)
R R, k

= —6[%+(5)"+ 05 172

S+ (7)) + & (5.172)

(do Problem 5.5). Finally we calculate the Einstein tensor G, = Ry, —
%ng,. The only non-zero component are for u = v. We obtain

R, k
=3[(= — 1
Goo = 3[(3)" + 1] (5.173)
-1 . s
Gi1 = 172 (QRR + R* + k‘) (5.174)
Goy = —r2(2RR+ R?> + k) (5.175)
Gss3 = —r?sin? 0(2RR + R? + k) (5.176)

(do Problem 5.6).
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5.2.4 Energy-Momentum Tensor

For a perfect fluid the energy momentum tensor is given in equation (4.26)
as

T;uz = (p +p)u;w — Pluv (5'177)

The tensor for TH" is written is (4.28) for the metric of Special Relativity.
For an arbitrary metric in General Relativity we have

T;w = (P + p)uw/ — PAuv (5178)

where we shall use g, from our FRW model. For a motionless fluid recall
that u* = (¢,0) or U, = (¢, —0) = (¢,0) = (1,0) for ¢ = 1. Thus

Too=p+p—p=p (5.179)

and
Tii = —pgii (5.180)

because u; = 0. Upon substitution of the FRW values for the metric given
is equations (5.145)-(5.148) we have

p 0 0 0
0 p-f, 0 0
Ty = T—kr 5.181
m 0 0 pR%? 0 ( )
0 0 0  pR*?sin%6

5.2.5 Friedmann Equations

Finally we substitute our results into the Einstein field equations G, =
8nGT + Agyu .
The pv = 00 component is

R, k
giving )
R 87G k A
H*= (2= —""p— =5+ = 182
The puv = 11 component is
_ . . R2 _R2
(2RR+ R? + k) = 87Gp + A

1— kr? 1 — kr2 1—kr?
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giving

R R, k

2= + (%)% + =5 = —87Gp + A.
TGRS O

But we now use our previous result (5.182) to give

R 871G
2—+—p+ - =— A
i) + 3 + 3 8tGp +
to finally give )
R 4nG A
= - 1
7= 3 (P30t (5.183)

(do Problem 5.7).

5.3 Problems

5.1 For the FRW metric show that T'3; — (1 — kr?)rsin? 6 and T' = cot 6.
5.2 Show that, for example, '}, = I'3; = 0 for the FRW metric.

5.3 Show that Roy = T2(RR + 2cot R? + 2k) for the FRW metric.

5.4 Show that the Ricci scalar is R= —6[% + (}%)2 + %] for the FRW metric.
5.5 Calculate G, for the FRW metric.

5.6 Show that the pur = 22 and pr = 33 components of the Einstein’s
equations for the FRW metric yield the same equation (5.63) as the uv = 11
component.
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Chapter 6

Einstein Field Equations

GW = kTH
go through history e.g. he first tried R* = kKT etc

107
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Chapter 7

Weak Field Limit

derivation of G*¥ = kKT from equiv princ.
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Chapter 8

Lagrangian Methods

Lagrangians for G** etc.
(NNNN have assumed special relativity goo = +1) (NNN /¢ term seems
to disagree with Kolb and Turner Pg. 276 eqn 8.20).
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