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PHYS378 - GENERAL RELATIVITY AND COSMOLOGY

Welcome to our new astrophysics unit covering some aspects of general
relativity and modern ideas on cosmology. This is the first time this unit has
been offered so feel free to comment on any part of the unit in order to make it

bhetter.

Some important information is as follows:

UNIT DETAILS
Offering D2
Credit 3cpt
Prerequisites PHYS202(C), MATH235(C)
If you have not satisfied these pre-requigites
please see Dr Alan Vaughan.
LECTURERS

Dr Alan Vaughan E7A 206 9850 8904
Dr Jim Cresser E7A 208 9850 8906
Dr Mike Wheatland E7A 306 9850 8923
TEXT BOOK
There will be reference to various texts

LECTURE CONTENT  (Up to 39 lectures)

Review of Special Relativity Cosmological ideas

Gravity and the equivalence Hubble expansion — the FRW
principle metric

Tensors Cosmological models

Spacetime — metrics and curvature Observational cosmology
Schwarzschild metric and black ~ Nucleo-synthesis of the light . L
holes elements I
Experimental tests of general GUT and Inflation

relativity Structure in the Universe
Gravitational radiation Cosmogony

ASSIGNMENTS
There will be 4 assignments covering the material in the lectures.

ESSAY
You will be asked to write a 1500 word essay relevant to the unit

material. Topic choices will be advised over the next few weeks.

ASSESSMENT
Final Exam 70%
Assignments 20%

Essay 10%
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PHYS378 2000
GENERAL RELATIVITY AND COSMOLOGY

I taught five and a half weeks of this course, covering the basics of General Relativity. Jim
Cresser stood in for the first week and a half and gave a review of Special Relativity, and
the second half of the course (Cosmology) was taught by Alan Vaughan. I was called upon
to give the course at short notice (I had a week and a half to prepare for my first lecture),
and this had some effect on my approach. I chose to follow the textbook by Kenyon fairly
closely, and with hindsight I would not do this again. For example, the development of
GR in Kenyon uses a series of analogies with results from the curvature of two-dimensional
surfaces, but the topic of the curvature of surfaces is not itself treated well in the book.
There are many other problems with the presentation in Kenyon.

The division of the course into the topics of General Relativity and Cosmology is
sensible, and seems to work well.

The major difficulty with this course is that the students do not have the necessary level
of mathematical ability to study General Relativity. None of the students walked away
proficient at tensor algebra, despite my spending an inordinate amount of time trying to
teach it to them. In the exam a couple of parts of questions involved tensor manipulation,
or just writing down correct tensor equations, and no student got full marks on these
questions. I don’t know what can be done to solve this problem. The subject can be
presented qualitatively or via analogies (e.g. Kenyon) but a certain level of mathematical
proficiency is needed to fully appreciate General Relativity.

Because I was initially pressed for time in preparing lectures, I handed out too few
assignments too late in the course. The first assignment was also much too hard for the
students because I began with a belief that they could manipulate tensors. To their credit,
many of the students came and asked a lot of questions about the assignments.

With the exam, I made the questions very easy because I appreciated by that point
that there was too much in the course and that the students were not coping with the
mathematics of the subject. The results of the exam were reasonable given my expectations.
I gave an additional lecture at the end of the semester summarising the GR part of the
course, at the request of the students. I basically summarised what would be in the exam.

I obtained a student assessment on the course from the CPD. To date I have only
received the marks and not the student comments, but the marks were very favourable.

In summary it is difficult to teach a course on General Relativity when the students
cannot master the necessary mathematics.

— Mike Wheatland
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Fig. 85 A sample of post-fit residuals for Earth—Venus time-delay measurements:
—, prediction using GR (Shapiro et al. 1972). (Courtesy Professor Shapiro and
Physical Review Letters, published by the American Physical Society.)
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6.6 Gollapsing rubber membrane populated by ants provides a fanciful ana-

logue of the gravitational implosion of a star to form a black hole, (Adapted from
Thorne (1967).}
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PHYS378 General Relativity and Cosmology 2000
Assignment 2 due Friday September 8

1. The following steps establish that the covariant derivative transforms tensorially,

(a) Start with the Fundamental Theorem of Riemannian geometry in co-ordinates '

[y = 5 (89;*" Ol ag:m)

o § Brplo - Htv Srin

Replace the primed metric tensors on the RHS by unprimed ones, using the transformation
rules {gy, = (D2®/8z" 2P (82" Ygop, etc]. Expand the derivatives and use the symmetry
of the metric tensor and relabelling of indices to arrive at

P Fee PaB Hz® HxP BaP
ppa T 6m’°aﬂ7"“ 3.1:"’ Jap -+ amm aww 3.’12"7 Pap- (1)

{b) Multiply (1) by ¢'*"d2¢/82'" and simplify terms to obtain

et 02, Ga* Ozf
B8yt~ Pplt H - B!t Ggto — & (2)
{c) Next, recall the transformation rule for a derivative:
5'44;; 8 dx¥ A
fa8  — BxB \ope?
_ dha dzv 827 84,
= 5085 ¥ g 027 G )

Use (2) to replace the second partial derivative in (3). Rearrange terms and use the definition
of the covariant derivative to arrive at

;0¥ Ox7

wB Jz're gp/B T
i.e. the covariant derivative of a covariant vector transforms like a second-rank covariant
tensor.

. Starting from the definition of the Einstein tensor G,

1
G,uu = Ryu - 'Z‘Q;WR \ 1 T

show that Gy, = 0 if and only if Ry, =0.

. Consider the 3-D space-time with metric

Qe
ds? = gudetde” = di* — d2* — [a(t)] dg?,

where a(t) is an increasing function of time. The spatial part of this metric looks like a
cylinder that expands with time.

{a) Find the non-zero components of the metric connections I'%;. . A

(b) Find the non-zero components of the Riemann curvature tensor R%, ;. Show that the

space is flat (i.e. the Riemann curvature tensor vanishes) if and only if &(t) = const. .

A

2
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PHYS378 General Relativity and Cosmology 2000
Assignment 3 due Monday October 9

1. Some insight into curved space-time may be obtained by “embedding” diagrams. An example
is provided by the Schwarzschild metric. The interval for an equatorial (8 = m/2} slice of
this metric at a fixed co-ordinate time is

—dr?
1-—-rgfr

where 7¢ is the Schwarzschild radius. We seek a 2-D surface embedded in Euclidean space
that has this interval., The Euclidean interval can be written

ds® = —12d¢?, (1)

ds? = —dz* — dr® —v?dg”. @

Assuming the required surface has the form z = #(r) we have dz = (dz/dr)dr, and hence

a2\ 2
ds® = — {1 + (ZI%) ] dr? — r2dg®. (3)
(a) Comparing (1) and (3), determine z = z(r}. -
(b) Sketch the resulting surface, for + > rg. -

2. A curved space-time has an interval
ds® = A@@)dt? — B(rydr? — C(r}r2dd* — C(r)r? sin® 8dg?, (4)

where 7,8, ¢ are regarded as spherical co-ordinates, and where A(r), B(r) and C(r} are giv%n
functions of . This metric can be written

ds? = cPdr? — ds® — dsk — dsfs, (5)

where cdr = /A(r)dt, ds, = «/B{r}dr, dsg = \/C(r}rdf and dsy = /C(r)rsinfdg. The
quantity ds, represents a locally measured increment in distance corresponding to a change
dr in the co-ordinate r, made with the other co-ordinates fixed. The quantities dr, dsp
and dss have analogous meanings. With this knowledge, establish the following results for
measured quantities in the given metric.

{(a) The circumference of the circle r =y is I
2% \/mﬁ. (6)
{b) The arvea of the sphere r = ry is .
drr2Cir). (7)

(¢) The distance between the points r = ry and r = r; on a given radial line is
T2 o
f JBOYdr. : ®)
1

{d} The volume of the spherical shell r; <r <7y is
i

dn f " 20ty JEwdr. ()

Fi




3. Consider two concentric coplanar circles in the Schwarzschild geometry, Suppose the mea-
sured lengths of their circumferences are Ly and Ls. Tind on A [k

(a) What is the radial co-ordinate distance Ar between these circles? What4s the measured
radial distance between them? a9 -

(b) Take two circles around the Sun with L, = 2rRg and Ly = 4w Rg. By how much does
the measured radial distance between them differ from the result in a flat space? [Hint: you
may find it convenient to expand the integral involved in rq /1. 2

4. The Sun rotates with a period of approximately 25 days.

{a) Tdealize it as a solid sphere rotating uniformly. Its moment of inertia is then %M@R2 ,
where Mg = 2 x 1080kg and R, = 7 x 108 m. Calulate the angular momentum of the Sun,
J@ V-

(b) If the entire Sun suddenly collapsed to a black hole, it might be expected to form a Kerr
hole of mass My and angular momentum Jg;. What is the value of the Kerr parameter o
in this case? What is the ratio 2a/r? If this ratio is larger than unity, how might a “naked

singularity” be avoided?
L
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MACQUARIE UNIVERSITY M
Department of Physics MACQUARIE
Division Of [CS UNIVERSITY ~SYDHEY

PHYS378 General Relativity and Cosmology (2000)

Assignment 1 due August 10

1. A reference frame 5’ passes a frame S with a velocity of 0.6¢ in the X diréction.
Clocks are adjusted in the two frames so that when ¢ = ¢/ = 0 the origins of the two
reference frames coincide.

(a) An event occurs in S with space-time coordinates z; = 50m, #; == 2.0 x 10~ 7s.
What are the coordinates of this event in 57

{b) If a second event occurs at 33 = 10m, 3 = 3.0x 107 7sin § what is the difference
in time between the events as measured in S'7

2. A spaceship A of length 100 m in its own rest frame 54 passes spaceship B with resf
frame Sp at a relative speed of \/gc/ 2 and on a parallel course. When an observer
at the centre of spaceship A passes an observer located at the centre of spaceship B,
a crew member of A simultaneously fires very short bursts from two lasers mounted
perpendicularly at the ends of A so as to leave burn marks on the hull of B. The
spaceships pass so close to each other that these laser beams travel negligibly short
distances. Assuming that the event of the two observers being adjacent are the
reference points t4 = tp = 0, x4 = zp = 0, and that the second spaceship is of
sufficient, length that the laser beams will strike its hull:

(a) What are the coordinates of the two laser bursts (considered as events in space-
time) in S4?
(b) What are the coordinates of these two events as measured in Sp?

(¢) What is the distance between the marks appearing on the hull of Sg? Is this
result an example of length contraction?

3. The mean lifetime of a muon in its own rest frame is 2.0 x 10~%s, What average
distance would the particle travel in vacuum before decaying when measured in
reference frames in which its velocity is 0.1¢, 0.6¢,0.99¢? Determine also the distances

' through which the muon claims it travelled in each case.

4. A fluorescent tube, stationary in a reference frame S, is arranged so as to light up
simultaneously (in S) along its entire length. By considering the lighting up of two
parts of the tube an infinitesimal distance Az apart as fwo simultancous events in
S, determine the temporal and spatial separation of these two evenis in another
frame of reference S’ moving with a velocity v parallel to the orientation of the tube,
Hence describe what is observed from this other frame of reference.

5. Two identical rods of proper length Lg move towards each other at the same speed
v relative to a reference frame collide end on and stick together. Show that the
combined lengths of the rods (which remain intact) must compress to a total length
less than or equal to

2Ly S
c+v
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PHYS378 General Relativity and Cosmology 2000
Assignment 2 due Friday September 8

1. The following steps establish that the covariant derivative transforms tensorially.

{a) Start with the Fundamental Theorem of Riemannian geometry in co-ordinates z'#:

M 1 (Bg;,,, _ 094, ag:m)

vue " g \ fgle Pz | Ok

Replace the primed metric tensors on the RHS by unprimed ones, using the transformation
rules [g},, = (Ba* /82" )(Da” /82" }gag, etc.]. Bxpand the derivatives and use the symmetry
of the metric tensor and relabelling of indices to arrive at

o 3%z*  duf Sz Oz OP
vks = o gpn 9av 98 T Gin G Byt For (1)

(b) Multiply (1) by ¢"*7 8z¢/82'™ and simplify terms to obtain

2x¢ e 8z Bzf _,

F R P o Galke Gl AP )
{c) Next, recall the transformation rule for a derivative:
o4, _ 3] (8:::" 4 )
At S8 \ gt
2 .0 Y Y
- Bjﬁz‘a:’!‘ Av+ g;,, g::’ﬂ gf: ' @)

Use (2) to replace the second partial derivative in (3). Rearrange terms and use the definition
of the covariant derivative to arrive at

,  _ 02" 857
w8 T Gatn GptB VI

i.e. the covariant derivative of a covariant vector ftransforms like a second-rank covariant
tensor.

. Starting from the definition of the Einstein tensor G,

1
G,uu = R;w - §g,uvR \ 1 '2.

show that Gy, = 0 if and only if R, = 0.

. Consider the 3-D space-time with metric

s
ds® = g detda” = di? — d2® — [a(t)] d¢?,

where a(t) is an increasing function of time. The spafial part of this metric looks like a
cylinder that expands with time.

{a} Find the non-zero components of the metric connections I'%;.. 2

(b} Find the non-zero components of the Riemann curvature tensor 2%, ;. Show that the
space is flat (i.e. the Riemann curvature tensor vanishes) if and only if a(t) = const. +

2.
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PHYS378 General Relativity and Cosmology 2000
Assignment 3 due Monday October 9

1. Some insight into curved space-time may be obtained by “embedding” diagrams. An example
is provided by the Schwarzschild metric. The interval for an equatorial (¢ = 7/2) slice of
this metric at a fixed co-ordinate time is

—dr?

= 11— T'O/T - T2d¢'21 (1)

ds®

where 7g is the Schwarzschild radius. We seek a 2-D surface embedded in Euclidean space
that has this interval. The Euclidean interval can be written

ds* = —dz* — dr® — rPdg”. (@

Assuming the required swface has the form # = 2{r} we have dz = (dz/dr)dr, and hence

2
ds? = - [1+ (%) :l drj2 [ {3)
(a) Comparing (1) and (3), determine z = z(r). L
(b) Sketch the resulting surface, for v > ry. -y

2. A curved space-time has an interval
ds® = A(r)dt® — B(r)dr? — C(r)r?df* — C(r)r? sin® 0dg?, (4}

where r, 8, ¢ are regarded as spherical co-ordinates, and where A{r), B{r} and C(r} are giwgl
functions of ». This metric can be written

ds® = c*dr? — ds? — ds} — ds3, (5)

where cdr = \JA(r)dt, ds, = \/B(r)dr, dsg = /C(r)rd? and dsy = /C{r)rsinfd¢. The
quantity ds, represents a locally measured increment in distance corresponding to a change
dr in the co-ordinate r, made with the other co-ordinates fixed. The quantities dr, dsp
and dsy have analogous meanings. With this knowledge, establish the following results for
measured quantities in the given metric.

(a) The circumference of the circle r =7y is N
2w \/5(;1‘5?'1. (6)
{b) The area of the sphere r =7, is <@
4riC(m). ()

(c) The distance between the points r =1 and r = r2 on a given radial line is
T L.-
[ JB@Ydr. - ®)
ry

{d) The volume of the spherical shell r; <7 <ryis

dx f " RCE) B ()




3. Consider two concentric coplanar circles in the Schwarzschild geometry. Suppose the mea-
sured lengths of their circumferences are L; and Ly. Tind oon QR fok

(a) What is the radial co-ordinate distance Ar between these circles? Whatis the measured
radial distance between them? 3

{b) Take two circles around the Sun with L, = 2rRg and Ly == dn Ry, By how much does
the measured radial distance between them differ from the result in a flat space? [Hint: you
may find it convenient to expand the integral involved in o /7.] 2.

4. The Sun rotates with a period of approximately 25 days.

(a) Idealize it as a solid sphere rotating uniformly. Its moment of inertia is then %MQR%,
where Mg = 2 x 1030kg and R = 7 x 10¥ m. Calulate the angular momentum of the Sun,
Joy. 2

(b) If the entire Sun suddenly collapsed to a black hole, it might be expected to form a Kerr
hole of mass M, and angular momentum Ji;;. What is the value of the Kerr parameter a
in this case? What is the ratio 2a/re? If this ratio is larger than unity, how might a “naked

singularity” be avoided?
L
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MACQUARIE UNIVERSITY

Department of Physics MACQUARIE
Division of ICS UNIVERSITY~ SYDNEY

E‘Ilh#

PHYS378 General Relativity and Cosmology (2000)

Assignment 1 due Augus$ 10

1. A reference frame 8’ passes a frame S with a velocity of 0.6¢ in the X direction.
Clocks are adjusted in the two frames so that when £ = ¢’ ==  the origins of the two
reference frames coincide.

{(a) An event occurs in S with space-time coordinates z; = 50m, £; = 2.0 x 10~ s,
What are the coordinates of this event in §'?

(b} If a second event occurs at zg = 10m, 5 = 3.0x 10~ "s in § what is the difference
in time between the events as measured in §'7

2. A spaceship A of length 100 m in its own rest frame S4 passes spaceship B with rest
frame Sp at a relative speed of v3¢/2 and on a parallel course. When an observer
at the centre of spaceship A passes an observer located at the centre of spaceship B,
a crew member of A simultaneously fires very short bursts from two lasers mounted
perpendicularly at the ends of A so as to leave burn marks on the hull of B. The
spaceships pass s0 close to each other that these laser beams travel negligibly short
distances. Asswming that the event of the two observers being adjacent are the
reference points t4 = tg = 0, z4 = zp = 0, and that the second spaceship is of
sufficient length that the laser beams will strike its hull:

(a) What are the coordinates of the two laser bursts (considered as events in space-
time) in S47?
(b) What are the coordinates of these two events as measured in Sg7

(c}) What is the distance between the marks appearing on the hull of Sp? Is this
result an example of length contraction?

3. The mean lifetime of a muon in its own rest frame is 2.0 X 107%., What average
distance would the particle travel in vacuum hefore decaying when measured in
reference frames in which its velocity is 0.1¢, 0.6¢, 0.99¢? Determine also the distances

' through which the muon claims it travelled in each case.

4. A fluorescent tube, stationary in a reference frame 5, is arranged so as to light up
simultaneously (in S) along its entire length. By considering the lighting up of two
parts of the tube an infinitesimal distance Az apart as two simultaneous events in
S, determine the temporal and spatial separation of these two events in another
frame of reference §' moving with a velocity v parallel to the orientation of the tube.
Hence describe what is observed from this other frame of reference,

5. Two identical rods of proper length Ly move towards each other at the same speed
v relative to a reference frame collide end on and sfick together. Show that the
combined lengths of the rods (which remain intact) must compress to a total length
less than or equal to

c—v

- 2L .
0 c+ v




MACQUARIE UNIVERSITY

End of Year Examination 2000

Unit:

Date:

Time Allowed:

Total Number of Questions:

Instructions:

CR. & 5% &1L &M
PHYS 378 — PHYSICS i~

Friday 24 November 1.50 pm

THREE (3) hours plus TEN (10) minutes reading time.
Eight (8).

Answer question any TWO (2) questions from Part A
and any TWO (2) questions from Part B. you should

complete FOUR. (4) questions in total.

Answer questions from Parts A and B in separate
books.

Electronic calculators may be used, excepting those
with a full alphabetic keyboard.



You may find the following information useful

Fundamental theorem of Riemannian geometry:

1

r vpg — 5 (g;zv,rr — Qop,v + gucr,;:)

Covariant, derivative of a first rank contravariant vector:

AP = AR 4 TH A

Definition of Riemann curvature tensor:
B T T T I
varf_P P +Faal—‘u‘r+l—‘a7rva

v, o Ve, T

Minkowski metric:
ds? = 2dt? — da? — dy® — d7?

Schwarzschild metric:

2G M MY
ds? = (1 _GM ) Adt? — (1 2 ) dr? — r2d6? — r? sin@ d¢?

re? rc?

Robertson Walker metric:

dr?
ds® = c2dt* — a®(¢) [1 —?krz + r2d6* + r? sin®0 dop*
Friedmann equations:
a dnlG A
o= 7 3 =
- 5 (p+3n)+ 5

8nCG E A

@z 3

N
2| &
~——

Il
.

I

|

Definitions:

(%)
"= )



Part A: General Relativity

Attempt TWO (2) questions from Part A
(50 marks in total, all questions are of equal value)
Answer questions from Part A in a separate book

1. (a) (4 marks)
Explain how Newtonian gravity is incompatible with special relativity.

(b) (4 marks)
Briefly describe the “weak” and “strong” equivalence principles.

(¢) (4 marks)
Based on the strong equivalence principle, present an argument that light must be
deflected by a gravitational field.
{d) (4 marks)
Briefly explain why tensors are important in special relativity.
e g
(e) (4 marks)
Write down the transformation rule under change of co-ordinates for a mixed tensor
of the second rank, A*,.

(f) (5 marks)
Show that if A" is a contravariant tensor then {in general) the quantity D", =
JA* [0z¥ does not transform like a tensor,

2. (a) (b marks)
The relativistically correct (valid in any inertial reference frame) version of Newton’s
second law for the motion of a particle is

dp*
= "
dr
where
" dz#
Pt =mo——
dr

is the four momentum. The various quantities in these equations are defined as
follows: myp is the rest mass of the particle, # = (¢t, x) is the four vector describing
the particle’s position, dr = dt/+ is the proper time, where ¢y = (1 —v?/c*)~1/? is the
Lorentz factor of the particle, and F# describes the action of external forces,

Write down a version of this equation that is valid in oll reference frames.




(b) (5 marks)
For a body in free-fall F* = 0. Hence show that a body in free-fall satisfies the
geodesic equation,

d’zt |, datda® .

& e @

Equation (1) does not depend on my. What principle does this represent?
(¢} (5 marks)
Demonstrate that in flat space time the falling particle follows a straight line path.
(d) {10 marks)
A spherical surface is described by the metric

ds® = R%d6* + R?sin®0 d¢?,

where R is a constant.

Write down the components of the metric tensor, g, for this surface, and the compo-
nents of the inverse of the metric tensor, g*”. Hence work out the metric connections,
e .

b4 e

3. (a) (b marks)
The Einstein equations may be written

831G
G.“‘” = et T}W + Agﬂ” (2)
where G = IRy — % G 2. Briefly explain each term in this tensor equation, and its
physical significance.

(b) {4 marks)
State four physically significant properties of the tensor 7},

(c) (6 marks)
Contract (2) with g"” to arrive at an expression for R = R, Use this together
with (2) to establish the alternative form for the Einstein equations,

&nl 1 .
Ry = 4 (Tpu - ”Z‘gpuT’p) - Ag,uv-

N
@@(4 marks)

iow that the Minkowski metric satisfies the Einstein equations in vacuum (for A =

)
d@w (6 marks)

escribe in about half a page one test of General Relativity. It is not necessary to
use equations.




4. (a) (5 marks)
What does the Schwarzschild metric describe? Define the Schwarzschild radius.
What is the significance of the Schwarzschild radius?

(b) (56 marks)
What is a black hole? How are stellar-mass black holes believed to be formed?

{¢) (b marks)
An observer at r = r; in a Schwarzschild field transmits a light signal in the radial
direction to r =7y (r; > r3).

What is the co-ordinate velocity dr/dt of the signal?

(d) (5 marks)
Suppose the signal is reflected at r = ry and returns to » = r;. How long does the

round trip take in co-ordinate time £7

(e) (5 marks)
How long does the round trip take according to the observer?




Part B: Cosmology

Attempt TWO (2) questions from Part B
(50 marks in total, all questions are of equal value)
Answer questions from Part B in a separate book

5. (a) (b marks)
What is the Cosmological Principle?

(b) (5 marks)
Describe some observational evidence for accepting the Cosmological Principle.

(c) (5 marks)
What is peculiar velocity?

(d) (10 marks)
Show that peculiar velocities tend to zero as the universe expands.

6. (a) (b marks)
Show that in a universe described by the Robertson Walker metric that the distance

between two points is given by

d = a(t) [o 1 — k) (3)

{(b) (5 marks)
What are the units of a(z) and r in (3)? Explain the significance of k.

{c} (15 marks)
Show that the red shift of a photon is given by
_AX alty)

e afte) B

where the subscripts refer to observed and emitted wavelength and epoch.

7. (a) (8 marks)
Show that for a matter dominated Friedmann model of the universe with zero cur-

vature the density is given by

_ 33

Pe = @‘
and that .
do = -

2




(b} (5 marks)
Show that for a matter dominated Friedmann model of the universe with positive

curvature

Q:———p—>l
Pe

while for a negative curvature
Q<1

(c) (4 marks)

Draw a diagram illustrating the evolution of the scale factor for the three cases in
(a) and (b) above.

(d) (8 marks)

Describe briefly some of the problems of the Friedmann models and in particular that
2 must be very close to unity.

. {a)} b marks)

Show that in a universe containing radiation and matter, and having a non-zero
cosmological constant, that eventually the vacuum energy will dominate.

(b) (5 marks)

Show that a A dominated universe expands exponentially and will eventually have
no significant radiation or matter density.

(c) (5 marks)

How does a non-zero cosmological constant solve the problems of the Friedmann
models?

(d) (5 marks)
How does the modern inflationary model avoid the difficulties in (b) above?

{e) (5 marks)
What observational support is there for inflation?
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