
M
A
SSA

C
H
U
SE

T
T
S
IN

ST
IT

U
T
E

O
F
T
E
C
H
N
O
L
O
G
Y

P
hysics

D
epartm

ent
P
hysics

8.286:
T
he

E
arly

U
niverse

O
ctober

18,2005
P
rof.A

lan
G
uth

Q
U

IZ
1

R
eform

atted
to

R
em

ove
B

lan
k

P
ages

Y
our

N
am

e

P
rob

lem
M

ax
im

u
m

S
core

1
25

2
30

3
25

4
20

T
O

T
A

L
100

U
S
E
F
U

L
IN

F
O

R
M

A
T

IO
N

:

D
O

P
P

L
E
R

S
H

IF
T

:

z
=

v
/
u

(nonrelativistic,source
m
oving)

z
=

v
/
u

1−
v
/
u

(nonrelativistic,observer
m
oving)

z
= √

1
+

β

1−
β
−

1
(specialrelativity,

w
ith

β
=

v
/
c)

C
O

S
M

O
L
O

G
IC

A
L

R
E
D

S
H

IF
T

:

1
+

z≡
λ

o
b
se

rv
e
d

λ
e
m

itte
d

=
R
(t

o
b
se

rv
e
d )

R
(t

e
m

itte
d )

E
V

O
L
U

T
IO

N
O

F
A

M
A
T

T
E
R

-D
O

M
IN

A
T

E
D

U
N

IV
E
R

S
E
:

H
2
= (

ṘR )
2

=
8
π3

G
ρ−

k
c
2

R
2

R̈
=

−
4
π3

G
ρ
R

8
.2

8
6

Q
U

IZ
1
,
F
A

L
L

2
0
0
5

p
.
2

ρ(t)
=

R
3(t

i )
R

3(t)
ρ(t

i )

F
lat

(Ω
≡

ρ
/
ρ

c
=

1):
R
(t)∝

t
2
/
3

C
losed

(Ω
>

1):
ct

=
α
(θ−

sin
θ)

,
R√
k
=

α
(1−

cos
θ)

,

w
here

α
≡

4
π3

G
ρ
R

3

k
3
/
2c

2

O
pen

(Ω
<

1):
ct

=
α
(sinh

θ−
θ)

R√
κ
=

α
(cosh

θ−
1)

,

w
here

α
≡

4
π3

G
ρ
R

3

κ
3
/
2c

2
,

κ≡
−

k
.

P
H

Y
S
IC

A
L

C
O

N
S
T
A

N
T

S
:

G
=

6
.673×

10 −
8
cm

3·g −
1·s −

2

k
=

B
oltzm

ann’s
constant

=
1
.381×

10 −
1
6erg

/K

=
8
.617×

10 −
5eV

/K
,

h̄
=

h2
π

=
1
.055×

10 −
2
7
erg-sec

=
6
.582×

10 −
1
6
eV

-sec
,

c
=

2
.998×

10
1
0
cm

/sec

1
yr

=
3
.156×

10
7
s

1
eV

=
1
.602×

10 −
1
2
erg

.



8
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8
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Q
U
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1
,
F
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L
L

2
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0
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p
.
3

P
R

O
B

L
E
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1:
D

ID
Y

O
U

D
O

T
H

E
R

E
A

D
IN

G
?

(25
points)

(a)
(4

points)
W

hat
w
as

the
first

externalgalaxy
that

w
as

show
n
to

be
at

a
distance

significantly
greater

than
the

m
ost

distant
know

n
ob

jects
in

our
galaxy?

H
ow

w
as

the
distance

estim
ated?

(b)
(5

points)
W

hat
is

recom
bination?

D
id

galaxies
begin

to
form

before
or

after
recom

bination?
W

hy?

(c)
(4

points)
In

C
hapter

IV
of

his
book,

W
einberg

develops
a
“recipe

for
a
hot

universe,”
in

w
hich

the
m
atter

of
the

universe
is

described
as

a
gas

in
therm

al
equilbrium

at
a
very

high
tem

perature,
in

the
vicinity

of
10

9
K

(several
thou-

sand
m
illion

degrees
K
elvin).

Such
a
therm

al
equilibrium

gas
is

com
pletely

described
by

specifying
its

tem
perature

and
the

density
ofthe

conserved
quan-

tities.
W

hich
of

the
follow

ing
is

on
this

list
of

conserved
quantities?

C
ircle

as
m
any

as
apply.

(i)
baryon

num
ber

(ii)
energy

per
particle

(iii)
proton

num
ber

(iv)
electric

charge
(v)

pressure

(d)
(4

points)
T
he

w
avelength

corresponding
to

the
m
ean

energy
ofa

C
M
B
(cosm

ic
m
icrow

ave
background)

photon
today

is
approxim

ately
equal

to
w
hich

of
the

follow
ing

quantities?
(Y

ou
m
ay

w
ish

to
look

up
the

values
of

various
physical

constants
at

the
end

of
the

quiz.)

(i)
2
fm

(2×
10 −

1
5
m
)

(ii)
2
m
icrons

(2×
10 −

6
m
)

(iii)
2
m
m

(2×
10 −

3
m
)

(iv)
2
m
.

(e)
(4

points)
W

hat
is

the
equivalence

principle?

(f)
(4

points)
W

hy
is

it
diffi

cult
for

E
arth-based

experim
ents

to
look

at
the

sm
all

w
avelength

portion
of

the
graph

of
C
M
B

energy
density

per
w
avelength

vs.
w
avelength?

8
.2

8
6

Q
U

IZ
1
,
F
A

L
L

2
0
0
5

p
.
4

P
R

O
B

L
E
M

2:
E
V

O
L
U

T
IO

N
O

F
A

N
O

P
E
N

,
M

A
T

T
E
R

-D
O

M
IN

A
T

E
D

U
N

IV
E
R

S
E

(30
points)

T
he

follow
ing

question
w
as

P
roblem

5
on

P
roblem

Set
2.

T
he

equations
describing

the
evolution

ofan
open,m

atter-dom
inated

universe
are

show
n
on

the
form

ula
sheets

for
this

quiz,at
the

back
ofthe

quiz.
T
he

follow
ing

m
athem

aticalidentities,w
hich

you
should

know
,m

ay
also

prove
usefulon

parts
(e)

and
(f):

sinh
θ
=

e
θ−

e −
θ

2
,

cosh
θ
=

e
θ
+

e −
θ

2

e
θ
=

1
+

θ1!
+

θ
2

2!
+

θ
3

3!
+

...
.

(a)
(4

points)
F
ind

the
H
ubble

“constant”
H

as
a
function

of
α
and

θ.

(b)
(4

points)
F
ind

the
m
ass

density
ρ
as

a
function

of
α
and

θ.

(c)
(4

points)
F
ind

the
m
ass

density
param

eter
Ω

as
a
function

of
α
and

θ.

(d)
(6

points)
F
ind

the
physicalvalue

of
the

horizon
distance,

�
p
,h

o
riz

o
n ,as

a
func-

tion
of

α
and

θ.

(e)
(6

points)
For

very
sm

all
values

of
t,

it
is

possible
to

use
the

first
nonzero

term
of

a
pow

er-series
expansion

to
express

θ
as

a
function

of
t,

and
then

R
as

a
function

of
t.

G
ive

the
expression

for
R
(t)

in
this

approxim
ation.

T
he

approxim
ation

w
illbe

valid
for

t�
t ∗.

E
stim

ate
the

value
of

t ∗.

(f)
(6

points)
E
ven

though
these

equations
describe

an
open

universe,one
stillfinds

that
Ω

approaches
one

for
very

early
tim

es.
For

t�
t ∗

(w
here

t ∗
is

defined
in

part
(e)),

the
quantity

1−
Ω

behaves
as

a
pow

er
of

t.
F
ind

the
expression

for
1−

Ω
in

this
approxim

ation.



8
.2

8
6

Q
U

IZ
1
,
F
A

L
L

2
0
0
5

p
.
5

P
R

O
B

L
E
M

3:
T

R
A

C
IN

G
A

L
IG

H
T

P
U

L
S
E

T
H

R
O

U
G

H
A

R
A

D
IA

T
IO

N
-D

O
M

IN
A
T

E
D

U
N

IV
E
R

S
E

(25
points)

C
onsider

a
flat

universe
that

expands
w
ith

a
scale

factor

R
(t)

=
bt

1
/
2

,

w
here

b
is
a
constant.

W
e
w
illlearn

later
that

this
is
the

behavior
ofthe

scale
factor

for
a
radiation-dom

inated
universe.

(a)
(5

points)
A
t
an

arbitrary
tim

e
t
=

t
f ,

w
hat

is
the

physicalhorizon
distance?

(B
y
“physical,”

I
m
ean

as
usualthe

distance
in

physicalunits,such
as

m
eters

or
centim

eters,
as

m
easured

by
a
sequence

of
rulers,

each
of

w
hich

is
at

rest
relative

to
the

com
oving

m
atter

in
its

vicinity.)

(b)
(3

points)
Suppose

that
a
photon

arrives
at

the
origin,at

tim
e

t
f ,from

a
distant

piece
of

m
atter

that
is

precisely
at

the
horizon

distance
at

tim
e

t
f .

W
hat

is
the

tim
e

t
e
at

w
hich

the
photon

w
as

em
itted?

(c)
(2

points)
W

hat
is

the
co

ord
in

ate
distance

from
the

origin
to

the
point

from
w
hich

the
photon

w
as

em
itted?

(d)
(10

points)
For

an
arbitrary

tim
e

t
in

the
interval

t
e ≤

t≤
t
f ,w

hile
the

photon
is
traveling,w

hat
is
the

p
h
y
sical

distance
�
p (t)

from
the

origin
to

the
location

of
the

photon?

(e)
(5

points)
A
t
w
hat

tim
e

t
m

a
x
is

the
physical

distance
of

the
photon

from
the

origin
at

its
largest

value?

8
.2

8
6

Q
U

IZ
1
,
F
A

L
L

2
0
0
5

p
.
6

P
R

O
B

L
E
M

4:
T

R
A

N
S
V

E
R

S
E

D
O

P
P

L
E
R

S
H

IF
T

S
(20

points)

(a)
(8

points)
Suppose

the
spaceship

X
anthu

is
at

rest
at

location
(x=

0
,y=

a
,z=

0)
in

a
C
artesian

co-
ordinate

system
.
(W

e
assum

e
that

the
space

is
E
uclidean,and

that
the

distance
scales

in
the

problem
are

sm
allenough

so
that

the
expansion

of
the

universe
can

be
neglected.)

T
he

spaceship
E
m
m
erac

is
m
oving

at
speed

v
0
along

the
x-axis

in
the

positive
direction,

as
show

n
in

the
diagram

,w
here

v
0
is

com
parable

to
the

speed
of

light.
A
s
the

E
m
m
erac

crosses
the

origin,
it

receives
a
ra-

dio
signal

that
had

been
sent

som
e

tim
e
earlier

from
the

X
anthu.

Is
the

radiation
received

redshifted
or

blueshifted?
W

hat
is
the

redshift
z
(w

here
negative

values
of

z
can

be
used

to
describe

blueshifts)?
(b)

(7
points)

N
ow

suppose
that

the
E
m
m
erac

is
at

rest
at

the
origin,

w
hile

the
X
anthu

is
m
oving

in
the

negative
x-direction,

at
y
=

a
and

z
=

0,
as

show
n

in
the

diagram
.

T
hat

is,
the

trajectory
of

the
X
an-

thu
can

be
taken

as

(x=
−

v
0 t,y=

a
,z=

0)
.

A
t

t
=

0
the

X
anthu

crosses
the

y-
axis,

and
at

that
instant

it
em

its
a
radio

signal
along

the
y-axis,

di-
rected

at
the

origin.
T
he

radi-
ation

is
received

som
e

tim
e

later
by

the
E
m
m
erac.

In
this

case,
is

the
radiation

received
redshifted

or
blueshifted?

W
hat

is
the

redshift
z
(w

here
again

negative
values

of
z
can

be
used

to
describe

blueshifts)?
(c)

(5
points)

Is
the

sequence
ofevents

described
in

(b)
physically

distinct
from

the
sequence

described
in

(a),
or

is
it

really
the

sam
e
sequence

of
events

described
in

a
reference

fram
e
that

is
m
oving

relative
to

the
reference

fram
e
used

in
part

(a)?
E
xplain

your
reasoning

in
a
sentence

or
tw

o.
(H

int:
note

that
there

are
three

objects
in

the
problem

:
X

anthu,
E
m

m
erac,

and
the

photons
of

the
radio

signal.)


