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E

O
F

T
E

C
H
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8.286:

T
he

E
arly

U
niverse

Septem
ber

20,
2009

P
rof.

A
lan

G
uth

P
R

O
B

L
E
M

S
E
T

2

D
U

E
D

A
T

E
:
T
uesday,

Septem
ber

29,
2009.

R
E
A

D
IN

G
A

S
S
IG

N
M

E
N

T
:

B
arbara

R
yden,

In
tro

d
u
ctio

n
to

C
o
sm

o
lo

g
y,

C
hapters

1-3.

P
L
A

N
N

IN
G

A
H

E
A

D
:A

lthough
this

problem
set

is
not

due
untilSeptem

ber
29,

I
recom

m
end

that
you

finish
it

by
this

com
ing

Friday,Septem
ber

25.
P

roblem
Set

3
w

illbe
relatively

short,but
w

illbe
due

on
T

hursday,O
ctober

1,just
tw

o
days

after
this

set
is

due.
If

you
w

ant
to

read
ahead,

the
reading

assignm
ent

w
ith

P
roblem

Set
3

w
ill

be
W

einberg,
T

h
e

F
irst

T
h
ree

M
in

u
tes,

C
hapter

3.
P

roblem
Sets

1
through

3,including
the

reading
assignm

ents,
w

illbe
included

in
the

m
aterialcovered

on
Q

uiz
1,

on
T
uesday,

O
ctober

6.

SE
P

T
E

M
B

E
R

/O
C

T
O

B
E

R

M
O

N
T

U
E

S
W

E
D

T
H

U
R

S
F
R

I

21
Septem

ber
22

23
24

25R
ecom

m
endation:

F
inish

P
S

2

28
29P

S
2

due
30

1
O

ctober
P

S
3

due
2

5
6Q

uiz
1

–
in

class

7
8

9

P
R

O
B

L
E
M

P
O

IN
T

C
R

E
D

IT
:

In
P

roblem
Set

1
each

problem
w

as
w

orth
5

points.
For

this
problem

set
the

num
ber

of
points

per
problem

varies,
depending

on
how

m
uch

w
ork

I
expect

the
problem

to
involve.

IN
T

R
O

D
U

C
T

IO
N

T
O

T
H

E
P

R
O

B
L
E
M

S
E
T

In
this

problem
set

w
e

w
illconsider

a
universe

in
w

hich
the

scale
factor

is
given

by
a(t)

=
bt

2
/
3

,

w
here

b
is

an
arbitrary

constant
of

proportionality
w

hich
should

not
appear

in
the

answ
ers

to
any

of
the

questions
below

.
(W

e
w

illsee
in

L
ecture

N
otes

4
that

this
is

8.286
P

R
O

B
L
E

M
S
E

T
2,

F
A

L
L

2009
p
.
2

the
behavior

of
a

flat
universe

w
ith

a
m

ass
density

that
is

dom
inated

by
nonrela-

tivistic
m

atter.)
W

e
w

ill
suppose

that
a

distant
galaxy

is
observed

w
ith

a
redshift

z.
A

s
a

concrete
exam

ple
w

e
w

ill
consider

the
m

ost
distant

know
n

ob
ject

w
ith

a
w

ell-determ
ined

redshift,the
galaxy

IO
K

-1,w
hich

has
a

redshift
z

=
6
.96.

T
he

dis-
covery

of
this

galaxy
w

as
announced

in
Septem

ber
2006

by
Iye

et
al.,w

ho
found

it
using

the
8.2-m

eter
Subaru

T
elescope

at
the

sum
m

it
of

M
auna

K
ea,

in
H

aw
aii.*

T
he

previous
record-holder

w
as

the
galaxy

J132418.3
+

271455,
w

ith
a

redshift
z

=
6
.58,

discovered
in

2003
by

K
odaira

et
al.

of
the

Subaru
D

eep
F
ield

project.†
T

he
ability

of
astronom

ers
to

observe
ob

jects
at

high
redshift

has
been

increasing
rapidly.

In
1986

the
highest

m
easured

redshift
w

as
only

3.78.
It

w
as

4.01
in

1988,4.73
in

1992,
4.897

in
1994,

and
4.92

in
1998,

5.34
in

2000,
and

6.28
in

2002.
T

he
discovery

of
a

z
=

6
.68

galaxy
w

as
announced

in
1999,but

the
m

easure-
m

ent
of

the
redshift

w
as

later
found

to
be

un-
reliable.

R
ichard

M
cM

ahon
com

piled
the

graph
on

the
right,w

hich
w

as
published

in
a

N
ew

s
ar-

ticle
on

p.
128

of
the

sam
e

issue
of

N
ature

as
the

IO
K

-1
discovery.

T
he

search
for

high
red-

shift
ob

jects
continues

to
be

an
exciting

area
of

research,
as

astronom
ers

try
to

sort
out

the
conditions

in
the

universe
w

hen
the

first
galax-

ies
began

to
form

.‡

*
Iye

et
al.,“A

galaxy
at

a
redshift

z
=

6
.96,”

N
ature

vol.443,no.7108,pp.186–
188

(14
Septem

ber
14

2006).
†

K
.K

odaira
et

al.,P
ubl.A

stron.Soc.Japan
55,L

17–L
21

(2003),also
available

as
http://arX

iv.org/abs/astro-ph/0301096.
‡

N
ote

on
H

igh
R

edshift
Searches:

T
he

z=
6.58

redshift
w

as
m

easured
by

spec-
troscopy,identifying

individuallines
and

com
paring

them
w

ith
their

w
avelengths

as
observed

on
E

arth.
W

hen
sources

are
very

w
eak,

astronom
ers

som
etim

es
m

easure
redshifts

“photom
etrically,”

w
hich

m
eans

that
broad

features
of

the
spectrum

are
determ

ined
by

m
easuring

the
light

that
com

es
through

a
range

of
filters.

G
alaxies

have
been

seen
w

ith
photom

etrically
determ

ined
redshifts

as
high

as
7

[1,2].
T

here
w

as
also

a
report

of
a

spectroscopically
determ

ined
redshift

of
10.0

in
a

galaxy
that

w
as

highly
m

agnified
by

gravitationallensing
[3].

T
his

m
easurem

ent,
how

ever,
w

as
based

on
only

one
spectralline,and

the
result

has
been

refuted
by

other
astronom

ers
[4,5].

M
ore

recently
atronom

ers
have

found
a

num
ber

of
sim

ilar
candidate

ob
jects

in
the

range
of

8
.5

<
z

<
10

.4,
but

these
results

still
need

to
be

confirm
ed

[6].
U

ntilrecently
the

highest
know

n
redshifts

w
ere

alw
ays

quasars,
but

this
hegem

ony
w

as
ended

w
ith

the
z=

6.58
redshift

galaxy
discovered

in
2003.

T
oday

the
highest

m
easured

redshift
for

a
quasar

is
6.43

[7].
(Special

thanks
to

H
siao-W

en
C

hen
and

P
aul

Schechter
for

helping
m

e
put

together
this

note.)
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P
R

O
B

L
E
M

1:
D

IS
T
A

N
C

E
T

O
T

H
E

G
A

L
A

X
Y

(5
points)

L
et

t
0

denote
the

present
tim

e,and
let

t
e

denote
the

tim
e

at
w

hich
the

light
that

w
e

are
currently

receiving
w

as
em

itted
by

the
galaxy.

In
term

s
of

these
quantities,

find
the

present
value

of
the

physical
distance

�
p

betw
een

this
distant

galaxy
and

us.

P
R

O
B

L
E
M

2:
T

IM
E

O
F

E
M

IS
S
IO

N
(5

points)

E
xpress

the
redshift

z
in

term
s
of

t
0

and
t
e .

F
ind

the
ratio

t
e /

t
0

for
the

z
=

6
.96

galaxy.

P
R

O
B

L
E
M

3:
D

IS
T
A

N
C

E
IN

T
E
R

M
S

O
F

R
E
D

S
H

IF
T

z
(5

points)

E
xpress

the
present

value
ofthe

physicaldistance
in

term
s

ofthe
present

value
of

the
H

ubble
expansion

rate
H

0
and

the
redshift

z.
T
aking

H
0 ≈

72
km

-sec −
1-

M
pc −

1,
how

far
aw

ay
is

the
galaxy?

E
xpress

your
answ

er
both

in
light-years

and
in

M
pc.

P
R

O
B

L
E
M

4:
S
P

E
E
D

O
F

R
E
C

E
S
S
IO

N
(5

points)

F
ind

the
present

rate
at

w
hich

the
physical

distance
�
p

betw
een

the
distant

galaxy
and

us
is

changing.
E

xpress
your

answ
er

in
term

s
of

the
redshift

z
and

the
speed

of
light

c,
and

evaluate
it

num
erically

for
the

case
z

=
6
.96.

E
xpress

your
answ

er
as

a
fraction

ofthe
speed

oflight.
[Ifyou

get
it

right,this
“fraction”

is
greater

than
one!

O
ur

expanding
universe

violates
special

relativity,but
is

consistent
w

ith
general

relativity.]

1.
K

neib,J.,et
al.,“A

P
robable

z∼
7

G
alaxy

Strongly
L
ensed

by
the

R
ich

C
luster

A
2218:

E
xploring

the
D

ark
A

ges,”
T

he
A

strophysicalJournal(2004),vol.607,Issue
2,

pp.
697-703.

2.
E

gam
i,

E
.,

et
al.,

“Spitzer
and

H
ubble

Space
T
elescope

C
onstraints

on
the

P
hysical

P
roperties

of
the

z
∼

7
G

alaxy
Strongly

L
ensed

by
A

2218,”
T

he
A

stro-
physical

Journal
(2005),vol.

618,Issue
1,

pp.
L
5-L

8.
3.

P
ello

et
al.,

“ISA
A

C
/V

LT
observations

of
a

lensed
galaxy

at
z

=
10

.0,”
A

s-
tronom

y
and

A
strophysics

(2004),vol.416,p.
L
35.

4.
S.J.

W
eatherly

et
al.,

“R
eanalysis

of
the

spectrum
of

the
z

=
10

galaxy,”
A

stron.
A

strophys.,
vol.428

(2004),p.
L
29,

arX
iv:astro-ph/0407150v3

5.
M

.N
.B

rem
er

et
al.,“G

em
iniH

-band
im

aging
ofthe

field
ofa

z
=

10
candidate,”

A
strophys.

J.,
vol.615

(2004),pp.
L
1-L

4,
arX

iv:astro-ph/0409485.
6.

Stark,D
.et

al.,“A
K

eck
survey

for
gravitationally

lensed
L
y
α

em
itters

in
the

redshift
range

8
.5

<
z

<
10

.4:
N

ew
constraints

on
the

contribution
oflow

-lum
inosity

sources
to

cosm
ic

reionization,”
T

he
A

strophysicalJournal(2007),vol.663,pp.10-
28.7.

Fan,
X

iahoui
et

al.,
“A

Survey
of

z
>

5
.7

Q
uasars

in
the

Sloan
D

igital
Sky

Survey.
II.

D
iscovery

of
T

hree
A

dditional
Q

uasars
at

z
>

6,”
T

he
A

stronom
ical

Journal
(2003),vol.125,

Issue
4,

pp.
1649-1659.
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O
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5:
A

P
P
A

R
E
N

T
A

N
G

U
L
A

R
S
IZ

E
S

(10
points)

N
ow

suppose
for

sim
plicity

that
the

galaxy
is

spherical,
and

that
its

physical
diam

eter
w

as
w

at
the

tim
e

it
em

itted
the

light.
(T

he
actual

galaxy
is

seen
as

an
unresolved

point
source,

so
w

e
don’t

know
it’s

actual
size

and
shape.)

F
ind

the
apparent

angular
size

θ
(m

easured
from

one
edge

to
the

other)
of

the
galaxy

as
it

w
ould

be
observed

from
E

arth
today.

E
xpress

your
answ

er
in

term
s

of
w

,
z,

H
0 ,

and
c.

Y
ou

m
ay

assum
e

that
θ�

1.
C

om
pare

your
answ

er
to

the
apparent

angular
size

of
a

circle
of

diam
eter

w
in

a
static

E
uclidean

space,
at

a
distance

equalto
the

present
value

of
the

physical
distance

to
the

galaxy,
as

found
in

P
roblem

1.
[H

int:
draw

diagram
s

w
hich

trace
the

light
rays

in
the

c
o
m

o
v
in

g
coordinate

system
.

If
you

have
it

right,you
w

illfind
that

θ
has

a
m

inim
um

value
for

z
=

1
.25,and

that
θ

increases
for

larger
z.

T
his

phenom
enon

m
akes

sense
ifyou

think
about

the
distance

to
the

galaxy
at

the
tim

e
of

em
ission.

If
the

galaxy
is

v
e
ry

far
aw

ay
today,

then
the

light
that

w
e

now
see

m
ust

have
left

the
ob

ject
very

early,
w

hen
it

w
as

rather
close

to
us!]



8.286
P

R
O

B
L
E

M
S
E

T
2,

F
A

L
L

2009
p
.
5

P
R

O
B

L
E
M

6:
R

E
C

E
IV

E
D

R
A

D
IA

T
IO

N
F
L
U

X
(10

points)

A
t

the
tim

e
of

em
ission,

the
galaxy

had
a

pow
er

output
P

(m
easured,

say,
in

ergs/sec)
w

hich
w

as
radiated

uniform
ly

in
all

directions.
T

his
pow

er
w

as
em

itted
in

the
form

ofphotons.
W

hat
is

the
radiation

energy
flux

J
from

this
galaxy

at
the

earth
today?

E
nergy

flux
(w

hich
m

ight
be

m
easured

in
ergs-cm

−
2-sec −

1)
is

defined
as

the
energy

per
unit

area
per

unit
tim

e
striking

a
surface

that
is

orthogonalto
the

direction
of

energy
flow

.
T

he
easiest

w
ay

to
solve

this
problem

is
to

consider
the

trajectories
of

the
photons,as

view
ed

in
com

oving
coordinates.

Y
ou

m
ust

calculate
the

rate
at

w
hich

photons
arrive

at
the

detector,
and

you
m

ust
also

use
the

fact
that

the
energy

of
each

photon
is

proportional
to

its
frequency,

and
is

therefore
decreased

by
the

redshift.
Y

ou
m

ay
find

it
usefulto

think
ofthe

detector
as

a
sm

all
part

of
a

sphere
that

is
centered

on
the

source,
as

show
n

in
the

follow
ing

diagram
:


