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T
S
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T
E
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H
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T
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E
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U
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P
rof.

A
lan

G
uth

P
R

O
B

L
E
M

S
E
T

2

D
U

E
D

A
T

E
:
D

ue
to

the
Student

H
oliday

this
Friday,the

problem
set

w
illnot

be
due

until
M

onday
—

M
onday,

Septem
ber

23,
2013,

5:00
pm

.
T

he
first

quiz
w

ill
be

on
T

hursday,
O

ctober
3,

w
hich

I
think

m
akes

it
preferable

to
have

P
roblem

Set
3

due
on

M
onday,Septem

ber
30.

T
hat

w
ay

P
roblem

Set
3

can
include

allthe
m

aterial
discussed

through
the

lecture
of

T
hursday,

Septem
ber

26,
w

hich
is

L
ecture

7,
and

then
the

quiz
w

ill
include

this
sam

e
block

of
m

aterial.
M

y
policy

is
that

quizzes
should

only
include

m
aterial

that
has

been
reinforced

by
a

problem
set

that
w

as
due

before
the

quiz.

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

16
Septem

ber
17L
ecture

4
18

19L
ecture

5
20Student
H

oliday

23P
S

2
due

24L
ecture

6
25

26L
ecture

7
27

30P
S

3
due

O
ctober

1
L
ecture

8
2

3Q
uiz

1
–

in
class

4

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
:
If

you
w

ant
to

read
ahead,

the
reading

assignm
ent

w
ith

P
roblem

Set
3

w
illbe

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

ill
be

included
in

the
m

aterialcovered
on

Q
uiz

1,
on

T
hursday,

O
ctober

3.

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

ill
see

in
L
ecture

N
otes

3
that

8.286
P

R
O

B
L
E

M
S
E

T
2,

F
A

L
L

2013
p
.
2

this
is

the
behavior

of
a

flat
universe

w
ith

a
m

ass
density

that
is

dom
inated

by
nonrelativistic

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

U
D

F
y-38135539,

w
hich

has
a

redshift
z

=
8
.55.

T
he

discovery
of

this
galaxy

w
as

announced
in

Septem
ber

2009
by

three
groups

of
astronom

ers*,
all

of
w

hom
discovered

it
in

infrared
im

ages
in

the
H

ubble
Space

T
elescope

U
ltra

D
eep

F
ield.

T
he

redshift
w

as
initially

estim
ated

“photom
etrically,”

w
hich

m
eans

that
broad

features
ofthe

spectrum
are

determ
ined

by
m

easuring
the

light
that

com
es

through
a

range
of

filters.
T

he
redshift

w
as

confirm
ed

spectrographically
in

O
ctober

2010
by

L
ehnert

et
al.†

T
he

rate
at

w
hich

the
highest

m
easured

redshift
has

been
grow

ing
has

been
dram

atic.
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,
6.28

in
2002,

and
6.58

in
2003.

In
2006

Iye
et

al.‡
discovered

a
galaxy

w
ith

a
redshift

of
6.96.

In
2006

R
ichard

M
cM

ahon
com

piled
the

graph
on

the
right,

w
hich

w
as

published
in

a
N

ew
s

arti-
cle

on
p.128

of
the

sam
e

issue
of

N
ature

as
the

Iye
et

al.
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

.

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

(10
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.*
R

.J.
B

ouw
ens

et
al.,

A
strophys.

J.
L
etters

709,
L
133-L

137
(2010),

http://
arxiv.org/abs/0909.1803;

A
ndrew

B
unker

et
al.,

M
onthly

N
otices

of
the

R
oyal

A
stronom

ical
Society

409,
855-866

(2010),
http://arxiv.org/abs/0909.2255;

R
.J.

M
cL

ure
et

al.,
M

onthly
N

otices
of

the
R

oyal
A

stronom
ical

Society
403,

960-983
(2010),http://arxiv.org/abs/0909.2437.

†
M

.D
.

L
ehnert

et
al.,

N
ature

467,
940–942

(2010),
http://arxiv.org/abs/

1010.4312.
‡

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).
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P
R

O
B

L
E
M

2:
T

IM
E

O
F

E
M

IS
S
IO

N
(10

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
=

8
.55

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
(10

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 ≈

67
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
(10

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

=
8
.55.

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.]

P
R

O
B

L
E
M

5:
A

P
P
A

R
E
N

T
A

N
G

U
L
A

R
S
IZ

E
S

(20
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

8.286
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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!]

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
(20

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
:

T
otal

p
oin

ts
for

P
rob

lem
S
et

2:
80.


