
M
A
S
S
A
C
H
U
S
E
T
T
S
IN
S
T
IT
U
T
E
O
F
T
E
C
H
N
O
L
O
G
Y

P
h
y
sics
D
ep
artm
en
t

P
h
y
sics
8.286:
T
h
e
E
arly
U
n
iv
erse

S
ep
tem
b
er
15,
2018

P
rof.
A
lan
G
u
th

P
R
O

B
L
E
M

S
E
T

2

D
U
E
D
A
T
E
:
M
on
d
ay,
S
ep
tem
b
er
2
4,
2018,
5
:00
p
m
.
T
h
e
d
u
e
d
ate
h
as
b
een
p
ostp
on
ed
,

sin
ce
F
rid
ay
S
ep
tem
b
er
2
1
is
a
S
tu
d
en
t
H
olid
ay.

S
E
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

S
ep
tem
b
er
17

L
ectu
re
4

18

19L
ectu
re
5

20

21

24L
ectu
re
6

P
S
2
d
u
e

25

26L
ectu
re
7

27

28P
S
3
d
u
e

O
ctob
er
1

L
ectu
re
8

2

3Q
u
iz
1

|

in
cla
ss

4

5

R
E
A
D
IN
G

A
S
S
IG
N
M
E
N
T
:
B
arb
ara
R
y
d
en
,
In
tro
d
u
ctio
n
to
C
o
sm
o
lo
g
y
,
C
h
ap
ters

1-3.

P
L
A
N
N
IN
G

A
H
E
A
D
:
If
you
w
an
t
to
read
ah
ead
,
th
e
read
in
g
assign
m
en
t
w
ith
P
rob
-

lem

S
et
3
w
ill
b
e
W
ein
b
erg,
T
h
e
F
irst
T
h
ree
M
in
u
tes,
C
h
ap
ter
3.
P
rob
lem

S
ets

1
th
rou
gh
3,
in
clu
d
in
g
th
e
read
in
g
assign
m
en
ts,
w
ill
b
e
in
clu
d
ed
in
th
e
m
aterial

covered
o
n
Q
u
iz
1
,
o
n
W
ed
n
esd
ay,
O
ctob
er
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
th
is
p
rob
lem
set
w
e
w
ill
con
sid
er
a
u
n
iv
erse
in
w
h
ich
th
e
scale
factor
is
giv
en
b
y

a
(t)
=
bt
2
=
3

;

w
h
ere
b
is
a
n
a
rb
itra
ry
co
n
sta
n
t
o
f
p
rop
ortion
ality
w
h
ich
sh
ou
ld
n
ot
ap
p
ear
in
th
e
an
sw
ers

to
an
y
of
th
e
q
u
estion
s
b
elow
.
(W
e
w
ill
see
in
L
ectu
re
N
otes
3
th
at
th
is
is
th
e
b
eh
av
ior
of

a

at
u
n
iv
erse
w
ith
a
m
ass
d
en
sity
th
at
is
d
om
in
ated
b
y
n
on
relativ
istic
m
atter.)
W
e
w
ill

su
p
p
ose
th
at
a
d
istan
t
g
alax
y
is
ob
serv
ed
w
ith
a
red
sh
ift
z
.
A
s
a
con
crete
ex
am
p
le
w
e

w
ill
co
n
sid
er
th
e
m
o
st
d
ista
n
t
k
n
ow
n
ob
ject
w
ith
a
w
ell-d
eterm
in
ed
red
sh
ift,
th
e
galax
y

8
.2
8
6
P
R
O
B
L
E
M

S
E
T
2
,
F
A
L
L
2
0
1
8

p
.
2

G
N
-z11,
w
h
ich
h
as
a
red
sh
ift
z
=
1
1
:1.
T
h
e
d
iscovery
of
th
is
gala
x
y
w
a
s
an
n
o
u
n
ced
in

M
arch
2
016
b
y
an
in
tern
ation
al
g
rou
p
of
astro
n
om
ers,u
sin
g
th
e
H
u
b
b
le
S
p
a
ce
T
elesco
p
e*

T
h
e
rate
at
w
h
ich
th
e
h
ig
h
est
m
easu
red
red
-

sh
ift
h
as
b
een
grow
in
g
h
as
b
een
d
ra
m
atic.
In
1
98
6

th
e
h
igh
est
m
easu
red
red
sh
ift
w
as
o
n
ly
3
.78.

It

w
as
4.01
in
1988,
4.73
in
19
9
2,
4
.89
7
in
19
94,
a
n
d

4.92
in
1998,
5.34
in
2000,
6
.28
in
20
02,
an
d
6
.58

in
2003.

In
2006
Iye
et
a
l.y
d
iscovered
a
galax
y

w
ith
a
red
sh
ift
of
6.96.
In
20
0
9-20
10
astro
n
om
ers

search
in
g
th
e
H
u
b
b
le
S
p
a
ce
T
elescop
e
U
ltra
D
eep

F
ield
d
iscovered
th
e
galax
y
U
D
F
y
-3813
553
9,
w
h
ich

w
as
claim
ed
to
h
ave
a
red
sh
ift
of
z
=

8
:55.
F
u
r-

th
er
ob
servation
s,
h
ow
ever,
failed
to
co
n
�
rm

th
is

n
u
m
b
er.
T
h
e
d
iagram

at
th
e
righ
t
sh
ow
s
a
gra
p
h

of
th
e
h
igh
est
con
�
rm
ed
red
sh
ift
b
y
year
o
f
d
iscovery,
u
sin
g
th
e
listin
g
in
th
e
W
ik
ip
ed
ia
z.

T
h
e
red
circles
rep
resen
t
q
u
a
sars,
th
e
green
circles
rep
resen
t
galax
ies,
a
n
d
th
e
o
n
e
oran
ge

circle
at
2009
is
a
gam
m
a
ray
b
u
rst.
T
h
e
sea
rch
for
h
ig
h
red
sh
ift
ob
jects
con
tin
u
es
to
b
e

an
ex
citin
g
area
of
research
,
a
s
astron
om
ers
try
to
sort
ou
t
th
e
co
n
d
ition
s
in
th
e
u
n
iverse

w
h
en
th
e
�
rst
g
alax
ies
b
egan
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
poin
ts)

L
et
t
0

d
en
ote
th
e
p
resen
t
tim
e,
an
d
let
t
e
d
en
ote
th
e
tim
e
a
t
w
h
ich
th
e
lig
h
t
th
at
w
e

are
cu
rren
tly
receiv
in
g
w
as
em
itted
b
y
th
e
ga
la
x
y.
In
term
s
of
th
ese
q
u
an
tities,
�
n
d
th
e

p
resen
t
valu
e
of
th
e
p
h
y
sica
l
d
ista
n
ce
`
p
b
etw
een
th
is
d
istan
t
galax
y
an
d
u
s.

P
R
O
B
L
E
M

2
:
T
IM
E
O
F
E
M
IS
S
IO
N

(10
poin
ts)

E
x
p
ress
th
e
red
sh
ift
z
in
term
s
of
t
0

an
d
t
e .
F
in
d
th
e
ratio
t
e =
t
0

for
th
e
z
=
11
:1

galax
y.

*
P
.
A
.
O
esh
et
al.,
\A
R
em
arkab
ly
L
u
m
in
ou
s
G
alax
y
at
z
=
1
1
:1
M
ea
su
red
w
ith
H
u
b
-

b
le
S
p
ace
T
elescop
e
G
rism
S
p
ectro
scop
y,"
T
h
e
A
strop
h
y
sica
l
J
ou
rn
al
8
1
9
,
129
(201
6),

h
ttp
s://arx
iv
.org/ab
s/1603.004
6
1.

y
Iye
et
al.,
\
A
galax
y
at
a
red
sh
ift
z
=
6
:96,"
N
atu
re
v
ol.
4
43,
n
o.
710
8,
p
p
.
18
6{1
88

(14
S
ep
tem
b
er
14
2006).

z
\L
ist

of
th
e

m
ost
d
istan
t

astron
om
ical
ob
jects,"

(201
6,

A
p
ril
24).

In

W
ikipedia,

T
he

F
ree

E
n
cycloped
ia.

R
etriev
ed

01:03
,

M
ay

2
7,

20
16
,

from

h
ttp
s://en
.w
ik
ip
ed
ia.org/w
/
in
d
ex
.p
h
p
?title=
L
ist
_

o
f
_

th
e
_

m
ost
_

d
istan
t
_

astro
n
o
m
ical

_

ob
jects&
old
id
=
716940651



8
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8
6
P
R
O
B
L
E
M

S
E
T
2
,
F
A
L
L
2
0
1
8

p
.
3

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
poin
ts)

E
x
p
ress
th
e
p
resen
t
valu
e
of
th
e
p
h
y
sical
d
istan
ce
in
term
s
of
th
e
p
resen
t
valu
e
of

th
e
H
u
b
b
le
ex
p
an
sion
rate
H
0

an
d
th
e
red
sh
ift
z.
T
ak
in
g
H
0

�
67
k
m
-sec
�

1-M
p
c
�

1,
h
ow

far
aw
ay
is
th
e
galax
y
?
E
x
p
ress
y
ou
r
an
sw
er
b
o
th
in
ligh
t-years
an
d
in
M
p
c.

P
R
O
B
L
E
M

4
:
S
P
E
E
D

O
F
R
E
C
E
S
S
IO
N

(1
0
poin
ts)

F
in
d
th
e
p
resen
t
rate
a
t
w
h
ich
th
e
p
h
y
sical
d
istan
ce
`
p
b
etw
een
th
e
d
istan
t
galax
y

an
d
u
s
is
ch
an
gin
g.
E
x
p
ress
y
o
u
r
a
n
sw
er
in
term
s
of
th
e
red
sh
ift
z
an
d
th
e
sp
eed
of
ligh
t

c,
an
d
evalu
ate
it
n
u
m
erically
for
th
e
case
z
=
11
:1.
E
x
p
ress
y
ou
r
an
sw
er
as
a
fraction
of

th
e
sp
eed
o
f
lig
h
t.
[If
y
ou
get
it
righ
t,
th
is
\fraction
"
is
greater
th
an
on
e!
O
u
r
ex
p
an
d
in
g

u
n
iverse
v
iolates
sp
ecial
relativ
ity,
b
u
t
is
con
sisten
t
w
ith
g
en
eral
relativ
ity.]

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
poin
ts)

N
ow
su
p
p
ose
for
sim
p
licity
th
at
th
e
galax
y
is
sp
h
erical,
an
d
th
at
its
p
h
y
sicald
iam
eter

w
a
s
w
at
th
e
tim
e
it
em
itted
th
e
ligh
t.
(T
h
e
actu
al
galax
y
is
seen
as
an
u
n
resolv
ed
p
oin
t

sou
rce,
so
w
e
d
on
't
k
n
ow
it's
a
ctu
al
size
an
d
sh
ap
e.)
F
in
d
th
e
ap
p
aren
t
an
gu
lar
size
�

(m
easu
red
from
on
e
ed
ge
to
th
e
oth
er)
of
th
e
g
alax
y
as
it
w
ou
ld
b
e
ob
serv
ed
from
E
arth

to
d
ay.
E
x
p
ress
y
ou
r
an
sw
er
in
term
s
of
w
,
z
,
H
0 ,
a
n
d
c.
Y
ou
m
ay
assu
m
e
th
at
�
�

1.

C
om
p
are
y
o
u
r
an
sw
er
to
th
e
ap
p
aren
t
an
gu
lar
size
o
f
a
circle
of
d
iam
eter
w
in
a
static

E
u
clid
ean
sp
ace,
at
a
d
istan
ce
eq
u
al
to
th
e
p
resen
t
valu
e
of
th
e
p
h
y
sical
d
istan
ce
to
th
e

galax
y,
as
fou
n
d
in
P
rob
lem
1.
[H
in
t:
d
raw
d
iagram
s
w
h
ich
trace
th
e
ligh
t
ray
s
in
th
e

c
o
m
o
v
in
g
co
ord
in
ate
sy
stem
.
If
y
o
u
h
ave
it
righ
t,
you
w
ill
�
n
d
th
at
�
h
as
a
m
in
im
u
m

valu
e
for
z
=
1
:25,
an
d
th
at
�
in
creases
for
larger
z.
T
h
is
p
h
en
om
en
on
m
ak
es
sen
se
if

you
th
in
k
ab
ou
t
th
e
d
istan
ce
to
th
e
galax
y
at
th
e
tim
e
of
em
ission
.
If
th
e
galax
y
is
v
e
r
y

far
aw
ay
to
d
ay,
th
en
th
e
ligh
t
th
a
t
w
e
n
ow
see
m
u
st
h
ave
left
th
e
ob
ject
very
early,
w
h
en

it
w
as
rath
er
close
to
u
s!]
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P
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O
B
L
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E
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2
,
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A
L
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2
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1
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p
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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

(T
his
problem
is
n
ot
requ
ired,
bu
t
can
be
don
e
fo
r
1
5
poin
ts
extra
cred
it.)

A
t
th
e
tim
e
of
em
ission
,
th
e
ga
la
x
y
h
ad
a
p
ow
er
o
u
tp
u
t
P
(m
easu
red
,
say,in
ergs/sec)

w
h
ich
w
as
rad
iated
u
n
iform
ly
in
all
d
irection
s.
T
h
is
p
ow
er
w
as
em
itted
in
th
e
fo
rm
o
f

p
h
oton
s.
W
h
at
is
th
e
rad
iation
en
ergy

u
x
J
from
th
is
galax
y
at
th
e
ea
rth
to
d
ay
?
E
n
ergy


u
x
(w
h
ich
m
igh
t
b
e
m
easu
red
in
ergs-cm
�

2-sec
�

1)
is
d
e�
n
ed
as
th
e
en
ergy
p
er
u
n
it
area

p
er
u
n
it
tim
e
strik
in
g
a
su
rface
th
at
is
orth
ogon
al
to
th
e
d
irection
o
f
en
ergy

ow
.
T
h
e

easiest
w
ay
to
solve
th
is
p
rob
lem
is
to
con
sid
er
th
e
tra
jectories
o
f
th
e
p
h
o
ton
s,
as
v
iew
ed

in
com
ov
in
g
co
ord
in
ates.
Y
o
u
m
u
st
calcu
late
th
e
ra
te
at
w
h
ich
p
h
o
ton
s
a
rrive
a
t
th
e

d
etector,
an
d
y
ou
m
u
st
also
u
se
th
e
fact
th
at
th
e
en
ergy
of
each
p
h
oton
is
p
rop
ortion
al

to
its
freq
u
en
cy,
a
n
d
is
th
erefo
re
d
ecreased
b
y
th
e
red
sh
ift.
Y
ou
m
ay
�
n
d
it
u
sefu
l
to

th
in
k
of
th
e
d
etector
as
a
sm
all
p
art
of
a
sp
h
ere
th
at
is
cen
tered
on
th
e
so
u
rce,
a
s
sh
ow
n

in
th
e
follow
in
g
d
iagram
:

T
o
ta
l
p
o
in
ts
fo
r
P
r
o
b
le
m

S
e
t
2
:
6
0
,
p
lu
s
1
5
p
o
in
ts
o
f
e
x
tr
a
c
r
e
d
it.


