
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
28,
2018

P
rof.
A
lan
G
u
th

R
E
V
IE
W

P
R
O
B
L
E
M
S
F
O
R

Q
U
IZ
1

Q
U
IZ
D
A
T
E
:
W
ed
n
esd
ay,
O
ctob
er
3,
2018,
d
u
rin
g
th
e
n
orm
al
class
tim
e.

Q
U
IZ
C
O
V
E
R
A
G
E
:
L
ectu
re
N
otes
1,
2,
an
d
3;
P
rob
lem
S
ets
1,
2,
an
d
3;
W
ein
b
erg,

C
h
ap
ters
1,
2,
an
d
3;
R
y
d
en
,
C
h
ap
ters
1
,
2,
an
d
3.
(W
h
ile
all
of
R
y
d
en
's
C
h
ap
ter
3

h
as
b
een
assign
ed
,
q
u
estion
s
o
n
th
e
q
u
iz
w
ill
b
e
lim
ited
to
S
ection
3.1.
T
h
e
m
aterial

in
S
ection
s
3.2
an
d
3.3
w
ill
b
e
d
iscu
ssed
in
lectu
re
later
in
th
e
cou
rse,
an
d
y
ou
w
ill

n
ot
b
e
resp
on
sib
le
for
it
u
n
til
th
en
.
S
ection
3.4
(for
th
e
�
=
0
case)
m
ay
h
elp
y
ou

u
n
d
erstan
d
th
e
cosm
ological
D
op
p
ler
sh
ift,
also
d
iscu
ssed
in
L
ectu
re
N
otes
2,
b
u
t

th
ere
w
ill
b
e
n
o
q
u
estion
s
sp
eci�
cally
fo
cu
sed
on
R
y
d
en
's
d
iscu
ssion
.)
O
n
e
o
f
th
e

p
ro
b
le
m
s
o
n
th
e
q
u
iz
w
ill
b
e
ta
k
e
n
v
e
rb
a
tim

(o
r
a
t
le
a
st
a
lm
o
st
v
e
rb
a
tim
)

fro
m

e
ith
e
r
th
e
h
o
m
e
w
o
rk
a
ssig
n
m
e
n
ts,
o
r
fro
m

th
e
sta
rre
d
p
ro
b
le
m
s

fro
m

th
is
se
t
o
f
R
e
v
ie
w

P
ro
b
le
m
s.
T
h
e
starred
p
rob
lem
s
are
th
e
on
es
th
at
I

recom
m
en
d
th
a
t
you
rev
iew
m
ost
carefu
lly
:
P
rob
lem
s
2,
4,
7,
12,
15,
17,
19,
an
d
22.

T
h
e
starred
p
rob
lem
s
d
o
n
ot
in
clu
d
e
an
y
read
in
g
q
u
estion
s,
b
u
t
p
arts
of
th
e
read
in
g

q
u
estion
s
in
th
ese
R
ev
iew
P
rob
lem
s
m
ay
also
recu
r
on
th
e
u
p
com
in
g
q
u
iz.
F
or
th
e

h
om
ew
ork
p
rob
lem
s,
ex
tra
cred
it
p
rob
lem
s
are
eligib
le
to
b
e
th
e
p
rob
lem
u
sed
o
n

th
e
q
u
iz.

P
U
R
P
O
S
E
:
T
h
ese
rev
iew
p
rob
lem
s
are
n
ot
to
b
e
h
an
d
ed
in
,
b
u
t
are
b
ein
g
m
ad
e
avail-

ab
le
to
h
elp
y
ou
stu
d
y.
T
h
ey
com
e
m
ain
ly
from
q
u
izzes
in
p
rev
iou
s
y
ears.
E
x
cep
t

for
a
few
p
arts
w
h
ich
a
re
clearly
m
ark
ed
,
th
ey
are
all
p
rob
lem
s
th
at
I
w
ou
ld
con
sid
er

fair
for
th
e
com
in
g
q
u
iz.
In
som
e
cases
th
e
n
u
m
b
er
of
p
oin
ts
assign
ed
to
th
e
p
rob
lem

on
th
e
q
u
iz
is
listed
|

in
all
su
ch
cases
it
is
b
ased
on
100
p
oin
ts
for
th
e
fu
ll
q
u
iz.

In
ad
d
ition
to
th
is
set
of
p
rob
lem
s,
y
ou
w
ill
�
n
d
on
th
e
cou
rse
w
eb
p
age
th
e

actu
al
q
u
izzes
th
at
w
ere
g
iv
en
in
1994,
1996,
1998,
2000,
2002,
2004,
2005,
2007,

2009,
2011,
2013,
a
n
d
2016.
T
h
e
relevan
t
p
rob
lem
s
from
th
ose
q
u
izzes
h
ave
m
ostly

b
een
in
corp
orated
in
to
th
ese
rev
iew
p
rob
lem
s,
b
u
t
y
ou
still
m
ay
b
e
in
terested
in

lo
ok
in
g
at
th
e
origin
al
q
u
izzes,
ju
st
to
see
h
ow
m
u
ch
m
aterial
h
as
b
een
in
clu
d
ed
in

each
q
u
iz.
S
in
ce
th
e
sch
ed
u
le
an
d
th
e
n
u
m
b
er
of
q
u
izzes
h
as
varied
over
th
e
y
ears,

th
e
coverage
of
th
is
q
u
iz
w
ill
n
ot
n
ecessarily
b
e
th
e
sam
e
as
Q
u
iz
1
from
all
p
rev
iou
s

years.
In
fact,
h
ow
ev
er,
th
e
�
rst
q
u
iz
th
is
y
ear
covers
essen
tially
th
e
sam
e
m
aterial

as
th
e
�
rst
q
u
iz
in
eith
er
2009,
2011,
2
013,
or
2016.

R
E
V
IE
W

S
E
S
S
IO
N
:
T
o
h
elp
you
stu
d
y
for
th
e
q
u
iz,
th
ere
w
ill
b
e
a
rev
iew
session
led

b
y
H
on
ggeu
n
K
im
on
S
u
n
d
ay,
S
ep
tem
b
er
3
0
,
a
t
3
:3
0
p
m
in
R
o
om
3-333.

F
U
T
U
R
E

Q
U
IZ
Z
E
S
:
T
h
e
oth
er
q
u
iz
d
ates
th
is
term
w
ill
b
e
M
on
d
ay,
N
ovem
b
er
5,

an
d
W
ed
n
esd
ay,
D
ecem
b
er
5
,
2018.

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M
S
,
F
A
L
L
2
0
1
8

p
.
2

IN
F
O
R
M
A
T
IO
N

T
O

B
E
G
IV
E
N

O
N

Q
U
IZ
:

E
ach
q
u
iz
in
th
is
cou
rse
w
ill
h
ave
a
section
o
f
\
u
sefu
l
in
form
a
tion
"
at
th
e
b
a
ck
o
f

th
e
q
u
iz.
F
or
th
e
�
rst
q
u
iz,
th
is
u
sefu
l
in
form
ation
w
ill
b
e
th
e
follow
in
g:

D
O
P
P
L
E
R

S
H
IF
T
(F
o
r
m
o
tio
n
a
lo
n
g
a
lin
e
):

z
=
v
=
u

(n
o
n
rela
tiv
istic,
sou
rce
m
ov
in
g)

z
=

v
=
u

1�
v
=
u

(n
on
rela
tiv
istic,
o
b
serv
er
m
ov
in
g)

z
= s
1
+
�

1�
�
�
1

(sp
ecial
rela
tiv
ity,
w
ith
�
=
v
=
c)

C
O
S
M
O
L
O
G
IC
A
L
R
E
D
S
H
IF
T
:

1
+
z�
�
o
b
se
rv
e
d

�
e
m
itte
d

=
a
(t
o
b
se
rv
e
d )

a
(t
e
m
itte
d )

S
P
E
C
IA
L
R
E
L
A
T
IV
IT
Y
:

T
im
e
D
ilation
F
a
cto
r:


�

1

p
1�
�
2

;

�
�
v
=
c

L
oren
tz-F
itzgera
ld
C
on
tractio
n
F
acto
r:


R
elativ
ity
o
f
S
im
u
ltan
eity
:

T
railin
g
clo
ck
read
s
later
b
y
an
am
o
u
n
t
�
`
0 =
c
.

K
IN
E
M
A
T
IC
S
O
F
A
H
O
M
O
G
E
N
E
O
U
S
L
Y

E
X
P
A
N
D
IN
G

U
N
I-

V
E
R
S
E
:

H
u
b
b
le's
L
aw
:
v
=
H
r
,

w
h
ere
v
=

recessio
n
v
elo
city
of
a
d
istan
t
ob
ject,
H

=

H
u
b
b
le

ex
p
an
sion
rate,
a
n
d
r
=
d
istan
ce
to
th
e
d
istan
t
o
b
ject.

P
resen
t
V
alu
e
of
H
u
b
b
le
E
x
p
an
sion
R
ate
(P
lan
ck
2
018
):

H
0
=
6
7
:6
6�
0
:42
k
m
-s �
1-M
p
c �
1
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,
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0
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p
.
3

S
cale
F
actor:
`
p (t)
=
a
(t)`
c
;

w
h
ere
`
p (t)
is
th
e
p
h
y
sical
d
istan
ce
b
etw
een
an
y
tw
o
ob
jects,
a
(t)

is
th
e
scale
factor,
an
d
`
c
is
th
e
co
ord
in
ate
d
istan
ce
b
etw
een
th
e

o
b
jects,
a
lso
ca
lled
th
e
co
m
ov
in
g
d
istan
ce.

H
u
b
b
le
E
x
p
an
sion
R
ate:
H
(t)
=

1
a
(t)

d
a
(t)

d
t

.

L
igh
t
R
ay
s
in
C
om
ov
in
g
C
o
ord
in
ates:
L
igh
t
ray
s
travel
in
straigh
t
lin
es

w
ith
sp
eed
d
xd

t
=

c
a
(t)
.

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
= �
_aa �
2

=
8
�3

G
��
k
c
2

a
2

;

�a
=
�
4
�3

G
�
a
;

�
(t)
=
a
3(t

i )

a
3(t)
�
(t
i )



�
�
=
�
c
;
w
h
ere
�
c
=
3
H
2

8
�
G

:

F
lat
(k
=
0):
a
(t)/
t
2
=
3
;


=
1

8
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U
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R
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P
R
O
B
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,
F
A
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2
0
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p
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4

P
R
O
B
L
E
M

L
IS
T

1.
D
id
Y
ou
D
o
th
e
R
ead
in
g
(200
0)?

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
5
(S
ol:
25
)

*2.
T
h
e
S
tead
y
-S
tate
U
n
iv
erse
T
h
eo
ry
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
6
(S
ol:
27)

3.
D
id
Y
ou
D
o
T
h
e
R
ead
in
g
(2007)?

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
7
(S
ol:
2
9)

*4.
A
n
E
x
p
on
en
tially
E
x
p
a
n
d
in
g
U
n
iverse

.
.
.
.
.
.
.
.
.
.
.
.
.
8
(S
o
l:
31)

5.
D
id
Y
ou
D
o
T
h
e
R
ea
d
in
g
(198
6/1
990
com
p
osite)?

.
.
.
.
.
.
.
.
9
(S
ol:
32
)

6.
A
F
lat
U
n
iverse
W
ith
U
n
u
su
al
T
im
e
E
v
o
lu
tio
n

.
.
.
.
.
.
.
.
.
9
(S
o
l:
3
3)

*7.
A
n
oth
er
F
lat
U
n
iverse
W
ith
A
n
U
n
u
su
al
T
im
e
E
v
olu
tio
n

.
.
.
.
.
10
(S
o
l:
3
4)

8.
D
id
Y
ou
D
o
T
h
e
R
ead
in
g
(1996)?

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
11
(S
ol:
38
)

9.
A
F
lat
U
n
iverse
W
ith
a
(t)/
t
3
=
5

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
12
(S
o
l:
39)

10.
D
id
Y
ou
D
o
T
h
e
R
ead
in
g
(1
998
)?

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
13
(S
ol:
43
)

11.
A
n
oth
er
F
lat
U
n
iverse
W
ith
a
(t)/
t
3
=
5

.
.
.
.
.
.
.
.
.
.
.
.
.
14
(S
ol:
44
)

*12.
T
h
e
D
eceleration
P
ara
m
eter
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
14
(S
ol:
4
8)

13.
A
R
ad
iation
-D
om
in
ated
F
la
t
U
n
iv
erse

.
.
.
.
.
.
.
.
.
.
.
.
.
15
(S
o
l:
4
8)

14.
D
id
Y
ou
D
o
T
h
e
R
ead
in
g
(2
004
)?

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
15
(S
ol:
49
)

*15.
S
p
ecial
R
elativ
ity
D
op
p
ler
S
h
ift
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
16
(S
o
l:
5
0)

16.
D
id
Y
ou
D
o
T
h
e
R
ead
in
g
(2005)?

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
16
(S
ol:
51
)

*17.
T
racin
g
A
L
igh
t
P
u
lse
T
h
rou
gh
A
R
ad
ia
tion
-D
om
in
ated
U
n
iv
erse

.
17
(S
ol:
5
3)

18.
T
ran
sverse
D
op
p
ler
S
h
ifts
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
18
(S
ol:
55)

*19.
A
T
w
o-L
evel
H
igh
-S
p
eed
M
erry
-G
o-R
o
u
n
d

.
.
.
.
.
.
.
.
.
.
.
19
(S
ol:
56
)

20.
S
ign
al
P
rop
agation
In
A
F
lat
M
atter-D
om
in
ated
U
n
iv
erse

.
.
.
.
20
(S
o
l:
5
9)

21.
D
id
Y
ou
D
o
T
h
e
R
ead
in
g
(2011)?

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
21
(S
ol:
65
)

*22.
T
h
e
T
ra
jectory
O
f
A
P
h
o
to
n
O
rigin
atin
g
A
t
T
h
e
H
o
rizon
.
.
.
.
.
2
1
(S
ol:
68
)

23.
D
id
Y
ou
D
o
th
e
R
ead
in
g
(2016)?

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
22
(S
ol:
69
)

24.
O
b
serv
in
g
a
D
istan
t
G
a
la
x
y
in
a
M
a
tter-D
om
in
a
ted
F
la
t
U
n
iv
erse
.
23
(S
o
l:
7
1)
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P
R
O
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2
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P
R
O
B
L
E
M

1
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(2
0
0
0
)?
(35
poin
ts)

T
he
follow
in
g
problem
w
as
P
roblem
1
,
Q
u
iz
1,
2000.
T
he
parts
w
ere
each
w
orth
5
poin
ts.

a)
T
h
e
D
op
p
ler
e�
ect
for
b
oth
sou
n
d
an
d
ligh
t
w
av
es
is
n
am
ed
for
J
oh
an
n
C
h
ristian

D
op
p
ler,
a
p
rofessor
of
m
ath
em
atics
at
th
e
R
ealsch
u
le
in
P
ragu
e.
H
e
p
red
icted
th
e

e�
ect
for
b
o
th
ty
p
es
o
f
w
aves
in
x
x
42.
W
h
at
are
th
e
tw
o
d
igits
x
x
?

b
)
W
h
en
th
e
sk
y
is
v
ery
clear
(as
it
alm
ost
n
ev
er
is
in
B
oston
),
on
e
can
see
a
b
an
d

of
ligh
t
across
th
e
n
igh
t
sk
y
th
at
h
as
b
een
k
n
ow
n
sin
ce
an
cien
t
tim
es
as
th
e
M
ilk
y

W
ay.
E
x
p
lain
in
a
sen
ten
ce
or
tw
o
h
ow
th
is
b
an
d
of
ligh
t
is
related
to
th
e
sh
ap
e
of

th
e
galax
y
in
w
h
ich
w
e
live,
w
h
ich
is
also
called
th
e
M
ilk
y
W
ay.

c)
T
h
e
statem
en
t
th
at
th
e
d
istan
t
galax
ies
are
on
average
reced
in
g
from
u
s
w
ith
a
sp
eed

p
rop
ortion
al
to
th
eir
d
istan
ce
w
as
�
rst
p
u
b
lish
ed
b
y
E
d
w
in
H
u
b
b
le
in
1929,
an
d
h
as

b
ecom
e
k
n
ow
n
as
H
u
b
b
le's
law
.
W
as
H
u
b
b
le's
origin
al
p
ap
er
b
ased
on
th
e
stu
d
y
of

2,
18,
180,
or
1,800
g
alax
ies?

d
)
T
h
e
follow
in
g
d
iagram
,
lab
eled
H
om
ogen
eity
a
n
d
the
H
u
bble
L
aw
,
w
as
u
sed
b
y
W
ein
-

b
erg
to
ex
p
lain
h
ow
H
u
b
b
le's
law
is
con
sisten
t
w
ith
th
e
h
o
m
ogen
eity
o
f
th
e
u
n
iv
erse:

T
h
e
arrow
s
an
d
lab
els
from
th
e
\V
elo
cities
seen
b
y
B
"
an
d
th
e
\V
elo
cities
seen
b
y

C
"
row
s
h
av
e
b
een
d
eleted
from
th
is
cop
y
of
th
e
�
gu
re,
an
d
it
is
y
ou
r
job
to
sketch

th
e
�
gu
re
in
y
ou
r
ex
am
b
o
o
k
w
ith
th
ese
arrow
s
an
d
lab
els
in
clu
d
ed
.
(A
ctu
ally,
in

W
ein
b
erg's
d
iagram
th
ese
arrow
s
w
ere
n
ot
lab
eled
,
b
u
t
th
e
lab
els
are
req
u
ired
h
ere

so
th
at
th
e
grad
er
d
o
es
n
ot
h
ave
to
ju
d
ge
th
e
p
recise
len
gth
of
h
an
d
-d
raw
n
arrow
s.)

e)
T
h
e
h
orizon
is
th
e
p
resen
t
d
istan
ce
of
th
e
m
ost
d
istan
t
ob
jects
from
w
h
ich
ligh
t
h
as

h
ad
tim
e
to
reach
u
s
sin
ce
th
e
b
egin
n
in
g
of
th
e
u
n
iv
erse.
T
h
e
h
orizon
ch
an
ges
w
ith

tim
e,
b
u
t
of
cou
rse
so
d
o
es
th
e
size
of
th
e
u
n
iv
erse
as
a
w
h
ole.
D
u
rin
g
a
tim
e
in
terval

in
w
h
ich
th
e
lin
ear
size
of
th
e
u
n
iv
erse
grow
s
b
y
1%
,
d
o
es
th
e
h
orizon
d
istan
ce

(i)
grow
b
y
m
ore
th
an
1%
,
or

(ii)
grow
b
y
less
th
an
1%
,
or

(iii)
grow
b
y
th
e
sam
e
1%
?

f)
N
a
m
e
th
e
tw
o
m
en
w
h
o
in
1964
d
iscovered
th
e
cosm
ic
b
ack
grou
n
d
rad
iation
.
W
ith

w
h
at
in
stitu
tion
w
ere
th
ey
aÆ
liated
?

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
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B
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L
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2
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1
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.
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g)
A
t
a
tem
p
eratu
re
o
f
300
0
K
,
th
e
n
u
clei
a
n
d
electron
s
th
a
t
�
lled
th
e
u
n
iverse
com
-

b
in
ed
to
form
n
eu
tral
a
to
m
s,
w
h
ich
in
tera
ct
v
ery
w
eak
ly
w
ith
th
e
p
h
oto
n
s
of
th
e

b
ack
grou
n
d
rad
iation
.
A
fter
th
is
p
ro
cess,
k
n
ow
n
as
\
recom
b
in
atio
n
,"
th
e
b
a
ck
grou
n
d

rad
iation
ex
p
an
d
ed
freely.
S
in
ce
recom
b
in
ation
,
h
ow
h
av
e
each
o
f
th
e
follow
in
g
q
u
an
-

tities
varied
as
th
e
size
of
th
e
u
n
iverse
h
a
s
ch
an
ged
?
(Y
ou
r
an
sw
ers
sh
o
u
ld
resem
b
le

statem
en
ts
su
ch
a
s
\p
ro
p
o
rtion
al
to
th
e
size
of
th
e
u
n
iv
erse,"
or
\in
versely
p
rop
or-

tion
al
to
th
e
sq
u
are
of
th
e
size
o
f
th
e
u
n
iv
erse".
T
h
e
w
ord
\
size"
w
ill
b
e
in
terp
reted

to
m
ean
lin
ear
size,
n
ot
volu
m
e.)

(i)
th
e
average
d
istan
ce
b
etw
een
p
h
oton
s

(ii)
th
e
ty
p
ical
w
avelen
g
th
of
th
e
rad
ia
tion

(iii)
th
e
n
u
m
b
er
d
en
sity
o
f
p
h
oton
s
in
th
e
ra
d
iation

(iv
)
th
e
en
ergy
d
en
sity
o
f
th
e
rad
iation

(v
)
th
e
tem
p
eratu
re
of
th
e
rad
iation

�

P
R
O
B
L
E
M

2
:
T
H
E
S
T
E
A
D
Y
-S
T
A
T
E
U
N
IV
E
R
S
E
T
H
E
O
R
Y

(2
5
poin
ts)

T
he
follow
in
g
problem
w
as
P
roblem
2
,
Q
u
iz
1
,
200
0.

T
h
e
stead
y
-state
th
eory
of
th
e
u
n
iv
erse
w
as
p
rop
o
sed
in
th
e
late
194
0s
b
y
H
erm
a
n
n

B
on
d
i,
T
h
om
as
G
old
,
an
d
F
red
H
oy
le,
an
d
w
as
co
n
sid
ered
a
v
ia
b
le
m
o
d
el
for
th
e
u
n
iv
erse

u
n
til
th
e
cosm
ic
b
ack
grou
n
d
rad
iation
w
as
d
iscov
ered
a
n
d
its
p
rop
erties
w
ere
co
n
�
rm
ed
.

A
s
th
e
n
am
e
su
ggests,th
is
th
eo
ry
is
b
a
sed
on
th
e
h
y
p
oth
esis
th
at
th
e
large-scale
p
ro
p
erties

of
th
e
u
n
iverse
d
o
n
ot
ch
an
ge
w
ith
tim
e.
T
h
e
ex
p
an
sion
o
f
th
e
u
n
iv
erse
w
as
an
esta
b
lish
ed

fact
w
h
en
th
e
stead
y
-state
th
eory
w
as
in
ven
ted
,
b
u
t
th
e
stea
d
y
-sta
te
th
eory
recon
ciles
th
e

ex
p
an
sion
w
ith
a
stead
y
-state
d
en
sity
of
m
atter
b
y
p
rop
osin
g
th
at
n
ew
m
atter
is
created

as
th
e
u
n
iverse
ex
p
an
d
s,
so
th
at
th
e
m
atter
d
en
sity
d
o
es
n
o
t
fall.
L
ike
th
e
con
ven
tion
a
l

th
eory,
th
e
stead
y
-state
th
eo
ry
d
escrib
es
a
h
om
og
en
eou
s,
isotro
p
ic,
ex
p
a
n
d
in
g
u
n
iv
erse,

so
th
e
sam
e
com
ov
in
g
co
ord
in
ate
form
u
latio
n
ca
n
b
e
u
sed
.

a)
(10
poin
ts)
T
h
e
stead
y
-state
th
eory
p
rop
oses
th
at
th
e
H
u
b
b
le
con
stan
t,
like
o
th
er

cosm
ological
p
aram
eters,
d
o
es
n
ot
ch
an
ge
w
ith
tim
e,
so
H
(t)
=
H
0 .
F
in
d
th
e
m
ost

gen
eralform
for
th
e
scale
factor
fu
n
ction
a
(t)
w
h
ich
is
con
sisten
t
w
ith
th
is
h
y
p
o
th
esis.

b
)
(15
poin
ts)
S
u
p
p
ose
th
at
th
e
m
a
ss
d
en
sity
of
th
e
u
n
iv
erse
is
�
0 ,
w
h
ich
o
f
cou
rse
d
o
es

n
ot
ch
an
ge
w
ith
tim
e.
In
term
s
of
th
e
gen
eral
form
for
a
(t)
th
at
you
fou
n
d
in
p
art

(a),
calcu
late
th
e
rate
at
w
h
ich
n
ew
m
a
tter
m
u
st
b
e
created
for
�
0
to
rem
ain
con
stan
t

as
th
e
u
n
iv
erse
ex
p
an
d
s.
Y
ou
r
an
sw
er
sh
ou
ld
h
ave
th
e
u
n
its
of
m
ass
p
er
u
n
it
v
o
lu
m
e

p
er
u
n
it
tim
e.
[If
you
failed
to
a
n
sw
er
part
(a),
you
w
ill
still
receive
fu
ll
credit
here

if
you
correctly
a
n
sw
er
the
qu
estio
n
fo
r
a
n
arbitrary
scale
facto
r
fu
n
ction
a
(t).]
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P
R
O
B
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:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(2
0
0
7
)?
(25
poin
ts)

T
he
follow
in
g
problem
w
as
P
ro
blem
1
o
n
Q
u
iz
1
,
2
0
0
7
,
w
h
ere
each
of
the
5
qu
estion
s
w
as

w
o
rth
5
poin
ts:

(a)
In
th
e
1940's,
th
ree
astrop
h
y
sicists
p
rop
osed
a
\stead
y
state"
th
eory
of
cosm
ology,

in
w
h
ich
th
e
u
n
iv
erse
h
as
alw
ay
s
lo
oked
ab
ou
t
th
e
sam
e
as
it
d
o
es
n
ow
.
S
tate
th
e

last
n
am
e
of
at
least
o
n
e
of
th
ese
au
th
ors.
(B
o
n
u
s
poin
ts:
you
can
earn
1
p
oin
t
each

for
n
am
in
g
th
e
oth
er
tw
o
au
th
ors,
an
d
h
en
ce
u
p
to
2
ad
d
ition
al
p
o
in
ts,
b
u
t
1
p
oin
t

w
ill
b
e
tak
en
o�
for
each
in
correct
an
sw
er.)

(b
)
In
1917,
a
D
u
tch
a
stron
om
er
n
am
ed
W
illem
d
e
S
itter
d
id
w
h
ich
on
e
of
th
e
follow
in
g

accom
p
lish
m
en
ts:

(i)
m
easu
red
th
e
size
of
th
e
M
ilk
y
W
ay
galax
y,
�
n
d
in
g
it
to
b
e
ab
ou
t
on
e
b
illion

ligh
t-years
in
d
iam
eter.

(ii)
resolv
ed
C
ep
h
eid
variab
le
stars
in
A
n
d
rom
ed
a
an
d
th
ereb
y
ob
tain
ed
p
ersu
a-

siv
e
ev
id
en
ce
th
at
A
n
d
rom
ed
a
is
n
ot
w
ith
in
o
u
r
ow
n
galax
y,
b
u
t
is
ap
p
aren
tly

an
oth
er
galax
y
lik
e
ou
r
ow
n
.

(iii)
p
u
b
lish
ed
a
catalog,
N
ebu
lae
an
d
S
tar
C
lu
sters,
listin
g
103
ob
jects
th
at
as-

tron
om
ers
sh
ou
ld
avoid
w
h
en
lo
ok
in
g
for
com
ets.

(iv
)
p
u
b
lish
ed
a
m
o
d
el
for
th
e
u
n
iv
erse,
b
ased
on
gen
eral
relativ
ity,
w
h
ich
a
p
p
eared

to
b
e
static
b
u
t
w
h
ich
p
ro
d
u
ced
a
red
sh
ift
p
rop
ortion
al
to
th
e
d
istan
ce.

(v
)
d
iscovered
th
at
th
e
orb
ital
p
erio
d
s
of
th
e
p
lan
ets
are
p
rop
ortion
al
to
th
e
3/2

p
ow
er
of
th
e
sem
i-m
a
jor
ax
is
of
th
eir
ellip
tical
orb
its.

(c)
In
1964{65,
A
rn
o
A
.
P
en
zias
an
d
R
ob
ert
W
.
W
ilson
ob
serv
ed
a

u
x
of
m
icrow
ave

rad
iation
com
in
g
from
all
d
irection
s
in
th
e
sk
y,
w
h
ich
w
as
in
terp
reted
b
y
a
grou
p
of

p
h
y
sicists
a
t
a
n
eig
h
b
orin
g
in
stitu
tio
n
a
s
th
e
co
sm
ic
b
a
ck
grou
n
d
rad
iation
left
over

from
th
e
b
ig
b
an
g.
C
ircle
th
e
tw
o
item
s
on
th
e
follow
in
g
list
th
at
w
ere
n
o
t
p
art
of

th
e
story
b
eh
in
d
th
is
sp
ectacu
lar
d
iscov
ery
:

(i)
B
ell
T
elep
h
on
e
L
ab
oratory

(ii)
M
IT

(iii)
P
rin
ceton
U
n
iversity

(iv
)
p
igeon
s

(v
)
grou
n
d
h
ogs

(v
i)
H
u
b
b
le's
con
stan
t

(v
ii)
liq
u
id
h
eliu
m

(v
iii)
7.35
cm

(G
rad
in
g:
3
p
ts
for
1
correct
an
sw
er,
5
for
2
correct
an
sw
ers,an
d
-2
for
each
in
correct

an
sw
er,
b
u
t
th
e
m
in
im
u
m
score
is
zero.)

(d
)
Im
p
ortan
t
p
red
iction
s
of
th
e
C
op
ern
ican
th
eory
w
ere
con
�
rm
ed
b
y
th
e
d
iscovery

of
th
e
a
b
erration
of
starligh
t
(w
h
ich
sh
ow
ed
th
at
th
e
v
elo
city
of
th
e
E
arth
h
as
th
e
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tim
e-d
ep
en
d
en
ce
ex
p
ected
for
rotatio
n
ab
ou
t
th
e
S
u
n
)
a
n
d
b
y
th
e
b
eh
av
ior
o
f
th
e

F
ou
cau
lt
p
en
d
u
lu
m
(w
h
ich
sh
ow
ed
th
at
th
e
E
arth
ro
tates).
T
h
ese
d
iscov
eries
w
ere

m
ad
e

(i)
d
u
rin
g
C
op
ern
icu
s'
lifetim
e.

(ii)
ap
p
rox
im
ately
tw
o
a
n
d
th
ree
d
ecad
es
after
C
o
p
ern
icu
s'
d
eath
,
resp
ectively.

(iii)
ab
ou
t
on
e
h
u
n
d
red
y
ea
rs
a
fter
C
op
ern
icu
s'
d
ea
th
.

(iv
)
ap
p
rox
im
ately
tw
o
a
n
d
th
ree
cen
tu
ries
after
C
op
ern
icu
s'
d
ea
th
,
resp
ectiv
ely.

(e)
If
on
e
averages
over
su
Æ
cien
tly
larg
e
sca
les,
th
e
u
n
iv
erse
ap
p
ears
to
b
e
h
o
m
og
en
eou
s

an
d
isotrop
ic.
H
ow
large
m
u
st
th
e
averagin
g
scale
b
e
b
efo
re
th
is
h
o
m
og
en
eity
an
d

isotrop
y
set
in
?

(i)
1
A
U
(1
A
U
=
1
:4
96�
1
0
1
1
m
).

(ii)
100
k
p
c
(1
k
p
c
=
100
0
p
c,
1
p
c
=
3
:086�
1
0
1
6
m
=
3.26
2
ligh
t-y
ear).

(iii)
1
M
p
c
(1
M
p
c
=
1
0
6
p
c).

(iv
)
10
M
p
c.

(v
)
100
M
p
c.

(v
i)
1000
M
p
c.

�
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:

A
N

E
X
P
O
N
E
N
T
IA
L
L
Y

E
X
P
A
N
D
IN
G

U
N
IV
E
R
S
E

(2
0

poin
ts)

T
he
follow
in
g
problem
w
as
P
ro
blem
2
,
Q
u
iz
2
,
1
994,
a
n
d
ha
d
also
appeared
on
th
e
19
94

R
eview
P
roblem
s.
A
s
is
the
case
this
year,
it
w
as
an
n
ou
n
ced
th
at
o
n
e
of
th
e
p
roblem
s

on
the
qu
iz
w
ou
ld
com
e
from
either
the
hom
ew
o
rk
or
the
R
eview
P
roblem
s.
T
he
p
roblem

also
appeared
as
P
roblem
2
on
Q
u
iz
1
,
2
007.

C
on
sid
er
a

at
(i.e.,
a
k
=
0,
or
a
E
u
clid
ean
)
u
n
iv
erse
w
ith
scale
facto
r
given
b
y

a
(t)
=
a
0 e
�
t
;

w
h
ere
a
0
an
d
�
are
con
stan
ts.

(a)
(5
poin
ts)
F
in
d
th
e
H
u
b
b
le
co
n
sta
n
t
H

a
t
an
arb
itrary
tim
e
t.

(b
)
(5
poin
ts)
L
et
(x
;y
;z
;t)
b
e
th
e
co
ord
in
ates
o
f
a
com
ov
in
g
co
ord
in
ate
sy
stem
.
S
u
p
-

p
ose
th
at
at
t
=
0
a
g
a
la
x
y
lo
cated
at
th
e
o
rigin
of
th
is
sy
stem
em
its
a
ligh
t
p
u
lse

alon
g
th
e
p
ositive
x
-ax
is.
F
in
d
th
e
tra
jectory
x
(t)
w
h
ich
th
e
ligh
t
p
u
lse
fo
llow
s.

(c)
(5
poin
ts)
S
u
p
p
ose
th
at
w
e
a
re
liv
in
g
on
a
galax
y
alon
g
th
e
p
ositiv
e
x
-ax
is,
an
d
th
at

w
e
receiv
e
th
is
ligh
t
p
u
lse
a
t
som
e
later
tim
e.
W
e
an
aly
ze
th
e
sp
ectru
m
o
f
th
e
p
u
lse

an
d
d
eterm
in
e
th
e
red
sh
ift
z
.
E
x
p
ress
th
e
tim
e
t
r
at
w
h
ich
w
e
receive
th
e
p
u
lse
in

term
s
of
z,
�
,
an
d
an
y
releva
n
t
p
h
y
sical
con
stan
ts.

(d
)
(5
poin
ts)
A
t
th
e
tim
e
of
recep
tion
,
w
h
at
is
th
e
p
h
y
sical
d
ista
n
ce
b
etw
een
ou
r
g
alax
y

an
d
th
e
galax
y
w
h
ich
em
itted
th
e
p
u
lse?
E
x
p
ress
y
ou
r
an
sw
er
in
term
s
o
f
z,
�
,
an
d

an
y
relevan
t
p
h
y
sical
con
stan
ts.
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P
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O
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:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(1
9
8
6
/
1
9
9
0
C
O
M
P
O
S
IT
E
)?

(a)
T
h
e
assu
m
p
tion
s
of
h
om
ogen
eity
a
n
d
isotrop
y
g
reatly
sim
p
lify
th
e
d
escrip
tion
of
ou
r

u
n
iv
erse.
W
e
�
n
d
th
at
th
ere
are
th
ree
p
ossib
ilities
for
a
h
om
ogen
eou
s
an
d
isotrop
ic

u
n
iv
erse:
a
n
o
p
en
u
n
iv
erse,
a

at
u
n
iv
erse,
an
d
a
closed
u
n
iv
erse.
W
h
at
q
u
an
tity
or

con
d
ition
d
istin
gu
ish
es
b
etw
een
th
ese
th
ree
cases:
th
e
tem
p
eratu
re
of
th
e
m
icrow
av
e

b
ack
grou
n
d
,
th
e
valu
e
of


=
�
=
�
c ,
m
atter
v
s.
rad
iation
d
om
in
ation
,
or
red
sh
ift?

(b
)
W
h
at
is
th
e
tem
p
eratu
re,
in
K
elv
in
,
of
th
e
cosm
ic
m
icrow
ave
b
a
ck
grou
n
d
to
d
ay
?

(c)
W
h
ich
of
th
e
fo
llow
in
g
su
p
p
orts
th
e
h
y
p
oth
esis
th
at
th
e
u
n
iv
erse
is
isotrop
ic:
th
e

d
istan
ces
to
n
earb
y
clu
sters,
ob
servation
s
of
th
e
cosm
ic
m
icrow
ave
b
a
ck
grou
n
d
,
clu
s-

terin
g
of
galax
ies
on
large
scales,
or
th
e
age
an
d
d
istrib
u
tion
of
glob
u
lar
clu
sters?

(d
)
Is
th
e
d
istan
ce
to
th
e
A
n
d
rom
ed
a
N
eb
u
la
(rou
gh
ly
)
10
k
p
c,
5
b
illion
ligh
t
years,
2

m
illion
ligh
t
years,
o
r
3
ligh
t
years?

(e)
D
id
H
u
b
b
le
d
iscover
th
e
law
w
h
ich
b
ears
h
is
n
am
e
in
1862,
1880,
1906,
1929,
or

1948?

(f)
W
h
en
H
u
b
b
le
m
easu
red
th
e
valu
e
of
h
is
con
stan
t,
h
e
fou
n
d
H
�
1�
100
m
illion
years,

2
b
illion
years,
10
b
illion
y
ea
rs,
o
r
2
0
b
illio
n
years?

(g)
C
ep
h
eid
variab
les
are
im
p
ortan
t
to
cosm
ology
b
ecau
se
th
ey
can
b
e
u
sed
to
estim
ate

th
e
d
istan
ces
to
th
e
n
earb
y
g
alax
ies.
W
h
at
p
rop
erty
of
C
ep
h
eid
variab
les
m
akes

th
em
u
sefu
l
for
th
is
p
u
rp
ose,
an
d
h
ow
are
th
ey
u
sed
?

(h
)
C
ep
h
eid
variab
le
stars
can
b
e
u
sed
a
s
estim
ators
of
d
istan
ce
for
d
istan
ces
u
p
to

ab
ou
t
1
00
ligh
t-y
ears,
1
0
4
lig
h
t-years,
10
7
ligh
t
years,
or
10
1
0
ligh
t-years?
[N
ote
for

2011:
this
qu
estion
w
as
based
o
n
the
readin
g
from

J
oseph
S
ilk's
T
h
e
B
ig
B
a
n
g
,

a
n
d
th
erefo
re
w
ou
ld
be
n
o
t
be
a
fa
ir
qu
estio
n
fo
r
th
is
year.]

(i)
N
am
e
th
e
tw
o
m
en
w
h
o
in
1964
d
iscovered
th
e
cosm
ic
b
ack
grou
n
d
rad
iation
.
W
ith

w
h
at
in
stitu
tion
w
ere
th
ey
aÆ
liated
?

(j)
A
t
th
e
tim
e
of
th
e
d
iscovery
of
th
e
cosm
ic
m
icrow
ave
b
ack
grou
n
d
,
an
active
b
u
t

in
d
ep
en
d
en
t
e�
ort
w
a
s
ta
k
in
g
p
la
ce
elsew
h
ere.
P
.J
.E
.
P
eeb
les
h
ad
estim
ated
th
at

th
e
u
n
iv
erse
m
u
st
con
tain
b
ack
grou
n
d
rad
iation
w
ith
a
tem
p
eratu
re
of
at
least
10 ÆK
,

an
d
R
ob
ert
H
.
D
icke,
P
.G
.
R
oll,
an
d
D
.T
.
W
ilk
in
son
h
ad
m
ou
n
ted
an
ex
p
erim
en
t
to

lo
o
k
fo
r
it.
A
t
w
h
at
in
stitu
tion
w
ere
th
ese
p
eop
le
w
ork
in
g?

P
R
O
B
L
E
M

6
:
A
F
L
A
T
U
N
IV
E
R
S
E
W
IT
H
U
N
U
S
U
A
L
T
IM
E
E
V
O
L
U
T
IO
N

T
h
e
fo
llo
w
in
g
p
ro
blem
w
a
s
P
roblem
3,
Q
u
iz
2,
1988:

C
on
sid
er
a

at
u
n
iv
erse
�
lled
w
ith
a
n
ew
an
d
p
ecu
liar
form

of
m
atter,
w
ith
a

R
ob
ertson
{W
alk
er
scale
factor
th
at
b
eh
aves
as

a
(t)
=
bt
1
=
3
:

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M
S
,
F
A
L
L
2
0
1
8

p
.
1
0

H
ere
b
d
en
otes
a
con
stan
t.

(a)
If
a
ligh
t
p
u
lse
is
em
itted
at
tim
e
t
e

an
d
ob
serv
ed
a
t
tim
e
t
o ,
�
n
d
th
e
p
h
y
sical

sep
aration
`
p (t
o )
b
etw
een
th
e
em
itter
an
d
th
e
ob
serv
er,
at
th
e
tim
e
of
o
b
servation
.

(b
)
A
gain
assu
m
in
g
th
at
t
e
a
n
d
t
o
are
given
,
�
n
d
th
e
ob
served
red
sh
ift
z
.

(c)
F
in
d
th
e
p
h
y
sical
d
istan
ce
`
p (t
o )
w
h
ich
sep
arates
th
e
em
itter
a
n
d
ob
server
a
t
th
e

tim
e
of
ob
servation
,
ex
p
ressed
in
term
s
of
c,
t
o ,
an
d
z
(i.e.,
w
ith
o
u
t
t
e
a
p
p
ea
rin
g
).

(d
)
A
t
a
n
arb
itrary
tim
e
t
in
th
e
in
terval
t
e
<
t
<
t
o ,
�
n
d
th
e
p
h
y
sical
d
istan
ce
`
p (t)

b
etw
een
th
e
ligh
t
p
u
lse
an
d
th
e
ob
server.
E
x
p
ress
y
ou
r
an
sw
er
in
term
s
o
f
c,
t,
an
d

t
o .

�

P
R
O
B
L
E
M

7
:

A
N
O
T
H
E
R

F
L
A
T

U
N
IV
E
R
S
E

W
IT
H

A
N

U
N
U
S
U
A
L

T
IM
E
E
V
O
L
U
T
IO
N

(40
po
in
ts)

T
he
follow
in
g
problem
w
as
P
ro
blem
3,
Q
u
iz
1,
20
00.

C
on
sid
er
a

a
t
u
n
iverse
w
h
ich
is
�
lled
w
ith
so
m
e
p
ecu
liar
form
of
m
atter,
so
th
at

th
e
R
ob
ertson
{W
alker
scale
fa
ctor
b
eh
av
es
as

a
(t)
=
bt

;

w
h
ere
b
an
d

are
con
stan
ts.
[T
his
u
n
iverse
di�
ers
from
th
e
m
a
tter-d
om
in
ated
u
n
iverse

described
in
the
lectu
re
n
otes
in
th
at
�
is
n
ot
pro
portio
n
a
l
to
1
=
a
3(t).
S
u
ch
beh
avio
r
is

possible
w
hen
pressu
res
are
large,
becau
se
a
gas
expa
n
din
g
u
n
der
p
ressu
re
ca
n
lo
se
en
ergy

(an
d
hen
ce
m
ass)
du
rin
g
th
e
expan
sion
.]
F
or
th
e
fo
llow
in
g
q
u
estio
n
s,
an
y
o
f
th
e
a
n
sw
ers

m
ay
d
ep
en
d
o
n

,
w
h
eth
er
it
is
m
en
tio
n
ed
ex
p
licitly
o
r
n
ot.

a)
(5
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

ligh
t
th
at
w
e
are
cu
rren
tly
receiv
in
g
w
a
s
em
itted
b
y
a
d
ista
n
t
o
b
ject.
In
term
s
o
f

th
ese
q
u
an
tities,
�
n
d
th
e
va
lu
e
of
th
e
red
sh
ift
p
aram
eter
z
w
ith
w
h
ich
th
e
lig
h
t
is

received
.

b
)
(5
poin
ts)
F
in
d
th
e
\lo
o
k
-b
a
ck
"
tim
e
as
a
fu
n
ction
of
z
a
n
d
t
0 .
T
h
e
lo
ok
-b
ack
tim
e

is
d
e�
n
ed
as
th
e
len
gth
of
th
e
in
terval
in
co
sm
ic
tim
e
b
etw
een
th
e
em
issio
n
a
n
d

ob
servation
of
th
e
ligh
t.

c)
(10
poin
ts)
E
x
p
ress
th
e
p
resen
t
valu
e
o
f
th
e
p
h
y
sical
d
istan
ce
to
th
e
ob
ject
as
a

fu
n
ction
of
H
0 ,
z,
an
d

.

d
)
(10
poin
ts)
A
t
th
e
tim
e
o
f
em
ission
,
th
e
d
ista
n
t
ob
ject
h
ad
a
p
ow
er
ou
tp
u
t
P
(m
ea-

su
red
,
say,
in
ergs/sec)
w
h
ich
w
as
ra
d
iated
u
n
ifo
rm
ly
in
all
d
irection
s,
in
th
e
fo
rm

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

u
x
J
fro
m
th
is
ob
ject
a
t
th
e
ea
rth
to-

d
ay
?
E
x
p
ress
y
ou
r
an
sw
er
in
term
s
of
P
,
H
0 ,
z
,
an
d

.
[E
n
ergy

u
x
(w
h
ich
m
ight

be
m
easu
red
in
erg-cm
�
2-sec �
1)
is
d
e�
n
ed
as
the
en
ergy
per
u
n
it
a
rea
per
u
n
it
tim
e

strikin
g
a
su
rface
that
is
orthogon
al
to
the
directio
n
of
en
ergy

ow
.]
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8
6
Q
U
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1
R
E
V
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P
R
O
B
L
E
M
S
,
F
A
L
L
2
0
1
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p
.
1
1

e)
(1
0
poin
ts)
S
u
p
p
ose
th
at
th
e
d
istan
t
o
b
ject
is
a
galax
y,
m
ov
in
g
w
ith
th
e
H
u
b
b
le

ex
p
an
sion
.
W
ith
in
th
e
galax
y
a
su
p
ern
ova
ex
p
losion
h
as
h
u
rled
a
jet
of
m
aterial

d
irectly
tow
ard
s
E
arth
w
ith
a
sp
eed
v
,
m
easu
red
relativ
e
to
th
e
galax
y,
w
h
ich
is

com
p
arab
le
to
th
e
sp
eed
of
ligh
t
c.
A
ssu
m
e,
h
ow
ev
er,
th
at
th
e
d
istan
ce
th
e
jet
h
as

traveled
from
th
e
g
alax
y
is
so
sm
all
th
at
it
can
b
e
n
eglected
.
W
ith
w
h
at
red
sh
ift
z
J

w
o
u
ld
w
e
o
b
serve
th
e
lig
h
t
com
in
g
from
th
is
jet?
E
x
p
ress
y
ou
r
an
sw
er
in
term
s
of

all
or
som
e
of
th
e
variab
les
v
,
z
(th
e
red
sh
ift
o
f
th
e
galax
y
),
t
0 ,
H
0 ,
an
d

,
a
n
d
th
e

con
stan
t
c.

P
R
O
B
L
E
M

8
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(1
9
9
6
)?
(25
poin
ts)

T
h
e
fo
llo
w
in
g
p
ro
blem
w
a
s
P
roblem
1,
Q
u
iz
1,
1996:

T
h
e
follow
in
g
q
u
estion
s
are
w
o
rth
5
p
o
in
ts
each
.

a)
In
1814-1815,
th
e
M
u
n
ich
op
tician
J
osep
h
F
rau
en
h
ofer
allow
ed
ligh
t
from
th
e
su
n

to
p
ass
th
rou
gh
a
slit
an
d
th
en
th
rou
gh
a
glass
p
rism
.
T
h
e
ligh
t
w
as
sp
read
in
to
a

sp
ectru
m
of
colors,
sh
ow
in
g
lin
es
th
at
cou
ld
b
e
id
en
ti�
ed
w
ith
k
n
ow
n
elem
en
ts
|

so
d
iu
m
,
iron
,
m
agn
esiu
m
,
calciu
m
,
an
d
ch
rom
iu
m
.
W
ere
th
ese
lin
es
d
ark
,
or
b
righ
t

(2
poin
ts)?
W
h
y
(3
poin
ts)?

b
)
T
h
e
A
n
d
rom
ed
a
N
eb
u
la
w
a
s
sh
ow
n
con
clu
siv
ely
to
lie
o
u
tsid
e
ou
r
ow
n
galax
y
w
h
en

astron
om
ers
a
cq
u
ired
telescop
es
p
ow
erfu
l
en
ou
gh
to
resolv
e
th
e
in
d
iv
id
u
al
stars
of

A
n
d
rom
ed
a.
W
as
th
is
feat
accom
p
lish
ed
b
y
G
alileo
in
1609,
b
y
Im
m
an
u
el
K
an
t
in

1755,
b
y
H
en
rietta
S
w
a
n
L
eav
itt
in
1912,
b
y
E
d
w
in
H
u
b
b
le
in
1923,
or
b
y
W
alter

B
aad
e
a
n
d
A
llan
S
an
d
age
in
th
e
1950s?

c)
S
om
e
of
th
e
earliest
m
easu
rem
en
ts
of
th
e
cosm
ic
b
ack
grou
n
d
rad
iation
w
ere
m
ad
e

in
d
irectly,
b
y
ob
serv
in
g
in
terstellar
clou
d
s
of
a
m
olecu
le
called
cy
an
ogen
(C
N
).
S
tate

w
h
eth
er
ea
ch
o
f
th
e
fo
llow
in
g
statem
en
ts
is
tru
e
or
false
(1
poin
t
each):

(i)
T
h
e
�
rst
m
easu
rem
en
ts
o
f
th
e
tem
p
era
tu
re
o
f
th
e
in
terstellar
cy
an
ogen
w
ere

m
ad
e
ov
er
tw
en
ty
years
b
efore
th
e
cosm
ic
b
ack
grou
n
d
rad
iation
w
as
d
irectly

ob
serv
ed
.

(ii)
C
y
an
ogen
h
elp
s
to
m
easu
re
th
e
cosm
ic
b
ack
grou
n
d
rad
iation
b
y
re
ectin
g
it

tow
ard
th
e
earth
,
so
th
at
it
can
b
e
receiv
ed
w
ith
m
icrow
av
e
d
etectors.

(iii)
O
n
e
reason
w
h
y
th
e
cy
an
ogen
ob
servation
s
w
ere
im
p
ortan
t
w
as
th
at
th
ey
gave

th
e
�
rst
m
easu
rem
en
ts
of
th
e
eq
u
iva
len
t
tem
p
eratu
re
of
th
e
cosm
ic
b
ack
grou
n
d

rad
iation
at
w
avelen
gth
s
sh
orter
th
an
th
e
p
eak
of
th
e
b
lack
-b
o
d
y
sp
ectru
m
.

(iv
)
B
y
m
easu
rin
g
th
e
sp
ectru
m
of
v
isib
le
starligh
t
th
at
p
asses
th
rou
gh
th
e
cy
an
ogen

clou
d
s,
astron
om
ers
can
in
fer
th
e
in
ten
sity
of
th
e
m
icrow
ave
rad
iation
th
at

b
ath
es
th
e
clou
d
s.

(v
)
B
y
o
b
serv
in
g
ch
em
ical
reaction
s
in
th
e
cy
an
ogen
clou
d
s,
astron
om
ers
can
in
fer

th
e
tem
p
eratu
re
of
th
e
m
icrow
ave
rad
iation
in
w
h
ich
th
ey
are
b
ath
ed
.

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M
S
,
F
A
L
L
2
0
1
8

p
.
1
2

d
)
In
ab
ou
t
2
80
B
.C
.,
a
G
reek
p
h
ilosop
h
er
p
rop
osed
th
at
th
e
E
arth
an
d
th
e
oth
er

p
lan
ets
revolve
arou
n
d
th
e
su
n
.
W
h
at
w
as
th
e
n
am
e
of
th
is
p
erson
?
[N
o
te
for
20
11
:

this
qu
estion
w
as
based
o
n
read
in
gs
from
J
o
seph
S
ilk's
T
h
e
B
ig
B
a
n
g
,
a
n
d
therefore

is
n
ot
a
ppropriate
for
Q
u
iz
1
of
this
year.]

e)
In
1832
H
ein
rich
W
ilh
elm
O
lb
ers
p
resen
ted
w
h
at
w
e
n
ow
k
n
ow
as
\O
lb
ers'
P
arad
ox
,"

alth
ou
gh
a
sim
ilar
argu
m
en
t
h
ad
b
een
d
iscu
ssed
as
early
as
161
0
b
y
J
oh
an
n
es
K
ep
ler.

O
lb
ers
argu
ed
th
at
if
th
e
u
n
iv
erse
w
ere
tran
sp
aren
t,
static,
in
�
n
itely
old
,
an
d
w
as

p
op
u
lated
b
y
a
u
n
iform
d
en
sity
o
f
stars
sim
ila
r
to
ou
r
su
n
,
th
en
o
n
e
o
f
th
e
fo
llow
in
g

con
seq
u
en
ces
w
ou
ld
resu
lt:

(i)
T
h
e
b
righ
tn
ess
of
th
e
n
ig
h
t
sk
y
w
ou
ld
b
e
in
�
n
ite.

(ii)
A
n
y
p
atch
of
th
e
n
igh
t
sk
y
w
ou
ld
lo
ok
as
b
righ
t
as
th
e
su
rface
of
th
e
su
n
.

(iii)
T
h
e
total
en
ergy

u
x
from
th
e
n
igh
t
sk
y
w
ou
ld
b
e
ab
ou
t
eq
u
al
to
th
e
tota
l

en
ergy

u
x
from
th
e
su
n
.

(iv
)
A
n
y
p
atch
of
th
e
n
ig
h
t
sk
y
w
ou
ld
lo
o
k
a
s
b
righ
t
a
s
th
e
su
rface
of
th
e
m
o
o
n
.

W
h
ich
on
e
of
th
ese
statem
en
ts
is
th
e
co
rrect
statem
en
t
of
O
lb
ers'
p
a
ra
d
ox
?

P
R
O
B
L
E
M

9
:
A

F
L
A
T
U
N
IV
E
R
S
E
W
IT
H

a
(
t)
/

t
3
=
5

T
he
follow
in
g
problem
w
as
P
roblem
3
,
Q
u
iz
1
,
199
6:

C
on
sid
er
a

a
t
u
n
iverse
w
h
ich
is
�
lled
w
ith
som
e
p
ecu
lia
r
fo
rm
of
m
atter,
so
th
at

th
e
R
ob
ertson
{W
alker
scale
factor
b
eh
aves
a
s

a
(t)
=
bt
3
=
5
;

w
h
ere
b
is
a
con
stan
t.

a)
(5
poin
ts)
F
in
d
th
e
H
u
b
b
le
con
stan
t
H

at
an
arb
itrary
tim
e
t.

b
)
(5
poin
ts)
W
h
at
is
th
e
p
h
y
sical
h
o
rizon
d
istan
ce
a
t
tim
e
t?

c)
(5
poin
ts)
S
u
p
p
ose
a
ligh
t
p
u
lse
leav
es
galax
y
A
a
t
tim
e
t
A

an
d
arriv
es
at
ga
lax
y
B

at
tim
e
t
B
.
W
h
at
is
th
e
co
o
rd
in
ate
d
istan
ce
b
etw
een
th
ese
tw
o
ga
lax
ies?

d
)
(5
poin
ts)
W
h
at
is
th
e
p
h
y
sical
sep
aratio
n
b
etw
een
galax
y
A
an
d
g
a
la
x
y
B
a
t
tim
e

t
A
?
A
t
tim
e
t
B
?

e)
(5
poin
ts)
A
t
w
h
at
tim
e
is
th
e
lig
h
t
p
u
lse
eq
u
id
istan
t
from
th
e
tw
o
ga
lax
ies?

f)
(5
poin
ts)
W
h
at
is
th
e
sp
eed
of
B
relativ
e
to
A
at
th
e
tim
e
t
A
?
(B
y
\sp
eed
,"
I
m
ean

th
e
rate
o
f
ch
an
ge
of
th
e
p
h
y
sical
d
ista
n
ce
w
ith
resp
ect
to
co
sm
ic
tim
e,
d
`
p =
d
t.)

g)
(5
poin
ts)
F
or
ob
servatio
n
s
m
ad
e
a
t
tim
e
t,
w
h
at
is
th
e
p
resen
t
va
lu
e
of
th
e
p
h
y
sica
l

d
istan
ce
as
a
fu
n
ction
of
th
e
red
sh
ift
z
(an
d
th
e
tim
e
t)?
W
h
at
p
h
y
sica
l
d
ista
n
ce

corresp
on
d
s
to
z
=
1
?
H
ow
d
o
es
th
is
com
p
a
re
w
ith
th
e
h
orizon
d
ista
n
ce?
(N
ote



8
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8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M
S
,
F
A
L
L
2
0
1
8

p
.
1
3

th
at
th
is
q
u
estion
d
o
es
n
ot
refer
to
th
e
g
alax
ies
A
an
d
B
d
iscu
ssed
in
th
e
earlier

p
arts.
In
p
articu
lar,
y
ou
sh
ou
ld
n
ot
assu
m
e
th
at
th
e
ligh
t
p
u
lse
left
its
sou
rce
at

tim
e
t
A
.)

h
)
(5
poin
ts)
R
etu
rn
in
g
to
th
e
d
iscu
ssion
of
th
e
galax
ies
A
an
d
B
w
h
ich
w
ere
con
sid
ered

in
p
arts
(c)-(f),
su
p
p
o
se
th
e
rad
iation
from
galax
y
A
is
em
itted
w
ith
total
p
ow
er
P
.

W
h
a
t
is
th
e
p
ow
er
p
er
a
rea
receiv
ed
at
galax
y
B
?

i)
(5
poin
ts)
W
h
en
th
e
ligh
t
p
u
lse
is
receiv
ed
b
y
galax
y
B
,
a
p
u
lse
is
im
m
ed
iately
sen
t

b
ack
tow
ard
galax
y
A
.
A
t
w
h
at
tim
e
d
o
es
th
is
secon
d
p
u
lse
arriv
e
at
galax
y
A
?

P
R
O
B
L
E
M

1
0
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(1
9
9
8
)?
(20
poin
ts)

T
he
follow
in
g
qu
estion
s
w
ere
taken
from
P
roblem
1,
Q
u
iz
1
,
1998:

T
h
e
follow
in
g
q
u
estion
s
are
w
o
rth
5
p
o
in
ts
each
.

a)
In
1917,
E
in
stein
in
tro
d
u
ced
a
m
o
d
el
of
th
e
u
n
iv
erse
w
h
ich
w
as
b
ased
on
h
is
n
ew
ly

d
evelop
ed
gen
eral
relativ
ity,
b
u
t
w
h
ich
co
n
tain
ed
an
ex
tra
term

in
th
e
eq
u
ation
s

w
h
ich
h
e
called
th
e
\cosm
ological
term
."
(T
h
e
co
eÆ
cien
t
of
th
is
term
is
called
th
e

\cosm
ologicalcon
stan
t.")
W
h
at
w
as
E
in
stein
's
m
otivation
for
in
tro
d
u
cin
g
th
is
term
?

b
)
W
h
en
th
e
red
sh
ift
o
f
d
istan
t
g
alax
ies
w
a
s
�
rst
d
iscovered
,
th
e
earliest
ob
servation
s

w
ere
a
n
aly
zed
a
ccord
in
g
to
a
cosm
ological
m
o
d
el
in
ven
ted
b
y
th
e
D
u
tch
astron
om
er

W
.
d
e
S
itter
in
1917.
A
t
th
e
tim
e
of
its
d
iscovery,
w
a
s
th
is
m
o
d
elth
ou
gh
t
to
b
e
static

or
ex
p
an
d
in
g?
F
ro
m
th
e
m
o
d
ern
p
ersp
ective,
is
th
e
m
o
d
el
th
ou
gh
t
to
b
e
static
or

ex
p
an
d
in
g?

c)
T
h
e
early
u
n
iv
erse
is
b
elieved
to
h
ave
b
een
�
lled
w
ith
th
erm
al,
or
b
lack
-b
o
d
y,
rad
i-

ation
.
F
or
su
ch
rad
iation
th
e
n
u
m
b
er
d
en
sity
of
p
h
oton
s
an
d
th
e
en
ergy
d
en
sity
are

each
p
rop
ortion
al
to
p
ow
ers
of
th
e
ab
solu
te
tem
p
eratu
re
T
.
S
ay

N
u
m
b
er
d
en
sity/
T
n
1

E
n
ergy
d
en
sity/
T
n
2

G
ive
th
e
valu
es
o
f
th
e
ex
p
o
n
en
ts
n
1
an
d
n
2 .

d
)
A
t
a
b
o
u
t
3,000
K
th
e
m
atter
in
th
e
u
n
iv
erse
u
n
d
erw
en
t
a
certain
ch
em
ical
ch
an
ge

in
its
form
,
a
ch
an
ge
th
at
w
as
n
ecessary
to
allow
th
e
d
i�
eren
tiation
of
m
atter
in
to

galax
ies
an
d
stars.
W
h
at
w
a
s
th
e
n
a
tu
re
o
f
th
is
ch
an
ge?

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M
S
,
F
A
L
L
2
0
1
8

p
.
1
4

P
R
O
B
L
E
M

1
1
:
A
N
O
T
H
E
R
F
L
A
T
U
N
IV
E
R
S
E
W
IT
H
a
(
t)
/

t
3
=
5

(4
0
poin
ts)

T
he
follow
in
g
w
as
P
roblem
3
,
Q
u
iz
1,
19
98:

C
on
sid
er
a

a
t
u
n
iverse
w
h
ich
is
�
lled
w
ith
so
m
e
p
ecu
liar
form
of
m
atter,
so
th
at

th
e
R
ob
ertson
{W
alker
scale
fa
ctor
b
eh
av
es
as

a
(t)
=
bt
3
=
5
;

w
h
ere
b
is
a
con
stan
t.

a)
(5
poin
ts)
F
in
d
th
e
H
u
b
b
le
con
sta
n
t
H

at
a
n
arb
itra
ry
tim
e
t.

b
)
(10
poin
ts)
S
u
p
p
ose
a
m
essag
e
is
tran
sm
itted
b
y
rad
io
sign
a
l
(trav
elin
g
a
t
th
e
sp
eed

of
ligh
t
c)
from
galax
y
A
to
g
alax
y
B
.
T
h
e
m
essa
ge
is
sen
t
at
co
sm
ic
tim
e
t
1 ,
w
h
en
th
e

p
h
y
sical
d
istan
ce
b
etw
een
th
e
galax
ies
is
`
0 .
A
t
w
h
at
cosm
ic
tim
e
t
2
is
th
e
m
essag
e

received
at
galax
y
B
?
(E
x
p
ress
y
o
u
r
an
sw
er
in
term
s
of
`
0 ,
t
1 ,
a
n
d
c.)

c)
(5
poin
ts)
U
p
on
receip
t
o
f
th
e
m
essage,
th
e
crea
tu
res
on
galax
y
B
im
m
ed
iately
sen
d

b
ack
an
ack
n
ow
led
gem
en
t,
b
y
ra
d
io
sign
a
l,
th
at
th
e
m
essage
h
as
b
een
receiv
ed
.
A
t

w
h
at
cosm
ic
tim
e
t
3

is
th
e
ack
n
ow
led
gm
en
t
received
on
g
alax
y
A
?
(E
x
p
ress
y
o
u
r

an
sw
er
in
term
s
o
f
`
0 ,
t
1 ,
t
2 ,
an
d
c.)

d
)
(10
poin
ts)
T
h
e
creatu
res
o
n
g
alax
y
B
sp
en
d
so
m
e
tim
e
try
in
g
to
d
eco
d
e
th
e
m
essa
ge,

�
n
ally
d
ecid
in
g
th
at
it
is
an
a
d
v
ertisem
en
t
for
K
ellogg
's
C
orn
F
lak
es
(w
h
a
tever
th
a
t

is).
A
t
a
tim
e
�
t
after
th
e
receip
t
o
f
th
e
m
essage,
as
m
easu
red
on
th
eir
clo
ck
s,
th
ey

sen
d
b
ack
a
resp
on
se,
req
u
estin
g
fu
rth
er
ex
p
la
n
a
tion
.
A
t
w
h
a
t
cosm
ic
tim
e
t
4
is
th
e

resp
on
se
receiv
ed
on
ga
la
x
y
A
?
In
a
n
sw
erin
g
th
is
p
art,
y
ou
sh
ou
ld
n
o
t
assu
m
e
th
at

�
t
is
n
ecessarily
sm
all.
(E
x
p
ress
y
o
u
r
an
sw
er
in
term
s
of
`
0 ,
t
1 ,
t
2 ,
t
3 ,
�
t,
a
n
d
c.)

e)
(5
poin
ts)
W
h
en
th
e
resp
on
se
is
receiv
ed
b
y
galax
y
A
,
th
e
rad
io
w
av
es
w
ill
b
e
red
-

sh
ifted
b
y
a
factor
1
+
z.
G
iv
e
a
n
ex
p
ressio
n
fo
r
z
.
(E
x
p
ress
y
ou
r
a
n
sw
er
in
term
s

of
`
0 ,
t
1 ,
t
2 ,
t
3 ,
t
4 ,
�
t,
a
n
d
c.)

f)
(5
poin
ts;
N
o
partial
credit)
If
th
e
tim
e
�
t
in
tro
d
u
ced
in
p
a
rt
(d
)
is
sm
all,
th
e
tim
e

d
i�
eren
ce
t
4 �
t
3
can
b
e
ex
p
an
d
ed
to
�
rst
ord
er
in
�
t.
C
alcu
la
te
t
4 �
t
3
to
�
rst
ord
er

accu
racy
in
�
t.
(E
x
p
ress
y
o
u
r
an
sw
er
in
term
s
o
f
`
0 ,
t
1 ,
t
2 ,
t
3 ,
t
4 ,
�
t,
an
d
c.)
[H
in
t:

w
h
ile
th
is
p
art
can
b
e
a
n
sw
ered
b
y
u
sin
g
b
ru
te
force
to
ex
p
an
d
th
e
an
sw
er
in
p
a
rt

(d
),
th
ere
is
an
easier
w
ay.]

�

P
R
O
B
L
E
M

1
2
:
T
H
E
D
E
C
E
L
E
R
A
T
IO
N

P
A
R
A
M
E
T
E
R

T
he
follow
in
g
problem
w
as
P
roblem
2,
Q
u
iz
2
,
19
92,
w
here
it
co
u
n
ted
10
poin
ts
ou
t
of

100.M
an
y
stan
d
ard
referen
ces
in
cosm
ology
d
e�
n
e
a
q
u
an
tity
called
th
e
d
e
c
e
le
r
a
tio
n

p
a
r
a
m
e
te
r
q,
w
h
ich
is
a
d
irect
m
easu
re
o
f
th
e
slow
in
g
d
ow
n
o
f
th
e
cosm
ic
ex
p
an
sion
.

T
h
e
p
aram
eter
is
d
e�
n
ed
b
y

q�
�
�a
(t)
a
(t)

_a
2(t)
:
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5

F
in
d
th
e
relation
sh
ip
b
etw
een
q
an
d


for
a
m
atter-d
om
in
ated
u
n
iv
erse.
[In
case
you

have
forgotten
,


is
de�
n
ed
by



=
�
=
�
c
;

w
here
�
is
the
m
ass
den
sity
an
d
�
c
is
the
critical
m
ass
den
sity
(i.e.,
that
m
ass
den
sity

w
h
ich
correspon
ds
to
k
=
0).]

P
R
O
B
L
E
M

1
3
:
A

R
A
D
IA
T
IO
N
-D
O
M
IN
A
T
E
D

F
L
A
T
U
N
IV
E
R
S
E

W
e
h
ave
learn
ed
th
at
a
m
atter-d
om
in
ated
h
om
ogen
eou
s
an
d
isotrop
ic
u
n
iv
erse
can

b
e
d
escrib
ed
b
y
a
scale
factor
a
(t)
ob
ey
in
g
th
e
eq
u
ation

�
_aa �
2

=
8
�3

G
��
k
c
2

a
2

:

T
h
is
eq
u
ation
in
fact
ap
p
lies
to
a
n
y
form
of
m
ass
d
en
sity,
so
w
e
can
ap
p
ly
it
to
a
u
n
iv
erse

in
w
h
ich
th
e
m
ass
d
en
sity
is
d
om
in
ated
b
y
th
e
en
ergy
of
p
h
oton
s.
R
ecall
th
at
th
e
m
ass

d
en
sity
of
n
on
relativ
istic
m
atter
falls
o�
as
1
=
a
3(t)
a
s
th
e
u
n
iverse
ex
p
an
d
s;
th
e
m
ass
of

each
p
a
rticle
rem
a
in
s
co
n
sta
n
t,
an
d
th
e
d
en
sity
of
p
articles
falls
o�
a
s
1
=
a
3(t)
b
ecau
se

th
e
v
olu
m
e
in
creases
as
a
3(t).
F
or
th
e
p
h
oton
-d
om
in
ated
u
n
iv
erse,
th
e
d
en
sity
of
p
h
oton
s

falls
of
as
1
=
a
3(t),
b
u
t
in
a
d
d
ition
th
e
freq
u
en
cy
(an
d
h
en
ce
th
e
en
ergy
)
of
each
p
h
oton

red
sh
ifts
in
p
rop
ortion
to
1
=
a
(t).
S
in
ce
m
ass
a
n
d
en
ergy
are
eq
u
ivalen
t,
th
e
m
ass
d
en
sity

of
th
e
gas
of
p
h
oton
s
falls
o�
as
1
=
a
4(t).

F
or
a

at
(i.e.,
k
=
0)
m
atter-d
om
in
ated
u
n
iv
erse
w
e
learn
ed
th
at
th
e
scale
factor

a
(t)
is
p
rop
o
rtion
al
to
t
2
=
3.
H
ow
d
o
es
a
(t)
b
eh
ave
for
a
p
h
oton
-d
om
in
ated
u
n
iv
erse?

P
R
O
B
L
E
M

1
4
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G
?

T
he
follow
in
g
problem
w
as
taken
from
P
roblem
1,
Q
u
iz
1,
2004,
w
here
each
part
cou
n
ted

5
poin
ts,
for
a
total
of
2
5
poin
ts.
T
he
readin
g
assign
m
en
t
in
clu
ded
the
�
rst
three
chapters

of
R
yden
,
In
tro
d
u
c
tio
n
to
C
o
sm
o
lo
g
y
,
an
d
the
�
rst
three
chapters
of
W
ein
berg,
T
h
e

F
irst
T
h
re
e
M
in
u
te
s.

(a)
In
1826,
th
e
astron
om
er
H
ein
rich
O
lb
er
w
rote
a
p
ap
er
on
a
p
arad
ox
regard
in
g
th
e

n
ig
h
t
sk
y.
W
h
at
is
O
lb
er's
p
arad
ox
?
W
h
at
is
th
e
p
rim
ary
resolu
tion
of
it?

(b
)
W
h
a
t
is
th
e
valu
e
of
th
e
N
ew
ton
ian
g
rav
itation
al
con
stan
t
G
in
P
lan
ck
u
n
its?
T
h
e

P
lan
ck
len
gth
is
o
f
th
e
ord
er
of
10 �
3
5
m
,
10 �
1
5
m
,
1
0
1
5
m
,
or
10
3
5
m
?

(c)
W
h
at
is
th
e
C
osm
ological
P
rin
cip
le?
Is
th
e
H
u
b
b
le
ex
p
an
sion
of
th
e
u
n
iv
erse
con
-

sisten
t
w
ith
it?
(F
or
th
e
latter
q
u
estion
,
a
sim
p
le
\y
es"
or
\n
o"
w
ill
su
Æ
ce.)

(d
)
In
th
e
\
S
tan
d
ard
M
o
d
el"
of
th
e
u
n
iv
erse,
w
h
en
th
e
u
n
iv
erse
co
oled
to
ab
ou
t
3�
10
a

K
,
it
b
ecam
e
tran
sp
aren
t
to
p
h
oton
s,
an
d
to
d
ay
w
e
ob
serv
e
th
ese
as
th
e
C
osm
ic

M
icrow
av
e
B
ack
grou
n
d
(C
M
B
)
at
a
tem
p
eratu
re
of
ab
ou
t
3�
10
b
K
.
W
h
at
are
th
e

in
teg
ers
a
an
d
b?

(e)
W
h
a
t
d
id
th
e
u
n
iverse
p
rim
arily
con
sist
of
at
ab
ou
t
1
/100th
of
a
secon
d
after
th
e

B
ig
B
an
g?
In
clu
d
e
an
y
con
stitu
en
t
th
at
is
b
eliev
ed
to
h
ave
m
ad
e
u
p
m
ore
th
an
1%

of
th
e
m
ass
d
en
sity
of
th
e
u
n
iverse.
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P
R
O
B
L
E
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F
A
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p
.
1
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�

P
R
O
B
L
E
M

1
5
:
S
P
E
C
IA
L
R
E
L
A
T
IV
IT
Y

D
O
P
P
L
E
R

S
H
IF
T

T
he
follow
in
g
problem

w
as
ta
ken
fro
m

P
roblem

2,
Q
u
iz
1,
200
4,
w
here
it
cou
n
ted
2
0

poin
ts.

C
on
sid
er
th
e
D
op
p
ler
sh
ift
o
f
rad
io
w
av
es,
fo
r
a
case
in
w
h
ich
b
oth
th
e
so
u
rce
a
n
d
th
e

ob
server
are
m
ov
in
g.
S
u
p
p
ose
th
e
so
u
rce
is
a
sp
acesh
ip
m
ov
in
g
w
ith
a
sp
eed
v
s
rela
tiv
e

to
th
e
sp
ace
station
A
lp
h
a-7,
w
h
ile
th
e
ob
serv
er
is
on
an
oth
er
sp
a
cesh
ip
,
m
ov
in
g
in
th
e

op
p
osite
d
irection
from
A
lp
h
a
-7
w
ith
sp
eed
v
o
relativ
e
to
A
lp
h
a-7.

(a)
(10
poin
ts)
C
alcu
late
th
e
D
op
p
ler
sh
ift
z
of
th
e
ra
d
io
w
ave
as
received
b
y
th
e
o
b
serv
er.

(R
ecall
th
at
rad
io
w
aves
are
electrom
ag
n
etic
w
aves,
ju
st
like
ligh
t
ex
cep
t
th
at
th
e

w
avelen
gth
is
lon
ger.)

(b
)
(10
poin
ts)
U
se
th
e
resu
lts
o
f
p
art
(a
)
to
d
eterm
in
e
v
to
t ,
th
e
velo
city
of
th
e
so
u
rce

sp
acesh
ip
as
it
w
ou
ld
b
e
m
easu
red
b
y
th
e
ob
server
sp
acesh
ip
.
(8
p
oin
ts
w
ill
b
e
giv
en

for
th
e
b
asic
id
ea,
w
h
eth
er
or
n
ot
y
ou
h
ave
th
e
rig
h
t
an
sw
er
for
p
a
rt
(a
),
a
n
d
2
p
oin
ts

w
ill
b
e
given
for
th
e
algeb
ra
.)

P
R
O
B
L
E
M

1
6
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G
?

T
he
follow
in
g
qu
estion
w
as
taken
from

P
roblem

1,
Q
u
iz
1,
2005
,
w
h
ere
it
cou
n
ted
25

poin
ts.

(a)
(4
poin
ts)
W
h
at
w
as
th
e
�
rst
ex
tern
al
galax
y
th
at
w
as
sh
ow
n
to
b
e
at
a
d
ista
n
ce

sign
i�
can
tly
greater
th
an
th
e
m
o
st
d
istan
t
k
n
ow
n
ob
jects
in
o
u
r
g
alax
y
?
H
ow
w
a
s

th
e
d
istan
ce
estim
ated
?

(b
)
(5
poin
ts)
W
h
at
is
recom
b
in
ation
?
D
id
g
alax
ies
b
egin
to
form
b
efore
o
r
a
fter
reco
m
-

b
in
ation
?
W
h
y
?

(c)
(4
poin
ts)
In
C
h
ap
ter
IV
o
f
h
is
b
o
ok
,
W
ein
b
erg
d
evelop
s
a
\
recip
e
for
a
h
ot
u
n
iverse,"

in
w
h
ich
th
e
m
atter
of
th
e
u
n
iv
erse
is
d
escrib
ed
as
a
gas
in
th
erm
a
l
eq
u
ilb
riu
m
a
t

a
very
h
igh
tem
p
eratu
re,
in
th
e
v
icin
ity
of
10
9
K
(several
th
o
u
san
d
m
illion
d
egrees

K
elv
in
).
S
u
ch
a
th
erm
a
l
eq
u
ilib
riu
m

gas
is
co
m
p
letely
d
escrib
ed
b
y
sp
ecify
in
g
its

tem
p
eratu
re
an
d
th
e
d
en
sity
of
th
e
co
n
serv
ed
q
u
an
tities.
W
h
ich
o
f
th
e
follow
in
g
is

on
th
is
list
of
con
served
q
u
a
n
tities?
C
ircle
as
m
an
y
a
s
ap
p
ly.

(i)
b
aryon
n
u
m
b
er

(ii)
en
ergy
p
er
p
article

(iii)
p
roton
n
u
m
b
er
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.
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(iv
)
electric
ch
arge

(v
)
p
ressu
re

(d
)
(4
poin
ts)
T
h
e
w
avelen
gth
corresp
on
d
in
g
to
th
e
m
ean
en
ergy
of
a
C
M
B
(cosm
ic
m
i-

crow
ave
b
a
ck
grou
n
d
)
p
h
oton
to
d
ay
is
ap
p
rox
im
ately
eq
u
al
to
w
h
ich
of
th
e
follow
in
g

q
u
an
tities?
(Y
o
u
m
ay
w
ish
to
lo
ok
u
p
th
e
valu
es
of
variou
s
p
h
y
sical
con
stan
ts
at
th
e

en
d
o
f
th
e
q
u
iz.)

(i)
2
fm
(2�
10 �
1
5
m
)

(ii)
2
m
icron
s
(2�
10 �
6
m
)

(iii)
2
m
m
(2�
1
0 �
3
m
)

(iv
)
2
m
.

(e)
(4
poin
ts)
W
h
at
is
th
e
eq
u
ivalen
ce
p
rin
cip
le?

(f)
(4
poin
ts)
W
h
y
is
it
d
iÆ
cu
lt
for
E
arth
-b
ased
ex
p
erim
en
ts
to
lo
ok
at
th
e
sm
all
w
ave-

len
gth
p
ortion
of
th
e
g
rap
h
of
C
M
B
en
ergy
d
en
sity
p
er
w
avelen
gth
v
s.
w
avelen
gth
?

�

P
R
O
B
L
E
M

1
7
:

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

T
he
follow
in
g
problem

w
as
taken
from

P
roblem

3,
Q
u
iz
1,
2005,
w
here
it
cou
n
ted
25

poin
ts.

C
on
sid
er
a

at
u
n
iv
erse
th
at
ex
p
an
d
s
w
ith
a
scale
factor

a
(t)
=
bt
1
=
2
;

w
h
ere
b
is
a
con
stan
t.
W
e
w
ill
learn
later
th
at
th
is
is
th
e
b
eh
av
ior
of
th
e
scale
factor
for

a
rad
iation
-d
om
in
ated
u
n
iv
erse.

(a)
(5
poin
ts)
A
t
an
a
rb
itrary
tim
e
t
=
t
f
,
w
h
at
is
th
e
p
h
y
sical
h
orizon
d
istan
ce?
(B
y

\p
h
y
sical,"
I
m
ean
as
u
su
al
th
e
d
istan
ce
in
p
h
y
sical
u
n
its,
su
ch
as
m
eters
or
cen
-

tim
eters,
as
m
easu
red
b
y
a
seq
u
en
ce
o
f
ru
lers,
ea
ch
o
f
w
h
ich
is
a
t
rest
relative
to
th
e

co
m
ov
in
g
m
atter
in
its
v
icin
ity.)

(b
)
(3
poin
ts)
S
u
p
p
o
se
th
at
a
p
h
oton
arriv
es
at
th
e
origin
,
at
tim
e
t
f ,
from
a
d
istan
t

p
iece
of
m
atter
th
at
is
p
recisely
a
t
th
e
h
orizon
d
istan
ce
at
tim
e
t
f
.
W
h
at
is
th
e
tim
e

t
e
a
t
w
h
ich
th
e
p
h
oton
w
as
em
itted
?

(c)
(2
poin
ts)
W
h
at
is
th
e
c
o
o
rd
in
a
te
d
istan
ce
from
th
e
origin
to
th
e
p
oin
t
from
w
h
ich

th
e
p
h
oton
w
as
em
itted
?

(d
)
(10
poin
ts)
F
or
an
arb
itrary
tim
e
t
in
th
e
in
terval
t
e �
t�
t
f
,
w
h
ile
th
e
p
h
oton
is

travelin
g,
w
h
at
is
th
e
p
h
y
sic
a
l
d
istan
ce
`
p (t)
from
th
e
origin
to
th
e
lo
cation
of
th
e

p
h
oton
?

(e)
(5
poin
ts)
A
t
w
h
at
tim
e
t
m
a
x
is
th
e
p
h
y
sical
d
istan
ce
of
th
e
p
h
oton
from
th
e
origin

at
its
largest
valu
e?

8
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8
6
Q
U
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1
R
E
V
IE
W
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R
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p
.
1
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P
R
O
B
L
E
M

1
8
:
T
R
A
N
S
V
E
R
S
E
D
O
P
P
L
E
R

S
H
IF
T
S

T
he
follow
in
g
problem

w
as
ta
ken
fro
m

P
roblem

4,
Q
u
iz
1,
200
5,
w
here
it
cou
n
ted
2
0

poin
ts.

(a)
(8
poin
ts)
S
u
p
p
ose
th
e
sp
a
cesh
ip
X
an
th
u

is
at
rest
at
lo
cation
(x
=
0
;y
=
a
;z=
0)
in

a
C
artesian
co
ord
in
ate
sy
stem
.
(W
e
as-

su
m
e
th
at
th
e
sp
ace
is
E
u
clid
ean
,
an
d

th
at
th
e
d
istan
ce
scales
in
th
e
p
rob
lem

are
sm
all
en
ou
gh
so
th
a
t
th
e
ex
p
an
sion

of
th
e
u
n
iverse
can
b
e
n
eg
lected
.)

T
h
e

sp
acesh
ip
E
m
m
erac
is
m
ov
in
g
at
sp
eed

v
0
alon
g
th
e
x
-ax
is
in
th
e
p
ositiv
e
d
irec-

tion
,
as
sh
ow
n
in
th
e
d
ia
g
ram
,
w
h
ere
v
0

is
com
p
arab
le
to
th
e
sp
eed
o
f
ligh
t.
A
s

th
e
E
m
m
erac
crosses
th
e
orig
in
,
it
re-

ceives
a
rad
io
sign
al
th
a
t
h
ad
b
een
sen
t

som
e
tim
e
earlier
from

th
e
X
a
n
th
u
.
Is

th
e
rad
iation
received
red
sh
ifted
o
r
b
lu
esh
ifted
?
W
h
at
is
th
e
red
sh
ift
z
(w
h
ere
n
eg-

ative
valu
es
of
z
can
b
e
u
sed
to
d
escrib
e
b
lu
esh
ifts)?

(b
)
(7
poin
ts)
N
ow

su
p
p
ose
th
at
th
e
E
m
-

m
erac
is
at
rest
at
th
e
origin
,
w
h
ile

th
e
X
an
th
u
is
m
ov
in
g
in
th
e
n
ega
tiv
e
x
-

d
irection
,
at
y
=
a
an
d
z
=
0
,
a
s
sh
ow
n

in
th
e
d
iagram
.
T
h
at
is,
th
e
tra
jectory
of

th
e
X
an
th
u
can
b
e
taken
as

(x
=
�
v
0 t;y
=
a
;z=
0)
:

A
t
t
=
0
th
e
X
an
th
u
crosses
th
e
y
-ax
is,

an
d
at
th
at
in
stan
t
it
em
its
a
rad
io
sig-

n
al
a
lon
g
th
e
y
-ax
is,
d
irected
at
th
e
ori-

gin
.
T
h
e
rad
iation
is
received
som
e
tim
e

later
b
y
th
e
E
m
m
erac.
In
th
is
case,
is

th
e
rad
iation
receiv
ed
red
sh
ifted
or
b
lu
esh
ifted
?
W
h
at
is
th
e
red
sh
ift
z
(w
h
ere
a
gain

n
egative
valu
es
of
z
can
b
e
u
sed
to
d
escrib
e
b
lu
esh
ifts)?

(c)
(5
poin
ts)
Is
th
e
seq
u
en
ce
of
ev
en
ts
d
escrib
ed
in
(b
)
p
h
y
sically
d
istin
ct
from

th
e

seq
u
en
ce
d
escrib
ed
in
(a),
o
r
is
it
really
th
e
sam
e
seq
u
en
ce
o
f
ev
en
ts
d
escrib
ed
in
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p
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1
9

a
referen
ce
fram
e
th
at
is
m
ov
in
g
relativ
e
to
th
e
referen
ce
fram
e
u
sed
in
p
art
(a)?

E
x
p
lain
y
ou
r
reason
in
g
in
a
sen
ten
ce
o
r
tw
o.
(H
in
t:
n
ote
that
there
are
three
objects

in
th
e
p
roblem
:
X
an
thu
,
E
m
m
erac,
an
d
the
photon
s
of
the
radio
sign
al.)

�

P
R
O
B
L
E
M

1
9
:
A

T
W
O
-L
E
V
E
L
H
IG
H
-S
P
E
E
D
M
E
R
R
Y
-G
O
-R
O
U
N
D

(15

poin
ts)

T
his
problem
w
as
P
roblem
3
on
Q
u
iz
1,
2007.

C
on
sid
er
a
h
igh
-sp
eed
m
erry
-go-ro
u
n
d
w
h
ich
is
sim
ilar
to
th
e
on
e
d
iscu
ssed
in
P
rob
-

lem
3
of
P
rob
lem
S
et
1,
b
u
t
w
h
ich
h
as
tw
o
levels.
T
h
at
is,
th
ere
are
fou
r
ev
en
ly
sp
aced

cars
w
h
ich
travel
arou
n
d
a
cen
tral
h
u
b
at
sp
eed
v
at
a
d
istan
ce
R
from
a
cen
tral
h
u
b
,

an
d
also
an
oth
er
fou
r
cars
th
at
are
a
ttach
ed
to
ex
ten
sion
s
of
th
e
fou
r
rad
ial
a
rm
s,
each

m
ov
in
g
at
a
sp
eed
2
v
a
t
a
d
ista
n
ce
2
R
fro
m
th
e
cen
ter.
In
th
is
p
rob
lem
w
e
w
ill
con
sid
er

on
ly
ligh
t
w
aves,
n
ot
sou
n
d
w
aves,
an
d
w
e
w
ill
assu
m
e
th
at
v
is
n
ot
n
egligib
le
com
p
ared

to
c,
b
u
t
th
a
t
2
v
<
c.

W
e
learn
ed
in
P
rob
lem
S
et
1
th
at
th
ere
is
n
o
red
sh
ift
w
h
en
ligh
t
from
on
e
car
at
rad
iu
s

R
is
received
b
y
an
o
b
serv
er
on
an
oth
er
car
at
rad
iu
s
R
.

(a)
(5
poin
ts)
S
u
p
p
ose
th
at
cars
5{8
are
all
em
ittin
g
ligh
t
w
aves
in
all
d
irection
s.
If
an

ob
serv
er
in
ca
r
1
receives
ligh
t
w
aves
from
each
of
th
ese
cars,
w
h
at
red
sh
ift
z
d
o
es

sh
e
ob
serv
e
for
each
of
th
e
fou
r
sign
als?

(b
)
(10
poin
ts)
S
u
p
p
ose
th
at
a
sp
acesh
ip
is
reced
in
g
to
th
e
righ
t
a
t
a
relativ
istic
sp
eed

u
alon
g
a
lin
e
th
rou
gh
th
e
h
u
b
,
a
s
sh
ow
n
in
th
e
d
iagram
.
S
u
p
p
ose
th
at
an
ob
serv
er

in
car
6
receiv
es
a
rad
io
sign
al
from
th
e
sp
acesh
ip
,
at
th
e
tim
e
w
h
en
th
e
car
is
in
th
e

p
osition
sh
ow
n
in
th
e
d
iagram
.
W
h
at
red
sh
ift
z
is
ob
serv
ed
?
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6
Q
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E
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P
R
O
B
L
E
M
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,
F
A
L
L
2
0
1
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p
.
2
0

P
R
O
B
L
E
M

2
0
:

S
IG
N
A
L

P
R
O
P
A
G
A
T
IO
N

IN

A

F
L
A
T

M
A
T
T
E
R
-

D
O
M
IN
A
T
E
D

U
N
IV
E
R
S
E
(5
5
po
in
ts)

T
he
follow
in
g
problem
w
as
on
Q
u
iz
1
,
2
009.

C
on
sid
er
a

at,
m
atter-d
o
m
in
a
ted
u
n
iv
erse,
w
ith
scale
factor

a
(t)
=
bt
2
=
3
;

w
h
ere
b
is
an
arb
itrary
con
stan
t.
F
o
r
th
e
fo
llow
in
g
q
u
estion
s,
th
e
an
sw
er
to
a
n
y
p
art
m
ay

con
tain
sy
m
b
ols
rep
resen
tin
g
th
e
an
sw
ers
to
p
rev
iou
s
p
arts,
w
h
eth
er
or
n
ot
th
e
p
rev
iou
s

p
art
w
as
an
sw
ered
correctly.

(a)
(10
poin
ts)
A
t
tim
e
t
=
t
1 ,
a
ligh
t
sig
n
a
l
is
sen
t
from
galax
y
A
.
L
et
`
p
;s
A
(t)
d
en
o
te

th
e
p
h
y
sical
d
istan
ce
of
th
e
sign
a
l
from
A
a
t
tim
e
t.
(N
ote
th
at
t
=
0
corresp
on
d
s
to

th
e
o
rigin
of
th
e
u
n
iverse,
n
o
t
to
th
e
em
issio
n
of
th
e
sign
al.)
(i)
F
in
d
th
e
sp
eed
o
f

sep
aration
of
th
e
ligh
t
sig
n
a
l
from
A
,
d
e�
n
ed
a
s
d
`
p
;s
A
=d
t.
W
h
at
is
th
e
valu
e
of
th
is

sp
eed
(ii)
at
th
e
tim
e
o
f
em
issio
n
,
t
1 ,
an
d
(iii)
w
h
at
is
its
lim
itin
g
valu
e
at
arb
itrarily

late
tim
es?

(b
)
(5
poin
ts)
S
u
p
p
ose
th
at
th
ere
is
a
secon
d
g
alax
y,
g
alax
y
B
,
th
at
is
lo
ca
ted
a
t
a

p
h
y
sical
d
istan
ce
cH
�
1
fro
m
A
at
tim
e
t
1 ,
w
h
ere
H
(t)
d
en
o
tes
th
e
H
u
b
b
le
ex
p
a
n
sion

rate
an
d
c
is
th
e
sp
eed
of
ligh
t.
(cH
�
1
is
ca
lled
th
e
H
u
b
b
le
len
g
th
.)
S
u
p
p
o
se
th
at
th
e

ligh
t
sign
al
d
escrib
ed
a
b
ove,
w
h
ich
is
em
itted
from
galax
y
A
at
tim
e
t
1 ,
is
d
irected

tow
ard
galax
y
B
.
A
t
w
h
at
tim
e
t
2
d
o
es
it
arriv
e
at
galax
y
B
?

(c)
(10
poin
ts)
L
et
`
p
;s
B
(t)
d
en
ote
th
e
p
h
y
sical
d
istan
ce
of
th
e
lig
h
t
sig
n
a
l
from
gala
x
y

B
at
tim
e
t.
(i)
F
in
d
th
e
sp
eed
of
ap
p
ro
ach
of
th
e
ligh
t
sig
n
al
tow
a
rd
s
B
,
d
e�
n
ed
as

�
d
`
p
;s
B
=d
t.
W
h
at
is
th
e
valu
e
o
f
th
is
sp
eed
(ii)
at
th
e
tim
e
o
f
em
issio
n
,
t
1 ,
a
n
d
(iii)

at
th
e
tim
e
of
recep
tion
,
t
2 ?

(d
)
(10
poin
ts)
If
an
astron
o
m
er
on
galax
y
A
ob
serves
th
e
ligh
t
a
rriv
in
g
from
ga
lax
y
B

at
tim
e
t
1 ,
w
h
at
is
its
red
sh
ift
z
B
A
?

(e)
(10
poin
ts)
S
u
p
p
ose
th
at
th
ere
is
an
oth
er
galax
y,
ga
la
x
y
C
,
a
lso

lo
cated
a
t
a
p
h
y
sical
d
ista
n
ce
cH
�
1
from
A
at
tim
e
t
1 ,
b
u
t
in

a
d
irection
orth
ogon
al
to
th
a
t
of
B
.
If
galax
y
B
is
o
b
served

from
galax
y
C
at
tim
e
t
1 ,
w
h
at
is
th
e
o
b
serv
ed
red
sh
ift
z
B
C
?

R
ecall
th
at
th
is
u
n
iverse
is

at,
so
E
u
clid
ean
geo
m
etry
ap
p
lies.

(f)
(10
poin
ts)
S
u
p
p
ose
th
at
ga
lax
y
A
,
at
tim
e
t
1 ,
em
its
electro
m
agn
etic
ra
d
iatio
n
sp
h
er-

ically
sy
m
m
etrically,
w
ith
p
ow
er
ou
tp
u
t
P
.
(P
m
igh
t
b
e
m
ea
su
red
,
fo
r
ex
am
p
le,
in

w
atts,
w
h
ere
1
w
att
=
1
jou
le/secon
d
.)
W
h
a
t
is
th
e
ra
d
iation
en
ergy

u
x
J
th
at
is

received
b
y
g
alax
y
B
at
tim
e
t
2 ,
w
h
en
th
e
rad
ia
tion
reach
es
g
ala
x
y
B
?
(J
m
ig
h
t
b
e

m
easu
red
,
for
ex
am
p
le,
in
w
atts
p
er
m
eter
2.
U
n
its
a
re
m
en
tio
n
ed
h
ere
on
ly
to
h
elp

clarify
th
e
m
ean
in
g
of
th
ese
q
u
an
tities
|

y
o
u
r
an
sw
er
sh
ou
ld
h
ave
n
o
ex
p
licit
u
n
its,

b
u
t
sh
ou
ld
b
e
ex
p
ressed
in
term
s
of
an
y
or
all
of
th
e
giv
en
q
u
a
n
tities
t
1 ,
P
,
an
d
c,

p
lu
s
p
erh
ap
s
sy
m
b
o
ls
rep
resen
tin
g
th
e
a
n
sw
ers
to
p
rev
iou
s
p
arts.)
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.
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P
R
O
B
L
E
M

2
1
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G
?
(25
poin
ts)

T
h
e
fo
llo
w
in
g
p
roblem
a
ppea
red
o
n
Q
u
iz
1
of
2011.

(a)
(1
0
po
in
ts)
H
u
b
b
le's
law
relates
th
e
d
istan
ce
of
galax
ies
to
th
eir
v
elo
city.

T
h
e

D
op
p
ler
e�
ect
p
rov
id
es
an
accu
rate
to
ol
to
m
easu
re
v
elo
city,
w
h
ile
th
e
m
easu
re

of
cosm
ic
d
istan
ces
is
m
ore
p
rob
lem
atic.
E
x
p
lain
b
rie
y
th
e
m
eth
o
d
th
at
H
u
b
b
le

u
sed
to
estim
ate
th
e
d
istan
ce
of
galax
ies
in
d
eriv
in
g
h
is
law
.

(b
)
(5
poin
ts)
O
n
e
ex
p
ects
H
u
b
b
le's
law
to
h
old
as
a
con
seq
u
en
ce
of
th
e
C
osm
ological

P
rin
cip
le.
W
h
at
d
o
es
th
e
C
osm
ological
P
rin
cip
le
state?

(c)
(1
0
poin
ts)
G
ive
a
b
rief
d
e�
n
ition
for
th
e
w
ord
s
h
o
m
ogen
eity
an
d
isotropy.
T
h
en
say

for
each
of
th
e
follow
in
g
tw
o
statem
en
ts
w
h
eth
er
it
is
tru
e
or
false.
If
tru
e
ex
p
lain

b
rie
y
w
h
y.
If
false
giv
e
a
co
u
n
ter-ex
am
p
le.
Y
ou
sh
ou
ld
assu
m
e
E
u
clid
ean
geom
etry

(w
h
ich
W
ein
b
erg
im
p
licitly
assu
m
ed
in
h
is
d
iscu
ssion
).

(i)
If
th
e
u
n
iverse
is
isotrop
ic
arou
n
d
on
e
p
oin
t
th
en
it
h
as
to
b
e
h
om
ogen
eou
s.

(ii)
If
th
e
u
n
iv
erse
is
isotrop
ic
arou
n
d
tw
o
or
m
ore
d
istin
ct
p
oin
ts
th
en
it
h
as
to
b
e

h
om
ogen
eou
s.

(d
)
B
on
u
s
q
u
estio
n
:
(2
po
in
ts
extra
credit)
If
w
e
allow
cu
rv
ed
(i.e.,
n
on
-E
u
clid
ean
)
sp
aces,

is
it
tru
e
th
at
a
u
n
iv
erse
w
h
ich
is
isotrop
ic
arou
n
d
tw
o
d
istin
ct
p
oin
ts
h
a
s
to
b
e

h
om
ogen
eou
s?
If
tru
e
ex
p
lain
b
rie
y
w
h
y,
an
d
oth
erw
ise
giv
e
a
cou
n
ter-ex
am
p
le.

�

P
R
O
B
L
E
M

2
2
:
T
H
E

T
R
A
J
E
C
T
O
R
Y

O
F

A

P
H
O
T
O
N

O
R
IG
IN
A
T
IN
G

A
T
T
H
E
H
O
R
IZ
O
N

(25
po
in
ts)

T
h
e
fo
llo
w
in
g
p
roblem
a
ppea
red
o
n
Q
u
iz
1
of
2011.

C
on
sid
er
again
a

at
m
atter-d
om
in
ated
u
n
iv
erse,
w
ith
a
scale
factor
giv
en
b
y

a
(t)
=
bt
2
=
3
;

w
h
ere
b
is
a
con
stan
t.
L
et
t
0
d
en
ote
th
e
cu
rren
t
tim
e.

(a)
(5
poin
ts)
W
h
at
is
th
e
cu
rren
t
va
lu
e
o
f
th
e
p
h
y
sical
h
orizon
d
istan
ce
`
p
;h
o
riz
o
n (t
0 )?

T
h
at
is,
w
h
at
is
th
e
p
resen
t
d
istan
ce
of
th
e
m
ost
d
istan
t
m
atter
th
at
can
b
e
seen
,

lim
ited
on
ly
b
y
th
e
sp
eed
of
ligh
t.

(b
)
(5
poin
ts)
C
on
sid
er
a
p
h
oton
th
at
is
a
rriv
in
g
n
ow
from
an
ob
ject
th
at
is
ju
st
at
th
e

h
orizon
.
O
u
r
goal
is
to
trace
th
e
tra
jectory
of
th
is
ob
ject.
S
u
p
p
ose
th
at
w
e
set
u
p

a
co
ord
in
ate
sy
stem
w
ith
u
s
at
th
e
o
rigin
,
an
d
th
e
sou
rce
o
f
th
e
p
h
oton
alon
g
th
e

p
ositiv
e
x
-ax
is.
W
h
at
is
th
e
co
o
rd
in
ate
x
0
of
th
e
p
h
oton
at
t
=
0?

(c)
(5
poin
ts)
A
s
th
e
p
h
oton
trav
els
from
th
e
sou
rce
to
u
s,
w
h
at
is
its
co
ord
in
ate
x
(t)

as
a
fu
n
ction
of
tim
e?

(d
)
(5
poin
ts)
W
h
at
is
th
e
p
h
y
sical
d
istan
ce
`
p (t)
b
etw
een
th
e
p
h
oton
an
d
u
s
as
a
fu
n
ction

o
f
tim
e?

(e)
(5
poin
ts)
W
h
at
is
th
e
m
ax
im
u
m
p
h
y
sical
d
istan
ce
`
p
;m
a
x (t)
b
etw
een
th
e
p
h
oton
an
d

u
s,
an
d
at
w
h
at
tim
e
t
m
a
x
d
o
es
it
o
ccu
r?

8
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8
6
Q
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IZ
1
R
E
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IE
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R
O
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p
.
2
2

P
R
O
B
L
E
M

2
3
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(2
0
1
6
)?

T
he
follow
in
g
problem
w
as
ta
ken
from
Q
u
iz
1,
20
16,
w
here
it
cou
n
ted
35
po
in
ts.

(a)
(5
poin
ts)
T
h
e
M
ilk
y
W
ay
h
a
s
b
een
k
n
ow
n
sin
ce
an
cien
t
tim
es
a
s
a
b
a
n
d
of
lig
h
t

stretch
in
g
across
th
e
sk
y.
W
e
n
ow
recog
n
ize
th
e
M
ilk
y
W
ay
a
s
th
e
gala
x
y
of
stars

in
w
h
ich
w
e
live,
w
ith
a
large
collectio
n
o
f
stars,
in
clu
d
in
g
o
u
r
su
n
,
a
rran
ged
in
a

gian
t
d
isk
.
S
in
ce
th
e
in
d
iv
id
u
al
stars
are
m
ostly
to
o
sm
all
fo
r
o
u
r
ey
es
to
resolv
e,
w
e

ob
serve
th
e
collectiv
e
ligh
t
from
th
ese
stars,
con
cen
tra
ted
in
th
e
p
lan
e
o
f
th
e
d
isk
.

T
h
e
id
ea
th
at
th
e
M
ilk
y
W
ay
is
actu
a
lly
a
d
isk
of
stars
w
as
p
rop
osed
b
y

(i)
C
lau
d
iu
s
P
tolem
y,
in
th
e
2n
d
cen
tu
ry
A
D
.

(ii)
J
oh
an
n
es
K
ep
ler,
in
1
6
10.

(iii)
Isaac
N
ew
ton
,
in
1
695
.

(iv
)
T
h
om
as
W
righ
t,
in
17
5
0.

(v
)
Im
m
an
u
el
K
an
t,
in
17
5
5.

(v
i)
E
d
w
in
H
u
b
b
le,
in
1
9
23.

(b
)
(5
poin
ts)
O
n
ce
it
w
as
recog
n
ized
th
a
t
w
e
liv
e
in
a
galax
y,
it
w
as
in
itially
a
ssu
m
ed

th
at
ou
rs
w
as
th
e
o
n
ly
ga
lax
y.
T
h
e
su
g
gestio
n
th
at
so
m
e
o
f
th
e
p
a
tch
es
of
ligh
t

k
n
ow
n
as
n
eb
u
lae
m
igh
t
a
ctu
ally
b
e
o
th
er
galax
ies
lik
e
ou
r
ow
n
w
a
s
m
a
d
e
b
y

(i)
C
lau
d
iu
s
P
tolem
y,
in
th
e
2n
d
cen
tu
ry
A
D
.

(ii)
J
oh
an
n
es
K
ep
ler,
in
161
0.

(iii)
Isaac
N
ew
ton
,
in
16
9
5.

(iv
)
T
h
om
as
W
righ
t,
in
1
750
.

(v
)
Im
m
an
u
el
K
an
t,
in
1
755
.

(v
i)
E
d
w
in
H
u
b
b
le,
in
192
3
.

(c)
(5
poin
ts)
T
h
e
�
rst
�
rm
ev
id
en
ce
th
a
t
th
ere
is
m
ore
th
an
on
e
ga
lax
y
stem
m
ed
from

th
e
a
b
ility
to
ob
serve
th
e
A
n
d
ro
m
ed
a
N
eb
u
la
w
ith
h
ig
h
en
ou
gh
resolu
tio
n
to
d
istin
-

gu
ish
its
in
d
iv
id
u
al
stars.
In
p
articu
lar,
th
e
ob
servation
of
C
ep
h
eid
varia
b
le
sta
rs
in

A
n
d
rom
ed
a
allow
ed
a
d
ista
n
ce
estim
ate
th
at
p
lace
it
w
ell
o
u
tsid
e
th
e
M
ilk
y
W
ay.

T
h
e
ob
servation
of
C
ep
h
eid
variab
le
stars
in
A
n
d
rom
ed
a
w
a
s
�
rst
m
a
d
e
b
y

(i)
J
oh
an
n
es
K
ep
ler,
in
1
610
.

(ii)
Isaac
N
ew
ton
,
in
1
69
5
.

(iii
T
h
om
as
W
righ
t,
in
1
750
.
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(iv
)
Im
m
an
u
el
K
an
t,
in
1
7
5
5
.

(v
)
H
en
rietta
S
w
a
n
L
eav
itt
an
d
H
arlow
S
h
ap
ley
in
1915.

(v
i)
E
d
w
in
H
u
b
b
le,
in
1923.

(d
)
(5
poin
ts)
T
h
e
�
rst
h
in
t
th
at
th
e
u
n
iv
erse
is
�
lled
w
ith
rad
iation
w
ith
an
e�
ectiv
e

tem
p
eratu
re
n
ear
3
K
,
alth
ou
gh
n
ot
recogn
ized
at
th
e
tim
e,
w
as
an
ob
servation
of

ab
sorp
tion
lin
es
in
cy
an
ogen
(C
N
)
b
y
A
d
am
s
an
d
M
cK
ellar
in
1941.
T
h
ey
o
b
serv
ed

d
ark
sp
ectral
lin
es
w
h
ich
th
ey
in
terp
reted
as
ab
sorp
tion
b
y
th
e
cy
an
ogen
of
ligh
t

com
in
g
from
th
e
star
b
eh
in
d
th
e
g
as
clou
d
.
E
x
p
lain
in
a
few
sen
ten
ces
h
ow
th
ese
ab
-

so
rp
tio
n
lin
es
ca
n
b
e
u
sed
to
m
a
ke
in
feren
ces
ab
ou
t
th
e
cosm
ic
b
ack
grou
n
d
rad
iation

b
ath
in
g
th
e
cy
an
ogen
gas
clou
d
.

(e)
(5
poin
ts)
A
s
th
e
u
n
iv
erse
ex
p
a
n
d
s,
th
e
tem
p
era
tu
re
o
f
th
e
cosm
ic
m
icrow
ave
b
ack
-

g
ro
u
n
d

(i)
go
es
u
p
in
p
rop
o
rtion
to
th
e
scale
factor
a
(t).

(ii)
stay
s
con
stan
t.

(iii)
go
es
d
ow
n
in
p
rop
ortion
to
1
=
a
(t).

(iv
)
go
es
d
ow
n
in
p
rop
ortion
to
1
=
a
2(t).

(f)
(5
poin
ts)
W
h
en
H
u
b
b
le
m
easu
red
th
e
valu
e
of
h
is
con
stan
t,
h
e
fou
n
d
H
�
1�
100

m
illion
years,
2
b
illion
y
ears,
10
b
illion
y
ears,
or
20
b
illion
y
ears?

(g)
(5
poin
ts)
E
x
p
lain
in
a
few
sen
ten
ces
w
h
at
is
m
ean
t
b
y
th
e
eq
u
ivalen
ce
p
rin
cip
le?

P
R
O
B
L
E
M

2
4
:

O
B
S
E
R
V
IN
G

A

D
IS
T
A
N
T

G
A
L
A
X
Y

IN

A

M
A
T
T
E
R
-

D
O
M
IN
A
T
E
D

F
L
A
T
U
N
IV
E
R
S
E

T
h
e
fo
llo
w
in
g
p
ro
blem
w
a
s
ta
ken
from
Q
u
iz
1,
2016,
w
here
it
cou
n
ted
40
poin
ts.

S
u
p
p
ose
th
at
w
e
are
liv
in
g
in
a
m
atter-d
om
in
ated

at
u
n
iv
erse,
w
ith
a
scale
factor

giv
en
b
y

a
(t)
=
bt
2
=
3
;

w
h
ere
b
is
a
con
stan
t.
T
h
e
p
resen
t
tim
e
is
d
en
oted
b
y
t
0 .

(a)
(5
poin
ts)
If
w
e
m
easu
re
tim
e
in
secon
d
s,d
istan
ce
in
m
eters,an
d
co
ord
in
ate
d
istan
ces

in
n
otch
es,
w
h
at
are
th
e
u
n
its
of
b?

(b
)
(5
poin
ts)
S
u
p
p
o
se
th
a
t
w
e
ob
serv
e
a
d
istan
t
galax
y
w
h
ich
is
on
e
h
alf
of
a
\H
u
b
b
le

len
g
th
"
aw
ay,
w
h
ich
m
ea
n
s
th
a
t
th
e
p
h
y
sical
d
istan
ce
to
d
ay
is
`
p
=
12
cH
�
1

0

,
w
h
ere
c
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.
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is
th
e
sp
eed
o
f
ligh
t
an
d
H
0
is
th
e
p
resen
t
valu
e
o
f
th
e
H
u
b
b
le
ex
p
a
n
sion
ra
te.
W
h
at

is
th
e
p
rop
er
velo
city
v
p �
d
`
p
(t)

d
t

o
f
th
is
ga
la
x
y
relativ
e
to
u
s?

(c)
(5
poin
ts)
W
h
at
is
th
e
co
o
rd
in
ate
d
ista
n
ce
`
c
b
etw
een
u
s
a
n
d
th
e
d
istan
t
galax
y
?

If
you
d
id
n
ot
an
sw
er
th
e
p
rev
iou
s
p
art,
y
ou
m
ay
still
con
tin
u
e
w
ith
th
e
fo
llow
in
g
p
arts,

u
sin
g
th
e
sy
m
b
ol
`
c
for
th
e
co
ord
in
ate
d
ista
n
ce
to
th
e
ga
la
x
y.

(d
)
(5
poin
ts)
A
t
w
h
at
tim
e
t
e
w
a
s
th
e
ligh
t
th
a
t
w
e
a
re
n
ow
receiv
in
g
from
th
e
galax
y

em
itted
?

(e)
(5
poin
ts)
W
h
at
is
th
e
red
sh
ift
z
o
f
th
e
lig
h
t
th
at
w
e
are
n
ow
receiv
in
g
fro
m
th
e

d
istan
t
galax
y
?

(f)
(10
poin
ts)
C
on
sid
er
a
ligh
t
p
u
lse
th
at
leav
es
th
e
d
istan
t
galax
y
at
tim
e
t
e ,
as
cal-

cu
lated
in
p
art
(d
),
an
d
a
rriv
es
h
ere
at
th
e
p
resen
t
tim
e,
t
0 .
C
alcu
late
th
e
p
h
y
sica
l

d
istan
ce
r
p (t)
b
etw
een
th
e
lig
h
t
p
u
lse
a
n
d
u
s.
F
in
d
r
p (t)
as
a
fu
n
ction
of
t
for
a
ll
t

b
etw
een
t
e
an
d
t
0 .

(g)
(5
poin
ts)
If
w
e
sen
d
a
rad
io
m
essage
n
ow
to
th
e
d
ista
n
t
gala
x
y,
at
w
h
a
t
tim
e
t
r
w
ill

it
b
e
receiv
ed
?
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.
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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

(2
0
0
0
)?
(35
poin
ts)

a)
D
op
p
ler
p
red
icted
th
e
D
op
p
ler
e�
ect
in
1842.

b
)
M
ost
of
th
e
stars
of
o
u
r
galax
y,
in
clu
d
in
g
ou
r
su
n
,
lie
in
a

at
d
isk
.
W
e
th
erefore

see
m
u
ch
m
ore
ligh
t
w
h
en
w
e
lo
ok
o
u
t
from
earth
alon
g
th
e
p
lan
e
o
f
th
e
d
isk
th
an

w
h
en
w
e
lo
ok
in
a
n
y
o
th
er
d
irection
.

c)
H
u
b
b
le's
origin
al
p
ap
er
o
n
th
e
ex
p
an
sion
of
th
e
u
n
iv
erse
w
as
b
ased
on
a
stu
d
y
of

o
n
ly

18
galax
ies.
W
ell,
at
least
W
ein
b
erg's
b
o
ok
say
s
18
galax
ies.
F
o
r
m
y
ow
n

b
o
ok
I
m
ad
e
a
cop
y
of
H
u
b
b
le's
origin
al
grap
h
,
w
h
ich
seem
s
to
sh
ow
24
b
lack
d
ots,

each
of
w
h
ich
rep
resen
ts
a
galax
y,
as
rep
ro
d
u
ced
b
elow
.
T
h
e
vertical
ax
is
sh
ow
s

th
e
recession
v
elo
city,
in
k
ilom
eters
p
er
secon
d
.
T
h
e
solid
lin
e
sh
ow
s
th
e
b
est
�
t

to
th
e
b
lack
d
o
ts,
ea
ch
o
f
w
h
ich
rep
resen
ts
a
g
alax
y.
E
ach
op
en
circle
rep
resen
ts
a

grou
p
of
th
e
galax
ies
sh
ow
n
as
b
lack
d
ots,
selected
b
y
th
eir
p
rox
im
ity
in
d
irection

an
d
d
istan
ce;
th
e
b
rok
en
lin
e
is
th
e
b
est
�
t
to
th
ese
p
oin
ts.
T
h
e
cross
sh
ow
s
a

statistical
a
n
aly
sis
of
22
galax
ies
for
w
h
ich
in
d
iv
id
u
al
d
istan
ce
m
easu
rem
en
ts
w
ere

n
ot
availab
le.
I
am
n
ot
su
re
w
h
y
W
ein
b
erg
refers
to
18
galax
ies,
b
u
t
it
is
p
ossib
le

th
at
th
e
tex
t
o
f
H
u
b
b
le's
article
in
d
icated
th
at
18
of
th
ese
galax
ies
w
ere
m
easu
red

w
ith
m
ore
reliab
ility
th
an
th
e
rest.
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d
)e)

D
u
rin
g
a
tim
e
in
terval
in
w
h
ich
th
e
lin
ear
size
o
f
th
e
u
n
iv
erse
grow
s
b
y
1%
,
th
e

h
orizon
d
istan
ce
grow
s
b
y
m
ore
th
an
1%
.
T
o
see
w
h
y,
n
o
te
th
a
t
th
e
h
o
rizo
n
d
istan
ce

is
eq
u
al
to
th
e
scale
facto
r
tim
es
th
e
com
ov
in
g
h
orizon
d
istan
ce.
T
h
e
scale
fa
ctor

grow
s
b
y
1%
d
u
rin
g
th
is
tim
e
in
terval,
b
u
t
th
e
com
ov
in
g
h
orizon
d
ista
n
ce
a
lso
g
row
s,

sin
ce
ligh
t
from
th
e
d
ista
n
t
galax
ies
h
as
h
a
d
m
o
re
tim
e
to
reach
u
s.

f)
A
rn
o
A
.
P
en
zias
an
d
R
ob
ert
W
.
W
ilson
,
B
ell
T
elep
h
on
e
L
ab
ora
tories.

g)

(i)
th
e

average
d
istan
ce
b
etw
een
p
h
oton
s:

p
ro
p
o
rtion
al
to
th
e
size
of

th
e
u
n
iv
erse

(P
h
oton
s
are
n
eith
er
created
n
or
d
estroyed
,
so
th
e
on
ly
e�
ect
is
th
a
t
th
e
aver-

age
d
istan
ce
b
etw
een
th
em
is
stretch
ed
w
ith
th
e
ex
p
a
n
sio
n
.
S
in
ce
th
e
u
n
iv
erse

ex
p
an
d
s
u
n
iform
ly,
all
d
istan
ces
grow
b
y
th
e
sa
m
e
factor.)

(ii)
th
e

ty
p
ical

w
avelen
g
th

o
f

th
e

rad
iatio
n
:

p
rop
ortion
al
to
th
e
size
of

th
e
u
n
iverse
(S
ee
L
ectu
re
N
otes
3.)

(iii)
th
e

n
u
m
b
er
d
en
sity

of
p
h
oton
s

in

th
e

ra
d
iation
:

in
versely
p
rop
o
r-

tion
al
to
th
e
cu
b
e
o
f
th
e
size
o
f
th
e
u
n
iv
erse
(F
ro
m

(i),
th
e
averag
e
d
ista
n
ce

b
etw
een
p
h
oton
s
grow
s
in
p
rop
ortio
n
to
th
e
size
of
th
e
u
n
iv
erse.
S
in
ce
th
e
vol-

u
m
e
of
a
cu
b
e
is
p
rop
o
rtion
a
l
to
th
e
cu
b
e
of
th
e
len
gth
of
a
sid
e,
th
e
averag
e

volu
m
e
o
ccu
p
ied
b
y
a
p
h
oton
grow
s
a
s
th
e
cu
b
e
of
th
e
size
of
th
e
u
n
iv
erse.
T
h
e

n
u
m
b
er
d
en
sity
is
th
e
in
verse
o
f
th
e
average
v
olu
m
e
o
ccu
p
ied
b
y
a
p
h
oto
n
.)

(iv
)
th
e

en
ergy

d
en
sity

of

th
e

rad
iation
:

in
versely
p
ro
p
o
rtion
al
to
th
e

fou
rth
p
ow
er
of
th
e
size
o
f
th
e
u
n
iv
erse
(T
h
e
en
erg
y
of
ea
ch
p
h
o
ton
is
p
rop
or-

tion
al
to
its
freq
u
en
cy,
an
d
h
en
ce
in
versely
p
rop
o
rtion
a
l
to
its
w
avelen
gth
.
S
o

from
(ii)
th
e
en
ergy
o
f
each
p
h
oton
is
in
versely
p
rop
ortio
n
al
to
th
e
size
of
th
e

u
n
iverse,
an
d
from
(iii)
th
e
n
u
m
b
er
d
en
sity
is
in
v
ersely
p
rop
ortion
a
l
to
th
e
cu
b
e

of
th
e
size.)

(v
)
th
e

tem
p
eratu
re

of

th
e

rad
iation
:

in
versely
p
rop
ortio
n
a
l
to
th
e
size

of
th
e
u
n
iv
erse
(T
h
e
tem
p
era-

tu
re
is
d
irectly
p
ro
p
o
rtion
al
to
th
e
avera
ge
en
ergy
of
a
p
h
o
ton
,
w
h
ich
a
cco
rd
in
g

to
(iv
)
is
in
versely
p
ro
p
ortion
al
to
th
e
size
of
th
e
u
n
iv
erse.)
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R
O
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T
H
E
O
R
Y

(25
poin
ts)

a)
(1
0
poin
ts)
A
ccord
in
g
to
E
q
.
(3.7),H

(t)
=

1
a
(t)

d
ad

t
:

S
o
in
th
is
ca
se

1
a
(t)

d
ad

t
=
H
0
;

w
h
ich
can
b
e
rew
ritten
a
s

d
aa

=
H
0
d
t
:

In
tegratin
g,

ln
a
=
H
0
t
+
c
;

w
h
ere
c
is
a
con
stan
t
o
f
in
tegration
.
E
x
p
o
n
en
tia
tin
g
,

a
=
be
H
0

t
;

w
h
ere
b
=
e
c
is
an
arb
itrary
con
stan
t.

b
)
(1
5
po
in
ts)
C
on
sid
er
a
cu
b
e
of
sid
e
`
c
d
raw
n
o
n
th
e
co
m
ov
in
g
co
ord
in
ate
sy
stem

d
iagram
.
T
h
e
p
h
y
sical
len
gth
o
f
each
sid
e
is
th
en
a
(t)
`
c ,
so
th
e
p
h
y
sical
volu
m
e
is

V
(t)
=
a
3(t)
`
3c
:

S
in
ce
th
e
m
ass
d
en
sity
is
�
x
ed
a
t
�
=
�
0 ,
th
e
total
m
ass
in
sid
e
th
is
cu
b
e
at
a
n
y
giv
en

tim
e
is
given
b
y

M
(t)
=
a
3(t)
`
3c
�
0
:

In
th
e
ab
sen
ce
of
m
atter
creation
th
e
total
m
ass
w
ith
in
a
com
ov
in
g
v
olu
m
e
w
ou
ld
n
ot

ch
an
ge,
so
th
e
in
crease
in
m
ass
d
escrib
ed
b
y
th
e
ab
ov
e
eq
u
ation
m
u
st
b
e
attrib
u
ted

to
m
atter
creation
.
T
h
e
rate
of
m
atter
creation
p
er
u
n
it
tim
e
p
er
u
n
it
v
olu
m
e
is

th
en
giv
en
b
y

R
a
te
=

1
V
(t)

d
Md

t

=

1

a
3(t)
`
3c
3
a
2(t)
d
ad

t
`
3c
�
0

=
3a
d
ad

t
�
0

=

3
H
0
�
0
:
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E
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R
O
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U
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N
S
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F
A
L
L
2
0
1
8

p
.
2
8

Y
ou
w
ere
n
ot
ask
ed
to
in
sert
n
u
m
b
ers,b
u
t
it
is
w
orth
w
h
ile
to
co
n
sid
er
th
e
n
u
m
erical

valu
e
after
th
e
ex
am
,
to
see
w
h
a
t
th
is
an
sw
er
is
tellin
g
u
s.
S
u
p
p
o
se
w
e
ta
ke
H
0
=
7
0

k
m
-sec �
1-M
p
c �
1,
a
n
d
ta
ke
�
0
to
b
e
th
e
critical
d
en
sity,
�
c
=
3
H
20 =8
�
G
.
T
h
en

T
o
p
u
t
th
is
n
u
m
b
er
in
to
m
o
re
m
ean
in
gfu
l
term
s,
n
o
te
th
at
th
e
m
ass
of
a
h
y
d
ro
gen

atom

is
1
:67�
10 �
2
7

k
g
,
a
n
d
th
a
t
1
y
ear
=

3
:156�
1
0
7

s.
T
h
e
ra
te
o
f
m
atter

p
ro
d
u
ction
req
u
ired
for
th
e
stead
y
-state
u
n
iv
erse
th
eory
can
th
en
b
e
ex
p
ressed
as

rou
gh
ly
on
e
h
y
d
rogen
atom
p
er
cu
b
ic
m
eter
p
er
b
illio
n
y
ears!
N
eed
less
to
say,
su
ch
a

rate
of
m
atter
p
ro
d
u
ction
is
totally
u
n
d
etectab
le,
so
th
e
stead
y
-sta
te
th
eo
ry
can
n
o
t

b
e
ru
led
ou
t
b
y
th
e
failu
re
to
d
etect
m
atter
p
ro
d
u
ction
.
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R
O
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:
D
ID

Y
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D
O

T
H
E
R
E
A
D
IN
G

(2
0
0
7
)?
(25
poin
ts)

T
he
follow
in
g
5
qu
estion
s
are
ea
ch
w
o
rth
5
poin
ts:

(a)
In
th
e
1940's,
th
ree
astrop
h
y
sicists
p
rop
osed
a
\stead
y
state"
th
eory
of
cosm
ology,

in
w
h
ich
th
e
u
n
iv
erse
h
as
alw
ay
s
lo
oked
ab
ou
t
th
e
sam
e
as
it
d
o
es
n
ow
.
S
tate
th
e

last
n
am
e
of
at
least
o
n
e
of
th
ese
au
th
ors.
(B
o
n
u
s
poin
ts:
you
can
earn
1
p
oin
t
each

for
n
am
in
g
th
e
oth
er
tw
o
au
th
ors,
an
d
h
en
ce
u
p
to
2
ad
d
ition
al
p
o
in
ts,
b
u
t
1
p
oin
t

w
ill
b
e
tak
en
o�
for
each
in
correct
an
sw
er.)

A
n
s:
(W
ein
b
erg,
p
age
8,
or
R
y
d
en
,
p
age
16):
H
erm
an
n
B
on
d
i,
T
h
om
as
G
old
,
an
d

F
red
H
oy
le.

(b
)
In
1917,
a
D
u
tch
a
stron
om
er
n
am
ed
W
illem
d
e
S
itter
d
id
w
h
ich
on
e
of
th
e
follow
in
g

accom
p
lish
m
en
ts:

(i)
m
easu
red
th
e
size
of
th
e
M
ilk
y
W
ay
galax
y,
�
n
d
in
g
it
to
b
e
ab
ou
t
on
e
b
illion

ligh
t-years
in
d
iam
eter.

(ii)
resolv
ed
C
ep
h
eid
variab
le
stars
in
A
n
d
rom
ed
a
an
d
th
ereb
y
ob
tain
ed
p
ersu
a-

siv
e
ev
id
en
ce
th
at
A
n
d
rom
ed
a
is
n
ot
w
ith
in
o
u
r
ow
n
galax
y,
b
u
t
is
ap
p
aren
tly

an
oth
er
galax
y
lik
e
ou
r
ow
n
.

(iii)
p
u
b
lish
ed
a
catalog,
N
ebu
lae
an
d
S
tar
C
lu
sters,
listin
g
103
ob
jects
th
at
as-

tron
om
ers
sh
ou
ld
avoid
w
h
en
lo
ok
in
g
for
com
ets.

(iv
)
p
u
b
lish
ed
a
m
o
d
el
for
th
e
u
n
iv
erse,
b
ased
on
gen
eral
relativ
ity,
w
h
ich
a
p
p
eared

to
b
e
static
b
u
t
w
h
ich
p
ro
d
u
ced
a
red
sh
ift
p
rop
ortion
al
to
th
e
d
istan
ce.

(v
)
d
iscovered
th
at
th
e
orb
ital
p
erio
d
s
of
th
e
p
lan
ets
are
p
rop
ortion
al
to
th
e
3/2

p
ow
er
of
th
e
sem
i-m
a
jor
ax
is
of
th
eir
ellip
tical
orb
its.

D
iscu
ssion
:
(i)
is
false
in
p
art
b
ecau
se
d
e
S
itter
w
as
n
ot
in
volved
in
th
e
m
easu
rem
en
t

of
th
e
size
of
th
e
M
ilk
y
W
ay,
b
u
t
th
e
m
ost
o
b
v
iou
s
error
is
in
th
e
size
o
f
th
e
M
ilk
y

W
ay.
Its
actu
al
d
iam
eter
is
rep
orted
b
y
W
ein
b
erg
(p
.
1
6)
to
b
e
ab
ou
t
100,000
ligh
t-

years,
alth
ou
gh
n
ow
it
is
b
eliev
ed
to
b
e
ab
ou
t
tw
ice
th
at
large.
(ii)
is
an
accu
rate

d
escrip
tion
of
an
ob
serva
tio
n
b
y
E
d
w
in
H
u
b
b
le
in
1923
(W
ein
b
erg,
p
p
.
19-20).
(iii)

d
escrib
es
th
e
w
ork
o
f
C
h
arles
M
essier
in
1781
(W
ein
b
erg,
p
.
1
7).
(v
)
is
of
cou
rse
on
e

of
K
ep
ler's
law
s
of
p
lan
etary
m
otion
.

(c)
In
1964{65,
A
rn
o
A
.
P
en
zias
an
d
R
ob
ert
W
.
W
ilson
ob
serv
ed
a

u
x
of
m
icrow
ave

rad
iation
com
in
g
from
all
d
irection
s
in
th
e
sk
y,
w
h
ich
w
as
in
terp
reted
b
y
a
grou
p
of

p
h
y
sicists
a
t
a
n
eig
h
b
orin
g
in
stitu
tio
n
a
s
th
e
co
sm
ic
b
a
ck
grou
n
d
rad
iation
left
over

from
th
e
b
ig
b
an
g.
C
ircle
th
e
tw
o
item
s
on
th
e
follow
in
g
list
th
at
w
ere
n
o
t
p
art
of

th
e
story
b
eh
in
d
th
is
sp
ectacu
lar
d
iscov
ery
:

(i)
B
ell
T
elep
h
on
e
L
ab
oratory

(ii)
M
IT

(iii)
P
rin
ceton
U
n
iversity

(iv
)
p
igeon
s

(v
)
grou
n
d
h
ogs

(v
i)
H
u
b
b
le's
con
stan
t

(v
ii)
liq
u
id
h
eliu
m

(v
iii)
7.35
cm
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R
E
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R
O
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p
.
3
0

(G
rad
in
g:
3
p
ts
for
1
correct
an
sw
er,
5
for
2
co
rrect
an
sw
ers,
an
d
-2
fo
r
each
in
correct

an
sw
er,
b
u
t
th
e
m
in
im
u
m
score
is
zero.)

D
iscu
ssion
:
T
h
e
d
iscovery
o
f
th
e
cosm
ic
b
a
ck
grou
n
d
ra
d
iation
w
a
s
d
escrib
ed
in
som
e

d
etail
b
y
W
ein
b
erg
in
C
h
ap
ter
3.
T
h
e
ob
servation
w
as
d
on
e
at
B
ell
T
elep
h
on
e

L
ab
o
ratories,
in
H
olm
d
el,
N
ew
J
ersey.
T
h
e
d
etecto
r
w
as
co
oled
w
ith
liq
u
id
h
eliu
m

to
m
in
im
ize
electrical
n
o
ise,
an
d
th
e
m
ea
su
rem
en
ts
w
ere
m
ad
e
a
t
a
w
avelen
gth
of

7.35
cm
.
D
u
rin
g
th
e
cou
rse
of
th
e
ex
p
erim
en
t
th
e
a
stron
om
ers
h
ad
to
eject
a
p
a
ir

of
p
igeon
s
w
h
o
w
ere
ro
ostin
g
in
th
e
an
ten
n
a
.
P
en
zias
an
d
W
ilson
w
ere
n
o
t
in
itially

aw
are
th
at
th
e
rad
iation
th
ey
d
iscov
ered
m
ig
h
t
h
ave
co
m
e
fro
m
th
e
b
ig
b
an
g,
b
u
t

B
ern
ard
B
u
rke
of
M
IT
p
u
t
th
em

in
tou
ch
w
ith
a
grou
p
a
t
P
rin
ceton
U
n
iversity

(R
ob
ert
D
icke,
J
am
es
P
eeb
les,
P
.G
.
R
oll,
an
d
D
av
id
W
ilk
in
son
)
w
h
o
w
ere
actively

w
ork
in
g
on
th
is
h
y
p
oth
esis.

(d
)
Im
p
ortan
t
p
red
iction
s
of
th
e
C
op
ern
ican
th
eory
w
ere
con
�
rm
ed
b
y
th
e
d
iscovery

of
th
e
ab
erration
of
sta
rligh
t
(w
h
ich
sh
ow
ed
th
at
th
e
v
elo
city
of
th
e
E
arth
h
as
th
e

tim
e-d
ep
en
d
en
ce
ex
p
ected
for
rotatio
n
ab
ou
t
th
e
S
u
n
)
a
n
d
b
y
th
e
b
eh
av
ior
o
f
th
e

F
ou
cau
lt
p
en
d
u
lu
m
(w
h
ich
sh
ow
ed
th
at
th
e
E
arth
ro
tates).
T
h
ese
d
iscov
eries
w
ere

m
ad
e

(i)
d
u
rin
g
C
op
ern
icu
s'
lifetim
e.

(ii)
ap
p
rox
im
ately
tw
o
a
n
d
th
ree
d
ecad
es
after
C
o
p
ern
icu
s'
d
eath
,
resp
ectively.

(iii)
ab
ou
t
on
e
h
u
n
d
red
y
ea
rs
a
fter
C
op
ern
icu
s'
d
ea
th
.

(iv
)
ap
p
rox
im
ately
tw
o
a
n
d
th
ree
cen
tu
ries
after
C
op
ern
icu
s'
d
ea
th
,
resp
ectiv
ely.

R
y
d
en
d
iscu
sses
th
is
on
p
.
5.
T
h
e
ab
erration
o
f
starligh
t
w
as
d
iscovered
in
17
28,

w
h
ile
th
e
F
ou
cau
lt
p
en
d
u
lu
m
w
as
in
ven
ted
in
1851
.

(e)
If
on
e
averages
over
su
Æ
cien
tly
larg
e
sca
les,
th
e
u
n
iv
erse
ap
p
ears
to
b
e
h
o
m
og
en
eou
s

an
d
isotrop
ic.
H
ow
large
m
u
st
th
e
averagin
g
scale
b
e
b
efo
re
th
is
h
o
m
og
en
eity
an
d

isotrop
y
set
in
?

(i)
1
A
U
(1
A
U
=
1
:4
96�
1
0
1
1
m
).

(ii)
100
k
p
c
(1
k
p
c
=
100
0
p
c,
1
p
c
=
3
:086�
1
0
1
6
m
=
3.26
2
ligh
t-y
ear).

(iii)
1
M
p
c
(1
M
p
c
=
1
0
6
p
c).

(iv
)
10
M
p
c.

(v
)
100
M
p
c.

(v
i)
1000
M
p
c.

T
h
is
issu
e
is
d
iscu
ssed
in
R
y
d
en
's
b
o
ok
on
p
.
11.
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P
R
O
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:
A
N

E
X
P
O
N
E
N
T
IA
L
L
Y

E
X
P
A
N
D
IN
G

U
N
IV
E
R
S
E

(a)
A
ccord
in
g
to
E
q
.
(3.7),
th
e
H
u
b
b
le
con
stan
t
is
related
to
th
e
scale
factor
b
y

H
=
_a=
a
:

S
o

H
=
�
a
0 e
�
t

a
0 e
�
t

=

�
:

(b
)
A
ccord
in
g
to
E
q
.
(3.8),
th
e
co
ord
in
ate
v
elo
city
of
ligh
t
is
given
b
y

d
xd

t
=

c
a
(t)
=

ca
0
e �
�
t
:

In
tegratin
g,

x
(t)
=

ca
0 Z

t
0

e �
�
t
0d

t 0

=

ca
0 ��

1�
e �
�
t
0 �
t0

=

c
�
a
0 �1�
e �
�
t �
:

(c)
F
rom
E
q
.
(3.11),
or
from
th
e
fron
t
o
f
th
e
q
u
iz,
on
e
h
a
s

1
+
z
=
a
(t
r )

a
(t
e )
:

H
ere
t
e
=
0
,
so

1
+
z
=
a
0 e
�
t
r

a
0

=)

e
�
t
r

=
1
+
z

=)

t
r
=
1�

ln
(1
+
z)
:

(d
)
T
h
e
co
ord
in
ate
d
istan
ce
is
x
(t
r ),
w
h
ere
x
(t)
is
th
e
fu
n
ction
fou
n
d
in
p
art
(b
),
an
d

t
r
is
th
e
tim
e
fou
n
d
in
p
art
(c).
S
o

e
�
t
r

=
1
+
z
;

8
.2
8
6
Q
U
IZ
1
R
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V
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P
R
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E
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L
U
T
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,
F
A
L
L
2
0
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8

p
.
3
2

an
d

x
(t
r )
=

c
�
a
0 �1�
e �
�
t
r �

=

c
�
a
0 �
1�
1

1
+
z �

=

cZ

�
a
0 (1
+
z
)
:

T
h
e
p
h
y
sical
d
istan
ce
at
th
e
tim
e
of
recep
tion
is
fou
n
d
b
y
m
u
ltip
ly
in
g
b
y
th
e
scale

factor
a
t
th
e
tim
e
of
recep
tion
,
so

`
p (t
r )
=
a
(t
r )x
(t
r )
=

cz
e
�
t
r

�
(1
+
z)
=

cz�
:

P
R
O
B
L
E
M

5
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(1
9
8
6
/
1
9
9
0
c
o
m
p
o
site
)?

(a)
T
h
e
d
istin
gu
ish
in
g
q
u
an
tity
is


�
�
=
�
c .
T
h
e
u
n
iv
erse
is
op
en
if


<
1
,

at
if


=
1,

or
closed
if


>
1.

(b
)
T
h
e
tem
p
eratu
re
of
th
e
m
icrow
ave
b
ack
g
rou
n
d
to
d
ay
is
a
b
ou
t
3
K
elv
in
.
(T
h
e
b
est

d
eterm
in
ation
to
d
ate*
w
a
s
m
ad
e
b
y
th
e
C
O
B
E
sa
tellite,
w
h
ich
m
easu
red
th
e
tem
-

p
eratu
re
as
2
:728�
0
:0
04
K
elv
in
.
T
h
e
error
h
ere
is
q
u
oted
w
ith
a
9
5%
con
�
d
en
ce

lim
it,
w
h
ich
m
ean
s
th
at
th
e
ex
p
erim
en
ters
b
eliev
e
th
at
th
e
p
ro
b
a
b
ility
th
at
th
e
tru
e

valu
e
lies
ou
tsid
e
th
is
ran
ge
is
on
ly
5%
.)

(c)
T
h
e
cosm
ic
m
icrow
ave
b
a
ck
grou
n
d
is
o
b
serv
ed
to
b
e
h
igh
ly
iso
tro
p
ic.

(d
)
T
h
e
d
istan
ce
to
th
e
A
n
d
ro
m
ed
a
n
eb
u
la
is
rou
gh
ly
2
m
illion
ligh
t
yea
rs.

(e)
1929.

(f)
2
b
illion
years.
H
u
b
b
le's
va
lu
e
for
H
u
b
b
le's
con
stan
t
w
as
h
igh
b
y
m
o
d
ern
sta
n
d
ard
s,

b
y
a
factor
of
5
to
10.

(g)
T
h
e
ab
solu
te
lu
m
in
osity
(i.e.,
th
e
total
ligh
t
ou
tp
u
t)
of
a
C
ep
h
eid
variab
le
sta
r

ap
p
ears
to
b
e
h
igh
ly
correlated
w
ith
th
e
p
erio
d
of
its
p
u
lsa
tion
s.
T
h
is
correla
tion

can
b
e
u
sed
to
estim
ate
th
e
d
istan
ce
to
th
e
C
ep
h
eid
,
b
y
m
ea
su
rin
g
th
e
p
erio
d
a
n
d

th
e
a
p
p
aren
t
lu
m
in
osity.
F
rom
th
e
p
erio
d
on
e
can
estim
ate
th
e
ab
so
lu
te
lu
m
in
osity

of
th
e
star,
an
d
th
en
on
e
u
ses
th
e
ap
p
aren
t
lu
m
in
osity
an
d
th
e
1
=
r
2

law
for
th
e

in
ten
sity
of
a
p
oin
t
sou
rce
to
d
eterm
in
e
th
e
d
istan
ce
r.

(h
)
10
7
ligh
t-y
ears.

(i)
A
rn
o
A
.
P
en
zias
an
d
R
o
b
ert
W
.
W
ilson
,
B
ell
T
elep
h
on
e
L
a
b
o
ra
tories.

(j)
P
rin
ceton
U
n
iversity.

*
A
strop
h
y
sical
J
ou
rn
al,
vo
l.
4
7
3
,
p
.
5
76
(1996):
T
he
C
osm
ic
M
icrow
ave
B
ackgrou
n
d

S
pectru
m
from
the
F
u
ll
C
O
B
E
F
IR
A
S
D
a
ta
S
ets,
D
.J
.
F
ix
sen
,
E
.S
.
C
h
en
g,
J
.M
.
G
ales,

J
.C
.
M
ath
er,
R
.A
.
S
h
afer,
an
d
E
.L
.
W
righ
t.
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P
R
O
B
L
E
M

6
:
A
F
L
A
T
U
N
IV
E
R
S
E
W
IT
H
U
N
U
S
U
A
L
T
IM
E
E
V
O
L
U
T
IO
N

T
h
e
k
ey
to
th
is
p
rob
lem
is
to
w
ork
in
com
ov
in
g
co
ord
in
ates.

[S
om
e
stu
d
en
ts
h
ave
a
sk
ed
m
e
w
h
y
on
e
ca
n
n
o
t
u
se
\
p
h
y
sical"
co
ord
in
ates,
for
w
h
ich

th
e
co
ord
in
ates
really
m
easu
re
th
e
p
h
y
sical
d
istan
ces.
In
p
rin
cip
le
on
e
can
u
se
an
y

co
ord
in
ate
sy
stem
on
lik
es,
b
u
t
th
e
com
ov
in
g
co
ord
in
ates
a
re
th
e
sim
p
lest.
In
an
y
oth
er

sy
stem

it
is
d
iÆ
cu
lt
to
w
rite
d
ow
n
th
e
tra
jectory
of
eith
er
a
p
article
or
a
ligh
t-b
eam
.

In
com
ov
in
g
co
ord
in
ates
it
is
easy
to
w
rite
th
e
tra
jectory
of
eith
er
a
ligh
t
b
eam
,
or
a

p
article
w
h
ich
is
m
ov
in
g
w
ith
th
e
ex
p
an
sion
of
th
e
u
n
iv
erse
(an
d
h
en
ce
stan
d
in
g
still

in
th
e
com
ov
in
g
co
o
rd
in
a
tes).
N
ote,
b
y
th
e
w
ay,
th
at
w
h
en
on
e
say
s
th
at
a
p
article

is
stan
d
in
g
still
in
com
ov
in
g
co
ord
in
ates,
on
e
h
as
n
ot
really
said
v
ery
m
u
ch
ab
ou
t
it's

tra
jectory.
O
n
e
h
as
said
th
at
it
is
m
ov
in
g
w
ith
th
e
m
atter
w
h
ich
�
lls
th
e
u
n
iv
erse,
b
u
t

on
e
h
as
n
ot
said
,
for
ex
am
p
le,
h
ow
th
e
d
istan
ce
b
etw
een
th
e
p
article
an
d
origin
varies

w
ith
tim
e.
T
h
e
a
n
sw
er
to
th
is
latter
q
u
estion
is
th
en
d
eterm
in
ed
b
y
th
e
ev
olu
tion
of
th
e

scale
factor,
a
(t).]

(a)
T
h
e
p
h
y
sical
sep
aration
at
t
o
is
given
b
y
th
e
scale
factor
tim
es
th
e
co
ord
in
ate
d
is-

tan
ce.
T
h
e
co
ord
in
ate
d
istan
ce
is
fou
n
d
b
y
in
tegratin
g
th
e
co
ord
in
ate
v
elo
city,
so

`
p (t
o )
=
a
(t
o ) Z

t
o

t
e

c
d
t 0

a
(t 0)
=
bt
1
=
3

o Z
t
o

t
e

c
d
t 0

bt 01
=
3

=
32

ct
1
=
3

o ht
2
=
3

o

�
t
2
=
3

e i

=
32

ct
o h1�
(t
e =
t
o )
2
=
3 i
:

(b
)
F
rom
th
e
fron
t
o
f
th
e
ex
a
m
,

1
+
z
=
a
(t
o )

a
(t
e )
= �
t
o

t
e �

1
=
3

=)

z
= �
t
o

t
e �

1
=
3�

1
:

(c)
B
y
com
b
in
in
g
th
e
a
n
sw
ers
to
(a)
an
d
(b
),
o
n
e
h
as

`
p (t
o )
=
32

ct
o �
1�

1

(1
+
z)
2 �
:
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.
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(d
)
T
h
e
p
h
y
sical
d
istan
ce
of
th
e
ligh
t
p
u
lse
at
tim
e
t
is
eq
u
al
to
a
(t)
tim
es
th
e
co
o
rd
in
a
te

d
istan
ce.
T
h
e
co
ord
in
ate
d
istan
ce
at
tim
e
t
is
eq
u
al
to
th
e
startin
g
co
ord
in
a
te

d
istan
ce,
`
c (t
e ),
m
in
u
s
th
e
co
o
rd
in
ate
d
istan
ce
th
a
t
th
e
ligh
t
p
u
lse
trav
els
b
etw
een

tim
e
t
e
an
d
tim
e
t.
T
h
u
s,

`
p (t)
=
a
(t) �
`
c (t
e )� Z

t
t
e

c
d
t 0

a
(t 0) �

=
a
(t) �Z

t
o

t
e

c
d
t 0

a
(t 0) � Z

t
t
e

c
d
t 0

a
(t 0) �

=
a
(t) Z

t
o

t

c
d
t 0

a
(t 0)

=
bt
1
=
3 Z
t
o

t

c
d
t 0

bt 01
=
3

=
32

ct
1
=
3 ht
2
=
3

o

�
t
2
=
3 i

=

32
ct "�
t
ot �
2
=
3�

1 #
:

P
R
O
B
L
E
M

7
:
A
N
O
T
H
E
R
F
L
A
T
U
N
IV
E
R
S
E
W
IT
H
A
N

U
N
U
S
U
A
L
T
IM
E

E
V
O
L
U
T
IO
N

(40
po
in
ts)

a)
(5
poin
ts)
T
h
e
cosm
olo
gica
l
red
sh
ift
is
given
b
y
th
e
u
su
al
form
,

1
+
z
=
a
(t
0 )

a
(t
e )
:

F
or
ligh
t
em
itted
b
y
an
o
b
ject
a
t
tim
e
t
e ,
th
e
red
sh
ift
of
th
e
receiv
ed
ligh
t
is

1
+
z
=
a
(t
0 )

a
(t
e )
= �
t
0

t
e �



:

S
o,

z
= �
t
0

t
e �

�
1
:

b
)
(5
poin
ts)
T
h
e
co
ord
in
a
tes
t
0
an
d
t
e
are
cosm
ic
tim
e
co
ord
in
a
tes.
T
h
e
\lo
ok
-b
ack
"

tim
e
as
d
e�
n
ed
in
th
e
ex
am
is
th
en
th
e
in
terval
t
0 �
t
e .
W
e
can
w
rite
th
is
as

t
0 �
t
e
=
t
0 �
1�
t
e

t
0 �
:
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W
e
can
u
se
th
e
resu
lt
of
p
art
(a)
to
elim
in
ate
t
e =
t
0
in
favor
of
z.
F
rom
(a),

t
e

t
0

=
(1
+
z
) �
1
=


:

T
h
erefore,

t
0 �
t
e
=
t
0 h1�
(1
+
z) �
1
=
 i
:

c)
(1
0
po
in
ts)
T
h
e
p
resen
t
valu
e
of
th
e
p
h
y
sical
d
istan
ce
to
th
e
ob
ject,
`
p (t
0 ),
is
fou
n
d

fro
m

`
p (t
0 )
=
a
(t
0 ) Z

t
0

t
e

c
a
(t)
d
t
:

C
alcu
latin
g
th
is
in
tegral
gives

`
p (t
0 )
=

ct
0

1�
 "

1
t
�
1

0

�
1

t
�
1

e

#
:

F
actorin
g
t
�
1

0

o
u
t
o
f
th
e
p
a
ren
th
eses
giv
es

`
p (t
0 )
=

ct
0

1�
 "
1� �
t
0

t
e �

�
1 #

:

T
h
is
can
b
e
rew
ritten
in
term
s
of
z
an
d
H
0
u
sin
g
th
e
resu
lt
of
p
art
(a)
as
w
ell
a
s,

H
0
=

_a(t
0 )

a
(t
0 )
=

t
0

:

F
in
ally
th
en
,

`
p (t
0 )
=
cH
�
1

0


1�
 h1�
(1
+
z
)

�

1
 i
:

d
)
(1
0
poin
ts)
A
n
early
id
en
tical
p
rob
lem
w
as
w
ork
ed
th
rou
gh
in
P
rob
lem
8
of
P
rob
lem

S
et
1
.

T
h
e
en
erg
y
o
f
th
e
o
b
served
p
h
oton
s
w
ill
b
e
red
sh
ifted
b
y
a
factor
of
(1
+
z
).
In

ad
d
ition
th
e
rate
of
arrival
of
p
h
oton
s
w
ill
b
e
red
sh
ifted
relativ
e
to
th
e
rate
of
p
h
oton

em
m
ission
,
red
u
cin
g
th
e

u
x
b
y
an
oth
er
factor
of
(1
+
z).
C
on
seq
u
en
tly,
th
e
ob
serv
ed

p
ow
er
w
ill
b
e
red
sh
ifted
b
y
tw
o
factors
of
(1
+
z)
to
P
=
(1
+
z)
2.

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M

S
O
L
U
T
IO
N
S
,
F
A
L
L
2
0
1
8

p
.
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Im
agin
e
a
h
y
p
oth
etical
sp
h
ere
in
com
ov
in
g
co
ord
in
ates
as
d
raw
n
a
b
ove,
cen
tered
on

th
e
rad
iatin
g
ob
ject,
w
ith
rad
iu
s
eq
u
al
to
th
e
com
ov
in
g
d
ista
n
ce
`
c .
N
ow
co
n
sid
er
th
e

p
h
oton
s
p
assin
g
th
rou
gh
a
p
atch
o
f
th
e
sp
h
ere
w
ith
p
h
y
sical
a
rea
A
.
In
co
m
ov
in
g

co
ord
in
ates
th
e
p
resen
t
a
rea
o
f
th
e
p
atch
is
A
=
a
(t
0 )
2.
S
in
ce
th
e
ob
ject
rad
ia
tes

u
n
iform
ly
in
all
d
irection
s,
th
e
p
a
tch
w
ill
in
tercep
t
a
fraction
(A
=
a
(t
0 )
2)=
(4
�
`
2c )
o
f

th
e
p
h
oton
s
p
assin
g
th
ro
u
g
h
th
e
sp
h
ere.
T
h
u
s
th
e
p
ow
er
h
ittin
g
th
e
a
rea
A
is

(A
=
a
(t
0 )
2)

4
�
`
2c

P

(1
+
z
)
2

:

T
h
e
rad
iation
en
ergy

u
x
J
,
w
h
ich
is
th
e
receiv
ed
p
ow
er
p
er
area,
reach
in
g
th
e
earth

is
th
en
given
b
y

J
=

1

4
�
`
p (t
0 )
2

P

(1
+
z)
2

w
h
ere
w
e
u
sed
`
p (t
0 )
=
a
(t
0 )`
c .
U
sin
g
th
e
resu
lt
o
f
p
a
rt
(c)
to
w
rite
J
in
term
s
o
f

P
;H
0 ;z
;
an
d

gives,

J
=

H
20

4
�
c
2 �
1�




�
2

P

(1
+
z
)
2 h1�
(1
+
z)

�

1
 i
2

:

e)
(10
poin
ts)
F
ollow
in
g
th
e
so
lu
tio
n
of
P
ro
b
lem
1
o
f
P
rob
lem
S
et
1,
w
e
can
in
tro
d
u
ce

a
�
ctitiou
s
relay
station
th
a
t
is
at
rest
relativ
e
to
th
e
galax
y,
b
u
t
lo
ca
ted
ju
st
n
ex
t

to
th
e
jet,
b
etw
een
th
e
jet
a
n
d
E
arth
.
A
s
in
th
e
p
rev
iou
s
solu
tio
n
,
th
e
relay
statio
n
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sim
p
ly
reb
road
casts
th
e
sign
al
it
receiv
es
from
th
e
sou
rce,
at
ex
actly
th
e
in
stan
t
th
at

it
receiv
es
it.
T
h
e
relay
station
th
erefore
h
as
n
o
e�
ect
on
th
e
sign
al
receiv
ed
b
y
th
e

ob
serv
er,
b
u
t
allow
s
u
s
to
d
iv
id
e
th
e
p
rob
lem
in
to
tw
o
sim
p
le
p
arts.

T
h
e
d
istan
ce
b
etw
een
th
e
jet
an
d
th
e
relay
station
is
v
ery
sh
ort
com
p
ared
to
cos-

m
ological
scales,
so
th
e
e�
ect
of
th
e
ex
p
an
sion
of
th
e
u
n
iv
erse
is
n
egligib
le.
F
or
th
is

p
art
of
th
e
p
rob
lem
w
e
can
u
se
sp
ecial
relativ
ity,
w
h
ich
say
s
th
at
th
e
p
erio
d
w
ith

w
h
ich
th
e
relay
station
m
easu
res
th
e
receiv
ed
rad
iation
is
g
iv
en
b
y

�
t
re
la
y
sta
tio
n
= s
1�
vc

1
+
vc

�
�
t
so
u
rc
e
:

N
ote
th
at
I
h
av
e
u
sed
th
e
fo
rm
u
la
from
th
e
fron
t
of
th
e
ex
am
,
b
u
t
I
h
av
e
ch
an
ged

th
e
size
of
v
,
sin
ce
th
e
sou
rce
in
th
is
case
is
m
ov
in
g
tow
ard
th
e
relay
station
,
so
th
e

lig
h
t
is
b
lu
e-sh
ifted
.
T
o
ob
serv
ers
on
E
arth
,
th
e
relay
station
is
ju
st
a
sou
rce
at
rest

in
th
e
com
ov
in
g
co
ord
in
ate
sy
stem
,
so

�
t
o
b
se
rv
e
d
=
(1
+
z
)�
t
re
la
y
sta
tio
n
:

T
h
u
s,

1
+
z
J �
�
t
o
b
se
rv
e
d

�
t
so
u
rc
e

=

�
t
o
b
se
rv
e
d

�
t
re
la
y
sta
tio
n

�
t
re
la
y
sta
tio
n

�
t
so
u
rc
e

=
(1
+
z)jc
o
sm
o
lo
g
ic
a
l �
(1
+
z
)jsp
e
c
ia
l
re
la
tiv
ity

=
(1
+
z) s
1�
vc

1
+
vc

:

T
h
u
s,

z
J
=
(1
+
z
) s
1�
vc

1
+
vc

�
1
:

N
ote
added:
In
lo
ok
in
g
over
th
e
solu
tion
s
to
th
is
p
rob
lem
,
I
fou
n
d
th
at
a
su
b
stan
-

tial
n
u
m
b
er
o
f
stu
d
en
ts
w
rote
solu
tion
s
b
ased
on
th
e
in
correct
assu
m
p
tion
th
at
th
e

D
op
p
ler
sh
ift
cou
ld
b
e
treated
a
s
if
it
w
ere
en
tirely
d
u
e
to
m
otion
.
T
h
ese
stu
d
en
ts

u
sed
th
e
sp
ecial
relativ
ity
D
op
p
ler
sh
ift
form
u
la
to
co
n
vert
th
e
red
sh
ift
z
of
th
e

g
a
lax
y
to
a
velo
city
of
recession
,
th
en
su
b
tracted
from
th
is
th
e
sp
eed
v
of
th
e
jet,

an
d
th
en
again
u
sed
th
e
sp
ecial
relativ
ity
D
op
p
ler
sh
ift
form
u
la
to
�
n
d
th
e
D
op
p
ler

sh
ift
corresp
on
d
in
g
to
th
is
com
p
osite
v
elo
city.
H
ow
ev
er,
as
d
iscu
ssed
at
th
e
en
d
of

L
ectu
re
N
otes
3,
th
e
cosm
ological
D
op
p
ler
sh
ift
is
g
iv
en
b
y

1
+
z�
�
t
o

�
t
e
=
a
(t
o )

a
(t
e )
;

(3.11)

an
d
is
n
ot
p
u
rely
an
e�
ect
cau
sed
b
y
m
otion
.
It
is
really
th
e
com
b
in
ed
e�
ect
of
th
e

m
otion
of
th
e
d
istan
t
galax
ies
an
d
th
e
grav
itation
al
�
eld
th
at
ex
ists
b
etw
een
th
e

galax
ies,
so
th
e
sp
ecial
relativ
ity
form
u
la
relatin
g
z
to
v
d
o
es
n
ot
ap
p
ly.
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.
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P
R
O
B
L
E
M

8
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(1
9
9
6
)?

a)
T
h
e
lin
es
w
ere
d
ark
,
cau
sed
b
y
ab
sorp
tio
n
of
th
e
rad
ia
tion
in
th
e
co
o
ler,
ou
ter
lay
ers

of
th
e
su
n
.

b
)
In
d
iv
id
u
al
stars
in
th
e
A
n
d
ro
m
ed
a
N
eb
u
la
w
ere
resolved
b
y
H
u
b
b
le
in
192
3.

[T
h
e
oth
er
n
am
es
an
d
d
ates
are
n
ot
w
ith
ou
t
sign
i�
can
ce.
In
160
9
G
alileo
b
u
ilt
h
is

�
rst
telescop
e;
d
u
rin
g
16
0
9-10
h
e
resolved
th
e
in
d
iv
id
u
a
l
stars
o
f
th
e
M
ilk
y
W
ay,
an
d

also
d
iscovered
th
at
th
e
su
rface
o
f
th
e
m
o
o
n
is
irreg
u
lar,
th
a
t
J
u
p
iter
h
a
s
m
o
o
n
s

of
its
ow
n
,
th
at
S
atu
rn
h
as
h
a
n
d
les
(later
reco
gn
ized
as
rin
g
s),
th
a
t
th
e
su
n
h
as

sp
ots,
an
d
th
at
V
en
u
s
h
as
p
h
ases.
In
175
5
Im
m
a
n
u
el
K
a
n
t
p
u
b
lish
ed
h
is
U
n
iversa
l

N
atu
ral
H
istory
an
d
T
heory
o
f
the
H
eaven
s,
in
w
h
ich
h
e
su
g
gested
th
at
a
t
least

som
e
of
th
e
n
eb
u
lae
are
g
a
la
x
ies
lik
e
ou
r
ow
n
.
In
1912
H
en
rietta
L
eav
itt
d
iscovered

th
e
relation
sh
ip
b
etw
een
th
e
p
erio
d
a
n
d
lu
m
in
osity
of
C
ep
h
eid
variab
le
stars.
In

th
e
1
950s
W
alter
B
aad
e
an
d
A
llan
S
a
n
d
age
recalib
ra
ted
th
e
ex
tra
-g
alactic
d
istan
ce

scale,
red
u
cin
g
th
e
accep
ted
va
lu
e
of
th
e
H
u
b
b
le
con
stan
t
b
y
a
b
o
u
t
a
facto
r
o
f
10
.]

c)

(i)
T
ru
e.
[In
1941,
A
.
M
cK
ellar
d
iscovered
th
at
cya
n
o
gen
clou
d
s
b
eh
av
e
as
if
th
ey

are
b
ath
ed
in
m
icrow
ave
ra
d
iation
a
t
a
tem
p
eratu
re
o
f
ab
ou
t
2
.3 Æ
K
,
b
u
t
n
o

con
n
ection
w
as
m
ad
e
w
ith
cosm
ology.]

(ii)
F
alse.
[A
n
y
rad
iation
re
ected
b
y
th
e
clo
u
d
s
is
far
to
o
w
eak
to
b
e
d
etected
.
It

is
th
e
b
righ
t
starligh
t
sh
in
in
g
th
rou
gh
th
e
clou
d
th
at
is
d
etecta
b
le.]

(iii)
T
ru
e.
[E
lectrom
agn
etic
w
aves
at
th
ese
w
av
elen
gth
s
a
re
m
o
stly
b
lo
cked
b
y
th
e

E
arth
's
a
tm
osp
h
ere,
so
th
ey
cou
ld
n
o
t
b
e
d
etected
d
irectly
u
n
til
h
igh
a
ltitu
d
e

b
allo
o
n
s
an
d
ro
ckets
w
ere
in
tro
d
u
ced
in
to
cosm
ic
b
ack
g
rou
n
d
ra
d
iatio
n
research

in
th
e
1970s.
P
recise
d
a
ta
w
a
s
n
ot
ob
tain
ed
u
n
til
th
e
C
O
B
E
sa
tellite,
in
199
0.]

(iv
)
T
ru
e.
[T
h
e
m
icrow
av
e
ra
d
iation
ca
n
b
o
o
st
th
e
C
N
m
olecu
le
from

its
g
ro
u
n
d

state
to
a
low
-ly
in
g
ex
cited
state,
a
sta
te
in
w
h
ich
th
e
C
an
d
N
ato
m
s
rotate

ab
ou
t
each
oth
er.
T
h
e
p
op
u
lation
of
th
is
low
-ly
in
g
state
is
th
erefo
re
d
eterm
in
ed

b
y
th
e
in
ten
sity
of
th
e
m
icrow
ave
rad
ia
tion
.
T
h
is
p
o
p
u
lation
is
m
ea
su
red
b
y

ob
serv
in
g
th
e
ab
sorp
tion
of
starligh
t
p
assin
g
th
rou
gh
th
e
clo
u
d
s,
sin
ce
th
ere

are
ab
sorp
tion
lin
es
in
th
e
v
isib
le
sp
ectru
m
cau
sed
b
y
tran
sition
s
b
etw
een
th
e

low
-ly
in
g
state
an
d
h
igh
er
en
erg
y
ex
cited
states.]

(v
)
F
alse.
[N
o
ch
em
ical
rea
ction
s
are
seen
.]

d
)
A
ristarch
u
s.
[T
h
e
h
elio
cen
tric
p
ictu
re
w
a
s
n
ever
a
ccep
ted
b
y
oth
er
G
reek
p
h
ilo
so
-

p
h
ers,
h
ow
ever,
an
d
w
a
s
n
ot
rev
iv
ed
u
n
til
th
e
p
u
b
lica
tion
of
D
e
R
evolu
tion
ibu
s
O
r-

biu
m

C
oelestiu
m

(O
n
th
e
R
evolu
tio
n
s
of
th
e
C
elestia
l
S
pheres)
b
y
C
op
ern
icu
s
in

1543.]

e)
(ii)
A
n
y
p
atch
of
th
e
n
igh
t
sk
y
w
ou
ld
lo
ok
as
b
righ
t
as
th
e
su
rfa
ce
o
f
th
e
su
n
.

[E
x
p
lan
ation
:
T
h
e
cru
x
o
f
th
e
argu
m
en
t
is
th
at
th
e
b
rig
h
tn
ess
of
an
ob
ject,
m
easu
red
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R
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0
1
8

p
.
3
9

for
ex
am
p
le
b
y
th
e
p
ow
er
p
er
area
(i.e.,

u
x
)
h
ittin
g
th
e
retin
a
of
y
ou
r
ey
e,
d
o
es
n
ot

ch
an
ge
as
th
e
ob
ject
is
m
oved
fu
rth
er
aw
ay.
T
h
e
p
ow
er
falls
o�
w
ith
th
e
sq
u
are
of

th
e
d
istan
ce,
b
u
t
so
d
o
es
th
e
area
of
th
e
im
age
on
y
ou
r
retin
a
|

so
th
e
p
ow
er
p
er

area
is
in
d
ep
en
d
en
t
of
d
istan
ce.
U
n
d
er
th
e
assu
m
p
tion
s
stated
,
y
ou
r
lin
e
of
sigh
t

w
ill
ev
en
tu
ally
h
it
a
star
n
o
m
atter
w
h
at
d
irection
y
ou
are
lo
ok
in
g.
T
h
e
en
ergy

u
x

on
y
ou
r
retin
a
w
ill
th
erefore
b
e
th
e
sam
e
as
in
th
e
im
age
of
th
e
su
n
,
so
th
e
en
tire

sk
y
w
ill
ap
p
ear
as
b
righ
t
as
th
e
su
rface
of
th
e
su
n
.]

P
R
O
B
L
E
M

9
:
A

F
L
A
T
U
N
IV
E
R
S
E
W
IT
H

a
(
t)
/

t
3
=
5

a)
In
gen
eral,
th
e
H
u
b
b
le
con
stan
t
is
giv
en
b
y
H

=
_a=
a
,
w
h
ere
th
e
overd
ot
d
en
otes
a

d
eriva
tiv
e
w
ith
resp
ect
to
cosm
ic
tim
e
t.
In
th
is
ca
se

H
=

1
bt
3
=
5

35
bt �
2
=
5
=

35
t
:

b
)
In
gen
eral,
th
e
(p
h
y
sical)
h
orizon
d
istan
ce
is
giv
en
b
y

`
p
;h
o
riz
o
n (t)
=
a
(t) Z

t
0

c
a
(t 0)
d
t 0
:

In
th
is
case
on
e
h
as

`
p
;h
o
riz
o
n (t)
=
bt
3
=
5 Z
t

0

c
bt 03
=
5
d
t 0
=
ct
3
=
5
52 ht
2
=
5�
0
2
=
5 i
=

52
ct
:

c)
T
h
e
co
ord
in
ate
sp
eed
of
ligh
t
is
c=
a
(t),
so
th
e
co
ord
in
ate
d
istan
ce
th
at
ligh
t
trav
els

b
etw
een
t
A

an
d
t
B

is
giv
en
b
y

`
c
= Z

t
B

t
A

c
a
(t 0)
d
t 0
= Z

t
B

t
A

c
bt 03
=
5
d
t 0
=

5
c

2
b �
t
2
=
5

B

�
t
2
=
5

A �
:

d
)
T
h
e
p
h
y
sical
sep
aration
is
ju
st
th
e
scale
factor
tim
es
th
e
co
o
rd
in
ate
sep
aration
,
so

`
p (t
A
)
=
a
(t
A
)
`
c
=

52
ct
A "�
t
Bt

A �
2
=
5�

1 #
:

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M

S
O
L
U
T
IO
N
S
,
F
A
L
L
2
0
1
8

p
.
4
0

`
p (t
B
)
=
a
(t
B
)
`
c
=

52
ct
B "
1� �
t
A

t
B �

2
=
5 #

:

e)
L
et
t
e
q
b
e
th
e
tim
e
at
w
h
ich
th
e
ligh
t
p
u
lse
is
eq
u
id
istan
t
from
th
e
tw
o
g
alax
ies.
A
t

th
is
tim
e
it
w
ill
h
ave
trav
eled
a
co
ord
in
ate
d
istan
ce
`
c =
2,
w
h
ere
`
c
is
th
e
a
n
sw
er
to

p
art
(c).
S
in
ce
th
e
co
o
rd
in
ate
sp
eed
is
c=
a
(t),
th
e
tim
e
t
e
q
can
b
e
fou
n
d
from
:

Z
t
e
q

t
A

c
a
(t 0)
d
t 0
=
12

`
c

5
c

2
b �
t
2
=
5

e
q

�
t
2
=
5

A �
=
5
c

4
b �
t
2
=
5

B

�
t
2
=
5

A �

S
olv
in
g
for
t
e
q ,

t
e
q
= "
t
2
=
5

A

+
t
2
=
5

B

2

#
5
=
2

:

f)
A
ccord
in
g
to
H
u
b
b
le's
law
,
th
e
sp
eed
is
eq
u
a
l
to
H
u
b
b
le's
con
stan
t
tim
es
th
e
p
h
y
sical

d
istan
ce.
B
y
com
b
in
in
g
th
e
a
n
sw
ers
to
p
arts
(a
)
an
d
(d
),
on
e
h
as

v
=
H
(t
A
)
`
p (t
A
)

=

3
5
t
A

52
ct
A "�
t
Bt

A �
2
=
5�

1 #
=

32
c "�
t
Bt

A �
2
=
5�

1 #
:

g)
T
h
e
red
sh
ift
for
rad
iatio
n
o
b
serv
ed
at
tim
e
t
can
b
e
w
ritten
as

1
+
z
=

a
(t)

a
(t
e )
;

w
h
ere
t
e
is
th
e
tim
e
th
a
t
th
e
rad
iation
w
as
em
itted
.
S
olv
in
g
for
t
e ,

t
e
=

t

(1
+
z)
5
=
3

:

A
s
fou
n
d
in
p
art
(d
),
th
e
p
h
y
sical
d
istan
ce
th
at
th
e
ligh
t
travels
b
etw
een
t
e
an
d
t,

as
m
easu
red
at
tim
e
t,
is
g
iv
en
b
y

`
p (t)
=
a
(t) Z

t
t
e

c
a
(t 0)
d
t 0
=
52

ct "
1� �
t
et �
2
=
5 #

:
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p
.
4
1

S
u
b
stitu
tin
g
th
e
ex
p
ression
for
t
e ,
o
n
e
h
a
s

`
p (t)
=
52

ct �
1�

1

(1
+
z)
2
=
3 �
:

A
s
z!
1
,
th
is
ex
p
ression
ap
p
roach
es

lim
z!
1
`
p (t)
=
52

ct
;

w
h
ich
is
ex
actly
eq
u
al
to
th
e
h
orizon
d
istan
ce.
It
is
a
gen
eral
ru
le
th
at
th
e
h
orizon

d
istan
ce
corresp
on
d
s
to
in
�
n
ite
red
sh
ift
z
.

h
)
A
gain
w
e
w
ill
v
iew
th
e
p
rob
lem
in
com
ov
in
g
co
ord
in
ates.
P
u
t
galax
y
B
at
th
e
origin
,

an
d
galax
y
A
a
t
a
co
ord
in
ate
d
istan
ce
`
c
alon
g
th
e
x
-ax
is.
D
raw
a
sp
h
ere
of
rad
iu
s
`
c ,

cen
tered
galax
y
A
.
A
lso
d
raw
a
d
etector
on
galax
y
B
,
w
ith
p
h
y
sical
area
A
(m
easu
red

at
th
e
p
resen
t
tim
e).

T
h
e
en
ergy
from
th
e
q
u
asar
w
ill
rad
iate
u
n
iform
ly
on
th
e
sp
h
ere.
T
h
e
d
etector
h
as

a
p
h
y
sica
l
a
rea
A
,
so
in
th
e
com
ov
in
g
co
ord
in
ate
p
ictu
re
its
area
in
sq
u
are
n
otch
es

w
o
u
ld
b
e
A
=
a
(t
B
)
2.
T
h
e
d
etector
th
erefore
o
ccu
p
ies
a
fraction
of
th
e
sp
h
ere
giv
en

b
y

[A
=
a
(t
B
)
2]

4
�
`
2c

=

A

4
�
`
p (t
B
)
2

;

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M

S
O
L
U
T
IO
N
S
,
F
A
L
L
2
0
1
8

p
.
4
2

so
th
is
fraction
of
th
e
em
itted
p
h
oton
s
w
ill
strik
e
th
e
d
etecto
r.

N
ex
t
con
sid
er
th
e
rate
o
f
a
rrival
o
f
th
e
p
h
oton
s
at
th
e
sp
h
ere.
In
lectu
re
w
e
�
gu
red

ou
t
th
at
if
a
p
erio
d
ic
w
av
e
is
em
itted
at
tim
e
t
A

an
d
o
b
serv
ed
at
tim
e
t
B
,
th
en
th
e

rate
of
arrival
of
th
e
w
av
e
crests
w
ill
b
e
slow
er
th
an
th
e
rate
of
em
ission
b
y
a
red
sh
ift

factor
1
+
z
=
a
(t
B
)=
a
(t
A
).
T
h
e
sam
e
argu
m
en
t
w
ill
ap
p
ly
to
th
e
rate
of
a
rrival
o
f

p
h
oton
s,
so
th
e
rate
of
p
h
oton
arrival
at
th
e
sp
h
ere
w
ill
b
e
slow
er
th
a
n
th
e
rate
of

em
ission
b
y
th
e
factor
1
+
z,
red
u
cin
g
th
e
en
ergy

u
x
b
y
th
is
factor.
In
ad
d
itio
n
,

each
p
h
oton
is
red
sh
ifted
in
freq
u
en
cy
b
y
1
+
z
.
S
in
ce
th
e
en
ergy
of
each
p
h
oto
n
is

p
rop
ortion
al
to
its
freq
u
en
cy,
th
e
en
ergy

u
x
is
red
u
ced
b
y
an
a
d
d
ition
a
l
fa
cto
r
o
f

1
+
z.
T
h
u
s,
th
e
rate
at
w
h
ich
en
ergy
reach
es
th
e
d
etector
is

P
ow
er
h
ittin
g
d
etecto
r
=

A

4
�
`
p (t
B
)
2

P

(1
+
z)
2

:

T
h
e
red
sh
ift
z
of
th
e
ligh
t
p
u
lse
received
at
galax
y
B
is
g
iv
en
b
y

1
+
z
=
a
(t
B
)

a
(t
A
)
= �
t
Bt

A �
3
=
5

:

U
sin
g
on
ce
m
ore
th
e
ex
p
ression
for
`
P
(t
B
)
from
p
a
rt
(d
),
o
n
e
h
as

J
=
P
ow
er
h
ittin
g
d
etector

A

=

P
(t
A
=
t
B
)
6
=
5

25
�
c
2
t
2B �
1� �
t
A

t
B �

2
=
5 �
2

:

T
h
e
p
rob
lem
is
w
ord
ed
so
th
at
t
A
,
an
d
n
ot
z,
is
th
e
giv
en
variab
le
th
at
d
eterm
in
es

h
ow
far
galax
y
A
is
from
ga
la
x
y
B
.
In
p
ra
ctice,
h
ow
ev
er,
it
is
u
su
ally
m
o
re
u
sefu
l
to

ex
p
ress
th
e
an
sw
er
in
term
s
o
f
th
e
red
sh
ift
z
of
th
e
receiv
ed
rad
ia
tion
.
O
n
e
ca
n
d
o

th
is
b
y
u
sin
g
th
e
ab
ove
ex
p
ressio
n
for
1
+
z
to
elim
in
ate
t
A

in
fav
or
of
z
,
�
n
d
in
g

J
=

P

2
5
�
c
2
t
2B
(1
+
z
)
2
=
3 �(1
+
z)
2
=
3�
1 �
2

:

i)
L
et
t 0A
b
e
th
e
tim
e
at
w
h
ich
th
e
ligh
t
p
u
lse
arriv
es
b
a
ck
a
t
galax
y
A
.
T
h
e
p
u
lse
m
u
st

th
erefore
travel
a
co
ord
in
a
te
d
istan
ce
`
c
(th
e
an
sw
er
to
p
art
(c))
b
etw
een
tim
e
t
B

an
d
t 0A
,
so

Z
t
0A

t
B

c
a
(t 0)
d
t 0
=
`
c
:
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R
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2
0
1
8

p
.
4
3

U
sin
g
th
e
an
sw
er
fro
m
(c)
an
d
in
tegratin
g
th
e
left-h
an
d
sid
e,

5
c

2
b �
t 02
=
5

A

�
t
2
=
5

B �
=
5
c

2
b �
t
2
=
5

B

�
t
2
=
5

A �
:

S
olv
in
g
for
t 0A
;

t 0A
= �
2
t
2
=
5

B

�
t
2
=
5

A �
5
=
2

:

P
R
O
B
L
E
M

1
0
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(1
9
9
8
)?

a)
E
in
stein
b
eliev
ed
th
at
th
e
u
n
iv
erse
w
as
static,
an
d
th
e
cosm
ological
term
w
as
n
eces-

sary
to
p
rev
en
t
a
static
u
n
iv
erse
from
collap
sin
g
u
n
d
er
th
e
attractiv
e
force
of
n
orm
al

g
rav
ity.
[T
h
e
rep
u
lsiv
e
e�
ect
of
a
cosm
ological
con
stan
t
grow
s
lin
early
w
ith
d
istan
ce,

so
if
th
e
co
eÆ
cien
t
is
sm
all
it
is
im
p
o
rtan
t
on
ly
w
h
en
th
e
sep
aration
s
are
v
ery
large.

S
u
ch
a
term
can
b
e
im
p
ortan
t
cosm
ologically
w
h
ile
still
b
ein
g
to
o
sm
all
to
b
e
d
e-

tected
b
y
ob
servation
s
of
th
e
solar
sy
stem
or
ev
en
th
e
galax
y.
R
ecen
t
m
easu
rem
en
ts

of
d
istan
t
su
p
ern
ova
s
(z
�
1),
w
h
ich
yo
u
m
ay
h
ave
read
ab
ou
t
in
th
e
n
ew
sp
ap
ers,

m
ak
e
it
lo
o
k
lik
e
m
ay
b
e
th
ere
is
a
cosm
ological
con
stan
t
after
all!
S
in
ce
th
e
cosm
o-

logical
con
stan
t
is
th
e
h
ot
issu
e
in
cosm
ology
th
is
season
,
w
e
w
ill
w
an
t
to
lo
ok
at
it

m
ore
carefu
lly.
T
h
e
b
est
tim
e
w
ill
b
e
a
fter
L
ectu
re
N
otes
7.]

b
)
A
t
th
e
tim
e
of
its
d
iscov
ery,
d
e
S
itter's
m
o
d
el
w
as
th
ou
gh
t
to
b
e
static
[alth
ou
gh
it

w
as
k
n
ow
n
th
at
th
e
m
o
d
el
p
red
icted
a
red
sh
ift
w
h
ich
,
at
least
for
n
earb
y
galax
ies,

w
as
p
rop
ortion
al
to
th
e
d
istan
ce].
F
rom
a
m
o
d
ern
p
ersp
ectiv
e
th
e
m
o
d
el
is
th
ou
gh
t

to
b
e
ex
p
an
d
in
g.

[It
seem
s
stran
ge
th
at
p
h
y
sicists
in
1917
cou
ld
n
ot
correctly
d
eterm
in
e
if
th
e

th
eory
d
escrib
ed
a
u
n
iv
erse
th
at
w
as
static
or
ex
p
an
d
in
g,
b
u
t
th
e
m
ath
em
atical

form
alism
of
gen
eral
relativ
ity
can
b
e
rath
er
con
fu
sin
g.
T
h
e
b
asic
p
rob
lem
is
th
at

w
h
en
sp
ace
is
n
ot
E
u
clid
ean
th
ere
is
n
o
sim
p
le
w
ay
to
assign
co
ord
in
ates
to
it.

T
h
e
m
ath
em
atics
of
gen
eral
relativ
ity
is
d
esign
ed
to
b
e
valid
for
an
y
co
ord
in
ate

sy
stem
,
b
u
t
th
e
u
n
d
erly
in
g
p
h
y
sics
can
som
etim
es
b
e
o
b
scu
red
b
y
a
p
ecu
liar
ch
oice

of
co
ord
in
ates.
A
ch
an
ge
of
co
ord
in
ates
can
n
ot
on
ly
d
istort
th
e
ap
p
aren
t
geom
etry
of

sp
ace,
b
u
t
it
can
also
m
ix
u
p
sp
ace
an
d
tim
e.
T
h
e
d
e
S
itter
m
o
d
el
w
as
�
rst
w
ritten

d
ow
n
in
co
ord
in
ates
th
at
m
ad
e
it
lo
ok
static,
so
ev
ery
on
e
b
eliev
ed
it
w
as.
L
ater

A
rth
u
r
E
d
d
in
gton
an
d
H
erm
an
n
W
ey
l
(in
d
ep
en
d
en
tly
)
calcu
lated
th
e
tra
jectories
of

test
p
articles,
d
iscov
erin
g
th
at
th
ey

ew
ap
art.]

c)
n
1
=
3
,
an
d
n
2
=
4
.

d
)
A
b
ove
3
,0
0
0
K
th
e
u
n
iverse
w
as
so
h
ot
th
at
th
e
atom
s
w
ere
ion
ized
,
d
isso
ciated
in
to

n
u
clei
an
d
free
electron
s.
A
t
a
b
o
u
t
th
is
tem
p
era
tu
re,
h
ow
ever,
th
e
u
n
iv
erse
w
as
co
ol

en
ou
gh
so
th
at
th
e
n
u
clei
an
d
electron
s
com
b
in
ed
to
form
n
eu
tral
atom
s.
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[T
h
is
p
ro
cess
is
u
su
ally
called
\recom
b
in
atio
n
,"
alth
ou
gh
th
e
p
re�
x
\re-"
is

totally
in
accu
rate,
sin
ce
in
th
e
b
ig
b
an
g
th
eory
th
ese
con
stitu
en
ts
h
ad
n
ev
er
b
een

p
rev
iou
sly
com
b
in
ed
.
A
s
far
as
I
k
n
ow
th
e
w
ord
w
as
�
rst
u
sed
in
th
is
co
n
tex
t
b
y

P
.J
.E
.P
eeb
les,
so
I
on
ce
a
sked
h
im
w
h
y
th
e
p
re�
x
w
a
s
u
sed
.
H
e
rep
lied
th
at
th
is
w
o
rd

is
stan
d
ard
term
in
ology
in
p
lasm
a
p
h
y
sics,
a
n
d
w
as
ca
rried
ov
er
in
to
cosm
olo
gy.]

[R
egard
less
of
its
n
am
e,
recom
b
in
ation
w
a
s
cru
cial
for
th
e
clu
m
p
in
g
of
m
atter

in
to
galax
ies
an
d
stars,
b
ecau
se
th
e
p
ressu
re
of
th
e
p
h
oton
s
in
th
e
ea
rly
u
n
iv
erse
w
a
s

en
orm
ou
s.
W
h
en
th
e
m
a
tter
w
as
ion
ized
,
th
e
free
electron
s
in
tera
cted
stro
n
g
ly
w
ith

th
e
p
h
oton
s,
so
th
e
p
ressu
re
of
th
ese
p
h
oton
s
p
rev
en
ted
th
e
m
a
tter
from
clu
m
p
in
g.

A
fter
recom
b
in
ation
,
h
ow
ev
er,
th
e
m
atter
b
ecam
e
v
ery
tran
sp
a
ren
t
to
rad
ia
tion
,
an
d

th
e
p
ressu
re
of
th
e
rad
iation
b
ecam
e
in
e�
ectiv
e.]

[In
cid
en
tally,
at
rou
gh
ly
th
e
sam
e
tim
e
as
recom
b
in
a
tion
(w
ith
b
ig
u
n
certain
-

ties),
th
e
m
ass
d
en
sity
of
th
e
u
n
iv
erse
ch
an
ged
from
b
ein
g
d
om
in
ated
b
y
ra
d
ia
tion

(p
h
oton
s
an
d
n
eu
trin
os)
to
b
ein
g
d
om
in
a
ted
b
y
n
on
relativ
istic
m
atter.
T
h
ere
is
n
o

k
n
ow
n
u
n
d
erly
in
g
con
n
ectio
n
b
etw
een
th
ese
tw
o
ev
en
ts,
a
n
d
it
seem
s
to
b
e
so
m
e-

th
in
g
o
f
a
coin
cid
en
ce
th
at
th
ey
o
ccu
rred
at
ab
ou
t
th
e
sam
e
tim
e.
T
h
e
tran
sition

from
rad
iation
-d
om
in
a
tion
to
m
atter-d
om
in
atio
n
also
h
elp
ed
to
p
rom
o
te
th
e
clu
m
p
-

in
g
of
m
atter,
b
u
t
th
e
e�
ect
w
as
m
u
ch
w
eak
er
th
an
th
e
e�
ect
of
reco
m
b
in
ation
|

b
ecau
se
of
th
e
very
h
igh
v
elo
city
o
f
p
h
o
ton
s
a
n
d
n
eu
trin
os,
th
eir
p
ressu
re
rem
ain
ed

a
sign
i�
can
t
fo
rce
ev
en
after
th
eir
m
a
ss
d
en
sity
b
eca
m
e
m
u
ch
sm
aller
th
a
n
th
at
o
f

m
atter.]

P
R
O
B
L
E
M

1
1
:
A
N
O
T
H
E
R
F
L
A
T
U
N
IV
E
R
S
E
W
IT
H

a
(
t)
/

t
3
=
5

a)
A
ccord
in
g
to
E
q
.
(3.7)
o
f
th
e
L
ectu
re
N
otes,

H
(t)
=

1
a
(t)

d
ad

t
:

F
or
th
e
sp
ecial
case
of
a
(t)
=
bt
3
=
5,
th
is
g
ives

H
(t)
=

1
bt
3
=
5
35

bt �
2
=
5
=

35
t
:

b
)
A
ccord
in
g
to
E
q
.
(3.8)
o
f
th
e
L
ectu
re
N
otes,
th
e
co
o
rd
in
ate
v
elo
city
of
ligh
t
(in

com
ov
in
g
co
ord
in
ates)
is
given
b
y

d
xd

t
=

c
a
(t)
:
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S
in
ce
g
alax
ies
A
an
d
B
h
ave
p
h
y
sical
sep
aration
`
0

a
t
tim
e
t
1 ,
th
eir
co
ord
in
ate

sep
aration
is
giv
en
b
y

`
c
=

`
0

bt
3
=
5

1

:

T
h
e
rad
io
sign
al
m
u
st
cover
th
is
co
ord
in
ate
d
istan
ce
in
th
e
tim
e
in
terval
from
t
1
to

t
2 ,
w
h
ich
im
p
lies
th
at

Z
t
2

t
1

c
a
(t)
d
t
=

`
0

bt
3
=
5

1

:

U
sin
g
th
e
ex
p
ression
for
a
(t)
an
d
in
tegratin
g,

5
c

2
b �
t
2
=
5

2

�
t
2
=
5

1 �
=

`
0

bt
3
=
5

1

;

w
h
ich
ca
n
b
e
so
lved
for
t
2
to
give

t
2
= �
1
+

2
`
0

5
ct
1 �

5
=
2

t
1
:

c)
T
h
e
m
eth
o
d
is
th
e
sam
e
as
in
p
art
(b
).
T
h
e
co
ord
in
ate
d
istan
ce
b
etw
een
th
e
tw
o

galax
ies
is
u
n
ch
an
ged
,
b
u
t
th
is
tim
e
th
e
d
istan
ce
m
u
st
b
e
traversed
in
th
e
tim
e

in
terval
from
t
2
to
t
3 .
S
o,

Z
t
3

t
2

c
a
(t)
d
t
=

`
0

bt
3
=
5

1

;

w
h
ich
lead
s
to

5
c

2
b �
t
2
=
5

3

�
t
2
=
5

2 �
=

`
0

bt
3
=
5

1

:

S
olv
in
g
for
t
3
giv
es

t
3
= "�
t
2

t
1 �

2
=
5

+

2
`
0

5
ct
1 #

5
=
2

t
1
:

T
h
e
ab
ove
a
n
sw
er
is
p
erfectly
accep
tab
le,
b
u
t
on
e
cou
ld
also
rep
lace
t
2
b
y
u
sin
g
th
e

an
sw
er
to
p
art
(b
),
w
h
ich
giv
est

3
= �
1
+

4
`
0

5
ct
1 �

5
=
2

t
1
:
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[A
ltern
atively,
on
e
cou
ld
h
ave
b
eg
u
n
th
e
p
rob
lem
b
y
con
sid
erin
g
th
e
fu
ll
ro
u
n
d

trip
of
th
e
rad
io
sign
al,
w
h
ich
travels
a
co
ord
in
a
te
d
istan
ce
2
`
c

d
u
rin
g
th
e
tim
e

in
terval
from
t
1
to
t
3 .
T
h
e
p
ro
b
lem
th
en
b
eco
m
es
id
en
tica
l
to
p
art
(b
),
ex
cep
t
th
at

th
e
co
ord
in
ate
d
istan
ce
`
c
is
rep
laced
b
y
2
`
c ,
an
d
t
2
is
rep
laced
b
y
t
3 .
O
n
e
is
led

im
m
ed
iately
to
th
e
an
sw
er
in
th
e
form
of
th
e
p
rev
iou
s
eq
u
atio
n
.]

d
)
C
osm
ic
tim
e
is
d
e�
n
ed
b
y
th
e
read
in
g
o
f
su
ita
b
ly
sy
n
ch
ro
n
ized
clo
ck
s
w
h
ich
are
each

at
rest
w
ith
resp
ect
to
th
e
m
atter
of
th
e
u
n
iv
erse
at
th
e
sam
e
lo
catio
n
.
(F
or
th
is

p
rob
lem
w
e
w
ill
n
ot
n
eed
to
th
in
k
ab
ou
t
th
e
m
eth
o
d
o
f
sy
n
ch
ron
izatio
n
.)
T
h
u
s,
th
e

cosm
ic
tim
e
in
terval
b
etw
een
th
e
receip
t
o
f
th
e
m
essag
e
an
d
th
e
resp
o
n
se
is
th
e
sam
e

as
w
h
at
is
m
easu
red
on
th
e
ga
la
x
y
B
clo
ck
s,
w
h
ich
is
�
t.
T
h
e
resp
on
se
is
th
erefo
re

sen
t
at
cosm
ic
tim
e
t
2
+
�
t.
T
h
e
co
ord
in
ate
d
istan
ce
b
etw
een
th
e
gala
x
ies
is
still

`
0 =
a
(t
1 ),
so

Z
t
4

t
2
+
�
t

c
a
(t)
d
t
=

`
0

bt
3
=
5

1

:

In
tegration
gives

5
c

2
b ht

2
=
5

4

�
(t
2
+
�
t)
2
=
5 i
=

`
0

bt
3
=
5

1

;

w
h
ich
can
b
e
solved
fo
r
t
4
to
giv
e

t
4
= "�
t
2
+
�
t

t
1

�
2
=
5

+

2
`
0

5
ct
1 #

5
=
2

t
1
:

e)
F
rom
th
e
form
u
la
at
th
e
fro
n
t
o
f
th
e
ex
a
m
,

1
+
z
=
a
(t
o
b
se
rv
e
d )

a
(t
e
m
itte
d )
=

a
(t
4 )

a
(t
2
+
�
t)
= �
t
4

t
2
+
�
t �

3
=
5

:

S
o,

z
=
a
(t
o
b
se
rv
e
d )

a
(t
e
m
itte
d )
=

a
(t
4 )

a
(t
2
+
�
t)
= �
t
4

t
2
+
�
t �

3
=
5�

1
:

f)
If
�
t
is
sm
all
com
p
ared
to
th
e
tim
e
th
at
it
tak
es
a
(t)
to
ch
a
n
g
e
sign
i�
ca
n
tly,
th
en

th
e
in
terval
b
etw
een
a
sign
al
sen
t
at
t
3
an
d
a
sig
n
a
l
sen
t
a
t
t
3
+
�
t
w
ill
b
e
received

w
ith
a
red
sh
ift
id
en
tical
to
th
at
o
b
serv
ed
b
etw
een
tw
o
su
ccessive
crests
of
a
w
av
e.

T
h
u
s,
th
e
sep
aration
b
etw
een
th
e
receip
t
of
th
e
a
ck
n
ow
led
gem
en
t
a
n
d
th
e
receip
t
o
f
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th
e
resp
on
se
w
ill
b
e
a
factor
(1
+
z)
tim
es
lon
ger
th
an
th
e
tim
e
in
terval
b
etw
een
th
e

sen
d
in
g
of
th
e
tw
o
sign
als,
a
n
d
th
erefore

t
4 �
t
3
=
(1
+
z)�
t
+
O
(�
t
2)

= �
t
4

t
2
+
�
t �

3
=
5

�
t
+
O
(�
t
2)
:

S
in
ce
th
e
an
sw
er
con
tain
s
an
ex
p
licit
factor
o
f
�
t,
th
e
oth
er
factors
can
b
e
evalu
ated

to
zeroth
o
rd
er
in
�
t:

t
4 �
t
3
= �
t
4

t
2 �

3
=
5

�
t
+
O
(�
t
2)
;

w
h
ere
to
�
rst
ord
er
in
�
t
th
e
t
4

in
th
e
n
u
m
erator
cou
ld
eq
u
ally
w
ell
h
ave
b
een

rep
laced
b
y
t
3 .

F
or
th
ose
w
h
o
p
refer
th
e
b
ru
te
force
ap
p
roach
,
th
e
an
sw
er
to
p
art
(d
)
can
b
e

T
ay
lo
r
ex
p
a
n
d
ed
in
p
ow
ers
of
�
t.
T
o
�
rst
o
rd
er
o
n
e
h
a
s

t
4
=
t
3
+

@
t
4

@
�
t �����
t=
0
�
t
+
O
(�
t
2)
:

E
valu
atin
g
th
e
n
ecessary
d
eriva
tive
giv
es

@
t
4

@
�
t
= "�
t
2
+
�
t

t
1

�
2
=
5

+

2
`
0

5
ct
1 #

3
=
2�

t
2
+
�
t

t
1

�
�
3
=
5

;

w
h
ich
w
h
en
sp
ecialized
to
�
t
=
0
b
ecom
es

@
t
4

@
�
t �����
t=
0
= "�
t
2

t
1 �

2
=
5

+

2
`
0

5
ct
1 #

3
=
2�

t
2

t
1 �

�
3
=
5

:

U
sin
g
th
e
�
rst
b
ox
ed
an
sw
er
to
p
art
(c),
th
is
can
b
e
sim
p
li�
ed
to

@
t
4

@
�
t �����
t=
0
= �
t
3

t
1 �

3
=
5 �
t
2

t
1 �

�
3
=
5

= �
t
3

t
2 �

3
=
5

:

P
u
ttin
g
th
is
b
ack
in
to
th
e
T
ay
lor
series
giv
es

t
4 �
t
3
= �
t
3

t
2 �

3
=
5

�
t
+
O
(�
t
2)
;

in
agreem
en
t
w
ith
th
e
p
rev
iou
s
an
sw
er.
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P
R
O
B
L
E
M

1
2
:
T
H
E
D
E
C
E
L
E
R
A
T
IO
N

P
A
R
A
M
E
T
E
R

F
rom
th
e
fron
t
of
th
e
ex
a
m
,
w
e
are
rem
in
d
ed
th
at

�a
=
�
4
�3

G
�
a

an
d

�
_aa �
2

=
8
�3

G
��
k
c
2

a
2

;

w
h
ere
a
d
ot
d
en
otes
a
d
erivativ
e
w
ith
resp
ect
to
tim
e
t.
T
h
e
critica
l
m
a
ss
d
en
sity
�
c
is

d
e�
n
ed
to
b
e
th
e
m
ass
d
en
sity
th
at
corresp
on
d
s
to
a

at
(k
=
0)
u
n
iv
erse,
so
from
th
e

eq
u
ation
ab
ove
it
follow
s
th
at

�
_aa �
2

=
8
�3

G
�
c
:

S
u
b
stitu
tin
g
in
to
th
e
d
e�
n
ition
o
f
q,
w
e
�
n
d

q
=
�
�a(t)
a
(t)

_a
2(t)
=
�
�aa �
a_a �
2

= �
4
�3

G
� ��
3

8
�
G
�
c �
=
12
��

c
=

12


:

P
R
O
B
L
E
M

1
3
:
A

R
A
D
IA
T
IO
N
-D
O
M
IN
A
T
E
D

F
L
A
T
U
N
IV
E
R
S
E

T
h
e

atn
ess
of
th
e
m
o
d
el
u
n
iv
erse
m
ea
n
s
th
a
t
k
=
0
,
so

�
_aa �
2

=
8
�3

G
�
:

S
in
ce

�
(t)/
1

a
4(t)
;

it
follow
s
th
at

d
ad

t
=
co
n
st

a

:

R
ew
ritin
g
th
is
as

a
d
a
=
con
st
d
t
;

th
e
in
d
e�
n
ite
in
tegral
b
ecom
es

12
a
2
=
(co
n
st)t
+
c 0
;
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w
h
ere
c 0
is
a
con
stan
t
o
f
in
tegration
.
D
i�
eren
t
ch
oices
for
c 0
corresp
on
d
to
d
i�
eren
t

ch
oices
for
th
e
d
e�
n
ition
of
t
=
0.
W
e
w
ill
follow
th
e
stan
d
ard
con
ven
tion
of
ch
o
osin
g

c 0
=
0,
w
h
ich
sets
t
=
0
to
b
e
th
e
tim
e
w
h
en
a
=
0
.
T
h
u
s
th
e
ab
ove
eq
u
ation
im
p
lies

th
at
a
2/
t,
a
n
d
th
erefore

a
(t)/
t
1
=
2

for
a
p
h
oton
-d
om
in
ated

at
u
n
iv
erse.

P
R
O
B
L
E
M

1
4
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(2
0
0
4
)?
(25
poin
ts)

(a)
In
1826,
th
e
astron
om
er
H
ein
rich
O
lb
er
w
rote
a
p
ap
er
on
a
p
arad
ox
regard
in
g
th
e

n
ig
h
t
sk
y.
W
h
at
is
O
lb
er's
p
arad
ox
?
W
h
at
is
th
e
p
rim
ary
resolu
tion
of
it?

(R
y
d
en
,
C
h
ap
ter
2,
P
ages
6-8)

A
n
s:
O
lb
er's
p
arad
ox
is
th
a
t
th
e
n
ig
h
t
sk
y
ap
p
ears
to
b
e
d
ark
,
in
stead
of
b
ein
g

u
n
iform
ly
b
righ
t.
T
h
e
p
rim
ary
resolu
tion
is
th
at
th
e
u
n
iv
erse
h
as
a
�
n
ite
age,
an
d
so

th
e
ligh
t
from
stars
b
ey
on
d
th
e
h
orizon
d
istan
ce
h
as
n
ot
reach
ed
u
s
yet.
(H
ow
ever,

ev
en
in
th
e
stead
y
-state
m
o
d
el
o
f
th
e
u
n
iv
erse,
th
e
p
arad
ox
is
resolved
b
ecau
se
th
e

lig
h
t
from
d
istan
t
stars
w
ill
b
e
red
-sh
ifted
b
ey
on
d
th
e
v
isib
le
sp
ectru
m
).

(b
)
W
h
a
t
is
th
e
valu
e
of
th
e
N
ew
ton
ian
g
rav
itation
al
con
stan
t
G
in
P
lan
ck
u
n
its?
T
h
e

P
lan
ck
len
gth
is
o
f
th
e
ord
er
of
10 �
3
5
m
,
10 �
1
5
m
,
1
0
1
5
m
,
or
10
3
5
m
?

(R
y
d
en
,
C
h
ap
ter
1,
P
a
g
e
3
)

A
n
s:
G
=
1
in
P
la
n
ck
u
n
its,
b
y
d
e�
n
ition
.

T
h
e
P
lan
ck
len
gth
is
of
th
e
ord
er
of
10 �
3
5

m
.
(N
ote
th
at
th
is
an
sw
er
cou
ld
b
e

ob
tain
ed
b
y
a
p
ro
cess
of
elim
in
ation
as
lon
g
as
y
ou
rem
em
b
er
th
at
th
e
P
lan
ck
len
gth

is
m
u
ch
sm
aller
th
an
10 �
1
5
m
,
w
h
ich
is
th
e
ty
p
ical
size
of
a
n
u
cleu
s).

(c)
W
h
at
is
th
e
C
osm
ological
P
rin
cip
le?
Is
th
e
H
u
b
b
le
ex
p
an
sion
of
th
e
u
n
iv
erse
con
-

sisten
t
w
ith
it?

(W
ein
b
erg
,
C
h
a
p
ter
2
,
P
ages
21-23;
R
y
d
en
,
C
h
ap
ter
2
,
P
age
11)

A
n
s:
T
h
e
C
osm
ological
P
rin
cip
le
states
th
at
th
ere
is
n
oth
in
g
sp
ecial
ab
ou
t
o
u
r

lo
cation
in
th
e
u
n
iv
erse,
i.e.
th
e
u
n
iv
erse
is
h
om
ogen
eou
s
an
d
isotrop
ic.

Y
es,
th
e
H
u
b
b
le
ex
p
an
sion
is
con
sisten
t
w
ith
it
(sin
ce
th
ere
is
n
o
cen
ter
of
ex
p
an
sion
).

(d
)
In
th
e
\S
tan
d
ard
M
o
d
el"
of
th
e
u
n
iv
erse,
w
h
en
th
e
u
n
iv
erse
co
oled
to
ab
ou
t
3�

10
a
K
,
it
b
ecam
e
tran
sp
aren
t
to
p
h
oton
s,
a
n
d
to
d
ay
w
e
ob
serve
th
ese
as
th
e
C
osm
ic

M
icrow
av
e
B
ack
grou
n
d
(C
M
B
)
at
a
tem
p
eratu
re
of
ab
ou
t
3�
10
b
K
.
W
h
at
are
th
e

in
teg
ers
a
an
d
b?

(W
ein
b
erg,
C
h
ap
ter
3;
R
y
d
en
,
C
h
ap
ter
2,
P
age
2
2)

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M

S
O
L
U
T
IO
N
S
,
F
A
L
L
2
0
1
8

p
.
5
0

a
=
3,
b
=
0.

(e)
W
h
at
d
id
th
e
u
n
iverse
p
rim
a
rily
co
n
sist
of
at
ab
o
u
t
1/10
0th
of
a
secon
d
after
th
e

B
ig
B
an
g?
In
clu
d
e
an
y
con
stitu
en
t
th
a
t
is
b
eliev
ed
to
h
ave
m
ad
e
u
p
m
o
re
th
a
n
1%

of
th
e
m
ass
d
en
sity
of
th
e
u
n
iverse.

(W
ein
b
erg,
C
h
ap
ter
1,
P
ag
e
5
)

A
n
s:
E
lectron
s,
p
ositron
s,
n
eu
trin
o
s,
a
n
d
p
h
oton
s.

P
R
O
B
L
E
M

1
5
:
S
P
E
C
IA
L
R
E
L
A
T
IV
IT
Y

D
O
P
P
L
E
R

S
H
IF
T
(20
po
in
ts)

(a)
T
h
e
easiest
w
ay
to
so
lv
e
th
is
p
rob
lem

is
b
y
a
d
ou
b
le
a
p
p
lica
tion
of
th
e
sta
n
d
ard

sp
ecial-relativ
ity
D
op
p
ler
sh
ift
form
u
la,
w
h
ich
w
as
giv
en
o
n
th
e
fro
n
t
o
f
th
e
ex
am
:

z
= s
1
+
�

1�
�
�
1
;

(1
8.1
)

w
h
ere
�
=
v
=
c.
R
em
em
b
erin
g
th
at
th
e
w
av
elen
gth
is
stretch
ed
b
y
a
fa
ctor
1
+
z,
w
e

�
n
d
im
m
ed
iately
th
at
th
e
w
avelen
gth
of
th
e
rad
io
w
ave
received
a
t
A
lp
h
a
-7
is
g
iven

b
y

�
A
lp
h
a�
7
= s
1
+
v
s =
c

1�
v
s =
c
�
e
m
itte
d
:

(18
.2)

T
h
e
p
h
oton
s
th
at
a
re
received
b
y
th
e
ob
serv
er
are
in
fa
ct
n
ev
er
received
b
y
A
lp
h
a
-

7,
b
u
t
th
e
w
avelen
gth
fo
u
n
d
b
y
th
e
ob
serv
er
w
ill
b
e
th
e
sam
e
a
s
if
A
lp
h
a-7
acted

as
a
relay
station
,
receiv
in
g
th
e
p
h
oto
n
s
an
d
retran
sm
ittin
g
th
em

a
t
th
e
receiv
ed

w
avelen
gth
.
S
o,
ap
p
ly
in
g
E
q
.
(18.1
)
ag
ain
,
th
e
w
avelen
gth
seen
b
y
th
e
ob
server
can

b
e
w
ritten
as

�
o
b
se
rv
e
d
= s
1
+
v
o =
c

1�
v
o =
c
�
A
lp
h
a�
7
:

(18
.3)

C
om
b
in
in
g
E
q
s.
(18.2)
an
d
(18.3),

�
o
b
se
rv
e
d
= s
1
+
v
o =
c

1�
v
o =
c s

1
+
v
s =
c

1�
v
s =
c
�
e
m
itte
d
;

(18
.4)

so
�
n
ally

z
= s
1
+
v
o =
c

1�
v
o =
c s

1
+
v
s =
c

1�
v
s =
c �
1
:

(18
.5)

(b
)
A
lth
ou
gh
w
e
u
sed
th
e
p
resen
ce
o
f
A
lp
h
a-7
in
d
eterm
in
in
g
th
e
red
sh
ift
z
o
f
E
q
.
(18
.5),

th
e
red
sh
ift
is
n
ot
actu
a
lly
a�
ected
b
y
th
e
sp
a
ce
station
.
S
o
th
e
sp
ecia
l-relativ
ity
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1
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p
.
5
1

D
op
p
ler
sh
ift
form
u
la
,
E
q
.
(1
8
.1
),
m
u
st
d
irectly
d
escrib
e
th
e
red
sh
ift
resu
ltin
g
from

th
e
relativ
e
m
otion
of
th
e
sou
rce
an
d
th
e
ob
serv
er.
T
h
u
s

s
1
+
v
to
t =
c

1�
v
to
t =
c �
1
= s
1
+
v
o =
c

1�
v
o =
c s

1
+
v
s =
c

1�
v
s =
c �
1
:

(18.6)

T
h
e
eq
u
ation
ab
ove
d
eterm
in
es
v
to
t
in
term
s
of
v
o
an
d
v
s ,
so
th
e
rest
is
ju
st
algeb
ra.

T
o
sim
p
lify
th
e
n
otation
,
let
�
to
t �
v
to
t =
c,
�
o �
v
o =
c,
an
d
�
s �
v
s =
c.
T
h
en

1
+
�
to
t
=
1
+
�
o

1�
�
o

1
+
�
s

1�
�
s
(1�
�
to
t )

�
to
t �
1
+
1
+
�
o

1�
�
o

1
+
�
s

1�
�
s �
=
1
+
�
o

1�
�
o

1
+
�
s

1�
�
s �
1

�
to
t �
(1�
�
o �
�
s
+
�
o �
s )
+
(1
+
�
o
+
�
s
+
�
o �
s )

(1�
�
o )(1�
�
s )

�
=

(1
+
�
o
+
�
s
+
�
o �
s )�
(1�
�
o �
�
s
+
�
o �
s )

(1�
�
o )(1�
�
s )

�
to
t [2(1
+
�
o �
s )]
=
2(�
o
+
�
s )

�
to
t
=

�
o
+
�
s

1
+
�
o �
s

v
to
t
=

v
o
+
v
s

1
+
v
o v
s

c
2

:

(18.7)

T
h
e
�
n
a
l
fo
rm
u
la
is
th
e
relativ
istic
ex
p
ression
for
th
e
ad
d
ition
of
v
elo
cities.
N
ote

th
at
it
gu
aran
tees
th
atjv
to
t j�
c
as
lon
g
asjv
o j�
c
an
d
jv
s j�
c.

P
R
O
B
L
E
M

1
6
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(2
0
0
5
)?
(25
poin
ts)

(a)
(4
poin
ts)
W
h
at
w
a
s
th
e
�
rst
ex
tern
a
l
g
a
la
x
y
th
a
t
w
as
sh
ow
n
to
b
e
at
a
d
istan
ce

sign
i�
can
tly
g
reater
th
an
th
e
m
ost
d
istan
t
k
n
ow
n
ob
jects
in
ou
r
galax
y
?
H
ow
w
as

th
e
d
istan
ce
estim
ated
?

A
n
s:
(W
ein
b
erg,
p
age
20)
T
h
e
�
rst
galax
y
sh
ow
n
to
b
e
at
a
d
istan
ce
b
ey
on
d
th
e
size

of
ou
r
galax
y
w
as
A
n
d
rom
ed
a,
also
k
n
ow
n
b
y
its
M
essier
n
u
m
b
er,
M
31.
It
is
th
e

n
earest
sp
iral
g
alax
y
to
ou
r
galax
y.
T
h
e
d
istan
ce
w
as
d
eterm
in
ed
(b
y
H
u
b
b
le)
u
sin
g

C
ep
h
eid
variab
le
stars,
for
w
h
ich
th
e
ab
solu
te
lu
m
in
osity
is
p
rop
ortion
al
to
th
e
p
e-

rio
d
.
A
m
easu
rem
en
t
of
a
p
articu
lar
C
ep
h
eid
's
p
erio
d
d
eterm
in
es
th
e
star's
ab
solu
te

lu
m
in
osity,
w
h
ich
,
com
p
ared
to
th
e
m
easu
red
lu
m
in
osity,
d
eterm
in
es
th
e
d
istan
ce

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M

S
O
L
U
T
IO
N
S
,
F
A
L
L
2
0
1
8

p
.
5
2

to
th
e
star.
(H
u
b
b
le's
in
itial
m
easu
rem
en
t
of
th
e
d
istan
ce
to
A
n
d
rom
ed
a
u
sed
a

b
ad
ly
-calib
rated
versio
n
of
th
is
p
erio
d
-lu
m
in
o
sity
relation
sh
ip
an
d
con
seq
u
en
tly
u
n
-

d
erestim
ated
th
e
d
istan
ce
b
y
m
ore
th
a
n
a
factor
of
tw
o;
n
on
eth
eless,
th
e
in
itial

m
easu
rem
en
t
still
sh
ow
ed
th
at
th
e
A
n
d
rom
ed
a
N
eb
u
la
w
as
an
ord
er
o
f
m
a
gn
itu
d
e

m
ore
d
istan
t
th
an
th
e
m
o
st
d
istan
t
k
n
ow
n
o
b
jects
in
ou
r
ow
n
g
alax
y.)

(b
)
(5
poin
ts)
W
h
at
is
recom
b
in
ation
?
D
id
galax
ies
b
egin
to
fo
rm
b
efore
or
after
recom
-

b
in
ation
?
W
h
y
?

A
n
s:
(W
ein
b
erg,
p
ages
64
an
d
73)
R
ecom
b
in
ation
refers
to
th
e
form
atio
n
of
n
eu
tral

atom
s
ou
t
o
f
ch
arged
n
u
clei
an
d
electron
s.
G
a
la
x
ies
b
egan
to
form

after
recom
-

b
in
ation
.
P
rior
to
recom
b
in
ation
,
th
e
stron
g
electrom
a
gn
etic
in
teractio
n
s
b
etw
een

p
h
oton
s
an
d
m
atter
p
ro
d
u
ced
a
h
igh
p
ressu
re
w
h
ich
e�
ectiv
ely
co
u
n
tera
cted
th
e

grav
itation
al
attraction
b
etw
een
p
articles.
O
n
ce
th
e
u
n
iv
erse
b
ecam
e
tra
n
sp
a
ren
t
to

rad
iation
,
th
e
m
atter
n
o
lon
ger
in
teracted
sign
i�
can
tly
w
ith
th
e
p
h
oto
n
s
a
n
d
con
se-

q
u
en
tly
b
egan
to
u
n
d
ergo
g
rav
itatio
n
a
l
collap
se
in
to
large
clu
m
p
s.

(c)
(4
poin
ts)
In
C
h
ap
ter
IV
o
f
h
is
b
o
ok
,
W
ein
b
erg
d
evelop
s
a
\
recip
e
for
a
h
ot
u
n
iverse,"

in
w
h
ich
th
e
m
atter
of
th
e
u
n
iv
erse
is
d
escrib
ed
as
a
gas
in
th
erm
a
l
eq
u
ilb
riu
m
a
t

a
very
h
igh
tem
p
eratu
re,
in
th
e
v
icin
ity
of
10
9
K
(several
th
o
u
san
d
m
illion
d
egrees

K
elv
in
).
S
u
ch
a
th
erm
a
l
eq
u
ilib
riu
m

gas
is
co
m
p
letely
d
escrib
ed
b
y
sp
ecify
in
g
its

tem
p
eratu
re
an
d
th
e
d
en
sity
of
th
e
co
n
serv
ed
q
u
an
tities.
W
h
ich
o
f
th
e
follow
in
g
is

on
th
is
list
of
con
served
q
u
a
n
tities?
C
ircle
as
m
an
y
a
s
ap
p
ly.

(i)
b
aryon
n
u
m
b
er

(ii)
en
ergy
p
er
p
article

(iii)
p
roton
n
u
m
b
er

(iv
)
electric
ch
arge

(v
)
p
ressu
re

A
n
s:
(W
ein
b
erg,
p
age
9
1)
T
h
e
co
rrect
an
sw
ers
are
(i)
an
d
(iv
).
A
th
ird
con
serv
ed

q
u
an
tity,
lep
ton
n
u
m
b
er,
w
as
n
ot
in
clu
d
ed
in
th
e
m
u
ltip
le-ch
oice
op
tion
s.

(d
)
(4
poin
ts)
T
h
e
w
avelen
g
th
corresp
o
n
d
in
g
to
th
e
m
ea
n
en
ergy
of
a
C
M
B
(cosm
ic
m
i-

crow
ave
b
ack
grou
n
d
)
p
h
o
to
n
to
d
ay
is
a
p
p
rox
im
ately
eq
u
al
to
w
h
ich
of
th
e
follow
in
g

q
u
an
tities?
(Y
ou
m
ay
w
ish
to
lo
ok
u
p
th
e
valu
es
of
va
riou
s
p
h
y
sical
con
sta
n
ts
a
t
th
e

en
d
of
th
e
q
u
iz.)

(i)
2
fm
(2�
10 �
1
5
m
)

(ii)
2
m
icron
s
(2�
10 �
6
m
)

(iii)
2
m
m
(2�
10 �
3
m
)

(iv
)
2
m
.

A
n
s:
(R
y
d
en
,
p
age
23)
T
h
e
correct
an
sw
er
is
(iii).

If
you
d
id
n
ot
rem
em
b
er
th
is
n
u
m
b
er,
y
o
u
cou
ld
estim
ate
th
e
an
sw
er
b
y
rem
em
-

b
erin
g
th
at
th
e
ch
aracteristic
tem
p
eratu
re
o
f
th
e
cosm
ic
m
icrow
av
e
b
a
ck
grou
n
d
is

ap
p
rox
im
ately
3
K
elv
in
.
T
h
e
ty
p
ica
l
p
h
o
to
n
en
ergy
is
th
en
o
n
th
e
o
rd
er
of
k
T
,
fro
m

w
h
ich
w
e
can
�
n
d
th
e
freq
u
en
cy
as
E
=
h
�
.
T
h
e
w
avelen
gth
o
f
th
e
p
h
o
ton
is
th
en
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.
5
3

�
=
�
=
c.
T
h
is
ap
p
rox
im
ation
giv
es
�
=
5
:3
m
m
,
w
h
ich
is
n
ot
eq
u
al
to
th
e
correct

an
sw
er,
b
u
t
it
is
m
u
ch
closer
to
th
e
correct
an
sw
er
th
an
to
an
y
of
th
e
oth
er
ch
oices.

(e)
(4
poin
ts)
W
h
at
is
th
e
eq
u
ivalen
ce
p
rin
cip
le?

A
n
s:
(R
y
d
en
,
p
age
27)
In
its
sim
p
lest
form
,
th
e
eq
u
ivalen
ce
p
rin
cip
le
say
s
th
at
th
e

g
rav
itation
al
m
ass
of
an
ob
ject
is
id
en
tical
to
its
in
ertial
m
ass.
T
h
is
eq
u
ality
im
p
lies

th
e
eq
u
ivalen
t
statem
en
t
th
at
it
is
im
p
ossib
le
to
d
istin
gu
ish
(w
ith
ou
t
ad
d
ition
al

in
form
ation
)
b
etw
een
an
ob
serv
er
in
a
referen
ce
fram
e
acceleratin
g
w
ith
acceleration

~a
a
n
d
a
n
o
b
server
in
an
in
ertial
referen
ce
fram
e
su
b
ject
to
a
grav
itation
al
force

�
m
o
b
s ~a
.

(A
ctu
ally,
w
h
at
th
e
eq
u
ivalen
ce
p
rin
cip
le
really
say
s
is
th
at
th
e
ratio
of
th
e
grav
i-

tation
al
to
in
ertial
m
asses
m
g =
m
i
is
u
n
iv
ersal,
th
at
is,
in
d
ep
en
d
en
t
of
th
e
m
aterial

p
rop
erties
of
th
e
ob
ject
in
q
u
estion
.
T
h
e
ratio
d
o
es
n
ot
n
ecessarily
n
eed
to
b
e
1.

H
ow
ever,
o
n
ce
w
e
k
n
ow
th
at
th
e
tw
o
ty
p
es
of
m
asses
are
p
rop
ortion
al,
w
e
can
sim
-

p
ly
d
e�
n
e
th
e
grav
itation
al
cou
p
lin
g
G
to
m
ak
e
th
em
eq
u
al.
T
o
see
th
is,
con
sid
er
a

th
eory
of
grav
ity
w
h
ere
m
g =
m
i
=
q.
T
h
en
th
e
grav
itation
al
force
law
is

m
i a
=
�
G
M
m
g

r
2

;

or

a
=
�
G
qM

r
2

:

A
t
th
is
p
oin
t,
if
w
e
d
e�
n
e
G
0
=
G
q,
w
e
h
ave
a
grav
itation
al
th
eory
w
ith
grav
itation
al

co
u
p
lin
g
G
0
an
d
in
ertial
m
ass
eq
u
al
to
grav
itation
al
m
ass.)

(f)
(4
poin
ts)
W
h
y
is
it
d
iÆ
cu
lt
for
E
arth
-b
ased
ex
p
erim
en
ts
to
lo
ok
at
th
e
sm
all
w
ave-

len
gth
p
ortion
of
th
e
g
rap
h
of
C
M
B
en
ergy
d
en
sity
p
er
w
avelen
gth
v
s.
w
avelen
gth
?

A
n
s:
(W
ein
b
erg,
p
age
67)
T
h
e
E
arth
's
atm
osp
h
ere
is
in
creasin
gly
op
aq
u
e
for
w
av
e-

len
gth
sh
orter
th
an
.3
cm
.
T
h
erefore,
rad
iation
at
th
ese
w
avelen
gth
s
w
ill
b
e
ab
sorb
ed

an
d
rescattered
b
y
th
e
E
arth
's
atm
osp
h
ere;
ob
servation
s
of
th
e
cosm
ic
m
icrow
ave

b
ack
grou
n
d
at
sm
all
w
avelen
gth
s
m
u
st
b
e
p
erform
ed
ab
ove
th
e
E
arth
's
atm
osp
h
ere.

P
R
O
B
L
E
M

1
7
:
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

(a)
T
h
e
p
h
y
sical
h
orizon
d
istan
ce
is
giv
en
in
g
en
era
l
b
y

`
p
;h
o
riz
o
n
=
a
(t) Z

t
f

0

c
a
(t)
d
t
;

so
in
th
is
case

`
p
;h
o
riz
o
n
=
bt
1
=
2 Z
t
f

0

c
bt
1
=
2
d
t
=

2
ct
f
:
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R
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.
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(b
)
If
th
e
sou
rce
is
at
th
e
h
o
rizo
n
d
istan
ce,
it
m
ean
s
th
at
a
p
h
oton
leav
in
g
th
e
so
u
rce
a
t

t
=
0
w
ou
ld
ju
st
b
e
rea
ch
in
g
th
e
orig
in
at
t
f
.
S
o,
t
e
=
0
.

(c)
T
h
e
co
ord
in
ate
d
istan
ce
b
etw
een
th
e
so
u
rce
an
d
th
e
origin
is
th
e
co
o
rd
in
a
te
h
o
rizo
n

d
istan
ce,
given
b
y

`
c
;h
o
riz
o
n
= Z

t
f

0

c
bt
1
=
2
d
t
=

2
ct
1
=
2

fb

:

(d
)
T
h
e
p
h
oton
starts
at
co
o
rd
in
ate
d
istan
ce
2
c p
t
f
=
b,
a
n
d
b
y
tim
e
t
it
w
ill
h
av
e
traveled

a
co
ord
in
ate
d
istan
ce

Z
t

0

c
bt 01
=
2
d
t 0
=
2
c p
t

b

tow
ard
th
e
origin
.
T
h
u
s
th
e
p
h
o
to
n
w
ill
b
e
a
t
co
ord
in
ate
d
ista
n
ce

`
c
=
2
cb �p

t
f �
p

t �

from
th
e
origin
,
an
d
h
en
ce
a
p
h
y
sica
l
d
ista
n
ce

`
p (t)
=
a
(t)`
c
=

2
c � p
t
t
f �
t �
:

(e)
T
o
�
n
d
th
e
m
ax
im
u
m
of
`
p (t),
w
e
d
i�
eren
tiate
it
an
d
set
th
e
d
eriva
tive
to
zero:

d
`
p

d
t
=  r
t
ft
�
2 !
c
;

so
th
e
m
ax
im
u
m
o
ccu
rs
w
h
en

r
t
f

t
m
a
x

=
2
;

or

t
m
a
x
=
14

t
f
:
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P
R
O
B
L
E
M

1
8
:
T
R
A
N
S
V
E
R
S
E
D
O
P
P
L
E
R

S
H
IF
T
S

(a)
D
escrib
in
g
th
e
even
ts
in
th
e
co
ord
in
ate
sy
stem
sh
ow
n
,
th
e
X
an
th
u
is
at
rest,
so
its

clo
ck
s
ru
n
at
th
e
sam
e
sp
eed
as
th
e
co
ord
in
ate
sy
stem
tim
e
variab
le,
t.
T
h
e
em
ission

of
th
e
w
av
ecrests
of
th
e
rad
io
sign
al
are
th
erefore
sep
arated
b
y
a
tim
e
in
terval
eq
u
al

to
th
e
tim
e
in
terval
as
m
easu
red
b
y
th
e
sou
rce,
th
e
X
an
th
u
:

�
t
=
�
t
s
:

S
in
ce
th
e
E
m
m
erac
is
m
ov
in
g
p
erp
en
d
icu
lar
to
th
e
p
ath
of
th
e
rad
io
w
aves,
at
th
e

m
o
m
en
t
of
recep
tion
its
d
istan
ce
from
th
e
X
an
th
u
is
at
a
m
in
im
u
m
,
an
d
h
en
ce
its

rate
of
ch
an
ge
is
zero.
H
en
ce
su
ccessiv
e
w
avecrests
w
ill
travel
th
e
sam
e
d
istan
ce,
as

lo
n
g
a
s
c�
t�
a
.
S
in
ce
th
e
w
avecrests
travel
th
e
sam
e
d
istan
ce,
th
e
tim
e
sep
aration

of
th
eir
arrival
at
th
e
E
m
m
erac
is
�
t,
th
e
sam
e
as
th
e
tim
e
sep
aration
of
th
eir

em
ission
.
T
h
e
clo
ck
s
on
th
e
E
m
m
erac,
h
ow
ev
er,
an
d
ru
n
n
in
g
slow
ly
b
y
a
factor
of


=

1

q
1�
v
2

c
2

:

T
h
e
tim
e
in
terval
b
etw
een
w
ave
crests
as
m
easu
red
b
y
th
e
receiv
er,
on
th
e
E
m
m
erac,

is
th
erefore
sm
aller
b
y
a
factor
of

,�

t
r
=
�
t
s



:

T
h
u
s,
th
ere
is
a
b
lu
esh
ift.
T
h
e
red
sh
ift
p
aram
eter
z
is
d
e�
n
ed
b
y

�
t
r

�
t
s
=
1
+
z
;

so

1
=
1
+
z
;

or

z
=
1�




:

R
ecall
th
at

>
1
,
so
z
is
n
egativ
e.

(b
)
D
escrib
in
g
th
is
situ
ation
in
th
e
co
ord
in
ate
sy
stem
sh
ow
n
,
th
is
tim
e
th
e
sou
rce
on
th
e

X
an
th
u
is
m
ov
in
g,
so
th
e
clo
ck
s
at
th
e
sou
rce
are
ru
n
n
in
g
slow
ly.
T
h
e
tim
e
b
etw
een

w
av
ecrests,
m
easu
red
in
co
ord
in
ate
tim
e
t,
is
th
erefore
larger
b
y
a
factor
of

th
an

�
t
s ,
th
e
tim
e
as
m
easu
red
b
y
th
e
clo
ck
on
th
e
so
u
rce:

�
t
=

�
t
s
:
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S
in
ce
th
e
rad
io
sign
al
is
em
itted
w
h
en
th
e
X
an
th
u
is
at
its
m
in
im
u
m
sep
ara
tion
from

th
e
E
m
m
erac,
th
e
rate
o
f
ch
an
ge
o
f
th
e
sep
aratio
n
is
zero,
so
ea
ch
w
av
ecrest
travels

th
e
sam
e
d
istan
ce
(again
a
ssu
m
in
g
th
a
t
c�
t�
a
).
S
in
ce
th
e
E
m
m
era
c
is
at
rest,
its

clo
ck
s
ru
n
at
th
e
sam
e
sp
eed
as
th
e
co
o
rd
in
ate
tim
e
t,
an
d
h
en
ce
th
e
tim
e
in
terval

b
etw
een
crests,
as
m
easu
red
b
y
th
e
receiv
er,
is

�
t
r
=
�
t
=

�
t
s
:

T
h
u
s
th
e
tim
e
in
terval
as
m
easu
red
b
y
th
e
receiv
er
is
lo
n
ger
th
an
th
at
m
ea
su
red
b
y

th
e
sou
rce,
an
d
h
en
ce
it
is
a
red
sh
ift.
T
h
e
red
sh
ift
p
a
ram
eter
z
is
giv
en
b
y

1
+
z
=
�
t
r

�
t
s
=

;

so

z
=
�
1
:

(c)
T
h
e
ev
en
ts
d
escrib
ed
in
(a
)
can
b
e
m
ad
e
to
lo
ok
a
lot
lik
e
th
e
even
ts
d
escrib
ed
in
(b
)

b
y
tran
sform
in
g
to
a
fram
e
of
referen
ce
th
at
is
m
ov
in
g
to
th
e
righ
t
at
sp
eed
v
0
|

i.e.,
b
y
tran
sform
in
g
to
th
e
rest
fra
m
e
of
th
e
E
m
m
erac.
In
th
is
fram
e
th
e
E
m
m
erac

is
of
cou
rse
at
rest,
an
d
th
e
X
a
n
th
u
is
travelin
g
on
th
e
tra
jecto
ry

(x
=
�
v
0 t;y
=
a
;z=
0
)
;

as
in
p
art
(b
).
H
ow
ever,
ju
st
as
th
e
tran
sfo
rm
atio
n
ca
u
ses
th
e
x
-com
p
on
en
t
o
f
th
e

velo
city
of
th
e
X
an
th
u
to
ch
a
n
g
e
fro
m
zero
to
a
n
egativ
e
valu
e,
so
th
e
x
-com
p
on
en
t

of
th
e
v
elo
city
o
f
th
e
rad
io
sign
al
w
ill
b
e
tran
sfo
rm
ed
from
zero
to
a
n
eg
ativ
e
valu
e.

T
h
u
s
in
th
is
fram
e
th
e
rad
io
sig
n
al
w
ill
n
ot
b
e
trav
elin
g
a
lo
n
g
th
e
y
-a
x
is,
so
th
e

even
ts
w
ill
n
ot
m
atch
th
ose
d
escrib
ed
in
(b
).
T
h
e
situ
atio
n
s
d
escrib
ed
in
(a
)
an
d
(b
)

are
th
erefore
p
h
y
sically
d
istin
ct
(w
h
ich
th
ey
m
u
st
b
e
if
th
e
red
sh
ifts
are
d
i�
eren
t,
a
s

w
e
calcu
lated
ab
ove).

P
R
O
B
L
E
M

1
9
:
A

T
W
O
-L
E
V
E
L
H
IG
H
-S
P
E
E
D

M
E
R
R
Y
-G
O
-R
O
U
N
D

(15

poin
ts)
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(a)
S
in
ce
th
e
relative
p
osition
s
of
all
th
e
cars
rem
ain
�
x
ed
as
th
e
m
erry
-go-rou
n
d
rotates,

each
su
ccessiv
e
p
u
lse
from
an
y
g
iven
car
to
an
y
o
th
er
car
tak
es
th
e
sam
e
am
ou
n
t
of

tim
e
to
com
p
lete
its
trip
.
T
h
u
s
th
ere
w
ill
b
e
n
o
D
op
p
ler
sh
ift
cau
sed
b
y
p
u
lses
tak
in
g

d
i�
eren
t
am
ou
n
ts
of
tim
e;
th
e
o
n
ly
D
op
p
ler
sh
ift
w
ill
com
e
from
tim
e
d
ilation
.

W
e
w
ill
d
escrib
e
th
e
even
ts
from

th
e
p
oin
t
o
f
v
iew
of
an
in
ertial
referen
ce
fram
e

at
rest
relativ
e
to
th
e
h
u
b
of
th
e
m
erry
-go-rou
n
d
,
w
h
ich
w
e
w
ill
call
th
e
lab
oratory

fra
m
e.
T
h
is
is
th
e
fra
m
e
in
w
h
ich
th
e
p
ro
b
lem
is
d
escrib
ed
,
in
w
h
ich
th
e
in
n
er
cars

a
re
m
ov
in
g
at
sp
eed
v
,
an
d
th
e
ou
ter
cars
are
m
ov
in
g
at
sp
eed
2
v
.
In
th
e
lab
oratory

fram
e,
th
e
tim
e
in
terval
b
etw
een
th
e
w
ave
crests
em
itted
b
y
th
e
sou
rce
�
t
L
a
b

S

w
ill
b
e

ex
actly
eq
u
al
to
th
e
tim
e
in
terva
l
�
t
L
a
b

O

b
etw
een
tw
o
crests
reach
in
g
th
e
ob
server:

�
t
L
a
b

O

=
�
t
L
a
b

S

:

T
h
e
clo
ck
s
on
th
e
m
erry
-go-rou
n
d
cars
are
m
ov
in
g
relativ
e
to
th
e
lab
oratory
fram
e,

so
th
ey
w
ill
ap
p
ear
to
b
e
ru
n
n
in
g
slow
ly
b
y
th
e
fa
cto
r


1
=

1

p
1�
v
2=
c
2

for
th
e
in
n
er
cars,
an
d
b
y
th
e
fa
cto
r


2
=

1

p
1�
4
v
2=
c
2

for
th
e
ou
ter
cars.
T
h
u
s,
if
w
e
let
�
t
S

d
en
ote
th
e
tim
e
b
etw
een
crests
as
m
easu
red

b
y
a
clo
ck
on
th
e
sou
rce,
an
d
�
t
O

as
th
e
tim
e
b
etw
een
crests
a
s
m
easu
red
b
y
a
clo
ck

m
ov
in
g
w
ith
th
e
o
b
serv
er,
th
en
th
ese
q
u
an
tities
are
related
to
th
e
lab
oratory
fram
e

tim
es
b
y


2 �
t
S
=
�
t
L
a
b

S

an
d

1 �
t
O

=
�
t
L
a
b

O

:

T
o
m
ak
e
su
re
th
at
th
e

-factors
are
on
th
e
righ
t
sid
e
of
th
e
eq
u
ation
,
y
ou
sh
ou
ld
keep

in
m
in
d
th
at
a
n
y
tim
e
in
terval
sh
ou
ld
b
e
m
easu
red
as
sh
orter
on
th
e
m
ov
in
g
clo
ck
s

th
an
on
th
e
lab
clo
ck
s,
sin
ce
th
ese
clo
ck
s
ap
p
ear
to
ru
n
slow
ly.
P
u
ttin
g
togeth
er
th
e

eq
u
ation
s
a
b
ove,
on
e
h
as
im
m
ed
iately
th
at

�
t
O

=

2


1
�
t
S

:

T
h
e
red
sh
ift
z
is
d
e�
n
ed
b
y

�
t
O

�
(1
+
z)
�
t
S

;
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so

z
=

2


1 �
1
= s
1�
v
2

c
2

1�
4
v
2

c
2

�
1
:

(b
)
F
or
th
is
p
art
of
th
e
p
rob
lem
is
u
sefu
l
to
im
agin
e
a
relay
sta
tio
n
lo
ca
ted
ju
st
to
th
e

righ
t
o
f
car
6
in
th
e
d
iag
ram
,
at
rest
in
th
e
lab
ora
tory
fram
e.
T
h
e
relay
station

reb
road
casts
th
e
w
aves
as
it
receives
th
em
,
a
n
d
h
en
ce
h
a
s
n
o
e�
ect
on
th
e
freq
u
en
cy

received
b
y
th
e
ob
serv
er,
b
u
t
serves
th
e
p
u
rp
ose
of
allow
in
g
u
s
to
clearly
sep
ara
te

th
e
p
rob
lem
in
to
tw
o
p
a
rts.

T
h
e
�
rst
p
art
of
th
e
d
iscu
ssion
con
cern
s
th
e
red
sh
ift
o
f
th
e
sign
a
l
as
m
easu
red
b
y
th
e

relay
station
.
T
h
is
calcu
la
tion
w
ou
ld
in
v
olve
b
oth
th
e
tim
e
d
ila
tio
n
an
d
a
ch
an
ge

in
p
ath
len
gth
s
b
etw
een
su
ccessiv
e
p
u
lses,
b
u
t
w
e
d
o
n
o
t
n
eed
to
d
o
it.
It
is
th
e

stan
d
ard
situ
ation
of
a
sou
rce
a
n
d
ob
server
m
ov
in
g
d
irectly
aw
ay
from
each
oth
er,

as
d
iscu
ssed
at
th
e
en
d
of
L
ectu
re
N
otes
1.
T
h
e
D
o
p
p
ler
sh
ift
is
giv
en
b
y
E
q
.
(1.33),

w
h
ich
w
as
in
clu
d
ed
in
th
e
form
u
la
sh
eet.
W
ritin
g
th
e
form
u
la
fo
r
a
recession
sp
eed

u
,
it
b
ecom
es

(1
+
z)jre
la
y
= s
1
+
uc

1�
uc

:

If
w
e
a
gain
u
se
th
e
sy
m
b
ol
�
t
S

for
th
e
tim
e
b
etw
een
w
ave
crests
as
m
easu
red
b
y
a

clo
ck
on
th
e
sou
rce,
th
en
th
e
tim
e
b
etw
een
th
e
receip
t
of
w
av
e
crests
a
s
m
easu
red

b
y
th
e
relay
station
is

�
t
R

= s
1
+
uc

1�
uc

�
t
S

:

T
h
e
secon
d
p
art
of
th
e
d
iscu
ssio
n
con
cern
s
th
e
tra
n
sm
ission
from
th
e
relay
station

to
car
6.
T
h
e
v
elo
city
of
car
6
is
p
erp
en
d
icu
lar
to
th
e
d
irection
fro
m
w
h
ich
th
e
p
u
lse
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L
U
T
IO
N
S
,
F
A
L
L
2
0
1
8

p
.
5
9

is
b
ein
g
receiv
ed
,
so
th
is
is
a
tran
sv
erse
D
op
p
ler
sh
ift.
A
n
y
ch
an
ge
in
p
ath
len
gth

b
etw
een
su
ccessiv
e
p
u
lses
is
secon
d
ord
er
in
�
t,
so
it
can
b
e
ign
ored
.
T
h
e
o
n
ly

e�
ect
is
th
erefore
th
e
tim
e
d
ilation
.
A
s
d
escrib
ed
in
th
e
lab
oratory
fram
e,
th
e
tim
e

sep
aration
b
etw
een
crests
reach
in
g
th
e
ob
serv
er
is
th
e
sam
e
as
th
e
tim
e
sep
aration

m
easu
red
b
y
th
e
relay
station
:

�
t
L
a
b

O

=
�
t
R

:

A
s
in
p
art
(a),
th
e
tim
e
d
ilation
im
p
lies
th
at


2 �
t
O

=
�
t
L
a
b

O

:

C
om
b
in
in
g
th
e
form
u
las
ab
ove,�

O

=

1
2 s

1
+
uc

1�
uc

�
t
S

:

A
gain
�
t
O

�
(1
+
z)
�
t
S
,
so

z
=

1
2 s

1
+
uc

1�
uc

�
1
= s�1�

4
v
2

c
2 ��1
+
uc �

1�
uc

�
1
:

P
R
O
B
L
E
M

2
0
:

S
IG
N
A
L

P
R
O
P
A
G
A
T
IO
N

IN

A

F
L
A
T

M
A
T
T
E
R
-

D
O
M
IN
A
T
E
D

U
N
IV
E
R
S
E
(55
poin
ts)

(a)-(i)
If
w
e
let
`
c (t)
d
en
ote
th
e
co
ord
in
ate
d
istan
ce
of
th
e
ligh
t
sign
al
from
A
,
th
en
w
e
can

m
ak
e
u
se
of
E
q
.
(3.8)
from
th
e
lectu
re
n
otes
for
th
e
co
ord
in
ate
v
elo
city
of
ligh
t:

d
`
c

d
t
=

c
a
(t)
:

(20.1)

In
tegratin
g
th
e
v
elo
city,

`
c (t)
= Z

t
t
1

c
d
t 0

a
(t 0)
=
cb Z
t

t
1

d
t 0

t 02
=
3

=
3
cb ht
1
=
3�
t
1
=
3

1 i
:

(20.2)

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M

S
O
L
U
T
IO
N
S
,
F
A
L
L
2
0
1
8

p
.
6
0

T
h
e
p
h
y
sical
d
istan
ce
is
th
en

`
p
;s
A
(t)
=
a
(t)`
c (t)
=
bt
2
=
3
3
cb ht
1
=
3�
t
1
=
3

1 i

=
3
c �
t�
t
2
=
3t
1
=
3

1 �

=
3
ct "
1� �
t
1t �
1
=
3 #

:

(20
.3)

W
e
n
ow
n
eed
to
d
i�
eren
tia
te,
w
h
ich
is
d
o
n
e
m
ost
easily
w
ith
th
e
m
id
d
le
lin
e
o
f
th
e

ab
ove
eq
u
ation
:

d
`
p
;s
A

d
t

=
c "
3�
2 �
t
1t �
1
=
3 #

:

(20
.4)

(ii)
A
t
t
=
t
1 ,
th
e
tim
e
of
em
ission
,
th
e
ab
ove
form
u
la
g
ives

d
`
p
;s
A

d
t

=
c
:

(20
.5)

T
h
is
is
w
h
at
sh
ou
ld
b
e
ex
p
ected
,
sin
ce
th
e
sp
eed
of
sep
a
ration
of
th
e
ligh
t
sign
al
at

th
e
tim
e
of
em
ission
is
rea
lly
ju
st
a
lo
cal
m
easu
rem
en
t
of
th
e
sp
eed
of
lig
h
t,
w
h
ich

sh
ou
ld
alw
ay
s
giv
e
th
e
stan
d
ard
va
lu
e
c.

(iii)
A
t
a
rb
itrarily
late
tim
es,
th
e
secon
d
term
in
b
rack
ets
in
E
q
.
(20
.4)
b
ecom
es
n
egligib
le,

so

d
`
p
;s
A

d
t

!
3
c
:

(20
.6)

A
lth
ou
gh
th
is
an
sw
er
is
larg
er
th
an
c,
it
d
o
es
n
ot
v
io
la
te
relativ
ity.
O
n
ce
th
e
sign
al

is
far
from
its
origin
it
is
ca
rried
b
y
th
e
ex
p
an
sion
of
th
e
u
n
iv
erse,
an
d
relativ
ity

p
laces
n
o
sp
eed
lim
it
on
th
e
ex
p
an
sion
of
th
e
u
n
iv
erse.

(b
)
T
h
is
p
art
of
th
e
p
rob
lem
in
volv
es
H
(t
1 ),
so
w
e
can
start
b
y
evalu
a
tin
g
it:

H
(t)
=

_a(t)

a
(t)
=

dd
t (bt
2
=
3)

bt
2
=
3

=

23
t
:

(2
0.7
)

T
h
u
s,
th
e
p
h
y
sical
d
istan
ce
fro
m
A
to
B
a
t
tim
e
t
1
is

`
p
;B
A

=
32

ct
1
:

(20.8)
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R
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p
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1

T
h
e
co
ord
in
ate
d
istan
ce
is
th
e
p
h
y
sical
d
istan
ce
d
iv
id
ed
b
y
th
e
scale
factor,
so

`
c
;B
A

=
cH
�
1(t

1 )

a
(t
1 )

=

32
ct
1

bt
2
=
3

1

=
3
c

2
b
t
1
=
3

1

:

(20.9)

S
in
ce
ligh
t
travels
a
t
a
co
o
rd
in
a
te
sp
eed
c=
a
(t),
th
e
ligh
t
sign
al
w
ill
reach
g
alax
y
B

at
tim
e
t
2
if

`
c
;B
A

= Z
t
2

t
1

c
bt 02
=
3
d
t 0

=
3
cb ht
1
=
3

2

�
t
1
=
3

1 i
:

(20.10)

S
ettin
g
th
e
ex
p
ression
s
(20.9)
an
d
(20.10)
for
`
c
;B
A

eq
u
al
to
each
oth
er,
on
e
�
n
d
s

12
t
1
=
3

1

=
t
1
=
3

2

�
t
1
=
3

1

=)

t
1
=
3

2

=
32

t
1
=
3

1

=)

t
2
=
278

t
1
:

(20.11)

(c)-(i)
P
h
y
sical
d
istan
ces
are
a
d
d
itiv
e,
so
if
on
e
ad
d
s
th
e
d
istan
ce
from

A
an
d
th
e
ligh
t

sign
al
to
th
e
d
istan
ce
from
th
e
ligh
t
sign
al
to
B
,
o
n
e
gets
th
e
d
istan
ce
from
A
to
B
:

`
p
;s
A
+
`
p
;s
B

=
`
p
;B
A

:

(20.12)

B
u
t
`
p
;B
A
(t)
is
ju
st
th
e
scale
factor
tim
es
th
e
co
ord
in
ate
sep
aration
,
a
(t)`
c
;B
A
.
U
sin
g

th
e
p
rev
iou
s
relation
s
(20.3)
an
d
(20.9)
for
`
p
;s
A
(t)
an
d
`
c
;B
A
,
w
e
�
n
d

3
ct "
1� �
t
1t �
1
=
3 #

+
`
p
;s
B
(t)
=
32

ct
1
=
3

1

t
2
=
3
;

(20.13)

so

`
p
;s
B
(t)
=
92

ct
1
=
3

1

t
2
=
3�
3
ct
=
3
ct "
32 �
t
1t �
1
=
3�

1 #
:

(20.14)

A
s
a
ch
eck
,
on
e
can
v
erify
th
at
th
is
ex
p
ression
van
ish
es
for
t
=
t
2
=
(27
=8)
t
1 ,
an
d

th
at
it
eq
u
als
(3
=
2)ct
1
at
t
=
t
1 .
B
u
t
w
e
a
re
a
sked
to
�
n
d
th
e
sp
eed
of
ap
p
roach
,

th
e
n
egativ
e
of
th
e
d
erivativ
e
of
E
q
.
(20.14):

S
p
eed
of
ap
p
roach
=
�
d
`
p
;s
B

d
t

=
�
3
ct
1
=
3

1

t �
1
=
3
+
3
c

=

3
c "
1� �
t
1t �
1
=
3 #

:

(20.15)
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R
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p
.
6
2

(ii)
A
t
th
e
tim
e
of
em
ission
,
t
=
t
1 ,
E
q
.
(20.15)
giv
es

S
p
eed
of
a
p
p
roach
=
0
:

(20
.16
)

T
h
is
m
akes
sen
se,
sin
ce
at
t
=
t
1

g
alax
y
B
is
o
n
e
H
u
b
b
le
len
g
th
from
gala
x
y
A
,

w
h
ich
m
ean
s
th
at
its
recession
v
elo
city
is
ex
a
ctly
c.
T
h
e
recessio
n
velo
city
of
th
e

ligh
t
sign
al
leav
in
g
A
is
also
c,
so
th
e
rate
of
ch
an
ge
of
th
e
d
ista
n
ce
from
th
e
ligh
t

sign
al
to
B
is
in
itially
zero.

(iii)
A
t
th
e
tim
e
of
recep
tion
,
t
=
t
2
=
(27
=8)
t
1 ,
E
q
.
(20.15
)
giv
es

S
p
eed
o
f
ap
p
roach
=
c
;

(2
0.1
7)

w
h
ich
is
ex
actly
w
h
at
is
ex
p
ected
.
A
s
in
p
art
(a)-(ii),
th
is
is
a
lo
ca
l
m
ea
su
rem
en
t
o
f

th
e
sp
eed
of
ligh
t.

(d
)
T
o
�
n
d
th
e
red
sh
ift,
w
e
�
rst
�
n
d
th
e
tim
e
t
B
A

a
t
w
h
ich
a
lig
h
t
p
u
lse
m
u
st
b
e
em
itted

from
galax
y
B
so
th
at
it
arrives
at
galax
y
A
at
tim
e
t
1 .
U
sin
g
th
e
co
o
rd
in
ate
d
istan
ce

giv
en
b
y
E
q
.
(20.9),
th
e
tim
e
o
f
em
ission
m
u
st
satisfy

3
c

2
b
t
1
=
3

1

= Z
t
1

t
B
A

c
bt 02
=
3
d
t 0
=
3
cb �

t
1
=
3

1

�
t
1
=
3

B
A �
;

(2
0.1
8)

w
h
ich
can
b
e
solved
to
g
iv
e

t
B
A

=
18

t
1
:

(2
0.1
9)

T
h
e
red
sh
ift
is
given
b
y1

+
z
B
A

=

a
(t
1 )

a
(t
B
A
)
= �
t
1

t
B
A �

2
=
3

=
4
:

(20
.20
)

T
h
u
s,

z
B
A

=
3
:

(2
0.2
1)

(e)
A
p
p
ly
in
g
E
u
clid
ean
geom
etry
to
th
e
trian
gle
C
-A
-B
sh
ow
s
th
at
th
e
p
h
y
sica
l
d
ista
n
ce

from
C
to
B
,
at
tim
e
t
1 ,
is p
2
cH
�
1.
T
h
e
co
ord
in
ate
d
istan
ce
is
a
lso
larger
th
a
n
th
e

A
-B
sep
aration
b
y
a
factor
of p
2
.
T
h
u
s,

`
c
;B
C

=
3 p
2
c

2
b

t
1
=
3

1

:

(20
.22
)
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If
w
e
let
t
B
C

b
e
th
e
tim
e
a
t
w
h
ich
a
ligh
t
p
u
lse
m
u
st
b
e
em
itted
from
galax
y
B
so

th
at
it
arriv
es
at
galax
y
C
at
tim
e
t
1 ,
w
e
�
n
d

3 p
2
c

2
b

t
1
=
3

1

= Z
t
1

t
B
C

c
bt 02
=
3
d
t 0
=
3
cb �

t
1
=
3

1

�
t
1
=
3

B
C �
;

(20.23)

w
h
ich
ca
n
b
e
so
lved
to
�
n
d

t
B
C

=  
1�
p

22 !
3

t
1
:

(20.24)

T
h
en

1
+
z
B
C

=

a
(t
1 )

a
(t
B
C
)
= �
t
1

t
B
C �

2
=
3

=

1

�
1�
p

22 �
2

;

(20.25)

an
d

z
B
C

=

1

�
1�
p

22 �
2 �
1
:

(20.26)

F
u
ll
cred
it
w
ill
b
e
giv
en
for
th
e
a
n
sw
er
in
th
e
form
ab
ove,
b
u
t
it
can
b
e
sim
p
li�
ed

b
y
ration
alizin
g
th
e
fraction
:

z
B
C

=

1

�
1�
p

22 �
2 �

1
+
p

2
2 �

2

�
1
+
p

2
2 �

2 �
1

=
1
+
p

2
+
12

14

�
1

=

5
+
4 p
2
:

(20.27)

N
u
m
erically,
z
B
C

=
1
0
:657.

(f)
F
ollow
in
g
th
e
solu
tion
to
P
rob
lem
6
of
P
rob
lem
S
et
2,
w
e
d
raw
a
d
iagram
in
com
ov
in
g

co
ord
in
ates,
p
u
ttin
g
th
e
sou
rce
at
th
e
cen
ter
of
a
sp
h
ere:

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M

S
O
L
U
T
IO
N
S
,
F
A
L
L
2
0
1
8

p
.
6
4

T
h
e
en
ergy
from
galax
y
A
w
ill
ra
d
iate
u
n
ifo
rm
ly
over
th
e
sp
h
ere.
If
th
e
d
etector

h
as
p
h
y
sical
area
A
D
,
th
en
in
th
e
com
ov
in
g
co
ord
in
ate
p
ictu
re
it
h
as
co
ord
in
ate

area
A
D
=
a
2(t

2 ),
sin
ce
th
e
d
etection
o
ccu
rs
at
tim
e
t
2
T
h
e
fu
ll
co
o
rd
in
ate
a
rea
of
th
e

sp
h
ere
is
4
�
`
2c

;B
A
,
so
th
e
fra
ction
o
f
p
h
oton
s
th
at
h
it
th
e
d
etector
is

fraction
= �A
=
a
(t
2 )
2 �

4
�
`
2c

;B
A

:

(20
.28
)

A
s
in
P
rob
lem
6,
th
e
p
ow
er
h
ittin
g
th
e
d
etector
is
red
u
ced
b
y
tw
o
fa
ctors
o
f
(1
+
z
):

on
e
factor
b
ecau
se
th
e
en
ergy
of
each
p
h
oton
is
p
ro
p
ortion
al
to
th
e
freq
u
en
cy,
an
d

h
en
ce
is
red
u
ced
b
y
th
e
red
sh
ift,
an
d
on
e
m
o
re
factor
b
ecau
se
th
e
ra
te
of
arriva
l
o
f

p
h
oton
s
is
also
red
u
ced
b
y
th
e
red
sh
ift
factor
(1
+
z
).
T
h
u
s,

P
ow
er
h
ittin
g
d
etecto
r
=
P �A
=
a
(t
2 )
2 �

4
�
`
2c

;B
A

1

(1
+
z)
2

=
P �A
=
a
(t
2 )
2 �

4
�
`
2c

;B
A

�
a
(t
1 )

a
(t
2 ) �

2

=
P

A

4
�
`
2c

;B
A

a
2(t

1 )

a
4(t

2 )
:

(2
0.2
9)

T
h
e
en
ergy

u
x
is
given
b
y

J
=
P
ow
er
h
ittin
g
d
etector

A

;

(20.30)

so

J
=

P

4
�
`
2c

;B
A

a
2(t

1 )

a
4(t

2 )
:

(20
.31
)
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F
rom
h
ere
it
is
ju
st
a
lgeb
ra,
u
sin
g
E
q
s.
(20.9)
an
d
(20.11),
an
d
a
(t)
=
bt
2
=
3:

J
=

P

4
� h
3
c

2
b t

1
=
3

1 i
2
b
2t
4
=
3

1

b
4t
8
=
3

2

=

P

4
� h
3
c

2
b t

1
=
3

1 i
2

b
2t
4
=
3

1

�
2
78 �
8
=
3

b
4t
8
=
3

1

=

P

4
� h
3
c2
t
1
=
3

1 i
2

t
4
=
3

1

�
32 �
8

t
8
=
3

1

=

2
8

3
1
0�

Pc
2t
21

=

256

59
;049
�

Pc
2t
21

:

(20.32)

It
is
d
eb
atab
le
w
h
ich
of
th
e
last
tw
o
ex
p
ression
s
is
th
e
sim
p
lest,
so
I
h
av
e
b
ox
ed
b
oth
of

th
em
.
O
n
e
cou
ld
also
w
rite

J
=
1
:380�
1
0 �
3

Pc
2t
21

:

(20.33)

P
R
O
B
L
E
M

2
1
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(2
0
1
1
)?
(25
poin
ts) y

yS
olu
tion
w
ritten
b
y
D
an
iele
B
ertolin
i.

(a)
(1
0
po
in
ts)
T
o
d
eterm
in
e
th
e
d
istan
ce
o
f
th
e
galax
ies
h
e
w
as
ob
serv
in
g
H
u
b
b
le
u
sed

so
called
stan
dard
ca
n
d
les.
S
tan
d
ard
can
d
les
are
astron
om
ical
ob
jects
w
h
ose
in
trin
-

sic
lu
m
in
osity
is
k
n
ow
n
a
n
d
w
h
o
se
d
ista
n
ce
is
in
ferred
b
y
m
easu
rin
g
th
eir
a
p
p
aren
t

lu
m
in
osity.
F
irst,
h
e
u
sed
a
s
stan
d
ard
can
d
les
variab
le
stars,
w
h
ose
in
trin
sic
lu
m
i-

n
o
sity
can
b
e
related
to
th
e
p
erio
d
of
variation
.
Q
u
otin
g
W
ein
b
erg's
T
he
F
irst
T
hree

M
in
u
tes,
ch
ap
ter
2
,
p
ages
19-20:

In
1923
E
dw
in
H
u
bble
w
as
for
the
�
rst
tim
e
able
to
resolve
the
A
n
drom
eda
N
eb-

u
la
in
to
separate
stars.
H
e
fou
n
d
that
its
spiral
arm
s
in
clu
ded
a
few
bright
variable

sta
rs,
w
ith
th
e
sa
m
e
so
rt
o
f
periodic
variation
of
lu
m
in
osity
as
w
as
already
fam
iliar

for
a
class
of
stars
in
ou
r
galaxy
kn
ow
n
as
C
epheid
variables.
T
he
reason
this
w
as

so
im
portan
t
w
as
that
in
the
preced
in
g
d
ecade
the
w
ork
of
H
en
rietta
S
w
an
L
eavitt
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an
d
H
arlow
S
hapley
of
th
e
H
arvard
C
ollege
O
bserva
tory
had
p
rovided
a
tight
rela
-

tion
betw
een
the
observed
periods
of
varia
tion
of
the
C
epheids
a
n
d
their
abso
lu
te

lu
m
in
osities.
(A
bsolu
te
lu
m
in
osity
is
the
total
radian
t
pow
er
em
itted
by
a
n
a
stro
-

n
om
ical
object
in
all
directio
n
s.
A
ppa
ren
t
lu
m
in
osity
is
the
rad
ian
t
pow
er
received

by
u
s
in
each
squ
are
cen
tim
eter
of
o
u
r
telesco
pe
m
irro
r.
It
is
the
apparen
t
rather

than
the
absolu
te
lu
m
in
osity
that
d
eterm
in
es
th
e
su
bjective
d
egree
of
brightn
ess
of

astron
om
ical
objects.
O
f
co
u
rse,
th
e
ap
pa
ren
t
lu
m
in
o
sity
depen
d
s
n
ot
on
ly
o
n
the
ab-

solu
te
lu
m
in
osity,
bu
t
a
lso
o
n
the
dista
n
ce;
thu
s,
kn
ow
in
g
both
the
a
bsolu
te
a
n
d
the

apparen
t
lu
m
in
osities
of
an
astro
n
o
m
ica
l
bod
y,
w
e
can
in
fer
its
distan
ce.)
H
u
bble,

observin
g
the
apparen
t
lu
m
in
osity
o
f
the
C
ep
heids
in
the
A
n
drom
ed
a
N
ebu
la,
an
d

estim
atin
g
their
absolu
te
lu
m
in
o
sity
fro
m
th
eir
periods,
co
u
ld
im
m
ed
iately
ca
lcu
la
te

their
distan
ce,
an
d
hen
ce
the
distan
ce
o
f
th
e
A
n
drom
eda
N
ebu
la,
u
sin
g
th
e
sim
p
le

ru
le
that
apparen
t
lu
m
in
osity
is
proportion
a
l
to
the
absolu
te
lu
m
in
o
sity
an
d
in
versely

proportion
al
to
the
squ
a
re
o
f
the
distan
ce.

H
e
also
u
sed
p
articu
larly
b
righ
t
stars
as
stan
d
ard
can
d
les,
as
w
e
d
ed
u
ce
from
p
age

25:
R
etu
rn
in
g
n
ow
to
1929
:
H
u
bble
estim
ated
the
distan
ce
to
18
galaxies
from
the
appa
r-

en
t
lu
m
in
osity
of
their
brigh
est
stars,
an
d
com
pa
red
these
distan
ces
w
ith
th
e
galaxies'

respective
velocities,
determ
in
ed
spectrosco
pically
from
th
eir
D
op
pler
shifts.

N
ote:
sin
ce
from
read
in
g
ju
st
th
e
�
rst
p
art
of
W
ein
b
erg
's
d
iscu
ssio
n
on
e
cou
ld
b
e

in
d
u
ced
to
th
in
k
th
at
H
u
b
b
le
u
sed
ju
st
C
ep
h
eid
s
as
sta
n
d
a
rd
ca
n
d
les,
stu
d
en
ts
w
h
o

m
en
tion
ed
on
ly
C
ep
h
eid
s
g
o
t
9
p
oin
ts
ou
t
of
10.
In
fact,
h
ow
ever,
H
u
b
b
le
w
a
s
a
b
le

to
id
en
tify
C
ep
h
eid
va
ria
b
les
in
on
ly
a
few
g
alax
ies.
T
h
e
C
ep
h
eid
s
w
ere
cru
cia
l,

b
ecau
se
th
ey
serv
ed
as
a
ca
lib
ration
for
th
e
la
rger
d
ista
n
ces,
b
u
t
th
ey
w
ere
n
ot
in

th
em
selves
su
Æ
cien
t.

(b
)
(5
poin
ts)
Q
u
otin
g
W
ein
b
erg's
T
he
F
irst
T
hree
M
in
u
tes,
ch
ap
ter
2
,
p
ag
e
2
1:

W
e
w
ou
ld
expect
in
tu
itively
tha
t
at
an
y
given
tim
e
the
u
n
iverse
o
u
gh
t
to
look
the
sam
e

to
observers
in
all
typica
l
ga
laxies,
a
n
d
in
w
ha
tever
d
irection
s
they
look.
(H
ere,
a
n
d

below
,
I
w
ill
u
se
the
label
\
typ
ical"
to
in
dicate
galaxies
that
do
n
o
t
h
a
ve
an
y
large

pecu
liar
m
otion
of
their
o
w
n
,
bu
t
are
sim
ply
ca
rried
a
lo
n
g
w
ith
the
gen
eral
cosm
ic


ow
o
f
galaxies.)
T
his
h
ypothesis
is
so
n
a
tu
ral
(a
t
least
sin
ce
C
opern
icu
s)
th
at
it
has

been
called
th
e
C
osm
ologica
l
P
rin
ciple
by
the
E
n
glish
astrop
hysicist
E
dw
ard
A
rth
u
r

M
iln
e.

S
o
th
e
C
osm
ological
p
rin
cip
le
b
a
sically
states
th
at
th
e
u
n
iv
erse
a
p
p
ears
as
h
om
o
-

gen
eou
s
a
n
d
isotrop
ic
(o
n
scales
of
d
istan
ce
large
en
ou
gh
)
to
an
y
ty
p
ical
o
b
server,

w
h
ere
ty
p
ical
is
referred
to
ob
serv
ers
w
ith
sm
all
lo
cal
m
otion
co
m
p
a
red
to
th
e
ex
-

p
an
sion

ow
.
R
y
d
en
giv
es
a
m
ore
gen
eral
d
e�
n
ition
of
C
osm
ologica
l
P
rin
cip
le,
w
h
ich

is
valid
as
w
ell.
Q
u
otin
g
R
y
d
en
's
In
trod
u
ction
to
C
osm
ology,
ch
ap
ter
2
,
p
age
11
o
r

14
(d
ep
en
d
in
g
on
w
h
ich
v
ersion
):
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H
o
w
ever,
m
od
ern
cosm
ologists
have
adopted
the
c
o
sm
o
lo
g
ic
a
l
p
rin
c
ip
le
,
w
hich

states:
T
here
is
n
othin
g
special
abou
t
ou
r
location
in
the
u
n
iverse.
T
he
cosm
ological

prin
ciple
holds
tru
e
on
ly
on
large
scales
(of
100
M
pc
o
r
m
o
re).

(c)
(1
0
poin
ts)
Q
u
otin
g
a
gain
R
y
d
en
's
In
trodu
ction
to
C
osm
ology,
ch
ap
ter
2,
p
age
9
or

1
1
:

S
a
yin
g
th
a
t
th
e
u
n
iverse
is
iso
tro
p
ic
m
ean
s
that
there
are
n
o
preferred
direction
s
in

the
u
n
iverse;
it
looks
the
sam
e
n
o
m
atter
w
hich
w
ay
you
poin
t
you
r
telescope.
S
ayin
g

that
the
u
n
iverse
is
h
o
m
o
g
e
n
e
o
u
s
m
ean
s
that
there
are
n
o
preferred
location
s
in

the
u
n
iverse;
it
loo
ks
th
e
sa
m
e
n
o
m
a
tter
w
h
ere
you
set
u
p
you
r
telesco
pe.

(i)
F
alse.
If
th
e
u
n
iv
erse
is
isotrop
ic
a
rou
n
d
on
e
p
oin
t
it
d
o
es
n
ot
n
eed
to
b
e

h
om
ogen
eou
s.
A
co
u
n
ter-ex
am
p
le
is
a
d
istrib
u
tion
of
m
atter
w
ith
sp
h
erical

sy
m
m
etry,
th
at
is,
w
ith
a
d
en
sity
w
h
ich
is
on
ly
a
fu
n
ction
of
th
e
rad
iu
s
b
u
t
d
o
es

n
ot
d
ep
en
d
o
n
th
e
d
irection
:
�
(r;�;�
)�
�
(r).
In
th
is
case
for
a
n
ob
serv
er
at
th
e

cen
ter
o
f
th
e
d
istrib
u
tion
th
e
u
n
iv
erse
lo
ok
s
isotrop
ic
b
u
t
it
is
n
ot
h
om
ogen
eou
s.

(ii)

T
ru
e.
F
or
th
e
case
of
E
u
clid
ean
geom
etry
isotrop
y
arou
n
d
tw
o
or
m
ore
d
istin
ct

p
o
in
ts
d
o
es
im
p
ly
h
om
ogen
eity.
W
ein
b
erg
sh
ow
s
th
is
in
ch
ap
ter
2,
p
age
24.

C
on
sid
er
tw
o
o
b
servers,
an
d
tw
o
a
rb
itrary
p
oin
ts
A
a
n
d
B
w
h
ich
w
e
w
ou
ld
like

to
p
rove
eq
u
ivalen
t.
C
on
sid
er
a
circle
th
rou
gh
p
o
in
t
A
,
cen
tered
on
ob
serv
er
1,

an
d
an
oth
er
circle
th
rou
gh
p
oin
t
B
,
cen
tered
o
n
ob
server
2.
If
C
is
a
p
oin
t
on

th
e
in
tersection
of
th
e
tw
o
circles,
th
en
isotrop
y
a
b
o
u
t
th
e
tw
o
ob
servers
im
p
lies

th
at
A
=
C
an
d
B
=
C
,
a
n
d
h
en
ce
A
=
B
.
(T
h
is
argu
m
en
t
w
as
go
o
d
en
ou
gh

for
W
ein
b
erg
an
d
h
en
ce
go
o
d
en
ou
gh
to
d
eserv
e
fu
ll
cred
it,
b
u
t
it
is
actu
ally

in
com
p
lete:
on
e
can
�
n
d
p
o
in
ts
A
a
n
d
B

for
w
h
ich
th
e
tw
o
circles
w
ill
n
ot

in
tersect.
O
n
y
ou
r
n
ex
t
p
rob
lem
set
y
o
u
w
ill
h
av
e
a
ch
an
ce
to
in
ven
t
a
b
etter

p
ro
o
f.)

(d
)
(2
poin
ts
extra
credit)
F
alse.
If
w
e
relax
th
e
h
y
p
oth
esis
of
E
u
clid
ean
g
eom
etry,

th
en
isotrop
y
arou
n
d
tw
o
p
o
in
ts
d
o
es
n
ot
n
ecessarily
im
p
ly
h
om
ogen
eity.
A
cou
n
ter-

ex
am
p
le
w
e
m
en
tion
ed
in
class
is
a
tw
o-d
im
en
sion
alu
n
iv
erse
con
sistin
g
of
th
e
su
rface

of
a
sp
h
ere.
T
h
in
k
of
th
e
sp
h
ere
in
th
ree
E
u
clid
ean
d
im
en
sion
s,
b
u
t
th
e
m
o
d
el
\u
n
i-

verse"
con
sists
on
ly
of
its
tw
o-d
im
en
sion
al
su
rface.
Im
agin
e
latitu
d
e
an
d
lon
gitu
d
e

lin
es
to
g
ive
co
o
rd
in
ates
to
th
e
su
rface,
an
d
im
agin
e
a
m
atter
d
istrib
u
tion
th
at
d
e-

p
en
d
s
on
ly
on
latitu
d
e.
T
h
is
w
ou
ld
n
ot
b
e
h
om
ogen
eou
s,
b
u
t
it
w
ou
ld
lo
ok
isotrop
ic

to
ob
serv
ers
at
b
oth
th
e
n
orth
an
d
sou
th
p
oles.
W
h
ile
th
is
ex
am
p
le
d
escrib
es
a
tw
o-

d
im
en
sion
al
u
n
iv
erse,
w
h
ich
th
erefore
can
n
ot
b
e
ou
r
u
n
iv
erse,
w
e
w
ill
learn
sh
ortly

h
ow
to
con
stru
ct
a
th
ree-d
im
en
sion
al
n
on
-E
u
clid
ean
u
n
iv
erse
w
ith
th
ese
sam
e
p
rop
-

erties.
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P
R
O
B
L
E
M

2
2
:
T
H
E
T
R
A
J
E
C
T
O
R
Y

O
F
A

P
H
O
T
O
N

O
R
IG
IN
A
T
IN
G

A
T

T
H
E
H
O
R
IZ
O
N

(25
poin
ts)

(a)
T
h
ey
k
ey
id
ea
is
th
at
th
e
co
ord
in
a
te
sp
eed
o
f
ligh
t
is
given
b
y

d
xd

t
=

c
a
(t)
;

so
th
e
co
ord
in
ate
d
istan
ce
(in
n
otch
es)
th
a
t
lig
h
t
ca
n
trav
el
b
etw
een
t
=
0
a
n
d
n
ow

(t
=
t
0 )
is
given
b
y

`
c
= Z

t
0

0

c
d
t

a
(t)
:

T
h
e
corresp
on
d
in
g
p
h
y
sical
d
istan
ce
is
th
e
h
orizo
n
d
istan
ce:

`
p
;h
o
riz
o
n (t
0 )
=
a
(t
0 ) Z

t
0

0

c
d
t

a
(t)
:

E
valu
atin
g,

`
p
;h
o
riz
o
n (t
0 )
=
bt
2
=
3

0 Z
t
0

0

c
d
t

bt
2
=
3

=
t
2
=
3

0 h3
ct
1
=
3

0 i
=

3
ct
0
:

(b
)
A
s
stated
in
p
art
(a),
th
e
co
ord
in
ate
d
istan
ce
th
at
lig
h
t
ca
n
travel
b
etw
een
t
=
0

an
d
t
=
t
0
is
given
b
y

`
c
= Z

t
0

0

c
d
t

a
(t)
=
3
ct
1
=
3

0b

:

T
h
u
s,
if
w
e
are
at
th
e
origin
,
at
t
=
0
th
e
p
h
oton
m
u
st
h
av
e
b
een
a
t

x
0
=
3
ct
1
=
3

0b

:

(c)
T
h
e
p
h
oton
starts
at
x
=
x
0
at
t
=
0,
a
n
d
th
en
travels
in
th
e
n
ega
tiv
e
x
-d
irectio
n

at
sp
eed
c=
a
(t).
T
h
u
s,
it's
p
osition
at
tim
e
t
is
giv
en
b
y

x
(t)
=
x
0 � Z

t
0

c
d
t 0

a
(t 0)
=
3
ct
1
=
3

0b

�
3
ct
1
=
3

b

=

3
cb �

t
1
=
3

0

�
t
1
=
3 �
:
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(d
)
S
in
ce
th
e
co
ord
in
ate
d
istan
ce
b
etw
een
u
s
an
d
th
e
p
h
oton
is
x
(t),
m
easu
red
in
n
otch
es,

th
e
p
h
y
sical
d
istan
ce
(in
,
for
ex
am
p
le,
m
eters)
is
ju
st
a
(t)
tim
es
x
(t).
T
h
u
s.

`
p (t)
=
a
(t)x
(t)
=

3
ct
2
=
3 �
t
1
=
3

0

�
t
1
=
3 �
:

(e)
T
o
�
n
d
th
e
m
a
x
im
u
m
of
`
p (t),
w
e
set
th
e
d
erivativ
e
eq
u
al
to
zero:

d
`
p (t)

d
t

=

dd
t h3
c �
t
2
=
3t
1
=
3

0

�
t �i
=
3
c "
23 �
t
0t �
1
=
3�

1 #
=
0
;

so

�
t
0

t
m
a
x �

1
=
3

=
32

=)

t
m
a
x
= �
23 �
3

t
0
=

827
t
0
:

T
h
e
m
ax
im
u
m
d
istan
ce
is
th
en

`
p
;m
a
x
=
`
p (t
m
a
x )
=
3
c �
23 �
2

t
2
=
3

0 �
t
1
=
3

0

� �
23 �

t
1
=
3

0 �
=
3
c �
23 �
2 �
13 �

t
0

=

49
ct
0
:

P
R
O
B
L
E
M

2
3
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G

(2
0
1
6
)?
(35
poin
ts)

(a)
(5
poin
ts)
T
h
e
M
ilk
y
W
ay
h
as
b
een
k
n
ow
n
sin
ce
an
cien
t
tim
es
as
a
b
an
d
of
ligh
t

stretch
in
g
across
th
e
sk
y.
W
e
n
ow
recogn
ize
th
e
M
ilk
y
W
ay
as
th
e
galax
y
of
stars

in
w
h
ich
w
e
live,
w
ith
a
large
collection
of
stars,
in
clu
d
in
g
o
u
r
su
n
,
arran
ged
in
a

gian
t
d
isk
.
S
in
ce
th
e
in
d
iv
id
u
al
stars
a
re
m
ostly
to
o
sm
all
for
ou
r
ey
es
to
resolve,
w
e

ob
serv
e
th
e
collectiv
e
ligh
t
from
th
ese
stars,
con
cen
trated
in
th
e
p
lan
e
o
f
th
e
d
isk
.

T
h
e
id
ea
th
at
th
e
M
ilk
y
W
ay
is
actu
ally
a
d
isk
of
stars
w
as
p
rop
osed
b
y

(i)
C
lau
d
iu
s
P
tolem
y,
in
th
e
2n
d
cen
tu
ry
A
D
.

(ii)
J
oh
an
n
es
K
ep
ler,
in
1610.

(iii)
Isaac
N
ew
ton
,
in
1
695.

(iv
)
T
h
om
as
W
rig
h
t,
in
1750.

(v
)
Im
m
an
u
el
K
an
t,
in
1
7
5
5
.

8
.2
8
6
Q
U
IZ
1
R
E
V
IE
W

P
R
O
B
L
E
M

S
O
L
U
T
IO
N
S
,
F
A
L
L
2
0
1
8

p
.
7
0

(v
i)
E
d
w
in
H
u
b
b
le,
in
19
2
3.

(b
)
(5
poin
ts)
O
n
ce
it
w
as
recogn
ized
th
at
w
e
live
in
a
g
alax
y,
it
w
a
s
in
itia
lly
assu
m
ed

th
at
ou
rs
w
as
th
e
o
n
ly
galax
y.
T
h
e
su
ggestion
th
a
t
som
e
of
th
e
p
atch
es
of
ligh
t

k
n
ow
n
as
n
eb
u
lae
m
igh
t
actu
ally
b
e
oth
er
ga
la
x
ies
lik
e
o
u
r
ow
n
w
a
s
m
a
d
e
b
y

(i)
C
lau
d
iu
s
P
tolem
y,
in
th
e
2n
d
cen
tu
ry
A
D
.

(ii)
J
oh
an
n
es
K
ep
ler,
in
1
6
10.

(iii)
Isaac
N
ew
ton
,
in
1
695
.

(iv
)
T
h
om
as
W
righ
t,
in
17
5
0.

(v
)
Im
m
an
u
el
K
an
t,
in
1
7
55.

(v
i)
E
d
w
in
H
u
b
b
le,
in
192
3
.

(c)
(5
poin
ts)
T
h
e
�
rst
�
rm
ev
id
en
ce
th
a
t
th
ere
is
m
ore
th
an
on
e
ga
lax
y
stem
m
ed
from

th
e
a
b
ility
to
ob
serve
th
e
A
n
d
ro
m
ed
a
N
eb
u
la
w
ith
h
ig
h
en
ou
gh
resolu
tio
n
to
d
istin
-

gu
ish
its
in
d
iv
id
u
al
stars.
In
p
articu
lar,
th
e
ob
servation
of
C
ep
h
eid
varia
b
le
sta
rs
in

A
n
d
rom
ed
a
allow
ed
a
d
istan
ce
estim
a
te
th
at
p
laced
it
w
ell
o
u
tsid
e
th
e
M
ilk
y
W
ay.

T
h
e
ob
servation
of
C
ep
h
eid
varia
b
le
sta
rs
in
A
n
d
ro
m
ed
a
w
as
�
rst
m
a
d
e
b
y

(i)
J
oh
an
n
es
K
ep
ler,
in
16
10.

(ii)
Isaac
N
ew
ton
,
in
1
6
95.

(iii
T
h
om
as
W
righ
t,
in
17
5
0.

(iv
)
Im
m
an
u
el
K
an
t,
in
175
5.

(v
)
H
en
rietta
S
w
an
L
eav
itt
an
d
H
arlow
S
h
ap
ley
in
191
5.

(v
i)
E
d
w
in
H
u
b
b
le,
in
1
9
23.

(d
)
(5
poin
ts)
T
h
e
�
rst
h
in
t
th
at
th
e
u
n
iv
erse
is
�
lled
w
ith
rad
iation
w
ith
an
e�
ectiv
e

tem
p
eratu
re
n
ear
3
K
,
alth
ou
gh
n
ot
recog
n
ized
a
t
th
e
tim
e,
w
as
an
ob
serva
tion
o
f

ab
sorp
tion
lin
es
in
cya
n
o
gen
(C
N
)
b
y
A
d
a
m
s
an
d
M
cK
ella
r
in
19
41.
T
h
ey
ob
serv
ed

d
ark
sp
ectral
lin
es
w
h
ich
th
ey
in
terp
reted
as
a
b
sorp
tio
n
b
y
th
e
cy
an
o
gen
of
ligh
t

com
in
g
from
th
e
star
b
eh
in
d
th
e
g
as
clou
d
.
E
x
p
lain
in
a
few
sen
ten
ces
h
ow
th
ese
ab
-

sorp
tion
lin
es
can
b
e
u
sed
to
m
ak
e
in
feren
ces
ab
ou
t
th
e
cosm
ic
b
ack
gro
u
n
d
rad
iation

b
ath
in
g
th
e
cyan
ogen
gas
clou
d
.

A
n
sw
er:

W
h
en
an
atom
ab
so
rb
s
a
p
h
o
to
n
,
it
is
ex
cited
fro
m
its
in
itial
state
to
so
m
e

�
n
al
state,
an
d
th
e
en
ergy
of
th
e
p
h
o
to
n
m
u
st
m
atch
th
e
en
ergy
d
i�
eren
ce
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b
etw
en
th
e
tw
o
states.
O
n
e
of
th
e
ob
serv
ed
cy
an
ogen
lin
es
w
as
asso
ciated

w
ith
a
tran
sition
startin
g
in
th
e
grou
n
d
state,
an
d
tw
o
oth
er
ob
serv
ed
lin
es

w
ere
a
sso
ciated
w
ith
tran
sition
s
startin
g
from
an
ex
cited
state.
B
y
com
p
ar-

in
g
th
e
in
ten
sities
of
th
ese
ab
sorp
tion
lin
es,
th
e
astron
om
ers
cou
ld
in
fer
th
e

relativ
e
ab
u
n
d
an
ce
of
grou
n
d
state
an
d
ex
cited
cy
an
ogen
m
olecu
les,
w
h
ich

in
tu
rn
allow
ed
th
em
to
in
fer
th
e
tem
p
eratu
re
of
th
e
gas
clou
d
.
T
h
ey
fou
n
d

a
tem
p
eratu
re
of
2.2
K
.

(e)
(5
poin
ts)
A
s
th
e
u
n
iv
erse
ex
p
a
n
d
s,
th
e
tem
p
era
tu
re
o
f
th
e
cosm
ic
m
icrow
ave
b
ack
-

g
ro
u
n
d

(i)
go
es
u
p
in
p
rop
o
rtion
to
th
e
scale
factor
a
(t).

(ii)
stay
s
con
stan
t.

(iii)
go
es
d
ow
n
in
p
rop
ortion
to
1
=
a
(t).

(iv
)
go
es
d
ow
n
in
p
rop
ortion
to
1
=
a
2(t).

(f)
(5
poin
ts)
W
h
en
H
u
b
b
le
m
easu
red
th
e
valu
e
of
h
is
con
stan
t,
h
e
fou
n
d
H
�
1�
100

m
illion
yea
rs,
2
b
illion
years,
1
0
b
illio
n
y
ears,
or
20
b
illion
y
ears?

(g)
(5
poin
ts)
E
x
p
lain
in
a
few
sen
ten
ces
w
h
at
is
m
ean
t
b
y
th
e
eq
u
ivalen
ce
p
rin
cip
le?

A
n
sw
er:

R
y
d
en
states
th
at
th
e
eq
u
ivalen
ce
p
rin
cip
le
is
th
e
fact
th
at
th
e
grav
itation
al

m
ass
of
an
y
ob
ject
is
eq
u
al
to
its
in
ertial
m
ass.
It
w
ou
ld
also
b
e
correct
to

say
th
at
th
e
grav
iation
al
m
ass
is
p
rop
ortion
al
to
th
e
in
ertial
m
ass.
(If
th
ey

are
p
rop
ortion
al,
th
ere
is
alw
ay
s
a
valu
e
of
G
w
h
ich
m
ak
es
th
em
eq
u
al.)

T
h
e
eq
u
ivalen
ce
p
rin
cip
le
can
also
b
e
d
escrib
ed
m
ore
gen
erally
b
y
say
in
g

th
at
g
rav
ity
is
eq
u
ivalen
t
to
acceleration
,
so
th
at
w
ith
in
a
sm
all
v
olu
m
e
th
e

e�
ects
of
g
rav
ity
ca
n
b
e
rem
ov
ed
b
y
d
escrib
in
g
th
e
sy
stem
in
an
acceleratin
g

co
ord
in
ate
sy
stem
.

P
R
O
B
L
E
M

2
4
:

O
B
S
E
R
V
IN
G

A

D
IS
T
A
N
T

G
A
L
A
X
Y

IN

A

M
A
T
T
E
R
-

D
O
M
IN
A
T
E
D

F
L
A
T
U
N
IV
E
R
S
E
(40
poin
ts)

S
u
p
p
ose
th
at
w
e
are
liv
in
g
in
a
m
atter-d
om
in
ated

at
u
n
iv
erse,
w
ith
a
scale
factor

giv
en
b
y

a
(t)
=
bt
2
=
3
;

w
h
ere
b
is
a
con
stan
t.
T
h
e
p
resen
t
tim
e
is
d
en
oted
b
y
t
0 .

(a)
(5
poin
ts)
If
w
e
m
easu
re
tim
e
in
secon
d
s,d
istan
ce
in
m
eters,an
d
co
ord
in
ate
d
istan
ces

in
n
otch
es,
w
h
at
are
th
e
u
n
its
of
b?
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R
O
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p
.
7
2

A
n
sw
er:

a
(t)
w
ou
ld
b
e
m
easu
red
in
m
eters/n
otch
,
an
d
t
w
ou
ld
b
e
m
ea
su
red
in
sec-

on
d
s.
S
o

[b]
=
[a
(t)]

[t] 2
=
3

=

m

n
o
tch
-s
2
=
3

:

(b
)
(5
poin
ts)
S
u
p
p
ose
th
at
w
e
ob
serv
e
a
d
istan
t
g
alax
y
w
h
ich
is
on
e
h
alf
of
a
\
H
u
b
b
le

len
gth
"
aw
ay,
w
h
ich
m
ea
n
s
th
a
t
th
e
p
h
y
sical
d
istan
ce
to
d
ay
is
`
p
=
12
cH
�
1

0

,
w
h
ere
c

is
th
e
sp
eed
o
f
ligh
t
an
d
H
0
is
th
e
p
resen
t
va
lu
e
of
th
e
H
u
b
b
le
ex
p
a
n
sion
ra
te.
W
h
a
t

is
th
e
p
rop
er
velo
city
v
p �
d
`
p
(t)

d
t

o
f
th
is
ga
la
x
y
relativ
e
to
u
s?

A
n
sw
er:

B
y
H
u
b
b
le's
law
,
th
e
v
elo
city
of
recession
is
eq
u
al
to
H
0
tim
es
th
e
p
h
y
sica
l

d
istan
ce,
so

v
p
=
H
0 �
12

cH
�
1

0 �
=

12
c
:

A
com
m
on
error
in
th
is
p
a
rt
w
a
s
to
u
se

H
0
=

_aa
=
23
bt �
1
=
3

0
bt
2
=
3

0

=

23
t
0

to
w
rite

`
p
=
34

ct
0
;

an
d
th
en
to
d
i�
eren
tia
te
th
is
ex
p
ressio
n
w
ith
resp
ect
to
t
0 ,
�
n
d
in
g
v
p

=

3
c=4.
T
h
e
p
rob
lem
w
ith
th
is
a
p
p
roach
is
th
a
t
it
a
ssu
m
es
th
at
th
e
relation

`
p

=

12
cH
�
1

h
old
s
fo
r
all
t,
so
th
at
on
e
can
d
i�
eren
tiate
it
to
�
n
d
th
e

velo
city.
B
u
t
an
o
b
ject
th
at
is
a
t
d
ista
n
ce
12
cH
�
1

d
o
es
n
o
t
rem
ain
at
a

d
istan
ce
12
cH
�
1
as
tim
e
p
rogresses.
It
is
th
e
co
o
rd
in
ate
d
istan
ce
`
c ,
a
n
d
n
ot

th
e
p
h
y
sical
d
istan
ce
m
ea
su
red
in
H
u
b
b
le
len
g
th
s,
th
at
rem
a
in
s
co
n
stan
t

as
th
e
u
n
iverse
ex
p
a
n
d
s.

(c)
(5
poin
ts)
W
h
at
is
th
e
co
o
rd
in
ate
d
ista
n
ce
`
c
b
etw
een
u
s
an
d
th
e
d
ista
n
t
g
alax
y
?

E
x
p
ress
y
ou
r
an
sw
er
in
term
s
o
f
b,
t
0 ,
an
d
c
(b
u
t
n
ot
H
0 ).
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.
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A
n
sw
er:

W
e
k
n
ow
th
at
`
p (t)
=
a
(t)`
c ,
so

`
c
=
`
p (t
0 )

a
(t
0 )
=

c

2
bH
0 t
2
=
3

0

:

T
o
elim
in
a
te
H
0 ,
w
h
ich
is
n
ot
allow
ed
in
th
e
a
n
sw
er,
w
e
can
u
se

H
0
=

1
a
(t
0 )

d
a
(t
0 )

d
t
0

=

1
bt
2
=
3

0

�
23

bt �
1
=
3

0

�
=

23
t
0

:

In
sertin
g
th
e
resu
lt
in
to
th
e
lin
e
a
b
ove,

`
c
=
34
ct
1
=
3

0b

:

If
you
d
id
n
ot
an
sw
er
th
e
p
rev
iou
s
p
art,
y
ou
m
ay
still
co
n
tin
u
e
w
ith
th
e
follow
in
g
p
arts,

u
sin
g
th
e
sy
m
b
ol
`
c
for
th
e
co
ord
in
ate
d
istan
ce
to
th
e
galax
y.

(d
)
(5
poin
ts)
A
t
w
h
a
t
tim
e
t
e
w
as
th
e
ligh
t
th
at
w
e
are
n
ow
receiv
in
g
from
th
e
galax
y

em
itted
?

A
n
sw
er:

W
e
k
n
ow
th
at
th
e
co
ord
in
ate
v
elo
city
of
lig
h
t
is

d
xd

t
=

c
a
(t)
=

c
bt
2
=
3
:

W
e
ca
n
�
n
d
t
e
b
y
th
e
req
u
irem
en
t
th
at
th
e
co
ord
in
ate
d
istan
ce
th
at
ligh
t

trav
els
b
etw
een
t
e
an
d
t
0
m
u
st
b
e
eq
u
al
to
`
c
fou
n
d
in
p
art
(c):

Z
t
0

t
e

c
bt 02
=
3
d
t 0
=
34
ct
1
=
3

0b

:

In
tegratin
g,

3
cb ht
1
=
3

0

�
t
1
=
3

e i
=
34
ct
1
=
3

0b

:

W
ith
a
little
algeb
ra
w
e
see

t
1
=
3

e

=
34

t
1
=
3

0

=)

t
e
=
2764

t
0
:
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(e)
(5
poin
ts)
W
h
at
is
th
e
red
sh
ift
z
o
f
th
e
lig
h
t
th
at
w
e
are
n
ow
receiv
in
g
fro
m
th
e

d
istan
t
galax
y
?

A
n
sw
er:

T
h
e
red
sh
ift
is
related
to
th
e
scale
facto
r
b
y

1
+
z
=
a
(t
0 )

a
(t
e )
= �
t
0

t
e �

2
=
3

= �
642

7 �
2
=
3

=
169

;

so

z
=
79

:

(f)
(10
poin
ts)
C
on
sid
er
a
ligh
t
p
u
lse
th
at
leav
es
th
e
d
istan
t
galax
y
at
tim
e
t
e ,
as
cal-

cu
lated
in
p
art
(d
),
an
d
a
rriv
es
h
ere
at
th
e
p
resen
t
tim
e,
t
0 .
C
alcu
late
th
e
p
h
y
sica
l

d
istan
ce
r
p (t)
b
etw
een
th
e
lig
h
t
p
u
lse
a
n
d
u
s.
F
in
d
r
p (t)
as
a
fu
n
ction
of
t
for
a
ll
t

b
etw
een
t
e
an
d
t
0 .

A
n
sw
er:

W
e
�
rst
calcu
late
th
e
co
ord
in
ate
sep
aration
r
c (t)
b
etw
een
th
e
ligh
t
p
u
lse

an
d
u
s,
as
a
fu
n
ctio
n
of
t.
A
t
tim
e
t
e
it
is
eq
u
al
to
th
e
valu
e
of
`
c
fo
u
n
d
in

p
art
(c),
an
d
from
th
at
tim
e
on
w
a
rd
it
is
red
u
ced
b
y
th
e
co
ord
in
a
te
d
ista
n
ce

th
at
ligh
t
can
trav
el
b
etw
een
tim
es
t
e
a
n
d
t.
T
h
erefore,

r
c (t)
=
34
ct
1
=
3

0b

� Z
t

t
e

c
b
t 02
=
3
d
t 0

=
34
ct
1
=
3

0b

�
3
cb ht
1
=
3�
t
1
=
3

e i

=
34
ct
1
=
3

0b

�
3
cb �

t
1
=
3�
34

t
1
=
3

0 �

=
3
cb ht
1
=
3

0

�
t
1
=
3 i
:

T
h
e
p
h
y
sical
d
istan
ce
is
th
en

r
p (t)
=
bt
2
=
3
r
c (t)
=
3
c ht
1
=
3

0

t
2
=
3�
t i
=

3
ct "�
t
0t �
1
=
3�

1 #
:
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(g)
(5
poin
ts)
If
w
e
sen
d
a
rad
io
m
essage
n
ow
to
th
e
d
ista
n
t
galax
y,
at
w
h
at
tim
e
t
r
w
ill

it
b
e
receiv
ed
?

A
n
sw
er:

W
e
calcu
late
th
e
tim
e
t
r
b
y
w
h
ich
a
ligh
t
ray,
startin
g
at
t
0 ,
can
travel
a

co
ord
in
ate
d
istan
ce
eq
u
al
to
th
e
valu
e
w
e
fou
n
d
in
p
art
(c):

Z
t
r

t
0

c
b
t 02
=
3
d
t 0
=
`
c
=
34
ct
1
=
3

0b

:

In
tegratin
g,

3
cb ht
1
=
3

r

�
t
1
=
3

0 i
=
34
ct
1
=
3

0b

;

from
w
h
ich
w
e
�
n
dt

1
=
3

r

=
54

t
1
=
3

0

=)

t
r
=
125

64
t
0
:


