
M
A
S
S
A
C
H
U
S
E
T
T
S
IN
S
T
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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

O
ctob
er
3,
2018

P
rof.
A
lan
G
u
th

Q
U
IZ
1

R
e
fo
rm
a
tte
d
to
R
e
m
o
v
e
B
la
n
k
P
a
g
e
s

P
lea
se
a
n
sw
er
all
q
u
estion
s
in
th
is
stap
led
b
o
ok
let.

P
R
O
B
L
E
M

1
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G
?
(30
poin
ts)

(a)
(5
poin
ts)
A
fter
telescop
es
b
ecam
e
availab
le,
m
ore
an
d
m
ore
ex
ten
d
ed
ob
jects
in

th
e
sk
y,
called
n
eb
u
lae,
w
ere
d
iscov
ered
,
b
u
t
th
ose
w
ere
th
ou
gh
t
as
m
em
b
ers
of
ou
r

galax
y.
W
h
o
is
th
e
p
erson
w
h
o
�
rst
p
rop
osed
th
at
som
e
of
th
e
n
eb
u
lae
are
galax
ies

like
o
u
r
ow
n
lo
cated
ou
tsid
e
ou
r
g
alax
y
?

(i)
Isaac
N
ew
ton

(ii)
Im
m
an
u
el
K
an
t

(iii)
E
d
w
in
H
u
b
b
le

(iv
)
A
lb
ert
E
in
stein

(b
)
(5
poin
ts)
B
efore
1923,
q
u
estion
s
of
th
e
n
atu
re
of
th
e
sp
iral
an
d
ellip
tical
n
eb
u
lae

cou
ld
n
ot
b
e
settled
w
ith
ou
t
som
e
reliab
le
m
eth
o
d
o
f
d
eterm
in
in
g
h
ow
far
aw
ay
th
ey

are.
In
1923,
E
d
w
in
H
u
b
b
le
w
as
for
th
e
�
rst
tim
e
a
b
le
to
resolv
e
th
e
A
n
d
rom
ed
a

N
eb
u
la
(galax
y
)
in
to
sep
arate
stars
an
d
estim
ated
th
e
d
istan
ce
to
th
e
A
n
d
rom
ed
a

N
eb
u
la
.
W
h
a
t
o
b
servation
al
q
u
an
tity
d
id
h
e
m
easu
re
to
estim
ate
th
e
d
istan
ce?

(i)
th
e
rad
ial
v
elo
city
of
in
d
iv
id
u
al
stars
in
th
e
A
d
rom
ed
a
N
eb
u
la

(ii)
th
e
rad
ial
v
elo
city
of
th
e
A
n
d
rom
ed
a
N
eb
u
la
itself

(iii)
th
e
p
erio
d
s
of
variation
of
a
class
of
stars
in
th
e
A
n
d
rom
ed
a
N
eb
u
la

(iv
)
th
e
p
arallax
of
b
righ
t
stars
in
th
e
A
d
rom
ed
a
N
eb
u
la

|

P
ro
b
le
m

1
co
n
tin
u
e
s
o
n
n
e
x
t
p
a
g
e
.
|
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(c)
(5
poin
ts)
In
1917,
a
year
a
fter
th
e
com
p
letion
of
E
in
stein
's
gen
eral
th
eory
o
f
rel-

ativ
ity,

lo
oked
sp
eci�
cally
for
a
solu
tion
th
at
w
o
u
ld
b
e
h
om
og
en
eou
s,

isotrop
ic,
an
d
static,
an
d
th
u
s
w
as
fo
rced
to
m
u
tilate
th
e
eq
u
atio
n
s
b
y
in
tro
d
u
cin
g

a
term
,
th
e
so-called
cosm
o
logica
l
con
sta
n
t.
In
th
e
sa
m
e
year,
an
oth
er
solu
tion
of

th
e
m
o
d
i�
ed
th
eory
w
as
fou
n
d
b
y
th
e
D
u
tch
astron
om
er

.
A
lth
o
u
g
h
th
is

solu
tion
ap
p
eared
to
b
e
sta
tic,
it
h
ad
th
e
rem
arka
b
le
p
rop
erty
o
f
p
red
ictin
g
a
red
-

sh
ift
p
rop
ortion
al
to
th
e
d
ista
n
ce.
In
1
922
,
th
e
g
en
eral
h
om
o
gen
eo
u
s
an
d
isotrop
ic

solu
tion
of
th
e
origin
al
E
in
stein
eq
u
ation
s
w
a
s
fo
u
n
d
b
y
th
e
R
u
ssian
m
a
th
em
ati-

cian

,
w
h
ich
p
rov
id
es
a
m
ath
em
atica
l
b
ack
gro
u
n
d
fo
r
th
e
m
o
st
m
o
d
ern

cosm
ological
th
eories.
W
h
ich
is
th
e
righ
t
a
n
sw
er
to
�
ll
in
th
e
b
la
n
k
s
in
tu
rn
?

(i)
F
ried
m
an
n
|

E
in
stein
|

d
e
S
itter

(ii)
F
ried
m
an
n
|

d
e
S
itter
|

E
in
stein

(iii)
E
in
stein
|

F
ried
m
an
n
|

d
e
S
itter

(iv
)
E
in
stein
|

d
e
S
itter
|

F
ried
m
an
n

(v
)
d
e
S
itter
|

E
in
stein
|

F
ried
m
an
n

(v
i)
d
e
S
itter
|

F
ried
m
an
n
|

E
in
stein

(d
)
(5
poin
ts)
A
fter
rad
io
n
o
ises
w
ith
th
e
eq
u
iva
len
t
tem
p
eratu
re
of
ab
ou
t
3.5
Æ

K
w
ere

d
etected
,
P
en
zias,
W
ilso
n
,
D
icke,
P
eeb
les,
R
oll,
a
n
d
W
ilk
in
son
d
ecid
ed
to
p
u
b
lish
a

p
air
of
com
p
an
ion
letters
in
th
e
A
strop
h
y
sical
J
o
u
rn
a
l,
in
w
h
ich
P
en
zias
an
d
W
ilson

w
ou
ld
an
n
ou
n
ce
th
eir
ob
servation
s,
an
d
D
icke,
P
eeb
les,
R
oll,
a
n
d
W
ilk
in
son
w
o
u
ld

ex
p
lain
th
e
cosm
ologica
l
in
terp
retation
.
W
h
at
is
th
e
title
of
th
e
p
ap
er
w
ritten
b
y

P
en
zias
an
d
W
ilson
?

(i)
\
A
M
easu
rem
en
t
of
E
x
cess
A
n
ten
n
a
T
em
p
eratu
re
a
t
4
,08
0
M
c/s"

(ii)
\C
osm
ic
B
lack
-B
o
d
y
R
ad
iation
"

(iii)
\O
rigin
of
th
e
M
icrow
ave
R
ad
io
B
a
ck
gro
u
n
d
"

(iv
)
\T
h
ree
D
egrees
A
b
ove
Z
ero:
B
ell
L
ab
s
in
th
e
In
form
ation
A
ge"

|

P
ro
b
le
m

1
co
n
tin
u
e
s
o
n
n
e
x
t
p
a
g
e
.
|
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(e)
(5
poin
ts)
T
h
e
u
n
iv
erse
con
tain
s
d
i�
eren
t
ty
p
es
of
p
articles.
W
h
ich
of
th
e
follow
in
g

statem
en
ts
is
N
O
T
tru
e?

(i)
A
b
ary
on
is
d
e�
n
ed
as
a
p
article
m
ad
e
of
th
ree
q
u
ark
s.

(ii)
E
lectron
s
a
n
d
n
eu
trin
os
are
lep
ton
s.

(iii)
T
h
ere
are
th
ree
ty
p
es
of
n
eu
trin
os
a
n
d
th
ey
all
h
av
e
zero
ch
arge.

(iv
)
T
h
e
com
p
on
en
t
of
th
e
u
n
iverse
m
ad
e
of
ion
s,
atom
s,
an
d
m
olecu
les
is
gen
erally

referred
to
as
b
ary
o
n
ic
m
a
tter,
sin
ce
o
n
ly
th
e
b
a
ryon
s
(p
roton
s
an
d
n
eu
tron
s)

con
trib
u
te
sign
i�
can
tly
to
th
e
m
ass
d
en
sity.

(v
)
A
b
o
u
t
th
ree-fou
rth
s
of
th
e
b
ary
on
ic
m
atter
in
th
e
u
n
iv
erse
is
cu
rren
tly
in
th
e

form
of
h
eliu
m
.

(f)
(5
poin
ts)
If
on
e
averages
ov
er
su
Æ
cien
tly
large
scales,
th
e
u
n
iv
erse
ap
p
ears
to
b
e

h
om
ogen
eou
s
an
d
isotrop
ic.
H
ow
large
m
u
st
th
e
averagin
g
scale
b
e
b
efore
th
is
h
o-

m
ogen
eity
an
d
iso
tro
p
y
set
in
?*

(i)
10
0
0
M
p
c.
(1
M
p
c
=
1
0
6

p
c,
1
p
c
=
3
:086
�

1
0
1
6

m
=
3.262
ligh
t-year).

(ii)
100
M
p
c.

(iii)
1
M
p
c.

(iv
)
100
k
p
c
(1
k
p
c
=
1000
p
c).

(v
)
1
A
U
(1
A
U
=
1
:4
9
6
�

10
1
1

m
).

|

E
n
d
o
f
P
ro
b
le
m

1
.
|

*
T
h
is
q
u
estion
w
as
a
rep
lacem
en
t,
listed
on
a
sep
arate
sh
eet
w
h
en
th
e
q
u
iz
w
as

ad
m
in
istered
.
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P
R
O
B
L
E
M

2
:

L
IG
H
T

R
A
Y
S

T
R
A
V
E
L
IN
G

T
H
R
O
U
G
H

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)

C
on
sid
er
a

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

a
(t)
=
bt
2
=
3

;

w
h
ere
b
is
a
con
stan
t.
N
ow
con
sid
er
a
g
alax
y
G
in
th
is
u
n
iv
erse
w
h
ich
at
tim
e
t
1

em
its

tw
o
p
h
oton
s,
w
ith
an
an
gu
lar
sep
ara
tion
�
b
etw
een
th
eir
p
ath
s,
a
s
sh
ow
n
in
th
e
d
ia
gram
:

(a)
(10
poin
ts)
A
t
cosm
ic
tim
e
t
(for
t
>
t
1 ),
w
h
a
t
is
th
e
p
h
y
sical
d
ista
n
ce
`
1
;p
h
y
s (t)
o
f

each
o
f
th
ese
p
h
oton
s
fro
m
th
e
galax
y
G
?

(b
)
(5
poin
ts)
If
th
e
freq
u
en
cy
o
f
th
e
p
h
oton
s
w
as
�
1

w
h
en
th
ey
w
ere
em
itted
,
w
h
a
t
is

th
eir
freq
u
en
cy
�
(t)
at
cosm
ic
tim
e
t
(for
t
>
t
1 )?
�
(t)
sh
ou
ld
b
e
th
e
freq
u
en
cy
a
s
it

w
ou
ld
b
e
m
easu
red
b
y
a
co
m
ov
in
g
ob
serv
er,
i.e.
an
o
b
serv
er
at
rest
w
ith
resp
ect
to

th
e
m
atter
at
th
e
sam
e
lo
catio
n
.

(c)
(10
poin
ts)
W
h
at
is
th
e
p
h
y
sica
l
d
istan
ce
`
2
;p
h
y
s (t)
b
etw
een
th
e
tw
o
p
h
oto
n
s
at
tim
e

t
(for
t
>
t
1 )?

N
ow
con
sid
er
a
d
i�
eren
t
situ
a
tion
,
b
u
t
in
th
e
sam
e
u
n
iverse.
T
h
is
tim
e
w
e
con
sid
er
a

p
h
oton
th
at
travels
p
ast
th
e
g
alax
y
G
,
travelin
g
in
th
e
x
d
irection
,
in
th
e
x
-y
p
la
n
e,
as

sh
ow
n
in
th
e
d
iagram
b
elow
.
W
e
a
re
told
th
at
th
e
p
h
o
ton
crosses
th
e
y
a
x
is
at
tim
e
t
2 ,

an
d
at
th
at
tim
e
th
e
p
h
oton
is
a
p
h
y
sical
d
ista
n
ce
h
from
th
e
gala
x
y.
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(d
)
(10
poin
ts)
W
h
at
is
th
e
p
h
y
sical
d
istan
ce
`
3
;p
h
y
s (t)
b
etw
een
th
e
p
h
oton
an
d
th
e

galax
y
G
a
t
a
rb
itra
ry
tim
e
t,
w
h
ich
m
ig
h
t
b
e
earlier
or
later
th
an
t
2 ?

(e)
(5
poin
ts)
A
t
tim
e
t
2 ,
w
h
at
is
th
e
recession
al
sp
eed
d
`
3
;p
h
y
s (t)=
d
t
of
th
e
p
h
oton
from

th
e
galax
y.
H
in
t:
if
yo
u
a
re
clever,
th
is
can
b
e
d
on
e
w
ith
v
ery
little
calcu
lation
.

P
R
O
B
L
E
M

3
:
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

(30
poin
ts)

T
he
follow
in
g
problem
w
as
P
roblem
2,
Q
u
iz
1,
2000.
It
w
as
also
P
roblem
2
of
the
Q
u
iz

1
R
eview
P
roblem
s,
2018.

U
n
til
th
e
d
iscovery
of
th
e
cosm
ic
m
icrow
ave
b
ack
grou
n
d
,
th
e
stead
y
state
th
eory

w
a
s
co
n
sid
ered
a
v
ia
b
le
m
o
d
el
o
f
th
e
u
n
iverse.
A
s
th
e
n
am
e
su
ggests,
th
is
th
eory
is

b
ased
on
th
e
h
y
p
oth
esis
th
at
th
e
large-scale
p
rop
erties
of
th
e
u
n
iv
erse
d
o
n
ot
ch
an
ge

w
ith
tim
e.
T
h
e
ex
p
an
sion
of
th
e
u
n
iv
erse
w
as
an
estab
lish
ed
fact
w
h
en
th
e
stead
y
-state

th
eory
w
a
s
in
ven
ted
,
b
u
t
th
e
stead
y
-state
th
eory
recon
ciles
th
e
ex
p
an
sion
w
ith
a
stead
y
-

state
d
en
sity
o
f
m
atter
b
y
p
rop
osin
g
th
at
n
ew
m
atter
is
created
as
th
e
u
n
iv
erse
ex
p
an
d
s,

so
th
at
th
e
m
atter
d
en
sity
d
o
es
n
ot
fall.
L
ik
e
th
e
con
ven
tion
al
th
eory,
th
e
stead
y
-state

th
eory
d
escrib
es
a
h
om
ogen
eou
s,
isotrop
ic,
ex
p
an
d
in
g
u
n
iv
erse,
so
th
e
sam
e
com
ov
in
g

co
ord
in
ate
form
u
lation
can
b
e
u
sed
.

a)
(1
5
po
in
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
oth
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
oth
esis.

b
)
(1
5
poin
ts)
S
u
p
p
ose
th
at
th
e
m
ass
d
en
sity
o
f
th
e
u
n
iverse
is
�
0 ,
w
h
ich
of
cou
rse
d
o
es

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

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

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

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

if
you
correctly
an
sw
er
the
qu
estion
for
an
arbitrary
scale
factor
fu
n
ction
a
(t).]
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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
iverse

O
ctob
er
3,
20
18

P
rof.
A
lan
G
u
th

Q
U
IZ
1
F
O
R
M
U
L
A

S
H
E
E
T

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
on
relativ
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
s
e
r
v
e
d

�
e
m
it
t
e
d

=
a
(t
o
b
s
e
r
v
e
d )

a
(t
e
m
it
t
e
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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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
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