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

Q
u
iz
D
ate:
N
ovem
b
er
5,
2018

P
rof.
A
lan
G
u
th

Q
U
IZ
2

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

P
lease
an
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
?
(25
poin
ts)

(a)
(4
poin
ts)
W
h
ich
of
th
e
follow
in
g
statem
en
ts
ab
ou
t
d
eu
teriu
m
is
N
O
T
tru
e?
C
h
o
ose

o
n
e.

(i)
T
h
e
ab
u
n
d
an
ce
of
d
eu
teriu
m
in
th
e
u
n
iv
erse
ten
d
s
to
d
ecrease
w
ith
tim
e,
b
ecau
se

d
eu
teriu
m
is
v
ery
easily
d
estroyed
in
stars.

(ii)
T
h
e
m
ost
p
rom
isin
g
w
ay
to
�
n
d
th
e
p
rim
ord
ial
valu
e
of
d
eu
teriu
m
a
b
u
n
d
an
ce
is

to
lo
ok
at
th
e
sp
ectra
of
d
istan
t
q
u
asars
to
estim
ate
th
e
ab
u
n
d
an
ce
of
d
eu
teriu
m

w
ith
in
th
e
q
u
asar
itself.

(iii)
T
h
e
L
y
m
an
-�
tran
sition
in
d
eu
teriu
m
corresp
on
d
s
to
a
sligh
tly
d
i�
eren
t
w
ave-

len
gth
th
an
th
e
L
y
m
an
-�
tran
sition
in
h
y
d
rogen
.

(iv
)
D
eu
teriu
m

p
lay
s
an
im
p
ortan
t
role
in
form
in
g
h
eliu
m

in
th
e
early
u
n
iv
erse

m
ain
ly
b
y
p
ro
d
u
cin
g
tritiu
m
or
3H
e.

(b
)
(6
po
in
ts)
In
C
h
a
p
ter
5
o
f
T
he
F
irst
T
hree
M
in
u
tes,
S
teven
W
ein
b
erg
d
escrib
es
th
e

�
rst
th
ree
m
in
u
tes
o
f
th
e
h
istory
of
th
e
u
n
iv
erse.
C
h
o
ose
tw
o
correct
statem
en
ts

ab
ou
t
th
e
�
rst
th
ree
m
in
u
tes.
Y
o
u
ca
n
a
ssu
m
e
th
e
fra
ction
b
y
w
eigh
t
of
p
rim
ord
ial

h
eliu
m
is
26
p
ercen
t.
(3
p
oin
ts
for
each
righ
t
an
sw
er,
n
o
p
en
alty
for
gu
essin
g.)

(i)
W
h
en
th
e
tem
p
eratu
re
o
f
th
e
u
n
iv
erse
w
a
s
a
b
o
u
t
10
1
0

ÆK
(t�
1
sec),
n
eu
trin
os

an
d
a
n
tin
eu
trin
os
started
to
b
eh
ave
as
free
p
articles,
n
o
lon
ger
h
av
in
g
sign
i�
can
t

in
teraction
s
w
ith
electron
s,
p
ositron
s,
or
p
h
oton
s.

(ii)
A
fter
th
e
n
eu
trin
os
d
ecou
p
led
from
th
e
p
h
oton
s,
th
e
tem
p
eratu
re
of
th
e
n
eu
tri-

n
os
w
as
h
igh
er
th
an
th
at
of
th
e
p
h
oton
s
b
ecau
se
n
eu
trin
os
in
teracted
less
w
ith

oth
er
p
articles
a
s
th
e
u
n
iv
erse
ex
p
an
d
ed
.

(iii)
M
ost
of
th
e
atom
s
h
eav
ier
th
an
h
eliu
m
w
ere
m
ad
e
th
rou
gh
n
u
cleosy
n
th
esis
d
u
r-

in
g
th
e
�
rst
th
ree
m
in
u
tes,
a
n
d
th
is
is
w
h
y
w
e
call
th
is
p
erio
d
th
e
era
of
n
u
cle-

osy
n
th
esis.

(iv
)
A
fter
th
e
�
rst
th
ree
m
in
u
tes,
th
ere
w
ere
a
b
ou
t
7
tim
es
m
ore
p
roton
s
th
an
n
eu
-

tron
s,
an
d
th
e
ratio
of
p
roton
s
to
n
eu
tron
s
h
as
b
een
alm
ost
p
reserv
ed
u
n
til

to
d
ay.

(v
)
T
h
e
p
roton
s
an
d
n
eu
tron
s
b
ecam
e
d
ecou
p
led
from
th
e
p
h
oton
s
after
th
e
�
rst

th
ree
m
in
u
tes,
b
ecau
se
th
e
n
u
m
b
er
d
en
sities
of
p
roton
s
an
d
n
eu
tron
s
w
ere
d
e-

crea
sed
b
y
th
e
form
ation
o
f
h
eliu
m
,
an
d
so
th
eir
in
teraction
s
w
ith
p
h
oton
s
b
e-

cam
e
n
egligib
le.

(v
i)
T
h
e
o
b
serv
ed
a
b
u
n
d
a
n
ce
o
f
h
eliu
m
in
a
g
a
la
x
y
to
d
ay
is
m
u
ch
larger
th
an
th
e

ab
u
n
d
an
ce
of
p
rim
ord
ial
h
eliu
m
,
b
ecau
se
h
eliu
m
is
con
tin
u
ou
sly
form
ed
in
sid
e

stars
b
y
n
u
clear
fu
sion
.
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(c)
(4
poin
ts)
T
h
e
cosm
ic
m
icrow
ave
b
ack
grou
n
d
rad
iation
w
as
�
rst
d
iscov
ered
b
y
P
en
-

zias
an
d
W
ilson
in
1
96
4
.
H
ow
ever,
accord
in
g
to
C
h
ap
ter
6
o
f
T
h
e
F
irst
T
hree

M
in
u
tes,
a
team
at
th
e
M
IT
R
a
d
iation
L
ab
oratory
led
b
y
R
ob
ert
D
icke
w
as
ab
le
to

set
an
u
p
p
er
lim
it
on
an
y
isotrop
ic
ex
traterrestria
l
rad
ia
tion
b
ack
grou
n
d
,
sh
ow
in
g

th
at
th
e
eq
u
ivalen
t
tem
p
eratu
re
w
as
less
th
an
20
ÆK
at
w
av
elen
gth
s
of
1.0
0,
1.25,

an
d
1.50
cen
tim
eters.
T
h
is
m
easu
rem
en
t
w
a
s
m
ad
e
in
th
e

(i)
1
920s

(ii)
1
930
s

(iii)
1940
s

(iv
)
195
0s

(v
)
1960
s

(d
)
(5
poin
ts)
A
free
n
eu
tro
n
can
rad
ioactiv
ely
d
ecay
in
to
a
p
roto
n
,
p
lu
s
tw
o
oth
er

p
articles.
W
h
at
are
th
ese
p
articles?
G
ive
th
e
ch
arge,
b
ary
on
n
u
m
b
er,
an
d
lep
ton

n
u
m
b
er
for
each
o
f
th
ese
p
a
rticles,
v
erify
in
g
th
at
each
of
th
ese
q
u
a
n
tities
is
co
n
served

in
th
is
p
ro
cess.

(e)
(6
poin
ts)
In
C
h
ap
ter
8
o
f
R
y
d
en
's
In
trodu
ction
to
C
o
sm
o
logy,
sh
e
d
iscu
sses
th
ree

w
ay
s
to
m
easu
re
th
e
d
ark
m
atter
in
clu
sters.
G
iv
e
a
b
rief,
q
u
alita
tiv
e
d
escrip
tion
o
f

T
W
O
of
th
em
.
(If
y
ou
give
th
ree
d
escrip
tion
s,
o
n
ly
th
e
�
rst
tw
o
w
ill
b
e
gra
d
ed
!)
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P
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B
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E
V
O
L
U
T
IO
N

O
F

A

F
R
IE
D
M
A
N
N
{
R
O
B
E
R
T
S
O
N
{

W
A
L
K
E
R

U
N
IV
E
R
S
E
(2
0
poin
ts)

(a)
(10
poin
ts)
T
h
e
ev
olu
tion
of
a
h
om
ogen
eou
s
isotrop
ic
m
o
d
elof
th
e
u
n
iv
erse,
k
n
ow
n
as

a
F
ried
m
an
n
{R
ob
ertson
-W
alker
(F
R
W
)
u
n
iv
erse,
can
b
e
d
escrib
ed
b
y
th
e
follow
in
g

eq
u
ation
s:

�
_aa �
2

=
8
�3

G
��
k
c
2

a
2

;

(2.1)

�a
=
�
4
�3

G �
�
+
3
pc

2 �
a
;

(2.2)

an
d

_�
=
�
3
_aa �

�
+

pc
2 �
:

(2.3)

T
h
ese
eq
u
ation
s
are
n
ot
in
d
ep
en
d
en
t,
b
u
t
a
n
y
tw
o
can
in
fact
b
e
u
sed
to
d
eriv
e
th
e

th
ird
.
F
or
ex
am
p
le,
in
P
rob
lem
S
et
6,
y
ou
w
ere
ask
ed
to
u
se
E
q
s.
(2.1)
an
d
(2.3)
to

d
erive
E
q
.
(2.2).
H
ere
y
ou
are
ask
ed
to
sh
ow
th
at
E
q
s.
(2.1)
an
d
(2.2)
can
b
e
u
sed

to
d
eriv
e
E
q
.
(2.3).

(b
)
(6
po
in
ts)
If
th
e
u
n
iv
erse
w
ere

at,
ex
p
an
d
in
g,
an
d
�
lled
w
ith
a
m
aterial
for
w
h
ich

p
=
�
�
c
2

;

(2.4)

w
h
at
w
ou
ld
b
e
th
e
form
o
f
th
e
scale
factor
a
(t)?

(c)
(4
poin
ts)
In
th
e
u
n
iverse
d
escrib
ed
in
p
art
(b
),
su
p
p
ose
th
at,
at
t
=
0,
m
y
frien
d

B
ob
em
its
a
p
h
oton
in
m
y
d
irection
.
S
h
ow
th
at
if
B
ob
is
m
ore
th
an
a
certain
d
istan
ce

aw
ay
from
m
e
at
th
e
tim
e
of
em
ission
,
t
=
0,
th
en
th
e
p
h
oton
w
ill
n
ev
er
reach
m
e.

W
h
at
is
th
is
d
istan
ce?
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f
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b
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P
R
O
B
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3
:
E
V
O
L
U
T
IO
N
O
F
A
N
O
P
E
N
,
M
A
T
T
E
R
-D
O
M
IN
A
T
E
D
U
N
I-

V
E
R
S
E
(35
poin
ts)

T
he
follow
in
g
problem
w
as
P
ro
blem
2
o
n
P
ro
blem
S
et
4.

T
h
e
eq
u
ation
s
d
escrib
in
g
th
e
ev
olu
tio
n
o
f
an
op
en
,
m
atter-d
om
in
a
ted
u
n
iverse
w
ere

given
in
L
ectu
re
N
otes
4
as

ct
=
�
(sin
h
��
�)

an
d

ap�
=
�
(cosh
��
1)
;

w
h
ere
�
is
a
con
stan
t
w
ith
u
n
its
of
len
gth
.
T
h
e
follow
in
g
m
ath
em
a
tica
l
id
en
tities,
w
h
ich

y
ou
sh
ou
ld
k
n
ow
,
m
ay
also
p
rove
u
sefu
l
on
p
arts
(e)
an
d
(f):

sin
h
�
=
e
��
e
�

�

2

;

cosh
�
=
e
�
+
e
�

�

2

e
�
=
1
+

�1!
+
�
2

2
!
+
�
3

3
!
+
:::
:

(a)
(5
poin
ts)
F
in
d
th
e
H
u
b
b
le
ex
p
an
sion
ra
te
H

as
a
fu
n
ction
o
f
�
an
d
�.

(b
)
(5
poin
ts)
F
in
d
th
e
m
a
ss
d
en
sity
�
as
a
fu
n
ction
of
�
an
d
�.

(c)
(5
poin
ts)
F
in
d
th
e
m
a
ss
d
en
sity
p
a
ram
eter


a
s
a
fu
n
ction
o
f
�
an
d
�.

(d
)
(6
poin
ts)
F
in
d
th
e
p
h
y
sica
l
valu
e
o
f
th
e
h
orizon
d
ista
n
ce,
`
p
;
h
o
r
iz
o
n ,
as
a
fu
n
ctio
n
of

�
an
d
�.

(e)
(7
poin
ts)
F
or
v
ery
sm
a
ll
valu
es
of
t,
it
is
p
ossib
le
to
u
se
th
e
�
rst
n
o
n
zero
term
o
f
a

p
ow
er-series
ex
p
an
sion
to
ex
p
ress
�
as
a
fu
n
ction
of
t,
an
d
th
en
a
as
a
fu
n
ctio
n
o
f
t.

G
ive
th
e
ex
p
ression
for
a
(t)
in
th
is
ap
p
rox
im
ation
.
T
h
e
ap
p
rox
im
a
tion
w
ill
b
e
va
lid

for
t�
t
�.
E
stim
ate
th
e
va
lu
e
o
f
t
�.

(f)
(7
poin
ts)
E
ven
th
ou
gh
th
ese
eq
u
ation
s
d
escrib
e
an
o
p
en
u
n
iv
erse,
on
e
still
�
n
d
s
th
a
t



ap
p
roach
es
on
e
for
v
ery
early
tim
es.
F
o
r
t�
t
�

(w
h
ere
t
�

is
d
e�
n
ed
in
p
art
(e)),

th
e
q
u
an
tity
1�


b
eh
aves
as
a
p
ow
er
o
f
t.
F
in
d
th
e
ex
p
ressio
n
for
1�


in
th
is

ap
p
rox
im
ation
.
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4
:
R
A
D
IA
L
G
E
O
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E
S
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S
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A
C
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O
S
E
D
U
N
IV
E
R
S
E
(20
poin
ts)

A
s
sh
ow
n
in
th
e
form
u
la
sh
eets,
w
e
can
d
escrib
e
a
closed
u
n
iv
erse
b
y
ch
o
osin
g
k
=
1
,

an
d
th
en
u
sin
g
co
ord
in
ates
(t;r;�;�
),
w
ith
m
etric

d
s
2�
�
c
2
d
�
2

=
�
c
2
d
t
2

+
a
2(t) �
d
r
2

1�
r
2

+
r
2 �d
�
2

+
sin
2

�
d
�
2 � �
;

(4.1)

or
b
y
u
sin
g
co
o
rd
in
a
tes
(t; 
;�;�
),
w
ith
m
etric

d
s
2�
�
c
2

d
�
2�
�
c
2
d
t
2

+
a
2(t) �
d
 
2

+
sin
2

 �d
�
2

+
sin
2

�
d
�
2 �	
:

(4.2)

T
h
e
con
n
ection
b
etw
een
th
e
tw
o
co
ord
in
ate
sy
stem
s
is
giv
en
b
y

r
=
sin
 
:

(4.3)

T
h
e
gen
eral
sp
acetim
e
geo
d
esic
eq
u
ation
can
b
e
w
ritten
as

dd
� �
g
�
�
d
x
�

d
� �
=
12

(@
�
g
�
�
)
d
x
�

d
�

d
x
�

d
�

:

(4.4)

(a)
(7
poin
ts)
U
sin
g
th
e
co
ord
in
ates
(t; 
;�;�
)
an
d
th
e
m
etric
of
E
q
.
(4.2),
com
p
u
te

ex
p
licitly
th
e
geo
d
esic
eq
u
ation
for
�
=
 
.
B
y
\com
p
u
te
ex
p
licitly
",
I
m
ean
th
at

g
�
�
sh
o
u
ld
b
e
rep
la
ced
b
y
th
e
relevan
t
ex
p
ression
s
from
E
q
.
(4.2),
an
d
th
at
th
e
su
m
s

over
in
d
ices
sh
ou
ld
b
e
w
ritten
o
u
t,
in
clu
d
in
g
on
ly
th
e
n
on
zero
term
s.

(b
)
(7
poin
ts)
U
sin
g
in
stead
th
e
co
ord
in
ates
(t;r;�;�
),
com
p
u
te
ex
p
licitly
th
e
geo
d
esic

eq
u
ation
for
�
=
r.

(c)
(6
poin
ts)
A
re
th
e
resu
lts
from

p
arts
(a)
an
d
(b
)
b
oth
valid
,
or
is
on
e
valid
an
d

th
e
oth
er
n
ot?
If
y
ou
b
eliev
e
th
at
th
ey
are
b
oth
valid
,
u
se
E
q
.
(4.3)
to
sh
ow
th
at

th
ey
are
eq
u
ivalen
t.
If
you
b
eliev
e
th
at
on
ly
on
e
is
valid
,
state
w
h
ich
on
e
is
valid
,

an
d
ex
p
lain
w
h
y
th
e
oth
er
is
n
ot.
(4
p
oin
ts
w
ill
b
e
giv
en
for
sh
ow
in
g
th
e
correct

u
n
d
erstan
d
in
g
of
th
is
p
rob
lem
,
w
ith
2
p
oin
ts
allo
cated
to
com
p
letin
g
th
e
algeb
ra

n
eed
ed
to
d
em
on
strate
y
o
u
r
an
sw
er.)
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2
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0

3

3
5

4

2
0
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T
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S
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S
T
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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

Q
u
iz
D
ate:
N
ovem
b
er
5,
2018

P
rof.
A
lan
G
u
th

Q
U
IZ
2
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
relativ
istic,
ob
serv
er
m
ov
in
g)

z
= s
1
+
�

1�
�
�
1

(sp
ecial
relativ
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
actor:


�

1

p
1�
�
2

;

�
�
v
=
c

L
oren
tz-F
itzgerald
C
on
traction
F
actor:



R
elativ
ity
of
S
im
u
ltan
eity
:

T
railin
g
clo
ck
read
s
later
b
y
an
a
m
ou
n
t
�
`
0 =
c
.

E
n
ergy
-M
om
en
tu
m
F
ou
r-V
ecto
r:

p
�
= �
Ec
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