
Y
o
u
r
N
a
m

e

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

N
ovem
b
er
9,
2022

P
rof.
A
lan
G
u
th

Q
U
IZ
2

B
L
A
N
K

P
A
G
E
S
A
R
E
A
T

T
H
E
E
N
D

O
F
T
H
E
E
X
A
M
.

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

A
sk
if
y
ou
n
eed
ex
tra
p
ages,
b
u
t
w
e
ex
p
ect
th
at
y
ou
w
ill
n
ot.

C
losed
b
o
ok
,
n
o
calcu
lators,
n
o
in
tern
et.

F
orm
u
la
S
h
eet
w
ill
b
e
h
an
d
ed
ou
t
sep
arately.

W
e
in
ten
d
to
scan
th
e
q
u
izzes,
so
p
lease
w
rite
in
sid
e
th
e
m
argin
s,

an
d
if
you
u
se
a
p
en
cil,
w
rite
d
ark
ly.
T
h
an
k
s!

P
r
o
b
le
m

M

a
x
im

u
m

S
c
o
r
e

1

2
0

2

1
5

3

3
0

4

3
5

T
O
T
A
L

1
0
0

8
.2
8
6
Q
U
IZ
2
,
F
A
L
L
2
0
2
2

p
.
2

P
R
O
B
L
E
M

1
:
D
ID

Y
O
U

D
O

T
H
E
R
E
A
D
IN
G
?
(20
poin
ts)

S
tate
w
h
eth
er
each
of
th
e
fo
llow
in
g
statem
en
ts
is
tru
e
(T
)
or
false
(F
):

(a)
W
e
say
th
at
th
e
u
n
iv
erse
w
en
t
th
rou
gh
a
p
erio
d
w
h
ere
it
w
as
op
a
q
u
e
b
ecau
se
th
ere

w
ere
n
o
p
h
oton
s
at
th
at
tim
e;
th
ey
w
ere
created
la
ter.

T

or
F
.

(b
)
In
th
erm
al
eq
u
ilib
riu
m
th
e
n
u
m
b
er
of
an
y
ty
p
e
of
p
article,
w
h
ose
th
resh
o
ld
tem
p
er-

atu
re
is
b
elow
th
e
actu
a
l
tem
p
eratu
re
(i.e.,
for
w
h
ich
m
c
2

<
k
T
),
is
a
b
ou
t
eq
u
al
to

th
e
n
u
m
b
er
of
p
h
oton
s.

T

or
F
.

(c)
A
n
electron
an
d
a
p
ositron
can
collid
e
an
d
em
it
2
p
h
oton
s.

T

o
r
F
.

(d
)
B
aryon
n
u
m
b
er
is
n
ot
a
con
served
q
u
an
tity
in
th
e
ea
rly
U
n
iverse,
sin
ce
b
ary
on
s
are

n
ot
elem
en
tary
p
articles.

T

or
F
.

(e)
T
h
e
m
ost
lik
ely
ex
p
lan
a
tio
n
fo
r
th
e
ap
p
aren
t
p
red
om
in
an
ce
of
m
a
tter
ov
er
an
ti-

m
atter
in
th
e
U
n
iverse
to
d
ay
is
th
a
t
th
e
U
n
iv
erse
segregated
in
to
d
om
ain
s
of
alm
o
st

p
u
re
m
atter
an
d
a
lm
ost
p
u
re
an
ti-m
a
tter,
an
d
w
e
h
ap
p
en
to
liv
e
in
a
m
atter
d
om
ain
.

T

or
F
.

(f)
T
h
e
n
eu
tron
is
an
u
n
sta
b
le
p
article
an
d
can
d
ecay
in
to
a
p
ro
ton
,
an
electro
n
,
an
d

an
an
ti-n
eu
trin
o.

T

or
F
.

(g)
T
h
e
�
rst
p
articles
to
d
ecou
p
le
in
th
e
ea
rly
U
n
iv
erse
a
re
th
e
electron
s
b
eca
u
se
th
ey

are
th
e
ligh
test
elem
en
tary
p
articles.

T

o
r
F
.

(h
)
T
h
e
cu
rren
t
m
ass
d
en
sity
o
f
stars,
b
row
n
d
w
arfs,
a
n
d
stellar
rem
n
a
n
ts,
su
ch
as
w
h
ite

d
w
arfs,
n
eu
tron
stars,
an
d
b
lack
h
oles
is
less
th
a
n
0.5%
o
f
th
e
tota
l
m
a
ss
d
en
sity
o
f

th
e
u
n
iverse.

T

or
F
.

(i)
E
v
en
if
d
ark
m
atter
d
o
esn
't
a
b
sorb
,
em
it,
or
scatter
lig
h
t,
it
ca
n
still
a�
ect
th
e

tra
jectory
of
p
h
oton
s.

T

or
F
.

(j)
T
h
e
am
ou
n
ts
of
th
e
ligh
t
elem
en
ts
p
ro
d
u
ced
in
th
e
ea
rly
U
n
iv
erse
d
ep
en
d
o
n
th
e

n
u
m
b
er
of
n
eu
trin
o
sp
ecies.
(B
y
n
eu
trin
o
sp
ecies,
w
e
m
ean
electron
n
eu
trin
os,
m
u
on

n
eu
trin
os,
etc.)

T

or
F
.



8
.2
8
6
Q
U
IZ
2
,
F
A
L
L
2
0
2
2

p
.
3

P
R
O
B
L
E
M

2
:
A
r
e
a
s
o
n
th
e
S
u
r
fa
c
e
o
f
a
S
p
h
e
r
e
(1
5
poin
ts)

C
on
sid
er
th
e
su
rface
of
a
sp
h
ere
of
rad
iu
s
R
,
w
ith
a
m
etric
on
th
e
su
rface
giv
en
b
y

d
s
2

=
R
2(d
�
2
+
sin
2
�
d
�
2)
:

H
ere
�
a
n
d
�
are
th
e
u
su
al
p
olar
an
gles,
w
h
ere
�
is
m
easu
red
from
th
e
n
orth
p
ole,
an
d
�

in
creases
in
th
e
cou
n
terclo
ck
w
ise
d
irection
as
seen
from
ab
ove
th
e
n
orth
p
ole.

(a)
(5
poin
ts)
C
on
sid
er
th
e
th
ree-sid
ed
region
in
d
icated
in
F
ig.
(a)
ab
ov
e.
O
n
e
vertex
is

at
th
e
n
orth
p
ole,
w
h
ile
th
e
oth
er
tw
o
are
on
th
e
eq
u
ator,
at
th
e
�
valu
es
�
1

an
d
�
2 ,

w
ith
�
1

<
�
2

<
2
�
.
F
in
d
th
e
area
of
th
is
region
.
(Y
o
u
ca
n
�
n
d
it
b
y
in
tegration
,
or

b
y
relatin
g
it
to
an
area
th
at
y
o
u
k
n
ow
.)

(b
)
(10
poin
ts)
N
ow
con
sid
er
th
e
fou
r-sid
ed
region
sh
ow
n
in
F
ig.
(b
).
It
is
b
ou
n
d
ed
at

th
e
top
b
y
th
e
cu
rve
�
=
�
1 ,
at
th
e
b
ottom

b
y
�
=
�
2 ,
on
th
e
left
b
y
th
e
cu
rv
e

�
=
�
1 ,
a
n
d
on
th
e
righ
t
b
y
�
=
�
2 .
A
g
a
in
w
e
a
ssu
m
e
th
at
�
1

<
�
2

<
2
�
,
an
d
also

th
at
�
1

<
�
2

<
�
.
F
in
d
th
e
area
of
th
is
region
.
[C
u
riosity:
the
states
of
C
olorado

an
d
W
yom
in
g
have
bou
n
daries
described
exactly
in
this
w
ay.]

8
.2
8
6
Q
U
IZ
2
,
F
A
L
L
2
0
2
2

p
.
4

P
R
O
B
L
E
M

3
:

W

H
A
T

IF

T
H
E

P
A
R
T
IC
L
E
S

W

E
R
E

D
IF
F
E
R
E
N
T
?

(30

poin
ts)

Im
agin
e
a
�
ction
al
u
n
iverse
|

I
w
ill
call
it
N
a
rn
ia
|

w
h
ere
th
e
p
rin
cip
les
of
p
h
y
sics

are
th
e
sam
e
as
in
ou
r
w
orld
,
b
u
t
th
e
ty
p
es
of
p
articles
th
a
t
ex
ist,
a
n
d
th
ey
w
ay
in
w
h
ich

th
ey
in
teract,
are
d
i�
eren
t.
A
ssu
m
e
th
at
th
e
early
h
istory
of
N
arn
ia
is
essen
tially
th
e

sam
e
as
th
e
b
ig
b
an
g
p
ast
th
at
w
e
b
eliev
e
ou
r
u
n
iverse
u
n
d
erw
en
t,
ex
cep
t
fo
r
th
e
d
eta
ils

of
th
e
p
articles
an
d
th
eir
in
teractio
n
s.

In
p
articu
lar,
su
p
p
ose
th
a
t
in
N
arn
ia
th
ere
ex
ists
tw
o
sp
ecies
of
sp
in
-
12

ferm
io
n
s,
 
�

an
d
�
�

,
b
oth
w
ith
m
ass
m
1 .
S
p
in
-
12

m
ean
s
th
at
th
ere
are
tw
o
sp
in
states.
T
h
e
 
+

an
d

 
�

are
an
tip
articles
of
each
oth
er,
a
s
are
th
e
�
+

an
d
�
�

.
In
ad
d
itio
n
th
ere
a
re
p
h
oto
n
s,

w
ith
ex
actly
th
e
sam
e
p
rop
erties
as
in
ou
r
u
n
iv
erse.
F
in
a
lly,
th
ere
are
n
eu
trin
os,
w
h
ich

are
m
assless
an
d
left-h
an
d
ed
.
U
n
lik
e
ou
r
u
n
iv
erse,
in
N
arn
ia
th
ere
a
re
fou
r


av
ors
o
f

n
eu
trin
o:
�
e ,
�
�
,
�
� ,
an
d
�
�
.
T
h
ere
are
also
an
tin
eu
trin
os
��
e ,
��
�
,
��
� ,
a
n
d
��
�
.
N
o
o
th
er

p
articles
ex
ist.

(a)
(10
poin
ts)
W
h
en
k
T
�

m
1 c
2,
w
h
at
is
th
e
en
erg
y
d
en
sity
u
as
a
fu
n
ctio
n
o
f
th
e

tem
p
eratu
re
T
?
(H
ere
k
is
th
e
B
oltzm
a
n
n
con
stan
t,
an
d
c
is
th
e
sp
eed
o
f
ligh
t.)

(b
)
(5
poin
ts)
A
gain
w
h
en
k
T
�

m
1 c
2,
w
h
a
t
are
th
e
p
article
n
u
m
b
er
d
en
sities
n
 
+

 
�

,

n

 ,
an
d
n
� ?
H
ere
n
 
+

 
�

refers
to
th
e
to
tal
n
u
m
b
er
d
en
sity
o
f
 
+

a
n
d
 
�

p
articles,

n



is
th
e
n
u
m
b
er
d
en
sity
o
f
p
h
oton
s,
an
d
n
�

rep
resen
ts
th
e
total
n
u
m
b
er
d
en
sity
of

n
eu
trin
os
a
n
d
an
tin
eu
trin
o
s.

(c)
(15
poin
ts)
A
ssu
m
e,
a
s
w
e
d
o
for
ou
r
u
n
iv
erse,
th
a
t
at
h
igh
tem
p
era
tu
res
all
of

th
e
p
articles
w
ere
in
th
erm
al
eq
u
ilib
riu
m
.
U
n
lik
e
ou
r
u
n
iv
erse,
h
ow
ev
er,
in
N
arn
ia

th
e
p
h
oton
s
in
teract
v
ery
w
eak
ly.
A
s
th
e
tem
p
eratu
re
falls
b
elow
m
1 c
2=
k
,
a
n
d
th
e

 
�

an
d
�
�

p
articles
d
isa
p
p
ear
from
th
e
th
erm
a
l
eq
u
ilib
riu
m

ga
s,
th
e
p
h
oton
s
a
re

in
teractin
g
so
w
eak
ly
th
at
th
ey
ob
tain
n
on
e
o
f
th
e
en
ergy
or
en
trop
y
th
at
is
released

b
y
th
e
an
n
ih
ilatin
g
 
�

a
n
d
�
�

p
airs.
In
stead
,
all
o
f
th
e
en
erg
y
a
n
d
en
tro
p
y
go
es

in
to
h
eatin
g
th
e
n
eu
trin
o
s,
h
eatin
g
all
4
sp
ecies
eq
u
ally.
In
th
is
u
n
iv
erse,
a
fter
th
e

 
�

an
d
�
�

p
articles
h
ave
d
isap
p
ea
red
,
w
h
at
is
th
e
ratio
T
�
=
T

 ?



8
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8
6
Q
U
IZ
2
,
F
A
L
L
2
0
2
2

p
.
5

P
R
O
B
L
E
M

4
:
R
o
ta
tin
g
F
r
a
m
e
s
o
f
R
e
fe
r
e
n
c
e
(35
poin
ts)

T
h
is
p
roblem

w
as
on
Q
u
iz
2
o
f
2004,
an
d
this
year
it
w
as
P
roblem

15
in
the
R
eview

P
roblem
s
for
Q
u
iz
2.

In
th
is
p
rob
lem
w
e
w
ill
u
se
th
e
form
alism
of
gen
eral
relativ
ity
an
d
geo
d
esics
to
d
eriv
e

th
e
relativ
istic
d
escrip
tion
of
a
rotatin
g
fram
e
of
referen
ce.

T
h
e
p
rob
lem
w
ill
con
cern
th
e
con
seq
u
en
ces
of
th
e
m
etric

d
s
2

=
�
c
2
d
�
2
=
�
c
2
d
t
2
+ hd
r
2
+
r
2

(d
�
+
!
d
t)
2
+
d
z
2 i
;

(4.1)

w
h
ich
corresp
on
d
s
to
a
co
ord
in
ate
sy
stem

rotatin
g
ab
ou
t
th
e
z-ax
is,
w
h
ere
�
is
th
e

azim
u
th
al
a
n
gle
arou
n
d
th
e
z-ax
is.
T
h
e
co
ord
in
ates
h
ave
th
e
u
su
al
ran
ge
for
cy
lin
d
rical

co
ord
in
ates:
�
1

<
t
<
1

,
0
�

r
<
1

,
�
1

<
z
<
1

,
a
n
d
0
�

�
<
2
�
,
w
h
ere
�
=
2
�
is

id
en
ti�
ed
w
ith
�
=
0
.

E
X
T
R
A
IN
F
O
R
M
A
T
IO
N

T
o
w
ork
the
problem
,
you
do
n
ot
n
eed
to
kn
ow
a
n
ythin
g
abou
t
w
here
this
m
etric

ca
m
e
from
.
H
ow
ever,
it
m
ight
(or
m
ight
n
ot!)
help
you
r
in
tu
ition
to
kn
ow

that
E
q.
(4.1)
w
as
obtain
ed
by
startin
g
w
ith
a
M
in
kow
ski
m
etric
in
cylin
drical

coo
rd
in
a
tes
�t
,
�r,
��,
an
d
�z,

c
2
d
�
2
=
c
2
d
�t
2
� �d
�r
2
+
�r
2
d
��
2
+
d
�z
2 �
;

a
n
d
th
en
in
trodu
cin
g
n
ew
coord
in
a
tes
t,
r,
�
,
an
d
z
that
are
related
by

�t
=
t;

�r
=
r;

��
=
�
+
!
t;

�z
=
z
;

so
d
�t
=
d
t,
d
�r
=
d
r,
d
��
=
d
�
+
!
d
t,
a
n
d
d
�z
=
d
z.

(a)
(8
poin
ts)
T
h
e
m
etric
can
b
e
w
ritten
in
m
atrix
form
b
y
u
sin
g
th
e
stan
d
ard
d
e�
n
ition

d
s
2

=
�
c
2
d
�
2

�

g
�
�
d
x
�
d
x
�

;

w
h
ere
x
0

�

t,
x
1

�

r,
x
2

�

�
,
a
n
d
x
3

�

z.
T
h
en
,
for
ex
am
p
le,
g
1
1

(w
h
ich
can
also
b
e

called
g
r
r )
is
eq
u
al
to
1.
F
in
d
ex
p
licit
ex
p
ression
s
to
com
p
lete
th
e
list
o
f
th
e
n
on
zero

en
tries
in
th
e
m
a
trix
g
�
� :

g
1
1

�

g
r
r
=
1

g
0
0

�

g
tt
=
?

g
2
0

�

g
0
2

�

g
�
t
�

g
t�

=
?

g
2
2

�

g
�
�

=
?

g
3
3

�

g
z
z
=
?

(4.2)

|

P
ro
b
le
m

3
co
n
tin
u
e
s
o
n
th
e
n
e
x
t
p
a
g
e
.
|

8
.2
8
6
Q
U
IZ
2
,
F
A
L
L
2
0
2
2

p
.
6

If
y
ou
can
n
ot
an
sw
er
p
art
(a
),
y
ou
ca
n
in
tro
d
u
ce
u
n
sp
eci�
ed
fu
n
ction
s
f
1 (r),
f
2 (r),
f
3 (r),

an
d
f
4 (r),
w
ith

g
1
1

�

g
r
r
=
1

g
0
0

�

g
tt
=
f
1 (r)

g
2
0

�

g
0
2
�

g
�
t
�

g
t�

=
f
2 (r)

g
2
2

�

g
�
�

=
f
3 (r)

g
3
3

�

g
z
z
=
f
4 (r)
;

(4.3)

an
d
you
can
th
en
ex
p
ress
y
ou
r
an
sw
ers
to
th
e
su
b
seq
u
en
t
p
a
rts
in
term
s
of
th
ese
u
n
sp
ec-

i�
ed
fu
n
ction
s.

(b
)
(10
poin
ts)
U
sin
g
th
e
geo
d
esic
eq
u
ation
s
from
th
e
fron
t
o
f
th
e
q
u
iz,

dd
� �
g
�
�
d
x
�

d
� �
=
12

(@
�
g
�
�
)
d
x
�

d
�

d
x
�

d
�

;

ex
p
licitly
w
rite
th
e
eq
u
atio
n
th
at
resu
lts
w
h
en
th
e
free
in
d
ex
�
is
eq
u
al
to
1,
corre-

sp
on
d
in
g
to
th
e
co
ord
in
ate
r.
Y
ou
r
an
sw
er
sh
o
u
ld
h
ave
th
e
form

d
2r

d
�
2

=
:::
:

w
h
ere
:::
is
an
ex
p
ressio
n
w
ritten
in
term
s
of
r;!
;
d
�

d
�
;
an
d
d
t

d
�
.
A
n
y
d
erivativ
es
w
ith

resp
ect
to
th
e
co
ord
in
ates
t;r;�;
o
r
�
can
b
e
carried
ou
t,
so
th
e
o
n
ly
d
eriva
tives
th
a
t

ap
p
ear
in
you
r
eq
u
ation
sh
ou
ld
b
e
d
erivativ
es
w
ith
resp
ect
to
�
.

(c)
(7
poin
ts)
E
x
p
licitly
w
rite
th
e
eq
u
atio
n
th
a
t
resu
lts
w
h
en
th
e
free
in
d
ex
�
is
eq
u
a
l

to
2,
corresp
on
d
in
g
to
th
e
co
o
rd
in
ate
�
.
A
g
ain
,
y
ou
r
an
sw
er
sh
ou
ld
b
e
w
ritten
in

term
s
of
r;!
;
d
�

d
�
;
an
d
d
t

d
�
,
an
d
th
e
o
n
ly
d
erivatives
sh
o
u
ld
b
e
w
ith
resp
ect
to
�
.
It
is

okay
to
leave
ex
p
ression
s
su
ch
as

dd
� �
::: �

in
you
r
an
sw
er.

(d
)
(10
poin
ts)
U
se
th
e
m
etric
to
�
n
d
an
ex
p
ression
for
d
t=d
�
in
term
s
of
d
r=d
t,
d
�
=d
t,

an
d
d
z
=d
t.
T
h
e
ex
p
ressio
n
m
ay
a
lso
d
ep
en
d
o
n
th
e
con
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then
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lt
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to
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n
d
d
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�
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