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8
.2
8
6
C
la
s
s
1
5

O
c
to
b
e
r
3
1
,
2
0
2
2

B
L
A
C
K
-
B
O
D
Y
R
A
D
I
A
T
I
O
N

A
N
D

T
H
E
E
A
R
L
Y
H
I
S
T
O
R
Y
O
F

T
H
E
U
N
I
V
E
R
S
E
,
P
A
R
T
2

P
R
O
B
L
E
M

3
:

T
H
E

C
R
U
N
C
H

O
F

A

C
L
O
S
E
D
,

M
A
T
T
E
R
-

D
O
M
IN
A
T
E
D

U
N
IV
E
R
S
E
(25
poin
ts)

T
his
is
P
roblem

5.7
(P
roblem

6.5
in
the
�
rst
ed
ition
)
from

B
arbara
R
yden's

In
tr
o
d
u
c
tio
n
to
C
o
sm
o
lo
g
y
,
w
ith
som
e
paraphra
sin
g
to
m
ake
it
con
sisten
t

w
ith
the
lan
gu
age
u
sed
in
lectu
re.

C
on
sid
er
a
closed
u
n
iverse
con
tain
in
g
o
n
ly
n
on
relativ
istic
m
atter.
T
h
is
is
th
e

closed
u
n
iverse
d
iscu
ssed
in
L
ectu
re
N
otes
4
,
an
d
it
is
also
th
e
\B
ig
C
ru
n
ch
"

m
o
d
eld
iscu
ssed
in
R
y
d
en
's
section
S
ection
5.4.1
(S
ection
6.1
in
th
e
�
rst
ed
ition
).

A
t
som
e
tim
e
d
u
rin
g
th
e
con
tractin
g
p
h
ase
(i.e.,
w
h
en
�
>
�
),
an
astron
om
er

n
am
ed
E
lb
b
u
h
N
iw
d
e
d
iscovers
th
at
n
earb
y
g
alax
ies
h
ave
b
lu
esh
ifts
(�
1
�
z
<

0)
p
rop
ortion
al
to
th
eir
d
ista
n
ce.
H
e
th
en
m
ea
su
res
th
e
p
resen
t
valu
es
of
th
e

H
u
b
b
le
ex
p
an
sion
rate,
H
0 ,
an
d
th
e
m
a
ss
d
en
sity
p
aram
eter,


0 .
H
e
�
n
d
s,

of
cou
rse,
th
at
H
0

<
0
(b
ecau
se
h
e
is
in
th
e
con
tractin
g
p
h
ase)
an
d


0

>
1

(b
ecau
se
th
e
u
n
iv
erse
is
clo
sed
).
In
te
rm
s
o
f
H
0

a
n
d


0 ,
h
o
w
lo
n
g
a
tim
e

w
ill
e
la
p
se
b
e
tw
e
e
n
D
r.
N
iw
d
e
's
o
b
se
rv
a
tio
n
a
t
t
=
t
0

a
n
d
th
e
�
n
a
l

B
ig
C
ru
n
ch
a
t
t
=
t
C

r
u
n
c
h

=
2
�
�
=
c
?
A
ssu
m
in
g
th
at
D
r.
N
iw
d
e
is
ab
le
to

ob
serve
all
ob
jects
w
ith
in
h
is
h
orizon
,
w
h
a
t
is
th
e
m
o
st
b
lu
e
sh
ifte
d
(i.e
.,

m
o
st
n
e
g
a
tiv
e
)
v
a
lu
e
o
f
z
th
a
t
D
r.
N
iw
d
e
is
a
b
le
to
se
e
?
W
h
a
t
is
th
e

lo
o
k
b
a
ck
tim
e
to
a
n
o
b
je
c
t
w
ith
th
is
b
lu
e
sh
ift?
(B
y
lo
ok
b
ack
tim
e,
on
e

m
ean
s
th
e
d
i�
eren
ce
b
etw
een
th
e
tim
e
of
o
b
serva
tion
t
0
an
d
th
e
tim
e
at
w
h
ich

th
e
lig
h
t
w
as
em
itted
.)

R
e
v
ie
w
fro
m

th
e
p
re
v
io
u
s
le
c
tu
re

R
a
d
ia
tio
n
I
n
A
n
E
x
p
a
nd
ing
U
nive
rse

A
s
th
e
u
n
iv
erse
ex
p
an
d
s,

n


/

1
a
3(t)
;
�
/

1
a
(t)
;
E


=
h
�

=
)

u


/

�


/

1
a
4(t)
;

w
h
ere
n


=
n
u
m
b
er
d
en
sity
of
p
h
oton
s,
�
=
freq
u
en
cy
of
an
y
on
e
p
h
oton
,

E


=
en
ergy
o
f
an
y
on
e
p
h
oton
,
an
d
u


an
d
�


are
th
e
en
ergy
d
en
sity
a
n
d

m
ass
d
en
sity
of
p
h
oton
s,
resp
ectiv
ely.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
1
{

R
e
v
ie
w
fro
m

th
e
p
re
v
io
u
s
le
c
tu
re

T
h
e
R
a
d
ia
tio
n
D
o
m
ina
te
d
E
ra

R
ad
iation
en
ergy
d
en
sity
to
d
ay
(in
clu
d
in
g
p
h
o
ton
s
an
d
n
eu
trin
os):

u
r

=
7
:01
�
10
�

1
4
J/
m
3
;

�
r

=
u
r =
c
2
=
7
:80
�
10
�

3
4
g/cm
3

:

T
otal
m
ass
d
en
sity
to
d
ay,
�
0 ,
is
eq
u
al,
to
w
ith
in
u
n
certain
ties
of
a
fraction
of
a

p
ercen
t,
to
th
e
critical
d
en
sity,

�
c
=
3
H
20

8
�
G
=
1
:88
h
20

�
10
�

2
9
g/cm
3
;

w
h
ere

H
0
=
10
0
h
0
k
m
-s
�

1-M
p
c
�

1
;

h
0
�
0
:67

;

w
h
ich
gives
th
e
p
resen
t
valu
e
of


r

a
s


r

�
9
:2
�
10
�

5
.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
t
ts
In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
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s
s
1
5
,
O
c
to
b
e
r
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1
,
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0
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2
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R
e
v
ie
w
fro
m

th
e
p
re
v
io
u
s
le
c
tu
re

S
in
ce
�
r

/

1
=
a
4(t),
w
h
ile
�
m

/
1
=
a
3(t).

�
m

=
m
ass
d
en
sity
o
f
n
on
relativ
istic
m
atter:
b
ary
on
ic
m
atter
p
lu
s
d
ark
m
atter.

It
follow
s
th
at

�
r =
�
m

/

1
=
a
(t)
:

T
o
d
ay
�
m

�
0
:3
0
�
c .

C
arry
in
g
ou
t
th
e
calcu
lation
s,
w
e
fou
n
d
th
at
m
atter-rad
iation
eq
u
ality
o
ccu
rred

at

z
e
q
�
3200
;

an
d

t
e
q
=
5
:5
�
10
�

6
t
0
=
5
:5
�
10
�

6
�
13
:8
G
y
r
�

75
;000
years.

R
y
d
en
(p
.
96)
giv
es
50,000
years,
w
h
ich
is
m
ore
accu
rate.
W
e
h
ave
n
ot

yet
in
clu
d
ed
a
cosm
ological
con
stan
t,
an
d
w
e
treated
th
e
u
n
iv
erse
as

com
p
letely
m
atter-d
om
in
ated
ev
en
ju
st
after
t
e
q .

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
3
{

R
e
v
ie
w
fro
m

th
e
p
re
v
io
u
s
le
c
tu
re

D
y
na
m
ics
o
f
th
e
R
a
d
ia
tio
n-
D
o
m
ina
te
d
E
ra

�
/

1a
3

=
)

_�
=
�
3
_aa

�
;

�(t)
/

1
a
4(t)
=
)

_�
=
�
4
_aa

�
:

_�
a
nd
pre
ssure
p
:
(P
rob
lem
1,
P
rob
lem
S
et
7)

d
U
=
�
p
d
V

=
)

d
Ud

t
=
�
p
d
Vd

t

=

dd
t �a

3�
c
2 �
=
�
p
dd

t (a
3)

=
)

_�
=
�
3
_aa �

�
+

pc
2 �
:

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
t
ts
In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
4
{

R
e
v
ie
w
fro
m

th
e
p
re
v
io
u
s
le
c
tu
re

F
ried
m
an
n
eq
u
ation
s:

8>:
_aa 9>;
2

=
8
�3

G
�
�

k
c
2

a
2

�
m
atter-d
om
in
ated

u
n
iverse

�

�a
=
�
4
�3

G
�
a
;

_�
=
�
3
_aa

�

A
n
y
tw
o
of
th
e
ab
ove
eq
u
ation
s
im
p
lies
th
e
th
ird
.
S
o
th
ey
b
ecom
e
in
con
sisten
t

if

_�
=
�
3
_aa �

�
+

pc
2 �
:

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
5
{

R
e
v
ie
w
fro
m

th
e
p
re
v
io
u
s
le
c
tu
re

8>:
_aa 9>;
2

=
8
�3

G
�
�

k
c
2

a
2

;

�a
=
�
4
�3

G
�
a
;

_�
=
�
3
_aa

�
:

A
n
y
tw
o
of
th
e
ab
ove
eq
u
ation
s
im
p
lies
th
e
th
ird
.
S
o
th
ey
b
ecom
e
in
con
sisten
t

if

_�
=
�
3
_aa �

�
+

pc
2 �
:

S
o
,
if
w
e
b
elieve
th
e
eq
u
ation
fo
r
_�,
w
e
m
u
st
m
o
d
ify
on
e
of
th
e
tw
o
F
ried
m
a
n
n

eq
u
ation
s.
F
irst
ord
er
eq
u
ation
rep
resen
ts
con
servatio
n
of
en
ergy
:
p
ressu
re

d
o
es
n
ot
b
elon
g!

(P
ressu
res
can
ch
an
ge
su
d
d
en
ly,
as
w
h
en
d
y
n
am
ite

ex
p
lo
d
es,
so
it
d
o
es
n
o
t
m
ak
e
sen
se
to
h
ave
p
ressu
re
in
a
con
servation

eq
u
ation
.)
S
o
m
o
d
ify
th
e
2n
d
ord
er
eq
u
ation
,
d
eriv
in
g
it
from
th
e
�
rst

ord
er
eq
u
ation
an
d
th
e
_�
eq
u
ation
:

�a
=
�
4
�3

G �
�
+
3
pc

2 �
a
:

{
6
{
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S
um
m
a
ry
:

C
o
m
p
le
te
F
rie
d
m
a
nn
E
qua
tio
ns

a
nd
E
ne
rg
y
C
o
nse
rva
tio
n

8>:
_aa 9>;
2

=
8
�3

G
�
�

k
c
2

a
2

�a
=
�
4
�3

G �
�
+
3
pc

2 �
a

_�
=
�
3
_aa �

�
+

pc
2 �
:

T
h
e
item
s
in
red
are
n
ew
.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
7
{

D
y
na
m
ics
o
f
a
F
la
t

R
a
d
ia
tio
n-
d
o
m
ina
te
d
U
nive
rse

H
2

=
8
�
G3

�
;
�
/
1
=
a
4

=)

�
_aa �
2

=
con
st

a
4

:

T
h
en

a
d
a
=
p

con
st
d
t

=)

12
a
2

=
p

con
st
t
+
con
st
0

:

S
o,
settin
g
ou
r
clo
ck
s
so
th
at
con
st
0

=
0,

a
(t)/
p

t

(
at
rad
iation
-d
om
in
ated
)
:

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
t
ts
In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
8
{

H
(t)
=

_aa
=

12
t

(
at
rad
iation
-d
om
in
ated
)
:

`
p
;h
o
riz
o
n (t)
=
a
(t) Z

t
0

c
a
(t
0)
d
t
0

=

2
ct

(
at
rad
iation
-d
om
in
ated
)
:

H
2
=
8
�
G3

�

=
)

�
=

3

32
�
G
t
2

:

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
9
{

B
la
ck
B
o
d
y
R
a
d
ia
tio
n

If
a
cav
ity
is
carv
ed
ou
t
o
f

an
y
m
aterial,
an
d
th
e
w
a
lls

are
kep
t
at
a
u
n
iform
tem
-

p
eratu
re
T
,
th
en
th
e
cav
ity

w
ill
�
ll
w
ith
rad
iation
.

If
n
o

rad
iation

can

get

th
rou
gh
th
e
w
all,
th
en
th
e

en
ergy
d
en
sity
an
d
sp
ec-

tru
m
of
th
e
rad
iatio
n
is
d
eterm
in
ed
b
y
T
alo
n
e
|

th
e
m
aterial
of
th
e
w
a
ll

is
irrelevan
t.

T
h
e
rad
iation
is
k
n
ow
n
as
cav
ity
ra
d
iation
,
b
lack
-b
o
d
y
rad
iation
,
or

th
erm
al
rad
iation
.

It
can
b
e
th
ou
gh
t
o
f
sim
p
ly
a
s
ra
d
iation
at
tem
p
eratu
re
T
.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
t
ts
In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
1
0
{
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4.

W
h
y
I
s
I
t
C
a
lle
d
B
la
ck
-
B
o
d
y
?

A
b
la
ck
b
o
d
y
at
tem
p
eratu
re
T
in
em
p
ty
sp
ace
em
its
rad
iation
w
ith
ex
actly

th
is
in
ten
sity
an
d
sp
ectru
m
.

D
e�
n
ition
s:

�

A

black
ob
ject
ab
sorb
s
all
ligh
t
th
at
h
its
it;
n
on
e
is
re
ected
or

tran
sm
itted
.

�

R
e
ection
v
s.
em
ission
:
re
ection
is
im
m
ed
iate.
If
th
e
b
o
d
y
ab
sorb
s

rad
iation
an
d
em
its
it
later,
th
at
is
em
ission
.

E
q
u
ilib
riu
m
:
if
a
b
lack
b
o
d
y
w
ere
p
laced
in
th
e
cav
ity,
it
w
ou
ld
reach
an

eq
u
ilib
riu
m

in
w
h
ich
n
o
fu
rth
er
en
ergy
w
ou
ld
b
e
ex
ch
an
ged
.
T
h
e
b
o
d
y

w
ou
ld
b
e
at
th
e
sam
e
tem
p
eratu
re
T
as
th
e
b
ox
a
n
d
th
e
cav
ity
rad
iation
.

S
in
ce
th
e
b
lack
b
o
d
y
ab
sorb
s
all
th
e
rad
iation
th
at
h
its
it,
it
m
u
st
em
it

ex
actly
th
is
m
u
ch
rad
iation
.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
1
1
{

F
u
rth
erm
ore,
in
every
freq
u
en
cy
in
terva
l
th
e
b
lo
ck
m
u
st
em
it
ex
actly
as

m
u
ch
rad
iation
as
it
a
b
sorb
s.

O
th
erw
ise,
w
e
cou
ld
im
agin
e
su
rrou
n
d
in
g
th
e
b
o
d
y
b
y
a
�
lter
th
a
t

tran
sm
its
on
ly
in
th
is
freq
u
en
cy
in
terval,
an
d
o
th
erw
ise
re
ects.
If
th
e

em
ission
in
th
is
in
terval
d
id
n
ot
m
atch
th
e
a
b
orp
tion
,
th
e
b
o
d
y
w
ou
ld

th
en
b
ecom
e
h
otter
or
co
ld
er
th
an
T
,
w
h
ich
v
iolates
a
b
asic
p
rop
erty
o
f

th
erm
aleq
u
ilib
riu
m
|

on
ce
it
is
reach
ed
,
th
e
tem
p
eratu
re
w
ill
rem
ain

u
n
iform
,
u
n
less
en
ergy
is
ex
ch
an
ged
w
ith
som
e
ex
tern
al
m
ech
an
ism
.

S
in
ce
th
e
b
lack
b
o
d
y
re
ects
n
oth
in
g
,
a
ll
of
th
e
em
itted
rad
iation
is
th
erm
al

rad
iation
,
w
h
ich
w
ill
co
n
tin
u
e
even
if
th
e
b
o
d
y
is
ta
ken
ou
t
of
th
e
cav
ity.

T
h
u
s,
a
b
lack
b
o
d
y
a
t
tem
p
eratu
re
T
w
ill
em
it
w
ith
ex
actly
th
e
sam
e

in
ten
sity
an
d
sp
ectru
m
as
th
e
rad
iation
in
th
e
cav
ity.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
t
ts
In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
1
2
{

V
a
g
ue
D
e
scrip
tio
n
o
f
th
e

B
la
ck
-
B
o
d
y
R
a
d
ia
tio
n
C
a
lcula
tio
n

W
e
w
ill
leav
e
th
e
fu
ll
d
erivation
of
b
lack
-b
o
d
y
rad
iation
to
som
e
stat
m
ech

class.

B
u
t
h
ere
w
e
w
ill
su
m
m
arize
th
e
b
asic
id
eas.

P
re
lu
d
e
:
T
h
e
\e
quipa
rtition
th
e
ore
m
"
of
c
la
ssic
a
l
sta
t
m
e
ch
:
ea
ch
d
egree

of
freed
om
o
f
a
sy
stem
at
tem
p
eratu
re
T
acq
u
ires
a
m
ean
th
erm
alen
ergy
of

12
k
T
,
w
h
ere
k
=
B
oltzm
an
n
con
stan
t
=
8
:617
�
10
�

5
eV
/K
.
F
or
ex
am
p
le,
a

gas
of
sp
in
less
p
articles
h
as
3
d
egrees
of
freed
om
p
er
atom
:
th
e
x
,
y,
an
d
z

com
p
on
en
ts
of
velo
city.
In
th
erm
al
eq
u
ilb
riu
m
,
th
e
th
erm
al
en
ergy
is
32
k
T

p
er
p
article.
A
h
arm
on
ic
oscillator
h
as
2
d
egrees
of
freed
om
:
its
k
in
etic

an
d
p
oten
tial
en
ergies.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
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c
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8
.2
8
6
C
la
s
s
1
5
,
O
c
to
b
e
r
3
1
,
2
0
2
2

{
1
3
{

E
quipa
rtition
a
nd
th
e
e
le
ctrom
a
gne
tic
ra
d
ia
tion
:

�

Im
agin
e
d
escrib
in
g
th
e
electrom
agn
etic
�
eld
in
sid
e
a
rectan
gu
lar
b
ox
.

W
ith
re
ectin
g
b
o
u
n
d
ary
con
d
ition
s,
th
e
�
eld
can
b
e
d
escrib
ed
b
y

stan
d
in
g
w
aves,
each
w
ith
a
n
in
tegral
n
u
m
b
er
of
h
alf
w
avelen
gth
s
in

each
of
th
e
3
d
irection
s.

�

T
h
ere
are
2
p
ola
rization
s
(righ
t
an
d
left
circu
lar
p
olariza
tion
,
or
x
an
d

y
lin
ear
p
olarization
|
th
ese
are
tw
o
d
i�
eren
t
b
ases
for
th
e
sam
e
sp
ace

of
solu
tion
s;
an
y
p
o
larization
ca
n
b
e
w
ritten
as
a
su
p
erp
osition
of
left

an
d
righ
t
circu
la
r
p
o
larization
,
O
R

x
an
d
y
p
o
larization
;
eith
er
w
ay,

it
cou
n
ts
as
T
W
O
p
olarization
s).
E
ach
stan
d
in
g
w
ave,
w
ith
a
sp
eci�
ed

p
olarization
,
is
called
a
m
ode.
E
a
ch
m
o
d
e
is
2
d
egrees
of
freed
om
,lik
e

a
h
arm
on
ic
oscillator.

�

J
e
a
ns
C
a
ta
stroph
e
:
T
h
e
n
u
m
b
er
o
f
m
o
d
es
is
in
�
n
ite
,
sin
ce
th
ere
is

n
o
sh
ortest
w
avelen
gth
.
If
classical
p
h
y
sics
ap
p
lied
,
th
e
electrom
ag-

n
etic
�
eld
cou
ld
n
ev
er
rea
ch
th
erm
al
eq
u
ilib
riu
m
.
In
stead
,
it
w
o
u
ld

con
tin
u
e
to
ab
sorb
en
ergy,
ex
citin
g
sh
orter
an
d
sh
orter
w
avelen
gth

m
o
d
es.
It
w
ou
ld
b
e
an
in
�
n
ite
h
eat
sin
k
,
a
b
sorb
in
g
all
th
erm
alen
ergy.
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5.

Q
u
a
n
tu
m
T
h
e
ory
to
th
e
R
e
scue
:

�

C
lassically,
each
m
o
d
e
can
b
e
ex
cited
b
y
an
y
am
o
u
n
t.

�

Q
u
an
tu
m
m
ech
an
ically,
h
ow
ev
er,
a
h
arm
on
ic
oscillator
w
ith
freq
u
en
cy

�
can
on
ly
a
cq
u
ire
en
ergy
in
lu
m
p
s
of
size
h
�
.
F
or
th
e
E
&
M
�
eld
,
each

ex
citation
of
en
ergy
h
�
is
a
photon
.

�

F
or
m
o
d
es
for
w
h
ich
h
�
�

k
T
,
th
e
classical
p
h
y
sics
w
ork
s,
an
d
each

m
o
d
e
acq
u
ires
en
ergy
k
T
.
(N
ote:
L
ectu
re
N
otes
6
in
correctly
states

th
at
for
h
�
�

k
T
,
each
m
o
d
e
acq
u
ires
en
ergy
12
k
T
|

it's
really
k
T
,

w
ith
th
e
2
d
egrees
of
freed
om
of
a
h
arm
on
ic
oscillator.)

�

F
or
m
o
d
es
w
ith
h
�
�

k
T
,
th
e
ty
p
ical
en
ergy
availab
le
(�
k
T
)
is
m
u
ch

sm
aller
th
an
th
e
m
in
im
u
m
p
ossib
le
ex
citation
(h
�
).
T
h
ese
m
o
d
es
are

ex
cited
on
ly
v
ery
rarely.
T
h
e
Jean
s
catastrop
h
e
is
avoid
ed
,
an
d
th
e

total
en
ergy
d
en
sity
is
�
n
ite.
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u
th

M
a
s
s
a
c
h
u
s
e
tts

In
s
titu
te
o
f
T
e
c
h
n
o
lo
g
y

8
.2
8
6
C
la
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b
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B
la
ck
-
B
o
d
y
R
a
d
ia
tio
n:
R
e
sults

E
n
ergy
D
en
sity
:

u
=
g
�
2

30
(k
T
)
4

(�h
c)
3

;

w
h
ere

�h
=

h2
�
=
1
:055
�
10
�

2
7
erg-sec
=
6
:582
�
10
�

1
6
eV
-sec
;

an
d

g
=
2

(for
p
h
oton
s)
:
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e
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u
=
g
�
2

30
(k
T
)
4

(�h
c)
3

;

g
=
2

(for
p
h
oton
s)
:

T
h
e
factor
of
g
is
in
tro
d
u
ced
so
th
at
th
e
form
u
la
w
ill
b
e
reu
sab
le.
W
e
w
ill
so
on

b
e
talk
in
g
ab
ou
t
th
erm
al
rad
iation
of
oth
er
k
in
d
s
of
p
articles
(n
eu
trin
os,

e
+
e
�

p
airs,
an
d
m
ore!),
an
d
w
e'll
b
e
ab
le
to
u
se
th
e
sam
e
form
u
la,
w
ith

d
i�
eren
t
valu
es
of
g
.
V
ery
ecological.

F
or
p
h
oton
s,
g
=
2
b
ecau
se
th
e
p
h
oton
h
as
tw
o
p
olarization
s,
or
eq
u
ivalen
tly,

tw
o
sp
in
states.
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c
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la
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b
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,
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O
th
e
r
P
ro
p
e
rtie
s

P
r
e
s
s
u
r
e
:

p
=
13

u
:

N
u
m
b
e
r
D
e
n
s
ity
:

n
=
g
�

�
(3
)

�
2

(k
T
)
3

(�h
c)
3

;

w
h
ere
�(3)
is
th
e
R
iem
an
n
zeta
fu
n
ction
evalu
ated
at
3,

�(3)
=

11
3

+

12
3
+

13
3

+
���
�
1
:202
;

a
n
d

g
�

=
2

(for
p
h
oton
s)
:

{
1
8
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N
u
m
b
e
r
D
e
n
s
ity
:

n
=
g
�

�(3)
�
2

(k
T
)
3

(�h
c)
3

;

w
h
ere
�(3)
is
th
e
R
iem
an
n
zeta
fu
n
ction
evalu
ated
at
3
,

�(3)
=

11
3

+

12
3
+

13
3
+
�
�
�
�
1
:202
;

an
d

g
�

=
2

(for
p
h
oton
s)
:

g
�

is
u
sed
in
th
e
eq
u
ation
for
th
e
n
u
m
b
er
d
en
sity,
rath
er
th
an
g,
again
to

m
ax
im
ize
reu
sab
ility.
F
or
p
h
oton
s,
g
�

=

g,
b
u
t
th
at
w
on
't
b
e
tru
e
for
all

p
articles.A

la
n
G
u
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M
a
s
s
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c
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u
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c
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E
N
T
R
O
P
Y
!!

E
n
trop
y
is
often
d
escrib
ed
as
a
m
easu
re
o
f
th
e
\d
iso
rd
er"
of
th
e
state
o
f
a

p
h
y
sical
sy
stem
.
R
ou
gh
ly,
th
e
en
trop
y
of
a
sy
stem
is
k
tim
es
th
e
logarith
m

of
th
e
n
u
m
b
er
of
m
icroscop
ic
q
u
an
tu
m
states
th
at
are
con
sisten
t
w
ith
its

m
acroscrop
ically
ob
serv
ed
sta
te.

G
o
o
d
n
ew
s:
w
e
w
ill
n
o
t
re
a
lly
n
e
e
d
to
k
n
o
w
w
h
a
t
e
n
tro
p
y
m
e
a
n
s!

(W
e
w
ill
d
efer
to
som
e
stat
m
ech
class
to
m
ak
e
th
is
clear.)
H
ow
ever,
w
e

w
ill
m
ake
m
u
ch
u
se
of
th
e
fact
th
at,
as
lon
g
as
a
sy
stem
rem
ain
s
v
ery

close
to
th
erm
al
eq
u
ilib
riu
m
,
en
trop
y
is
con
served
.
W
h
en
d
ep
artu
res
from

th
erm
al
eq
u
ilib
riu
m
o
ccu
r,
th
e
en
trop
y
alw
ay
s
in
creases
(a
p
rin
cip
le
called

th
e
secon
d
law
of
th
erm
od
yn
am
ics).

In
ou
r
m
o
d
el
of
th
e
u
n
iverse,
a
h
u
ge
am
ou
n
t
of
en
trop
y
w
as
p
ro
d
u
ced
at

th
e
en
d
of
th
e
p
erio
d
of
in

atio
n
(to
b
e
d
iscu
ssed
later),b
u
t
th
e
su
b
seq
u
en
t

ex
p
an
sion
an
d
co
olin
g
of
th
e
u
n
iverse
h
ap
p
en
s
at
n
early
con
stan
t
en
trop
y.

O
n
ce
stars
form
,
en
trop
y
p
ro
d
u
ction
resu
m
es.
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b
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E
ntro
p
y
D
e
nsity
o
f
B
la
ck
-
B
o
d
y
R
a
d
ia
tio
n

T
h
e
en
trop
y
d
en
sity
s
of
b
lack
-b
o
d
y
rad
iation
is
giv
en
b
y

s
=
g
2
�
2

45

k
4T
3

(�h
c)
3

:

T
h
e
factor
of
g
th
at
ap
p
ears
h
ere
is
th
e
sam
e
g
th
at
o
ccu
rs
in
th
e
form
u
las
for

en
ergy
d
en
sity
an
d
p
ressu
re.
F
or
p
h
oton
s,
g
is
(still)
2.

N
ote
th
at
th
e
en
trop
y
d
en
sity,
like
th
e
n
u
m
b
er
d
en
sity,
is
p
rop
ortion
al
to
T
3.

T
h
u
s
th
e
ratio

sn
=

gg
�

3
:60157
k
:

F
or
th
e
b
lack
-b
o
d
y
rad
iation
of
p
h
oton
s,
en
trop
y
is
ju
st
an
oth
er
w
ay
to

cou
n
t
p
h
oton
s,
w
ith
3.6
k
u
n
its
of
en
trop
y
p
er
p
h
oton
.
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N
e
utrino
s
|
A
B
rie
f
H
isto
ry

In
1930,W
olfgan
g
P
a
u
li
p
rop
osed
th
e
ex
isten
ce
of
th
e
n
eu
trin
o
|
an
u
n
seen

p
article
th
at
h
e
th
eo
rized
to
ex
p
lain
h
ow
b
eta
d
ecay
(n
�
!

p
+
e
�

,
in
sid
e

a
n
u
cleu
s)
cou
ld
b
e
co
n
sisten
t
w
ith
en
ergy
con
servatio
n
.
(N
iels
B
oh
r,
b
y

con
trast,
p
rop
osed
th
at
en
ergy
con
servation
w
as
on
ly
valid
statistically.)

P
au
li
called
it
a
n
eu
tro
n
,
w
h
ile
th
e
p
article
th
at
w
e
k
n
ow
as
a
n
eu
tron
w
as

n
ot
d
iscovered
u
n
til
1932,
b
y
Jam
es
C
h
ad
w
ick
.

In
1934
E
n
rico
F
erm
i
d
ev
elop
ed
a
fu
ll
th
eory
of
b
eta
d
ecay,
an
d
gave
th
e

n
eu
trin
o
its
cu
rren
t
n
a
m
e
(\little
n
eu
tral
on
e").

T
h
e
n
eu
trin
o
w
as
n
ot
seen
ob
serva
tion
ally
u
n
til
1956
b
y
C
ly
d
e
C
ow
an
an
d

F
red
erick
R
ein
es
at
th
e
S
avan
n
ah
R
iver
n
u
clear
reactor.

C
ow
an
d
ied
in
1974
at
th
e
a
ge
of
54,
an
d
R
ein
es
w
as
aw
a
rd
ed
th
e
N
ob
el

P
rize
for
th
is
w
ork
in
1
99
5,
at
th
e
age
of
77.
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