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la
s
s
1
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v
e
m
b
e
r
7
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2
0
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B
L
A
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K
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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
4

A
nno
unce
m
e
nts:
Q
uiz
o
n
W
e
d
ne
sd
a
y

S
ee
w
eb
p
age
fo
r
fu
ll
in
form
ation
.

O
Æ
ce
h
ou
rs:

�

A
lan
:
to
d
ay,
5:15-6:15
p
m
,
R
o
om
8-320.

�

M
arian
n
e:
tom
orrow
,
4-5
p
m
in
R
o
om
6C
-442
(also
called

th
e
C
osm
an
R
o
om
).

T
im
e
an
d
P
lace:
T
h
e
q
u
iz
w
ill
b
e
d
u
rin
g
ou
r
regu
lar
class
tim
e

on
W
ed
n
esd
ay,
11:05
am
-
12:25
p
m
,
in
R
o
om
50-340
(W
alker

M
em
orial).
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s
s
a
c
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s
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c
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v
e
m
b
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R
e
v
ie
w
fro
m

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

T
h
e
R
e
a
l
S
to
ry
o
f
N
e
utrino
M
a
sse
s

W
e
h
ave
n
ot
yet
m
easu
red
th
e
m
ass
of
a
n
eu
trin
o,
b
u
t
w
e
h
ave
seen

n
eu
trin
os
\oscillate"
from
on
e


avor
to
an
oth
er:

�

E
lectron
n
eu
trin
os
from
th
e
S
u
n
arriv
e
at
E
arth
as
a
m
ix
tu
re
of
all

th
ree


avors.

�

N
eu
trin
os
p
ro
d
u
ced
b
y
cosm
ic
ray
s
in
th
e
u
p
p
er
atm
osp
h
ere
h
ave
b
een

fou
n
d
to
u
n
d
ergo
oscillation
s
on
th
eir
w
ay
to
g
rou
n
d
level.

�

N
eu
trin
os
p
ro
d
u
ced
b
y
reactors
an
d
a
ccelerators
h
ave
b
een
seen
to

oscillate.

O
scillation
s
req
u
ire
a
n
on
zero
m
ass:
essen
tially
b
ecau
se
a
m
assless
p
article

ex
p
erien
ces
an
in
�
n
ite
tim
e
d
ilation
,
so
tim
e
stop
s.

T
h
e
oscillation
s
m
easu
re
th
e
d
i�
eren
ces
of
th
e
sq
u
ares
of
th
e
m
asses.
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c
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m
b
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r
7
,
2
0
2
2

{
2
{

R
e
v
ie
w
fro
m

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

N
e
utrino
M
a
sse
s
a
nd
Q
ua
ntum
S
up
e
rp
o
sitio
ns

Q
u
an
tu
m
th
eory
allow
s
for
states
th
at
are
su
p
erp
osition
s
of
oth
er
states.

N
eu
trin
os
are
p
ro
d
u
ced
in
states
o
f
d
e�
n
ite


avor,
ca
lled
�
e ,
�
�
,
an
d
�
� .

(I.e.,
e
�

+
p�!
n
+
�
e ,
w
h
ile
�
�

+
p
lead
s
to
�
�
,
an
d
�
�

+
p
lead
s
to
�
� .)

B
u
t
th
ese
are
n
ot
states
o
f
d
e�
n
ite
m
ass!

T
h
e
states
of
d
e�
n
ite
m
ass
are
called
�
1 ,
�
2 ,
an
d
�
3 .

E
ach


avor
state
is
a
su
p
erp
osition
of
a
ll
th
ree
states
of
d
e�
n
ite
m
ass,
an
d

each
state
of
d
e�
n
ite
m
ass
is
a
su
p
erp
osition
o
f
all
th
ree


avor
states.

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
3
{



A
lan
G
u
th
,
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o
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a
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d
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e
E
a
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H
isto
ry
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f
th
e
U
n
iverse,
P
a
rt
4
,
8.286
C
la
ss
17,
N
ovem
b
er
7,
2
02
2,
p
.
2.

R
e
v
ie
w
fro
m

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

D
iffe
re
nce
s
o
f
S
qua
re
s
o
f
N
e
utrino
M
a
sse
s

A
s
of
2020,
th
e
P
article
D
ata
G
rou
p
rep
orts:

�
m
22

1
c
4
=
(7
:53�
0
:18)�
10
�

5
eV
2
;

�
m
23

2
c
4
= �
2
:546
+
0
:0
3
4

�

0
:0
4
0 �
�
10
�

3
eV
2
;

or

�
m
23

2
c
4
=
(2
:453�
0
:034)�
10
�

3
eV
2

;

w
h
ere
th
e
tw
o
op
tion
s
for
�
m
23

2

d
ep
en
d
on
assu
m
p
tion
s
ab
ou
t
th
e
ord
erin
g
of

th
e
m
asses.
N
ote
th
at p
�
m
22

1
c
4
=
8
:6
8�
10
�

3
eV
,
a
n
d p
�
m
23

2
c
4
=
0
:0505
eV

or
0.0495
eV
.
R
ecall
th
at
to
d
ay
k
T


=
2
:35�
10
�

4
eV
,
w
h
ich
is
m
u
ch
sm
aller.

A
la
n
G
u
th

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

8
.2
8
6
C
la
s
s
1
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
4
{

R
e
v
ie
w
fro
m

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

o
e
s
N
e
utrino
M
a
ss
A
ffe
ct

O
ur
C
a
lcula
tio
n
o
f
t
e
q
?

N
o!

W
e
w
rote

u
ra
d
;0
= "
2
+
214 �
411 �
4
=
3 #
�
2

3
0

(k
T


)
4

(�h
c)
3

=
7
:01�
10
�

1
4
J/
m
3

;

b
u
t
w
h
at
w
e
really
u
sed
w
as

u
r
a
d (t)
= "
2
+
214 �
411 �
4
=
3 #
�
2

30
(k
T

 )
4

(�h
c)
3 �
a
(t
0 )

a
(t) �

4

;

w
h
ich
is
valid
for
t
an
y
w
h
ere
n
ear
th
e
tim
e
t
e
q .
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8
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8
6
C
la
s
s
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7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
5
{

R
e
v
ie
w
fro
m

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

C
o
sm
o
lo
g
ica
l
B
o
und
o
n
th
e
S
um
o
f
�

M
a
sse
s

F
rom
cosm
ology
of
large-scale
stru
ctu
re,
w
e
k
n
ow
th
at
�

(m
1
+
m
2
+
m
3 )c
2�
0
:17
eV
.

W
h
y
?
B
ecau
se
n
eu
trin
os
\free-stream
"
easily
from
on
e
p
lace
to
an
oth
er.

If
th
ey
carried
to
o
m
u
ch
m
ass,
th
ey
w
ou
ld
even
ou
t
th
e
m
ass
d
en
sity
an
d

su
p
p
ress
large-scale
stru
ctu
re.

�S
.
R
.
C
h
o
u
d
h
u
ry
a
n
d
S
.
H
a
n
n
esta
d
,
J
C
A
P
2
0
2
0
,
N
o
.
7
,
0
3
7
(2
0
2
0
),
a
rX
iv
:1
9
0
7
.1
2
5
9
8
.
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6
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la
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s
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7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
6
{

R
e
v
ie
w
fro
m

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

N
e
utrino
M
a
ss
a
nd
S
p
in
S
ta
te
s

T
h
e
m
easu
rem
en
ts
o
f
th
e
m
ass
d
i�
eren
ces
im
p
ly
th
a
t
at
least
2
of
th
e
3

n
eu
trin
o
m
asses
m
u
st
b
e
n
on
zero.

If
th
e
m
ass
of
a
n
eu
trin
o
is
n
on
zero
,
th
en
it
c
a
n
n
o
t
alw
ay
s
b
e
left-h
an
d
ed
.

T
o
see
th
is,
con
sid
er
a
left-h
an
d
ed
n
eu
trin
o
m
ov
in
g
in
th
e
z
d
irection
,
w
ith

sp
in
in
th
e�
z
d
irectio
n
.
W
ith
m
>
0,
it
m
u
st
m
ove
slow
er
th
an
c.
S
o
an

ob
server
can
m
ove
a
lon
g
th
e
z
-ax
is
faster
th
an
th
e
n
eu
trin
o.
T
o
su
ch
an

ob
server,
th
e
m
om
en
tu
m
of
th
e
�
w
ill
b
e
in
th
e�
z
d
irection
,
th
e
sp
in
w
ill

b
e
in
th
e�
z
d
irectio
n
,
a
n
d
th
e
�
w
ill
ap
p
ear
righ
t-h
an
d
ed
.

H
ow
cou
ld
th
is
righ
t-h
an
d
ed
n
eu
trin
o
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t
in
to
ou
r
th
eory
?
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,
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ck-B
o
d
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R
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d
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a
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e
E
a
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f
th
e
U
n
iverse,
P
a
rt
4
,
8.286
C
la
ss
17,
N
ovem
b
er
7,
2
02
2,
p
.
3.

R
e
v
ie
w
fro
m

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

a
jo
ra
na
a
nd
D
ira
c
M
a
sse
s

T
h
ere
are
tw
o
p
ossib
ilities
for
n
eu
trin
o
m
ass:

D
irac
M
ass:
R
igh
t-h
an
d
ed
n
eu
trin
o
w
ou
ld
b
e
a
n
ew
as-y
et
u
n
seen
ty
p
e
of

p
article.
B
u
t
it
w
ou
ld
in
teract
so
w
eak
ly
th
at
it
w
ou
ld
n
ot
h
ave
b
een

p
ro
d
u
ced
in
sign
i�
can
t
n
u
m
b
ers
d
u
rin
g
th
e
b
ig
b
an
g.

M
a
joran
a
M
ass:
If
le
p
to
n
n
u
m
be
r
is
n
ot
con
serv
ed
(w
h
ich
seem
s
p
lau
sib
le),

so
th
e
n
eu
trin
o
is
ab
solu
tely
n
eu
tral,
th
en
th
e
righ
t-h
an
d
ed
n
eu
trin
o

cou
ld
b
e
th
e
p
article
th
at
w
e
h
av
e
called
th
e
an
ti-n
eu
trin
o.
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la
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M
a
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e
tts
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s
titu
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f
T
e
c
h
n
o
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g
y

8
.2
8
6
C
la
s
s
1
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
8
{

R
e
v
ie
w
fro
m

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

N
e
utrino
M
a
sse
s
a
nd

N
e
utrino
le
ss
D
o
ub
le
B
e
ta
D
e
ca
y

K
ey
ex
p
erim
en
t
to
d
istin
gu
ish
M
a
joran
a
from

D
irac
m
ass:
n
eu
trin
oless

d
ou
b
le
b
eta
d
ecay.
S
tan
d
ard
d
o
u
b
le
b
eta
d
ecay
lo
ok
s
like

(A
;Z
)!
(A
;Z
+
2)
+
2
e
�

+
2
��
e
:

If
th
e
�
h
as
a
M
a
jora
n
a
m
a
ss,
an
d
th
erefore
it
is
its
ow
n
an
tip
article,
th
en

th
e
reaction
cou
ld
h
ap
p
en
w
ith
o
u
t
th
e
tw
o
�
n
al
��
e 's,
w
h
ich
can
essen
tially

an
n
ih
ilate
each
oth
er.

(T
h
e
an
n
ih
ilation
cou
ld
h
ap
p
en
as
p
art
of
th
e

in
teraction
,
so
th
e
en
erg
y
is
giv
en
to
th
e
(A
;Z
+
2)
an
d
2
e
�

p
articles,

w
ith
n
o
oth
er
p
articles
em
itted
.)
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c
h
n
o
lo
g
y

8
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8
6
C
la
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s
1
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
9
{

T
h
e
rm
a
l
H
isto
ry
o
f
th
e
U
nive
rse

A
ssu
m
in
g
th
at
th
e
early
u
n
iv
erse
can
b
e
d
escrib
ed
as
rad
iation
-d
om
in
ated
a
n
d



at
(ex
cellen
t
ap
p
rox
im
ation
s),
th
en

H
2
=
8
�3

G
�
;

a
(t)/
t
1
=
2
;

H
=

_aa
=

12
t
;

w
h
ich
im
p
lies

�
=

3

32
�
G
t
2

:

W
e
also
k
n
ow

u
=
g
�
2

30
(k
T
)
4

(�h
c)
3

;

an
d
�
=
u
=
c
2
;

so

k
T
= �
45�h
3c
5

16
�
3g
G �

1
=
4

1pt
:

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
1
0
{

k
T
= �
4
5�h
3c
5

1
6
�
3g
G �

1
=
4

1p
t
:

A
ssu
m
in
g
0
:511
M
eV
�
k
T
�
106
M
eV
(i.e.,
assu
m
in
g
k
T
is
b
etw
een
m
c
2

for

th
e
electron
an
d
m
u
o
n
),

g
to
t
=

2
|{z}

p
h
o
to
n
s +

214
|{z}

n
e
u
trin
o
s +

72
|{z}e

+

e
�

=
1
0
34

:

F
or
t
=
1
secon
d
,
th
is
giv
es
k
T
=
0
:86
0
M
eV
.
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t
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c
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b
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A
lan
G
u
th
,
B
la
ck-B
o
d
y
R
a
d
ia
tio
n
a
n
d
th
e
E
a
rly
H
isto
ry
o
f
th
e
U
n
iverse,
P
a
rt
4
,
8.286
C
la
ss
17,
N
ovem
b
er
7,
2
02
2,
p
.
4.

A
ssu
m
in
g
0
:511
M
eV
�
k
T
�
106
M
eV
(i.e.,
assu
m
in
g
k
T
is
b
etw
een
m
c
2
for

th
e
electron
an
d
m
u
on
),
w
e
�
n
d
th
at
at
t
=
1
secon
d
,
k
T
=
0
:860
M
eV
.

S
in
ce
T
/
1
= p
t,
w
e
can
w
ritek

T
=

0
:860
M
eV

p
t
(in
sec)
;

or
eq
u
ivalen
tly

T
=
9
:98�
10
9
K

p
t
(in
sec)
:

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
1
2
{

R
e
la
tio
n
B
e
tw
e
e
n
a

a
nd
T

C
on
servation
of
en
tro
p
y
im
p
lies
th
at
s
/
1
=
a
3(t),
b
u
t
w
e
also
k
n
ow
th
a
t

s/
g
T
3.
It
follow
s
th
at

g
1
=
3T
/
1

a
(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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
1
3
{

R
e
co
m
b
ina
tio
n

\B
ary
on
ic"
m
atter
is
m
atter
m
ad
e
o
f
p
roton
s,
n
eu
tron
s,an
d
electron
s.
I.e.,

it
is
ord
in
ary
m
atter,
as
op
p
osed
to
d
ark
m
atter
or
d
ark
en
ergy.

A
b
ou
t
80%
of
b
ary
on
ic
m
atter
is
h
y
d
rogen
.
M
ost
of
th
e
rest
is
h
eliu
m
.

E
lem
en
ts
h
eav
ier
th
en
h
eliu
m
m
ake
u
p
a
very
sm
all
fraction
.
S
o
w
e
m
ostly

h
ave
h
y
d
rogen
.

A
t
h
igh
T
,
h
y
d
rogen
atom
s
ion
ize,
b
ecom
e
free
p
roton
s
an
d
electron
s.
T
h
e

ion
ization
tem
p
eratu
re
d
ep
en
d
s
o
n
d
en
sity,
b
u
t
for
th
e
d
en
sity
o
f
th
e
early

u
n
iverse,
it
is
ab
ou
t
4,000
K
.
(R
y
d
en
calcu
lates
it
on
p
.
154
as
3760
K
.)

W
h
en
T
falls
b
elow
4,000
K
,
th
e
p
roton
s
an
d
electron
s
com
b
in
e
to
form

n
eu
tral
H
.
T
h
is
is
called
\recom
b
in
ation
,"
b
u
t
\com
b
in
ation
"
w
ou
ld
b
e

m
ore
accu
rate.

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
1
4
{

D
e
co
up
ling

P
h
oton
s
in
teract
stron
gly
w
ith
free
electron
s.

T
h
e
reason
can
b
e
u
n
d
ersto
o
d
classically
:
w
h
en
a
n
electrom
agn
etic
w
ave

h
its
a
free
electron
,
th
e
electron
ex
p
erien
ces
th
e
~F

=

e
~E

force
of
th
e

electric
�
eld
.
S
in
ce
its
m
ass
is
v
ery
sm
all,
it
o
scillates
rap
id
ly,
an
d
sen
d
s

electrom
atic
rad
iation
in
all
d
irection
s,
u
sin
g
en
ergy
th
at
it
rem
ov
es
from

th
e
in
com
in
g
w
ave.
T
h
u
s,
th
e
in
com
in
g
w
ave
is
sca
ttered
.

T
h
e
resu
lt
is
th
at
th
e
u
n
iverse
w
as
op
aq
u
e
to
p
h
oton
s
in
th
e
ion
ized
p
h
ase

(p
lasm
a
p
h
ase),
b
u
t
b
ecam
e
tra
n
sp
a
ren
t
w
h
en
th
e
ion
ized
ga
s
b
ecam
e

n
eu
tral
atom
s.

T
h
e
tran
sition
to
a
tran
sp
aren
t
u
n
iverse
is
ca
lled
\d
ecou
p
lin
g"
(i.e.,
th
e

p
h
oton
s
\d
ecou
p
le"
from
th
e
m
atter
o
f
th
e
u
n
iverse).

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
1
5
{



A
lan
G
u
th
,
B
la
ck-B
o
d
y
R
a
d
ia
tio
n
a
n
d
th
e
E
a
rly
H
isto
ry
o
f
th
e
U
n
iverse,
P
a
rt
4
,
8.286
C
la
ss
17,
N
ovem
b
er
7,
2
02
2,
p
.
5.

T
im
e
o
f
D
e
co
up
ling
t
d

T
h
e
resu
lt
is
th
at
th
e
u
n
iv
erse
w
as
op
aq
u
e
to
p
h
oton
s
in
th
e
ion
ized
p
h
ase

(p
lasm
a
p
h
ase),
b
u
t
b
ecam
e
tran
sp
aren
t
w
h
en
th
e
ion
ized
gas
b
ecam
e

n
eu
tral
atom
s.

T
h
e
tran
sition
to
a
tran
sp
aren
t
u
n
iv
erse
is
called
\d
ecou
p
lin
g"
(i.e.,
th
e

p
h
oton
s
\d
ecou
p
le"
from
th
e
m
atter
of
th
e
u
n
iv
erse).

A
t
T
r
e
c
=
4
;000
K
,
ab
ou
t
h
alf
of
th
e
h
y
d
rogen
is
ion
ized
.

N
ote
th
at
k
T
re
c

�
0
:34
eV
,
w
h
ile
th
e
ion
ization
en
ergy
of
H
is
13.6
eV
.

T
h
e
reason
for
th
e
b
ig
d
i�
eren
ce
is
th
at
n
b
a
ry
o
n =
n

 �
10
�

9,
so
it
is
rare
for

electron
s
an
d
p
roton
s
to
�
n
d
each
oth
er.

S
in
ce
ev
en
a
very
sm
all
d
en
sity
of
free
electron
s
is
en
ou
gh
to
m
ak
e
th
e

u
n
iverse
op
aq
u
e,
p
h
oton
d
ecou
p
lin
g
d
o
es
n
ot
o
ccu
r
u
n
til
T
falls
to
T
d
e
c �

3
;000
K
.

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
1
6
{

S
in
ce
ev
en
a
very
sm
all
d
en
sity
of
free
electron
s
is
en
ou
g
h
to
m
a
ke
th
e

u
n
iv
erse
op
aq
u
e,
p
h
oto
n
d
ecou
p
lin
g
d
o
es
n
ot
o
ccu
r
u
n
til
T
falls
to
T
d
e
c �

3
;000
K
.

A
p
p
rox
im
atin
g
th
e
u
n
iverse
as


at
a
n
d
m
atter-d
o
m
in
ated
from

T
d
e
c

to

to
d
ay,
w
e
can
estim
ate
th
e
tim
e
of
d
ecou
p
lin
g
b
y

t
d
= �
T
0

T
d �

3
=
2

t
0

� �
2
:7
K

3
00
0
K �

3
=
2� �13

:7�
10
9
y
r ��
370
;000
y
r
:

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
1
7
{

S
p
e
ctrum
o
f
th
e

C
o
sm
ic
M
icro
w
a
ve
B
a
ck
g
ro
und

�
� (�
)
d
�
=
1
6
�
2�h
�
3

c
3

1

e
2
�
�h
�
=
k
T
�
1
d
�
;

w
h
ere
�
�
(�
)
d
�
is
th
e
en
ergy
d
en
sity
of
p
h
oton
s
in
th
e
freq
u
en
cy
ran
ge
from
�

to
�
+
d
�
.

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
1
8
{

C
M
B
D
ata
in
1975

{
1
9
{



A
lan
G
u
th
,
B
la
ck-B
o
d
y
R
a
d
ia
tio
n
a
n
d
th
e
E
a
rly
H
isto
ry
o
f
th
e
U
n
iverse,
P
a
rt
4
,
8.286
C
la
ss
17,
N
ovem
b
er
7,
2
02
2,
p
.
6.

T
h
e
situ
ation
got
w
orse
b
efore
it
got
b
etter:

D
ata
from
B
erk
eley
-N
agoya
R
o
cket
F
lig
h
t,
1987

P
oin
ts
2
an
d
3
d
i�
er
from
th
e
b
lack
b
o
d
y
cu
rve
b
y
12
an
d
16
stan
d
ard
d
ev
iation
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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
2
0
{

T
h
e
C
osm
ic
B
ack
grou
n
d
E
x
p
lorer
(C
O
B
E
)
satellite
w
a
s
lau
n
ch
ed
in
th
e
fall

of
1989.

In
Jan
u
ary
1990,
at
m
eetin
g
o
f
th
e
A
m
erican
A
stro
n
om
ical

S
o
ciety
in
W
ash
in
g
ton
,
D
.C
.,
th
e
�
rst
d
ata
o
n
th
e
sp
ectru
m
of
th
e
cosm
ic

m
icrow
ave
b
ack
grou
n
d
w
a
s
an
n
ou
n
ced
.
S
h
ow
n
is
th
e
cover
p
age
of
th
e

origin
al
p
rep
rin
t.

{
2
1
{

T
h
is
is
th
e
origin
al
C
O
B
E
m
easu
rem
en
t
of
th
e
C
M
B
sp
ectru
m
,
Jan
1990.
T
h
e

E
n
ergy
d
en
sity
is
in
u
n
its
of
electron
v
olts
p
er
cu
b
ic
m
eter
p
er
gigah
ertz.

T
h
e
error
b
ars
are
sh
ow
n
as
1%

of
th
e
p
eak
in
ten
sity.
T
h
is
grap
h
w
as

b
ased
on
9
m
in
u
tes
of
d
ata.
L
ater
d
ata
an
aly
sis
red
u
ced
th
e
error
b
ars
b
y

a
factor
of
100,
w
ith
still
a
p
erfect
�
t
to
th
e
b
lack
b
o
d
y
sp
ectru
m
.

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
2
2
{

H
isto
rica
l
I
nte
rlud
e
:

A
lb
e
rt
E
inste
in

a
nd

A
le
x
a
nd
e
r
F
rie
d
m
a
nn

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
2
3
{



A
lan
G
u
th
,
B
la
ck-B
o
d
y
R
a
d
ia
tio
n
a
n
d
th
e
E
a
rly
H
isto
ry
o
f
th
e
U
n
iverse,
P
a
rt
4
,
8.286
C
la
ss
17,
N
ovem
b
er
7,
2
02
2,
p
.
7.

A
lb
e
rt
E
inste
in
a
nd

th
e
F
rie
d
m
a
nn
E
qua
tio
ns

A
lb
ert
E
in
stein

A
lex
an
d
er
A
.
F
ried
m
an
n

{
2
4
{

P
ub
lica
tio
n
o
f
th
e
F
rie
d
m
a
nn
E
qua
tio
ns

O
n
th
e
C
urva
ture
of
S
pa
ce

A
.
F
ried
m
a
n
n

P
etersb
u
rg

R
eceiv
ed
Ju
n
e
2
9,
1922

Z
eitsch
rift
f�u
r
P
h
y
sik

{
2
5
{

E
inste
in's
R
e
a
ctio
n

R
E
M
A
R
K
O
N
T
H
E
W
O
R
K
O
F
A
.
F
R
IE
D
M
A
N
N
(F
R
IE
D
M
A
N
N
1922)

\O
N
T
H
E
C
U
R
V
A
T
U
R
E
O
F
S
P
A
C
E
"

A
.
E
in
stein
,
B
erlin

R
eceived
S
ep
tem
b
er
18,
1922

Z
e
itsc
h
rift
f�u
r
P
h
y
sik

T
h
e
w
ork
cited
con
tain
s
a
resu
lt
con
cern
in
g
a
n
on
-station
ary
w
orld
w
h
ich
seem
s

su
sp
ect
to
m
e.
In
d
eed
,
th
ose
solu
tion
s
d
o
n
ot
ap
p
ear
com
p
atib
le
w
ith
th
e
�
eld

eq
u
ation
s
(A
).
F
rom
th
e
�
eld
eq
u
ation
s
it
follow
s
n
ecessarily
th
at
th
e
d
iv
ergen
ce

of
th
e
m
atter
ten
sor
T
ik
van
ish
es.
T
h
is
alon
g
w
ith
th
e
an
zatzes
(C
)
an
d
(D
)

lead
s
to
th
e
con
d
ition

@
�
=
@
x
4
=
0

w
h
ich
togeth
er
w
ith
(8)
im
p
lies
th
at
th
e
w
orld
-rad
iu
s
R
is
con
stan
t
in
tim
e.

T
h
e
sign
i�
can
ce
of
th
e
w
ork
th
erefore
is
to
d
em
on
strate
th
is
con
stan
cy.

R
E
F
E
R
E
N
C
E
S
:
F
ried
m
an
n
,
A
.
1922,
Z
s.
f.
P
h
y
s.,
10,
377.

T
ra
n
sla
tio
n
:
C
o
sm
o
lo
g
ica
l
C
o
n
sta
n
ts,
ed
ited
b
y
J
erem
y
B
ern
stein
a
n
d
G
era
ld
F
ein
b
erg

{
2
6
{

S
e
que
nce
o
f
E
ve
nts

Ju
n
e
29,
1922:
F
ried
m
an
n
's
p
ap
er
received
at
Z
eitsch
rift
f�u
r
P
h
y
sik.

S
ep
tem
b
er
18,
1922:
E
in
stein
's
refu
tation
receiv
ed
at
Z
eitsch
rift
f�u
r
P
h
y
sik.

D
ecem
b
er
6,
1922:
F
ried
m
an
n
learn
s
ab
ou
t
E
in
stein
's
ob
jection
from
h
is
frien
d
,

Y
u
ri
A
.
K
ru
tkov
,
w
h
o
is
v
isitin
g
in
B
erlin
.
F
ried
m
an
n
w
rites
a
d
etailed
letter

to
E
in
stein
.
E
in
stein
is
travelin
g
an
d
d
o
es
n
ot
read
it.

M
ay,
1923:
E
in
stein
m
eets
K
ru
tk
ov
in
L
eid
en
,
b
o
th
a
tten
d
in
g
th
e
farew
ell

lectu
re
b
y
L
oren
tz,
w
h
o
w
a
s
retirin
g.

K
ru
tkov
's
letters
to
h
is
sister:
\
O
n
M
o
n
d
ay,
M
ay
7,
1923,
I
w
as
read
in
g,

togeth
er
w
ith
E
in
stein
,
F
ried
m
an
n
's
article
in
th
e
Z
eitsch
rift
f�u
r
P
h
y
sik."
M
ay

18:
\I
d
efeated
E
in
stein
in
th
e
argu
m
en
t
ab
o
u
t
F
ried
m
an
n
.
P
etrograd
's
h
on
or

is
saved
!"
�

M
ay
31,
1923:
E
in
stein
's
retraction
of
h
is
refu
tation
is
received
at
Z
eitsch
rift

f�u
r
P
h
y
sik.

�

Q
u
o
ted
in
A
le
x
a
n
d
e
r
A
.
F
r
ied
m
a
n
n
:
th
e
M
a
n
w
h
o
M
a
d
e
th
e
U
n
iv
e
r
se
E
x
p
a
n
d
,
b
y
E
.A
.

T
ro
p
p
,
V
.
Y
a
.
F
ren
k
el,
&
A
.D
.
C
h
ern
in
.

{
2
7
{



A
lan
G
u
th
,
B
la
ck-B
o
d
y
R
a
d
ia
tio
n
a
n
d
th
e
E
a
rly
H
isto
ry
o
f
th
e
U
n
iverse,
P
a
rt
4
,
8.286
C
la
ss
17,
N
ovem
b
er
7,
2
02
2,
p
.
8.

E
inste
in's
R
e
tra
ctio
n

A
N
O
T
E
O
N
T
H
E
W
O
R
K
O
F
A
.
F
R
IE
D
M
A
N
N

\O
N
T
H
E
C
U
R
V
A
T
U
R
E
O
F
S
P
A
C
E
"

A
.
E
in
stein
,
B
erlin

R
eceived
M
ay
31,
1923

Z
e
itsc
h
rift
f�u
r
P
h
y
sik

I
h
av
e
in
an
earlier
n
ote
(E
in
stein
1922)
criticized
th
e
cited
w
o
rk
(F
ried
m
an
n

1922).
M
y
ob
jection
rested
h
ow
ever
|

as
M
r.
K
ru
tk
o�
in
p
erson
an
d
a
letter

from
M
r.
F
ried
m
an
n
con
v
in
ced
m
e
|

on
a
calcu
lation
al
error.
I
am
con
v
in
ced

th
at
M
r.
F
ried
m
an
n
's
resu
lts
are
b
oth
correct
an
d
clarify
in
g.
T
h
ey
sh
ow
th
at

in
ad
d
ition
to
th
e
static
solu
tion
s
to
th
e
�
eld
eq
u
ation
s
th
ere
are
tim
e
vary
in
g

solu
tion
s
w
ith
a
sp
atially
sy
m
m
etric
stru
ctu
re.

R
E
F
E
R
E
N
C
E
S
:

E
in
stein
,
A
.
1922,
Z
s.
f.
P
h
y
s.,
11,
326.

F
ried
m
an
n
,
A
.
1922,
E
ben
d
a
,
10,
377.

T
ra
n
sla
tio
n
:
C
o
sm
o
lo
g
ica
l
C
o
n
sta
n
ts,
ed
ited
b
y
J
erem
y
B
ern
stein
a
n
d
G
era
ld
F
ein
b
erg

{
2
8
{

E
inste
in
a
nd
K
rutk
o
v

A
lb
ert
E
in
stein

B
arcelon
a
,
1923

{
2
9
{

E
inste
in's

D
ra
ft

\a
p
h
y
sical
sign
i�
can
ce
can

h
ard
ly
b
e
ascrib
ed
to
th
em
."

�

F
ro
m
T
h
e
In
v
e
n
ted
U
n
iv
e
r
se
,
b
y

P
ierre
K
erszb
erg

{
3
0
{

A
B
rie
f
H
isto
ry
o
f
th
e
C
o
sm
o
lo
g
ica
l
C
o
nsta
nt

In
1917,
E
in
stein
ap
p
lied
h
is
n
ew
G
R
to
th
e
u
n
iv
erse,
an
d
d
iscovered
th
at

a
static
u
n
iverse
w
ou
ld
collap
se.

C
on
v
in
ced
th
at
th
e
u
n
iverse
w
as
static,
E
in
stein
in
tro
d
u
ced
th
e
co
sm
o
log-

ica
l
co
n
sta
n
t
�
in
to
h
is
�
eld
eq
u
ation
s
|

th
e
eq
u
atio
n
s
th
at
d
escrib
e
h
ow

m
atter
a�
ects
th
e
m
etric
|

to
create
a
grav
itation
a
l
rep
u
lsion
to
op
p
ose

th
e
collap
se.

F
rom
a
m
o
d
ern
p
oin
t
of
v
iew
,
�
rep
resen
ts
a
va
cu
u
m

en
ergy
d
en
sity
u
v
a
c ,

w
ith

u
v
a
c
=
�
v
a
c c
2
=

�
c
4

8
�
G

;

b
ecau
se
u
v
a
c

ap
p
ears
in
th
e
�
eld
eq
u
ation
s
ex
a
ctly
a
s
a
vacu
u
m
en
ergy

d
en
sity
w
ou
ld
.
T
o
E
in
stein
,
h
ow
ever,
it
w
as
sim
p
ly
a
n
ew
term
in
th
e
�
eld

eq
u
ation
s.
B
efore
q
u
an
tu
m
th
eory,
th
e
vacu
u
m
w
as
v
iew
ed
as
com
p
letely

em
p
ty,
so
it
w
as
in
con
ceivab
le
th
at
it
cou
ld
h
ave
a
n
on
zero
en
ergy
d
en
sity.

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
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
3
1
{



A
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G
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la
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o
d
y
R
a
d
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n
a
n
d
th
e
E
a
rly
H
isto
ry
o
f
th
e
U
n
iverse,
P
a
rt
4
,
8.286
C
la
ss
17,
N
ovem
b
er
7,
2
02
2,
p
.
9.

O
n
ce
th
e
ex
p
an
sion
of
th
e
u
n
iverse
w
as
d
iscovered
b
y
H
u
b
b
le
in
19
29
,

E
in
stein
ab
an
d
on
ed
�
as
b
ein
g
n
o
lon
ger
n
eed
ed
or
w
an
ted
.

In
1998,
h
ow
ev
er,
tw
o
(large)
grou
p
s
of
astron
om
ers,
b
oth
u
sin
g
m
easu
re-

m
en
ts
of
T
y
p
e
Ia
su
p
ern
ovae
at
red
sh
ifts
z
<�
1,
d
iscov
ered
ev
id
en
ce
th
at

th
e
ex
p
an
sion
of
th
e
u
n
iverse
is
cu
rren
tly
acceleratin
g.
A
t
th
e
tim
e,
it
w
as

sh
o
ck
in
g
!
S
cien
ce
m
agazin
e
p
ro
claim
ed
it
(correctly
!)
as
th
e
\B
rea
k
th
o
u
gh

of
th
e
Y
ear".

In
2011
th
e
N
ob
el
P
rize
in
P
h
y
sics
w
as
aw
ard
ed
to
S
au
l
P
erm
u
tter,
B
rian

S
ch
m
id
t,
an
d
A
d
am
R
iess
for
th
is
d
iscov
ery.
In
2015
th
e
B
reak
th
ro
u
gh

P
rize
in
F
u
n
d
am
en
ta
l
P
h
y
sics
w
as
aw
ard
ed
to
th
ese
th
ree,
an
d
a
lso
th
e

tw
o
en
tire
tea
m
s.

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
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8
6
C
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s
s
1
7
,
N
o
v
e
m
b
e
r
7
,
2
0
2
2

{
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2
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