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b
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b
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b
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at
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b
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d
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b
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p
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an
d
W
h
eeler's

(M
T
W
's)
G
ravitation
(1973).

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
2
2
,
N
o
v
e
m
b
e
r
2
3
,
2
0
2
2

{
8
{

T
h
e
C
osm
ic
M
icro
w
a
ve
B
a
ck
ground

T
h
e
stron
gest
ev
id
en
ce
for
th
e
u
n
iform
ity
of
th
e
u
n
iv
erse
com
es
from
th
e

C
M
B
,
sin
ce
it
h
as
b
een
m
easu
red
so
p
recisely.

T
h
e
rad
iation
ap
p
ears
sligh
tly
h
otter
in
o
n
e
d
irection
th
an
in
th
e
op
p
osite

d
irection
,
b
y
a
b
ou
t
on
e
p
art
in
a
th
ou
sa
n
d
|

b
u
t
th
is
n
on
u
n
iform
ity
can

b
e
attrib
u
ted
to
ou
r
m
o
tion
th
rou
gh
th
e
b
ack
grou
n
d
rad
iation
.

O
n
ce
th
is
e�
ect
is
su
b
tracted
ou
t,
u
sin
g
b
est-�
t
p
a
ram
eters
for
th
e
velo
city,

it
is
fou
n
d
th
at
th
e
resid
u
al
tem
p
eratu
re
p
attern
is
u
n
iform
to
a
few
p
arts

in
10
5.

C
ou
ld
th
is
b
e
sim
p
ly
th
e
p
h
en
om
en
on
of
th
erm
al
eq
u
ilib
riu
m
?
If
y
ou
p
u
t

an
ice
cu
b
e
on
th
e
sid
ew
a
lk
on
a
h
ot
su
m
m
er
d
ay,
it
m
elts
an
d
com
es
to

th
e
sam
e
tem
p
eratu
re
as
th
e
sid
ew
alk
.

B
U
T
:
in
th
e
c
o
n
v
e
n
tio
n
a
l
m
o
d
e
l
o
f
th
e
u
n
iv
e
r
se
,
it
d
id
n
o
t
h
a
v
e

e
n
o
u
g
h
tim
e
fo
r
th
e
r
m
a
l
e
q
u
ilib
r
iu
m

to
e
x
p
la
in
th
e
u
n
ifo
r
m
ity
,
if

w
e
a
ssu
m
e
th
a
t
it
d
id
n
o
t
sta
r
t
o
u
t
u
n
ifo
r
m
.
If
n
o
m
a
tte
r
,
e
n
e
r
g
y
,

o
r
in
fo
r
m
a
tio
n
c
a
n
tr
a
v
e
l
fa
ste
r
th
a
n
lig
h
t,
th
e
n
it
is
sim
p
ly
n
o
t

p
o
ssib
le
.

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
2
2
,
N
o
v
e
m
b
e
r
2
3
,
2
0
2
2

{
9
{
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H
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B
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B
an
g
M
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C
la
ss
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N
ovem
b
er
23,
2022,
p
.
7.

T
h
e
C
osm
ic
M
icrow
a
ve
B
a
ck
ground

T
h
e
stron
gest
ev
id
en
ce
for
th
e
u
n
iform
ity
of
th
e
u
n
iv
erse
com
es
from
th
e

C
M
B
,
sin
ce
it
h
as
b
een
m
easu
red
so
p
recisely.

T
h
e
rad
iation
ap
p
ears
sligh
tly
h
otter
in
on
e
d
irection
th
an
in
th
e
op
p
osite

d
irection
,
b
y
ab
ou
t
on
e
p
art
in
a
th
ou
san
d
|

b
u
t
th
is
n
on
u
n
iform
ity
can

b
e
attrib
u
ted
to
ou
r
m
otion
th
rou
gh
th
e
b
ack
grou
n
d
rad
iation
.

O
n
ce
th
is
e�
ect
is
su
b
tracted
ou
t,
u
sin
g
b
est-�
t
p
aram
eters
for
th
e
v
elo
city,

it
is
fou
n
d
th
at
th
e
resid
u
al
tem
p
eratu
re
p
attern
is
u
n
iform
to
a
few
p
arts

in
1
0
5.

C
ou
ld
th
is
b
e
sim
p
ly
th
e
p
h
en
om
en
on
of
th
erm
al
eq
u
ilib
riu
m
?
If
y
ou
p
u
t

an
ice
cu
b
e
on
th
e
sid
ew
alk
on
a
h
ot
su
m
m
er
d
ay,
it
m
elts
an
d
com
es
to

th
e
sam
e
tem
p
eratu
re
as
th
e
sid
ew
alk
.

B
U
T
:
in
th
e
c
o
n
v
e
n
tio
n
a
l
m
o
d
e
l
o
f
th
e
u
n
iv
e
r
se
,
it
d
id
n
o
t
h
a
v
e

e
n
o
u
g
h
tim
e
fo
r
th
e
r
m
a
l
e
q
u
ilib
r
iu
m

to
e
x
p
la
in
th
e
u
n
ifo
r
m
ity
,
if

w
e
a
ssu
m
e
th
a
t
it
d
id
n
o
t
sta
r
t
o
u
t
u
n
ifo
r
m
.
If
n
o
m
a
tte
r
,
e
n
e
r
g
y
,

o
r
in
fo
r
m
a
tio
n
c
a
n
tr
a
v
e
l
fa
ste
r
th
a
n
lig
h
t,
th
e
n
it
is
sim
p
ly
n
o
t

p
o
ssib
le
.

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
2
2
,
N
o
v
e
m
b
e
r
2
3
,
2
0
2
2

{
9
{

T
h
e
C
osm
ic
M
icro
w
a
ve
B
a
ck
ground

T
h
e
stron
gest
ev
id
en
ce
for
th
e
u
n
iform
ity
of
th
e
u
n
iv
erse
com
es
from
th
e

C
M
B
,
sin
ce
it
h
as
b
een
m
easu
red
so
p
recisely.

T
h
e
rad
iation
ap
p
ears
slig
h
tly
h
o
tter
in
on
e
d
irection
th
an
in
th
e
op
p
o
site

d
irection
,
b
y
a
b
ou
t
on
e
p
art
in
a
th
ou
san
d
|

b
u
t
th
is
n
on
u
n
iform
ity
can

b
e
attrib
u
ted
to
ou
r
m
otion
th
rou
gh
th
e
b
ack
grou
n
d
rad
iation
.

O
n
ce
th
is
e�
ect
is
su
b
tracted
ou
t,
u
sin
g
b
est-�
t
p
aram
eters
for
th
e
velo
city,

it
is
fou
n
d
th
at
th
e
resid
u
al
tem
p
eratu
re
p
attern
is
u
n
iform
to
a
few
p
arts

in
10
5.

C
ou
ld
th
is
b
e
sim
p
ly
th
e
p
h
en
om
en
on
of
th
erm
al
eq
u
ilib
riu
m
?
If
y
ou
p
u
t

an
ice
cu
b
e
on
th
e
sid
ew
a
lk
on
a
h
ot
su
m
m
er
d
ay,
it
m
elts
an
d
com
es
to

th
e
sam
e
tem
p
eratu
re
as
th
e
sid
ew
alk
.

B
U
T
:
in
th
e
c
o
n
v
e
n
tio
n
a
l
m
o
d
e
l
o
f
th
e
u
n
iv
e
r
se
,
it
d
id
n
o
t
h
a
v
e

e
n
o
u
g
h
tim
e
fo
r
th
e
r
m
a
l
e
q
u
ilib
r
iu
m

to
e
x
p
la
in
th
e
u
n
ifo
r
m
ity
,
if

w
e
a
ssu
m
e
th
a
t
it
d
id
n
o
t
sta
r
t
o
u
t
u
n
ifo
r
m
.
If
n
o
m
a
tte
r
,
e
n
e
r
g
y
,

o
r
in
fo
r
m
a
tio
n
c
a
n
tr
a
v
e
l
fa
ste
r
th
a
n
lig
h
t,
th
e
n
it
is
sim
p
ly
n
o
t

p
o
ssib
le
.

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
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8
6
C
la
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s
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2
,
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3
,
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T
h
e
C
osm
ic
M
icrow
a
ve
B
a
ck
ground

T
h
e
stron
gest
ev
id
en
ce
for
th
e
u
n
iform
ity
of
th
e
u
n
iv
erse
com
es
from
th
e

C
M
B
,
sin
ce
it
h
as
b
een
m
easu
red
so
p
recisely.

T
h
e
rad
iation
ap
p
ears
sligh
tly
h
otter
in
on
e
d
irection
th
an
in
th
e
op
p
osite

d
irection
,
b
y
ab
ou
t
on
e
p
art
in
a
th
ou
san
d
|

b
u
t
th
is
n
on
u
n
iform
ity
can

b
e
attrib
u
ted
to
ou
r
m
otion
th
rou
gh
th
e
b
ack
grou
n
d
rad
iation
.

O
n
ce
th
is
e�
ect
is
su
b
tracted
ou
t,
u
sin
g
b
est-�
t
p
aram
eters
for
th
e
v
elo
city,

it
is
fou
n
d
th
at
th
e
resid
u
al
tem
p
eratu
re
p
attern
is
u
n
iform
to
a
few
p
arts

in
1
0
5.

C
ou
ld
th
is
b
e
sim
p
ly
th
e
p
h
en
om
en
on
of
th
erm
al
eq
u
ilib
riu
m
?
If
y
ou
p
u
t

an
ice
cu
b
e
on
th
e
sid
ew
alk
on
a
h
ot
su
m
m
er
d
ay,
it
m
elts
an
d
com
es
to

th
e
sam
e
tem
p
eratu
re
as
th
e
sid
ew
alk
.

B
U
T
:
in
th
e
c
o
n
v
e
n
tio
n
a
l
m
o
d
e
l
o
f
th
e
u
n
iv
e
r
se
,
it
d
id
n
o
t
h
a
v
e

e
n
o
u
g
h
tim
e
fo
r
th
e
r
m
a
l
e
q
u
ilib
r
iu
m

to
e
x
p
la
in
th
e
u
n
ifo
r
m
ity
,
if

w
e
a
ssu
m
e
th
a
t
it
d
id
n
o
t
sta
r
t
o
u
t
u
n
ifo
r
m
.
If
n
o
m
a
tte
r
,
e
n
e
r
g
y
,

o
r
in
fo
r
m
a
tio
n
c
a
n
tr
a
v
e
l
fa
ste
r
th
a
n
lig
h
t,
th
e
n
it
is
sim
p
ly
n
o
t

p
o
ssib
le
.

A
la
n
G
u
th

M
a
s
s
a
c
h
u
s
e
tts
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s
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o
f
T
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c
h
n
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g
y
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B
a
sic
H
isto
ry
of
th
e
C
M
B

In
con
ven
tion
al
cosm
o
logical
m
o
d
el,
th
e
u
n
iverse
at
th
e
earliest
tim
es
w
as

rad
iation
-d
om
in
ated
.
It
started
to
b
e
m
a
tter-d
om
in
ated
at
t
e
q �
5
0
;000

years,
th
e
tim
e
of
m
atter-rad
iation
eq
u
ality.

A
t
th
e
tim
e
of
d
ecou
plin
g
t
d

�
380
;000
y
ears,
th
e
u
n
iverse
co
oled
to

ab
ou
t
3000
K
,
b
y
w
h
ich
tim
e
th
e
h
y
d
rogen
(an
d
som
e
h
eliu
m
)
com
b
in
ed
so

th
orou
gh
ly
th
at
free
electron
s
w
ere
very
ra
re.
A
t
earlier
tim
es,
th
e
u
n
iverse

w
as
in
a
m
ain
ly
p
la
sm
a
p
h
ase,
w
ith
m
a
n
y
free
electron
s,
an
d
p
h
oton
s

w
ere
essen
tially
frozen
w
ith
th
e
m
atter.
A
t
later
tim
es,
th
e
u
n
iverse
w
as

tran
sp
aren
t,
so
p
h
oton
s
h
ave
traveled
o
n
straigh
t
lin
es.
W
e
can
say
th
at

th
e
C
M
B
w
as
released
a
t
ab
o
u
t
380,000
y
ears.

S
in
ce
th
e
p
h
oton
s
h
av
e
b
een
m
ain
ly
travelin
g
o
n
straig
h
t
lin
es
sin
ce
t
=
t
d ,

th
ey
h
ave
a
ll
traveled
th
e
sam
e
d
istan
ce.
T
h
erefore
th
e
lo
catio
n
s
from

w
h
ich
th
ey
w
ere
released
form

a
sp
h
ere
cen
tered
on
u
s.
T
h
is
sp
h
ere
is

called
th
e
su
rface
o
f
last
scatterin
g,
sin
ce
th
e
p
h
oton
s
th
at
w
e
receive
n
ow

in
th
e
C
M
B
w
as
m
o
stly
scattered
fo
r
th
e
last
tim
e
on
or
very
n
ear
th
is

su
rface.
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M
odel,
8.286
C
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N
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b
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23,
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.
8.

A
s
w
e
learn
ed
in
L
ectu
re
N
otes
4,
th
e
h
orizon
d
istan
ce
is
d
e�
n
ed
as
th
e

p
resen
t
d
istan
ce
of
th
e
fu
rth
est
p
articles
from
w
h
ich
ligh
t
h
as
h
ad
tim
e
to

reach
u
s,
sin
ce
th
e
b
egin
n
in
g
of
th
e
u
n
iv
erse.

F
or
a
m
atter-d
om
in
ated


at
u
n
iverse,
th
e
h
orizon
d
istan
ce
at
tim
e
t
is
3
ct,

w
h
ile
for
a
rad
iation
-d
om
in
ated
u
n
iverse,
it
is
2
ct.

A
t
t
=
t
d
th
e
u
n
iverse
w
as
w
ell
in
to
th
e
m
atter-d
om
in
ated
p
h
ase,
so
w
e

can
a
p
p
rox
im
ate
th
e
h
orizon
d
istan
ce
as

`
h (t
d )�
3
ct
d �
1
;100
;000
ligh
t-y
ears.

F
or
com
p
arison
,
w
e
w
ou
ld
like
to
calcu
late
th
e
rad
iu
s
of
th
e
su
rface
of
last

scatterin
g
at
tim
e
t
d ,
sin
ce
th
is
region
is
th
e
origin
of
th
e
p
h
oton
s
th
at

w
e
a
re
n
ow
receiv
in
g
in
th
e
C
M
B
.
I
w
ill
d
en
ote
th
e
p
h
y
sical
rad
iu
s
of
th
e

su
rface
of
last
scatterin
g,
at
tim
e
t,
as
`
p (t).

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
2
2
,
N
o
v
e
m
b
e
r
2
3
,
2
0
2
2

{
1
1
{

`
h
(t
d )�
3
ct
d �
1
;100
;000
lig
h
t-years.

F
or
com
p
arison
,
w
e
w
o
u
ld
lik
e
to
calcu
late
th
e
rad
iu
s
of
th
e
su
rfa
ce
of
last

scatterin
g
at
tim
e
t
d ,
sin
ce
th
is
region
is
th
e
origin
of
th
e
p
h
oton
s
th
at
w
e
are

n
ow
receiv
in
g
in
th
e
C
M
B
.
I
w
ill
d
en
ote
th
e
p
h
y
sica
l
rad
iu
s
of
th
e
su
rface
of

last
scatterin
g,
at
tim
e
t,
as
`
p (t).

T
o
calcu
late
`
p (t
d ),
I
w
ill
m
ake
th
e
cru
d
e
ap
p
rox
im
a
tion
th
at
th
e
u
n
iverse

h
as
b
een
m
atter-d
om
in
ated
at
all
tim
es.
(W
e
w
ill
�
n
d
th
at
th
is
horizon

problem
is
very
severe,
so
ev
en
if
ou
r
calcu
lation
is
w
ron
g
b
y
a
factor
of
2,

it
w
on
't
m
atter.)

S
trategy
:
�
n
d
`
p (t
0 ),
an
d
scale
to
�
n
d
`
p (t
d ).
U
n
d
er
th
e
assu
m
p
tion
of

a


at
m
atter-d
om
in
ated
u
n
iverse,
w
e
learn
ed
th
at
th
e
p
h
y
sical
d
istan
ce

to
d
ay
to
an
ob
ject
at
red
sh
ift
z
is

`
p (t
0 )
=
2
cH
�

1
0

�
1�

1

p
1
+
z �
:

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
2
2
,
N
o
v
e
m
b
e
r
2
3
,
2
0
2
2

{
1
2
{

`
p (t
0 )
=
2
cH
�

1
0

�
1�

1

p
1
+
z �
:

T
h
e
red
sh
ift
of
th
e
su
rface
of
last
scatterin
g
is
ab
ou
t

1
+
z
=
a
(t
0 )

a
(t
d )
=
3000
K

2
:7
K

�
1100
:

If
w
e
take
H
0

=
6
7
:7
k
m
-s
�

1-M
p
c
�

1,
o
n
e
�
n
d
s
th
at
H
�

1
0

�
14
:4�
10
9

y
r

an
d
`
p (t
0 )�
28
:0�
10
9

ligh
t-y
r.
(N
ote
th
at
`
p (t
0 )
is
eq
u
al
to
0.970
tim
es

th
e
cu
rren
t
h
orizon
d
istan
ce
|

v
ery
close.)

T
o
�
n
d
`
p (t
d ),
ju
st
u
se
th
e
fact
th
at
th
e
red
sh
ift
is
related
to
th
e
scale

factor:

`
p (t
d )
=
a
(t
d )

a
(t
0 )
`
p (t
0 )

�
1

1100 �
28
:0�
10
9

lt-y
r�
2
:55�
10
7

lt-y
r
:

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
2
2
,
N
o
v
e
m
b
e
r
2
3
,
2
0
2
2

{
1
3
{

`
h
(t
d )�
3
ct
d �
1
;100
;000
lig
h
t-years.

`
p (t
d )
=
a
(t
d )

a
(t
0 )
`
p (t
0 )

�
1

1100 �
28
:0�
10
9

lt-y
r�
2
:55�
10
7

lt-y
r
:

C
om
p
arison
:
A
t
th
e
tim
e
of
d
ecou
p
lin
g,
th
e
ratio
of
th
e
rad
iu
s
of
th
e

su
rface
of
last
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b
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b
ou
t
46
h
orizon

d
istan
ces.
T
h
u
s
it
is
ab
solu
tely
im
p
ossib
le,
w
ith
in
th
e
con
tex
t
of
th
is

m
o
d
el,
for
th
ese
tw
o
sou
rces
to
h
ave
com
e
in
to
th
erm
al
eq
u
ilib
riu
m

b
y

an
y
p
h
y
sical
p
ro
cess.

A
lth
ou
gh
ou
r
calcu
lation
ign
ored
th
e
d
ark
en
ergy
p
h
ase,
w
e
h
ave
fou
n
d
in

p
rev
iou
s
ex
am
p
les
th
at
su
ch
calcu
lation
s
are
w
ron
g
b
y
som
e
ten
s
of
a

p
ercen
t.
(F
or
ex
am
p
le
w
e
fou
n
d
t
e
q �
75
;000
y
ears,
w
h
en
it
sh
ou
ld
h
ave

b
een
ab
ou
t
50,000
years.)
S
in
ce
46
�
1,
th
ere
is
n
o
w
ay
th
at
a
m
ore

accu
rate
calcu
lation
cou
ld
cau
se
th
is
p
rob
lem
to
go
aw
ay.

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
2
2
,
N
o
v
e
m
b
e
r
2
3
,
2
0
2
2

{
1
5
{

T
h
e
F
la
tne
ss
Prob
le
m

A
secon
d
p
rob
lem
o
f
th
e
co
n
ven
tion
al
cosm
ological
m
o
d
el
is
th
e


atn
ess

problem
:
w
h
y
w
as
th
e
valu
e
of


in
th
e
early
u
n
iv
erse
so
ex
traord
in
arily

close
to
1?

T
o
d
ay
w
e
k
n
ow
,
accord
in
g
to
th
e
P
lan
ck
satellite
team

an
aly
sis
(2
01
8),

th
at



0
=
0
:9993�
0
:00
37

at
95%
con
�
d
en
ce.
I.e.,


=
1
to
b
etter
th
an
1/2
of
1%
.

A
s
w
e
w
ill
see,
th
is
im
p
lies
th
at


in
th
e
early
u
n
iv
erse
w
as
ex
taord
in
arily

close
to
1.
F
or
ex
am
p
le,
at
t
=
1
secon
d
,

j

�
1jt=
1
s
e
c
<
10
�

1
8

:

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
2
2
,
N
o
v
e
m
b
e
r
2
3
,
2
0
2
2

{
1
6
{

T
h
e
u
n
d
erly
in
g
fact
is
th
at
th
e
valu
e



=

1
is
a
p
oin
t
of
u
n
stab
le

eq
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p
oin
t.
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rem
ain
eq
u
al
to
on
e
forever
|

th
at
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rem
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b
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f
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b
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con
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con
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con
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