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D
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P
h
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h
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E
arly
U
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N
ov
em
b
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P
rof.
A
lan
G
u
th

L
e
c
tu
re
N
o
te
s
8

P
R
O
B
L
E
M
S
O
F
T
H
E
C
O
N
V
E
N
T
IO
N
A
L

(N
O
N
-IN
F
L
A
T
IO
N
A
R
Y
)
H
O
T
B
IG

B
A
N
G

M
O
D
E
L

IN
T
R
O
D
U
C
T
IO
N
:

B
y
th
e
1970s
th
e
con
v
en
tion
al
h
ot
b
ig
b
an
g
m
o
d
el
w
as
w
ell
estab
lish
ed
.
It
w
as
su
p
-

p
orted
stron
gly
b
y
th
e
ob
servation
of
H
u
b
b
le
ex
p
an
sion
,
b
y
th
e
ex
isten
ce
of
a
th
erm
al

b
ack
grou
n
d
of
m
icrow
ave
rad
iation
,
an
d
b
y
th
e
m
easu
red
ab
u
n
d
an
ces
of
th
e
ligh
test
iso-

to
p
es
o
f
a
to
m
ic
n
u
clei.
N
on
eth
eless
th
e
m
o
d
el
su
�
ered
from
at
least
tw
o
seriou
s
p
rob
lem
s

|

th
e
h
orizon
/h
om
ogen
eity
p
rob
lem
an
d
th
e

atn
ess
p
rob
lem
|

w
h
ich
form
th
e
su
b
ject

of
th
is
set
of
lectu
re
n
otes.
In
th
e
n
ex
t
set
of
lectu
re
n
otes
w
e
w
ill
d
iscu
ss
a
th
ird
p
rob
lem

|

th
e
m
agn
etic
m
on
op
o
le
p
rob
lem
|

w
h
ich
arises
if
on
e
assu
m
es
th
at
p
article
p
h
y
sics

at
v
ery
h
igh
tem
p
eratu
res
is
d
escrib
ed
b
y
a
ty
p
e
of
th
eory
called
a
gran
d
u
n
i�
ed
th
eory.

T
H
E
H
O
R
IZ
O
N
/
H
O
M
O
G
E
N
E
IT
Y
P
R
O
B
L
E
M
:

T
h
e
h
orizon
p
rob
lem
is
th
e
d
iÆ
cu
lty
in
ex
p
lain
in
g
th
e
large-scale
u
n
iform
ity
of
th
e

ob
serv
ed
u
n
iv
erse.
T
h
is
large-scale
u
n
iform
ity
is
m
ost
ev
id
en
t
in
th
e
m
icrow
av
e
b
a
ck
-

grou
n
d
rad
iation
.
T
h
is
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
at-

trib
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
b
o
u
t
on
e
p
art
in
10
5.
U
n
iform
ity
in
tem
p
eratu
re
is
n
ot
n
ecessar-

ily
m
y
steriou
s,
as
an
y
isolated
sy
stem
w
ill
ev
olve
over
tim
e
tow
ard
s
a
state
of
th
erm
al

eq
u
ilib
riu
m
,
w
h
ich
is
state
of
u
n
iform
tem
p
eratu
re.
F
or
ex
am
p
le,
w
h
en
w
e
ta
ke
a
h
o
t

slice
of
p
izza
ou
t
o
f
th
e
ov
en
,
it
b
egin
s
im
m
ed
iately
to
co
ol
tow
ard
ro
om
tem
p
eratu
re.
It

tu
rn
s
ou
t,
h
ow
ev
er,
th
at
th
e
stan
d
ard
p
ro
cesses
of
th
erm
al
eq
u
ilib
ration
can
n
ot,
in
th
e

con
tex
t
of
th
e
con
ven
tion
al
h
ot
b
ig
b
an
g
m
o
d
el,
ex
p
lain
th
e
u
n
iform
ity
of
tem
p
eratu
re
in

th
e
u
n
iverse.
T
h
e
p
rob
lem
is
th
at
in
th
is
m
o
d
el
th
e
u
n
iv
erse
ev
olves
m
u
ch
to
o
q
u
ick
ly
to

allow
th
is
u
n
ifo
rm
ity
to
b
e
ach
ieved
b
y
th
e
u
su
a
l
p
ro
cesses
b
y
w
h
ich
a
sy
stem
ap
p
roach
es

th
erm
al
eq
u
ilib
riu
m
.

In
ord
er
to
see
th
is,
w
e
w
ill
n
ot
n
eed
to
k
n
ow
an
y
th
in
g
ab
ou
t
th
e
d
etails
o
f
th
erm
al

tran
sp
ort
p
ro
cesses.
W
e
w
ill
u
se
on
ly
th
e
fact
th
at
n
o
p
h
y
sical
p
ro
cess
can
cau
se
m
atter,

en
ergy,
o
r
in
form
ation
to
m
ove
fa
ster
th
a
n
th
e
sp
eed
o
f
lig
h
t.
T
h
u
s,
n
o
p
ro
cess
can

carry
en
ergy
b
ey
on
d
th
e
\h
orizon
d
istan
ce,"
w
h
ich
w
as
d
e�
n
ed
in
L
ectu
re
N
otes
4
as
th
e

p
resen
t
d
istan
ce
o
f
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.
T
h
e
issu
e
of
h
orizon
s
w
as
in
tro
d
u
ced
in
to
cosm
ology
b
y
W
.
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P
R
O
B
L
E
M
S
O
F
T
H
E
C
O
N
V
E
N
T
IO
N
A
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(N
O
N
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F
L
A
T
IO
N
A
R
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)
H
O
T
B
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B
A
N
G
M
O
D
E
L

R
in
d
ler
in
1956,*
an
d
th
e
h
orizon
p
ro
b
lem
is
d
escrib
ed
(w
ith
o
u
t
u
sin
g
th
e
w
ord
s
\
h
o
rizo
n

p
rob
lem
")
in
tw
o
w
ell-k
n
ow
n
tex
tb
o
ok
s:
S
.
W
ein
b
erg,
G
ra
v
ita
tio
n
a
n
d
C
o
sm
o
log
y,
J
.

W
iley
an
d
S
on
s
(1972),
an
d
C
.W
.
M
isn
er,
K
.S
.
T
h
orn
e,
a
n
d
J
.A
.
W
h
eeler,
G
ra
v
ita
tio
n
,

W
.H
.
F
reem
an
&
C
o.
(1973
).

In
L
ectu
re
N
otes
4
w
e
fou
n
d
th
a
t
th
is
h
orizon
d
istan
ce
is
giv
en
b
y
3
ct
for
th
e
case

of
a
m
atter-d
om
in
ated
k
=
0
u
n
iv
erse,
an
d
in
L
ectu
re
N
otes
6
w
e
sh
ow
ed
th
a
t
it
is
2
ct

for
th
e
case
of
a
rad
iation
-d
o
m
in
ated
k
=
0
u
n
iverse.
W
e
also
sh
ow
ed
in
L
ectu
re
N
otes

6
th
at
th
e
u
n
iverse
b
ecam
e
m
atter-d
om
in
ated
a
t
ab
ou
t
5
0,0
00
y
ears
after
th
e
b
ig
b
an
g
,

an
d
th
at
th
e
cosm
ic
m
icrow
ave
b
ack
gro
u
n
d
rad
ia
tion
d
ecou
p
led
fro
m
th
e
rest
o
f
m
a
tter

a
t
t
d �
370
;000
years
after
th
e
b
ig
b
an
g
.
T
h
u
s,
th
e
rad
iation
d
ecou
p
led
w
ell
after
th
e

u
n
iverse
b
ecam
e
m
atter-d
om
in
ated
,
so
to
a
g
o
o
d
ap
p
rox
im
ation
th
e
h
o
rizo
n
d
istan
ce
at

th
is
tim
e
is
giv
en
b
y
`
h (t
d )�
3
ct
d �
1
;100
;0
00
ligh
t-y
ears.
(I
am
u
sin
g
th
e
con
ven
tio
n

th
at
a
su
b
scrip
t
\d
"
d
en
otes
th
e
valu
e
of
a
giv
en
q
u
an
tity
at
th
e
tim
e
o
f
d
eco
u
p
lin
g,
an
d

a
su
b
scrip
t
\0"
w
ill
d
en
ote
its
valu
e
a
t
th
e
p
resen
t
tim
e.)

F
or
com
p
arison
,
w
e
w
o
u
ld
like
to
calcu
late
th
e
d
ista
n
ce,
at
tim
e
t
d ,
b
etw
een
ou
r

ow
n
galax
y
(or,
m
ore
p
recisely,
th
e
m
atter
w
h
ich
w
ill
la
ter
b
eco
m
e
o
u
r
ga
lax
y
)
an
d
th
e

site
of
em
ission
of
th
e
cosm
ic
b
ack
grou
n
d
rad
iatio
n
th
at
w
e
are
n
ow
receiv
in
g
.
T
o
d
o

th
is,
w
e
can
m
ake
u
se
of
so
m
e
p
rev
io
u
s
resu
lts.
In
L
ectu
re
N
o
tes
6
w
e
learn
ed
th
a
t

th
e
cosm
ic
m
icrow
ave
b
ack
g
rou
n
d
ra
d
iation
w
as
em
itted
(o
r
m
ore
p
recisely,
d
eco
u
p
led
)

w
h
en
th
e
tem
p
eratu
re
w
as
30
0
0
ÆK
.
S
in
ce
th
e
cu
rren
t
tem
p
eratu
re
is
a
b
o
u
t
2
:7
ÆK
,
an
d

sin
ce
a
T
=
con
sta
n
t
as
th
e
u
n
iv
erse
ex
p
an
d
s,
it
follow
s
th
at
th
e
red
sh
ift
at
th
e
tim
e
of

d
ecou
p
lin
g
is
given
b
y

1
+
z
=
a
(t
0 )

a
(t
d )
=
30
00
ÆK

2
:7
ÆK

�
110
0
;

(8.1
)

w
h
ere
I
h
ave
also
m
ad
e
u
se
of
E
q
.
(2.1
5)
to
rela
te
1
+
z
to
th
e
ratio
of
th
e
sca
le
factors.

K
n
ow
in
g
1
+
z
w
e
can
�
n
d
th
e
p
resen
t
d
istan
ce
b
etw
een
o
u
r
galax
y
a
n
d
th
e
site
of
em
ission

of
th
e
rad
iation
,
u
sin
g
th
e
resu
lt
of
P
ro
b
lem
3
,
P
rob
lem
S
et
2.
Y
ou
fo
u
n
d
th
ere
th
a
t
for

a
m
atter-d
om
in
ated
k
=
0
u
n
iverse,
th
e
p
resen
t
p
h
y
sical
d
istan
ce
of
an
o
b
ject
seen
a
t

red
sh
ift
z
is
giv
en
b
y

`
p (t
0 )
=
2
cH
�

1
0

�
1�

1

p
1
+
z �
:

(8.2
)

U
sin
g
H
0

=

6
7
:7
k
m
-s
�

1-M
p
c
�

1,
o
n
e
�
n
d
s
th
at
H
�

1
0

�
1
4
:4�
10
9

y
r
an
d
`
p (t
0 )
�

2
8
:0�
10
9

ligh
t-y
r.
T
h
at
is,
th
e
region
of
em
ission
o
f
th
e
cosm
ic
b
ack
grou
n
d
rad
iatio
n

th
at
w
e
a
re
p
resen
tly
o
b
serv
in
g
is
a
sp
h
erical
sh
ell
of
m
atter
at
ju
st
a
little
b
it
less
th
an

*
W
.
R
in
d
ler,
\V
isu
al
h
orizon
s
in
w
o
rld
-m
o
d
els,"
M
o
n
th
ly
N
o
tice
s
o
f
th
e
R
o
y
a
l

A
stro
n
o
m
ica
l
S
oc
ie
ty
,
V
ol.
1
16,
p
p
.
662{
677
(1
956
),
h
ttp
://a
d
sab
s.h
arva
rd
.ed
u
/
ab
s/

1956M
N
R
A
S
.116..662R
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P
R
O
B
L
E
M
S
O
F
T
H
E
C
O
N
V
E
N
T
IO
N
A
L
(N
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H
O
T
B
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B
A
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L

th
e
p
resen
t
h
orizon
d
istan
ce,
`
h
(t
0 )�
2
cH
�

1
0

.
B
u
t
p
h
y
sical
d
istan
ces
vary
w
ith
tim
e
as

a
(t),
so
th
e
p
h
y
sical
rad
iu
s
of
th
is
sh
ell
of
m
atter
at
th
e
tim
e
o
f
d
ecou
p
lin
g
t
d
is
given
b
y

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

a
(t
0 )
`
p (t
0 )

�
1

1
1
0
0 �
28
:0�
10
9

lt-y
r�
2
:55�
10
7

lt-y
r
:

(8.3)

T
h
u
s,
a
t
th
e
tim
e
of
em
ission
of
th
e
cosm
ic
b
ack
grou
n
d
rad
iation
,
th
e
region
of
em
ission

w
as
a
sp
h
erical
sh
ell
w
ith
a
rad
iu
s
m
an
y
tim
es
larger
th
an
th
e
h
orizon
d
istan
ce.
S
p
ecif-

ically,
th
e
ra
d
iu
s
w
a
s
`
p (t
d )=
`
h
(t
d )�
2
:55�
10
7

lt-y
r=1
:1�
10
6

lt-y
r�
23
tim
es
larger

th
an
th
e
h
orizon
d
istan
ce.

T
o
state
th
e
p
rob
lem
m
ost
clearly,
su
p
p
ose
th
at
on
e
d
etects
th
e
cosm
ic
m
icrow
ave

b
ack
grou
n
d
in
a
certain
d
irection
in
th
e
sk
y,
a
n
d
su
p
p
ose
th
at
on
e
also
d
etects
th
e

rad
iation
from
p
recisely
th
e
op
p
osite
d
irection
.
A
t
th
e
tim
e
of
em
ission
,
th
e
sou
rces
of

th
ese
tw
o
sign
als
w
ere
sep
arated
from
each
o
th
er
b
y
ab
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
sica
l
p
ro
cess.

T
h
is
p
rob
lem
is
n
ot
a
gen
u
in
e
in
con
sisten
cy
of
th
e
con
ven
tion
al
h
ot
b
ig
b
an
g
m
o
d
el

|

if
th
e
u
n
iform
ity
is
assu
m
ed
in
th
e
in
itial
con
d
ition
s,
th
en
th
e
u
n
iv
erse
w
ill
evolve

u
n
iform
ly.
T
h
e
\p
rob
lem
"
is
th
at
on
e
of
th
e
m
ost
salien
t
featu
res
of
th
e
ob
serv
ed
u
n
iverse

|

its
large-scale
u
n
iform
ity
|

can
n
ot
b
e
ex
p
lain
ed
b
y
th
e
con
ven
tion
al
m
o
d
el;
it
sim
p
ly

m
u
st
b
e
assu
m
ed
as
an
in
itial
con
d
ition
.
T
h
e
su
ggestion
th
en
is
n
ot
th
at
th
e
con
ven
tion
al

m
o
d
el
is
w
ron
g,
b
u
t
rath
er
th
at
it
is
in
com
p
lete.

T
h
e
calcu
lation
d
escrib
ed
ab
ove
d
ep
en
d
ed
on
ou
r
ap
p
rox
im
ation
th
at
th
e
u
n
iverse

w
as
m
atter-d
om
in
a
ted
a
t
a
ll
relevan
t
tim
es,
w
h
ich
is
a
rath
er
cru
d
e
ap
p
rox
im
ation
.

N
on
eth
eless,
sin
ce
46
is
so
far
from

on
e,
w
e
can
b
e
con
�
d
en
t
th
at
th
is
p
rob
lem

w
ill

n
ot
go
aw
ay
w
ith
a
m
ore
carefu
l
calcu
lation
.

T
H
E
F
L
A
T
N
E
S
S
P
R
O
B
L
E
M
:

A
secon
d
p
rob
lem
of
th
e
con
ven
tion
al
h
ot
b
ig
b
an
g
m
o
d
el
is
k
n
ow
n
as
th
e

atn
ess

p
rob
lem
|

it
refers
to
th
e
d
iÆ
cu
lty
in
u
n
d
erstan
d
in
g
w
h
y
th
e
p
resen
t
valu
e
of


(th
e

ratio
of
th
e
m
ass
d
en
sity
�
to
th
e
critica
l
m
a
ss
d
en
sity
�
c )
is
close
to
1.
T
o
d
ay
w
e
k
n
ow

th
at


0
is
eq
u
al
to
1
at
least
to
w
ith
in
ab
ou
t
1/2%
|

m
ore
p
recisely,
b
y
com
b
in
in
g
th
eir

ow
n
d
ata
w
ith
d
ata
from
oth
er
ex
p
erim
en
ts,
th
e
P
lan
ck
team
*
con
clu
d
ed
th
at



0
=
0
:9993�
0
:0037

(8.4)

*
N
.
A
gh
an
im
et
al.
(P
lan
ck
C
ollab
oration
),
\P
lan
ck
2018
resu
lts,
V
I:
C
osm
ological

p
aram
eters,"
T
ab
le
4,
C
olu
m
n
5,
arX
iv
:1807.06209.
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P
R
O
B
L
E
M
S
O
F
T
H
E
C
O
N
V
E
N
T
IO
N
A
L
(N
O
N
-IN
F
L
A
T
IO
N
A
R
Y
)
H
O
T
B
IG
B
A
N
G
M
O
D
E
L

at
th
e
95%
con
�
d
en
ce
lev
el.
H
istorically,
h
ow
ev
er,
th
e

atn
ess
p
ro
b
lem
w
a
s
a
lrea
d
y
sev
ere

even
in
1980,
w
h
en
w
e
on
ly
k
n
ew
th
a
t


0

w
as
som
ew
h
ere
in
th
e
ran
ge

0
:1
<


0
<
2

(circa
19
80).

(8.5)

T
h
e
key
fact
is
th
at
th
e
valu
e


=
1
is
a
p
oin
t
of
u
n
stab
le
eq
u
ilib
riu
m
,
so
m
eth
in
g
lik
e
a

p
en
cil
b
alan
cin
g
on
its
p
oin
t.
T
h
e
w
ord
\eq
u
ilib
riu
m
"
im
p
lies
th
a
t
if


is
ev
er
e
x
a
c
tly

eq
u
al
to
on
e,
it
w
ill
rem
ain
eq
u
a
l
to
on
e
fo
rev
er
|

th
at
is,
a

at
(k
=
0
)
u
n
iverse
rem
a
in
s

a

at
u
n
iverse.
H
ow
ever,
if


is
ev
er
slig
h
tly
larger
th
a
n
on
e,
it
w
ill
ra
p
id
ly
g
row
tow
ard

in
�
n
ity
;
if


is
ever
sligh
tly
sm
a
ller
th
an
on
e,
it
w
ill
ra
p
id
ly
fa
ll
tow
ard
zero.
T
h
u
s,
in

ord
er
for


to
b
e
an
y
w
h
ere
n
ea
r
1
to
d
ay,
th
e
va
lu
e
of


in
th
e
ea
rly
u
n
iv
erse
m
u
st
h
ave

b
een
ex
traord
in
arily
close
to
o
n
e.

L
ike
th
e
h
orizon
p
rob
lem
,
th
is
p
ro
b
lem
is
n
ot
a
gen
u
in
e
in
co
n
sisten
cy
of
th
e
con
-

v
en
tion
al
m
o
d
el.
If
on
e
is
w
illin
g
to
assu
m
e
th
at
th
e
valu
e
of


in
th
e
early
u
n
iv
erse

w
as
ex
traord
in
arily
close
to
on
e,
th
en
th
e
m
o
d
el
w
ill
d
escrib
e
h
ow
th
e
u
n
iv
erse
evolv
es

to
h
ave
a
valu
e
of


to
d
ay
w
ith
in
th
e
accep
ted
ran
ge.
T
h
e
p
rob
lem
is
aga
in
th
e
la
ck
o
f

ex
p
lan
atory
or
p
red
ictive
p
ow
er
of
th
e
m
o
d
el
|

th
e
ex
tra
ord
in
ary
clo
sen
ess
of


to
u
n
ity

in
th
e
early
u
n
iv
erse
can
n
ot
b
e
ex
p
lain
ed
,
b
u
t
m
u
st
sim
p
ly
b
e
a
ssu
m
ed
as
an
in
itia
l
con
-

d
ition
.
T
h
e
m
ath
em
atics
b
eh
in
d
th
e

atn
ess
p
rob
lem
w
a
s
u
n
d
ou
b
ted
ly
k
n
ow
n
to
alm
o
st

a
n
yon
e
w
h
o
h
as
w
orked
on
th
e
b
ig
b
an
g
th
eo
ry
fro
m
th
e
1920's
on
w
ard
,
b
u
t
ap
p
aren
tly

th
e
�
rst
p
eop
le
to
con
sid
er
it
a
p
rob
lem
in
th
e
sen
se
d
escrib
ed
h
ere
w
ere
R
o
b
ert
D
icke

an
d
P
.J
.E
.
P
eeb
les,
w
h
o
p
u
b
lish
ed
a
d
iscu
ssion
in
1
979. y

T
o
w
ork
o
u
t
th
e
evolu
tion
of


,
w
e
n
eed
on
ly
reca
st
som
e
relation
s
th
at
w
e
h
ave

alread
y
d
erived
.
T
h
e
key
rela
tion
is
th
e
�
rst-o
rd
er
F
ried
m
an
n
eq
u
ation
for
th
e
evo
lu
tio
n

of
th
e
scale
factor,
d
eriv
ed
in
L
ectu
re
N
otes
3:

H
2� �
_aa �
2

=

8
�3

G
��
k
c
2

a
2

;

(8.6)

w
h
ere
th
e
overd
ot
rep
resen
ts
a
d
erivativ
e
w
ith
resp
ect
to
t.
R
ecallin
g
th
a
t
�
c
=
3
H
2=8
�
G

(see
E
q
.
(3.33)),
on
e
can
d
iv
id
e
b
oth
sid
es
of
th
e
eq
u
atio
n
b
y
H
2

to
g
ive

1
=

��
c �

k
c
2

a
2H
2

;

(8
.7)

w
h
ich
can
b
e
rew
ritten
a
s



�
1
=

k
c
2

a
2H
2

;

(8
.8)

y
R
.H
.
D
icke
a
n
d
P
.J
.E
.
P
eeb
les,
\T
h
e
b
ig
b
an
g
cosm
o
lo
gy
|

en
igm
a
s
a
n
d
n
o
stru
m
s,"

in
G
e
n
e
ra
l
R
e
la
tiv
ity
:
A
n
E
in
ste
in
C
e
n
te
n
a
ry
S
u
rv
e
y
,
ed
s:
S
.W
.
H
aw
k
in
g
an
d

W
.
Israel,
C
am
b
rid
ge
U
n
iversity
P
ress
(197
9).



8
.2
8
6
L
E
C
T
U
R
E
N
O
T
E
S
8
,
F
A
L
L
2
0
1
8

p
.
5

P
R
O
B
L
E
M
S
O
F
T
H
E
C
O
N
V
E
N
T
IO
N
A
L
(N
O
N
-IN
F
L
A
T
IO
N
A
R
Y
)
H
O
T
B
IG
B
A
N
G
M
O
D
E
L

w
h
ere
w
e
recalled
th
at



�
��

c
:

(8.9)

B
u
t
th
e
evolu
tion
of
a
an
d
H
are
alread
y
u
n
d
ersto
o
d
.
F
or
a
m
atter-d
om
in
ated
k
=
0

u
n
iv
erse,
w
e
k
n
ow
from
L
ectu
re
N
otes
3
th
at
a/
t
2
=
3,
an
d
th
erefore
H
=
_a=
a
=
2
=(3
t).

It
follow
s
th
at



�
1/ �
1

t
2
=
3 �

2 �
1t

�

1 �
2/

t
2
=
3

(m
atter-d
om
in
ated
).

(8.10)

F
or
a
rad
iation
-d
om
in
ated
k
=
0
u
n
iv
erse,
o
n
th
e
o
th
er
h
a
n
d
,
w
e
k
n
ow
from

L
ectu
re

N
otes
6
th
at
a/
t
1
=
2,
so
H
=
1
=(2
t).
T
h
is
giv
es



�
1/ �
1

t
1
=
2 �

2 �
1t

�

1 �
2/

t

(rad
iation
d
om
in
ated
).

(8.11)

W
e
can
n
ow
trace
th
e
ev
olu
tion
of


b
ack
w
a
rd
in
tim
e.
F
rom
th
e
P
lan
ck
lim
it
on



0

listed
in
E
q
.
(8.4),
w
e
can
con
clu
d
e
th
at

j

0 �
1j
<
:01
:

(8.12)

W
e
co
u
ld
h
ave
w
ritten
j

0 �
1j
<
0
:005,
b
u
t
for
sim
p
licity
w
e
w
ill
con
sid
er
on
ly
in
teger

p
ow
ers
of
ten
.
A
gain
for
sim
p
licity,
w
e
w
ill
assu
m
e
th
at
th
e
u
n
iv
erse
can
b
e
d
escrib
ed
in

term
s
of
a
m
atter-d
om
in
ated
era
an
d
a
rad
iation
-d
om
in
ated
era,
b
oth
n
early

at
so
th
at

E
q
s.
(8.10)
an
d
(8.11)
a
p
p
ly,
w
ith
a
sh
arp
tran
sition
b
etw
een
th
e
tw
o.
T
h
e
tran
sition

o
ccu
rs
at
ab
ou
t
50,000
y
ears
after
th
e
b
ig
b
an
g,
w
h
ile
w
e
estim
ate
th
e
cu
rren
t
age
of
th
e

u
n
iv
erse
as
13
:8�
10
9

years.
U
sin
g
E
q
.
(8.10),
w
e
con
clu
d
e
th
at
th
e
valu
e
of


at
50,000

years
is
giv
en
b
y

(

�
1)
t
=
5
0
;0
0
0
y
r � �
50
;000

1
3
:8�
1
0
9 �

2
=
3

(

0 �
1)�
2
:36�
10
�

4
(

0 �
1)
:

(8.13)

L
et
u
s
n
ow
ca
lcu
la
te
th
e
valu
e
of


at
1
secon
d
after
th
e
b
ig
b
an
g.
O
n
e
secon
d
is

a
p
articu
larly
in
terestin
g
tim
e,
b
ecau
se
it
is
th
e
earliest
tim
e
for
w
h
ich
w
e
h
ave
d
irect

ev
id
en
ce
th
at
th
e
con
ven
tion
al
h
ot
b
ig
b
an
g
m
o
d
el
seem
s
to
b
e
w
ork
in
g.
T
h
e
p
ro
cesses

w
h
ich
lead
to
n
u
cleosy
n
th
esis
b
egin
at
ab
ou
t
t
=
1
sec,
an
d
th
e
p
red
iction
s
d
eriv
ed
from

b
ig
b
an
g
n
u
cleosy
n
th
esis
calcu
lation
s
are
in
go
o
d
agreem
en
t
w
ith
ob
servation
s.

T
o
�
n
d
th
e
valu
e
of


a
t
on
e
secon
d
,
b
egin
b
y
n
o
tin
g
th
at

1
sec

50
;000
y
r
=

1
sec

50
;000
y
r �

1
y
r

3
:16�
10
7
sec
=
6
:33�
10
�

1
3

:

8.286
L
E
C
T
U
R
E
N
O
T
E
S
8,
F
A
L
L
2018

p
.
6

P
R
O
B
L
E
M
S
O
F
T
H
E
C
O
N
V
E
N
T
IO
N
A
L
(N
O
N
-IN
F
L
A
T
IO
N
A
R
Y
)
H
O
T
B
IG
B
A
N
G
M
O
D
E
L

C
om
b
in
in
g
E
q
s.
(8.11)
an
d
(8.1
3),
w
e
�
n
d
th
a
t

(

�
1)
t=
1
s
e
c �
6
:3
3�
1
0
�

1
3
(

�
1)
t=
5
0
;0
0
0
y
r

�
1
:49�
1
0
�

1
6
(

0 �
1)
:

(8
.14
)

U
sin
g
E
q
.
(8.12),
w
e
con
clu
d
e
th
at

j

�
1jt=
1
s
e
c
<
10
�

1
8

:

(8.1
5)

T
h
u
s,
at
on
e
secon
d
a
fter
th
e
b
ig
b
an
g,
th
e
valu
e
of


m
u
st
h
av
e
b
een
eq
u
al
to
o
n
e

to
an
accu
racy
of
18
d
ecim
a
l
p
laces!
T
h
e

atn
ess
p
rob
lem

is
th
e
statem
en
t
th
at
th
e

con
ven
tion
al
h
ot
b
ig
b
an
g
m
o
d
el
p
rov
id
es
n
o
ex
p
lan
atio
n
of
h
ow
th
e
valu
e
of


cam
e
to

b
e
tu
n
ed
so
p
recisely.
N
ote
th
at
if
w
e
h
ad
p
u
t
ou
rselv
es
b
ack
in
to
th
e
settin
g
of
198
0,

u
sin
g
E
q
.
(8.5)
in
stead
of
(8
.4
),
w
e
still
w
ou
ld
h
ave
reach
ed
th
e
ex
tra
ord
in
a
ry
con
clu
sion

th
at


at
on
e
secon
d
m
u
st
h
ave
eq
u
a
led
1
to
an
accu
racy
of
16
d
ecim
a
l
p
la
ces.

A
s
w
e
w
ill
see
sh
ortly,
th
e
h
orizon
a
n
d

a
tn
ess
p
rob
lem
s
p
rov
id
e
m
u
ch
o
f
th
e
m
o-

tivation
of
th
e
in

ation
ary
u
n
iv
erse
m
o
d
el,
w
h
ich
gives
a
sim
p
le
reso
lu
tion
to
b
o
th
o
f

th
em
.


