
A
la
n
G
u
th
,
In

a
tio
n
ary
C
o
sm
o
lo
g
y:
Is
O
u
r
U
n
iverse
P
art
o
f
a
M
u
ltiverse,
P
art
2
,
8
.2
8
6
L
ectu
re
2
,
S
ep
tem
b
er
1
0
,
2
0
1
8
,
p
.
1
.

S
U
M
M
A
R
Y
O
F
L
A
S
T
L
E
C
T
U
R
E

T
he
S
tandard
B
ig
B
ang:
R
eally
describ
es
only
the
afterm
ath
of
a

bang,
b
eginning
w
ith
a
hot
dense
uniform
soup
of
particles
�
lling

an
expanding
space.

C
osm
ic
In
ation:
T
he
prequel,
describ
es
how
repulsive
gravity
|

a
consequence
of
negative
pressure
|

could
have
driven
a
tiny

patch
of
the
early
universe
into
exp
onential
expansion.
T
he
total

energy
w
ould
b
e
very
sm
all
or
m
ayb
e
zero,
w
ith
the
negative

energy
of
the
co
sm
ic
gravitational
�
eld
canceling
the
energy
of

m
atter.

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
L
e
c
tu
re

2
,
S
e
p
te
m
b
e
r
1
0
,
2
0
1
8

{
1
{

S
um
m
a
ry
p
.
2
:
E
vid
e
nce
fo
r
I
nfla
tio
n

1
)
In

atio
n
can
exp
lain
th
e
larg
e-scale
u
n
iform
ity
of
the
universe.

(C
o
sm
ic
m
icrow
ave
b
ackg
ro
u
n
d
(C
M
B
)
u
niform

to
1
p
art
in

1
0
0
,0
0
0
.)

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
L
e
c
tu
re

2
,
S
e
p
te
m
b
e
r
1
0
,
2
0
1
8

{
2
{

2
)
\F
la
tne
ss
prob
le
m
:"

W
hy
w
as
the
early
universe
so
F
L
A
T
?

W
hat
is
m
eant
by
\

at"?

F
lat
do
es
not
m
ean
2-dim
ensional.

F
lat
m
eans
E
uclidean,
as
opp
osed
to
the

non-E
uclidean
cu
rved
spaces
that
are
also

allow
ed
by
E
instein's
general
relativity.

3-dim
ensional
curved
spaces
are
hard
to

visualize,
but
they
are
analogous
to
the

2-dim
ensionalcu
rved
surfaces
show
n
on
the

right.
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
L
e
c
tu
re

2
,
S
e
p
te
m
b
e
r
1
0
,
2
0
1
8

{
3
{
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la
n
G
u
th
,
In

a
tio
n
ary
C
o
sm
o
lo
g
y:
Is
O
u
r
U
n
iverse
P
art
o
f
a
M
u
ltiverse,
P
art
2
,
8
.2
8
6
L
ectu
re
2
,
S
ep
tem
b
er
1
0
,
2
0
1
8
,
p
.
2
.

A
ccord
in
g
to
g
en
eral
relativity,
th
e

atn
ess

o
f
th
e
u
n
iverse
is
related
to
its
m
ass
den
sity:



(O
m
e
g
a
)
=

actu
al
m
ass
d
en
sity

critical
m
ass
d
en
sity
;

w
h
ere
th
e
\
critical
d
en
sity"
dep
ends
on
the

exp
an
sio
n
rate.


=
1
is

at,


g
reater

th
an
1
is
clo
sed
,


less
th
an
1
is
o
p
en
.

A
la
n
G
u
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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
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c
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b
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{

A
u
niverse
at
the
critical
density
is
like
a
p
encil
balancing
on
its

tip:
If


in
the
early
universe
w
as
slightly
b
elow
1,
it
w
ould
rapidly

fall
to
zero
|

and
no
galaxies
w
ould
form
.

If


w
as
slightly
greater
than
1,
it
w
ould
rapidly
rise
to
in�
nity,

the
universe
w
ould
recollapse,
and
no
galaxies
w
ould
form
.

T
o
b
e
as
close
to
critical
density
as
w
e
m
easure
to
day,
at
one

second
after
the
big
bang,


m
ust
have
b
een
equal
to
one
to
1
5

d
e
c
im
a
l
p
la
c
e
s!

{
5
{

I
n
fla
tio
n
a
ry
S
o
lu
tio
n
:

S
in
ce
in

atio
n
m
akes
gravity
b
eco
m
e

rep
u
lsive,
th
e
evo
lu
tio
n
o
f


ch
an
g
es,
to
o
.


is
driven
tow
ard
s

o
n
e,
extrem
ely
rap
id
ly.
It
co
u
ld
b
eg
in
at
alm
ost
any
value.

S
in
ce
th
e
m
ech
an
ism
by
w
h
ich
in

atio
n
explains
the

atness
of

the
early
u
n
iverse
alm
o
st
alw
ays
o
versh
o
o
ts,
it
predicts
that
even

to
d
ay
th
e
u
n
iverse
sh
o
u
ld
h
ave
a
critical
d
ensity.

U
n
til
19
9
8
,
o
b
servatio
n
p
o
in
ted
to


�

0
:2
{0.3.

L
atest
o
b
servatio
n
by
P
lan
ck
satellite
(com
bined
w
ith
other

astro
n
o
m
ical
o
b
servatio
n
s):



=
0
:999
�

0
:0
0
4
(9
5
%
co
n
�
d
ence)

N
ew
in
g
red
ien
t:
D
ark
E
nergy.
In
1
9
9
8
it
w
as
discovered
that
the

exp
an
sio
n
o
f
th
e
u
n
iverse
h
as
b
een
accelerating
for
ab
out
the
last

5
b
illio
n
years.
T
he
\D
ark
E
n
erg
y"
is
th
e
energy
causing
this
to

h
ap
p
en
.

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
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g
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8
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c
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b
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3
)
S
m
a
ll
sca
le
nonuniform
ity
:

C
an
b
e
m
easured
in
the
cosm
ic

background
radiation.
T
he
intensity
is
alm
ost
uniform
across
the

sky,
b
ut
there
are
sm
all
ripples.
A
lthough
these
ripples
are
only

at
the
level
of
1
part
in
100,000,
these
nonuniform
ities
are
now

detectable!
W
here
do
they
com
e
from
?

I
nfla
tiona
ry
S
olution:

In
ation
attributes
these
ripples
to

q
u
an
tu
m


u
ctu
atio
n
s.

In
ation
m
akes
generic
predictions
for

the
sp
ectrum
of
these
ripples
(i.e.,
how
the
intensity
varies
w
ith

w
avelength).
T
he
data
m
easured
so
far
agree
b
eautifully
w
ith

in
ation.

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
L
e
c
tu
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2
,
S
e
p
te
m
b
e
r
1
0
,
2
0
1
8

{
7
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,
In

a
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n
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C
o
sm
o
lo
g
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O
u
r
U
n
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P
art
o
f
a
M
u
ltiverse,
P
art
2
,
8
.2
8
6
L
ectu
re
2
,
S
ep
tem
b
er
1
0
,
2
0
1
8
,
p
.
3
.

R
ip
p
le
s
in
th
e
C
o
sm
ic
M
icro
w
a
ve
B
a
ck
g
ro
und{

8
{

C
M
B
:

C
o
m
p
a
riso
n

o
f
T
h
e
o
ry

a
nd

E
x
p
e
rim
e
nt

G
ra
p
h
b
y
M
a
x
T
eg
m
ark
,

for
A
.
G
u
th
&
D
.
K
a
iser,

S
c
ie
n
c
e
3
0
7
,
8
8
4

(F
eb
1
1
,
2
0
0
5
),
u
p
d
ated

to
in
clu
d
e
W
M
A
P

7
-year
d
a
ta.

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
L
e
c
tu
re

2
,
S
e
p
te
m
b
e
r
1
0
,
2
0
1
8

{
9
{

C
M
B
:

C
o
m
p
a
riso
n

o
f
T
h
e
o
ry

a
nd

E
x
p
e
rim
e
nt

G
rap
h
b
y
M
ax
T
eg
m
ark
,

fo
r
A
.
G
u
th
&
D
.
K
aiser,

S
c
ie
n
c
e
3
0
7
,
8
8
4

(F
eb
1
1
,
2
0
0
5
),
u
p
d
ated

to
in
clu
d
e
W
M
A
P

7
-year
d
ata
.

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
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g
y

8
.2
8
6
L
e
c
tu
re

2
,
S
e
p
te
m
b
e
r
1
0
,
2
0
1
8

{
1
0
{

S
p
e
ctrum
o
f
C
M
B
R
ip
p
le
s

{
1
1
{



A
la
n
G
u
th
,
In

a
tio
n
ary
C
o
sm
o
lo
g
y:
Is
O
u
r
U
n
iverse
P
art
o
f
a
M
u
ltiverse,
P
art
2
,
8
.2
8
6
L
ectu
re
2
,
S
ep
tem
b
er
1
0
,
2
0
1
8
,
p
.
4
.

G
ra
vita
tio
na
l
W
a
ve
s:
C
a
m
e
a
nd
W
e
nt

M
arch
1
7
,
2
0
1
4
:
T
h
e
B
IC
E
P
2
press
co
n
ference
announced
the

d
etectio
n
o
f
sw
irly
p
attern
s
(B
-m
o
des)
in
the
p
olarization
o
f
the

C
M
B
,
in
d
icatin
g
gravitatio
n
al
w
aves
fro
m
the
early
u
niverse,
in

ag
reem
en
t
w
ith
in

atio
n
.

R
esu
lt:
A
fter
acco
u
n
tin
g
for
th
eir
b
est
estim
ate
of
contam
ination
due

to
d
u
st,
th
ey
fo
u
n
d
a
ten
sor/
scalar
ratio
r
=

0
:1
6
+
0
:

0
6

�

0
:

0
5 ,
w
ith

r
=
0
d
isfavored
at
5
.9
�
.

T
ran
slatio
n
:
th
e
pro
b
ab
ility
th
at
th
ere
are
n
o
prim
ordial
gravitational

w
aves
is
o
n
ly
ab
o
u
t
o
n
e
in
a
b
illio
n
.

A
pril
1
4
,
2
0
1
5
:
A
Jo
in
t
A
n
alysis
o
f
B
IC
E
P
2
/
K
eck
A
rray
an
d
P
lan
ck

D
ata:
\
W
e
�
n
d
stro
n
g
evid
en
ce
for
du
st
and
no
statistically

sig
n
i�
can
t
evid
en
ce
for
ten
sor
m
o
d
es."

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
L
e
c
tu
re

2
,
S
e
p
te
m
b
e
r
1
0
,
2
0
1
8

{
1
2
{

T
he
search
for
B
-m
o
des
is
still
on,
and
if
they
are
found
they
w
ill

provide
additional
strong
evidence
for
in
ation,
and
a
to
ol
for

probing
the
d
etails
of
in
ation.

C
urrent
lim
it:
r
<

0
:07.
F
uture
sensitivity:
if
r
>

0
:001,
it
can
b
e

found
by
ab
out
2
024
(C
M
B
S
tage
4).

If
B
-m
o
des
are
not
fo
und,
that
is
not
evidence
against
in
ation:
m
any

in
ationary
m
o
dels
predict
a
B
-m
o
de
intensity
m
uch
sm
aller
than

0.001.
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
L
e
c
tu
re

2
,
S
e
p
te
m
b
e
r
1
0
,
2
0
1
8

{
1
3
{

I
nfla
tio
n
S
ug
g
e
sts
a
M
ultive
rse

A
lm
o
st
all
d
etailed
m
o
d
els
o
f
in

atio
n
lead
to
\
eternal
in
ation,"
and

h
en
ce
to
a
m
u
ltiverse.

R
o
u
g
h
ly
sp
eakin
g
,
in

atio
n
is
d
riven
by
a
m
etastable
state,
w
hich

d
ecays
w
ith
so
m
e
h
alf-life.

A
fter
o
n
e
h
alf-life,
h
alf
o
f
th
e
in

atin
g
m
aterial
has
b
ecom
e
norm
al,

n
o
n
in

atin
g
m
atter,
b
u
t
th
e
h
alf
th
at
rem
ains
has
continued

to
exp
an
d
exp
o
n
en
tially.
It
is
vastly
larg
er
than
it
w
as
at
the

b
eg
in
n
in
g
.

O
n
ce
started
,
th
e
in

atio
n
g
o
es
o
n
F
O
R
E
V
E
R
,
w
ith
pieces
o
f
the

in

atin
g
reg
io
n
breakin
g
o
�
an
d
pro
d
u
cin
g
\p
o
cket
universes."

W
e
w
o
u
ld
b
e
livin
g
in
o
n
e
o
f
th
e
in
�
n
ity
o
f
p
o
cket
universes.

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
L
e
c
tu
re

2
,
S
e
p
te
m
b
e
r
1
0
,
2
0
1
8

{
1
4
{

T
h
e
C
o
sm
o
lo
g
ica
l
C
o
nsta
nt
P
ro
b
le
m

In
1998,tw
o
groups
of
astronom
ers
discovered
that
for
the
past
5{

6
billion
years,
the
expansion
ofthe
universe
has
b
een
accelerating.

A
ccording
to
G
R
,
this
requires
a
repulsive
gravity
m
aterial,
w
hich

is
dubb
ed
\D
ark
E
nergy".

S
im
plest
explanation:
dark
energy
is
vacuum
energy
|
the
energy

density
of
em
pty
space.
T
he
physicist's
vacuum
is
far
from
em
pty,

so
a
nonzero
energy
density
is
exp
ected.

V
alue
of
V
acuum
E
nergy
D
ensity
M
akes
N
o
S
ense:
W
e
cannot

calculate
the
vacuum

energy
density,
but
the
natural
particle

physics
estim
ate
is
called
the
P
lanck
scale
|

the
energy
scale

at
w
hich
the
e�
ects
of
quantum
gravity
are
exp
ected
to
b
ecom
e

im
p
ortant.
B
ut
it
is
M
U
C
H
larger
than
the
observed
value:

I
t
is
la
rge
r
b
y
1
2
0
ord
e
rs
of
m
a
gnitud
e
!

{
1
5
{



A
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G
u
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a
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n
ary
C
o
sm
o
lo
g
y:
Is
O
u
r
U
n
iverse
P
art
o
f
a
M
u
ltiverse,
P
art
2
,
8
.2
8
6
L
ectu
re
2
,
S
ep
tem
b
er
1
0
,
2
0
1
8
,
p
.
5
.

T
h
e
M
ultive
rse
a
nd
th
e

C
o
sm
o
lo
g
ica
l
C
o
nsta
nt
P
ro
b
le
m

O
ne
o
f
the
thorn
iest
pro
b
lem
s
in
p
article
th
eory
is
to
understand

w
h
y
th
e
en
erg
y
d
en
sity
o
f
th
e
vacu
u
m
(equivalent
to
the
cos-

m
o
lo
g
ical
co
n
stan
t)
is
1
2
0
ord
ers
o
f
m
ag
n
itude
sm
aller
than
the

(exp
ected
)
P
lan
ck
scale.

T
h
e
m
u
ltiverse
o
�
ers
a
p
o
ssib
le
(alth
o
u
g
h
controversial)
solution.

If
th
ere
are
1
0
5
0
0

d
i�
eren
t
typ
es
o
f
vacu
u
m
(as
in
string
theory),

th
ere
w
ill
b
e
m
an
y
w
ith
en
erg
y
d
en
sities
in
the
range
w
e
observe.

T
h
e
vacu
u
m
en
erg
y
a�
ects
co
sm
ic
evo
lu
tio
n
:
if
it
is
to
o
large
and

p
o
sitive,
th
e
u
n
iverse

ies
ap
art
to
o
fast
for
galaxies
to
form
.
If

to
o
larg
e
an
d
n
eg
ative,
th
e
u
n
iverse
im
p
lo
d
es.

It
is
th
erefore
p
lau
sib
le
th
at
life
o
n
ly
form
s
in
th
o
se
p
o
cket
u
n
i-

verses
w
ith
in
cred
ib
ly
sm
all
vacu
u
m
en
erg
ies,
so
all
living
b
eings

w
o
u
ld
o
b
serve
a
sm
all
vacu
u
m
en
erg
y.
(A
nthropic
principle,
or

o
b
servatio
n
al
selectio
n
e�
ect.)

{
1
6
{

S
U
M
M
A
R
Y

T
h
e
I
nfla
tiona
ry
Pa
ra
d
igm
is
in
G
re
a
t
S
h
a
pe
!

E
xplains
large
scale
uniform
ity.

P
redicts
the
m
ass
density
of
the
universe
to
b
etter
than
1%

accuracy.

E
xplains
the
ripples
w
e
see
in
the
cosm
ic
background
radiation
as

the
result
of
quantum

uctuations.

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
L
e
c
tu
re

2
,
S
e
p
te
m
b
e
r
1
0
,
2
0
1
8

{
1
7
{

T
h
re
e
W
in
d
s
B
lo
w
in
g
U
s
T
o
w
a
rd
s
th
e
M
ultive
rse

1
)
A
lm
o
st
all
in

atio
n
ary
m
o
d
els
are
etern
al
into
the
future.
O
nce

in

atio
n
starts,
it
n
ever
sto
p
s,
b
u
t
g
o
es
o
n
forever
pro
ducing

p
o
cket
u
n
iverses.

2
)
A
stro
n
o
m
ers
h
ave
d
isco
vered
th
at
th
e
un
iverse
is
accelerating,

w
h
ich
pro
b
ab
ly
in
d
icates
a
vacu
u
m
en
erg
y
that
is
nonzero,
but

in
cred
ib
ly
m
u
ch
sm
aller
th
an
w
e
can
u
n
derstand.

W
hat
is

h
ap
p
en
in
g
?

3
)
S
trin
g
th
eorists
m
o
stly
ag
ree
th
at
strin
g
theory
has
n
o
un
iq
ue

vacu
u
m
,
b
u
t
in
stead
a
lan
d
scap
e
o
f
p
erhaps
1
0
5
0
0

long-lived

m
etastab
le
states,
an
y
o
f
w
h
ich
co
u
ld
b
e
our
vacuum
.
W
ith

th
e
m
u
ltiverse,
th
is
allow
s
th
e
sm
all
vacu
u
m
energy
density
to

b
e
exp
lain
ed
as
a
selectio
n
e�
ect:
p
erh
ap
s
w
e
see
a
sm
allvacuum

en
erg
y
d
en
sity
b
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