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E
x

p
a

n
s

io
n

 is
 b

e
s

t
 d

e
s

c
rib

e
d

 b
y

 t
h

e
 

t
h

e
o

ry
 o

f g
e

n
e

ra
l re

la
t

iv
it

y
, p

u
b

lis
h

e
d

 b
y

 
A

lb
e

rt
 E

in
s

t
e

in
 in

 1
9

1
5

.  T
h

is
 t

h
e

o
ry

 
t

e
lls

 u
s

 t
h

a
t

 t
h

e
 g

e
o

m
e

t
ry

 o
f s

p
a

c
e

 is
 

lin
ke

d
 t

o
 t

h
e

 d
e

n
s

it
y

 o
f t

h
e

 U
n

iv
e

rs
e

.

E
in

s
t

e
in

 w
a

s
 n

o
t

 s
a

t
is

fie
d

 b
y

 t
h

e
 

firs
t

 v
e

rs
io

n
 o

f h
is

 t
h

e
o

ry
, b

e
c

a
u

s
e

 
it

 w
a

s
 in

c
o

n
s

is
t

e
n

t
 w

it
h

 a
 s

t
a

t
ic

 
(i.e

. n
o

n
-e

x
p

a
n

d
in

g
) U

n
iv

e
rs

e
. H

e
 

t
h

e
re

fo
re

 in
t

ro
d

u
c

e
d

 in
 1

9
1

7
 a

 
n

e
w

 t
e

rm
, t

h
e

 c
o

s
m

o
lo

g
ic

a
l 

c
o

n
s

t
a

n
t
Λ
.

It
 w

a
s

 t
o

 b
e

 t
h

e
 s

t
a

rt
 o

f a
 s

a
g

a
 

t
h

a
t

, m
o

re
 t

h
a

n
 a

 c
e

n
t

u
ry

 la
t

e
r, is

 
n

o
w

 p
e

rh
a

p
s

 a
t

 it
s

 h
e

ig
h

t
...

T
h

e
 d

e
s

t
in

y
 o

f t
h

e
 U

n
iv

e
rs

e

A
lb

e
rt

 
E

in
s

t
e

in

1
2

D
ia

g
ra

m
 d

e
p

ic
t

in
g

 t
h

e
 a

c
c

e
le

ra
t

e
d

 
e

x
p

a
n

s
io

n
 o

f t
h

e
 U

n
iv

e
rs

e
. 

C
re

d
it: D

e
sig

n
 A

le
x
 M

itte
lm

a
n

n
, C

o
ld

cre
a

tio
n

E
x

p
la

in
in

g
 t

h
e

 a
c

c
e

le
ra

t
in

g
 e

x
p

a
n

s
io

n
 o

f 
t

h
e

 U
n

iv
e

rs
e

 h
a

s
 le

a
d

 t
o

 a
  g

re
a

t
 d

iv
e

rs
it

y
 

o
f t

h
e

o
rie

s
. N

e
e

d
le

s
s

 t
o

 s
a

y
, d

e
s

c
rib

in
g

 
t

h
e

s
e

 t
h

e
o

rie
s

 in
 s

o
m

e
 d

e
t

a
il is

 
m

a
t

h
e

m
a

t
ic

a
lly

 t
ric

k
y

.

A
n

o
t

h
e

r p
o

s
s

ib
le

 s
o

lu
t

io
n

 c
o

n
s

is
t

s
 in

 
m

o
d

ify
in

g
 E

in
s

t
e

in
’s

 g
ra

v
it

y
 t

h
e

o
ry

. T
h

e
re

 
a

re
 m

a
n

y
 w

a
y

s
 o

f a
c

h
ie

v
in

g
 t

h
is

, b
u

t
 it

 is
 

d
iffic

u
lt

 t
o

 d
o

 s
o

 w
it

h
o

u
t

 v
io

la
t

in
g

 o
n

e
 o

r 
m

o
re

 o
f t

h
e

 m
a

n
y

 s
u

c
c

e
s

s
fu

l p
re

d
ic

t
io

n
s

 
o

f g
e

n
e

ra
l re

la
t

iv
it

y
. F

in
a

lly
, b

o
t

h
 

a
p

p
ro

a
c

h
e

s
 c

a
n

 b
e

 c
o

m
b

in
e

d
 in

 d
iffe

re
n

t
 

w
a

y
s

…

W
o

lfg
a

ng
 P

a
uli

Y
a

ko
v

Z
eld

o
vich

S
teven

W
einberg

T
h

re
e

 o
f t

h
e

 g
re

a
t

e
s

t
 p

h
y

s
ic

is
t

s
 o

f t
h

e
 

2
0

t
h

 c
e

n
t

u
ry

 e
x

a
m

in
e

d
 t

h
e

  q
u

e
s

t
io

n
 

o
f t

h
e

 q
u

a
n

t
u

m
 v

a
c

u
u

m
, n

o
t

in
g

 t
h

e
 

in
c

re
d

ib
ly

 la
rg

e
 v

a
lu

e
 p

re
d

ic
t

e
d

 fo
r t

h
e

 
d

e
n

s
it

y
 o

f t
h

e
 q

u
a

n
t

u
m

 v
a

c
u

u
m

 
c

o
m

p
a

re
d

 t
o

 t
h

a
t

 d
e

d
u

c
e

d
 fro

m
 t

h
e

 
o

b
s

e
rv

a
t

io
n

s
. T

h
e

 q
u

a
n

t
u

m
 v

a
lu

e
 is

 
a

b
o

u
t

 1
0

1
2
0

t
im

e
s

 * g
re

a
t

e
r; t

h
is

 is
 

o
ft

e
n

 d
e

s
c

rib
e

d
 a

s
 t

h
e

 m
o

s
t

 e
rro

n
e

o
u

s
 

o
rd

e
r o

f m
a

g
n

it
u

d
e

 c
a

lc
u

la
t

io
n

 in
 a

ll o
f 

p
h

y
s

ic
s

.
A

g
a

in
, a

 q
u

e
s

t
io

n
 t

h
a

t
 m

ig
h

t
 h

a
v

e
 

re
m

a
in

e
d

 in
 t

h
e

 w
a

rd
ro

b
e

 o
f u

s
e

le
s

s
 

c
u

rio
s

it
ie

s
 in

 p
h

y
s

ic
s

.
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0
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0
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2
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 t
im

e
s

9

T
h

e
 q

u
a

n
t

u
m
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a

c
u

u
m

C
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jC

8

A
c

c
o

rd
in

g
 t

o
 q

u
a

n
t

u
m

 m
e

c
h

a
n

ic
s

, a
 

v
a

c
u

u
m

 is
 n

o
t

 t
h

e
 a

b
s

e
n

c
e

 o
f e

v
e

ry
t

h
in

g
, 

b
u

t
 ra

t
h

e
r a

 p
e

rm
a

n
e

n
t

 s
w

a
rm

in
g

 o
f 

p
a

rt
ic

le
s

 a
n

d
 a

n
t

ip
a

rt
ic

le
s

, c
o

n
t

in
u

o
u

s
ly

 
a

p
p

e
a

rin
g

 a
n

d
 d

is
a

p
p

e
a

rin
g

.

T
h

e
 v

a
c

u
u

m
 m

u
s

t
 t

h
e

re
fo

re
 h

a
v

e
 a

 n
o

n
-

z
e

ro
 d

e
n

s
it

y
.

h
ttp
s
://p
h
y
s
ic
s
c
o
m
m
u
n
ic
a
tio
n
.ie
/n
o
th
in
g
-m
a
tte
rs
-h
o
w
-th
e
-

s
tu
d
y
-o
f-v
a
c
u
u
m
-e
n
e
rg
y
-is
-p
ro
v
in
g
-c
a
ta
s
tro
p
h
ic

G
o

 t
o

 t
h

is
 s

it
e

 t
o

 s
e

e
 t

h
e

 a
n

im
a

t
io

n

4

T
h

e
 v

e
lo

c
it

y
 o

f 
g

a
la

x
ie

s
 d

u
e

 t
o

 e
x

p
a

n
s

io
n

 is
 

kn
o

w
n

 f
ro

m
 o

b
s

e
rv

a
t

io
n

s
, b

u
t

 w
e

 d
o

 n
o

t
 k

n
o

w
 

t
h

e
 s

t
re

n
g

t
h

 o
f 

t
h

e
 g

ra
vi

t
a

t
io

n
 o

f 
m

a
t

t
e

r 
w

h
ic

h
 is

 c
o

n
t

ro
lle

d
 b

y
 it

s
 d

e
n

s
it

y
. I

f 
t

h
e

 d
e

n
s

it
y

 
is

 h
ig

h
 e

n
o

u
g

h
 (
Ω

>1
),

 t
h

e
 e

x
p

a
n

s
io

n
 w

ill
 s

t
o

p
 a

n
d

 
t

h
e

 U
n

iv
e

rs
e

 w
ill

 c
o

n
t

ra
c

t
. I

f 
t

h
e

 d
e

n
s

it
y

 is
 t

o
o

 
lo

w
 (
Ω

 <
1

) 
t

h
e

 g
ra

vi
t

a
t

io
n

a
l f

o
rc

e
 is

 n
o

t
 s

t
ro

n
g

 
e

n
o

u
g

h
 a

n
d

 e
x

p
a

n
s

io
n

 w
ill

 g
o

 o
n

 f
o

re
ve

r.
 T

h
e

 
lim

it
in

g
 c

a
s

e
 b

e
t

w
e

e
n

 t
h

e
s

e
 t

w
o

 p
o

s
s

ib
ili

t
ie

s
 

h
a

p
p

e
n

s
 w

h
e

n
 t

h
e

 d
e

n
s

it
y

 is
 e

q
u

a
l t

o
 t

h
e

 
c

ri
t

ic
a

l d
e

n
s

it
y

 (
Ω

=1
).

 T
h

e
 e

vo
lu

t
io

n
 o

f 
t

h
e

 
ra

d
iu

s
 o

f 
t

h
e

 U
n

iv
e

rs
e

 a
s

 
a

 f
u

n
c

t
io

n
 o

f 
 t

im
e

 f
o

r 
d

if
fe

re
n

t
 v

a
lu

e
s

 o
f 

t
h

e
 

d
e

n
s

it
y

 o
f 

m
a

t
t

e
r
Ω

h
tt
p
s
:/
/m
e
d
ia
4
.o
b
s
p
m
.f
r/
p
u
b
lic
/r

e
s
s
o
u
rc
e
s
_
lu

D
if

fe
re

n
t

 
g

e
o

m
e

t
ri

e
s

 
o

f 
t

h
e

 
U

n
iv

e
rs

e
 

c
o

rr
e

s
p

o
n

d
 

t
o

 d
if

fe
re

n
t

 
va

lu
e

s
 o

f 
Ω
.

(c
re

d
it

: T
o

m
 

D
u

n
n

e
)

h
y
p
e
rb
o
lic

fl
a
t

s
p
h
e
ri
c
a
l

h
y
p
e
rb
o
lic

1
3

D
a

rk
 E

n
e

rg
y

T
h

e
 c

o
s

m
o

lo
g

ic
a

l c
o

n
s

t
a

n
t

 in
t

ro
d

u
c

e
d

 
b

y
 E

in
s

t
e

in
 is

 v
e

ry
 a

rt
if

ic
ia

l f
ro

m
 a

 
t

h
e

o
re

t
ic

a
l p

o
in

t
 o

f 
v

ie
w

. T
h

e
 v

a
lu

e
 o

f 
t

h
e

 q
u

a
n

t
u

m
 v

a
c

u
u

m
 p

re
d

ic
t

e
d

 b
y

  
q

u
a

n
t

u
m

 f
ie

ld
 t

h
e

o
ry

 e
x

c
e

e
d

s
 t

h
e

 v
a

lu
e

 
d

e
d

u
c

e
d

 f
ro

m
 o

b
s

e
rv

a
t

io
n

s
 b

y
 1

2
0

 
o

rd
e

rs
 o

f 
m

a
g

n
it

u
d

e
 a

t
 le

a
s

t
. 

T
h

e
re

fo
re

, m
a

n
y

 a
lt

e
rn

a
t

iv
e

 
e

x
p

la
n

a
t

io
n

s
 f

o
r 

t
h

e
 o

ri
g

in
 o

f 
t

h
e

 
a

c
c

e
le

ra
t

e
d

 e
x

p
a

n
s

io
n

 h
a

v
e

 b
e

e
n

 
p

ro
p

o
s

e
d

, a
n

 o
ri

g
in

 d
u

b
b

e
d

 '
d

a
rk

 e
n

e
rg

y
 ‘.

Q
u

in
t

e
s

s
e

n
c

e
 is

 t
h

e
 s

im
p

le
s

t
 f

o
rm

 o
f 

d
a

rk
 e

n
e

rg
y

: i
t

 is
 a

 h
y

p
o

t
h

e
t

ic
a

l 
c

o
m

p
o

n
e

n
t

 t
h

a
t

 in
t

e
ra

c
t

s
 w

it
h

 t
h

e
 

re
s

t
 o

f 
t

h
e

 U
n

iv
e

rs
e

 o
n

ly
 t

h
ro

u
g

h
 

g
ra

v
it

y
. I

t
s

 d
e

n
s

it
y

 c
a

n
 v

a
ry

 o
v

e
r 

t
im

e
, 

b
u

t
 c

a
n

 a
ls

o
 b

e
h

a
v

e
 v

e
ry

 m
u

c
h

 li
ke

 a
 

c
o

s
m

o
lo

g
ic

a
l c

o
n

s
t

a
n

t
, d

e
p

e
n

d
in

g
 o

n
 

t
h

e
 p

o
t

e
n

t
ia

l t
h

a
t

 g
o

ve
rn

s
 it

s
 e

vo
lu

t
io

n
. 

In
 2

0
2

4
, t

h
e

 D
E

S
I c

o
lla

b
o

ra
t

io
n

 c
la

im
s

 
t

o
 h

a
ve

 f
o

u
n

d
 s

o
m

e
 h

in
t

s
 o

f 
s

u
c

h
 e

vo
lv

in
g

 
d

a
rk

 e
n

e
rg

y
.

Q
u
iz

A
n

s
w

e
rs

 o
n

 o
v

e
rl

e
a

f

•
D

if
fe

re
n

t
 g

e
o

m
e

t
ri

e
s

 o
f 

s
p

a
c

e
  

•
A

 r
e

p
re

s
e

n
t

a
t

io
n

 o
f 

t
h

e
 q

u
a

n
t

u
m

 
v

a
c

u
u

m
  

•
T

h
e

 H
u

b
b

le
 d

ia
g

ra
m

W
h

ic
h

 o
f 

t
h

e
s

e
 

im
a

g
e

s
 

s
h

o
w

s
:

A
la

in
 B

la
n

c
h

a
rd

U
n

iv
e

r
s

it
é

 P
a

u
l 

S
a

b
a

t
ie

r
, 

T
o

u
lo

u
s

e

T
h

e
 U

n
iv

e
rs

e
 in

 m
y

 p
o

c
k

e
t

E
S

-
0

0
1N

o
. 

4
1

L
e

s
 é

t
o

il
e

s
 e

t
 m

o
i

D
a

r
k

 E
n

e
r
g

y

+



3

J
u

s
t

 a
ft

e
r t

h
e

 G
re

a
t

 D
e

b
a

t
e

 in
 1

9
2

5
, 

w
h

ic
h

 c
o

n
c

lu
d

e
d

 t
h

a
t

 t
h

e
re

 a
re

 g
a

la
x

ie
s

 
o

u
t

s
id

e
o

u
r o

w
n

, E
d

w
in

 H
u

b
b

le
 o

b
s

e
rve

d
 

t
h

a
t

 t
h

e
 re

c
e

s
s

io
n

 ve
lo

c
it

ie
s

 o
f t

h
e

s
e

 
g

a
la

x
ie

s
 w

e
re

 p
ro

p
o

rt
io

n
a

l t
o

 t
h

e
ir 

d
is

t
a

n
c

e
s

. G
e

o
rg

e
s

 L
e

m
a

ît
re

 
in

t
e

rp
re

t
e

d
 t

h
is

 a
s

 a
n

 e
ffe

c
t

 o
f t

h
e

 
e

x
p

a
n

s
io

n
 o

f t
h

e
 U

n
ive

rs
e

.
T

h
e

 e
x

p
a

n
s

io
n

 o
f t

h
e

 U
n

ive
rs

e
 is

 a
 n

o
n

-
t

rivia
l c

o
n

c
e

p
t

 t
o

 u
n

d
e

rs
t

a
n

d
: p

u
t

t
in

g
 

a
s

id
e

 t
h

e
 in

d
ivid

u
a

l m
o

ve
m

e
n

t
s

 t
h

a
t

 
a

c
c

o
m

p
a

n
y

 t
h

e
 C

o
s

m
ic

 W
e

b
s

t
ru

c
t

u
re

 
(s

e
e

 T
U

IM
P

 1
3

),g
a

la
x

ie
s

 m
o

ve
 a

w
a

y
 

fro
m

 e
a

c
h

 o
t

h
e

r w
it

h
 a

 s
p

e
e

d
 

p
ro

p
o

rt
io

n
a

l t
o

 t
h

e
ir re

s
p

e
c

t
ive

 
d

is
t

a
n

c
e

s
. 

W
h

a
t

 g
o

v
e

rn
s

 t
h

is
 s

p
e

e
d

 is
 g

ra
v

it
a

t
io

n
,

like
 t

h
ro

w
in

g
 a

 s
t

o
n

e
 u

p
w

a
rd

s
: if t

h
e

 
in

it
ia

l s
p

e
e

d
 is

 lo
w

, t
h

e
 s

t
o

n
e

 ris
e

s
 a

n
d

 
t

h
e

n
 fa

lls
 a

g
a

in
. If t

h
e

 in
it

ia
l s

p
e

e
d

 is
 

h
ig

h
 e

n
o

u
g

h
 (fo

rg
e

t
t

in
g

 t
h

e
 E

a
rt

h
's

 
a

t
m

o
s

p
h

e
re

) t
h

e
 s

t
o

n
e

 ris
e

s
 

in
d

e
fin

it
e

ly
. 

T
h

e
 H

u
b

b
le

-L
e

m
a

ît
re

 la
w

T
ra

n
s

la
t

io
n

:: S
t

a
n

 K
u

rt
z

T
U

IM
P

 C
re

a
t

ive
 C

o
m

m
o

n
s

T
o

 le
a

rn
 m

o
re

 a
b

o
u

t
 t

h
is

 
s

e
rie

s
 a

n
d

 a
b

o
u
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