
M
A
S
S
A
C
H
U
S
E
T
T
S
IN
S
T
IT
U
T
E
O
F
T
E
C
H
N
O
L
O
G
Y

P
h
y
sics
D
ep
artm
en
t

P
h
y
sics
8.286:
T
h
e
E
arly
U
n
iv
erse

S
ep
tem
b
er
15,
2018

P
rof.
A
lan
G
u
th

L
e
c
t
u
r
e

N

o
t
e
s
2

T
H

E

K

I
N

E
M

A
T
I
C
S

O

F

A

H

O

M

O

G

E
N

E
O

U

S
L
Y

E
X

P
A

N

D

I
N

G

U

N

I
V

E
R

S
E

IN
T
R
O
D
U
C
T
IO
N
:

O
b
servation
al
cosm
ology
is
of
cou
rse
a
rich
an
d
com
p
licated
su
b
ject.
It
is
d
escrib
ed

to
som
e
d
egree
in
B
arb
ara
R
y
d
en
's
In
tr
o
d
u
c
tio
n
to
C
o
sm
o
lo
g
y
an
d
in
S
teven
W
ein
-

b
erg
's
T
h
e
F
ir
st
T
h
r
e
e
M
in
u
te
s,
a
n
d
I
w
ill
n
ot
en
large
on
th
at
d
iscu
ssion
h
ere.
I
w
ill

in
stead
con
cen
trate
on
th
e
b
asic
resu
lts
of
ob
servation
al
cosm
ology,
an
d
on
h
ow
w
e
can

b
u
ild
a
sim
p
le
m
ath
em
atical
m
o
d
el
th
at
in
corp
orates
th
ese
resu
lts.
T
h
e
k
ey
p
rop
erties

of
th
e
u
n
iverse,
w
h
ich
w
e
w
ill
u
se
to
b
u
ild
a
m
ath
em
atical
m
o
d
el,
are
th
e
follow
in
g:

(1
)
IS
O
T
R
O
P
Y

Iso
tro
p
y
m
ean
s
th
e
sam
e
in
all
d
irection
s.
T
h
e
n
earb
y
region
,
h
ow
ever,
is
rath
er

an
isotrop
ic
(i.e.,
lo
ok
s
d
i�
eren
t
in
d
i�
eren
t
d
irection
s),
sin
ce
it
is
d
om
in
ated
b
y
th
e
cen
ter

of
th
e
V
irgo
su
p
erclu
ster
o
f
galax
ies,
of
w
h
ich
o
u
r
galax
y,
th
e
M
ilk
y
W
ay,
is
a
p
art.
T
h
e

cen
ter
of
th
is
su
p
erclu
ster
is
in
th
e
V
irgo
clu
ster,
ap
p
rox
im
ately
55
m
illion
ligh
t-years

fro
m
E
a
rth
.
H
ow
ev
er,
on
scales
of
sev
era
l
h
u
n
d
red
m
illion
ligh
t-years
or
m
ore,
galax
y

cou
n
ts
w
h
ich
w
ere
b
egu
n
b
y
E
d
w
in
H
u
b
b
le
in
th
e
1930's
sh
ow
th
at
th
e
d
en
sity
of
galax
ies

is
v
ery
n
early
th
e
sam
e
in
all
d
irection
s.

T
h
e
m
ost
strik
in
g
ev
id
en
ce
for
th
e
isotrop
y
of
th
e
u
n
iv
erse
com
es
from
th
e
ob
serva-

tion
of
th
e
cosm
ic
m
icrow
ave
b
a
ck
grou
n
d
(C
M
B
)
rad
iation
,
w
h
ich
is
in
terp
reted
as
th
e

rem
n
an
t
h
eat
from
th
e
b
ig
b
an
g
itself.
P
h
y
sicists
h
ave
m
easu
red
th
e
tem
p
eratu
re
of
th
e

cosm
ic
b
ack
grou
n
d
rad
iation
in
d
i�
eren
t
d
irection
s,
an
d
h
ave
fou
n
d
it
to
b
e
ex
trem
ely

u
n
iform
.
It
is
ju
st
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
1000.
E
v
en
th
is
sm
all
d
iscrep
an
cy,
h
ow
ever,
can
b
e
accou
n
ted
for
b
y
assu
m
in
g

th
at
th
e
solar
sy
stem
is
m
ov
in
g
th
rou
gh
th
e
cosm
ic
b
ack
grou
n
d
rad
iation
,
at
a
sp
eed
of

ab
ou
t
400
k
m
/s
(k
ilom
eters/secon
d
).
O
n
ce
th
e
e�
ect
of
th
is
m
otion
is
su
b
tracted
ou
t,

th
e
resu
ltin
g
tem
p
eratu
re
p
attern
is
u
n
iform
in
all
d
irection
s
to
an
accu
racy
of
a
few

p
arts
in
100,000.
�

T
h
u
s,
on
th
e
very
large
scales
w
h
ich
are
p
rob
ed
b
y
th
e
C
M
B
,
th
e

u
n
iverse
is
in
cred
ib
ly
isotrop
ic,
as
sh
ow
n
in
F
ig.
2.1:

�

P
.
A
.
R
.
A
d
e
et
al.
(P
lan
ck
C
ollab
oration
),
\
P
lan
ck
2015
resu
lts,
X
III:
C
osm
ological

p
aram
eters,"
T
ab
le
4,
C
olu
m
n
6,
arX
iv
:1502.01589.
T
h
e
P
lan
ck
collab
oration
d
o
es
n
ot

q
u
ote
a
valu
e
for
�
T
=
T
,
th
e
ro
ot-m
ean
-sq
u
are
fraction
al
variation
of
th
e
C
M
B
tem
p
era-

tu
re,
b
u
t
it
can
b
e
com
p
u
ted
from
th
eir
b
est-�
t
p
aram
eters,y
ield
in
g
�
T
=
T
=
4
:14
�
10
�
5.

T
H
E
K
IN
E
M
A
T
IC
S
O
F
A
H
O
M
O
G
E
N
E
O
U
S
L
Y

E
X
P
A
N
D
IN
G

U
N
IV
E
R
S
E

p
.
2

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

F
ig
u
r
e
2
.1
:
T
h
e
cosm
ic
m
icrow
ave
b
ack
grou
n
d
rad
iation
as
d
etected
b
y

th
e
P
la
n
c
k

satellite,
from
th
e
2015
d
ata
release.
A
fter
correctin
g
for
th
e

m
otion
of
th
e
E
arth
,
th
e
tem
p
eratu
re
of
th
e
rad
iation
is
n
early
u
n
iform

across
th
e
en
tire
sk
y,
w
ith
average
tem
p
eratu
re
T
c
m

b

=

2
:72
6
K
.
T
in
y

d
ev
iation
s
from
th
e
average
tem
p
eratu
re
h
ave
b
een
m
easu
red
;
th
ey
are
so

sm
allth
at
th
ey
m
u
st
b
e
d
ep
icted
in
a
color
sch
em
e
th
at
greatly
ex
aggerates

th
e
d
i�
eren
ces,
to
m
ak
e
th
em
v
isib
le.
A
s
sh
ow
n
h
ere,
b
lu
e
sp
ots
are
sligh
tly

cold
er
th
an
T
c
m

b

w
h
ile
red
sp
ots
are
sligh
tly
w
arm
er
th
an
T
c
m

b ,
across
a

ran
ge
o
f
�
T
=
T
c
m

b

�

10
�

4

or
10
�

5.

A
s
an
an
alogy,
w
e
can
im
a
gin
e
a
m
arb
le,
say
ab
ou
t
1
cm

a
cross,
w
h
ich
is
rou
n
d

to
an
accu
racy
of
fou
r
p
arts
in
100
,000.
T
h
at
w
ou
ld
m
ak
e
its
rad
iu
s
co
n
stan
t
to
an

accu
racy
of
2
�
10
�
7

m
=
2
0
0
n
m
.
F
or
com
p
ariso
n
,
th
e
w
av
elen
gth
o
f
m
y
green
la
ser

p
oin
ter
is
532
n
m
,
so
th
e
req
u
ired
accu
racy
is
less
th
an
h
alf
th
e
w
av
elen
gth
of
v
isib
le

ligh
t.
M
o
d
ern
tech
n
ology
ca
n
certain
ly
p
ro
d
u
ce
su
rfaces
w
ith
th
a
t
d
eg
ree
o
f
accu
racy,

b
u
t
it
corresp
on
d
s
to
a
go
o
d
q
u
ality
p
h
otog
rap
h
ic
len
s.
In
sh
ort,
it
is
n
o
t
ea
sy
to
ach
iev
e

sp
h
erical
sy
m
m
etry
to
an
accu
ra
cy
of
a
few
p
a
rts
in
100,0
00!

N
ote
th
at
th
e
sp
h
erical
sy
m
m
etry
sta
n
d
s
as
stron
g
ev
id
en
ce
ag
ain
st
th
e
p
op
u
la
r

m
iscon
cep
tion
of
th
e
b
ig
b
a
n
g
as
a
lo
calized
ex
p
lo
sion
w
h
ich
o
ccu
rred
a
t
so
m
e
p
articu
la
r

cen
ter.
If
th
at
w
ere
th
e
ca
se,
th
en
w
e
w
ou
ld
ex
p
ect
th
e
rad
iation
to
b
e
h
otter
in
th
e

d
irection
of
th
e
cen
ter.
T
h
u
s,
th
e
b
ig
b
an
g
seem
s
to
h
ave
o
ccu
rred
every
w
h
ere.
(A

lo
calized
ex
p
losion
cou
ld
lo
ok
isotrop
ic
if
w
e
h
a
p
p
en
ed
to
b
e
liv
in
g
at
th
e
cen
ter,
b
u
t

sin
ce
th
e
tim
e
of
C
op
ern
icu
s
scien
tists
h
ave
v
iew
ed
w
ith
su
sp
icion
an
y
a
ssu
m
p
tion
th
at

w
e
are
at
th
e
cen
ter
of
th
e
u
n
iverse.)

(2
)
H
O
M
O
G
E
N
E
IT
Y

H
o
m
og
e
n
e
ity
m
ean
s
th
e
sam
e
at
all
lo
catio
n
s.
O
n
scales
o
f
a
few
h
u
n
d
red
m
illio
n

ligh
t-years
an
d
larger,
th
e
u
n
iverse
is
b
eliev
ed
to
b
e
h
om
ogen
eo
u
s.
T
h
e
ob
servatio
n
a
l

ev
id
en
ce
for
h
om
ogen
eity,
h
ow
ever,
is
n
ot
n
early
as
p
recise
a
s
th
e
ev
id
en
ce
for
isotrop
y
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M
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R
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p
.
3

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

seen
in
th
e
C
M
B
.
O
u
r
b
elief
th
at
th
e
u
n
iv
erse
is
h
om
ogen
eou
s,
in
fact,
is
m
otivated

sign
i�
can
tly
b
y
o
u
r
k
n
ow
led
ge
of
its
isotrop
y.
It
is
con
ceivab
le
th
at
th
e
u
n
iv
erse
ap
p
ears

isotrop
ic
b
ecau
se
all
th
e
galax
ies
are
a
rran
ged
in
con
cen
tric
sp
h
eres
ab
ou
t
u
s,
b
u
t
su
ch

a
p
ictu
re
w
ou
ld
b
e
at
o
d
d
s
w
ith
th
e
C
op
ern
ican
p
arad
igm
th
at
h
as
b
een
cen
tral
to
ou
r

p
ictu
re
o
f
th
e
u
n
iverse
for
cen
tu
ries.
S
o
w
e
assu
m
e
in
stead
th
at
th
e
u
n
iv
erse
is
n
early

h
om
ogen
eou
s
o
n
large
scales.
T
h
at
is,
w
e
assu
m
e
th
at
if
o
n
e
ob
serv
es
on
ly
large-scale

stru
ctu
re,
th
en
th
e
u
n
iv
erse
w
ou
ld
lo
o
k
v
ery
m
u
ch
th
e
sa
m
e
from
an
y
p
o
in
t.

T
h
e
relation
sh
ip
b
etw
een
th
e
tw
o
p
rop
erties
of
h
om
ogen
eity
an
d
isotrop
y
is
a
little

su
b
tle.
N
ote
th
at
a
u
n
iv
erse
cou
ld
con
ceivab
ly
b
e
h
om
ogen
eou
s
w
ith
ou
t
b
ein
g
isotrop
ic

|

for
ex
am
p
le,
th
e
cosm
ic
b
ack
grou
n
d
rad
iation
cou
ld
b
e
h
otter
in
a
certain
d
irection
,
as

seen
fro
m
a
n
y
p
oin
t
in
sp
ace,
o
r
p
erh
ap
s
th
e
an
gu
lar
m
om
en
tu
m
v
ectors
of
all
th
e
galax
ies

cou
ld
h
ave
a
p
refered
d
irection
.
S
im
ilarly,
a
u
n
iverse
cou
ld
con
ceivab
ly
b
e
isotrop
ic
(to

on
e
ob
serv
er)
w
ith
ou
t
b
ein
g
h
om
ogen
eou
s,
if
all
th
e
m
atter
w
ere
arran
ged
on
sp
h
erical

sh
ells
cen
tered
on
th
e
o
b
serv
er.
H
ow
ever,
if
th
e
u
n
iv
erse
is
to
b
e
isotrop
ic
to
all
ob
serv
ers,

th
en
it
m
u
st
also
b
e
h
om
ogen
eou
s.

T
h
e
h
y
p
oth
esis
o
f
h
om
ogen
eity
can
b
e
tested
to
som
e
d
egree
of
accu
racy
b
y
g
alax
y

cou
n
ts.
O
n
e
can
estim
ate
th
e
n
u
m
b
er
of
galax
ies
p
er
v
olu
m
e
as
a
fu
n
ction
of
rad
ial

d
istan
ce
from
u
s,
a
n
d
on
e
�
n
d
s
th
at
it
a
p
p
ears
rou
gh
ly
in
d
ep
en
d
en
t
of
d
istan
ce.
T
h
is

k
in
d
of
an
aly
sis
is
h
am
p
ered
,
h
ow
ev
er,
b
y
th
e
d
iÆ
cu
lty
in
estim
atin
g
d
istan
ces.
A
t
large

d
ista
n
ces
it
is
also
h
a
m
p
ered
b
y
ev
olu
tion
e�
ects
|

as
on
e
lo
ok
s
ou
t
in
sp
ace
on
e
is
also

lo
ok
in
g
b
ack
in
tim
e,
a
n
d
th
e
b
rig
h
tn
ess
of
a
galax
y
p
resu
m
ab
ly
varies
w
ith
its
age.
S
in
ce

w
e
can
on
ly
see
galax
ies
d
ow
n
to
som
e
th
resh
old
b
righ
tn
ess,
th
e
n
u
m
b
er
th
at
w
e
see
can

d
ep
en
d
on
h
ow
th
eir
b
righ
tn
ess
ev
olv
es.

(3
)
H
U
B
B
L
E
'S
L
A
W

H
u
b
b
le's
law
,
en
u
n
ciated
th
eoretically
b
y
G
eo
rg
es
L
em
a^�tre
in
1927
an
d
�
rst
d
em
on
-

strated
ob
servation
ally
b
y
E
d
w
in
H
u
b
b
le
in
1929,
states
th
at
a
ll
th
e
d
istan
t
galax
ies
are

reced
in
g
from
u
s,
w
ith
a
recession
v
elo
city
given
b
y

v
=
H
r
:

(2.1)

H
ere

v
�
recession
v
elo
city
;

H
�
H
u
b
b
le
ex
p
an
sion
rate
;

an
d

r
�
d
istan
ce
to
galax
y
:
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R
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p
.
4

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

F
or
th
e
real
u
n
iverse
H
u
b
b
le's
law
is
a
go
o
d
ap
p
rox
im
ation
,
an
d
H
u
b
b
le's
law
w
ill
b
e
an

ex
act
p
rop
erty
of
th
e
m
ath
em
a
tica
l
m
o
d
el
th
a
t
w
e
w
ill
con
stru
ct.

T
h
e
H
u
b
b
le
ex
p
an
sion
ra
te
H
is
often
called
\th
e
H
u
b
b
le
con
stan
t"
b
y
a
stron
om
ers,

b
u
t
it
is
con
stan
t
on
ly
in
th
e
sen
se
th
a
t
its
valu
e
ch
an
ges
v
ery
little
ov
er
th
e
lifetim
e
o
f

an
astron
om
er.
O
ver
th
e
lifetim
e
of
th
e
u
n
iv
erse,
H

varies
con
sid
era
b
ly.
T
h
e
p
resen
t

valu
e
of
th
e
H
u
b
b
le
ex
p
an
sion
ra
te
is
d
en
oted
b
y
H
0 ,
follow
in
g
a
stan
d
a
rd
con
v
en
tio
n
in

cosm
ology
:
th
e
p
resen
t
valu
e
o
f
an
y
tim
e-d
ep
en
d
en
t
q
u
an
tity
is
in
d
icated
b
y
a
su
b
scrip
t

\
0".
S
om
e
au
th
ors,
in
clu
d
in
g
B
a
rb
ara
R
y
d
en
,
reserv
e
th
e
p
h
ra
se
\H
u
b
b
le
con
sta
n
t"
for

H
0 ,
a
n
d
refer
to
th
e
tim
e-d
ep
en
d
en
t
H
(t)
a
s
th
e
\H
u
b
b
le
p
ara
m
eter."
T
o
m
e
th
is
is
n
o
t

m
u
ch
of
a
n
im
p
rovem
en
t,
sin
ce
in
p
h
y
sics
th
e
w
ord
\p
aram
eter"
is
m
o
st
o
ften
u
sed
to

refer
to
a
con
stan
t.
I
w
ill
call
it
th
e
H
u
b
b
le
ex
p
a
n
sio
n
rate,
a
term
in
o
logy
th
at
is
u
sed

b
y
som
e
oth
er
sou
rces,
in
clu
d
in
g
th
e
P
a
rticle
D
ata
G
rou
p
�.

F
or
d
ecad
es,
th
e
n
u
m
erica
l
valu
e
o
f
H
0

p
roved
d
iÆ
cu
lt
to
d
eterm
in
e,
b
ecau
se
o
f
th
e

d
iÆ
cu
lty
in
m
easu
rin
g
d
istan
ces.
D
u
rin
g
th
e
196
0s,
70s,
an
d
80
s,
th
e
H
u
b
b
le
ex
p
a
n
sion

rate
w
as
m
erely
k
n
ow
n
to
lie
so
m
ew
h
ere
in
th
e
ran
ge
o
f

H
0

=

0
:5
�
1
:0

10
1
0

yea
rs
:

(2.2)

N
ote
th
at
H
0

h
as
th
e
u
n
its
o
f
1/
tim
e,
so
th
at
w
h
en

it
is
m
u
ltip
lied
b
y
a
d
istan
ce
it
p
ro
d
u
ces
a
v
elo
city.

H
ow
ever,
sin
ce
w
e
rarely
in
p
ractice
talk
ab
ou
t
v
elo
c-

ities
in
u
n
its
of
su
ch
an
d
su
ch
a
d
istan
ce
p
er
y
ear,
H
0

is
often
q
u
oted
in
a
m
ix
ed
set
o
f
u
n
its
|

for
ex
am
-

p
le,
1
=(10
1
0

y
r)
corresp
on
d
s
to
a
b
o
u
t
30
k
m
/s
p
er
m
il-

lion
ligh
t-years.
A
stron
om
ers
u
su
a
lly
q
u
o
te
d
istan
ces

in
p
arsecs
rath
er
th
an
ligh
t-yea
rs,
w
h
ere
on
e
p
arsec

is
th
e
d
istan
ce
w
h
ich
corresp
on
d
s
to
a
p
arallax
of
1

secon
d
of
arc
b
etw
een
th
e
E
arth
an
d
th
e
S
u
n
,
w
h
en

th
ey
are
sep
arated
b
y
th
eir
n
om
in
al
averag
e
d
istan
ce

of
1
au
(astron
om
ical
u
n
it,
1
49
:59
787
0700
�
1
0
9

m
),

F
ig
u
r
e
2
.2

as
illu
strated
at
th
e
righ
t.
O
n
e
p
arsec
(ab
b
rev
iated
p
c)
corresp
o
n
d
s
to
3
.26
16
ligh
t-y
ea
rs. y

A
stron
om
ers
u
su
ally
q
u
ote
th
e
valu
e
o
f
th
e
H
u
b
b
le
ex
p
a
n
sio
n
rate
in
u
n
its
of
k
m
/
s
p
er

�

A
stro
p
h
y
sica
l

C
o
n
sta
n
ts

a
n
d

P
a
ra
m
e
te
rs,

th
e

P
article

D
a
ta

G
rou
p
,

h
ttp
://p
d
g.lb
l.gov
/2015/rev
iew
s/rp
p
20
15-rev
-a
strop
h
y
sical-co
n
sta
n
ts.p
d
f

y
O
n
e
d
raw
b
ack
in
u
sin
g
lig
h
t-years
is
th
at
th
e
d
e�
n
ition
is
tied
to
th
at
of
a
y
ear,
a
n
d

th
e
In
tern
ation
al
(S
I)
S
y
stem
of
U
n
its
d
o
es
n
o
t
sp
ecify
th
e
d
e�
n
itio
n
of
a
y
ear.
T
h
is
is

a
sign
i�
can
t
a
m
b
igu
ity,
b
ecau
se
th
e
trop
ical
y
ear
(vern
al
eq
u
in
ox
to
vern
al
eq
u
in
ox
)
an
d

th
e
sid
ereal
year
(fu
ll
rev
olu
tio
n
ab
ou
t
th
e
S
u
n
,
rela
tiv
e
to
th
e
�
x
ed
stars)
d
i�
er
b
y
a
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R
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p
.
5

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

m
egap
arsec,
w
h
ere
1
m
egap
arsec
(M
p
c)
is
a
m
illion
p
arsecs.
T
h
e
valu
e
of
1
=(10
1
0

y
r)

is
eq
u
ivalen
t
to
9
7.8
k
m
-s
�
1-M
p
c
�
1,
so
th
e
ran
ge
of
E
q
.
(2.2)
corresp
on
d
s
rou
gh
ly
to
a

H
u
b
b
le
ex
p
an
sion
rate
b
etw
een
5
0
an
d
1
0
0
k
m
-s
�
1-M
p
c
�
1.
F
or
con
ven
ien
ce,
astron
om
ers

also
d
e�
n
e
th
e
d
im
en
sion
less
q
u
an
tity
h
0

b
y

H
0

�
h
0
�
(100
k
m
-s
�
1-M
p
c
�
1)
:

(2.3)

T
h
e
ran
ge
of
E
q
.
(2.2)
tran
slates
in
to
a
va
lu
e
of
h
0

b
etw
een
12

an
d
1.

W
h
ile
th
e
actu
al
valu
e
o
f
th
e
H
u
b
b
le
ex
p
an
sion
rate
certain
ly
ch
an
ges
very
little
over

th
e
lifetim
e
of
an
astron
om
er,
th
e
sam
e
can
n
ot
b
e
said
for
its
m
easu
red
valu
e.
R
ecen
t

p
recision
m
easu
rem
en
ts
of
th
e
fain
t
an
isotrop
ies
in
th
e
cosm
ic
m
icrow
ave
b
ack
grou
n
d

rad
iation
,
u
sin
g
in
stru
m
en
ts
on
th
e
P
la
n
c
k
satellite,
en
ab
led
cosm
ologists
to
d
eterm
in
e
�

H
0

=
6
7
:66
�
0
:42
k
m
-s
�
1-M
p
c
�
1

;

(2.4)

w
h
ich
corresp
on
d
s
to
a
tim
e-scale
H
�
1

0

=
1
4
:4
�
0
:1
b
illion
y
ears. y
T
h
e
u
n
certain
ty
of

�
0
:42
k
m
-s
�
1-M
p
c
�
1

in
E
q
.
(2.4),
a
n
d
all
u
n
certain
ties
in
H
0

in
th
e
follow
in
g
d
iscu
ssion
,

are
giv
en
as
\1
�
"
(on
e
stan
d
ard
d
ev
iation
)
errors.
S
tatistically
on
e
ex
p
ects
th
e
correct

valu
e
to
lie
in
sid
e
th
e
u
n
certain
ty
ran
ge
68%
of
th
e
tim
e,
an
d
ou
tsid
e
it
32%
of
th
e
tim
e.

W
h
en
H
u
b
b
le
�
rst
m
easu
red
th
e
ex
p
an
sion
rate,
h
ow
ev
er,
h
e
fou
n
d
a
valu
e
m
u
ch

larger
th
an
th
e
va
lu
e
in
E
q
.
(2
.4
).
D
u
e
to
a
very
b
ad
estim
ate
of
th
e
d
istan
ce
scale,

h
e
fou
n
d
H
0

�

500
k
m
-s
�
1-M
p
c
�
1,
corresp
on
d
in
g
to
H
�
1

0

�

2
b
illion
years.
H
u
b
b
le's

origin
al
p
u
b
lish
ed
grap
h
is
rep
ro
d
u
ced
h
ere
as
F
ig.
2.3
z:

fraction
al
am
ou
n
t
of
ab
ou
t
4
�
10
�
5.
B
oth
d
rift
slow
ly
w
ith
tim
e
d
u
e
to
ch
an
ges
in
th
e

E
arth
's
orb
it,
an
d
n
eith
er
agrees
w
ith
oth
er
con
ven
tion
s,
su
ch
as
th
e
J
u
lian
or
G
regorian

years.
T
h
e
In
tern
ation
al
A
stron
om
ical
U
n
ion
(IA
U
),
h
ow
ever,
d
o
es
sp
ecify
th
e
m
ean
in
g

of
a
y
ea
r,
d
e�
n
in
g
it
a
s
a
J
u
lia
n
year,
ex
actly
365.25
d
ay
s
(h
ttp
://w
w
w
.iau
.org/scien
ce/

p
u
b
lication
s/p
ro
ceed
in
gs
_

ru
les/u
n
its/).
T
h
e
d
ay
is
24
�
6
0
�
60
secon
d
s,
an
d
th
e
secon
d

is
d
e�
n
ed
b
y
a
tom
ic
stan
d
ard
s.

�

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
2,
C
olu
m
n
6,
arX
iv
:1807.06209.

y
It
m
ay
n
ot
b
e
ob
v
iou
s
w
h
y
m
easu
rem
en
ts
of
th
e
an
isotrop
ies
in
th
e
C
M
B
sh
ou
ld

b
e
related
in
an
y
w
ay
to
H
0 ,
b
u
t
cosm
ologists
h
ave
d
ev
elop
ed
a
d
etailed
th
eory
of
h
ow

th
ese
an
isotrop
ies
w
ere
gen
erated
an
d
h
ow
th
ey
h
ave
ev
olved
,
w
h
ich
w
e
w
ill
p
u
rsu
e
later

in
th
e
cou
rse
w
h
en
w
e
d
iscu
ss
in

ation
.
B
y
�
ttin
g
th
e
p
red
iction
s
of
th
is
th
eory
w
ith
th
e

ob
serv
ed
an
isotrop
ies,
it
is
p
ossib
le
to
d
eterm
in
e
th
e
valu
es
of
a
w
id
e
ran
ge
of
cosm
ological

p
aram
eters,
in
clu
d
in
g
H
0 .

z
E
d
w
in
H
u
b
b
le,
\A
R
elation
B
etw
een
D
istan
ce
a
n
d
R
ad
ial
V
elo
city
A
m
on
g
E
x
tra-

galactic
N
eb
u
lae,"
P
roceed
in
g
s
o
f
th
e
N
a
tio
n
a
l
A
ca
d
e
m
y
o
f
S
c
ie
n
ce
,
vol.
15,
p
p
.
168-173

(1929),
h
ttp
://w
w
w
.p
n
as.org/gca?gca=
p
n
as;15/3/168.
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R
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p
.
6

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

F
ig
u
r
e
2
.3
:
E
d
w
in
H
u
b
b
le's
origin
al
d
ata,
p
u
b
lish
ed
in
1929,
w
h
ich
in
tro-

d
u
ced
th
e
�
rst
ob
servation
al
ev
id
en
ce
for
H
u
b
b
le's
law
an
d
th
e
ex
p
an
sion

of
th
e
u
n
iv
erse.

T
h
e
h
orizon
tal
ax
is
in
F
ig.
2
.3
sh
ow
s
th
e
estim
ated
d
istan
ce
to
th
e
ga
la
x
ies,
a
n
d
th
e

vertical
ax
is
sh
ow
s
th
e
recession
v
elo
city,
corrected
for
th
e
m
otion
of
th
e
S
u
n
,in
k
ilo
m
eters

p
er
secon
d
(alth
ou
gh
it
is
la
b
eled
\
k
m
").
E
ach
b
lack
d
ot
rep
resen
ts
a
g
ala
x
y,
an
d
th
e

solid
lin
e
sh
ow
s
th
e
b
est
�
t
to
th
ese
p
oin
ts.
E
a
ch
o
p
en
circle
rep
resen
ts
a
g
ro
u
p
o
f
th
ese

galax
ies,
selected
b
y
th
eir
p
rox
im
ity
in
d
irection
an
d
d
ista
n
ce;
th
e
b
rok
en
lin
e
is
th
e

b
est
�
t
to
th
ese
p
o
in
ts.
T
h
e
cross
sh
ow
s
a
statistical
an
aly
sis
of
2
2
ga
lax
ies
for
w
h
ich

in
d
iv
id
u
al
d
istan
ce
m
easu
rem
en
ts
w
ere
n
ot
ava
ilab
le.
T
h
e
ev
id
en
ce
for
a
stra
igh
t
lin
e
is

n
ot
com
p
letely
con
v
in
cin
g,
b
u
t
w
e
m
u
st
k
eep
in
m
in
d
th
at
th
is
w
as
on
ly
th
e
�
rst
p
a
p
er

on
th
e
su
b
ject.
A
ll
th
e
galax
ies
in
H
u
b
b
le's
o
rigin
a
l
sam
p
le
w
ere
in
fact
q
u
ite
close,
so

th
e
lo
cal
v
elo
city
p
ertu
rb
a
tion
s
w
ere
co
m
p
a
rab
le
to
th
e
H
u
b
b
le
v
elo
cities.
N
o
te
th
at

1000
k
m
/s,
at
th
e
top
of
H
u
b
b
le's
grap
h
,
corresp
on
d
s
to
z
�
0
:03
,
w
h
ile
m
o
d
ern
tests
of

H
u
b
b
le's
law
ex
ten
d
ou
t
to
valu
es
of
z
of
o
rd
er
1.
H
u
b
b
le
estim
a
ted
th
e
v
elo
city
of
th
e

S
u
n
,
relative
to
th
e
m
ean
m
otion
o
f
th
e
g
alax
ies
in
th
e
sam
p
le,
to
b
e
ab
ou
t
280
k
m
/s,
so

th
e
solar
m
otion
w
as
a
sign
i�
can
t
correction
to
th
e
d
ata.

A
fter
H
u
b
b
le's
origin
al
p
ap
er,
th
e
ev
id
en
ce
for
th
e
lin
earity
o
f
H
u
b
b
le's
law
im
p
rov
ed

very
q
u
ick
ly.
In
1931,
H
u
b
b
le
an
d
H
u
m
ason
p
u
b
lish
ed
d
ata
th
a
t
ex
ten
d
ed
to
m
u
ch
larger

red
sh
ift:
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p
.
7

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

F
ig
u
r
e
2
.4
:
D
a
ta
p
u
b
lish
ed
b
y
E
d
w
in
H
u
b
b
le
a
n
d
M
ilton
H
u
m
ason
in

1
9
3
1
*
,
ex
ten
d
in
g
H
u
b
b
le's
o
rig
in
a
l
m
ea
su
rem
en
ts
to
sign
i�
can
tly
greater

d
ista
n
ces.

T
h
e
d
ata
from
th
e
�
rst
p
ap
er
a
re
sh
ow
n
as
d
ots
in
th
e
low
er
left
corn
er,
all
w
ith
v
elo
cities

less
th
an
1000
k
m
/s.
T
h
e
n
ew
valu
e
for
H
0

w
as
560
k
m
-s
�
1-M
p
c
�
1.

A
s
w
e
w
ill
see
la
ter,
a
valu
e
o
f
th
e
H
u
b
b
le
ex
p
an
sion
rate
as
large
as
500
or
560

k
m
-s
�
1-M
p
c
�
1

w
ou
ld
im
p
ly
a
v
ery
sm
all
a
ge
for
th
e
u
n
iv
erse,
an
d
th
e
in
con
sisten
cy
of

th
is
age
w
ith
oth
er
estim
ates
w
as
a
seriou
s
p
rob
lem
for
b
ig
b
an
g
th
eorists
for
m
u
ch
of

th
e
20th
cen
tu
ry.
It
w
as
n
ot
u
n
til
1958
th
at
th
e
m
easu
red
valu
e
cam
e
w
ith
in
th
e
ran
ge
of

E
q
.
(2.2),
p
rim
arily
d
u
e
to
th
e
w
o
rk
o
f
W
alter
B
aad
e
an
d
A
llan
S
an
d
age.
S
u
m
m
aries
of

th
ese
early
m
easu
rem
en
ts
m
ay
b
e
fou
n
d
in
K
ragh
y,
T
am
m
an
an
d
R
ein
d
l z,
an
d
K
irsh
n
er {
.

*
E
d
w
in
H
u
b
b
le
an
d
M
ilton
L
.
H
u
m
ason
,
\
T
h
e
v
elo
city
-d
istan
ce
relation
am
on
g

ex
tra-galactic
n
eb
u
lae,"
A
strop
h
y
sical
J
ou
rn
al,
vol.
74,
p
p
.
43{80
(1931),
h
ttp
://

ad
sab
s.h
arvard
.ed
u
/
a
b
s/
1
9
3
1
A
p
J
....7
4
...43H
.

y
H
elge
K
ragh
,
C
o
sm
o
log
y
a
n
d
C
o
n
tro
v
e
rsy
:
T
h
e
H
isto
rica
l
D
e
v
e
lo
p
m
e
n
t
o
f
T
w
o
T
h
e
-

o
rie
s
o
f
th
e
U
n
iv
e
rse
(P
rin
ceton
:
P
rin
ceton
U
n
iv
ersity
P
ress,
1996).

z
G
.
A
.
T
am
m
an
n
an
d
B
.
R
ein
d
l,
in
th
e
p
ro
ceed
in
gs
o
f
th
e
X
X
X
V
IIth
M
orion
d
A
stro-

p
h
y
sics
M
eetin
g,
T
h
e
C
o
sm
o
log
ica
l
M
od
e
l,
L
es
A
rcs,
F
ran
ce,
M
arch
16-23,
2002.
A
vail-

ab
le
at
h
ttp
://arX
iv
.org/ab
s/astro-p
h
/0208176.

{

R
.
P
.
K
irsh
n
er,
\H
u
b
b
le's
d
iagram

a
n
d

cosm
ic
ex
p
an
sion
,\

P
roceed
in
g
s

o
f

th
e

N
a
tio
n
a
l
A
ca
d
e
m
y

o
f
S
c
ie
n
ce
s
U
S
A
,
vo
l.

101,
n
o
.

1,
p
p
.

8-13
(2004),

h
ttp
://w
w
w
.p
n
as.org/con
ten
t/101/1/8.
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p
.
8

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

F
ig
u
r
e
2
.5
:
A
n
ex
ten
sion
of
th
e
H
u
b
b
le
d
iagram
,
sh
ow
in
g
ob
servation
s

u
p
to
2002
of
T
y
p
e
1a
su
p
ern
ovae.
E
rror
b
ars
corresp
on
d
to
u
n
certain
ties

in
d
eterm
in
in
g
d
istan
ces
to
each
ob
ject.
T
h
e
sm
all
red
b
ox
n
ear
th
e
origin

in
d
icates
th
e
ran
g
e
covered
in
H
u
b
b
le's
origin
al
p
lot.

T
h
e
situ
ation
im
p
roved
d
ra
m
atically
d
u
rin
g
th
e
1
990s,
largely
d
u
e
to
th
e
a
b
ility
o
f

th
e
H
u
b
b
le
S
p
ace
T
elescop
e
to
resolve
C
ep
h
eid
variab
le
sta
rs
in
a
n
u
m
b
er
of
g
ala
x
ies

b
esid
es
ou
r
ow
n
.
C
ep
h
eid
s
a
re
va
riab
le
stars,
p
u
lsin
g
in
a
regu
lar
p
a
ttern
,
ty
p
ica
lly
over

a
p
erio
d
o
f
d
ay
s.
T
h
e
p
erio
d
o
f
th
e
p
u
lsation
s
is
a
v
ery
go
o
d
in
d
icato
r
of
th
e
star's

in
trin
sic
b
righ
tn
ess
|

th
e
b
rig
h
ter
th
e
star,
th
e
lon
ger
its
p
erio
d
.
B
y
co
m
p
a
rin
g
th
e

in
trin
sic
b
righ
tn
ess
an
d
th
e
ob
serv
ed
b
righ
tn
ess
of
th
ese
stars,
astro
n
om
ers
can
estim
a
te

th
e
d
istan
ce,
m
ak
in
g
C
ep
h
eid
s
a
n
in
va
lu
ab
le
to
ol
for
stu
d
y
in
g
th
e
rela
tion
sh
ip
b
etw
een

d
istan
ce
an
d
red
sh
ift.
In
ad
d
itio
n
to
th
e
C
ep
h
eid
s,
su
p
ern
ovae
o
f
a
ty
p
e
called
1a
also

b
egan
to
p
lay
a
m
a
jor
role
in
m
easu
rem
en
ts
of
th
e
H
u
b
b
le
co
n
stan
t.
T
y
p
e
1
a
su
p
er-

n
ovae
ex
p
lo
d
e
o
n
ce
an
d
th
en
fa
d
e
from
v
iew
,
u
n
lik
e
th
e
p
erio
d
ic
cy
cles
of
C
ep
h
eid
sta
rs.

N
on
eth
eless,
th
e
so-called
\
ligh
t-cu
rves"
from
th
ese
su
p
ern
ova
e
|

th
e
w
ay
th
eir
b
rig
h
t-

n
ess
rises
sh
arp
ly
to
a
p
eak
a
n
d
th
en
falls
over
ch
aracteristic
tim
e-sca
les
|

can
lik
ew
ise

b
e
related
q
u
an
titatively
to
th
eir
in
trin
sic
b
righ
tn
ess.
F
ig.
2
.5
sh
ow
s
a
m
o
re
m
o
d
ern

H
u
b
b
le
d
iagram
,
d
isp
lay
in
g
m
easu
rem
en
ts
of
T
y
p
e
1a
su
p
ern
ovae,
a
ll
m
easu
red
b
efore

2002.In
2001
th
e
H
u
b
b
le
K
ey
P
ro
ject
T
eam
a
n
n
o
u
n
ced
its
�
n
a
l
resu
lt, �
H
0

=
72
�
8
k
m
-

s
�
1-M
p
c
�
1,
a
con
sid
erab
le
im
p
rovem
en
t
over
th
e
large
u
n
certain
ty
ex
p
ressed
in
E
q
.
(2
.2).

�

W
.
L
.
F
reed
m
an
et
al.,
\
F
in
al
resu
lts
from
th
e
H
u
b
b
le
S
p
ace
T
elescop
e
K
ey
P
ro
ject

to
m
easu
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b
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b
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b
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b
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b
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d
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d
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b
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b
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d
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b
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b
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b
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b
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.
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b
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lts
sh
ou
ld
d
i�
er
b
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d
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b
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b
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d
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at
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b
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b
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P
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R
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b
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b
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p
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b
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d
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m
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a
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con
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h
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b
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t
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.
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in
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.
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.
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d
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b
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p
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p
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p
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.
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.
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b
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b
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p
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at
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b
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iform
v
elo
city
w
ith
resp
ect
to
an
in
ertial
referen
ce
fram
e
is
also
an
in
ertial
referen
ce

fram
e.
F
or
ex
am
p
le,
if
a
train
m
oves
a
t
a
co
n
sta
n
t
sp
eed
in
a
�
x
ed
d
irection
,
th
en

ob
serv
ers
o
n
th
e
tra
in
w
ou
ld
ob
serv
e
ex
actly
th
e
sam
e
law
s
o
f
p
h
y
sics
as
ob
servers
o
n
th
e

grou
n
d
.
T
h
e
v
iew
p
oin
t
of
ob
serv
ers
on
th
e
train
,
for
w
h
om
th
e
grou
n
d
is
m
ov
in
g
an
d
th
e
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.
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tab
le
in
th
e
d
in
in
g
car
is
at
rest,
is
ju
st
a
s
\real"
as
th
e
v
iew
p
oin
t
of
ob
serv
ers
on
th
e

grou
n
d
.
T
h
u
s,
th
ere
is
n
o
m
ean
in
g
to
b
ein
g
a
b
solu
tely
at
rest.
W
h
ile
sp
ecial
rela
tiv
ity

d
ates
from
1905,
th
e
b
asic
p
rin
cip
le
th
a
t
a
ll
in
ertial
fram
es
are
eq
u
ivalen
t
w
a
s
em
p
h
a
sized

b
y
G
alileo
as
early
as
1632
in
h
is
D
ia
log
u
e
C
o
n
ce
rn
in
g
th
e
T
w
o
C
h
ie
f
W
o
rld
S
y
ste
m
s.

T
h
e
con
cep
t
w
as
cru
cial
to
G
a
lileo's
v
iew
of
th
e
solar
sy
stem
,
b
ecau
se
it
ex
p
la
in
ed
w
h
y
w
e

d
o
n
ot
feel
th
e
h
u
ge
velo
cities
(�
30,000
m
/s
�
6
5,000
m
p
h
)
asso
ciated
w
ith
th
e
rota
tion

of
th
e
E
arth
an
d
its
m
otion
a
rou
n
d
th
e
S
u
n
.
(T
h
e
p
rin
cip
le
th
a
t
all
in
ertial
fra
m
es
are

eq
u
ivalen
t
w
as
tem
p
orarily
ab
an
d
on
ed
,
h
ow
ever,
in
th
e
19
th
cen
tu
ry,
w
h
en
th
e
eth
er
w
a
s

in
tro
d
u
ced
in
th
e
d
escrip
tio
n
o
f
electrom
ag
n
etism
.)

T
o
see
h
ow
H
u
b
b
le's
law
is
con
sisten
t
w
ith
h
om
og
en
eity,
it
is
easiest
to
b
eg
in
w
ith
a

on
e
d
im
en
sion
al
ex
am
p
le.
T
o
th
is
en
d
,
w
e
w
ill
b
orrow
a
d
iag
ram
from
S
tev
en
W
ein
b
erg
's

b
o
ok
,
T
h
e
F
ir
st
T
h
r
e
e
M
in
u
te
s,
sh
ow
n
in
F
ig
.
2.6

F
ig
u
r
e
2
.6
:
H
u
b
b
le's
L
aw
is
com
p
atib
le
w
ith
h
om
ogen
eity
in
sp
ace.
E
ach

ob
server
can
con
sid
er
h
erself
at
rest,
an
d
w
ill
ob
serv
e
oth
er
p
o
in
ts
m
ov
in
g

aw
ay
from
h
er
at
sp
eed
s
p
rop
ortion
al
to
th
eir
d
istan
ce
from
h
er.

T
h
is
d
iagram
sh
ow
s
a
row
of
even
ly
sp
a
ced
p
o
in
ts.
In
th
e
top
p
art,
th
e
p
oin
t
A
is

sh
ow
n
in
th
e
cen
ter,
w
ith
p
o
in
ts
B
a
n
d
C
to
th
e
rig
h
t,
an
d
Z
an
d
Y
to
th
e
left.
T
h
e

p
ictu
re
is
d
raw
n
from
th
e
p
oin
t
of
v
iew
of
an
ob
serv
er
a
t
A
,
so
A
is
at
rest
in
th
is
referen
ce

fram
e.
T
h
e
o
b
server
at
A
sees
a
p
a
ttern
of
m
otion
d
icta
ted
b
y
H
u
b
b
le's
law
,
w
h
ich
m
ean
s

th
at
B
an
d
Z
are
each
reced
in
g
at
som
e
sp
eed
v
,
an
d
C
a
n
d
Y
are
ea
ch
reced
in
g
at
2
v
.

(F
or
n
ow
let
u
s
assu
m
e
th
a
t
v
�

c,
so
w
e
n
eed
n
o
t
w
orry
y
et
ab
o
u
t
a
n
y
of
th
e
p
ecu
liar

e�
ects
asso
ciated
w
ith
sp
ecia
l
relativ
ity.)
In
th
is
p
ictu
re
it
lo
ok
s
a
s
if
A
is
sp
ecial
b
ecau
se

it
alon
e
is
at
rest,
an
d
th
e
p
ictu
re
is
th
erefore
n
o
t
h
o
m
ogen
eou
s.
H
ow
ever,
th
e
low
er

p
ortion
th
e
p
ictu
re
is
sh
ow
n
from
th
e
p
oin
t
o
f
v
iew
of
a
n
o
b
serv
er
at
B
.
T
h
e
p
ictu
re
is

sh
ow
n
in
th
e
rest
fram
e
of
B
,
an
d
so
of
co
u
rse
B
is
a
t
rest.
E
a
ch
velo
city
in
th
is
p
ictu
re

is
ob
tain
ed
from
th
e
v
elo
city
in
th
e
p
ictu
re
a
b
ov
e
b
y
ad
d
in
g
a
v
elo
city
v
to
th
e
left.
O
n
e

can
see
th
at
an
ob
serv
er
at
B
can
also
regard
h
im
self
as
th
e
cen
ter
o
f
th
e
m
otio
n
,
an
d
h
e

also
sees
a
p
attern
of
m
otion
co
n
sisten
t
w
ith
H
u
b
b
le's
law
.

It
is
sign
i�
can
tly
h
ard
er
to
v
isu
a
lize
th
is
p
ictu
re
in
th
ree
d
im
en
sion
s,
so
it
is
u
sefu
l

to
in
tro
d
u
ce
som
e
m
ath
em
atica
l
m
a
ch
in
ery.
T
h
e
con
cep
t
of
a
h
om
og
en
eou
sly
ex
p
a
n
d
in
g

u
n
iverse
can
b
e
d
escrib
ed
m
ost
sim
p
ly
b
y
u
sin
g
th
e
a
n
a
lo
gy
of
a
ro
ad
m
ap
.
A
road
m
ap

is
of
cou
rse
m
u
ch
sm
aller
th
a
n
th
e
a
rea
th
at
it
d
escrib
es,
b
u
t
th
e
d
ista
n
ces
are
rela
ted

b
y
th
e
scalin
g
th
at
is
u
su
ally
in
d
icated
in
o
n
e
of
th
e
corn
ers
of
th
e
m
ap
.
It
m
igh
t
read
,
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for
ex
am
p
le,
\1
in
ch
=
7
m
iles."
If
som
e
sorcerer
som
eh
ow
cau
sed
th
e
en
tire
region
to

u
n
iform
ly
d
ou
b
le
in
size,
w
e
w
ou
ld
b
e
sh
o
cked
,
b
u
t
w
e
w
ou
ld
n
ot
h
ave
to
th
row
aw
ay

th
e
m
ap
.
In
stead
w
e
cou
ld
ju
st
cross
ou
t
th
e
statem
en
t
\1
in
ch
=
7
m
iles"
an
d
rep
lace

it
w
ith
\1
in
ch
=
1
4
m
iles."

W
h
ile
it
is
n
ot
lik
ely
th
at
w
e
w
ill
m
eet
su
ch
a
sorcerer,
th
e
u
n
iv
erse
is
to
a
go
o
d

ap
p
rox
im
ation
ex
p
an
d
in
g
u
n
iform
ly,
an
d
w
e
can
u
se
th
e
sam
e
m
ap
trick
to
d
escrib
e
it.

E
ven
th
ou
gh
th
e
u
n
iv
erse
is
ex
p
a
n
d
in
g
,
w
e
can
rep
resen
t
it
b
y
a
m
ap
th
at
d
o
es
n
ot

ch
an
ge
w
ith
tim
e.
T
h
e
u
n
iv
erse
is
th
ree-d
im
en
sion
al,
so
th
e
m
ap
tak
es
th
e
form

of
a

th
ree-d
im
en
sion
al
co
ord
in
ate
sy
stem
,
w
ith
co
ord
in
ates
x
,
y
,
an
d
z
.
T
h
e
co
ord
in
ate
ax
es

can
b
e
m
ark
ed
o�
in
arb
itrary
u
n
its,
w
h
ich
I
w
ill
call
\n
otch
es."
W
e
cou
ld
m
easu
re
th
e

m
ap
in
ord
in
ary
d
istan
ce
u
n
its,
lik
e
cen
tim
eters,
an
d
in
fact
m
ost
cosm
ology
tex
tb
o
o
k
s

d
o
th
at.
B
u
t
b
y
in
ven
tin
g
a
n
ew
u
n
it,
w
e
can
em
p
h
asize
th
at
d
istan
ces
on
th
e
m
ap
h
av
e

n
o
�
x
ed
relation
to
th
e
p
h
y
sical
d
istan
ces
b
etw
een
th
e
actu
al
ob
jects
th
at
a
re
p
ictu
red

on
th
e
m
ap
.
B
y
u
sin
g
n
otch
es,
w
e
give
ou
rselv
es
an
ex
tra
d
im
en
sion
al
ch
eck
on
ou
r

calcu
lation
s.
If
w
e
keep
tra
ck
of
ou
r
u
n
its
an
d
th
e
an
sw
er
is
giv
en
in
n
otch
es,
th
en
w
e

w
ill
k
n
ow
th
at
w
e
calcu
lated
a
m
ap
d
istan
ce,
a
n
d
n
ot
th
e
p
h
y
sical
d
istan
ce
b
etw
een
real

ob
jects.

A
s
tim
e
p
rogresses,
th
e
ex
p
an
sion
of
th
e
u
n
iv
erse
can
b
e
d
escrib
ed
b
y
ch
an
gin
g
th
e

relation
b
etw
een
p
h
y
sical
d
istan
ces
an
d
th
e
n
otch
.
A
t
o
n
e
tim
e
a
n
otch
m
igh
t
corresp
on
d

to
a
m
illion
ligh
t-y
ears,
an
d
at
a
later
tim
e
it
m
igh
t
corresp
on
d
to
on
e
an
d
a
h
alf
m
illion

ligh
t-y
ears.
A
co
o
rd
in
ate
sy
stem
th
at
ex
p
an
d
s
w
ith
th
e
u
n
iv
erse
in
th
is
w
ay
is
called
a

co
m
o
v
in
g
coo
rd
in
a
te
sy
ste
m
.
T
h
e
ex
p
an
sion
of
a
p
art
of
th
e
u
n
iv
erse,
w
ith
th
e
com
ov
in
g

co
ord
in
ate
sy
stem
sh
ow
n
,
cou
ld
b
e
d
ep
icted
as
in
F
ig.
2.7:

=
)

=
)

F
ig
u
r
e
2
.7
:
B
y
em
p
loy
in
g
\
co
m
ov
in
g
co
o
rd
in
a
tes,\
a
sin
gle
m
ap
can
rep
-

resen
t
th
e
lo
ca
tio
n
s
of
o
b
jects
in
a
n
ex
p
a
n
d
in
g
u
n
iverse.
D
istan
ces
b
etw
een

o
b
jects
o
n
th
e
m
a
p
a
re
m
ea
su
red
in
\
n
o
tch
es,"
w
h
ile
th
e
relation
b
etw
een

n
otch
es
a
n
d
p
h
y
sica
l
u
n
its
(su
ch
a
s
cen
tim
eters
o
r
lig
h
t-years)
ch
an
ges
over

tim
e.
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.
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O
b
jects
th
at
a
re
m
ov
in
g
w
ith
th
e
H
u
b
b
le
ex
p
an
sion
a
re
a
t
rest
in
th
ese
co
ord
in
ates,

an
d
th
e
m
otion
is
d
escrib
ed
en
tirely
b
y
th
e
scale
factor
a
(t),
w
h
ich
giv
es
th
e
p
h
y
sica
l

d
istan
ce
th
at
corresp
on
d
s
to
on
e
n
otch
at
an
y
tim
e
t.
T
h
e
scale
factor
a
(t)
m
igh
t
b
e

m
easu
red
,
for
ex
am
p
le,
in
u
n
its
su
ch
as
m
/n
otch
.
T
h
e
p
h
y
sical
d
istan
ce
b
etw
een
an
y
tw
o

p
oin
ts
at
an
y
given
tim
e
is
th
en
giv
en
b
y

`
p (t)
=
a
(t)`
c
:

(2.5)

H
ere
`
c

d
en
otes
th
e
co
ord
in
a
te
d
ista
n
ce
b
etw
een
th
e
tw
o
ob
jects
(su
ch
a
s
th
e
g
alax
ies

d
ep
icted
in
F
ig.
2.7).
It
is
m
ea
su
red
in
n
otch
es
an
d
is
in
d
ep
en
d
en
t
o
f
tim
e.
`
p
d
en
otes
th
e

p
h
y
sical
d
istan
ce,
w
h
ich
is
m
easu
red
in
m
eters
an
d
in
crea
ses
w
ith
tim
e
as
th
e
u
n
iv
erse

ex
p
an
d
s.

(N
ote
th
at
th
e
d
iagram
s
in
F
ig.
2.7
sh
ow
th
a
t
th
e
d
istan
ces
b
etw
een
ga
lax
ies
a
re

grow
in
g
u
n
iform
ly,
w
h
ile
th
e
galax
ies
th
em
selv
es
are
n
ot
ex
p
an
d
in
g
.
In
sid
e
each
galax
y

th
e
grav
itation
al
p
u
ll
o
f
th
e
m
a
ss
con
cen
tratio
n
h
as
cau
sed
th
e
ex
p
an
sio
n
to
h
alt.
F
o
r

n
ow
,
h
ow
ever,
w
e
are
in
terested
on
ly
th
e
p
rop
erties
of
th
e
u
n
iv
erse
th
at
are
seen
w
h
en

averagin
g
over
large
region
s
w
ith
m
a
n
y
g
alax
ies,
so
th
e
d
etails
o
f
w
h
at
h
ap
p
en
s
in
sid
e

th
ese
galax
ies
are
n
ot
im
p
ortan
t.)

S
in
ce
sp
ecial
relativ
ity
tells
u
s
th
a
t
m
ov
in
g
ru
lers
con
tract
in
th
e
d
irection
of
m
o
tion
,

th
e
con
cep
t
of
\p
h
y
sical
d
istan
ce"
n
eed
s
to
b
e
carefu
lly
d
e�
n
ed
.
S
h
o
u
ld
th
e
d
istan
ce

b
etw
een
u
s
an
d
a
d
istan
t
g
a
la
x
y
b
e
m
easu
red
w
ith
ru
lers
a
t
rest
relativ
e
to
u
s,
or
w
ith

ru
lers
at
rest
relative
to
th
e
d
ista
n
t
galax
y
?
N
eith
er
of
th
ese
ch
oices
is
g
o
o
d
,
sin
ce
eith
er

ch
oice
w
ou
ld
req
u
ire
ru
lers
on
o
n
e
en
d
or
th
e
oth
er
th
at
are
m
ov
in
g
a
t
h
ig
h
sp
eed
relativ
e

to
th
e
m
atter
arou
n
d
th
em
.
T
h
e
relativ
istic
con
tractio
n
w
ou
ld
d
istort
th
e
d
istan
ces,
so

th
at
th
e
average
sep
aration
b
etw
een
ga
la
x
ies
w
o
u
ld
ap
p
ear
to
vary
w
ith
th
e
d
istan
ce
fro
m

th
e
ob
server.

T
o
avoid
th
is
p
rob
lem
,
cosm
ologists
u
se
th
e
con
cep
t
of
\com
ov
in
g"
ru
lers
|

ru
lers

w
h
ich
m
ove
w
ith
th
e
n
earb
y
m
atter.
T
o
d
e�
n
e
th
e
p
h
y
sical
d
istan
ce
b
etw
een
u
s
a
n
d
a

far-aw
ay
g
alax
y,
o
n
e
im
agin
es
m
ark
in
g
o
�
a
lin
e
b
etw
een
u
s
an
d
th
e
ga
lax
y
w
ith
clo
sely

sp
aced
grid
m
ark
s.
T
h
e
d
ista
n
ce
b
etw
een
each
tw
o
grid
m
ark
s
is
th
en
m
easu
red
w
ith

a
ru
ler
th
at
is
at
rest
w
ith
resp
ect
to
th
e
m
atter
in
th
e
region
b
etw
een
th
e
tw
o
grid

m
ark
s,
an
d
th
e
d
istan
ce
b
etw
een
u
s
a
n
d
th
e
galax
y
is
d
e�
n
ed
b
y
a
d
d
in
g
th
e
d
istan
ces
so

m
easu
red
.
T
h
is
is
h
ow
th
e
q
u
an
tity
`
p (t)
in
E
q
.
(2
.5)
is
d
e�
n
ed
.
D
ista
n
ce
d
e�
n
ed
in
th
is

w
ay
is
called
th
e
p
ro
pe
r
d
ista
n
ce
.
W
e
w
ill
a
lso
refer
to
`
p (t)
as
th
e
p
h
y
sica
l
d
ista
n
ce,
in

con
trast
w
ith
th
e
(com
ov
in
g)
co
ord
in
a
te
d
istan
ce
`
c .

W
e
are
n
ow
in
a
p
o
sition
to
see
h
ow
th
e
h
o
m
ogen
eou
s
ex
p
a
n
sio
n
im
p
lied
b
y
E
q
.
(2
.5)

lead
s
d
irectly
to
H
u
b
b
le's
law
.
T
o
see
th
is,
on
e
sim
p
ly
d
i�
eren
tiates
E
q
.
(2
.5)
in
ord
er
to
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�
n
d
th
e
v
elo
city.
If
`
p

d
en
otes
th
e
d
istan
ce
b
etw
een
a
p
articu
lar
d
istan
t
galax
y
an
d
u
s,

th
en
th
e
recessio
n
velo
city
of
th
at
galax
y
is
giv
en
b
y

v
=
d
`
p

d
t
=
d
ad

t
`
c
= �
1

a
(t)

d
a
(t)

d
t �
a
(t)`
c
:

(2.6)

N
ote
th
at
th
is
can
b
e
rew
ritten
as

v
=
d
`
p

d
t
=
H
`
p

;

(2.7)

w
h
ere
H
(t)
is
g
iv
en
b
y

H
(t)
=

1
a
(t)

d
a
(t)

d
t

:

(2.8)

B
y
com
p
arin
g
E
q
s.
(2.7)
an
d
(2.1),
w
e
see
th
at
th
e
assu
m
p
tion
of
u
n
iform
ex
p
an
sion
h
as

led
im
m
ed
iately
to
H
u
b
b
le's
law
.
E
ven
b
etter,
in
E
q
.
(2.8)
w
e
h
ave
d
eriv
ed
an
ex
p
ression

for
th
e
H
u
b
b
le
ex
p
an
sion
rate,
H
(t).

M
O
T
IO
N

O
F
L
IG
H
T

R
A
Y
S
:

T
o
u
n
d
erstan
d
o
b
serva
tio
n
s
in
a
u
n
iverse
d
escrib
ed
b
y
a
com
ov
in
g
co
ord
in
ate
sy
stem
,

w
e
w
ill
n
eed
to
b
e
ab
le
to
trace
th
e
p
ath
of
ligh
t
ray
s
th
rou
gh
it.
T
h
e
ru
le
is
v
ery
sim
p
le:

ligh
t
trav
els
in
a
straigh
t
lin
e,
w
ith
a
sp
eed
th
a
t
w
ou
ld
b
e
m
easu
red
b
y
each
lo
cal
ob
serv
er,

as
th
e
ligh
t
ray
p
asses,
at
th
e
stan
d
ard
valu
e
c
=
299
;792
;458
m
/s.
T
h
e
k
ey
p
oin
t
is

th
at
th
e
sp
eed
is
�
x
ed
in
th
e
p
h
y
sica
l
u
n
its,
su
ch
as
m
/s,
w
h
ile
th
e
co
ord
in
ate
sy
stem
is

m
ark
ed
o�
in
n
otch
es.
T
h
u
s,
a
t
a
n
y
g
iven
tim
e
o
n
e
m
u
st
u
se
th
e
con
version
factor
a
(t)

to
con
vert
fro
m
m
eters
to
n
o
tch
es,
in
ord
er
to
�
n
d
th
e
sp
eed
of
a
ligh
t
p
u
lse
in
com
ov
in
g

co
ord
in
ates.

C
on
sid
er,
for
sim
p
licity,
a
ligh
t
p
u
lse
m
ov
in
g
alon
g
th
e
x
-ax
is.
If
th
e
sp
eed
of
ligh
t
in

m
/s
is
c,
a
n
d
th
e
n
u
m
b
er
o
f
m
eters
p
er
n
otch
is
giv
en
b
y
a
(t),
th
en
th
e
sp
eed
in
n
otch
es

p
er
secon
d
is
giv
en
b
y
c=
a
(t):

d
xd

t
=

c
a
(t)
:

(2.9)

T
o
ch
eck
o
u
r
u
n
its,
w
e
can
u
se
sq
u
are
b
rackets
[A
]
to
d
en
ote
th
e
u
n
its
of
som
e
q
u
an
tity

A
.
T
h
en

�
c

a
(t) �
=

m
/s

m
/n
otch
=
n
otch

s

;

(2.10)

w
h
ich
g
iv
es
th
e
righ
t
u
n
its
for
d
x
=
d
t,
sin
ce
x
is
a
co
ord
in
ate
m
easu
red
in
n
otch
es.
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.
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R
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2
0
1
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S
in
ce
w
e
h
ave
n
ot
stu
d
ied
gen
eral
relativ
ity,
th
e
read
er
m
igh
t
w
ell
b
e
leery
th
at

th
e
su
b
tleties
o
f
sp
acetim
e
m
igh
t
som
eh
ow
lead
to
a

aw
in
th
is
a
rgu
m
en
t.
E
q
.
(2.9),

h
ow
ever,
is
in
fact
rigorou
sly
co
rrect
in
g
en
era
l
relativ
ity.
It
can
b
e
d
erived
in
th
e
co
n
tex
t

of
h
y
p
oth
etical
p
oin
t
p
articles
th
at
trav
el
a
t
th
e
sp
eed
of
ligh
t,
as
w
e
a
rg
u
ed
h
ere,
o
r
on
e

can
in
corp
orate
M
ax
w
ell's
eq
u
ation
s
in
to
g
en
eral
rela
tiv
ity,
a
n
d
th
en
ca
lcu
late
th
e
sp
eed

of
electrom
agn
etic
w
aves.

T
H
E
S
Y
N
C
H
R
O
N
IZ
A
T
IO
N

O
F
C
L
O
C
K
S
:

O
n
e
of
th
e
k
ey
id
eas
d
iscu
ssed
ea
rlier
in
th
e
con
tex
t
of
sp
ecial
relativ
ity
w
a
s
th
e

n
otion
th
at
sim
u
ltan
eity
is
a
fram
e-d
ep
en
d
en
t
con
cep
t
|

tw
o
clo
ck
s
w
h
ich
a
p
p
ear
sy
n
-

ch
ron
ized
to
on
e
ob
server
w
ill
ap
p
ea
r
to
b
e
u
n
sy
n
ch
ro
n
ized
to
an
ob
serv
er
in
relativ
e

m
otion
.
T
h
u
s,
w
h
en
w
e
sp
ea
k
o
f
a
(t)
as
a
sin
gle
fu
n
ction
w
h
ich
ch
aracterizes
th
e
en
tire

u
n
iverse,
w
e
sh
ou
ld
ask
ou
rselves
h
ow
w
e
w
ill
sy
n
ch
ron
ize
th
e
clo
ck
s
on
w
h
ich
t
w
ill
b
e

m
easu
red
.

T
h
e
a
n
sw
er
tu
rn
s
ou
t
to
b
e
sim
p
le,
alth
o
u
g
h
a
little
su
b
tle.
Im
agin
e
th
a
t
w
e
are

liv
in
g
in
th
is
id
ealized
u
n
iverse,
so
w
e
can
m
easu
re
th
e
ex
p
a
n
sio
n
fu
n
ctio
n
a
a
s
a
fu
n
ction

of
ou
r
ow
n
clo
ck
tim
e,
u
sin
g
ou
r
ow
n
ch
oice
of
a
n
o
tch
.
S
im
ilarly,
w
e
ca
n
im
ag
in
e
an
o
th
er

civ
ilization
of
creatu
res
liv
in
g
in
th
e
galax
y
M
81,
w
h
o
m
ea
su
re
a
a
cco
rd
in
g
to
th
eir
ow
n

clo
ck
s,
w
ith
th
eir
ch
o
ice
of
a
n
o
tch
.
W
e
w
ill
a
ssu
m
e
th
at
com
m
u
n
icatio
n
is
p
ossib
le,
b
u
t

tim
e
sign
als
alon
e
are
n
ot
su
Æ
cien
t
to
sy
n
ch
ron
ize
clo
ck
s,
sin
ce
th
e
sign
als
travel
w
ith
at

m
ost
th
e
sp
eed
of
ligh
t,
an
d
th
e
d
ista
n
ce
from
th
e
E
arth
to
M
81
is
tim
e-d
ep
en
d
en
t
an
d

in
itially
u
n
k
n
ow
n
.
T
h
u
s,
if
w
e
receiv
e
a
sign
al
from
M
81
say
in
g
th
at
\th
is
sig
n
a
l
w
as

sen
t
at
t
=
0,"
w
e
w
ou
ld
h
av
e
n
o
w
ay
of
k
n
ow
in
g
h
ow
m
u
ch
tim
e
h
a
d
elap
sed
sin
ce
th
e

sign
al
w
as
sen
t.
S
o,
is
it
p
ossib
le
for
th
e
M
8
1
crea
tu
res
an
d
u
s
to
a
gree
on
a
d
e�
n
itio
n
of

tim
e
an
d
o
n
th
e
scale
factor
a
(t)?

C
om
m
on
u
n
its
for
d
istan
ce
a
n
d
tim
e
can
in
p
rin
cip
le
b
e
estab
lish
ed
b
y
u
sin
g
a
to
m
ic

stan
d
ard
s,
in
th
e
sam
e
w
ay
as
w
e
d
o
o
n
E
arth
|

tim
e
can
b
e
d
e�
n
ed
in
term
s
of
a

sh
arp
ly
d
e�
n
ed
atom
ic
freq
u
en
cy,
an
d
d
istan
ce
can
b
e
d
e�
n
ed
in
term
s
of
h
ow
far
ligh
t

can
travel
in
a
u
n
it
of
tim
e.
B
u
t
on
e
m
u
st
still
a
sk
h
ow
th
e
clo
ck
s
are
to
b
e
sy
n
ch
ron
ized
.

O
n
e
m
igh
t
th
in
k
th
at
on
e
cou
ld
sy
n
ch
ro
n
ize
th
e
clo
ck
s
b
y
�
x
in
g
th
e
zero
of
tim
e
to
b
e

th
e
in
stan
t
w
h
en
th
e
scale
fa
cto
r
a
rea
ch
es
a
certain
valu
e,
b
u
t
th
is
p
lan
is
com
p
licated

b
y
th
e
fact
th
at
it
req
u
ires
th
e
creatu
res
on
M
8
1
to
u
n
d
erstan
d
n
o
t
o
n
ly
w
h
at
w
e
m
ea
n

b
y
m
eters
an
d
secon
d
s,
b
u
t
also
w
h
at
w
e
m
ean
b
y
n
otch
es.
S
in
ce
th
e
p
h
y
sical
d
istan
ce

corresp
on
d
in
g
to
a
n
otch
is
tim
e-d
ep
en
d
en
t,
w
e
ca
n
n
o
t
com
m
u
n
icate
its
d
e�
n
ition
u
n
til

w
e
h
ave
fou
n
d
a
w
ay
to
sy
n
ch
ron
ize
clo
ck
s.

T
h
e
id
ea
th
en
is
to
�
n
d
so
m
e
p
h
y
sically
m
ea
su
rab
le
q
u
a
n
tity
an
d
u
se
its
tim
e
d
e-

p
en
d
en
ce
to
sy
n
ch
ron
ize
clo
ck
s.
O
n
e
ch
o
ice
is
th
e
H
u
b
b
le
ex
p
an
sion
rate
H
(t).
In
p
rin
-

cip
le,
w
e
an
d
th
e
M
81
creatu
res
cou
ld
sy
n
ch
ron
ize
ou
r
clo
ck
s
b
y
settin
g
th
em
a
ll
to
zero

w
h
en
H
(t)
reach
es
som
e
p
rescrib
ed
valu
e.
A
ltern
ativ
ely,
th
e
tem
p
eratu
re
o
f
th
e
co
sm
ic

m
icrow
ave
b
ack
grou
n
d
rad
iatio
n
cou
ld
b
e
u
sed
,
resu
ltin
g
in
th
e
sa
m
e
sy
n
ch
ro
n
iza
tion
.
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.
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(N
ote
th
at
th
e
assu
m
p
tion
of
h
om
ogen
eity
im
p
lies
th
at
th
e
relation
sh
ip
b
etw
een
H
(t)

an
d
th
e
m
icrow
ave
b
ack
grou
n
d
tem
p
eratu
re
T
(t)
m
u
st
b
e
th
e
sam
e
at
all
p
oin
ts
in
th
e

u
n
iverse.)
T
im
e
d
e�
n
ed
in
th
is
w
ay
is
ca
lled
co
sm
ic
tim
e
,
an
d
it
is
th
is
d
e�
n
ition
of
tim
e

th
at
w
ill
b
e
u
sed
for
th
e
rest
of
th
is
cou
rse,
u
n
less
oth
erw
ise
sp
eci�
ed
.

O
n
ce
w
e
agree
w
ith
th
e
M
81
creatu
res
on
h
ow
to
sy
n
ch
ron
ize
o
u
r
clo
ck
s,
w
e
can
also

�
x
a
d
e�
n
ition
of
th
e
n
otch
b
y
�
x
in
g
its
valu
e
in
atom
ic
u
n
its
at
th
e
tim
e
of
sy
n
ch
ron
iza-

tion
.
T
h
ey
an
d
w
e
can
th
en
in
d
ep
en
d
en
tly
m
easu
re
th
e
scale
factor
a
(t)
for
all
fu
tu
re

tim
es.
W
ill
w
e
get
th
e
sam
e
valu
e?
B
y
th
e
assu
m
p
tion
of
h
om
ogen
eity,
of
cou
rse
w
e
w
ill

|

oth
erw
ise
th
ere
w
o
u
ld
h
ave
to
b
e
som
e
real
d
istin
ction
b
etw
een
th
e
w
ay
th
e
u
n
iverse

ap
p
ears
to
th
em
an
d
th
e
w
ay
it
a
p
p
ears
to
u
s.

If
on
e
is
lo
ok
in
g
for
su
b
tle
p
rob
lem
s,
on
e
m
igh
t
a
sk
w
h
a
t
w
ou
ld
h
ap
p
en
in
a
u
n
iverse

in
w
h
ich
H
(t)
ju
st
h
ap
p
en
s
to
b
e
a
con
stan
t
(in
d
ep
en
d
en
t
o
f
tim
e),
an
d
in
w
h
ich
th
ere
is

n
o
m
icrow
av
e
b
a
ck
grou
n
d
rad
iation
.
A
sp
acetim
e
of
th
is
ty
p
e
w
as
�
rst
stu
d
ied
in
1917

b
y
th
e
D
u
tch
a
stron
om
er
W
illem
d
e
S
itter,
an
d
is
called
d
e
S
itte
r
spa
ce
.
T
h
e
d
e�
n
ition

o
f
co
sm
ic
tim
e
g
iven
ab
ove
d
o
es
n
o
t
m
a
k
e
sen
se
in
d
e
S
itter
sp
ace,
an
d
it
tu
rn
s
ou
t

th
at
th
ere
is
n
o
u
n
iq
u
e
d
e�
n
ition
.
D
o
es
th
is
h
av
e
an
y
relevan
ce
to
cosm
ology
?
Y
es,
a
s

w
e
w
ill
see
later
w
h
en
w
e
d
iscu
ss
in

ation
.
A
lth
ou
gh
th
e
d
e
S
itter
m
o
d
el
is
n
o
lon
ger

regard
ed
as
a
v
iab
le
d
escrip
tion
of
th
e
p
resen
t
u
n
iverse,
th
e
m
o
d
el
h
as
b
ecom
e
releva
n
t
in

a
d
i�
eren
t
con
tex
t.
T
h
e
in

ation
ary
u
n
iv
erse
scen
ario,
w
h
ich
w
e
w
ill
b
e
d
iscu
ssin
g
later

in
th
is
cou
rse,
is
ch
aracterized
b
y
a
p
h
ase
in
w
h
ich
th
e
u
n
iverse
is
accu
rately
d
escrib
ed

b
y
a
d
e
S
itter
sp
ace.
F
u
rth
erm
ore,
it
is
likely
th
at
th
e
p
resen
t
acceleration
of
th
e
cosm
ic

ex
p
an
sion
,
d
iscovered
in
1998
�,
cou
ld
in
d
icate
th
e
b
egin
n
in
g
of
a
d
e
S
itter
sp
ace
era
in

ou
r
fu
tu
re.

B
y
u
sin
g
th
e
tim
e
d
ep
en
d
en
ce
of
H
(t)
or
T
(t),
w
e
can
d
e�
n
e
w
h
at
it
m
ean
s
to
say

th
at
tw
o
ev
en
ts
h
ap
p
en
ed
at
th
e
sam
e
tim
e
t,
ev
en
if
th
ey
o
ccu
rred
b
illion
s
of
ligh
t-years

ap
art.
In
cosm
ology,
in
oth
er
w
o
rd
s,
w
e
m
ay
sin
gle
ou
t
a
sp
ecial
class
of
ob
serv
ers:

th
o
se
w
h
o
a
re
m
ov
in
g
w
ith
th
e
H
u
b
b
le
ex
p
an
sion
,
an
d
h
en
ce
are
at
rest
w
ith
resp
ect

to
th
e
m
atter
in
th
eir
ow
n
v
icin
ity.
C
lo
ck
s
ca
rried
b
y
th
ese
sp
ecial
ob
serv
ers
d
e�
n
e
th
e

m
easu
rem
en
t
o
f
cosm
ic
tim
e.
T
h
e
sp
ecial
ob
serv
ers
in
d
i�
eren
t
region
s
are
m
ov
in
g
w
ith

resp
ect
to
each
o
th
er,
a
n
d
th
u
s
th
e
cosm
ic
tim
e
sy
stem
th
at
th
ey
m
easu
re
is
n
ot
eq
u
al

to
th
e
tim
e
th
at
w
ou
ld
b
e
m
easu
red
in
an
y
on
e
in
ertial
referen
ce
fram
e.

T
o
su
m
m
arize:
th
e
tim
e
variab
le
t
th
at
w
e
are
u
sin
g
is
called
cosm
ic
tim
e,
an
d
an
y

ob
serv
er
at
rest
relativ
e
to
th
e
galax
ies
in
h
er
v
icin
ity
can
m
easu
re
it
on
h
er
ow
n
clo
ck
.

T
h
e
clo
ck
s
th
rou
gh
ou
t
th
e
u
n
iv
erse
can
b
e
sy
n
ch
ron
ized
b
y
u
sin
g
th
e
H
u
b
b
le
ex
p
an
sion

rate
H
(t)
or
th
e
tem
p
eratu
re
T
(t)
o
f
th
e
co
sm
ic
m
icrow
ave
b
a
ck
grou
n
d
rad
iation
.

�

A
.
G
.
R
iess
et
al.,
\O
b
servation
al
ev
id
en
ce
from

su
p
ern
ovae
for
an
acceleratin
g

u
n
iverse
an
d
a
cosm
ological
con
stan
t,"
A
stro
n
o
m
ica
l
J
o
u
rn
a
l,
vol.
116,
p
p
.
1009-10038

(1998),
h
ttp
://arx
iv
.org/ab
s/astro-p
h
/9805201;
S
.
P
erlm
u
tter
et
al.,
\M
easu
rem
en
ts
of

O
m
ega
an
d
L
am
b
d
a
from
4
2
h
igh
red
sh
ift
su
p
ern
ova
e,\
A
stro
p
h
y
sica
l
J
o
u
rn
a
l,
v
ol.
516,

p
p
.
565-586
(1999),
h
ttp
://arx
iv
.org/ab
s/astro-p
h
/
9
8
1
2
1
3
3
.
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R
E
N
O
T
E
S
2
,
F
A
L
L
2
0
1
8

T
H
E
C
O
S
M
O
L
O
G
IC
A
L
R
E
D
S
H
IF
T
:

S
u
p
p
ose
a
n
atom
o
n
a
d
istan
t
galax
y
is
em
ittin
g
lig
h
t
w
ith
w
ave
crests
sep
a
ra
ted

b
y
a
�
x
ed
tim
e
in
terval
�
t
S

(\S
"
for
\
sou
rce").
W
e
w
ill
receiv
e
th
ese
w
av
e
crests
at

a
D
op
p
ler-sh
ifted
in
terval,
w
h
ich
w
e
w
ill
call
�
t
O

(\O
"
for
\
ob
serv
er").
O
u
r
g
oal
is
to

relate
th
e
D
op
p
ler
sh
ift
to
th
e
b
eh
av
ior
of
th
e
scale
factor
a
(t).
W
e
m
igh
t
th
in
k
th
at

w
e
cou
ld
ju
st
u
se
th
e
sp
ecia
l
relativ
ity
form
u
la
for
th
e
D
o
p
p
ler
sh
ift
th
at
w
e
d
eriv
ed
in

L
ectu
re
N
otes
1,
b
u
t
th
at
w
o
u
ld
n
ot
p
rop
erly
ta
k
e
in
to
a
ccou
n
t
th
e
m
otion
of
ligh
t
ray
s

in
an
ex
p
an
d
in
g
u
n
iverse,
a
s
d
escrib
ed
b
y
E
q
.
(2.9
).
T
o
ta
k
e
th
is
in
to
accou
n
t,
w
e
start

th
e
calcu
lation
from
scratch
.

L
et
u
s
con
stru
ct
a
co
ord
in
a
te
sy
stem
w
ith
ou
rselv
es
a
t
th
e
orig
in
,
an
d
let
u
s
a
lig
n

th
e
x
-ax
is
so
th
at
th
e
galax
y
in
q
u
estion
lies
on
it,
as
in
F
ig.
2.8:

F
ig
u
r
e
2
.8
:
D
iagram
for
d
iscu
ssin
g
th
e
tran
sm
ission
of
a
ligh
t
sign
al
from

a
d
istan
t
galax
y
to
u
s.
W
e
are
at
th
e
origin
,
an
d
th
e
galax
y
is
alon
g
th
e

x
-ax
is,
at
x
=
`
c .
T
h
e
ligh
t
sign
al
travels
to
u
s
alon
g
th
e
x
-ax
is.

L
et
t
S

b
e
th
e
cosm
ic
tim
e
a
t
w
h
ich
th
e
�
rst
crest
is
em
itted
from
th
e
d
ista
n
t
ga
lax
y,

w
ith
th
e
secon
d
crest
em
itted
a
t
t
S

+
�
t
S
.
T
h
e
ato
m
is
a
k
in
d
of
clo
ck
situ
a
ted
o
n
th
e

d
istan
t
galax
y,
so
th
e
tim
e
in
terval
m
ea
su
red
b
y
th
e
ato
m

ag
rees
w
ith
th
e
in
terval
of

cosm
ic
tim
e.
(N
ote
th
at
th
is
is
d
i�
eren
t
fro
m
th
e
relativ
istic
D
op
p
ler
sh
ift
calcu
la
tion
in

L
ectu
re
N
otes
1
,
in
w
h
ich
w
e
ex
p
licitly
to
ok
in
to
acco
u
n
t
th
e
slow
in
g
d
ow
n
of
a
clo
ck
o
n

a
m
ov
in
g
sou
rce.
H
ere
w
e
are
u
sin
g
a
d
i�
eren
t
k
in
d
o
f
co
ord
in
a
te
sy
stem
,
w
ith
a
d
i�
eren
t

d
e�
n
ition
of
th
e
tim
e
co
ord
in
ate.
E
a
ch
clo
ck
is
at
rest
in
th
e
n
o
n
-in
ertial
co
m
ov
in
g

co
ord
in
ate
sy
stem
,
an
d
th
e
co
sm
ic
tim
e
of
th
e
co
ord
in
ate
sy
stem
is
b
y
d
e�
n
ition
th
e
tim
e

as
read
on
su
ch
clo
ck
s.)

T
h
e
n
ex
t
step
is
to
u
n
d
erstan
d
th
e
relation
sh
ip
b
etw
een
th
e
tim
e
in
terva
l
of
em
issio
n

�
t
S

an
d
th
e
tim
e
in
terval
of
o
b
servation
�
t
O
.
N
ote
th
at
a
fter
th
e
�
rst
crest
is
em
itted
,

it
travels
a
p
h
y
sical
d
istan
ce
�
S

�
c�
t
S

b
efo
re
th
e
secon
d
crest
is
em
itted
.
If
�
t
S

is
th
e

tim
e
b
etw
een
th
e
em
ission
o
f
w
av
e
crests,
th
en

�
S

�
c�
t
S

(2.1
1)

is
th
e
w
avelen
gth
of
th
e
em
itted
w
ave.
T
h
e
tw
o
crests
a
re
th
en
sep
a
rated
b
y
a
co
o
rd
in
a
te

d
istan
ce

�
x
=
�
S
=
a
(t
S
)
:

(2.12)
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R
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.
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W
e
a
ssu
m
e
th
at
th
e
p
erio
d
of
th
e
w
av
e
�
t
S

is
v
ery
sh
ort
com
p
ared
to
th
e
tim
e
scale
on

w
h
ich
a
(t)
varies,
so
it
d
o
es
n
ot
m
atter
w
h
eth
er
th
e
d
en
om
in
ator
is
w
ritten
as
a
(t
S
)
or

a
(t
S

+
�
t
S
).
A
ccord
in
g
to
E
q
.
(2.9),
th
e
v
elo
city
of
ligh
t
in
th
ese
co
ord
in
ates
d
ep
en
d
s

on
t,
b
u
t
is
in
d
ep
en
d
en
t
o
f
sp
atial
p
osition
.
T
h
u
s,
at
a
n
y
given
tim
e
th
e
tw
o
crests
w
ill

travel
at
th
e
sam
e
co
ord
in
ate
v
elo
city
d
x
=d
t,
a
n
d
th
u
s
w
ill
stay
th
e
sam
e
co
ord
in
ate

d
istan
ce
ap
art.
W
h
en
th
ey
arriv
e
a
t
th
e
ob
serv
er
th
ey
w
ill
still
b
e
sep
arated
b
y
th
e
sam
e

co
ord
in
ate
d
istan
ce
�
x
w
ith
w
h
ich
th
ey
started
.
T
h
e
p
h
y
sical
sep
aration
at
th
e
ob
serv
er

w
ill
th
en
b
e
giv
en
b
y

�
O

=
a
(t
O
)�
x
=
a
(t
O
)

a
(t
S
)
�
S

;

(2.13)

an
d
th
u
s
th
e
w
av
elen
gth
is
sim
p
ly
stretch
ed
w
ith
th
e
ex
p
an
sion
of
th
e
u
n
iv
erse.
T
h
e
tim
e

sep
aration
b
etw
een
th
e
a
rrival
of
th
e
crests
w
ill
b
e

�
t
O

=
�
Oc

=
a
(t
O
)

a
(t
S
)
�
t
S

:

(2.14)

F
in
ally,
o
n
e
h
a
s

1
+
z
�

�
t
O

�
t
S

=
�
O

�
S

=
a
(t
O
)

a
(t
S
)
:

(2.15)

T
h
u
s,
th
e
D
op
p
ler
sh
ift
factor
1
+
z
is
ju
st
th
e
ratio
of
th
e
scale
factors
at
th
e
tim
es
of

ob
serva
tio
n
a
n
d
em
issio
n
.
E
q
u
ivalen
tly,
th
e
w
avelen
gth
of
th
e
ligh
t
is
stretch
ed
b
y
th
e

ex
p
an
sion
of
th
e
u
n
iv
erse.

It
is
n
atu
ral
to
ask
h
ow
th
is
calcu
lation
is
related
to
th
e
calcu
lation
of
th
e
relativ
istic

D
op
p
ler
sh
ift
o
f
L
ectu
re
N
otes
1.
S
in
ce
th
is
calcu
lation
d
id
n
ot
in
volve
an
y
ex
p
licit

referen
ce
to
tim
e
d
ilation
,
on
e
m
igh
t
th
in
k
th
at
th
is
calcu
lation
is
n
on
relativ
istic.
If
y
o
u

carefu
lly
g
o
b
ack
over
th
e
calcu
lation
,
h
ow
ever,
you
w
ill
�
n
d
th
at
th
ere
is
n
o
step
th
at

d
ep
en
d
s
on
th
ese
relativ
istic
e�
ects
in
a
n
y
w
ay.
E
q
.
(2.15)
is
a
rigorou
s
con
seq
u
en
ce
of

E
q
.
(2.9)
a
n
d
th
e
con
stru
ction
of
th
e
com
ov
in
g
co
ord
in
ate
sy
stem
.
In
fact,
E
q
.
(2.15)
is
an

ex
act
resu
lt
of
gen
eral
relativ
ity,
w
h
ich
in
clu
d
es
th
e
e�
ects
of
b
oth
sp
ecial
relativ
ity
an
d

grav
ity.
It
is
p
ossib
le
to
ap
p
ly
E
q
.
(2.15)
to
th
e
sp
ecial
case
in
w
h
ich
g
rav
ity
is
n
egligib
le,

an
d
th
e
u
su
al
resu
lt
o
f
sp
ecial
relativ
ity
can
,
w
ith
som
e
e�
ort,
b
e
recovered
.
(Y
ou
w
ill
b
e

giv
en
th
e
op
p
ortu
n
ity
to
carry
ou
t
th
is
ex
ercise,
w
ith
som
e
h
in
ts,
on
a
p
rob
lem
set
later

in
th
e
term
.)
H
ow
ev
er,
th
e
con
ten
t
of
E
q
.
(2.15)
d
i�
ers
from
th
e
sp
ecial
relativ
ity
resu
lt

in
tw
o
w
ay
s:

(1)
T
h
e
sp
ecial
relativ
ity
resu
lt
h
old
s
ex
actly
on
ly
in
th
e
ab
sen
ce
of
grav
ity,

w
h
ile
E
q
.
(2.15)
in
clu
d
es
th
e
e�
ects
of
g
rav
ity
|

p
rov
id
ed
,
of
cou
rse,
th
at

on
e
k
n
ow
s
th
e
e�
ects
o
f
g
rav
ity
on
th
e
scale
factor
a
(t).

(2)
E
q
.
(2.15)
ex
p
resses
th
e
D
op
p
ler
sh
ift
in
term
s
of
th
e
b
eh
av
ior
of
th
e
scale

factor
a
(t)
for
ob
jects
at
rest
in
a
c
o
m
o
v
in
g
co
ord
in
ate
sy
stem
,
w
h
ile
th
e

T
H
E
K
IN
E
M
A
T
IC
S
O
F
A
H
O
M
O
G
E
N
E
O
U
S
L
Y

E
X
P
A
N
D
IN
G

U
N
IV
E
R
S
E

p
.
2
0

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

sp
ecial
relativ
ity
resu
lt
ex
p
resses
th
e
D
o
p
p
ler
sh
ift
in
term
s
of
th
e
v
elo
city

as
m
easu
red
in
an
in
e
rtia
l
co
o
rd
in
ate
sy
stem
.
T
h
u
s,
th
e
tw
o
resu
lts
can
-

n
ot
b
e
com
p
ared
u
n
til
o
n
e
w
ork
s
o
u
t
th
e
rela
tion
sh
ip
b
etw
een
th
ese
tw
o

co
ord
in
ate
sy
stem
s.
W
h
en
E
q
.
(2.1
5)
is
ap
p
lied
to
th
e
sp
ecial
case
in
w
h
ich

grav
ity
is
n
egligib
le,
o
n
e
�
n
d
s
th
at
th
e
d
etails
of
sp
ecia
l
rela
tiv
ity
|

tim
e

d
ilation
,
L
oren
tz-F
itzgera
ld
con
traction
,
etc.
|

m
u
st
b
e
u
sed
in
o
rd
er
to

relate
th
ese
tw
o
co
ord
in
ate
sy
stem
s.

W
h
ile
th
e
cosm
ological
D
o
p
p
ler
sh
ift
is
in
gen
eral
d
i�
eren
t
from
th
e
sp
ecia
l
relativ
ity

D
op
p
ler
sh
ift,
sin
ce
it
tak
es
in
to
acco
u
n
t
th
e
e�
ects
of
grav
ity,
w
e
w
ill
see
in
th
e
n
ex
t

set
of
lectu
re
n
otes
th
at
th
e
e�
ects
of
grav
ity
grow
w
ith
d
istan
ce.
S
o,
if
th
e
sou
rce
an
d

ob
server
are
close,
w
e
w
ou
ld
ex
p
ect
th
at
th
e
e�
ects
of
grav
ity
w
ou
ld
b
e
n
eg
lig
ib
le
an
d

th
e
tw
o
a
n
sw
ers
w
ou
ld
agree.

T
o
see
th
is,
w
e
u
se
th
e
fact
th
at
if
th
e
sou
rce
a
n
d
ob
serv
er
are
clo
se,
th
en
th
e

tran
sm
ission
tim
e
Æt
�

t
O

�
t
S

w
ill
b
e
sm
all.
O
v
er
th
is
sm
all
tim
e
in
terval,
w
e
can

ap
p
orx
im
ate
a
(t)
b
y
its
�
rst
ord
er
T
ay
lo
r
ex
p
a
n
sio
n
a
b
o
u
t
t
S
:

a
(t)
=
a
(t
S
)
+
_a(t
S
)(t
�
t
S
)
+
:::

=
a
(t
S
)
[1
+
H
(t
S
)(t
�
t
S
)
+
:::]
;

(2
.16
)

w
h
ere
an
overd
ot
d
en
otes
a
tim
e
d
erivativ
e,
an
d
u
se
w
as
m
ad
e
of
E
q
.
(2.8).
A
p
p
ly
in
g

th
is
eq
ation
to
t
=
t
O
,

a
(t
O
)
=
a
(t
S
)
[1
+
H
(t
S
)
Æt
+
:::]
:

(2.1
7)

T
h
e
co
ord
in
ate
sep
aration
�
x
b
etw
een
sou
rce
an
d
ob
serv
er
can
b
e
fou
n
d
b
y
in
tegratin
g

th
e
co
ord
in
ate
v
elo
city
given
b
y
E
q
.
(2.9):

�
x
= Z

t
O

t
S

c
d
t

a
(t)
= Z

t
S

+
Æ
t

t
S

c
d
t

a
(t
S
)
[1
+
H
(t
S
)(t
�
t
S
)
+
:::]

=

c
a
(t
S
) Z

t
S

+
Æ
t

t
S

d
t
[1
�
H
(t
S
)(t
�
t
S
)
+
:::]
=

c
a
(t
S
) �
Æt
�
12

H
(t
S
)Æt
2
+
::: �
:

(2
.18
)

S
in
ce
w
e
are
in
terested
in
v
ery
sm
all
Æt,
w
e
u
se
th
e
low
est
o
rd
er
resu
lt
th
a
t
�
x
=

c
Æt=
a
(t
S
).
If
w
e
let
Ær
d
en
ote
th
e
p
h
y
sica
l
d
istan
ce
b
etw
een
sou
rce
a
n
d
o
b
server
at
tim
e

t
S
,
th
en
to
low
est
ord
er
in
Æt,

Ær
=
a
(t
S
)
�
x
=
c
Æt
;

(2.19)

w
h
ich
w
e
m
igh
t
w
ell
h
ave
foreseen
.
E
q
.
(2.1
9)
is
a
con
seq
u
en
ce
o
f
th
e
fa
ct
th
at
if
Æt
is

sm
all,
th
en
th
e
e�
ect
of
th
e
ex
p
a
n
sio
n
of
th
e
u
n
iv
erse
d
u
rin
g
th
e
tim
e
Æt
is
n
eglig
ib
le.

T
h
e
cosm
ological
red
sh
ift
is
th
en
given
b
y

1
+
z
=
a
(t
O
)

a
(t
S
)
=
1
+
H
(t
S
)
Æt
+
:::
;

(2.2
0)
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.
2
1

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

w
h
ere
w
e
u
sed
E
q
.
(2
.1
6
).
T
h
en
b
y
u
sin
g
E
q
s.
(2.20)
an
d
(2.19)
w
e
�
n
d

z
=
H
(t
S
)
Æt
=
H
(t
S
)c
Æt

c

=
H
(t
S
)Ær

c

=
vc

;

(2.21)

w
h
ere
in
th
e
last
step
w
e
u
sed
H
u
b
b
le's
law
,
E
q
.
(2.1).
T
o
low
est
ord
er
in
�
�
v
=
c,
th
is

a
g
rees
w
ith
th
e
sp
ecia
l
rela
tiv
ity
D
op
p
ler
form
u
la
,

z
= s
1
+
�

1
�
�
�
1

(relativ
istic),

(2.22)

w
h
ere
�
=
v
=
c.

A
lth
ou
gh
th
e
cosm
ological
red
sh
ift
is
cau
sed
b
y
b
oth
grav
ity
a
n
d
b
y
m
otion
,
th
ere

is
n
o
n
atu
ral
w
ay
to
d
iv
id
e
it
in
to
th
ese
tw
o
p
arts.
Y
ou
m
igh
t
su
ggest,
for
ex
am
p
le,
th
at

w
e
d
e�
n
e
th
e
p
art
d
u
e
to
grav
ity
b
y
ask
in
g
h
ow
m
u
ch
th
e
D
op
p
ler
sh
ift
w
ou
ld
ch
an
ge

if
grav
ity
w
ere
o
m
itted
from
th
e
calcu
lation
.
T
h
e
p
rob
lem
is
th
at
th
e
tra
jectories
of
th
e

sou
rce,
th
e
ob
serv
er,
an
d
th
e
ligh
t
ray
s
w
ou
ld
all
b
e
d
i�
eren
t
in
th
e
ab
sen
ce
of
grav
ity.

T
h
u
s,
w
e
can
n
ot
ask
w
h
at
th
e
red
sh
ift
w
o
u
ld
b
e
in
a
u
n
iverse
th
at
is
lik
e
o
u
rs,b
u
t
w
ith
ou
t

grav
ity.
If
grav
ity
w
ere
n
o
t
in
v
olv
ed
,
th
ere
w
ou
ld
n
ot
b
e
a
n
y
u
n
iv
erse
th
at
is
lik
e
o
u
rs.


