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b
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X
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N
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G

U
N
I
V
E
R
S
E

H
ub
b
le
's
L
a
w

v
=
H
r
:

H
ere

v
�

recession
velo
city
;

H
�

H
u
b
b
le
ex
p
an
sion
rate
;

a
n
d

r
�

d
istan
ce
to
galax
y
:

A
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n
G
u
th

M
a
s
s
a
c
h
u
s
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t
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s
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te
o
f
T
e
c
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c
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b
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T
h
e
P
a
rse
c

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

4
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S
e
p
te
m
b
e
r
1
9
,
2
0
2
2

{
2
{

T
h
is
s
lid
e
w
a
s
n
o
t
s
h
o
w
n
,
b
u
t
th
e
w
o
rk
w
a
s
d
o
n
e
o
n
th
e
b
la
c
k
b
o
a
rd
.

U
nits
fo
r
th
e
H
ub
b
le
E
x
p
a
nsio
n
R
a
te

v
=
H
r

=
)

[H
]
=
[v
]=[r]=
(L
=
T
)=
L
=
1
=
T
.

A
stron
om
ers
in
variab
ly
th
in
k
in
term
s
of
velo
city
/d
istan
ce,
w
h
ich

th
ey
m
easu
re
in
k
m
-s
�

1-M
p
c
�

1.

1
p
c
=
3.2616
ligh
t-y
r;
M
p
c
=
m
egap
arsec
=
10
6

p
c.

R
elation
to
in
verse
tim
e:

1

1
0
1
0

y
r
=
97
:8
k
m
-s
�

1-M
p
c
�

1:
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H
o
m
o
g
e
ne
ity
a
nd
H
ub
b
le
's
L
a
w

D
o
es
H
u
b
b
le's
law
im
p
ly
th
a
t
w
e
a
re
in
th
e
cen
ter
of
th
e

u
n
iv
erse?
N
o.

A
s
W
ein
b
erg
ex
p
la
in
s
it
in
T
h
e
F
ir
s
t
T
h
r
e
e
M

in
u
te
s
:

A
la
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u
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M
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c
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T
h
is
s
lid
e
w
a
s
n
o
t
s
h
o
w
n
,
b
u
t
th
e
w
o
rk
w
a
s
d
o
n
e
o
n
th
e
b
la
c
k
b
o
a
rd
.

C
o
m
o
ving
C
o
o
rd
ina
te
s

If
th
e
E
arth
kep
t
gettin
g
larger,u
n
iform
ly,w
ou
ld
b
e
h
av
e
to
keep
red
raw
in
g

th
e
m
ap
?

N
o.
A
n
y
m
ap
h
as
a
scale
m
ark
ed
in
th
e
co
rn
er
som
ep
la
ce:
e.g.,
1
in
ch
=

1,000
m
iles.
If
th
e
E
arth
k
ep
t
gettin
g
larger,
u
n
ifo
rm
ly,
w
e
cou
ld
keep
th
e

m
ap
an
d
con
tin
u
ou
sly
ch
an
ge
th
e
scale.
T
h
at
is
w
h
at
w
e
d
o
in
co
sm
ology.

W
e
im
agin
e
a
�
x
ed
3D
m
ap
of
th
e
u
n
iv
erse,
w
ith
d
istan
ces
m
arked
in

som
e
arb
itrary
u
n
it:
I
call
th
em
\n
otch
es,"
to
m
ake
it
clear
th
at
th
ey
h
ave

n
o
�
x
ed
m
ean
in
g
in
term
s
of
an
y
stan
d
a
rd
u
n
its
of
len
gth
.
T
h
e
\scale,"

or
scale
factor,
is
d
en
oted
b
y
a
(t),
w
h
ere
a
(t)
is
m
ea
su
red
in
m
eters
(or

ligh
t-y
ear,
or
M
p
c,
or
w
h
atever)
p
er
n
otch
.
T
h
e
relation
is
th
en

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

w
h
ere
`
p (t)
is
th
e
p
h
y
sic
a
l
d
istan
ce,
m
easu
red
in
m
eters
(o
r
ligh
t-y
ears,

etc.),
a
n
d
`
c
is
th
e
c
o
o
r
d
in
a
te
d
istan
ce,
m
easu
red
in
n
o
tch
es.
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T
h
is
s
lid
e
w
a
s
n
o
t
s
h
o
w
n
,
b
u
t
th
e
w
o
rk
w
a
s
d
o
n
e
o
n
th
e
b
la
c
k
b
o
a
rd
.

H
ub
b
le
's
L
a
w
a
s
a
C
o
nse
que
nce

o
f
U
nifo
rm
E
x
p
a
nsio
n

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

S
o
h
ow
fast
d
o
es
`
p (t)
ch
an
ge?

v
=
d
`
p

d
t
=
d
ad

t
`
c
= �
1

a
(t)

d
a
(t)

d
t �
a
(t)`
c
:

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

v
=
d
`
p

d
t
=
H
`
p

;

w
h
ere

H
(t)
=

1
a
(t)

d
a
(t)

d
t

:
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L
ig
h
t
R
a
y
s
in
a
n
E
x
p
a
nd
ing
U
nive
rse

H
ow
d
o
w
e
d
escrib
e
ligh
t
ray
s
in
th
e
com
ov
in
g
co
ord
in
ate
sy
stem
?

T
h
e
an
sw
er
is
sim
p
le:

L
igh
t
ray
s
trav
el
on
a
straigh
t
lin
e,
w
ith
a
sp
eed
th
at
w
ou
ld
b
e
m
easu
red

b
y
ea
ch
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.

C
on
sid
er
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,
an
d
th
e
n
u
m
b
er
of
m
eters
p
er
n
otch
is
a
(t),
th
en
th
e
sp
eed
in
n
otch
es

p
er
secon
d
is
giv
en
b
y

d
xd

t
=

c
a
(t)
:

Ju
sti�
cation
:
th
e
ab
ov
e
form
u
la
can
b
e
d
erived
in
gen
eral
relativ
ity
b
y

con
sid
erin
g
h
y
p
oth
eticalp
oin
t
p
articles
th
at
travel
at
th
e
sp
eed
of
ligh
t,
or

b
y
in
corp
oratin
g
M
ax
w
ell's
eq
u
ation
s
in
to
gen
eral
relativ
ity.
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T
h
is
s
lid
e
w
a
s
n
o
t
s
h
o
w
n
,
b
u
t
th
e
w
o
rk
w
a
s
d
o
n
e
o
n
th
e
b
la
c
k
b
o
a
rd
.

I
m
p
o
rta
nce
o
f
C
o
m
o
ving
C
o
o
rd
ina
te
s

A
n
y
p
rob
lem
in
v
olv
in
g
an
ex
p
an
d
in
g
(h
om
ogen
eou
s
an
d
isotrop
ic)

u
n
iverse
sh
ou
ld
b
e
d
escrib
ed
in
c
o
m
o
v
in
g
c
o
o
rd
in
a
te
s.

W
h
y
?

B
ecau
se
th
e
p
ath
s
o
f
ligh
t
ray
s
are
sim
p
le
in
com
ov
in
g
co
ord
in
ates.

If
in
stead
y
ou
tried
to
u
se
co
ord
in
ates
th
at
d
irectly
m
easu
re
p
h
y
s-

ical
d
istan
ces,
th
e
p
ath
of
a
ligh
t
ray
w
ou
ld
b
e
c
o
m
p
lic
a
te
d

for
a
n
y
tra
jectory
oth
er
th
an
a
rad
ial
on
e.
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C
o
sm
ic
T
im
e
a
nd

th
e
S
y
nch
ro
niz
a
tio
n
o
f
C
lo
ck
s

In
sp
ecia
l
rela
tiv
ity,
clo
ck
s
ca
n
b
e
sy
n
ch
ron
ized
b
y
sen
d
in
g

tim
e
sig
n
a
ls
fro
m
a
cen
tra
l
clo
ck
.
O
th
er
clo
ck
s,
w
h
en
u
sin
g

th
ese
tim
e
sig
n
a
ls,
u
se
th
eir
d
ista
n
ces
fro
m
th
e
cen
tral
clo
ck

to
tak
e
in
to
a
cco
u
n
t
th
e
lig
h
t
trav
el
tim
e.

In
a
n
ex
p
a
n
d
in
g
u
n
iverse,
th
is
d
o
es
n
o
t
w
ork
!

1
)
B
eca
u
se
th
e
clo
ck
s
a
re
m
ov
in
g
rela
tive
to
ea
ch
o
th
er,
tim
e

d
ila
tio
n
w
o
u
ld
h
ave
to
b
e
taken
in
to
a
ccou
n
t.

2
)
B
eca
u
se
th
e
d
ista
n
ces
a
re
ch
a
n
g
in
g
w
ith
tim
e,
on
e
can
't

k
n
ow
th
e
d
ista
n
ce
u
n
til
o
n
e
k
n
ow
s
th
e
tim
e,
so
th
e
ligh
t

trav
el
tim
e
ca
n
n
o
t
b
e
ta
k
en
in
to
a
cco
u
n
t.
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In
cosm
ology,
w
e
can
im
agin
e
th
at
\cosm
ic
tim
e"
t
is
m
easu
red
lo
ca
lly,

on
com
ov
in
g
clo
ck
s
th
at
tick
in
seco
n
d
s
d
e�
n
ed
b
y
atom
ic
stan
d
ard
s.
B
u
t

th
ey
n
eed
to
b
e
sy
n
ch
ron
ized
som
eh
ow
.
In
stead
o
f
u
sin
g
a
cen
tral
clo
ck
,

on
e
n
eed
s
to
�
n
d
a
clo
ck
th
at
is
availab
le
every
w
h
ere.

In
a
sim
p
le,
H
O
M
O
G
E
N
E
O
U
S
m
o
d
el
of
th
e
u
n
iverse,
th
ere
are
th
ree

p
ossib
ilities:

1)
T
h
e
H
u
b
b
le
ex
p
a
n
sion
rate
H
.
It
can
b
e
m
easu
red
an
y
w
h
ere,
so
can

b
e
u
sed
to
d
e�
n
e
th
e
t
=
0
of
cosm
ic
tim
e.

2)
T
h
e
tem
p
eratu
re
T
of
th
e
cosm
ic
b
ack
grou
n
d
ra
d
iation
.

3)
If
th
e
u
n
iverse
starts
w
ith
th
e
scale
factor
a
=
0,
th
is
startin
g
tim
e

can
b
e
taken
as
t
=
0.

W
ill
th
ese
th
ree
m
eth
o
d
s
agree?

Y
es,
th
ey
m
u
st,
b
y
th
e
a
ssu
m
p
tion
of
h
om
ogen
eity.
H
om
ogen
eity
im
p
lies

th
at
th
e
relation
b
etw
een
H

an
d
T
m
u
st
b
e
th
e
sa
m
e
every
w
h
ere.
S
o
if

you
an
d
I,
in
far
aw
ay
galax
ies,
m
easu
re
th
e
sam
e
valu
e
of
H
,
w
e
m
u
st
also

m
easu
re
th
e
sam
e
valu
e
of
T
.
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C
o
sm
o
lo
g
ica
l
R
e
d
sh
ift

U
se
com
ov
in
g
co
ord
in
ates!

L
et
�
t
S

b
e
th
e
tim
e
b
etw
een
w
ave
crests,
as
m
easu
red
at
th
e
sou
rce.

S
in
ce
cosm
ic
tim
e
t
is
m
easu
red
on
lo
cal
clo
ck
s,
�
t
S

is
th
e
sep
aration
in

cosm
ic
tim
e
b
etw
een
th
e
em
ission
of
crests.

T
h
e
p
h
y
sical
w
av
elen
gth
at
th
e
sou
rce
is
�
S

=
c�
t
S
.
W
h
en
th
e
2n
d
crest

is
em
itted
,
th
e
�
rst
crest
w
ill
b
e
a
p
h
y
sical
d
istan
ce
�
S

from
th
e
sou
rce.

W
h
en
th
e
2n
d
crest
is
em
itted
,
th
e
�
rst
crest
w
ill
b
e
a
co
ord
in
ate
d
istan
ce

�
x
=
�
S
=
a
(t
S
)
from
th
e
sou
rce.
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W
h
en
th
e
2n
d
crest
is
em
itted
,
th
e
�
rst
crest
w
ill
b
e
a
co
ord
in
a
te
d
istan
ce

�
x
=
�
S
=
a
(t
S
)
from
th
e
sou
rce.

A
s
th
e
�
rst
an
d
secon
d
crests
travel
from
sou
rce
to
u
s,
th
ey
b
oth
travel
at

co
ord
in
ate
sp
eed

d
xd

t
=

c
a
(t)
:

T
h
e
sp
eed
d
ep
en
d
s
on
tim
e,
b
u
t
n
ot
p
o
sition
:
so
th
e
crests
rem
ain
th
e

sam
e
co
ord
in
ate
d
istan
ce
ap
art.
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W
h
en
th
e
crests
reach
u
s,
at
cosm
ic
tim
e
t
O
,
th
ey
still
h
ave
a
co
ord
in
ate

sep
aration
�
x
=
�
S
=
a
(t
S
).
T
h
e
p
h
y
sical
d
istan
ce
at
th
e
ob
serv
er
(u
s)
is

th
erefore

�
O

=
a
(t
O
)
�
x
= �
a
(t
O
)

a
(t
S
) �
�
S

;

so
th
e
w
avelen
gth
is
sim
p
ly
stretch
ed
w
ith
th
e
ex
p
an
sion
of
th
e
u
n
iverse.

T
h
e
p
erio
d
of
a
ligh
t
w
ave
is
p
rop
ortion
al
to
its
w
av
elen
gth
,
so

1
+
z
�

�
t
O

�
t
S

=
�
O

�
S

=
a
(t
O
)

a
(t
S
)
:
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