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8.286:
T
he

E
arly

U
niverse

Septem
ber

24,
2009

P
rof.

A
lan

G
uth

P
R

O
B

L
E
M

S
E
T

1
S
O

L
U

T
IO

N
S

P
R

O
B

L
E
M

S
E
T

G
R

A
D

IN
G

:

T
he

total
num

ber
of

points
w
ill

vary
som

e
from

problem
set

to
problem

set.
Y
our

finalproblem
set

grade
w
illbe

the
sum

ofthe
individualgrades,so

the
problem

sets
w
ith

m
ore

points
w
illcount

a
little

m
ore

than
the

others.

P
R

O
B

L
E
M

1:
N

O
N

R
E
L
A

T
IV

IS
T

IC
D

O
P

P
L
E
R

S
H

IF
T

,
S
O

U
R

C
E

A
N

D
O

B
S
E
R
V

E
R

IN
M

O
T

IO
N

(5
points)

T
he

easiest
w
ay

to
do

this
problem

,
given

the
results

described
in

the
lecture

notes,
is

to
introduce

an
interm

ediate
relay

station
w
hich

is
at

rest
relative

to
the

air:

T
he

relay
station

sim
ply

rebroadcasts
the

signal
it

receives
from

the
source,

at
exactly

the
instant

that
it

receives
it.

T
he

relay
station

therefore
has

no
effect

on
the

signal
received

by
the

observer,
but

it
serves

as
a
crutch

for
our

thinking—
it

allow
s
us

to
divide

the
problem

into
tw

o
parts,

each
already

solved.
L
et

∆
t
denote

the
tim

e
interval

betw
een

w
ave

crests,
w
ith

subscripts
to

indicate
w
hich

clock
is

m
aking

the
m
easurem

ent.
T
hen

∆
t
re

la
y
=

(1
+

v
su )

∆
t
so

u
rc

e

∆
t
o
b
se

rv
e
r
=

1
1−

v
o /

u
∆

t
re

la
y

,

so

∆
t
o
b
se

rv
e
r
=

1
+

v
s /

u

1−
v

o /
u
∆

t
so

u
rc

e
.

T
hus

z
=

1
+

v
s /

u

1−
v

o /
u
−
1

.
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P
R

O
B

L
E
M

2:
T

H
E

T
R

A
N

S
V

E
R

S
E

D
O

P
P

L
E
R

S
H

IF
T

(5
points)

(a)
Since

this
part

ofthe
problem

is
nonrelativistic,tim

e
can

be
considered

univer-
sal,so

allclocks
run

at
the

sam
e
speed.

Ifw
ave

crests
are

em
itted

by
the

source
at

a
tim

e
interval∆

t
S
as

m
easured

by
the

source,the
tim

e
intervalbetw

een
the

em
issions

ofthe
crests

w
illalso

appear
to

the
observer

to
be

∆
t
S .

Furtherm
ore,

since
the

distance
betw

een
the

source
and

observer
does

not
change

w
ith

tim
e,

each
crest

m
ust

travelthe
sam

e
distance

betw
een

the
source

and
the

observer,
and

hence
the

separation
betw

een
their

arrivals
w
ill

also
be

∆
t
S .

T
hus

the
tim

e
interval

betw
een

crests
as

m
easured

by
the

observer
is

∆
t
O

=
∆

t
S ,

and
the

redshift
is

z
=

∆
t
O

∆
t
S
−

1
=

0
.

T
here

is
no

D
oppler

shift.

(b)
A
gain

the
distance

betw
een

the
source

and
the

observer
rem

ains
constant,but

in
this

case
there

is
nonetheless

a
D
oppler

shift
caused

by
the

relativistic
effects

of
m
otion

on
the

speed
of

the
clocks.

From
the

point
of

view
of

the
observer,

the
clock

on
the

source
is

a
m
oving

clock
w
hich

runs
slow

ly
by

a
factor

of

γ≡
1

√
1−

β
2

,
β
≡

v
/
c

.

Ifthe
tim

e
intervalbetw

een
crests

is
m
easured

on
the

source
clock

as
∆

t
S ,then

to
the

observer
it
w
illappear

to
be

γ
∆

t
S .

T
he

redshift
is

then
given

by

z
=

∆
t
O

∆
t
S
−
1
=

γ−
1

.

T
his

phenom
enon

is
know

n
as

the
transverse

D
oppler

effect.
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P
R

O
B

L
E
M

3:
A

H
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P
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U
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D
(5

points)*

T
he

follow
ing

com
m
ents

apply
both

for
part

(a)
and

for
part

(b).
N
um

ber
the

cars
from

1
to

4.
C
onsider

the
signals

em
itted

by
car

i
and

detected
by

car
j,

w
here

j�=
i
and

i
and

j
are

any
integers

from
one

to
four.

A
s
seen

in
the

stationary
non-rotating

laboratory
fram

e
the

crests
of

the
w
aves

em
itted

by
the

source
at

i
are

alw
ays

separated
by

the
sam

e
tim

e
interval

(∆
t
S )

L ;
here

the
subscript

S
m
eans

that
w
e
are

defining
the

period
at

the
source,

and
the

subscript
L

indicates
that

it
is

the
value

m
easured

in
the

laboratory
fram

e.
E
ach

crest
em

itted
by

i
alw

ays
takes

the
sam

e
tim

e
to

reach
j,

because
the

relative
positions

of
i
and

j
on

the
m
erry-go-round

never
change.

It
follow

s
that

in
the

laboratory
fram

e
the

crests
received

by
the

observer
at

j
are

alw
ays

separated
by

the
tim

e
interval

(∆
t
O
)
L
that

is
exactly

equal
to

(∆
t
S )

L :

(∆
t
O
)
L
=

(∆
t
S )

L
.

(1)

T
his

is
true

for
any

pair
ofcars

on
the

m
erry-go-round.

T
he

angles
that

separate
the

various
cars

need
not

be
m
ultiples

of
π
/2,

as
long

as
the

relative
angular

positions
are

preserved
in

tim
e.

(a)
In

the
nonrelativistic

approxim
ation

the
tim

e
differences

m
easured

by
the

lab-
oratory

coincide
w
ith

the
tim

e
differences

m
easured

by
either

sources
or

re-
ceivers.

W
e
thus

have
that

(1)
gives

∆
t
O
=

∆
t
S

,
(2)

w
here

the
absence

of
the

L
subscript

indicates
that

∆
t
O

is
tim

e
m
easured

by
the

observer
and

∆
t
S

is
tim

e
m
easured

by
the

source.
It

follow
s
from

the
definition

of
z
that1

+
z≡

∆
t
O

∆
t
S

=
1

,
=⇒

z
=

0
.

(3)

(b)
B
ecause

the
sources

and
receivers

are
m
oving

their
clocks

lag
—

tim
es

m
easured

at
the

laboratory
are

longer
by

the
relativistic

factor
γ
(this

is
true

even
though

the
m
otion

is
circular

and
only

the
speed

is
constant).

W
e
thus

have

(∆
t
O
)
L
=

γ
O
∆

t
O

,
(∆

t
S )

L
=

γ
S ∆

t
S

,
(4)

*
Solution

by
B
arton

Z
w
iebach.
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w
here

∆
t
O

and
∆

t
S
are

the
tim

es
m
easured

by
the

clocks
carried

by
the

ob-
server

and
the

source,
respectively.

M
oreover,

γ
O
=

1
√
1−

(v
0 /

c)
2

,
γ

S
=

1
√
1−

(v
S
/
c)

2
,

(5)

w
ith

v
O

and
v

S
the

speed
of

the
observer

and
source,

respectively.
Since

v
0
=

v
S ,

w
e
have

γ
O
=

γ
S ≡

γ
and

thus
(4)

becom
es

(∆
t
O
)
L
=

γ∆
t
O

,
(∆

t
S )

L
=

γ∆
t
S

,
(4 ′)

Substituting
this

inform
ation

in
(1)

w
e
find

∆
t
O
=

∆
t
S

.
(5 ′)

T
herefore,

even
relativistically

there
is

no
D
oppler

shift:
z
=

0.
Intuitively,

the
coincidence

of
the

lab
intervals

for
em

ission
and

observation
im

plies
the

coincidence
of

intervals
at

the
level

of
the

em
itter

and
the

observer
because

their
γ
factors

are
the

sam
e.


