
M
A
SSA

C
H
U
SE

T
T
S
IN

ST
IT

U
T
E

O
F
T
E
C
H
N
O
L
O
G
Y

P
hysics

D
epartm

ent
P
hysics

8.286:
T
he

E
arly

U
niverse

D
ecem

ber
23,

2009
P
rof.

A
lan

G
uth

Q
U

IZ
3

S
O

L
U

T
IO

N
S

Q
u
iz

D
ate:

D
ecem

b
er

3,
2009

P
R

O
B

L
E
M

1:
D

ID
Y

O
U

D
O

T
H

E
R

E
A

D
IN

G
?

(25
points)

(a)
(10

points)
T
his

question
concerns

som
e
num

bers
related

to
the

cosm
ic

m
i-

crow
ave

background
(C

M
B
)
that

one
should

never
forget.

State
the

values
of

these
num

bers,
to

w
ithin

an
order

of
m
agnitude

unless
otherw

ise
stated.

In
all

cases
the

question
refers

to
the

present
value

of
these

quantities.

(i)
T
he

average
tem

perature
T

of
the

C
M
B

(to
w
ithin

10%
).

2
.725

K

(ii)
T
he

speed
of

the
L
ocal

G
roup

w
ith

respect
to

the
C
M
B
,
expressed

as
a

fraction
v
/
c
of

the
speed

of
light.

(T
he

speed
of

the
L
ocalG

roup
is
found

by
m
easuring

the
dipole

pattern
of

the
C
M
B

tem
perature

to
determ

ine
the

velocity
ofthe

spacecraft
w
ith

respect
to

the
C
M
B
,and

then
rem

oving
spacecraft

m
otion,the

orbitalm
otion

ofthe
E
arth

about
the

Sun,the
Sun

about
the

galaxy,and
the

galaxy
relative

to
the

center
ofm

ass
ofthe

L
ocal

G
roup.)

T
he

dipole
anisotropy

corresponds
to

a
“peculiar

velocity”
(that

is,
velocity

w
hich

is
not

due
to

the
expansion

of
the

universe)
of

630±
20

km
s −
1,

or
in

term
s

of
the

speed
of

light,
v
/
c≈

2×
10 −

3
.

(iii)
T
he

intrinsic
relative

tem
perature

fluctuations
∆
T
/
T
,
after

rem
oving

the
dipole

anisotropy
corresponding

to
the

m
otion

of
the

observer
relative

to
the

C
M
B
.
1
.1×

10 −
5

(iv)
T
he

ratio
of

baryon
num

ber
density

to
photon

num
ber

density,
η

=
n
b
a
ry /
n

γ .

T
he

W
M

A
P

5-year
value

for
η

=
n

b /
n

γ
=

(6
.225±

0
.170)×

10 −
1
0

,
w
hich

to
closest

order
of

m
agnitude

is
10 −

9.

(v)
T
he

angular
size

θ
H
,
in

degrees,
corresponding

to
w
hat

w
as

the
H
ubble

distance
c/
H

at
the

surface
oflast

scattering.
T
his

answ
er

m
ust

be
w
ithin

a
factor

of
3
to

be
correct.

∼
1 ◦

(b)
(3

points)
B
ecause

photons
outnum

ber
baryons

by
so

m
uch,

the
exponential

tail
of

the
photon

blackbody
distribution

is
im

portant
in

ionizing
hydrogen

w
ell

after
k
T

γ
falls

below
Q

H
=

13
.6

eV
.
W

hat
is

the
ratio

k
T

γ
/
Q

H
w
hen

the
ionization

fraction
of

the
universe

is
1/2?
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(i)
1
/5

(ii)
1
/50

(iii)
10 −

3
(iv)

10 −
4

(v)
10 −

5

T
his

is
not

a
num

ber
one

has
to

com
m

it
to

m
em

ory
if

one
can

rem
em

ber
the

tem
perature

of
(re)com

bination
in

eV
,
or

if
only

in
K

along
w
ith

the
conversion

factor
(k

≈
10 −

4
eV

K
−
1).

O
ne

can
then

calculate
that

near
recom

bination,
k
T

γ
/
Q

H
≈

(10 −
4
eV

K
−
1)(3000

K
)/(13

.6
eV

)≈
1
/45.

(c)
(2

points)
W

hich
of

the
follow

ing
describes

the
Sachs-W

olfe
effect?

(i)
P
hotons

from
fluid

w
hich

had
a
velocity

tow
ard

us
along

the
line

of
sight

appear
redder

because
of

the
D
oppler

effect.

(ii)
P
hotons

from
fluid

w
hich

had
a
velocity

tow
ard

us
along

the
line

of
sight

appear
bluer

because
of

the
D
oppler

effect.

(iii)
P
hotons

from
overdense

regions
at

the
surface

of
last

scattering
appear

redder
because

they
m
ust

clim
b
out

of
the

gravitationalpotential
w
ell.

(iv)
P
hotons

from
overdense

regions
at

the
surface

of
last

scattering
appear

bluer
because

they
m
ust

clim
b
out

of
the

gravitationalpotentialw
ell.

(v)
P
hotons

traveling
tow

ard
us

from
the

surface
of

last
scattering

appear
redder

because
of

absorption
in

the
intergalactic

m
edium

.

(vi)
P
hotons

traveling
tow

ard
us

from
the

surface
of

last
scattering

appear
bluer

because
of

absorption
in

the
intergalactic

m
edium

.

E
xplanation:

D
enser

regions
have

a
deeper

(m
ore

negative)
gravitational

potential.
P
hotons

w
hich

travel
through

a
spatially

varying
potential

ac-
quire

a
redshiftor

blueshiftdepending
on

w
hether

they
are

going
up

or
dow

n
the

potential,
respectively.

P
hotons

originating
in

the
denser

regions
start

at
a

low
er

potential
and

m
ust

clim
b

out,
so

they
end

up
being

redshifted
relative

to
their

originalenergies.

(d)
(10

points)
For

each
ofthe

follow
ing

statem
ents,say

w
hether

it
is
true

or
false:

(i)
D
ark

m
atter

interacts
through

the
gravitational,

w
eak,

and
electrom

ag-
netic

forces.
T

or
F

?

(ii)
T
he

virialtheorem
can

be
applied

to
a
cluster

of
galaxies

to
find

its
total

m
ass,

m
ost

of
w
hich

is
dark

m
atter.

T
or

F
?

(iii)
N
eutrinos

are
thought

to
com

prise
a
significant

fraction
ofthe

energy
den-

sity
of

dark
m
atter.

T
or

F
?

(iv)
M
agnetic

m
onopoles

are
thought

to
com

prise
a
significant

fraction
of

the
energy

density
of

dark
m
atter.

T
or

F
?

(v)
L
ensing

observations
have

show
n
that

M
A
C
H
O
s
cannot

account
for

the
dark

m
atter

in
galactic

halos,
but

that
as

m
uch

as
20%

of
the

halo
m
ass

could
be

in
the

form
of

M
A
C
H
O
s.

T
or

F
?
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P
R

O
B

L
E
M

2:
P

R
E
S
S
U

R
E
,
E
N

E
R

G
Y

D
E
N

S
IT

Y
,A

N
D

C
O

S
M

IC
E
V

O
-

L
U

T
IO

N
W

IT
H

M
Y

S
T

E
R

IO
U

S
S
T

U
F
F

(35
points)

(a)
If
u∝

1
/ √
V
,
then

one
can

w
rite

u(V
+
∆
V
)
=
u
0 √

V

V
+

∆
V
.

(T
he

above
expression

is
proportional

to
1/ √

V
+

∆
V
,
and

reduces
to
u
=
u
0

w
hen

∆
V

=
0.)

T
he

totalenergy
is

the
energy

density
tim

es
the

volum
e,

so

U
(V

+
∆
V
)
=
u
0 √

V

V
+
∆
V

(V
+

∆
V
)
=
u
0 √
V
(V

+
∆
V
)
.

E
xpanding

to
first

order,

U
(V

+
∆
V
)
=
U
0 √

1
+

∆
VV

�
U
0 (

1
+

12
∆
VV )

,

w
here

U
0
=
u
0 V

is
the

originalenergy
inside

the
piston.

T
hen

∆
U

=
12
∆
VV
U
0
.

(b)
T
he

w
ork

done
by

the
agent

m
ust

be
the

negative
ofthe

w
ork

done
by

the
gas,

w
hich

is
p
∆
V
.
So

∆
W

=
−
p
∆
V

.

(c)
T
he

agent
m
ust

supply
the

full
change

in
energy,

so

∆
W

=
∆
U

=
12
∆
VV
U
0
.

C
om

bining
this

w
ith

the
expression

for
∆
W

from
part

(b),one
sees

im
m
ediately

that

p
=

−
12
U
0

V
=

−
12
u
0
.
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(d)
T
he

critical
density

ρ
c
is

defined
as

that
density

for
w
hich

k
=

0,
w
here

the
Friedm

ann
equation

from
the

front
of

the
exam

im
plies

that

H
2
=

8
π3
G
ρ−

k
c
2

a
2
.

T
hus

the
critical

density
today

is
given

by

ρ
c
=

3
H
20

8
π
G
.

T
he

m
ass

density
today

of
any

species
X

is
then

related
to

Ω
X

,0
by

ρ
X

,0
=
ρ

c Ω
X

,0
=

3
H
20 Ω

X
,0

8
π
G

.

T
he

totalm
ass

density
today

is
then

expressed
in

term
s
ofits

four
com

ponents
as

ρ
0
=

3
H
20

8
π
G

[Ω
m

,0
+

Ω
r
,0
+

Ω
v
,0
+
Ω
m
s,0 ]

.

B
ut

w
e
also

know
how

each
of

these
contributions

to
the

m
ass

density
scales

w
ith
x(t):

ρ
m

∝
1
/
x
3,
ρ

r ∝
1
/
x
4,
ρ

v ∝
1,and

ρ
m
s ∝

1
/ √
V

∝
1
/
x
3
/
2.

Inserting
these

factors,

ρ(t)
=

3
H
20

8
π
G [

Ω
m

,0

x
3

+
Ω

r
,0

x
4

+
Ω

v
,0
+

Ω
m
s,0

x
3
/
2 ]

.

(e)
T
he

Friedm
ann

equation
then

becom
es

(
ẋx )
2

=
8
π
G3

3
H
20

8
π
G [

Ω
m

,0

x
3

+
Ω

r
,0

x
4

+
Ω

v
,0
+

Ω
m
s,0

x
3
/
2 ]−

k
c
2

a
2
.

D
efining

H
20 Ω

k
,0
=

−
k
c
2

a
2(t
0 )
,

so

−
k
c
2

a
2(t)

=
−
k
c
2

a
2(t
0 )

1x
2
=
H
20 Ω

k
,0

x
2

,

and
then

the
Friedm

ann
equation

becom
es

(
ẋx )
2

=
H
20 [

Ω
m

,0

x
3

+
Ω

r
,0

x
4

+
Ω

v
,0
+

Ω
m
s,0

x
3
/
2

+
Ω

k
,0

x
2 ]

.



8.286
Q

U
IZ

3
S
O

L
U

T
IO

N
S
,
F
A

L
L

2009
p
.
5

A
pplying

this
equation

today,w
hen

ẋ
/
x
=
H
0 ,

one
finds

that

Ω
k
,0
=

1−
Ω

m
,0 −

Ω
r
,0 −

Ω
v
,0 −

Ω
m
s,0
.

R
earranging

the
equation

for
(ẋ
/
x)
2
above,

H
0
d
t
=

d
x

x √
Ω

m
,0

x
3

+
Ω

r
,0

x
4

+
Ω

v
,0
+
Ω

m
s
,0

x
3

/
2
+
Ω

k
,0

x
2

.

T
he

age
of

the
universe

is
found

by
integrating

over
the

full
range

of
x,

w
hich

starts
from

0
w
hen

the
universe

is
born,

and
is

equal
to

1
today.

So

t
0
=

1H
0 ∫

1

0

d
x

x √
Ω

m
,0

x
3

+
Ω

r
,0

x
4

+
Ω

v
,0
+
Ω

m
s
,0

x
3

/
2
+
Ω

k
,0

x
2

.

P
R

O
B

L
E
M

3:
A

N
E
W

T
H

E
O

R
Y

O
F

T
H

E
W

E
A

K
IN

T
E
R

A
C

T
IO

N
S

(40
points)

(a)
In

the
standard

m
odel,

the
black-body

radiation
at
k
T

≈
200

M
eV

contains
the

follow
ing

contributions:

P
hotons:

g
=

2

e
+
e −

:
g
=

4×
78
=

3
12

ν
e ,ν

µ
,ν

τ :
g
=

6×
78
=

5
14

µ
+
µ −

:
g
=

4×
78
=

3
12

π
+
π
−
π
0

g
=

3


g
T
O
T
=

17
14

T
he

m
ass

density
is

then
given

by

ρ
=
uc
2
=
g
T
O
T
π
2

30
(k
T
)
4

h̄
3c
5
.

In
kg/m

3,
one

can
evaluate

this
expression

by

ρ
= (

17
14 )

π
2

30

[200×
10
6
eV

×
1
.602×

10 −
1
9J

eV

]
4

(1
.055×

10 −
3
4J-s)

3
(2
.998×

10
8
m
/s)
5
.
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C
hecking

the
units,

[ρ]=
J
4

J
3-s
3-m

5-s −
5
=

J-s
2

m
5

= (kg-m
2-s −

2 )
s
2

m
5

=
kg/m

3
.

So,
the

final
answ

er
w
ould

be

ρ
= (

17
14 )

π
2

30 [200×
10
6×

1
.602×

10 −
1
9 ]
4

(1
.055×

10 −
3
4)
3
(2
.998×

10
8)
5

kg
m
3
.

Y
ou

w
ere

not
expected

to
evaluate

this,
but

w
ith

a
calculator

one
w
ould

find

ρ
=

2
.10×

10
1
8
kg/m

3
.

In
g/cm

3,
one

w
ould

evaluate
this

expression
by

ρ
= (

17
14 )

π
2

30

[200×
10
6eV

×
1
.602×

10 −
1
2
erg

eV

]
4

(1
.055×

10 −
2
7
erg-s)

3
(2
.998×

10
1
0cm

/s)
5
.

C
hecking

the
units,

[ρ]=
erg
4

erg
3-s
3-cm

5-s −
5
=

erg-s
2

cm
5

= (g-cm
2-s −

2 )
s
2

cm
5

=
g/cm

3
.

So,
in

this
case

the
final

answ
er

w
ould

be

ρ
= (

17
14 )

π
2

30 [200×
10
6×

1
.602×

10 −
1
2 ]
4

(1
.055×

10 −
2
7)
3
(2
.998×

10
1
0)
5

g
cm
3
.

N
o
evaluation

w
as

requested,
but

w
ith

a
calculator

you
w
ould

find

ρ
=

2
.10×

10
1
5
g/cm

3
,
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w
hich

agrees
w
ith

the
answ

er
above.

N
ote:

A
com

m
on

m
istake

w
as

to
leave

out
the

conversion
factor

1
.602

×
10 −

1
9

J/eV
(or

1
.602

×
10 −

1
2

erg/eV
),

and
instead

to
use

h̄
=

6
.582×

10 −
1
6
eV

-s.
B
ut

if
one

w
orks

out
the

units
of

this
answ

er,
they

turn
out

to
be

eV
-sec

2/m
5
(or

eV
-sec

2/cm
5),

w
hich

is
a
m
ost

peculiar
set

of
units

to
m
easure

a
m
ass

density.

In
the

N
T
W

I,
w
e
have

in
addition

the
contribution

to
the

m
ass

density
from

R
+
-R

−
pairs,

w
hich

w
ould

act
just

like
e
+
-e −

pairs
or
µ
+
-µ −

pairs,
w
ith

g
=

3
12 .

T
hus

g
T
O
T
=

20
34 ,so

ρ
= (

20
34 )

π
2

30 [200×
10
6×

1
.602×

10 −
1
9 ]
4

(1
.055×

10 −
3
4)
3
(2
.998×

10
8)
5

kg
m
3

or

ρ
= (

20
34 )

π
2

30 [200×
10
6×

1
.602×

10 −
1
2 ]
4

(1
.055×

10 −
2
7)
3
(2
.998×

10
1
0)
5

g
cm
3
.

N
um

erically,the
answ

er
in

this
case

w
ould

be

ρ
N
T
W
I
=

2
.53×

10
1
8
kg/m

3
=

2
.53×

10
1
5
g/cm

3
.

(b)
A
s
long

as
the

universe
is

in
therm

al
equilibrium

,
entropy

is
conserved.

T
he

entropy
in

a
given

volum
e
of

the
com

oving
coordinate

system
is

a
3(t)s

V
c
o
o
rd
,

w
here

s
is

the
entropy

density
and

a
3V
c
o
o
rd

is
the

physical
volum

e.
So

a
3(t)s

is
conserved.

A
fter

the
neutrinos

decouple,

a
3s

ν
and

a
3s
o
th
e
r

are
separately

conserved,
w
here

s
o
th
e
r
is
the

entropy
of

everything
except

neu-
trinos.

N
ote

that
s
can

be
w
ritten

as

s
=
g
A
T
3
,

8.286
Q

U
IZ

3
S
O

L
U

T
IO

N
S
,
F
A

L
L

2009
p
.
8

w
here

A
is
a
constant.

B
efore

the
disappearance

of
the

e,µ,
R
,and

π
particles

from
the

therm
al

equilibrium
radiation,

s
ν
= (

5
14 )

A
T
3

s
o
th
e
r
= (

15
12 )

A
T
3
.

So
s

ν

s
o
th
e
r
=

5
14

15
12

.

If
a
3s

ν
and

a
3s
o
th
e
r
are

conserved,
then

so
is
s

ν /
s
o
th
e
r .

B
y
today,

the
entropy

previously
shared

am
ong

the
various

particles
stillin

equilibrium
after

neutrino
decoupling

has
been

transfered
to

the
photons

so
that

s
o
th
e
r
=
s
p
h
o
to
n
s
=

2
A
T
3γ
.

T
he

entropy
in

neutrinos
is

stills
ν
= (

5
14 )

A
T
3ν
.

Since
s

ν
/
s
o
th
e
r
is

constant
w
e
know

that

(5
14 )
T
3ν

2
T
3γ

=
s

ν

s
o
th
e
r
=

5
14

15
12

=⇒
T

ν
= (

431 )
1
/
3

T
γ

.

(c)
O
ne

can
w
rite

n
=
g ∗B

T
3
,

w
here

B
is

a
constant.

H
ere

g ∗γ
=

2,
and

g ∗ν
=

6×
34
=

4
12 .

In
the

standard
m
odel,

one
has

today

n
ν

n
γ
=
g ∗ν T

3ν

g ∗γ
T
3γ

= (4
12 )2

411
=

911
.
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In
the

N
T
W

I,

n
ν

n
γ
= (4

12 )2
431

=
931
.

(d)
A
t
k
T

=
200

M
eV

,
the

therm
al

equilibrium
ratio

of
neutrons

to
protons

is
given

by
n
n

n
p
=
e −
1
.2
9
M
e
V

/
2
0
0
M
e
V
≈

1
.

In
the

standard
theory

this
ratio

w
ould

decrease
rapidly

as
the

universe
cooled

and
k
T

fell
below

the
p-n

m
ass

difference
of

1.29
M
eV

,
but

in
the

N
T
W

I
the

ratio
freezes

out
at

the
high

tem
perature

corresponding
to
k
T

=
200

M
eV

,
w
hen

the
ratio

is
about

1.
W

hen
k
T

falls
below

200
M
eV

in
the

N
T
W

I,
the

neutrino
interactions

n
+
ν

e ↔
p
+
e −

and
n
+
e
+
↔
p
+
ν̄

e

that
m
aintain

the
therm

al
equilibrium

balance
betw

een
protons

and
neutrons

no
longer

occur
at

a
significant

rate,so
the

ratio
n

/ n
p
is
no

longer
controlled

by
therm

al
equilibrium

.
A
fter

k
T

falls
below

200
M
eV

,
the

only
process

that
can

convert
neutrons

to
protons

is
the

rather
slow

process
of

free
neutron

decay,
w
ith

a
decay

tim
e
τ
d
of

about
890

s.
T
hus,

w
hen

the
deuterium

bottleneck
breaks

at
about

200
s,

the
num

ber
density

of
neutrons

w
ill

be
considerably

higher
than

in
the

standard
m
odel.

Since
essentially

all
of

these
neutrons

w
ill

becom
e
bound

into
H
e
nuclei,

the
higher

neutron
abundance

of
the

N
T
W

I
im

plies
a

higher
predicted

H
e
abundance.

T
o
estim

ate
the

H
e
abundance,note

that
ifw

e
tem

porarily
ignore

free
neutron

decay,
then

the
neutron-proton

ratio
w
ould

be
frozen

at
about

1
and

w
ould

rem
ain

1
until

the
tim

e
of

nucleosynthesis.
A
t
the

tim
e
of

nucleosynthesis
essentially

all
of

these
neutrons

w
ould

be
bound

into
H
e
nuclei

(each
w
ith

2
protons

and
2
neutrons).

For
an

initial
1:1

ratio
of

neutrons
to

protons,
all

the
neutrons

and
protons

can
be

bound
into

H
e
nuclei,

w
ith

no
protons

left
over

in
the

form
of

hydrogen,
so
Y

w
ould

equal
1.

H
ow

ever,
the

free
neutron

decay
process

w
ill

cause
the

ratio
n

n
/
n

p
to

fall
below

1
before

the
start

of
nucleosynthesis,

so
the

predicted
value

of
Y

w
ould

be
less

than
1.

T
o
calculate

how
m
uch

less,note
that

R
yden

estim
ates

the
start

of
nucleosyn-

thesis
at

the
tim

e
w
hen

the
tem

perature
reaches

T
n
u
c ,w

hich
is
the

tem
perature

for
w
hich

a
therm

alequilibrium
calculation

gives
n

D
/
n

n
=

1.
T
his

corresponds
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to
w
hat

W
einberg

refers
to

as
the

breaking
of

the
deuterium

bottleneck.
T
he

tem
perature

T
n
u
c
is

calculated
in

term
s
of
η
=
n

B
/
n

γ
and

physical
constants,

so
it

w
ould

not
be

changed
by

the
N
T
W

I.
T
he

tim
e
w
hen

this
tem

perature
is

reached,
how

ever,
w
ould

be
changed

slightly
by

the
change

in
the

ratio
T

ν
/
T

γ .
Since

this
effect

is
rather

subtle,
no

points
w
ill

be
taken

off
if
you

om
itted

it.
H
ow

ever,to
be

as
accurate

as
possible,one

should
recognize

that
nucleosynthe-

sis
occurs

during
the

radiation-dom
inated

era,
but

long
after

the
e
+
-e −

pairs
have

disappeared,
so

the
black-body

radiation
consists

of
photons

at
tem

pera-
ture

T
γ
and

neutrinos
at

a
low

er
tem

perature
T

ν .
T
he

energy
density

is
given

by

u
=
π
2

30
(k
T

γ )
4

(h̄
c)
3 [2

+ (
214 )(

T
ν

T
γ )
4 ]≡

g
e
ff
π
2

30
(k
T

γ )
4

(h̄
c)
3
,

w
here

g
e
ff
=

2
+ (

214 )(
T

ν

T
γ )
4

.

For
the

standard
m
odel

g
sm
e
ff
=

2
+ (

214 )(
411 )

4
/
3

,

and
for

the
N
T
W

I

g
N
T
W
I

e
ff

=
2
+ (

214 )(
431 )

4
/
3

.

T
he

relation
betw

een
tim

e
and

tem
perature

in
a
flat

radiation-dom
inated

uni-
verse

is
given

in
the

form
ula

sheets
as

k
T

= (
45
h̄
3c
5

16
π
3g
G )

1
/
4

1√t
.

T
hus,

t∝
1

g
1
/
2

e
ff
T
2
.

In
the

standard
m
odel

R
yden

estim
ates

the
tim

e
of

nucleosynthesis
as
t
smnu
c ≈

200
s,

so
in

the
N
T
W

I
it

w
ould

be
longer

by
the

factor

t
N
T
W
I

n
u
c

= √
g
sm
e
ff

g
N
T
W
I

e
ff

t
smnu
c
.

W
hile

of
coure

you
w
ere

not
expected

to
w
ork

out
the

num
erics,

this
gives

t
N
T
W
I

n
u
c

=
1
.20
t
smnu
c
.
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N
ote

that
R
yden

gives
t
n
u
c ≈

200
s,

w
hile

W
einberg

places
it

at
3
34
m
inutes

≈
225

s,
w
hich

is
close

enough.

T
o
follow

the
effect

of
this

free
decay,

it
is

easiest
to

do
it

by
considering

the
ratio

neutrons
to

baryon
num

ber,
n

n
/
n

B
,since

n
B
does

not
change

during
this

period.
A
t
freeze-out,

w
hen

k
T

≈
200

M
eV

,

n
n

n
B

≈
12
.

Just
before

nucleosynthesis,
at

tim
e
t
n
u
c ,

the
ratio

w
illbe

n
n

n
B

≈
12
e −

tn
u
c
/
τ

d
.

If
free

decay
is

ignored,
w
e
found

Y
=

1.
Since

all
the

surviving
neutrons

are
bound

into
H
e,

the
corrected

value
of
Y

is
sim

ply
deceased

by
m
ultiplying

by
the

fraction
of

neutrons
that

do
not

undergo
decay.

T
hus,

the
prediction

of
N
T
W

I
is

Y
=
e −

tn
u
c
/
τ

d
=

exp 
− √

g
smeff

g
N

T
W

I
eff

200

890


,

w
here

g
sm
e
ff
and

g
N
T
W
I

e
ff

are
given

above.
W

hen
evaluated

num
erically,this

w
ould

give
Y

=
P
redicted

H
e
abundance

by
w
eight≈

0
.76

.


