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5

H
eavier

E
lem

ents,I

O
nce

deuterium
present:

nucleosynthesis
oflighter

elem
ents:

D
+

D
−
→

T
+

p

D
+

n
−
→

T
+

γ

D
+

p
−
→

3H
e

+
γ

D
+

D
−
→

3H
e

+
n

3H
e

+
n
−
→

T
+

p

(6.93)

production
of

4H
e:

D
+

D
−
→

4H
e

+
γ

D
+

3H
e
−
→

4H
e

+
p

T
+

D
−
→

4H
e

+
n

3H
e

+
3H

e
−
→

4H
e

+
2p

T
+

p
−
→

4H
e

+
γ

3H
e

+
n
−
→

4H
e

+
γ

(6.94)
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6

H
eavier

E
lem

ents,II

E
lem

entgap
atA

=
5

can
be

overcom
e

to
produce

Lithium
:

3H
e

+
4H

e
−
→

7B
e

+
γ

7B
e
−
→

7Li+
e

+
+

ν
e

T
+

4H
e
−
→

7Li+
e

+
+

ν
e

(6.95)

G
ap

at
A

=
8

prohibits
production

ofheavier
isotopes.

=
⇒

M
ajor

productofB
B

N
:

4H
e.

M
ass

fraction
of

4H
e

can
be

estim
ated

assum
ing

allneutrons
incorporated

into
4H

e

=
⇒

num
ber

density
ofH

=
num

ber
ofrem

aining
protons,i.e.,m

ass
fraction

X
=

n
p
−

n
n

n
p
+

n
n

(6.96)

and

Y
=

1
−

n
p
−

n
n

n
p
+

n
n

=
2

(

1
+

n
p

n
n

)

−
1

(6.97)

B
ecause

ofneutron
decay,atk

B T
=

0
.8

M
eV

:
n

n /n
p

=
1
/7,such

that

B
B

N
predicts

prim
ordialH

e-abundance
ofY

=
0
.25.
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7

R
em

arkable
T

hings

N
ote

the
follow

ing
coincidences:

1.Freeze
outofnucleons

sim
ultaneous

to
freeze

outofneutrinos.

2....and
parallelto

electron-positron
annihilation.

3. E
xpansion

is
slow

enough
thatneutrons

can
be

bound
to

nuclei.

=
⇒

Long
chain

ofcoincidences
m

akes
our

currentuniverse
possible!
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8

D
etailed

C
alculations,I

1.G
enerally,B

B
N

operates
as

a
function

ofthe
entropy

per
baryon,η.

R
em

em
ber

thatthe
entropy

density
for

a
baryon

is

s
=

78

2
π

2

45
g
k

B

(

k
B T

~
c

)

3

=
78

2
π

4

45
ζ
(3

)
k

B
n

(6.73)

and
therefore

the
entropy

per
baryon

is

η
=

n
C

M
B

R

n
baryons

(6.98)

N
ote

thatη
is

related
to

Ω
in

baryons,Ω
B :

Ω
B

=
3
.67

×
10

7
·
η

(6.99)

(since
η,Ω

determ
ine

expansion
behavior)

=
⇒

P
erform

com
putations

as
function

ofη!

2.S
ince

Y
is

setby
n

p /n
n

=
⇒

H
e

abundance
is

relatively
independentfrom

η



(O
live,1999,F

ig.3)

D
etailed

calculations:
S

olution
of

rate-equations
in

expanding
universe,see,

e.g.,W
agoner,F

ow
ler

&
H

oyle
(1967),T

hom
as

etal.(1993),O
live

(1999),Tytler
etal.(2000),

and
(K

neller
&

S
teigm

an,2004).
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D
etailed

C
alculations,III

10
−

1
10

0
10

1
10

2

T
em

perature (10
9 K

)

10
−

24

10
−

19

10
−

14

10
−

9

10
−

4

1

Mass Fraction

np7Li, 7B
e

D4H
e

3H
, 3H

e
6Li

1/60
1

5
15

60
M

inutes:
10

B
uild-up

ofabundances
as

function
oftim

e
for

η
=

5
.1
×

10
−

10
(B

urles,N
ollett

&
Turner,1999,F

ig.3),
rem

em
ber:

η
=

n
C

M
B

R /n
baryons

H
e

abundance
as

function
of

η
(T

hom
as

etal.,1993,F
ig.3a)

Light-elem
entabundances

as
function

ofη
(O

live,1999,F
ig.4)



Interm
ediate

m
ass

abundances
as

function
ofη

(O
live,1999,F

ig.5)

B
B

N
observations

strongly

constrain
Ω

B
aryons .

(B
urles,N

ollett&
Turner,1999,F

ig.1)
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C
onfrontation

w
ith

W
M

A
P

A
s

w
e

w
illsee

later:
fluctuations

in
cosm

ic
m

icrow
ave

background
allow

for
a

tightdeterm
ination

ofcosm
ologicalparam

eters .

B
estresults

so
far

from
W

ilkinson
M

icrow
ave

A
nisotropy

P
robe

(W
M

A
P

;see

S
pergeletal.2007):

Ω
b h

2
=

0
.02233

+
0
.00072

−
0
.00091

(6.100)

W
ith

the
m

ostm
odern

B
B

N
calculations

(K
neller

&
S

teigm
an,2004),this

gives

(M
olaro,2007):

E
lem

ent
S

B
B

N
+

W
M

A
P

Y
p

0
.2482

+
0.0004

−
0.0003

3H
e
/H

(10
.5
±

0
.6

)
×

10
−

6

D
/H

(25
.7

+
1.7

−
1.3 )

×
10

−
6

Li/H
(4

.41
+

0.3
−

0.4 )
×

10
−

10

=
⇒

C
an

use
W

M
A

P
param

eters
and

B
B

N
theory

to
com

pare
B

B
N

theory
w

ith

m
easurem

ents
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1

4H
e

0
100

200

10
6 tim

es O
/H

 R
atio

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Helium Mass Fraction

Izotov &
 T

huan fit
Izotov &

 T
huan data

O
ther data

(B
urles,N

ollett&
Turner,1999,F

ig.4)

4H
e

produced
in

stars

=
⇒

extrapolate
to

zero
m

etallicity
in

system
s

oflow
m

etallicity
(i.e.,

m
inim

ize
stellar

processing).

B
estdeterm

ination
from

H
e

II−
→

H
e

Irecom
bination

lines
in

H
IIregions

(m
etallicity

∼
20

%

solar).

R
esult:

Linear
correlation

H
e

vs.O

=
⇒

extrapolate
to

zero
oxygen

to

obtain
prim

ordialabundances.

R
esult:

Y
=

0
.234

±
0
.005

(O
live,

1999).
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2

W
M

A
P

B
B

N
and

H
e

(Molaro, 2007, Fig. 1)

A
fter

im
proving

H
e

recom
bination

physics
and

intrinsic
absorption,H

e

abundances
are

now
in

agreem
entw

ith
B

B
N

prediction
using

Ω
B

from
W

M
A

P
.
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3

D
euterium

,I

S
tars

destroy
D

in
fusion

processes

=
⇒

use
as

non-processed
m

aterialas
possible!

Lyα
forest:

absorption
ofquasar

lightby

intervening
m

aterial

=
⇒

S
om

e
absorption

lines
in

the
Lyα

forest

show
asym

m
etric

line
structure

caused
by

prim
ordialdeuterium

.

R
em

em
ber

the
B

alm
er

form
ula:

1

λ
n
,m

=
R

H

(

1m
−

1n

)

(6.101)

w
ith

w
ith

R
ydberg

constant

R
H

=
m

e m
p

m
e

+
m

p

e
4

8
π
ǫ

20 h
3

(6.102)

(Q
S

O
1937

−
1009;top:

3
m

Lick,bottom
:

K
eck;

B
urles,N

ollett&
Turner,1999,F

ig.2)
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4

D
euterium

,II

(K
irkm

an
etal.,2003,F

ig.1):
Lym

an
forestagainstthree

Q
S

O
s
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5

D
euterium

,III

(K
irkm

an
etal.,2003,F

ig.2):
use

absorption
close

to
4285

Å
to

m
easure

D
/H
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6

D
euterium

,IV

4220
4240

4260
4280

4300
4320

15 16 17

18

19

20 21

22

W
avelength (Å

)

Fλ × 10-16 (ergs sec-1 cm-2 Å -1)

 

To
m

easure
abundances,m

easure
colum

n
from

the
opticaldepth:

τ
(λ

)
=

n
σ
(λ

)ℓ
=

N
σ
(λ

)
(6.103)

w
here

σ
:

absorption
cross

section
ofline,N

:

colum
n

density.
T

his
can

be
m

easured
from

I
obs (λ

)
=

I
cont (λ

)e
−

τ
(λ

)
(6.104)

=
⇒

N
eed

to
know

the
continuum

,I
cont

V
ery

difficultto
do

in
Lyα

forest(see
F

igure)

C
urrently

bestresultfor
D

/H
(K

irkm
an

etal.,

2003):

D
/H

=
2
.78

+
0.44

−
0.38

×
10

−
5

C
orresponding

to
η

=
5
.9
±

0
.5
×

10
−

10
or

Ω
B h

2
=

0
.0214

(±
9
.3

%
).
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7

W
M

A
P

B
B

N
and

D
(Molaro, 2007, Fig. 2)

M
easured

deuterium
abundances

agree
w

ith
W

M
A

P
predictions

A
lthough

there
are

issues
w

ith
M

ilky
W

ay
deuterium

abundances...
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8

Lithium

Lithium
lines

(Lidoublet
at

6707
Å

)
are

visible
in

som
e

stars

=
⇒

allow
m

easurem
entofLiabundance

Liline
as

a
function

of[F
e/H

]
(B

onifacio
etal.,2007,F

ig.1)
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9

Lithium

4500
5000

5500
6000

6500
S

tellar S
urface T

em
perature (K

)

10
−

12

10
−

11

10
−

10

10
−

9

Lithium/Hydrogen Number Ratio

S
pite

&
S

pite
(1982):

O
ld

halo
stars

w
ith

very
low

[F
e/H

])
show

prim
ordial

Lithium
abundance,

7Li/H
=

1
.6
×

10
−

10

“S
pite

plateau”

Low
er

tem
perature

stars:

outer
convection

zone

=
⇒

Liburning
destroys

Li.

C
annotuse

galactic
objects

since
spallation

ofheavier
nucleiby

cosm
ic

rays
produces

Li(up
to

10
×

prim
ordial!).

(B
urles,N

ollett&
Turner,

1999,F
ig.5)
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10

W
M

A
P

B
B

N
and

Li,I

(Molaro, 2007, Fig. 3)

Lithium
has

a
big

problem
!

Tem
perature

sensitivity
m

ighthave
been

underestim
ated,also

rotationalm
ixing,diffusion,and

differences
betw

een
1D

-
and

3D
-radiative

transfer
in

stellar
atm

osphere
m

odels
m

ightplay
a

role.
H

ow
ever,no

convincing
solution

has
been

proposed
as

oftoday.
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11

O
utlook:

P
opulation

III,I

(H
E

0107
−

5240,m
etallicity

1/200000
solar;after

C
hristlieb

etal.,2002,F
ig.1)

E
arlieststars

should
only

have
H

,H
e,i.e.,Z

=
0

=
⇒

detection
ofsuch

stars

w
ould

enable
the

direct
m

easure
ofprim

ordialabundances.

“population
IIIstar”,form

ed
either

from
prim

ordialgas
cloud

(and
gotsom

e
elem

ents
later

through
accretion

from
IS

M
),or

from
debris

from
type

IIS
N

explosion.
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12

O
utlook:

P
opulation

III,II

(Frebeletal.,2005,F
ig.2)

Low
estm

etallicity
know

n:

H
E

1327
−

2326,w
ith

F
e-abundance

of 1/250000
solar

(Frebeletal.,2005,F
ig.1)
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S
um

m
ary:

C
lassicalB

ig
B

ang
1

S
um

m
ary

S
um

m
ary:

H
istory

ofthe
universe

after
its

first0.01
s

(after
Islam

,1992,C
h.7,

see
also

W
einberg,T

he
firstthree

m
inutes).

t
=

0
.01

s
T

=
10

11K
ρ
∼

4
×

10
11g

cm
−

3

M
ain

constitutents:
γ

,
ν

,
ν̄

,e
−

-e
+

pairs.

N
o

nuclei(instable).
n

and
p

in
therm

albalance.

t
=

0
.1

s
T

=
3
×

10
10K

ρ
∼

3
×

10
7g

cm
−

3

M
ain

constitutents:
γ

,
ν

,
ν̄

,e
−

-e
+

pairs.
N

o
nuclei.

n
+

ν
↔

p
+

e
−

:
m

ass
difference

becom
es

im
portant,40%

n,60%
p

(by
m

ass).
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S
um

m
ary:

C
lassicalB

ig
B

ang
2

S
um

m
ary

t
=

1
.1

s
T

=
10

10K
ρ
∼

10
5g

cm
−

3

N
eutrinos

decouple,e
−

-e
+

pairs
startto

annihilate.
N

o
nuclei.

25%
n,75%

p

t
=

13
s

T
=

3
×

10
9K

ρ
∼

10
5g

cm
−

3

R
eheating

ofphotons ,pairs
annihilate,ν

fully
decoupled,deuterium

stillcannot

form
.

17%
n,83%

p

t
=

3
m

in
T

=
10

9K
ρ
∼

10
5g

cm
−

3

P
airs

are
gone,neutron

decay
becom

es
im

portant,startofnucleosynthesis

14%
n,86%

p
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S
um

m
ary:

C
lassicalB

ig
B

ang
3

S
um

m
ary

t
=

35
m

in
T

=
3
×

10
8K

ρ
∼

0
.1

g
cm

−
3

gam
e

over

N
extim

portantevent:
t
∼

300000
years:

Interaction
C

M
B

/m
atter

stops
(“last

scattering ”,recom
bination).

B
efore

w
e
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