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dark:  no/very weak EM interactions
matter:  gravitates, nonrelativistic today

Q:  candidates?

black holes

neutron stars

white dwarfs

brown dwarfs

gas & dust

neutrinos

relic exotic particles from early Universe

Massive Compact Halo Objects = MACHOS
ruled out by lack of  gravitational microlensing signal

known to exist!  and have mass!   ...but not nearly enough!
mass density of  cosmic neutrinos < baryons << dark matter

would emit or absorb extragalactic light
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SYNTHESIS OF ELEMENTS I N STARS

TABLE XII,1.

He

Elements

D

Li, Be, B
C, O, Ne
Silicon group
Silicon group
Iron group
A)63
A &75
A &75
A p63

Mode of
production

H burning

x process'

x process
He burning
a process
s process
e process
s process
r process
r process
p process

Total mass in
galaxy (M Oas

unit)

8.1X10'

7.5X10'P

8.5X10'
4.3X10'
4.0X10'.
8.5X10'
2.4X107
4.5X104
5X104
104

1.3X102

Astrophysical origin

Emission from red giants
and supergiants

Stellar atmospheres?
Supernovae?

Stellar atmospheres
Red giants and supergiants
Pre-Supernovae
Red giants and supergiants
Sup ernovae
Red giants and supergiants
Supernovae Type II
Supernovae Type I
Supernovae Type II

Total mass of all
material ejected
over lifetime of
galaxy (Mo as

unit)

2X10"

2X 10'
2X 1ps
2X 10&0
2X1ps
2X10"
1.7X10'
3X10'
1.7X10s

Required
efficiency

0.4

2X10 '
0.2

4X10 4

0.1
2X10 '
3X10 4

3X10 4

10—6

rate of star formation and death during the lifetime
of the Galaxy, are given in the 6fth column of Table
XII,1 and were made in the following way.
The rates of supernovae were taken to be 1 per 300

years for Type I and 1 per 50 years for Type II, as
estimated by Baade and Minkowski (Ba57a), and
the age of the Galaxy was taken as 6)&10' years. The
average mass emission per supernova is not easy to
estimate (see Sec. XII,C), but we have taken it to be
1.4 ufo. The exponential-decay light curve is char-
acteristic of Type I and not of Type II supernovae;
this has been taken to indicate that the rapid production
and capture of neutrons, leading to synthesis of the
heaviest r-process elements, occurs only in Type I
supernovae. The lighter r-process elements are prob-
ably made in Type II supernovae, while the products
of the n and e processes may perhaps be made in either
type.
The estimate for the ejection of mass by red giants

and supergiants was based on the assumption that
such stars shed most of their material into space during
the' giant phases of their evolution. Thus Deutsch
(De56) has shown that matter is streaming rapidly
outwards from the surface of an M-type supergiant,
and he considers from the spectroscopic data that
probably all late-type supergiants are also ejecting
material at a comparab1y rapid rate. There is also
some evidence that normal giant stars are ejecting
matter, although probably on a smaller scale. Hoyle
(Ho56b) has indicated that mass loss may have. a more
important effect on the evolution of giants and super-
giants of very low surface gravity than have nuclear
processes. With these considerations in mind, it is
necessary to estimate the fraction of the mass of the
Galaxy that has been condensed into stars which have
gone through their whole evolutionary path.
The luminosity and mass functions for solar-neigh-

borhood stars have been studied by Salpeter (Sa55a).
He has shown that stars which~lie on the main sequence
now with absolute visual magnitudes. fainter than
+3.5 (which form the bulk of stars at present in ex-

istence) make up 55% of the total mass. Stars which
formed with magnitudes brighter than +3.5 (the
majority of which have gone through their whole
evolutionary path) make up the remaining 45%.
We 6nd from his mass function that the average mass
of the stars brighter than +3.5 was 4 Ão. Since the
upper limit to the mass of a white dwarf is about 1.4
Mo, we find that, of the remaining 45%, 16%may lie
in white dwarfs and 29% in the form of ejected gas.
Thus the division of mass between stars which have
not evolved, white dwarfs, and material which has
been processed by stars is approximately 4:1:2.
Extrapolating these results to the Galaxy as a whole,
we find that 2)&10"Mo has been processed by stars.
Some of this is included in the estimate of matter
ejected by supernovae, but the majority will have
been processed at temperatures &10' degrees, and
ejected by red giants and supergiants.
The eSciency of production of each group of ele-

ments in the total ejected material that is necessary
to explain the abundances in column 3 of Table XII,1
is obtained by dividing column 3 by column 5, and is
given in the last column. It must be emphasized here
that the estimates given in Table XII,1 are very
preliminary. Even on an optimistic view they might
well prove incorrect by as much as a factor 3. It is
noteworthy, however, that the emission seems adequate
to explain the synthesis requirements, except possibly
in the case of deuterium, and helium, which is the
only element needing an eKciency near to unity for
its production. It will be clear from the foregoing that
our estimates are not accurate enough to establish
whether or not it is necessary to assume some helium
in the original matter of the Galaxy.
The eKciency necessary to produce the r-process

elements is considerably smaller than that required
to give the observed supernova light curves (see Sec.
XII,C). It should, in addition, be reiterated that we
have no evidence at all concerning the abundances of
the r. -only and p-process isotopes outside the, ".solar
system, as we pointed out in Sec.XI.

Al Cameron
Margaret & Geoffrey Burbidge,

Willy Fowler, Fred Hoyle
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in the case of deuterium, and helium, which is the
only element needing an eKciency near to unity for
its production. It will be clear from the foregoing that
our estimates are not accurate enough to establish
whether or not it is necessary to assume some helium
in the original matter of the Galaxy.
The eKciency necessary to produce the r-process

elements is considerably smaller than that required
to give the observed supernova light curves (see Sec.
XII,C). It should, in addition, be reiterated that we
have no evidence at all concerning the abundances of
the r. -only and p-process isotopes outside the, ".solar
system, as we pointed out in Sec.XI.

Al Cameron
Margaret & Geoffrey Burbidge,

Willy Fowler, Fred Hoyle
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SYNTHESIS OF ELEMENTS I N STARS

TABLE XII,1.

He

Elements

D

Li, Be, B
C, O, Ne
Silicon group
Silicon group
Iron group
A)63
A &75
A &75
A p63

Mode of
production

H burning

x process'

x process
He burning
a process
s process
e process
s process
r process
r process
p process

Total mass in
galaxy (M Oas

unit)

8.1X10'

7.5X10'P

8.5X10'
4.3X10'
4.0X10'.
8.5X10'
2.4X107
4.5X104
5X104
104

1.3X102

Astrophysical origin

Emission from red giants
and supergiants

Stellar atmospheres?
Supernovae?

Stellar atmospheres
Red giants and supergiants
Pre-Supernovae
Red giants and supergiants
Sup ernovae
Red giants and supergiants
Supernovae Type II
Supernovae Type I
Supernovae Type II

Total mass of all
material ejected
over lifetime of
galaxy (Mo as

unit)

2X10"

2X 10'
2X 1ps
2X 10&0
2X1ps
2X10"
1.7X10'
3X10'
1.7X10s

Required
efficiency

0.4

2X10 '
0.2

4X10 4

0.1
2X10 '
3X10 4

3X10 4

10—6

rate of star formation and death during the lifetime
of the Galaxy, are given in the 6fth column of Table
XII,1 and were made in the following way.
The rates of supernovae were taken to be 1 per 300

years for Type I and 1 per 50 years for Type II, as
estimated by Baade and Minkowski (Ba57a), and
the age of the Galaxy was taken as 6)&10' years. The
average mass emission per supernova is not easy to
estimate (see Sec. XII,C), but we have taken it to be
1.4 ufo. The exponential-decay light curve is char-
acteristic of Type I and not of Type II supernovae;
this has been taken to indicate that the rapid production
and capture of neutrons, leading to synthesis of the
heaviest r-process elements, occurs only in Type I
supernovae. The lighter r-process elements are prob-
ably made in Type II supernovae, while the products
of the n and e processes may perhaps be made in either
type.
The estimate for the ejection of mass by red giants

and supergiants was based on the assumption that
such stars shed most of their material into space during
the' giant phases of their evolution. Thus Deutsch
(De56) has shown that matter is streaming rapidly
outwards from the surface of an M-type supergiant,
and he considers from the spectroscopic data that
probably all late-type supergiants are also ejecting
material at a comparab1y rapid rate. There is also
some evidence that normal giant stars are ejecting
matter, although probably on a smaller scale. Hoyle
(Ho56b) has indicated that mass loss may have. a more
important effect on the evolution of giants and super-
giants of very low surface gravity than have nuclear
processes. With these considerations in mind, it is
necessary to estimate the fraction of the mass of the
Galaxy that has been condensed into stars which have
gone through their whole evolutionary path.
The luminosity and mass functions for solar-neigh-

borhood stars have been studied by Salpeter (Sa55a).
He has shown that stars which~lie on the main sequence
now with absolute visual magnitudes. fainter than
+3.5 (which form the bulk of stars at present in ex-

istence) make up 55% of the total mass. Stars which
formed with magnitudes brighter than +3.5 (the
majority of which have gone through their whole
evolutionary path) make up the remaining 45%.
We 6nd from his mass function that the average mass
of the stars brighter than +3.5 was 4 Ão. Since the
upper limit to the mass of a white dwarf is about 1.4
Mo, we find that, of the remaining 45%, 16%may lie
in white dwarfs and 29% in the form of ejected gas.
Thus the division of mass between stars which have
not evolved, white dwarfs, and material which has
been processed by stars is approximately 4:1:2.
Extrapolating these results to the Galaxy as a whole,
we find that 2)&10"Mo has been processed by stars.
Some of this is included in the estimate of matter
ejected by supernovae, but the majority will have
been processed at temperatures &10' degrees, and
ejected by red giants and supergiants.
The eSciency of production of each group of ele-

ments in the total ejected material that is necessary
to explain the abundances in column 3 of Table XII,1
is obtained by dividing column 3 by column 5, and is
given in the last column. It must be emphasized here
that the estimates given in Table XII,1 are very
preliminary. Even on an optimistic view they might
well prove incorrect by as much as a factor 3. It is
noteworthy, however, that the emission seems adequate
to explain the synthesis requirements, except possibly
in the case of deuterium, and helium, which is the
only element needing an eKciency near to unity for
its production. It will be clear from the foregoing that
our estimates are not accurate enough to establish
whether or not it is necessary to assume some helium
in the original matter of the Galaxy.
The eKciency necessary to produce the r-process

elements is considerably smaller than that required
to give the observed supernova light curves (see Sec.
XII,C). It should, in addition, be reiterated that we
have no evidence at all concerning the abundances of
the r. -only and p-process isotopes outside the, ".solar
system, as we pointed out in Sec.XI.

Al Cameron
Margaret & Geoffrey Burbidge,

Willy Fowler, Fred Hoyle
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acteristic of Type I and not of Type II supernovae;
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and supergiants was based on the assumption that
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(De56) has shown that matter is streaming rapidly
outwards from the surface of an M-type supergiant,
and he considers from the spectroscopic data that
probably all late-type supergiants are also ejecting
material at a comparab1y rapid rate. There is also
some evidence that normal giant stars are ejecting
matter, although probably on a smaller scale. Hoyle
(Ho56b) has indicated that mass loss may have. a more
important effect on the evolution of giants and super-
giants of very low surface gravity than have nuclear
processes. With these considerations in mind, it is
necessary to estimate the fraction of the mass of the
Galaxy that has been condensed into stars which have
gone through their whole evolutionary path.
The luminosity and mass functions for solar-neigh-

borhood stars have been studied by Salpeter (Sa55a).
He has shown that stars which~lie on the main sequence
now with absolute visual magnitudes. fainter than
+3.5 (which form the bulk of stars at present in ex-

istence) make up 55% of the total mass. Stars which
formed with magnitudes brighter than +3.5 (the
majority of which have gone through their whole
evolutionary path) make up the remaining 45%.
We 6nd from his mass function that the average mass
of the stars brighter than +3.5 was 4 Ão. Since the
upper limit to the mass of a white dwarf is about 1.4
Mo, we find that, of the remaining 45%, 16%may lie
in white dwarfs and 29% in the form of ejected gas.
Thus the division of mass between stars which have
not evolved, white dwarfs, and material which has
been processed by stars is approximately 4:1:2.
Extrapolating these results to the Galaxy as a whole,
we find that 2)&10"Mo has been processed by stars.
Some of this is included in the estimate of matter
ejected by supernovae, but the majority will have
been processed at temperatures &10' degrees, and
ejected by red giants and supergiants.
The eSciency of production of each group of ele-

ments in the total ejected material that is necessary
to explain the abundances in column 3 of Table XII,1
is obtained by dividing column 3 by column 5, and is
given in the last column. It must be emphasized here
that the estimates given in Table XII,1 are very
preliminary. Even on an optimistic view they might
well prove incorrect by as much as a factor 3. It is
noteworthy, however, that the emission seems adequate
to explain the synthesis requirements, except possibly
in the case of deuterium, and helium, which is the
only element needing an eKciency near to unity for
its production. It will be clear from the foregoing that
our estimates are not accurate enough to establish
whether or not it is necessary to assume some helium
in the original matter of the Galaxy.
The eKciency necessary to produce the r-process

elements is considerably smaller than that required
to give the observed supernova light curves (see Sec.
XII,C). It should, in addition, be reiterated that we
have no evidence at all concerning the abundances of
the r. -only and p-process isotopes outside the, ".solar
system, as we pointed out in Sec.XI.
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‣ Big bang nuke (BBN) theory

‣ Light element observations and cosmic baryons

★  Battle of  the Baryons
‣ Cosmic microwave background (CMB):  a new baryometer

★  The Lithium Problem
‣ 7Li disagreement:  CMB vs astro observations

‣ new observational probes of  Li

‣ new nuclear physics?   

‣ new particle physics?   
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Cosmic Job Security:
Precision Ignorance

‣ What is the dark matter?   
how is it produced?

how does it interact?
what was its role in the early universe?

‣ What is the dark energy?
is it related to dark matter?
does it evolve with time?
what was its role in the early universe?

‣ What sets                                       today?
compare:  nuclear physics sets

ρbaryon ∼ ρmatter ∼ ρΛ

ρH ∼ ρHe
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• BBN:  unique arena
– all four fundamental 

forces participate 

• BBN: unique 
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– probes all 

fundamental 
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Standard BBN
Gravity = General Relativity
Microphysics: Standard Model of  Particle Physics
§          neutrino species 
§  
§ Left handed neutrino couplings only

Dark Matter and Dark Energy
§ Present (presumably) but non-interacting

Homogeneous U.        Spatially const

Ø Expansion adiabatic    

Ø gives baryon density

η ≡

nbaryon

nγ

η ∝ ρB,today ∝ ΩB

(

nB

nγ

)

BBN

=

(

nB

nγ

)

CMB

=

(

nB

nγ

)

today

mν ! 1 MeV

Nν = 3
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Big Bang Nucleosynthesis
Follow weak and nuclear reactions 

in expanding, cooling Universe

Dramatis Personae
Radiation dominates!
Baryons 
tiny baryon-to-photon ratio
(the only free parameter!)

Initial Conditions: T >> 1 MeV,   t<< 1 sec
n-p weak equilibrium:

neutron-to-proton ratio:

Weak Freezeout:  T ~ 1 MeV,   t~1 sec
 
 fix

γ, e
±

, 3νν̄

p, n

η ≡ nB/nγ ∼ 10
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BBN
Predictions

Curve Widths:
Theoretical uncertainty
nuclear cross sections

Cyburt, BDF, Olive 2008
Cyburt 2004
Coq et al 2004

Serpico et al 2005
Cyburt, BDF, Olive 2001
Krauss & Romanelli 1988
Smith, Kawano, Malaney 1993
Hata et al 1995

Copi, Schramm, Turner 1995
Nollett & Burles 2000
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BBN Observations:
Light Element Abundances
The Problem

• Theoretical predictions: there and 
then

• Observations: here and now
• But... Galactic nuke changes 

abundances

The Solution
• measure & correct for 
	
 post-BBN processing:	


Metals	
 	
 	
    “time”⇔ stars ≥ 10M! ⇔
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Deuterium
– QSO absorbers 
– z~3, metals~0.01 solar
– New! leap in precision:  Pettini+ 2013 DLAs

4He
– ionized gas (HII regions) in metal-poor galaxies 
– New! CMB damping tail:  SPT 2011,2012; Planck 2013

7Li
– metal-poor halo stars in Milky Way
– New! now also extragalactic observations

3He
– hyperfine in Milky Way HII regions  Rood, Wilson, Bania+

– no low-metal data; not used for cosmology

Light Elements:  Sites
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Testing BBN:
Light Element 

Observations

Theory:  

• 1 free parameter predicts

• 4 nuclides:  D, 3He, 4He, 7Li

Observations:  

• 3 nuclides with precision:  D, 4He, 7Li

Comparison:

★each nuclide selects baryon density

★overconstrained--nontrivial test!

Result:

★rough concordance!

★but not in detail!  D and 7Li disagree
  need a tiebreaker



A Bitter Pill:
The Primordial Lithium Problem

★  Nuclear Physics in the Early Universe
‣ Big bang nuke (BBN) theory

‣ Light element observations and cosmic baryons

★  Battle of  the Baryons
‣ Cosmic microwave background (CMB):  a new baryometer

★  The Lithium Problem
‣ 7Li disagreement:  CMB vs astro observations

‣ new observational probes of  Li

‣ new nuclear physics?   

‣ new particle physics?   
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The CMB:   A Powerful 
New Baryometer

   CMB          independent measure of    

Power spectrum features < 1o

 set by acoustic oscillation cf  helioseismology

Detailed peak posns, heights:
• sensitive to cosmological parameters
• first peak: curvature of  U.
• second, third peaks/first peak: 

BBN vs CMB: fundamental test 
of  cosmology

Planck Explorer:

∆T! ΩB

ΩB

ΩB h2
100 = 0.02218 ± 0.00026

η = (6.078 ± 0.071) × 10−10



Battle of  the Baryons:  I
The Big Picture

Compare:

     versus

independent

baryometers

Consistency check 

for big bang model

  Rough agreement

 cosmological success!

Tiebreaker favors D/H

ηbbn ηcmb
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Planck baryon density very precise

i.e., a 1% measurement!

New strategy to test BBN:

✓use Planck          as BBN input

✓predict all lite elements
with appropriate error propagation

✓compare with observations

Battle of  the Baryons:  II
New World Order

Cyburt, BDF, Olive 2003

ηcmb

ΩB h2
100 = 0.02218 ± 0.00026

η = (6.078 ± 0.071) × 10−10
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Cyburt, BDF, Olive 2003, 2008
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Lithium Strategy I:  
No Worries

Two out of  three ain’t bad
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Pre-CMB Anisotropies:

BBN     Dark Matter

WMAP finds:
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Confirms & sharpens case for dark matter: 
two kinds!

Baryonic Dark Matter:

➡ warm-hot IGM, Ly-alpha, X-ray gas
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Intergalactic gas absorbs QSO backlight
Fang, Canizares, & Yao 07

ΩM

ΩB

=
matter
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= 5.9 ± 0.3
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ΩB ! ΩM

Bullet Cluster
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Ωlum ∼ 0.007
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Non-baryonic dark 

matter demands physics

 beyond the Standard Model!
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Big Bang Nuke
Lessons Thus Far

Standard Cosmology in Great Shape
‣ expanding world model fits mountain of  data
‣ hot, early Universe confirmed by CMB:  atomic age
‣ earliest current probe: big bang nuke:  t~1 sec 
‣ but outstanding questions:  dark matter & energy

Big Bang Nucleosynthesis
‣ theory simple, precise:  relies on solid physics
‣ observations:  light elements -- challenging 
‣ Planck           removes only free parameter in standard BBN
‣ D, He concordance excellent
‣ points to dark matter:   baryonic, non-baryonic 
‣ but outstanding questions:  lithium is a problem!

ηcmb



A Bitter Pill:
The Primordial Lithium Problem

★  Nuclear Physics in the Early Universe
‣ Big bang nuke (BBN) theory

‣ Light element observations and cosmic baryons

★  Battle of  the Baryons
‣ Cosmic microwave background (CMB):  a new baryometer

★  The Lithium Problem
‣ 7Li disagreement:  CMB vs astro observations

‣ new observational probes of  Li

‣ new nuclear physics?   

‣ new particle physics?   



Lithium Strategy II:  
Worry
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Good News

both 7Li and 6Li observable

isotope shift 

resolved in local interstellar medium 
(high-metallicity, cold gas)Knauth, Federman, Lambert 03

Bad News

in stellar atmosphere: isotopes blend 
into one line

Strategy

high resolution stellar spectra:

  elemental abundance Li = 7Li + 6Li

ultra-high resolution stellar spectra Smith 

Lambert Nissen; Asplund et al

  lineshape gives isotopic ratio 6Li/7Li

Lithium:  Observables

28

δλthermal > δλisotope

6Li7Li

λ(6Li) > λ(7Li)



Primordial Lithium
Observe in primitive (Pop II) 
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Li-Fe         evolution

Plateau at low Fe     Spite & Spite 82
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★ Li is primordial
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Primordial Lithium
Observe in primitive (Pop II) 

stars
Li-Fe         evolution

Plateau at low Fe     Spite & Spite 82

★ down to [Fe/H]~-2.75
★ const. abundance at early 

epochs
★ Li is primordial

But is the plateau at Lip? 
• LiPlanck/Liobs ~ 4
• Why?

Also:  Recent hints of   Asplund et al 2006

primordial 6Li >> 6LiSBBN?!

CMB+BBN prediction
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– Li/H accurate portrait of  stars today
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if  Li burned: correct Lip upward!
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Lithium Problem:  Conventional Solutions
Astrophysical Systematics

Scenario:  
– data & theory correct, 
– Li/H accurate portrait of  stars today
– but not of  initial Li/H

stellar depletion over ~1010 yr
if  Li burned: correct Lip upward!

But:  
★Li scatter small:

– within observational errors for low metallicity
– possible increase in scatter at very lowest metallicity 

★6Li apparently preserved
– despite weaker binding, exponentially stronger 

destruction  Brown & Schramm 1988, Stiegman et al 1993

★no stars seen close to BBN value



New!  Very Low Metallicities
Sbordone et al 2010
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‣ at least some 
stars efficiently 
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‣ why does 
meltdown “turn 
on”?

‣ no points scatter 
up to BBN+CMB 
abundance

32

lithium desert?

CMB+BBN prediction
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A New Lampost:
Interstellar Lithium

• stellar lithium:  
measuring air 
quality outside 
factory

• try going to 
countryside!
– interstellar 

medium of  low-
metal galaxies

• proof  of  concept:  
– interstellar Li in 

SMC 
– metals ~ solar/4
– VLT UVES Howk, Lehner, BDF, & Mathews 2013
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A New Lampost:
Interstellar Lithium

nearly constant [7Li/Fe] ratio, similar to that found in the Solar System.
Ourmeasurement of the present-day 7Li-to-metal ratio in the SMC is in
agreement with the nearly constant values found in the atmospheres of
Milky Way disk stars ({1= Fe=H½ " =0), most of which formed over

4 billion years ago, with the Solar System and the modern-day Milky
Way ISM16.
Both the thin-disk stars and our SMC measurements are below

standard BBN predictions with reasonable assumptions about post-
BBN production, although it is often assumed these stars have had
significant depletion of their surface Li abundance23. Taken at face
value, the consistency of our SMC measurement with the [7Li/Fe]
for those stars calls this assumption into question. Although the
models in Figs 2 and 3 are imprecise given the uncertain Li yields from
stellar sources, they illustrate the tension between standard BBN pre-
dictions and ourmeasurements if there is any post-BBNLi production.
This tension can be relieved if a metallicity-dependent depletion of Li
in stellar atmospheres is fine-tuned in such a way that it is very strong
below [Fe/H]< [Fe/H]SMC520.6 (to create the Spite plateau and
avoid overproducing Li in the SMC ISM) and negligible at or above
the SMCmetallicity, thus conspiring to create a constant [7Li/Fe] ratio
above [Fe/H]<21. Alternatively, non-standard BBN scenarios can
be invoked to allow for a lower primordial Li abundance4,25.
If non-standard Li production occurs in the BBN epoch, many such

models predict excess 6Li compared with the standard BBN. The only
known source of post-Big Bang 6Li is production via cosmic ray inter-
actions with ISM particles. Excess 6Li at the metallicity of the SMC
would support non-standard production mechanisms, either in the
BBNepoch10 or through the interaction of pregalactic cosmic rays with
intergalactic helium26. Measurements of 6Li in stellar atmospheres are
extremely difficult because the stellar line broadening is well in excess
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Figure 1 | Interstellar absorption by several neutral species seen towards the
star Sk 143. Normalized interstellar absorption profiles from UVES plotted
versus the Local Standard of Rest velocity, vLSR, and profile fit of the Li I
absorption. The empirically determined signal-to-noise ratio is about 275 per
pixel (5 pixels per resolution element) for the Li I observations. The full set of
optical andultraviolet absorption profiles seen towards this star and the column
densities measured from these are given in the Supplementary Information.
b, The profiles of Li I, K I, and Fe I; the SMC cloud bearing Li I at
vLSR<1121 km s21 is marked with the dashed line. The thicker grey regions
near Li I are possibly contaminated by diffuse interstellar bands or residual
fringing, which may extend into the region containing Li absorption. The
effects on the 7Li I columns are within the quoted uncertainties. The Li I
absorption is composed of (hyper)fine structure components of both 7Li I and
6Li I (shown, respectively, by the green and blue ticks in the top panel of a). The
strong line of 7Li I is detected with approximately 16s significance in the ISMof
the SMC. A model fit to the Li I absorption complex is shown in a (see
Supplementary Information), with the difference between the data and the fit,
d, shown immediately below (normalized to the local error array). The free
parameters for the fit are the polynomial coefficients for the stellar continuum,
the central velocity, Doppler parameter (b-value), and column densities of 7Li I
and 6Li I for the interstellar cloud. The red curve shows the best-fitting model
including both 7Li I and 6Li I, which are shown in green and blue, respectively.
The best-fit isotopic ratio is N(6Li I)/N(7Li I)5 0.136 0.05 (68% confidence
limit), consistent with the presence of 6Li along the sight line, although below
the 3s detection threshold.
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Figure 2 | Estimates of the lithium abundance in the SMC interstellar
medium and in other environments. Our best estimate for the interstellar
(gas1dust phase) abundanceofA(7Li) in the SMC(red circle) is derived fromthe
7Li I/K I ratio. The present daymetallicity of the SMC fromearly-type stars is [Fe/
H]520.596 0.06. (All uncertainties are 1s.) The point marked BBN and the
dotted horizontal line show the primordial abundance predicted by standard
BBN3. The green curves show recent models23 for post-BBN 7Li nucleosynthesis
due to cosmic rays and stars. By adjusting the yields from low-mass stars, the
models are forced to match the Solar System meteoritic abundance21 (see
Supplementary Information).The solidanddashed lines correspond tomodelsA
and B23, which include (A) or do not include (B) a presumed contribution to 7Li
from core-collapse supernovae. The blue hatched area shows the range of
abundances derived for Population II stars in the Galactic halo6, with the ‘Spite
plateau’ in this sample at A(7Li)Pop II< 2.106 0.10 (ref. 6). The violet hatched
area shows the range of measurements seen in Galactic thin-disk stars, and the
thicker violet lines denote the sixmost Li-rich stars in a series of eightmetallicity
bins22. The selection of thin-disk stars includes objects over a range ofmasses and
temperatures, including stars that are expected tohavedestroyed a fair fraction of
their Li. Thus, the upper envelope of the distribution represents the best estimate
of the intrinsic ISM Li abundance at the epoch of formation for those stars, and
the thicker hatched area for the thin-disk sample is most appropriate for
comparison with the SMC value. The most Li-rich stars in the Milky Way thin
disk22 within 0.1 dex of the SMC metallicity give A(7Li)MilkyWay5 2.546 0.05,
consistent with our estimate of A(7Li)SMC5 2.686 0.16.
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A New Lampost:
Interstellar Lithium

‣ SMC Li/H is  
at BBN level!

nearly constant [7Li/Fe] ratio, similar to that found in the Solar System.
Ourmeasurement of the present-day 7Li-to-metal ratio in the SMC is in
agreement with the nearly constant values found in the atmospheres of
Milky Way disk stars ({1= Fe=H½ " =0), most of which formed over

4 billion years ago, with the Solar System and the modern-day Milky
Way ISM16.
Both the thin-disk stars and our SMC measurements are below

standard BBN predictions with reasonable assumptions about post-
BBN production, although it is often assumed these stars have had
significant depletion of their surface Li abundance23. Taken at face
value, the consistency of our SMC measurement with the [7Li/Fe]
for those stars calls this assumption into question. Although the
models in Figs 2 and 3 are imprecise given the uncertain Li yields from
stellar sources, they illustrate the tension between standard BBN pre-
dictions and ourmeasurements if there is any post-BBNLi production.
This tension can be relieved if a metallicity-dependent depletion of Li
in stellar atmospheres is fine-tuned in such a way that it is very strong
below [Fe/H]< [Fe/H]SMC520.6 (to create the Spite plateau and
avoid overproducing Li in the SMC ISM) and negligible at or above
the SMCmetallicity, thus conspiring to create a constant [7Li/Fe] ratio
above [Fe/H]<21. Alternatively, non-standard BBN scenarios can
be invoked to allow for a lower primordial Li abundance4,25.
If non-standard Li production occurs in the BBN epoch, many such

models predict excess 6Li compared with the standard BBN. The only
known source of post-Big Bang 6Li is production via cosmic ray inter-
actions with ISM particles. Excess 6Li at the metallicity of the SMC
would support non-standard production mechanisms, either in the
BBNepoch10 or through the interaction of pregalactic cosmic rays with
intergalactic helium26. Measurements of 6Li in stellar atmospheres are
extremely difficult because the stellar line broadening is well in excess
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Figure 1 | Interstellar absorption by several neutral species seen towards the
star Sk 143. Normalized interstellar absorption profiles from UVES plotted
versus the Local Standard of Rest velocity, vLSR, and profile fit of the Li I
absorption. The empirically determined signal-to-noise ratio is about 275 per
pixel (5 pixels per resolution element) for the Li I observations. The full set of
optical andultraviolet absorption profiles seen towards this star and the column
densities measured from these are given in the Supplementary Information.
b, The profiles of Li I, K I, and Fe I; the SMC cloud bearing Li I at
vLSR<1121 km s21 is marked with the dashed line. The thicker grey regions
near Li I are possibly contaminated by diffuse interstellar bands or residual
fringing, which may extend into the region containing Li absorption. The
effects on the 7Li I columns are within the quoted uncertainties. The Li I
absorption is composed of (hyper)fine structure components of both 7Li I and
6Li I (shown, respectively, by the green and blue ticks in the top panel of a). The
strong line of 7Li I is detected with approximately 16s significance in the ISMof
the SMC. A model fit to the Li I absorption complex is shown in a (see
Supplementary Information), with the difference between the data and the fit,
d, shown immediately below (normalized to the local error array). The free
parameters for the fit are the polynomial coefficients for the stellar continuum,
the central velocity, Doppler parameter (b-value), and column densities of 7Li I
and 6Li I for the interstellar cloud. The red curve shows the best-fitting model
including both 7Li I and 6Li I, which are shown in green and blue, respectively.
The best-fit isotopic ratio is N(6Li I)/N(7Li I)5 0.136 0.05 (68% confidence
limit), consistent with the presence of 6Li along the sight line, although below
the 3s detection threshold.
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Figure 2 | Estimates of the lithium abundance in the SMC interstellar
medium and in other environments. Our best estimate for the interstellar
(gas1dust phase) abundanceofA(7Li) in the SMC(red circle) is derived fromthe
7Li I/K I ratio. The present daymetallicity of the SMC fromearly-type stars is [Fe/
H]520.596 0.06. (All uncertainties are 1s.) The point marked BBN and the
dotted horizontal line show the primordial abundance predicted by standard
BBN3. The green curves show recent models23 for post-BBN 7Li nucleosynthesis
due to cosmic rays and stars. By adjusting the yields from low-mass stars, the
models are forced to match the Solar System meteoritic abundance21 (see
Supplementary Information).The solidanddashed lines correspond tomodelsA
and B23, which include (A) or do not include (B) a presumed contribution to 7Li
from core-collapse supernovae. The blue hatched area shows the range of
abundances derived for Population II stars in the Galactic halo6, with the ‘Spite
plateau’ in this sample at A(7Li)Pop II< 2.106 0.10 (ref. 6). The violet hatched
area shows the range of measurements seen in Galactic thin-disk stars, and the
thicker violet lines denote the sixmost Li-rich stars in a series of eightmetallicity
bins22. The selection of thin-disk stars includes objects over a range ofmasses and
temperatures, including stars that are expected tohavedestroyed a fair fraction of
their Li. Thus, the upper envelope of the distribution represents the best estimate
of the intrinsic ISM Li abundance at the epoch of formation for those stars, and
the thicker hatched area for the thin-disk sample is most appropriate for
comparison with the SMC value. The most Li-rich stars in the Milky Way thin
disk22 within 0.1 dex of the SMC metallicity give A(7Li)MilkyWay5 2.546 0.05,
consistent with our estimate of A(7Li)SMC5 2.686 0.16.
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A New Lampost:
Interstellar Lithium

‣ SMC Li/H is  
at BBN level!

‣ but fits right 
on Milky Way 
stellar trend

nearly constant [7Li/Fe] ratio, similar to that found in the Solar System.
Ourmeasurement of the present-day 7Li-to-metal ratio in the SMC is in
agreement with the nearly constant values found in the atmospheres of
Milky Way disk stars ({1= Fe=H½ " =0), most of which formed over

4 billion years ago, with the Solar System and the modern-day Milky
Way ISM16.
Both the thin-disk stars and our SMC measurements are below

standard BBN predictions with reasonable assumptions about post-
BBN production, although it is often assumed these stars have had
significant depletion of their surface Li abundance23. Taken at face
value, the consistency of our SMC measurement with the [7Li/Fe]
for those stars calls this assumption into question. Although the
models in Figs 2 and 3 are imprecise given the uncertain Li yields from
stellar sources, they illustrate the tension between standard BBN pre-
dictions and ourmeasurements if there is any post-BBNLi production.
This tension can be relieved if a metallicity-dependent depletion of Li
in stellar atmospheres is fine-tuned in such a way that it is very strong
below [Fe/H]< [Fe/H]SMC520.6 (to create the Spite plateau and
avoid overproducing Li in the SMC ISM) and negligible at or above
the SMCmetallicity, thus conspiring to create a constant [7Li/Fe] ratio
above [Fe/H]<21. Alternatively, non-standard BBN scenarios can
be invoked to allow for a lower primordial Li abundance4,25.
If non-standard Li production occurs in the BBN epoch, many such

models predict excess 6Li compared with the standard BBN. The only
known source of post-Big Bang 6Li is production via cosmic ray inter-
actions with ISM particles. Excess 6Li at the metallicity of the SMC
would support non-standard production mechanisms, either in the
BBNepoch10 or through the interaction of pregalactic cosmic rays with
intergalactic helium26. Measurements of 6Li in stellar atmospheres are
extremely difficult because the stellar line broadening is well in excess
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Figure 1 | Interstellar absorption by several neutral species seen towards the
star Sk 143. Normalized interstellar absorption profiles from UVES plotted
versus the Local Standard of Rest velocity, vLSR, and profile fit of the Li I
absorption. The empirically determined signal-to-noise ratio is about 275 per
pixel (5 pixels per resolution element) for the Li I observations. The full set of
optical andultraviolet absorption profiles seen towards this star and the column
densities measured from these are given in the Supplementary Information.
b, The profiles of Li I, K I, and Fe I; the SMC cloud bearing Li I at
vLSR<1121 km s21 is marked with the dashed line. The thicker grey regions
near Li I are possibly contaminated by diffuse interstellar bands or residual
fringing, which may extend into the region containing Li absorption. The
effects on the 7Li I columns are within the quoted uncertainties. The Li I
absorption is composed of (hyper)fine structure components of both 7Li I and
6Li I (shown, respectively, by the green and blue ticks in the top panel of a). The
strong line of 7Li I is detected with approximately 16s significance in the ISMof
the SMC. A model fit to the Li I absorption complex is shown in a (see
Supplementary Information), with the difference between the data and the fit,
d, shown immediately below (normalized to the local error array). The free
parameters for the fit are the polynomial coefficients for the stellar continuum,
the central velocity, Doppler parameter (b-value), and column densities of 7Li I
and 6Li I for the interstellar cloud. The red curve shows the best-fitting model
including both 7Li I and 6Li I, which are shown in green and blue, respectively.
The best-fit isotopic ratio is N(6Li I)/N(7Li I)5 0.136 0.05 (68% confidence
limit), consistent with the presence of 6Li along the sight line, although below
the 3s detection threshold.
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Figure 2 | Estimates of the lithium abundance in the SMC interstellar
medium and in other environments. Our best estimate for the interstellar
(gas1dust phase) abundanceofA(7Li) in the SMC(red circle) is derived fromthe
7Li I/K I ratio. The present daymetallicity of the SMC fromearly-type stars is [Fe/
H]520.596 0.06. (All uncertainties are 1s.) The point marked BBN and the
dotted horizontal line show the primordial abundance predicted by standard
BBN3. The green curves show recent models23 for post-BBN 7Li nucleosynthesis
due to cosmic rays and stars. By adjusting the yields from low-mass stars, the
models are forced to match the Solar System meteoritic abundance21 (see
Supplementary Information).The solidanddashed lines correspond tomodelsA
and B23, which include (A) or do not include (B) a presumed contribution to 7Li
from core-collapse supernovae. The blue hatched area shows the range of
abundances derived for Population II stars in the Galactic halo6, with the ‘Spite
plateau’ in this sample at A(7Li)Pop II< 2.106 0.10 (ref. 6). The violet hatched
area shows the range of measurements seen in Galactic thin-disk stars, and the
thicker violet lines denote the sixmost Li-rich stars in a series of eightmetallicity
bins22. The selection of thin-disk stars includes objects over a range ofmasses and
temperatures, including stars that are expected tohavedestroyed a fair fraction of
their Li. Thus, the upper envelope of the distribution represents the best estimate
of the intrinsic ISM Li abundance at the epoch of formation for those stars, and
the thicker hatched area for the thin-disk sample is most appropriate for
comparison with the SMC value. The most Li-rich stars in the Milky Way thin
disk22 within 0.1 dex of the SMC metallicity give A(7Li)MilkyWay5 2.546 0.05,
consistent with our estimate of A(7Li)SMC5 2.686 0.16.
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A New Lampost:
Interstellar Lithium

‣ SMC Li/H is  
at BBN level!

‣ but fits right 
on Milky Way 
stellar trend

‣ stellar effects 
must “turn 
on” at lower 
metallicities...

nearly constant [7Li/Fe] ratio, similar to that found in the Solar System.
Ourmeasurement of the present-day 7Li-to-metal ratio in the SMC is in
agreement with the nearly constant values found in the atmospheres of
Milky Way disk stars ({1= Fe=H½ " =0), most of which formed over

4 billion years ago, with the Solar System and the modern-day Milky
Way ISM16.
Both the thin-disk stars and our SMC measurements are below

standard BBN predictions with reasonable assumptions about post-
BBN production, although it is often assumed these stars have had
significant depletion of their surface Li abundance23. Taken at face
value, the consistency of our SMC measurement with the [7Li/Fe]
for those stars calls this assumption into question. Although the
models in Figs 2 and 3 are imprecise given the uncertain Li yields from
stellar sources, they illustrate the tension between standard BBN pre-
dictions and ourmeasurements if there is any post-BBNLi production.
This tension can be relieved if a metallicity-dependent depletion of Li
in stellar atmospheres is fine-tuned in such a way that it is very strong
below [Fe/H]< [Fe/H]SMC520.6 (to create the Spite plateau and
avoid overproducing Li in the SMC ISM) and negligible at or above
the SMCmetallicity, thus conspiring to create a constant [7Li/Fe] ratio
above [Fe/H]<21. Alternatively, non-standard BBN scenarios can
be invoked to allow for a lower primordial Li abundance4,25.
If non-standard Li production occurs in the BBN epoch, many such

models predict excess 6Li compared with the standard BBN. The only
known source of post-Big Bang 6Li is production via cosmic ray inter-
actions with ISM particles. Excess 6Li at the metallicity of the SMC
would support non-standard production mechanisms, either in the
BBNepoch10 or through the interaction of pregalactic cosmic rays with
intergalactic helium26. Measurements of 6Li in stellar atmospheres are
extremely difficult because the stellar line broadening is well in excess
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Figure 1 | Interstellar absorption by several neutral species seen towards the
star Sk 143. Normalized interstellar absorption profiles from UVES plotted
versus the Local Standard of Rest velocity, vLSR, and profile fit of the Li I
absorption. The empirically determined signal-to-noise ratio is about 275 per
pixel (5 pixels per resolution element) for the Li I observations. The full set of
optical andultraviolet absorption profiles seen towards this star and the column
densities measured from these are given in the Supplementary Information.
b, The profiles of Li I, K I, and Fe I; the SMC cloud bearing Li I at
vLSR<1121 km s21 is marked with the dashed line. The thicker grey regions
near Li I are possibly contaminated by diffuse interstellar bands or residual
fringing, which may extend into the region containing Li absorption. The
effects on the 7Li I columns are within the quoted uncertainties. The Li I
absorption is composed of (hyper)fine structure components of both 7Li I and
6Li I (shown, respectively, by the green and blue ticks in the top panel of a). The
strong line of 7Li I is detected with approximately 16s significance in the ISMof
the SMC. A model fit to the Li I absorption complex is shown in a (see
Supplementary Information), with the difference between the data and the fit,
d, shown immediately below (normalized to the local error array). The free
parameters for the fit are the polynomial coefficients for the stellar continuum,
the central velocity, Doppler parameter (b-value), and column densities of 7Li I
and 6Li I for the interstellar cloud. The red curve shows the best-fitting model
including both 7Li I and 6Li I, which are shown in green and blue, respectively.
The best-fit isotopic ratio is N(6Li I)/N(7Li I)5 0.136 0.05 (68% confidence
limit), consistent with the presence of 6Li along the sight line, although below
the 3s detection threshold.
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Figure 2 | Estimates of the lithium abundance in the SMC interstellar
medium and in other environments. Our best estimate for the interstellar
(gas1dust phase) abundanceofA(7Li) in the SMC(red circle) is derived fromthe
7Li I/K I ratio. The present daymetallicity of the SMC fromearly-type stars is [Fe/
H]520.596 0.06. (All uncertainties are 1s.) The point marked BBN and the
dotted horizontal line show the primordial abundance predicted by standard
BBN3. The green curves show recent models23 for post-BBN 7Li nucleosynthesis
due to cosmic rays and stars. By adjusting the yields from low-mass stars, the
models are forced to match the Solar System meteoritic abundance21 (see
Supplementary Information).The solidanddashed lines correspond tomodelsA
and B23, which include (A) or do not include (B) a presumed contribution to 7Li
from core-collapse supernovae. The blue hatched area shows the range of
abundances derived for Population II stars in the Galactic halo6, with the ‘Spite
plateau’ in this sample at A(7Li)Pop II< 2.106 0.10 (ref. 6). The violet hatched
area shows the range of measurements seen in Galactic thin-disk stars, and the
thicker violet lines denote the sixmost Li-rich stars in a series of eightmetallicity
bins22. The selection of thin-disk stars includes objects over a range ofmasses and
temperatures, including stars that are expected tohavedestroyed a fair fraction of
their Li. Thus, the upper envelope of the distribution represents the best estimate
of the intrinsic ISM Li abundance at the epoch of formation for those stars, and
the thicker hatched area for the thin-disk sample is most appropriate for
comparison with the SMC value. The most Li-rich stars in the Milky Way thin
disk22 within 0.1 dex of the SMC metallicity give A(7Li)MilkyWay5 2.546 0.05,
consistent with our estimate of A(7Li)SMC5 2.686 0.16.

RESEARCH LETTER

1 2 2 | N A T U R E | V O L 4 8 9 | 6 S E P T E M B E R 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

Howk, Lehner, BDF, & Mathews 2013

lit
h

iu
m

 a
b

u
n

d
a

n
c

e
s

metallicity [Fe/H]



Lithium:  High Redshift
Friedel, Kemball, BDF 2011

★ B0218+357:            
QSO + lens

★ lens/absorber:              
galaxy z~0.658

★ look for LiH in 
absorption

★ Prospects:
- first/only Li 

evidence outside 
Local Group

- 7Li and 6Li isotopes 
cleanly separable

- LiH as coolant for 
first stars
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Lithium:  High Redshift
Friedel, Kemball, BDF 2011

CARMA:  
– 7LiH feature 

~2-3sigma

– no 6LiH, 
13CO

with higher 
resolution: 

isotopes
LiH 
abundance
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Lithium Problem:  Conventional Solutions

III: Nuclear Systematics
Scenario:

observed Li/H represents primordial value
Standard Model (particles & cosmo) correct
but nuclear physics treatment incomplete

7Li has single dominant production channel  
Normalization error?

But:  also key for Solar neutrinos
The Sun as reactor:  

– SNO+Solar Model success  Pena-Garay, Smirnov talks

– kills this “nuke fix” to Li problem  Cyburt, BDF, Olive 04

3He(α, γ)7Be



Hoyle’s Revenge?
Possible Resonant Solutions to the Lithium Problems

Cyburt & Pospelov 2009
✴ 11 dominant BBN reactions 

already well-studied

✴ no room for factor ~3 surprises

✴ but “sub-dominant” reactions 
important if  narrow resonance 
missed
cf  Hoyle state in 12C burning  

✴ proposal:  7Be+d   inelastic
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Hoyle’s Revenge?
Possible Resonant Solutions to the Lithium Problems

Cyburt & Pospelov 2009
✴ 11 dominant BBN reactions 

already well-studied

✴ no room for factor ~3 surprises

✴ but “sub-dominant” reactions 
important if  narrow resonance 
missed
cf  Hoyle state in 12C burning  

✴ proposal:  7Be+d   inelastic

Chakraborty, BDF, & Olive 
2011
✴ systematic study of  all A=7 

destruction rxns
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Cyburt & Pospelov 2009
✴ 11 dominant BBN reactions 

already well-studied

✴ no room for factor ~3 surprises

✴ but “sub-dominant” reactions 
important if  narrow resonance 
missed
cf  Hoyle state in 12C burning  

✴ proposal:  7Be+d   inelastic

Chakraborty, BDF, & Olive 
2011
✴ systematic study of  all A=7 

destruction rxns

✓ confirms 7Be+d       9B*
✓ even better:  3He+7Be     10C*

                                   t+7Be     10B*
38

Problem solved!?

Experiment Says:
Not there!

10C*:  Hammache+ 2013
9Be*:  O’Malley+ 2011
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New Physics Solutions

conventional solutions increasingly difficult
though not yet ruled out

worthwhile to consider alternative:
observations correct, nuclear physics correct
problem lies in Standard Model itself

Li Solutions Beyond the Standard Model
★strategy:  find new processes which change light elements

★bonus:  perturbation physically motivated 

★goal:  fix 7Li discrepancy and maybe even make 6Li

★ challenge:  do not spoil deuterium, 4He success

Proposed New Physics Solutions

✓changing fundamental constants (      Coulomb barriers,   nuke biniding)

✓“Hubble Bubble”  inhomogeneous baryon/photon ratio 
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“tower” of  particle states created in early Universe
decay to lightest particle

Last decay:  next-to-lightest particle
if  lifetime                        decay during/after BBN
decays inject nonthermal Standard Model particles

Can decays reduce 7Li?
yes!  easy-peasy!
but generally:  badly screws up other elements

Best recipe:  create extra neutrons
                                        then  
Limited by allowable deuterium production

If  decaying particle is charged:  
bound states can form
Coulomb reduced, destruction enhanced

40

X
τX ≥ 1 sec

7Be + n →
7Li + p

7Li + p → 24He
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Could Lithium Be SUSY-licious?
If  

✓ the world is supersymmetric

✓ and nonbaryonic dark matter is the lightest 
SUSY particle

Then
‣ In Early U:  SUSY cascade

‣ next-to-lightest particle can be long-lived 

‣ hadronic decays can erode 7Li, and fix Li 
problem Jedamzik 

‣ if  next-to-lightest particle charged, additional 
effects (catalysis!) make 6Li Pospelov, Cyburt etal,

A SUSY solution to lithium 
problems?
New D/H removes much solution space

Also:  Light elements are a strong 
SUSY probe

✓ rule out large regions of  parameter space

✓ complementary to LHC

Illustrates tight links among nucleo-
cosmo-astro-particle physics
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OUTLOOK
Convergence of  Particle Physics and Cosmology
‣ successes of  both point to larger, deeper picture
‣ theoretical & experimental progress linked 

BBN & CMB:  Gates to the Early Universe
‣ basic concordance:  big bang working to t~1 sec
‣ non-baryonic dark matter required
‣ must arise in physics beyond the Standard Model of  particle 

physics

The Lithium Problem:  WMAP+BBN >> Liobs

‣ problem has worsened since WMAP 2003
‣ astrophysics solutions possible but highly constrained
‣ interstellar lithium as a new way forward?

‣ SOFIA, ALMA
‣ nuclear physics solutions all but ruled out
‣ new physics:  SUSY?
The Truth is out there--stay tuned!



THANK YOU!



Lithium Problem:  Conventional Solutions
I:  Observational Systematics

Scenaro:  Data &Standard Model correct
inference of  Li/H wrong

Measure:  Li I =Li0 absorption line
i.e., neutral Li atoms

But:  in stellar atmospheres, mostly Li II =Li+1

Infer:  

ionization correction                   

exponentially sensitive to temperature
Teff  critical!  

Needed error in stellar T scale  ~500 K:  large!
maybe possible:  Melendez & Ramirez 04; BDF, Olive, Vangioni-Flam 05 

but maybe not:  Hosford et al 2009

Li

H
=

Li0 + Li+1

H
=

Li0 + Li+1

Li0

Li0

H
Li0 + Li+1

Li0
∼ e

Φ(Li+)/Teff
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BBN Beyond the Standard Model:
Probing Particle Physics

Predicted Lite elements sensitive to 
expansion history during BBN

Rate

Controlled by

Observed Lite Elements Constrain

anything that

✓ Couples to gravity

✓ Perturbs relativistic energy density

    Stiegman, Schramm, & Gunn 77

All light elements sensitive to 

New!  D/H now an interesting probe

7Li shift right direction but small

New!  CMB damping tail can probe all of

clean test of  BBN

46

(expansion)2 = H2
∼ Gρtot,rel

ρtot,rel = ρEM + Nν,eff ρνν̄

Nν,eff

η Nν,eff
4
He Hou, Kielser, Knox, Milea Reichardt 2013
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BBN Observations:  Case Study 
Primordial Deuterium

• High-redshift quasar=light bulb
• Intervening H gas absorbs at 
• Observed spectrum:  Ly-alpha “forest”

Quasar continuum,
Ly-alpha emission

Ly-alpha forest lines

Lyα(n = 1 → n = 2)



Deuterium Data
Deuterium Ly-alpha 
shifted from H:

Get D directly at high-z!
But:
• Hard to find good systems
• Don’t resolve clouds
• Dispersion/systematics? Tytler & Burles

ELyα =
1

2
α2µreduced

δλD

λD
= −

δµD

µD
= −

me

2mp

cδz = 82 km/s
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Non-Baryonic Dark Matter:
Neutrinos?

Required Dark Matter Properties
dark            feeble interactions

matter            has mass

present at t~14 Gyr            stable

inert @ BBN, recomb         non-baryonic

abundant:              

Consult Standard Model
neutrinos very promising!

✓massive

✓stable

✓weakly interacting

✓not quarks           not baryons

Ωm ! 0.3
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Non-Baryonic Dark Matter:
Neutrinos?

Neutrino densities today
• number:

• mass:

• cosmic contribution:

All hangs on neutrino masses
...which we don’t know

But we know enough:  Smirnov, Pena-Garay lectures

mass differences (from oscillations)

                         (from beta decays)

                      (from large-scale structure)

Total density contribution:

Neutrinos are not the dark matter

Ων =

∑
mν

46 eV

ρν =

∑
mνnν

nν =
3

11
Nνnγ ! 350 neutrinos cm

−3

∑
mν ≤ 2 eV

m(νe) ≤ 2 eV

Ων ≤ 0.1 Ωm

The Sun, imaged in neutrinos
SuperKamiokande
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Orphans of  Nucleosynthesis

The Big Picture, circa 1967
Heavy elements:  

‣ stars   BBFH57, Cameron 57

Lightest elements:  
‣ big bang  Wagoner, Fowler, Hoyle 67

Orphans:
‣ most (~80%) of  Solar 7Li
‣ all of  6Li and Be and B

LiBeB rare, but also fragile
‣ lowest binding after D
‣ stars destroy at ~2.7 x 106 K

Need non-thermal origin
‣ x-process stellar flares?  

BBFH57

‣ protostars (T-Tauri)  
Fowler Greenstein & Hoyle 62
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p, α + C,N,O all of Li,Be,B

α + α
6Li and 7Li only

Cosmic-Ray Nucleosynthesis
Reeves, Fowler, Hoyle 1970; Meneguzzi, Audouze, Reeves 1971; Walker, Mathews, Viola 

Cosmic Rays interact with ISM

Interstellar gas: beam dump

• Observe in gamma-ray sky

• Stable debris created

Spallation:

Fusion:

pcr + pgas → ppπ
0

π
0
→ γγ

need metals in projectiles or targets

no metals required--helium is primordial



Cosmic Ray Acceleration:  
Astrophysical Shocks

dN/dE ∝ E−(2+4/M2)
→ E−2

Image:  Matthew Baring

In magnetized collisionless shocks:

★ shock deceleration 

converging flows

★ charged particles scatter off  
magnetic inhomogeneities

★ repeatedly cross shock, 

gain energy

with some chance of  escape

★ result:  power-law spectrum 

SN 1006 X-ray/Radio/Optical
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Cosmic Rays and LiBeB Evolution



LiBeB as Cosmic Ray Dosimeters

Solar LiBeB:  cumulative irradiation at Sun birth
Galactic cosmic rays are only conventional 6Li,9Be,10B source

neutrino spallation in supernovae (nu process) also makes 7Li, 11B

LiBeB in halo stars:  cosmic-ray fossils
Cosmic rays present in early Galaxy!
LiBeB probe cosmic ray origin & history

Cosmic Rays explain
‣Be evolution over entire measured metallicities

latest data:  “primary” linear Be vs O slope

points to metal-rich cosmic rays  

Duncan et al; Casse et al; Ramaty et al; Prantzos poster

‣solar abundances of  6Li,10B

‣bulk of  B evolution

‣supernova neutrino process “tops off” 11B, adds 7Li  

Woosley et al 1990; Kajino talk

‣cosmic rays + neutrinos underproduce solar 7Li:  need another 
source

Galactic Cosmic Rays:
 Archaeology

Prantzos, Cassé, Vangioni-Flam 1993; Walker et al 1993; BDF Olive & Schramm 1994; Ramaty, Kozlovsky, & Lingenfelter 1996
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Ryan, Olive, Beers, BDF, Norris 2000

• Cosmic rays pollute primordial Li
 7Liobserved = 7LiCR+7LiBBN 
 But 6LiBeBGCR     6,7LiGCR

 Infer true 7LiBBN !

• Consequences
– predict small positive slope:

– makes 7Li problem slightly worse!
~10% downwards correction             at 

[Fe/H]=-3

Galactic Cosmic Rays and 
Halo Star Lithium

Li = Libbn +
dLi

dFe

∣

∣

∣

∣

cr

Fe



6Li and Cosmic Rays

Cosmic-Ray prediction:
‣ linear metal scaling

inconsistent with a 6Li plateau!

because CR interactions 
unavoidable:

‣ 6Li non-detection at [Fe/H]>-1.5 
disagrees with CR prediction

‣ suggests depletion must operate 
at least in this regime

Data:  Asplund et al 2006

6
Li =

d6Li

dFe

∣

∣

∣

∣

cr

Fe



Pre-Galactic Cosmic Rays:
Pop III Stars

First stars (PopIII)
‣ Zero metallicity star 

formation
‣ thought to lead to ~few stars 

per halo
‣ massive to supermassive

Explosions would be sources of 
cosmic rays  Rollinde, Vangioni, Olive, Silk; Kusukabe 

‣ once outside of  birth 
remnant, produce lithium in 
metal-free environment

‣ can give 6Li “plateau” without 
substantial disruption to 7Li

‣ gamma-ray signal redshifted, 
small

Rollinde, Vangioni, & Olive 2006

Abel, Bryan, & Norman

http://adsabs.harvard.edu/abs/2006ApJ...651..658R
http://adsabs.harvard.edu/abs/2006ApJ...651..658R


Shock Power for Acceleration of  
Cosmological Cosmic Rays

dark matter potentials drive baryon flows 

If  flow speed > sound speed:  shocks 

Cosmic accretion shocks:

ü High Mach
ü Long-lived

ü Large power

Ideal sites for particle acceleration!

Ryu et al 2003

Shock surfaces, Mach colors

(25 h-1 Mpc)3 simulation
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dark matter potentials drive baryon flows 

If  flow speed > sound speed:  shocks 

Cosmic accretion shocks:

ü High Mach
ü Long-lived

ü Large power

Ideal sites for particle acceleration!

Structure Formation Cosmic Rays

• An inevitable fact of  baryonic life?

• Acceleration begins before galaxy birth?

• Galaxy clusters:  

– nonthermal radio Fusco-Femiano et al 99

– but no gamma rays Ackermann et al 2010

Structure Formation CR Nuke

Primordial beam, targets:
ü produce 6Li and 7Li only, 
ü no Be & B
ü no correlation with metals

Plateau candidate!   

also see Prodanović poster

But how disentangle primordial Li?

Pavlidou & BDF 2006



The Fermi Era



Paleolithography:
Gamma-Ray Probes of  Cosmic-Ray History
Prodanovic & BDF

Hadronic gamma production
inevitably means lithium synthesis

Observables
star-forming galaxies:   new source class!

‣ probes global cosmic-ray/ISM interactions 

gamma background:  measure mean CR fluence across universe

 lithium abundance:  measures local CR fluence 

Complementary:

use one to probe the other

Fermi
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Diffuse Gamma-Ray Background



Diffuse Gamma-Ray Background

Curves:  BDF, Pavlidou, Prodanovic 2010

Unresolved Normal Galaxies?

I ∼

∫
los

(cosmic star form) × (ISM targets)

working hypothesis:  
supernovae are engines of  
cosmic-ray acceleration
star formation      SN        cosmic rays 

✓gamma signal:  

✓shape: Galactic/pionic feature 
redshifted

✓ amplitude:  substantial part of 
preliminary Fermi signal

✓ Fits!  Can saturate but does 
not overproduce background

✓ consistent with solar lithium

✓ limits cosmic-ray activity not 
associated with star 
formation (e.g., structure 
form)



Diffuse Gamma-Ray Background

Curves:  BDF, Pavlidou, Prodanovic 2010
Points:  Fermi (Abdo et al 2010) 

Unresolved Normal Galaxies?

I ∼

∫
los

(cosmic star form) × (ISM targets)

working hypothesis:  
supernovae are engines of  
cosmic-ray acceleration
star formation      SN        cosmic rays 

✓gamma signal:  

✓shape: Galactic/pionic feature 
redshifted

✓ amplitude:  substantial part of 
preliminary Fermi signal

✓ Fits!  Can saturate but does 
not overproduce background

✓ consistent with solar lithium

✓ limits cosmic-ray activity not 
associated with star 
formation (e.g., structure 
form)
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Cosmic-ray 6Li and 7Li adds to Spite plateau
‣ leads to small positive slope
‣ contaminates primordial signal

‣ worsens (slightly) the lithium problem -- a bitter pill?
but also makes problem more pressing and interesting

The Fermi Era
‣ Gamma-rays produced by same cosmic-ray interactions 
‣ probe Galactic and pre-Galactic synthesis


