
Primordial Nucleosynthesis after Planck:   
The Lithium Problem and Dark Matter

Brian Fields 
Indirect Methods in Nuclear Astrophysics 

ECT* Trento, Nov 5 2018



Collaborators

Richard Cyburt Nachiketa Chakraborty Vasilis Spanos

Tiajana Prodanovic Tsung-Han Yeh 葉宗翰 Charlie Young

Keith Olive Chris Howk John Ellis



Big Bang Nuke After Planck
★  Nuclear Physics in the Early Universe 

‣ Cosmology  

‣ Big bang nuke (BBN) theory 

‣ Light element observations and cosmic baryons 

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

‣ BBN vs CMB:   particle dark dark matter beyond Standard Model 

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

‣ new nuclear physics?   new particle physics?  



The Standard Cosmology: 
Hot Big Bang Model  

Friedmann-Lemaitre-Robertson-Walker 

Gravity = General Relativity 
Space:  Homogeneous & Isotropic 

• Expanding Universe 

 t~14 Gyr; T~10-4 eV 

• Cosmic Microwave Background (CMB) 

t~400,000 yr; T~1 eV    atomic physics 

• Big-Bang Nucleosynthesis (BBN) 

  t~1 sec, T~1 MeV    nuclear physics 

• Dark Matter 

• Dark Energy 

• Inflation

Freedman et al 2001

WMAP 2005

Cyburt, BDF, Olive 2008

  microphysics known  

microphysics unknown



Cosmic Job Security: 
Precision Ignorance

‣ Why does the dark matter weigh?   apologies to Feynman 
what is it?    

how is it produced? 

how does it interact? 

what was its role in the early universe? 

‣ Dark energy—who ordered that?   apologies to Rabi 
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



Big Bang Nucleosynthesis: 
A Symphony of  Fundamental Forces

• BBN:  unique arena 
– all four fundamental 

forces participate  

• BBN: unique 
testbed 
– probes all 

fundamental 
interactions
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Gravity
Weak EM

Strong



Standard BBN
Gravity = General Relativity 
Microphysics: Standard Model of  Particle Physics 
§          neutrino species  
§   
§ Left handed neutrino couplings only 
§ neutrinos non-degenerate:                    and not   

Kinetic equilibrium:  Maxwell-Boltzmann nuclei 
Dark Matter and Dark Energy 
§ Present (presumably) but non-interacting 

Homogeneous U.        Spatially const 

Ø Expansion adiabatic     

• gives baryon density

η ≡

nbaryon

nγ

(

nB

nγ

)

BBN

=

(

nB

nγ

)

CMB

=

(

nB

nγ

)

today

mν ≪ 1 MeV
Nν = 3

Non-Standard BBN models 

relax these assumptions 

test new physics



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 

Light Elements Born:  T~0.07 MeV, t~3 min  
 reaction flow     most stable light nucleus 
 essentially all n     4He, ~24% by mass 
 also: traces of  D, 3He, 7Li

γ, e
±

, 3νν̄
p, n

η ≡ nB/nγ ∼ 10
−9

n/p = e−(mn−mp)c2/kT

τweak(n ↔ p) > tuniverse

pe
−

↔ nνe

ne
+

↔ pν̄e

(

n

p

)

freeze

≈ e
−∆m/Tfreeze

∼

1

7

key reactions all measured in lab at 

relevant energies 

…but cosmology demands precision!



BBN 
Predictions 

Curve Widths: 
Theoretical uncertainty 
nuclear cross sections 

Cyburt, BDF, Olive, Yeh 2015 

Descouvement poster 
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

The Solution
• correct for post-BBN processing:

Metals    “time”⇔ stars ≥ 10M⊙ ⇔
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Light Elements:  Sites

Deuterium 
– QSO absorbers 
– z~3, metals~0.01 solar 
– New! leap in precision:  Pettini+ 2013 Riemer-Sørensen+ poster 

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



perfect observation

actual observation

all observations

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



The Cosmic Microwave Background: CMB 
A Powerful New Baryometer

   CMB          independent measure of     

BBN vs CMB: fundamental test  
of  cosmology 

Planck Explorer:

∆Tℓ ΩB

ΩB h2
100 = 0.02218 ± 0.00026

η = (6.078 ± 0.071) × 10−10



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



ηcmb

η
Predict: 

BBN theory:  abundances vs  

WMAP     BBN+CMB abundances 
(blue) 

Compare with Observations (yellow) 

Results: 

Ø  D agreement excellent: woo hoo! 

Ø 7Li poor agreement: 

- observation ~ theory/4 

- 4-5 sigma discrepancy 

- Lithium Problem

Battle of  the Baryons:  II  
A Closer Look 

Cyburt, BDF, Olive 2003, 2008, 2015

New!  Improved! 

Planck baryons 

QSO D/H



Standard BBN Tested With CMB Only 
Planck Baryons & Helium!

!16

New!   

Immaculate! 

Cosmically 

clean!

Contours:   
Planck

Curve:  
Standard BBN 
zero parameters!



Lithium Strategy I:   
No Worries 

Two out of  three ain’t bad



Dark Matter  
Pre-CMB Anisotropies: 

BBN     Dark Matter 

WMAP finds: 
★   
★   

Optical galaxy surveys        luminous matter 
★   

Confirms & sharpens case for dark matter: 
two kinds! 

Baryonic Dark Matter: 
➡ warm-hot IGM, Ly-alpha, X-ray gas 

Fukugita, Hogan, Peebles;  Cen & Ostriker; Dave etal 

Non-Baryonic Dark Matter:  
➡ most of  cosmic matter!

Intergalactic gas absorbs QSO backlight 
Fang, Canizares, & Yao 07

ΩM

ΩB

=
matter

baryons
= 5.9 ± 0.3

ΩB = 0.044 ± 0.004

ΩB ≪ ΩM

Bullet Cluster 
optical, X-rays=baryons (red), lensing=gravity (blue)   

Ωlum ∼ 0.007

ΩB ≫ Ωlum

Shull, Smith, Danforth 2012

Non-baryonic dark 

matter demands physics 

 beyond the Standard Model!



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

!19

(expansion)2 = H2
∼ Gρtot,rel

ρtot,rel = ρEM + Nν,eff ρνν̄

Nν,eff

η Nν,eff
4
He

Cyburt, BDF, Olive, Yeh 2015

Hou, Kielser, Knox, Milea Reichardt 2013



Lithium Strategy II:   
Worry



A Bitter Pill:  
The Primordial  Li thium 
                                Pr oblem       

Brian Fields  
University of Illinois      



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?

CMB+BBN prediction
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New!  Nuclear  
Meltdown 

Sbordone+ 2010

‣ huge increase in 
scatter at low 
[Fe/H] 

‣ at least some 
stars efficiently 
eat lithium 

‣ why does 
meltdown “turn 
on”? 

‣ no points scatter 
up to BBN+CMB 
abundance

!23

lithium desert?
CMB+BBN prediction



Hoyle’s Revenge? 
A Resonatingly Pretty Solution to Lithium?

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*
!24

Problem solved!?

Experiment Says: 
Not there! 

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



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

SUSY Li sweetspot

Higgs mass
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Precision Cosmology 
Demands Precision Cross Sections

• D/H obs more 
precise than 
theory! 

• Need ~1% absolute 
cross sections for 
– d(p,g)3He 
– d(d,p)t 
– d(d,n)3He

!26
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The D(p,�)3He, D(d,n)3He and D(d,p)3H reactions are
the main source of nuclear uncertainty for deuterium nu-
cleosynthesis while the two last one may affect the error
budget of YP. The relative variations of D/H are related
to the variation of these rates (see e.g. Coc and Vangioni,
2010) by

�(D/H)

D/H
= �0.32

�h�vid(p,�)3He

h�vid(p,�)3He

�(D/H)

D/H
= �0.54

�h�vi
d(d,n)3He

h�vi
d(d,n)3He

� 0.46
�h�vi

d(d,p)3H

h�vi
d(d,p)3H

so that to achieve the ⇠1% precision required by obser-
vations, one needs a similar precision on reaction rates.
None of them are affected by resonances, so that the only
questions are to model the slowly varying energy depen-
dence of the S–factors and precisely determine their ab-
solute scale. There are basically two options: either em-
pirically fit both the energy dependence and scale so as to
follow closely the data, or use theoretical energy depen-
dences from nuclear physics models and only determine
the absolute normalisation. We adopted the rates from
the new evaluations of Iliadis et al. (2016) and Gómez
Iñesta et al. (2017) that use both the second option, to-
gether with Bayesian methods. The theoretical, ab ini-
tio energy dependences were taken from Marcucci et al.
(2005) for D(p,�)3He and from Arai et al. (2011) for
D(d,n)3He and D(d,p)3H. The main difficulty to deter-
mine the absolute scale of the S–factors is that one needs
to combine results from different experiments.

Coc et al. (2015), using traditional statistics found a
normalisation factor of 0.9900±0.0368 for the 1H(n,�)2H
theoretical S–factor of Marcucci et al. (2005), while the
Bayesian analysis gives 1.000+0.038

�0.036 (Iliadis et al., 2016).
This shows that, starting from the same experimental
data and theoretical model, different statistical analyses
can lead to a, significant, 1% difference. Figure 23 dis-
plays the D(p,�)3He experimental S–factor normalised
to the theoretical model of Arai et al. (2011). The solid
horizontal line corresponds to the scaling of the theoret-
ical S–factor adopted by Coc et al. (2015). It is obvious
that experimental data are scarce at BBN energies and
slightly below the scaled S–factor (an overall 9% system-
atic uncertainty is not shown however), while the em-
pirical fit by Adelberger et al. (2011) or (Descouvemont
et al., 2004) follows closely, by construction, the experi-
mental data. Note also that Marcucci et al. (2016) have
included higher order terms in their ab initio model re-
sulting in a ⇡10% increase with respect with their previ-
ous result (Marcucci et al., 2005), this time well above the
experimental data (see Fig. 23). Using this new theoreti-
cal S–factor, one would obtain an additional reduction of
�(D/H) = -0.072⇥10

�5 that nevertheless would vanish
if we rescale it (by 0.915) to fit experimental data. This
rate is thus a major source of uncertainty for D/H predic-
tion that should be resolved when the new experimental
data (Gustavino, 2017) from LUNA at the Gran Sasso
underground facility will be released, supplementing the

low energy ones (Casella et al., 2002).
In a similar way, the D(d,n)3He and D(d,p)3H rates

have been evaluated by (Coc et al., 2015) and later by
(Gómez Iñesta et al., 2017), using the ab initio S–factor
from Arai et al. (2011) scaled according to experimental
data. They found negligible differences in scaling factors:
0.959±0.010 and 0.955±0.010 for the traditional analysis
to be compared with 0.961±0.010 and 0.956±0.010 for
the Bayesian one. However, the theoretical work of Arai
et al. (2011) was focused on low energies and does not
correctly reproduce the D(d,n)3He and D(d,p)3H exper-
imental data above ⇡600 keV. It is highly desirable that
these calculations be extended up to ⇡2 MeV, to cover
the range of experimental data that encompass BBN en-
ergies.
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FIG. 23 Ratio of experimental (Bystritsky et al., 2008;
Casella et al., 2002; Ma et al., 1997; Schmid et al., 1997),
fitted (Adelberger et al., 2011; Coc et al., 2015; Cyburt, 2004;
Descouvemont et al., 2004) and new theoretical (Marcucci
et al., 2016) S–factors to the theoretical one (Marcucci et al.,
2005); the horizontal lines correspond to the theoretical S–
factor scaled according to Coc et al. (2015). (Systematic
uncertainties, i.e. global normalisation errors, in the range
4.5–9% are shown in keys.)

At the CMB deduced density, 7
Li is produced through

the formation of 7Be via the 3He(↵, �)7Be reaction as 7Be
will decay much later to 7

Li. The destruction of 7Be oc-
curs through the 7Be(n,p)7Li(p,↵)4He channel which is
limited by the scarcity of late time neutron abundance.
The most influential reaction rates on 7

Li nucleosyn-
thesis are (e.g. Table 1 in Coc and Vangioni, 2010)
1H(n,�)2H (indirectly by affecting the neutron abun-
dance) and 3He(↵, �)7Be, but large deviations from their
nominal cross sections are strongly constrained by experi-
ments. Even though, there has not been new experimen-
tal data, since it is the major source of uncertainty on
the 7

Li production, the 3He(↵, �)7Be reaction rate has
also been recently re-evaluated using Bayesian methods
(Gómez Iñesta et al., 2017) to scale the theoretical S–

Pitrou, Col, Uzan, Vangioni 2018



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 
‣ CMB alone now independently tests BBN! 
‣ BBN + CMB powerfully probe new physics:  dark matter, early Universe 

The Lithium Problem:  Planck+BBN >> Liobs 
‣ problem has worsened since WMAP 2003 
‣ astrophysics solutions possible but highly constrained 
‣ nuclear physics precision needed:  d(p,gamma)3He;  7Be(n,p)7Li 
‣ new physics:  SUSY?  non-WIMP dark matter? 

The Future: 
‣ Even better CMB measurements (S4) 
‣ New light element measures 
‣ Closer interplay with dark matter & accelerator physics 

Stay Tuned!



Director’s Cut Extras

Image Credit:  Planck 2015



Space:  Homogeneous & Isotropic 
Think Big!  Galaxies as building blocks  

Edwin Hubble (1929):  Cosmic dynamics 

map velocity vs distance 

• result:  ~all galaxies move away from us! 

• highly organized pattern: 

• Interpretation:   

Universe is Expanding

The Standard Cosmology 
Cosmodynamics

v⃗ = H r⃗

Hubble 1929

Freedman et al 2001

speed ∝ distance



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



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



A New Lampost: 
Interstellar Lithium

‣ SMC Li/H is  
at BBN level! 

‣ but fits 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.
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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

!34

δλthermal > δλisotope

6Li7Li

λ(6Li) > λ(7Li)



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



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



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

KamLAND Reactor Neutrino Detector



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


