
The production of the light elements 
from D to B

• BBN and the early Universe

• WMAP determination of η, ΩBh2 

• Observations and Comparison with Theory
               - D/H
               - 4He
               - 7Li
• Cosmic-ray nucleosynthesis

 -   6,7Li
 -  BeB

               



BBN Theory

Conditions in the Early Universe:

T >
∼ 1 MeV

ρ = π2

30(2 + 7
2 + 7

4Nν)T 4

η = nB/nγ ∼ 10−10

β-Equilibrium maintained by
weak interactions

Freeze-out at ∼ 1 MeV determined by the
competition of expansion rate H ∼ T 2/Mp and
the weak interaction rate Γ ∼ G2

FT 5

n + e+
↔ p + ν̄e

n + νe ↔ p + e−

n ↔ p + e− + ν̄e

At freezeout n/p fixed modulo free
neutron decay, (n/p) $ 1/6 → 1/7
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Nucleosynthesis Delayed
(Deuterium Bottleneck)

p + n →D+γ Γp ∼ nBσ

p + n ←D+γ Γd ∼ nγσe−EB/T

Nucleosynthesis begins when Γp ∼ Γd

nγ

nB
e−EB/T ∼ 1 @ T ∼ 0.1 MeV

All neutrons → 4He

with mass fraction

Yp =
2(n/p)

1 + (n/p)
% 25%

Remainder:

D, 3He ∼ 10−5 and 7Li ∼ 10−10 by number
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Decline:
 BBN could not explain the
 abundances (or patterns) of 
 all the elements.

⇒ growth of stellar nucleosynthesis
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Decline:
 BBN could not explain the
 abundances (or patterns) of 
 all the elements.

⇒ growth of stellar nucleosynthesis

But, 
 Questions persisted:

  25% (by mass) of 4He ?
  D?
Resurgence:
 BBN could successfully account
 for the abundance of 

  D, 3He, 4He, 7Li.
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modifies this approach, keeping the same exponential dependence, but changes from a power law

in T 1/3

9 to a power law in T9: exp(a′/T 1/3

9 )(
∑

j c′jT
j
9 ). The main reason for the form of their fit is

to get fast convergence to the numerical data. In some cases (e.g. 3He(d, n)4He and 7Li(p,α)4He)

additional factors are used to improve the fit to the numerical results.

Table 1: Key Nuclear Reactions for BBN

Source Reactions

NACRE d(p, γ)3He

d(d, n)3He

d(d, p)t

t(d, n)4He

t(α, γ)7Li
3He(α, γ)7Be
7Li(p,α)4He

SKM p(n, γ)d
3He(d, p)4He
7Be(n, p)7Li

This work 3He(n, p)t

PDG τn

As noted above, some of the rates are not provided by NACRE. In these cases, the SKM rates

as indicated in Table 1 are used. One of these, 7Be(n, p)7Li, is a n-capture reaction for which a

large amount of data is available. The deuteron-induced reaction (3He(d, p)4He), is fit as a charged

particle reaction using the Caughlan & Fowler prescription, as discussed in the previous paragraph.

Several reactions deserve special mention. As noted by SKM and emphasized recently by

Nollett & Burles (2000), the p(n, γ)d reaction suffers from a lack of data in the BBN energy

range. Also, p(n, γ)d has only 4 data points (not available when SKM did their study) in the

relevant energy range ! 1 MeV. Fortunately, this reaction is well-described theoretically. Here we

follow both SKM and Nollett & Burles, by adopting the theoretical cross sections of Hale et al.

(1991), which provide an excellent fit to the four available data points by Suzuki (1995) and Nagai

(1997). Nevertheless, despite the present agreement between theory and data, the importance of

this reaction–which controls the onset of nucleosynthesis–demands that the theoretical cross section

fit be further tested by accurate experiment. We urge further investigation of this reaction.

Since SKM, Brune et al. (1999) have added new and very precise data for 3He(n, p)t (see Figure

1a).1 This has greatly reduced the uncertainty in this reaction. In order to use these data, we have

refit the R factor in the manner of SKM and Brune et al., using a third order polynomial in v and

1Note that in all figures having logarithmic vertical scales, errors have been properly propagated to reflect the log

nature of the plot.

(a)

(b)

(c)
(d)

NACRE
Cyburt, Fields, KAO

Nollett & Burles
Coc et al.







• Production of the Light Elements:  D, 3He, 4He, 7Li

• 4He observed in extragalctic HII regions:
         abundance by mass = 25%

• 7Li observed in the atmospheres of dwarf halo stars:

         abundance  by number = 10-10

• D observed in quasar absorption systems (and locally):

         abundance by number = 3 x 10-5

• 3He in solar wind, in meteorites, and in the ISM:

         abundance by number = 10-5

Big Bang Nucleosynthesis



D/H
• All Observed D is Primordial!

• Observed in the ISM and inferred from 
meteoritic samples (also HD in Jupiter)

• D/H observed in Quasar Absorption systems6 M. Pettini et al.

Table 2. Prime Sample of D/H measurements in QSO Absorption Line Systems

QSO zem zabs log N(H i) [O/H]b log (D/H) Ref.a

(cm−2)

HS0105+1619 2.640 2.53600 19.42 ± 0.01 −1.70 −4.60 ± 0.04 1
Q0913+072 2.785 2.61843 20.34 ± 0.04 −2.37 −4.56 ± 0.04 2, 3
Q1009+299 2.640 2.50357 17.39 ± 0.06 < −0.67c −4.40 ± 0.07 4
Q1243+307 2.558 2.52566 19.73 ± 0.04 −2.76 −4.62 ± 0.05 5
SDSS J155810.16−003120.0 2.823 2.70262 20.67 ± 0.05 −1.47 −4.48 ± 0.06 6
Q1937−101 3.787 3.57220 17.86 ± 0.02 < −0.9 −4.48 ± 0.04 7
Q2206−199 2.559 2.07624 20.43 ± 0.04 −2.04 −4.78 ± 0.09 2, 8

aReferences—1: O’Meara et al. (2001); 2: Pettini et al. (2008); 3: This work; 4: Burles & Tytler
(1998b); 5: Kirkman et al. (2003); 6: O’Meara et al. (2006); 7: Burles & Tytler (1998a); 8: Pettini
& Bowen (2001).
bRelative to the solar value log(O/H)" + 12 = 8.66 (Asplund, Grevesse & Sauval 2005).
cThis is a very conservative upper limit on the metallicity. Burles & Tytler (1998b) estimate
[Si/H]" −2.5 and [C/H]" −2.9 from photoionisation modelling.

(the bootstrap method; see Efron & Tibshirani 1993). In
this way we obtain:

〈log (D/H)p〉 = −4.55 ± 0.03

A more Bayesian approach could try to account for uncer-
tainty in the error bars using the observed scatter in the
data. For example, fitting a Gaussian model with the vari-
ance on each point increased by a constant to σ2

i +δσ2 shows
that the data prefer values of δσ > 0. Using the maximum
likelihood value δσ ∼ 0.07 gives a posterior constraint on
〈log (D/H)p〉 consistent with the bootstrap estimate above,
as does marginalizing over δσ2 with prior ∝ 1/(0.022 + δσ2)
(though the distribution is somewhat non-Gaussian). Using
a model that multiplicatively increases the noise gives simi-
lar results.

The scatter in the reported determinations of D/H in
QSO absorbers is illustrated in Figure 3. Out of the seven
measurements, there are two which lie outside the confidence
intervals of the mean by more than 1σ: Q1009+299 and
Q2206−199. If we consider these two cases more closely we
can find, in retrospect, plausible reasons why their 1σ errors
may have been underestimated. The partial Lyman limit
system in line to Q1009+299 has the lowest column density
among the sample, log[N(H i)/cm−2] = 17.39, and is unique
among the ones considered here in showing D i absorption in
only one line, Lyα, the column density of D i being too low
to produce discernible absorption in higher order lines. The
zabs = 2.07624 DLA towards Q2206−199 is the lowest red-
shift absorber in the sample, requiring space-borne observa-
tions to record the high order lines where D i absorption can
be resolved from H i. The HST -STIS spectrum of this object
published by Pettini & Bowen (2001) is of lower S/N ratio
and resolution than the other six cases in Table 2 which were
all obtained with ground-based 8-10m telescopes and echelle
spectrographs. If we arbitrarily double the 1σ estimates of
the errors in the determinations of D/H in Q1009+299 and
Q2206−199 reported in the original works, we find the same
weighted mean 〈log (D/H)p〉 = 4.55 ± 0.02 as before, but a
much reduced χ2 = 11 (P (χ2 > 11) & 0.1).

In conclusion, the value of D/H we deduce here for the
zabs = 2.61843 DLA in the spectrum of Q0913+072 is in
good agreement with four out of the previous six determi-

Figure 3. Measures of deuterium abundance in high redshift
QSO absorbers. Only cases were the deuterium absorption is
clearly resolved from nearby spectral features are shown here (see
text). Blue circles denote systems observed from the ground with
8-10m telescopes and echelle spectrographs, while the red trian-
gle refers to lower resolution observations made with the Hubble

Space Telescope. Absorption systems discussed in the text are
labelled with the name of the background QSO. The horizontal
lines are drawn at the weighted mean value of log (D/H) and its
error, as determined with the bootstrap method.

nations generally considered to be the most reliable. Its in-
clusion in the ‘prime’ sample, helps identify two outliers and
plausible reasons for much of the scatter among the sample.
The weighted mean 〈log (D/H)p〉 is unchanged compared
to the most recent previous estimate of this quantity by
O’Meara et al. (2006), leading us to conclude that the true
value of the primordial abundance of deuterium lies in the
range:

〈log (D/H)p〉 = −4.55 ± 0.03 (1)

at the 68% confidence level.



Figure 3: Optical spectrum of quasar 1937–1009, which shows the best example of
primordial D/H. The top spectrum, from the Kast spectrograph on the 3-m telescope at
Lick observatory, is of low spectral resolution, and high signal to noise. The continuum
emission, from the accretion disk surrounding the black hole at the center of the quasar,
is at about 6 flux units. The emission lines showing more flux (near 4950, 5820, 5940,
6230, 6700 & 7420 Å) arise in gas near the quasar. The absorptoin lines, showing less
flux, nearly all arise in gas which is well separated from, and unrelated to the quasar. The
numerous absorption lines at 4200 – 5800 Å are H I Lyα from the gas in the intergalactic
medium. This region of the spectrun is called the Lyα forest. This gas fills the volume
of the intergalactic medium, and the absorption lines arise from small, factor of a few,
fluctuations in the density of the gas on scales of a few hundred kpc. The Lyα lines were
all created by absorption of photons with wavelengths of 1216Å. They appear at a range
of observed wavelengths because they have different redshifts. Hence Lyα absorption at
5800Å is near the QSO, while that at 5000Å is nearer to us. The abrupt drop in flux
at 4180 Å is caused by H I Lyman continuum absorption in the absorber at z = 3.572.
Photons now at < 4180 Å had more than 13.6 eV when they passed though the absorber,
and they ionized its H I. The 1% residual flux in this Lyman continuum region has been
measured in spectra of higher signal to noise (Burles & Tytler 1997) and gives the H I
column density, expressed as H I atoms per cm−2 through the absorbing gas. The lower
plot shows a portion of a spectrum with much higher resolution taken with the HIRES
spectrograph on the Keck-1 telescope. We mark the Lyα absorption lines of H I and D
from the same gas. The column density of D is measured from this spectrum. Dividing
these two column densities we find D/H = 3.3 ± 0.3 × 10−5 (95% confidence), which is
believed to be the primoridal value, and using SBBN predictions, this gives the most
accurate measurements of η and Ωb.

61

Tytler, O’Meara, Suzuki, 
Lubin



D/H abundances in
Quasar apsorption 

systems 
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BBN Prediction:
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Obs Average:
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4He
Measured in low metallicity extragalactic HII 

regions (~100)  together with O/H and N/H
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derived from the He i k7065 emission line is also uncertain
because of its high sensitivity to collisional and fluorescent
enhancements. Therefore, because they are less influenced by
the aforementioned effects, the He abundances derived by
using only the three He i kk4471, 5876, and 6678 emission
lines for the IT98b galaxies are much more consistent with
those for the new galaxies.

The parameters of the linear regression fits for the old and
(old+new) samples are given in Table 6. We also show the

dispersions ! of Y about the regression lines. The first row of
Table 6 gives the parameters for the IT98b sample of 45 H ii
regions, for which we have recalculated He abundances with
the Benjamin et al. (2002) equations. The primordial He
abundance derived from the Y-O/H relation is Yp ¼ 0:245"
0:002, slightly larger than the value of 0:244 " 0:002 obtained
by IT98b for the same sample with the ITL97b and IT98b
expressions for collisional and fluorescent enhancements of
He i emission lines. The higher Yp value is mainly the

TABLE 6

Maximum Likelihood Linear Regressions

Oxygen Nitrogen

Method
Number of H ii

Regions Regression ! Regression !

Three He i linesa,b....... 45 0.2451" 0.0018 + 21" 21(O/H) 0.0048 0.2452" 0.0012 + 603" 372(N/H) 0.0044

Three He i linesb......... 89 0.2429" 0.0009 + 51" 9(O/H) 0.0040 0.2439" 0.0008 + 1063" 183(N/H) 0.0037

Five He i linesc,d ......... 7 0.2421" 0.0021 + 68" 22(O/H) 0.0035 0.2446" 0.0016 + 1084" 442(N/H) 0.0040

Five He i linesc,e ......... 7 0.2444" 0.0020 + 61" 21(O/H) 0.0040 0.2466" 0.0016 + 954" 411(N/H) 0.0044

a Data are from IT98b.
b Only collisional and fluorescent enhancements are taken into account. We have adopted TeðHe iiÞ ¼ TeðO iiiÞ and ICFðHeÞ ¼ 1.
c Collisional and fluorescent enhancements of the He i lines, collisional excitation of hydrogen lines, underlying He i stellar absorption, and differences

between Te(He ii) and Te(O iii) are taken into account. ICF(He) is set to 1.
d Calculated with EWaðH8þ He i k3889Þ ¼ 3:0 Å, EWaðHe i k4471Þ ¼ 0:4 Å, EWaðHe i k5876Þ ¼ 0:3EWaðHe i k4471Þ, EWaðHe i k6678Þ ¼

EWaðHe i k7065Þ ¼ 0:1EWaðHe i k4471Þ.
e Calculated with EWaðH8þ He i k3889Þ ¼ 3:0 Å, EWaðHe i k4471Þ ¼ 0:5 Å, EWaðHe i k5876Þ ¼ 0:3EWaðHe i k4471Þ, EWaðHe i k6678Þ ¼

EWaðHe i k7065Þ ¼ 0:1EWaðHe i k4471Þ.

Fig. 2.—Linear regressions of the helium mass fraction Y vs. oxygen and nitrogen abundances for a total of 82 H ii regions in 76 BCGs. In (a) and (b), Y was
derived using the three kk4471, 5876, and 6678 He i lines, and in (c) and (d ), Y was derived using the five kk3889, 4471, 5876, 6678, and 7065 He i lines.

PRIMORDIAL ABUNDANCE OF 4He AND dY/dZ 223No. 1, 2004
4He

Izotov & Thuan

Yp = 0.2421 ± 0.0021  



Method:

• Intensity and Eq. Width for H and He

• Determine H reddening and underlying absorption

• Use 6 He emission lines to determine physical 
parameters:
-  denisty, optical depth, temperature, underlying He 

absorption,  4He abundance

• Severe degeneracies revealed by Monte Carlo 
anaysis
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4He Prediction: 
0.2484 ± 0.0005

Data: Regression: 
0.2495 ± 0.0092

Mean: 
0.2520 ± 0.0030



Li/H
Measured in low metallicity dwarf halo stars 
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Li Woes

• Observations based on

-  “old”: Li/H = 1.2 x 10-10    Spite & Spite + 
- Balmer:  Li/H = 1.7 x 10-10    Molaro, Primas & Bonifacio
- IRFM: Li/H = 1.6 x 10-10      Bonifacio & Molaro
- IRFM: Li/H = 1.2 x 10-10  Ryan, Beers, KAO, Fields, Norris

- Hα (globular cluster): Li/H = 2.2 x 10-10      Bonifacio et al.

- Hα (globular cluster): Li/H = 2.3 x 10-10      Bonifacio

- λ6104: Li/H ~ 3.2 x 10-10      Ford et al.

• Li depends on T, ln g, [Fe/H], depletion, post 
BBN-processing, ...

• Strong systematics





Possible sources for the discrepancy

• Nuclear Rates

- Restricted by solar neutrino flux Coc et al.
Cyburt, Fields, KAO



Coc et al. consider large variations of certain rates.
     3H (p,γ) 4He
 increase x1000
 
 low η
 XX

4He (α,n) 7Be
 small compared with
 destruction X
7Li (d,n) 24He
 increase x100 
 
 low η
 XX
7Be (d,p) 24He
 increase >x100
 
 high η  ✓? X

Table 3 lists the few reactions for which a variation of their
rates by up to an arbitrary factor of 1000 induces a variation of
the yields by more than 0.01 dex for 4He, D, 3He, and 7Li. It
shows that there are only four reactions that can lead to a
factor of at least 3 (0.5 dex) on 7Li yield when their rates are
artificially increased by up to a factor of 1000: 3H( p, !)4He,
4He(" , n)7Be, 7Li(d, n)2 4He, and 7Be(d, p)2 4He. It remains
to be checked whether such a huge increase in these reaction

rates is possible. As we see below, this is generally ruled out
by existing data.
A factor of !1000 increase of the 3H( p, !)4He rate would

be needed to reduce the 7Li yield by a factor of 3. This is
excluded because, since CF88, this reaction cross section has
been measured precisely by Hahn, Brune, & Kavanagh (1995)
and Canon et al. (2002) over the SBBN energy range. The
small changes in S-factor brought by these experiments (e.g., a
!40% reduction relative to CF88 at a Gamow peak energy
corresponding to T9 ¼ 1) rule out any possible influence in
SBBN. In any case, as seen in Figure 3, this reaction could
only affect the low baryonic density branch, 3H(" , !)7Li, and
not the WMAP density region.
The reaction rate for 7Li(d, n)2 4He comes from an analysis

by Boyd, Mitchell, & Meyer (1993) of 7Li destruction in
SBBN. A factor of 100 increase could reduce the 7Li
production by a factor of !3. Even though no rate
uncertainties are provided by Boyd et al., this seems quite
unlikely, since their analysis is based on experimental data
available in the SBBN energy range. Nevertheless, as for the
previous reaction, this could only influence the direct 7Li
formation, i.e., the low baryonic density region.
On the contrary, the 4He(" , n)7Be reaction (Q ¼ #18:99

MeV) could affect 7Li production at high #, at which it is
formed as 7Be (Fig. 3), and through 7Be destruction by the
reverse reaction, 7Be(n, "!)4He. However, the rate of this
latter is negligible compared to the main destruction mecha-
nism: 7Be(n, p)7Li (Fig. 3), where an l ¼ 0 resonance
dominates, while l ¼ 0 is forbidden in 7Be(n, "!)4He because
of the symmetry of the outgoing channel.
The last reaction in Table 3, 7Be(d, p)8Be(" )4He, is then

the most promising in view of reducing the discrepancy
between SBBN, 7Li, and CMB observations, and 7Beþ d

Fig. 4.—Same as Fig. 1 (bottom), but including the effect of 7Be(d, p)2 4He rate variations, while other reaction rates are set to their nominal values. The solid
curve is the reference for which the 7Be(d, p)2 4He rate from CF88 is used, while the dot-dashed curves correspond to an increase of the rate by factors of 30, 100,
300, and 1000. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 3.—The 12 main SBBN reactions plus 7Be(d, p)2 4He. [See the
electronic edition of the Journal for a color version of this figure.]

COC ET AL.550 Vol. 600



can see that the most important reaction that directly creates or destroys 7Li (or rather
7Be, and subsequently 7Li) is the reaction 3He(α, γ)7Be (S34

2). The reactions n(p, γ)d,
3He(d, p)4He, d(d, n)3He, and d(p, γ)3He are important in determining the deuterium, 3He

and 4He abundances, and thus the source and sink rates that determine 7Li. We mention

here the non-impact of the reaction 7Be(p, γ)8B (S17) only because we will discuss this

particular reaction later in this paper. This reaction is suppressed rather strongly by the

Coulomb potential between the 7Be and proton. It is this fact that no significant abundance

of heavier elements is produced during primordial nucleosynthesis. The time required to

form such elements is too long compared with the 350 second epoch of nucleosynthesis in

the early universe.

Table 2: BBN 7Li Sensitivities to the top 15 reaction rates and other parameters, given in
terms of the logarithmic derivatives of the predicted 7Li abundance with respect to each
rate or parameter. 7Li/7Li0 =

∏

i R
αi

i , where Ri represents a reaction or parameter, relative
to its fiducial value. The reaction 7Be(p, γ)8B is completely negligible, with its logarithmic
derivative about α17 ∼ −10−6.

Reaction/Parameter sensitivities (αi)
η10/6.14 +2.04
n(p, γ)d +1.31

3He(α, γ)7Be +0.95
3He(d, p)4He −0.78
d(d, n)3He +0.72

7Be(n, p)7Li −0.71
Newton’s GN −0.66

d(p, γ)3He +0.54
n-decay +0.49

Nν,eff/3.0 −0.26
3He(n, p)t −0.25
d(d, p)t +0.078

7Li(p, α)4He −0.072
t(α, γ)7Li +0.040
t(d, n)4He −0.034
t(p, γ)4He +0.019

7Be(n, α)4He −0.014
7Be(d, p)24He −0.0087

The question of interest to us here, is which of these reactions can be altered to enhance or

2The S-factor is defined by the cross section: S(E) = σ(E)E exp(8π2αZ1Z2/v). The last term is the
Coulomb penetration factor, in which Zi are the charges of the incoming nuclei and v their relative velocity.

6

BBN Li sensitivites
7Li/7Li0 = ΠiR

αi

i

Key Rates:
3He (α,γ) 7Be



diminish the 7Be (7Li) abundance and be consistent with observational constraints. We wish

to choose a reaction for which 7Li has a large sensitivity, as well as large enough uncertainties

to question its absolute normalization. The 3He(α, γ)7Be reaction meets this criteria, both

strongly influencing the 7Li prediction and having large enough uncertainties in the nuclear

data to let its absolute normalization float.

The determination of the BBN light element yields is from [7], where new normaliza-

tions and errors to the NACRE [25] rates important for primordial nucleosynthesis have

been assigned. For 3He(α, γ)7Be, the BBN calculation uses the renormalized NACRE rate

SOLD
34 (0) = 0.504 ± 0.0534 keV b. Other compilations yield higher values, with the original

NACRE value SNAC
34 (0) = 0.54±0.09 keV b [25] and the Adelberger SADL

34 (0) = 0.53±0.05keV

b [24]. One can see that these compilations will yield 7Li values about 7% larger than [7],

if the S(E) shapes are assumed to be the same. Given this reaction, we now address how

much this reaction must change to meet concordance with the light element observations. As

discussed above, there are two sets of 7Li observations we can try to match by renormalizing

the 3He(α, γ)7Be reaction. Using the 7Li measurements of a metal poor globular cluster [35]

would require a change of

SNEW
34 (0) = 0.267 keVb

∆S34

S34
= −0.47

}
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Cyburt and Wands

New 3He(α,γ)7Be measurements  



17% increase in S
⇒ 16% increase in Li



In addition, 
1.5% increase in η,
leads to 3% increase 
in Li  (Li ~ η2.12)
plus another ~1%
from pn 

Net change in Li:
4.26 x 10-10   to 
5.24 x 10-10 or 23%

Cyburt, Fields, KAO



Possible sources for the discrepancy

• Nuclear Rates

- Restricted by solar neutrino flux

• Stellar Depletion
- lack of dispersion in the data, 6Li abundance
- standard models (< .05 dex), models (0.2 - 0.4 dex)

Coc et al.
Cyburt, Fields, KAO

Vauclaire & Charbonnel
Pinsonneault et al.

Richard, Michaud, Richer
Korn et al.
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Figure 1: Trends of iron and lithium as a function of the effective temperatures of the observed stars compared to the
model predictions. The grey crosses are the individual measurements, while the bullets are the group averages. The solid
lines are the predictions of the diffusion model, with the original abundance given by the dashed line. In b, the grey-shaded
area around the dotted line indicates the 1σ confidence interval of CMB + BBN1: log[ε(Li)] = log (NLi/NH) + 12 = 2.64 ±

0.03. In a, iron is treated in non-equilibrium20 (non-LTE), while in b, the equilibrium (LTE) lithium abundances are plotted,
because the combined effect of 3D and non-LTE corrections was found to be very small29. For iron, the error bars are the
line-to-line scatter of Fe I and Fe II (propagated into the mean for the group averages), whereas for the absolute lithium
abundances 0.10 is adopted. The 1σ confidence interval around the inferred primordial lithium abundance (log[ε(Li)] =
2.54 ± 0.10) is indicated by the light-grey area.We attribute the modelling shortcomings with respect to lithium in the
bRGB and RGB stars to the known need for extra mixing30, which is not considered in the diffusion model.

Stellar Depletion in the Turbulence 
Model of Korn et al.

Note new BBN Li result 
pushes primordial value up from 
2.63 to 2.72  



Possible sources for the discrepancy

• Nuclear Rates

- Restricted by solar neutrino flux

• Stellar Depletion
- lack of dispersion in the data, 6Li abundance
- standard models (< .05 dex), models (0.2 - 0.4 dex)

• Stellar parameters 

dLi

dlng
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dLi

dT
=
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Coc et al.
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Reappraising the Spite Lithium Plateau: Extremely Thin and

Marginally Consistent with WMAP

Jorge Meléndez1 and Iván Ramı́rez2

ABSTRACT

The lithium abundance in 62 halo dwarfs is determined from accurate equiv-

alent widths reported in the literature and an improved infrared flux method
(IRFM) temperature scale. The Li abundance of 41 plateau stars (those with

Teff > 6000 K) is found to be independent of temperature and metallicity, with
a star-to-star scatter of only 0.06 dex over a broad range of temperatures (6000
K < Teff < 6800 K) and metallicities (−3.4 < [Fe/H] < −1), thus imposing

stringent constraints on depletion by mixing and production by Galactic chemi-
cal evolution. We find a mean Li plateau abundance of ALi = 2.37 dex (7Li/H

= 2.34 ×10−10), which, considering errors of the order of 0.1 dex in the absolute
abundance scale, is just in borderline agreement with the constraints imposed

by the theory of primordial nucleosynthesis and WMAP data (2.51 < AWMAP
Li <

2.66 dex).

Subject headings: cosmology: observations - stars: abundances - stars: Popula-
tion II

1. Introduction

The Li plateau was discovered by Spite & Spite (1982), who showed that the 7Li abun-
dance obtained from the Li doublet at 6708 Å in F and early G halo dwarfs is independent

of temperature and metallicity, suggesting that the Li abundance determined in halo stars
represents the primordial abundance from Big Bang nucleosynthesis (BBN). The standard

1Department of Astronomy, Caltech, M/C 105-24, 1200 E. California Blvd, Pasadena, CA 91125;
jorge@astro.caltech.edu

2Department of Astronomy, University of Texas at Austin, RLM 15.306, TX 78712-1083;
ivan@astro.as.utexas.edu

New evaluation of surface temperatures
in 41 halo stars with systematically higher
temperatures (100-300 K) 

[Li] = 2.37 ± 0.1
Li/H = 2.34 ± 0.54 x 10-10

BBN Prediction: 1010 Li/H = 4.26+0.73
−0.60
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Fig. 2.— Temperatures obtained in this work minus the temperatures from R01 (for stars
in common with the present sample) as a function of the metallicities adopted in the present

work. Filled circles: plateau stars (Teff > 6000 K); open circles: stars with Teff < 6000 K.



Recent dedicated temperature determinations
(excitation energy technique)

Hosford, Ryan, Garcia-Perez, Norris, Olive



Resulting Li:

Hosford, Ryan, Garcia-Perez, Norris, Olive

[Li] = 2.16 ± 0.07 MS
    = 2.10 ± 0.07 SGB



Possible sources for the discrepancy

• Nuclear Rates

- Restricted by solar neutrino flux

• Stellar parameters 

• Particle Decays

dLi

dlng
=

.09

.5

dLi

dT
=

.08

100K

Coc et al.
Cyburt, Fields, KAO



Solution 1:  Particle Decays
4
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FIG. 2: Abundance yields of D/H, 7Li/H, and 7Li/6Li in
an Ωbh

2 = 0.026 Universe as function of the hadronic de-
cay time τ of a putative primordial relic. The models are
decay of a mχ = 10GeV particle (long-dashed), decay of a
mχ = 200GeV particle (solid), decay of a mχ = 4TeV par-
ticle (dashed-dotted), injection of monoenergetic nucleons of
Ekin = 250 MeV (short-dashed), and extended power-law in-
jection due to a mχ = 200 GeV particle (dotted). Also shown
are the two-sigma ranges of the inferred primordial D/H and
7Li/H abundances [3, 10] as well as the 6Li/7Li ratio as in-
ferred in the low-metallicity star HD84937 [25]. See text for
further details.

scatterings an interconversion of protons to neutrons oc-
curs frequently, such that energetic protons produce sec-
ondary neutrons. For example, though the decay of a
200 GeV particle generates only about ≈ 1 neutron per
annihilation, around ≈ 1, 0.6 secondary neutrons result
at T ≈ 20, 40 keV, respectively [39], and ≈ 3.5 asymptot-
ically at low temperatures T ∼ 0.1−1 keV. Here at higher
temperatures the number of secondary neutrons reduces
due to the rapid Coulomb losses of protons. Neutrons,
on the other hand, do not possess a significant bias to-
wards producing secondary neutrons in np inelastic inter-

actions. Excess neutrons at T ≈ 40 keV are mostly due
to inelastic processes on 4He, accompanied by the pro-
duction of D and 3He (i.e. n+4He → D+p+2n, ...), with
a comparatively smaller amount of neutrons removed in
pionic fusion processes (i.e. np → Dπ0, ...). One thus
obtains approximately a ratio n/D≈ 3.6 for a 200 GeV
particle at T ≈ 40 keV, with similar ratios for n/3H and
n/3He. As the 3H and 3He are energetic they may yield
the production of 6Li. Nevertheless, 6Li production (and
survival) may only be efficient at somewhat lower temper-
atures. Due to Coulomb losses of energetic 3H and 3He
production is only efficient at T <

∼ 20 keV, whereas sur-
vival of the freshly synthesized 6Li against destruction via
6Li(p, α)3He is only nearly complete for T <

∼ 10 keV. The
production of 6Li at temperatures T ≈ 10− 20 keV for a
200 GeV particle is found to be approximately 2 × 10−4

per decaying particle, becoming significantly lower at
lower temperatures (e.g. 3×10−5 at T ≈ 1 keV). Cascade
yields are subject to some nuclear physics data uncertain-
ties which in the case of 6Li may be of the order of a factor
two. In particular, it may be that 6Li yields are under-
estimated due to an experimentally incomplete determi-
nation of the high-energy tail of the energy distribution
of energetic 3H and 3He produced in 4He spallation.

The developed code allows me to present detailed pre-
dictions on the BBN in the presence of decaying parti-
cles. Figure 2 shows the light-element yields for a variety
of decaying particles as a function of particle life time
τ . The panels show, from top-to-bottom, final abun-
dances of D/H, 7Li/H, and 6Li/7Li, with the understand-
ing that Yp is virtually unchanged when compared to
SBBN at the same Ωbh2. In all models Ωbh2= 0.026
has been assumed. Hadronically decaying particle yields
(with the simplifying assumption that χ → qq̄ yields the
production of a pair of quarks, the up-quark for definit-
ness) are shown for three particle masses: mχ = 10 GeV
with Ωχh2 = 7.5 × 10−5 (long-dashed), mχ = 200 GeV
with Ωχh2 = 1 × 10−4 (solid), and mχ = 4 TeV [40]
with Ωχh2 = 6 × 10−4 (dashed-dotted). It is evident
that for decay times around τ ≈ 103s an efficient de-
struction of 7Li is obtained. For τ much shorter than
103s the destroyed 7Be is regenerated, whereas for τ
much longer, incomplete 7Li burning in the reaction chain
7Be(n, p)7Li(p, α)4He results in only partial reduction of
the total 7Li yield. As anticipated, the destruction of 7Li
is accompanied by production of D. When compared to
the injection of thermal neutrons, D/H yields are higher.
This is due to D generated in the nuclear cascade it-
self (i.e. by 4He spallation and pionic fusion). Cascade
generated deuterium (as well as 3H, 3He, and 6Li) is sub-
stantially reduced per injected neutron for sources which
inject nucleons with a soft spectrum. For example, I have
also employed a soft source with monoenergetic nucleons
of 250 MeV. Results for this case are shown by the short-
dashed line, assuming Ωχh2/mχ ≈ 7.5×10−7GeV−1 and
the injection of one np pair per decay [41]. A cascade
n/D≈ 10 ratio at T ≈ 40 keV is obtained in such scenar-
ios. The more pronounced depth of the 7Li dip in Fig.

Jedamzik



Effects of Bound States

2

bound st. |E0
b | a0 Rsc

N |Eb(R
sc
N )| RNc |Eb(RNc)| T0

4HeX− 397 3.63 1.94 352 2.16 346 8.2
6LiX− 1343 1.61 2.22 930 3.29 780 19
7LiX− 1566 1.38 2.33 990 3.09 870 21
7BeX− 2787 1.03 2.33 1540 3 1350 32
8BeX− 3178 0.91 2.44 1600 3 1430 34

4HeX−− 1589 1.81 1.94 1200 2.16 1150 28

DX− 50 14 - 49 2.13 49 1.2

pX− 25 29 - 25 0.85 25 0.6

TABLE I: Properties of the bound states: Bohr a0 and nuclear
radii RN in fm; binding energies Eb and “photo-dissociation
decoupling” temperatures T0 in KeV.

E0
b = Z2α2mN/2 from ∼ 13% in (4HeX) to 50% in

(8BeX). Realistic binding energies are calculated for two
types of nuclear radii assuming a uniform charge distri-
bution: for the simplest scaling formula Rsc

N = 1.22A
1

3 ,
and for the nuclear radius determined via the the root
mean square charge radius, RNc = (5/3)1/3Rc with ex-
perimental input for Rc where available. Finally, as an
indication of the temperature at which (NX) are no
longer ionized, we include a scale T0 where the photo-
dissociation rate Γph(T ) becomes smaller than the Hub-
ble rate, Γph(T0) = H(T0). It is remarkable that sta-
ble bound states of (8BeX) exist, opening up a path to
synthesize heavier elements such as carbon, which is not
produced in SBBN. In addition to atomic states, there
exist molecular bound states (NXX). The binding en-
ergy of such molecules relative to (NX) are not small
(e.g. about 300 KeV for (4HeX−X−)). Such neutral
molecules, along with (8BeX) and (8BeXX), are an im-
portant path for the synthesis of heavier elements in
CBBN. Table 1 also includes the case of doubly-charged
particles, admittedly a much more exotic possibility from
the model-building perspective, which was recently dis-
cussed in [8] where the existence of cosmologically sta-
ble bound states (4HeX−−) was suggested in connection
with the dark matter problem. Although noted in pass-
ing, the change in the BBN reaction rates was not ana-
lyzed in [8]. Yet it should be important for this model, as
any significant amount of stable X−− would lead to a fast
conversion of 4He to carbon and build-up of (8BeX−−)
at T ∼ 20 KeV, possibly ruling out such a scenario. Ref.
[8] also contains some discussion of stable (4HeX−).

The initial abundance of X− particles relative to
baryons, YX(t " τ) ≡ nX−/nb, along with their life-
time τ are the input parameters of CBBN. It is safe to
assume that YX " 1, and to first approximation neglect
the binding of X− to elements such as Be, Li, D, and
3He, as they exist only in small quantities. The binding
to p occurs very late (T0 = 0.6 KeV) and if nX− " n4He,
which is the case for most applications, by that tempera-
ture all X− particles would exist in the bound state with
4He. Therefore, the effects of binding to p can be safely

ignored. For the concentration of bound states (4HeX),
nBS(T ), we take the Saha-type formula,

nBS(T ) =
nb(T )YX exp(−T 2

τ /T 2)

1 + n−1
He (mαT )

3

2 (2π)−
3

2 exp(−Eb/T )
(3)

%
nb(T )YX exp(−T 2

τ /T 2)

1 + T−
3

2 exp(45.34 − 350/T )
,

where we used temperature in KeV and nHe % 0.93 ×
10−11T 3. One can check that the recombination rate
of X− and 4He is somewhat larger than the Hubble
scale, which justifies the use of (3). The border-line
temperature when half of X− is in bound states is
8.3 KeV. Finally, the exponential factor in the numer-
ator of (3) accounts for the decay of X−, and the con-
stant Tτ is determined from the Hubble rate and τ :
Tτ = T (2τH(T ))−1/2.

Li
6

He
4He

4
Li
6

D ! D

X
!X( !)

FIG. 1: SBBN and CBBN mechanisms for producing 6Li.

Photonless production of 6Li. The standard mecha-
nism for 6Li production in SBBN is “accidentally” sup-
pressed. The D-4He cluster description gives a good
approximation to this process, and the reaction rate
of (1) is dominated by the E2 amplitude because the
E1 amplitude nearly vanishes due to an (almost) iden-
tical charge to mass ratio for D and 4He. In the E2
transition, the quadrupole moment of D-4He interacts
with the gradient of the external electromagnetic field,
Vint = Qij∇iEj . Consequently, the cross section at BBN
energies scales as the inverse fifth power of photon wave-
length λ = ω−1 ∼ 130 fm, which is significantly larger
than the nuclear distances that saturate the matrix ele-
ment of Qij , leading to strong suppression of (1) relative
to other BBN cross sections [10]. For the CBBN pro-
cess (2) the real photon in the final state is replaced by
a virtual photon with a characteristic wavelength on the
order of the Bohr radius in (4HeX−). Correspondingly,
one expects the enhancement factor in the ratio of CBBN
to SBBN cross sections to scale as (a0ω)−5 ∼ 5×107. Fig-
ure 1 presents a schematic depiction of both processes.
It is helpful that in the limit of RN " a0, we can ap-
ply factorization, calculate the effective ∇iEj created by
X−, and relate SBBN and CBBN cross sections with-
out explicitly calculating the 〈D4He|Qij |6Li〉 matrix el-
ement. A straightforward quantum-mechanical calcula-
tion with ∇iEj averaged over the Hydrogen-like initial
state of (4HeX) and the plane wave of 6Li in the final
state leads to the following relation between the astro-
physical S-factors at low energy:

SCBBN = SSBBN ×
8

3π2

pfa0

(ωa0)5

(

1 +
mD

m4He

)2

. (4)

• In SUSY models with a τ NLSP, bound states form 
between 4He and τ

•The 4He (D, γ) 6Li reaction is normally highly 
suppressed (production of low energy γ)

•Bound state reaction is not suppressed

~
~

Pospelov
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Cyburt, Ellis, Fields, KO, Spanos
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Figure 2: Some (m1/2, m0) planes for A0 = 0, µ > 0 and tanβ = 10. In the upper (lower)
panels we use m3/2 = 100 GeV (m3/2 = 0.2 m0). In the right panels the effects of the stau
bound states have been included, while in those on the left we include only the effect of the
NSP decays. The regions to the left of the solid black lines are not considered, since there
the gravitino is not the LSP. In the orange (light) shaded regions, the differences between
the calculated and observed light-element abundances are no greater than in standard BBN
without late particle decays. In the pink (dark) shaded region in panel d, the abundances lie
within the ranges favoured by observation, as described in the text. The significances of the
other lines and contours are explained in the text.
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Figure 2: Some (m1/2, m0) planes for A0 = 0, µ > 0 and tanβ = 10. In the upper (lower)
panels we use m3/2 = 100 GeV (m3/2 = 0.2 m0). In the right panels the effects of the stau
bound states have been included, while in those on the left we include only the effect of the
NSP decays. The regions to the left of the solid black lines are not considered, since there
the gravitino is not the LSP. In the orange (light) shaded regions, the differences between
the calculated and observed light-element abundances are no greater than in standard BBN
without late particle decays. In the pink (dark) shaded region in panel d, the abundances lie
within the ranges favoured by observation, as described in the text. The significances of the
other lines and contours are explained in the text.
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Possible sources for the discrepancy

• Stellar parameters 

• Particle Decays

• Variable Constants

dLi
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Limits on the variations of α

• Cosmology
- BBN
- CMB

• The Oklo Reactor

• Meteoritic abundances

• Atomic clocks



How does a Fundamental
Constant Change?

L ∼ φR 〈φ〉 = 1
16πGN

= M2
P

16π

L ∼ φF 2 〈φ〉 = 1
4e2 = 1

16πα

Does this ever happen?

e.g. JBD Theory

S =
∫

d4x
√

g
[

φR − ω
φ∂µφ∂µφ + Lm

]

Lm = − 1
4e2F 2 − 1

2∂µy∂µy − V (y)

−Ψ #DΨ − mΨΨ + Λ



with a conformal rescaling,

S =
∫

d4x
√

g
[

R − (ω + 3
2)

(∂µφ)2

φ2

−1
2

(∂µy)2

φ − V (y)
φ2 − Ψ#DΨ

φ3/2

−mΨΨ
φ2 − 1

4e2F 2 + Λ
φ2

]

now, Mp(GN), and α are fixed but
particle masses scale with φ,

m ∼ 1/φ1/2

the same is true for the Higgs expectation value,

GF ∼ 1
v2 ∼ 1/φ

Also true in String theory

α ∼ eaφ Λ ∼ e−aφ m ∼ e−aφ/2



How could varying α affect BBN?

G2
FT 5 ∼ Γ(Tf) ∼ H(Tf) ∼

√
GNNT 2

f

Recall in equilibrium,

n
p ∼ e−∆m/T fixed at freezeout

Helium abundance,

Y ∼ 2(n/p)
1+(n/p)

If Tf is higher, (n/p) is higher, and Y is higher

1



Contributions to Y come from n/p which in turn come from ΔmN 

Limits:

∆Y
Y

<∼
±0.012
0.24 = ±0.05

∆(n/p)
(n/p) " ∆mN

Tf
(
∆Tf
Tf

− ∆2mN
∆mN

)

If the dominant contribution from ∆α
is in ∆mN then:

∆Y
Y " ∆2mN

∆mN
∼ ∆α

α < 0.05

If ∆α arises in a more complete theory
the effect may be greatly enhanced:

∆Y
Y " O(100)∆α

α and ∆α
α < few ×10−4

Contributions to ∆Y : Kolb, Perry, and Walker

Campbell and Olive

Bergstrom, Iguri, and Rubenstein

∆Y
Y ! 1

1+n/p
∆(n/p)
(n/p)

∆(n/p)
(n/p) ! ∆mN

Tf
(
∆Tf
Tf

− ∆2mN
∆mN

)

Contributions to ∆mN :

∆mN ∼ aαemΛQCD + bv

electromagnetic weak
-0.8 MeV 2.1 MeV

Changes in α, ΛQCD, and/or v
all induce changes in ∆mN and hence Y

Contributions to ∆Y : Kolb, Perry, and Walker

Campbell and Olive

Bergstrom, Iguri, and Rubenstein

∆Y
Y ! 1

1+n/p
∆(n/p)
(n/p)

∆(n/p)
(n/p) ! ∆mN

Tf
(
∆Tf
Tf

− ∆2mN
∆mN

)

Contributions to ∆mN :

∆mN ∼ aαemΛQCD + bv

electromagnetic weak
-0.8 MeV 2.1 MeV

Changes in α, ΛQCD, and/or v
all induce changes in ∆mN and hence Y

Kolb, Perry, & Walker
Campbell & Olive

Bergstrom, Iguri, & Rubinstein

Limits on α from BBN



Approach:

Consider possible variation of Yukawa, h, 
or fine-structure constant, α

Include dependence of Λ on α; of v on h, etc.

Consider effects on:  Q = ΔmN, τN,  BD

Coc, Nunes, Olive, Uzan, Vangioni
Dmitriev & Flambaum

and with 

Also expect variations in Yukawas,

∆h
h = 1

2
∆αU
αU

But in theories with radiative electroweak
symmetry breaking

v ∼ MP exp(−2πc/αt)

Thus small changes in ht
will induce large changes in v

∆v
v ∼ 80∆αU

αU

E.g., predict that:

∆µ
µ ∼ ∆Λ

Λ − ∆v
v ∼ −50∆α

α

or

∆µ
µ ∼ −3 × 10−4

8
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the relation between h, v and Λ is quite robust and has
been neglected in most studies discussing the effect of
varying v (or varying GF ) [30, 31].

For the quantities we are interested in, we now have

∆BD

BD
= −13

(

∆v

v
+

∆h

h

)

+ 18R
∆α

α
, (15)

∆Q

Q
= 1.5

(

∆v

v
+

∆h

h

)

− 0.6(1 + R)
∆α

α
, (16)

∆τn

τn
= −4

∆v

v
− 8

∆h

h
+ 3.8(1 + R)

∆α

α
. (17)

where we have assumed that all Yukawa couplings vary
identically, ∆hi/hi = ∆h/h. For clarity, we have writ-
ten only rounded values of the coefficients, however,
the numerical computation of the light element abun-
dances uses the more precise values. We also recall that
∆GF /GF = −2∆v/v and ∆me/me = ∆h/h + ∆v/v.

B. Interrelations between fundamental parameters

Secondly, in all models in which the weak scale is de-
termined by dimensional transmutation, changes in the
largest Yukawa coupling, ht, will trigger changes in v [43].
In such cases, the Higgs vev is derived from some unified
mass scale (or the Planck scale) and can be written as
(see Ref. [27])

v = MP exp

(

−
8π2c

h2
t

)

, (18)

where c is a constant of order unity. Indeed, in su-
persymmetric models with unification conditions such as
the constrained minimal supersymmetric standard model
[57], there is in general a significant amount of sensitiv-
ity to the Yukawa couplings and the top quark Yukawa
in particular. This sensitivity can be quantified by a fine-
tuning measure defined by [58]

∆i ≡
∂ lnmW

∂ ln ai
(19)

where mW is the mass of the W boson and can be sub-
stituted with v. The ai are the input parameters of the
supersymmetric model and include ht. In regions of the
parameters space which provide a suitable dark matter
candidate [59], the total sensitivity ∆ =

√

∑

i ∆2
i typi-

cally ranges from 100 – 400 for which the top quark con-
tribution is in the range ∆t = 80− 250. In models where
the neutralino is more massive, ∆ may surpass 1000 and
∆t may be as large as ∼ 500.

Clearly there is a considerable model dependence in
the relation between ∆v and ∆ht. Here we assume a
relatively central value obtained from Eq. (18) with c $
h0 $ 1. In this case we have

∆v

v
= 16π2c

∆h

h3
$ 160

∆h

h
, (20)

but in light of the model dependence, we will set

∆v

v
≡ S

∆h

h
, (21)

hence defining S ≡ d ln v/d lnh ∼ ∆t and keeping in
mind that S $ 160. It follows that the variations of BD,
Q and τn are expressed in the following way

∆BD

BD
= −17(S + 1)

∆h

h
+ 18

∆Λ

Λ
, (22)

∆Q

Q
= 1.6(S + 1)

∆h

h
− 0.6

(

∆α

α
+

∆Λ

Λ

)

, (23)

∆τn

τn
=−(8.8 + 4.8S)

∆h

h
+3.8

(

∆α

α
+

∆Λ

Λ

)

(24)

where we have again assumed common variations in all
of the Yukawa couplings. It also follows that ∆GF /GF =
−2S∆h/h and ∆me/me = (1 + S)∆h/h.

Now, using the relation (14) we arrive at

∆BD

BD
= −13(1 + S)

∆h

h
+ 18R

∆α

α
(25)

∆Q

Q
= 1.5(1 + S)

∆h

h
− 0.6(1 + R)

∆α

α
, (26)

∆τn

τn
= −(8 + 4S)

∆h

h
+ 3.8(1 + R)

∆α

α
. (27)

Finally we can take into account the possibility that
the variation of the constants is induced by an evolv-
ing dilaton [27]. In this scenario, it was shown that
∆h/h = (1/2)∆α/α, therefore the expressions above can
be simplified to

∆BD

BD
= −[6.5(1 + S) − 18R]

∆α

α
(28)

∆Q

Q
= (0.1 + 0.7S − 0.6R)

∆α

α
(29)

∆τn

τn
= −[0.2 + 2S − 3.8R]

∆α

α
, (30)

though these relations will also be affected by model de-
pendent threshold corrections.

C. Sensitivity of BD to the pion mass

An independent calculation suggests a large depen-
dence of the binding energy of the deuteron to the pion
mass [60] parametrized in Ref. [31], for constant Λ, by

∆BD

BD
= −r

∆mπ

mπ
, (31)

where r is a fitting parameter found to be between 6
and 10. The mass of the pion is given by f2

πm2
π = (mu +

md)〈q̄q〉, where fπ ∝ Λ is a coupling and 〈q̄q〉 ∝ Λ3 is the
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For η10 ≈  6

6Li/H  ≈  10-14 
              9Be/H  ≈  0.5 - 5 × 10-19  

         10B/H  ≈  2 × 10-20  
       11B/H  ≈  3 × 10-16 

Far Below the observed values in Pop II stars

 6Li/H  ≈  few   × 10-12 
 9Be/H  ~ 1 -10 × 10-13        B/H  ~ 1 - 10 × 10-12     

These are not BBN produced.

  GCR Nucleosynthesis

6LiBeB





6Li

LiBeB Data

7Li:
7Li/H = 1.6 ±0.1 × 10−10

[Li] = (1.28 ± .43) + (.015 ± .007) T

100

[Li] = (2.17 ± .07) + (-.018 ± .031) [Fe/H]

Dispersion consitent with Observational errors

6Li (@ [Fe/H] ∼ −2.3):

HD 84937: 6Li/Li = 0.054 ± 0.011
BD 26o3578: 6Li/Li = 0.05 ± 0.03

SLN

Hobbs & Thorburn

Cayrel etal

1

In the happy but not too distant past:

cf. BBN abundance of about 6Li/H = 10-14 
or 6Li/Li  < 10-4



These data nicely accounted for by Galactic 
Cosmic Ray Nucleosynthesis

Fields and Olive
Vangioni et al.



Problem 2: There appears to be a 6Li plateau

Li/H

6Li/H

lo
g 

(6 L
i/H

), 
 lo

g 
(L

i/H
)

[Fe/H] 
Data from Asplund et al and Inoue



Possible Solutions

1.  Particle decays - could solve both Li isotope problems

2. Cosmological Cosmic Rays

lo
g 

(6 L
i/H

), 
 lo

g 
(L

i/H
)

Li/H

6Li/H

[Fe/H] Rollinde. Vangioni, Olive



GCRN production of 
Be and B

including primary and 
secondary sources



Summary

• D, He are ok -- issues to be resolved

• Li: 2 Problems
- BBN 7Li high compared to observations
- BBN 6Li low compared to observations  

6Li plateau?
• Important to consider:
- Depletion
- Li Systematics - T scale
- Particle Decays?
- Variable Constants? 
- PreGalactic production of 6Li (and BeB)


