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• BBN and the WMAP/Planck determination of η, ΩBh2 

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

• The Li Problem
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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,!)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, ")3He

d(d, n)3He

d(d, p)t

t(d, n)4He

t(!, ")7Li
3He(!, ")7Be
7Li(p,!)4He

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

This work 3He(n, p)t

PDG #n

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, ")d reaction su!ers from a lack of data in the BBN energy

range. Also, p(n, ")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.
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Planck best fit 

ΩBh2 = 0.0221± 0.0003
       η10 = 6.05±0.08
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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 systems

– 17 –

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

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

(cm!2)

HS 0105+1619 2.640 2.53600 19.42 ± 0.01 !1.73 !4.60 ± 0.04
Q0913+072 2.785 2.61843 20.34 ± 0.04 !2.40 !4.56 ± 0.04

Q1009+299 2.640 2.50357 17.39 ± 0.06 < !0.70c !4.40 ± 0.07
SDSS J1134+5742 3.522 3.41088 17.95 ± 0.05 < !1.9d !4.69 ± 0.13
Q1243+307 2.558 2.52566 19.73 ± 0.04 !2.79 !4.62 ± 0.05

SDSS J1337+3152 3.174 3.16768 20.41 ± 0.15 !2.68 !4.93 ± 0.15
SDSS J1419+0829 3.030 3.04984 20.391 ± 0.008 !1.92 !4.596 ± 0.009

SDSS J1558!0031 2.823 2.70262 20.67 ± 0.05 !1.50 !4.48 ± 0.06
Q1937!101 3.787 3.57220 17.86 ± 0.02 < !0.9 !4.48 ± 0.04
Q2206!199 2.559 2.07624 20.43 ± 0.04 !2.07 !4.78 ± 0.09

Q347!3819 3.23 3.0245 20.626 ± 0.005 !0.82 !4.426 ± 0.029
CTQ 247 3.02 2.621 20.45 ± 0.1 !1.99 !4.55 ± 0.11

aRelative to the solar value log(O/H)" + 12 = 8.69 (Asplund et
al. 2009).
bReferences – (1) O’Meara et al. (2001), (2) Pettini et al.
(2008a), (3) Pettini et al. (2008b), (4) Burles & Tytler (1998b),

(5) Fumagalli et al. (2011), (6) Kirkman et al. (2003), (7) Sri-
anand et al. (2010), (8) This work, (9) Cooke et al. (2011),
(10) O’Meara et al. (2006), (11) Burles & Tytler (1998a),

(12) Pettini & Bowen (2001).
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.
dThis is a conservative upper limit on the metallicity. Fumagalli
et al. (2011) estimate [Si/H]" !4.2 from photoionisation mod-
elling.
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D/H abundances in
Quasar apsorption 

systems 

BBN Prediction:
 105 D/H = 2.59 ± 0.17*

Obs Average:
105 D/H = 3.01 ± 0.21
(sample variance of 0.68)
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D/H abundances in
Quasar apsorption 

systems 

BBN Prediction:
 105 D/H = 2.59 ± 0.17

Obs Average:
105 D/H = 2.65 ± 0.11
(sample variance of 0.36)
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New Point from Pettini and Cooke

zem = 3.03
zabs = 3.04984

– 4 –

Fig. 1.— Selected metal lines in the zabs = 3.04984 DLA in the QSO SDSS J1419+0829,

reproduced from Cooke et al. (2011). In each panel, the black histogram is the observed
spectrum and the red continuous line is the theoretical line profile fitted to the data. Vertical

tick marks above the spectrum indicate the velocities of the two absorption components,
with parameters listed in section 2. The y-axis scale is residual intensity. The normalized

quasar continuum and zero level are shown by the blue long-dashed and green dashed lines,
respectively.

Fig. 2.— Portion of the UVES spectrum of the QSO SDSS J1419+0829 (black), together
with the model fit (red). The 1! error spectrum is shown in blue (near the zero level).

Vertical dash lines mark the positions of QSO spectral features, as indicated. Green labels
denote emission lines at zem = 3.04224, light blue labels emission lines at zem = 2.98576, and

red labels emission lines at zabs = 3.04954.

Wednesday, May 22, 13



New Point from Pettini and Cooke

zem = 3.03
zabs = 3.04984 Is the uncertainty 

in the continuum 
included?
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Fig. 1.— Selected metal lines in the zabs = 3.04984 DLA in the QSO SDSS J1419+0829,

reproduced from Cooke et al. (2011). In each panel, the black histogram is the observed
spectrum and the red continuous line is the theoretical line profile fitted to the data. Vertical

tick marks above the spectrum indicate the velocities of the two absorption components,
with parameters listed in section 2. The y-axis scale is residual intensity. The normalized

quasar continuum and zero level are shown by the blue long-dashed and green dashed lines,
respectively.

Fig. 2.— Portion of the UVES spectrum of the QSO SDSS J1419+0829 (black), together
with the model fit (red). The 1! error spectrum is shown in blue (near the zero level).

Vertical dash lines mark the positions of QSO spectral features, as indicated. Green labels
denote emission lines at zem = 3.04224, light blue labels emission lines at zem = 2.98576, and

red labels emission lines at zabs = 3.04954.
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H i and the D i should have identical velocity distributions,
except for the e!ects of thermal broadening. However, the
H lines give little information because they are all saturated,
broad, and blended. Instead, we use the unsaturated metal
lines, especially the O i lines, as guides.

We do not know how closely the metal lines will trace the
velocity structure of the H i and D i. We expect to find some
H i wherever we find metals, but the metal lines can have
di!erent velocity distributions in detail because the ioniza-
tion and metal abundance can vary from component to
component, and perhaps with velocity inside a component.

In Figure 3, we present the regions of the spectrum in
which we expect metal line absorption. We observe strong
absorption in only a few metal ions: O i, C ii, and Si ii. C iii
and Si iii also show absorption but are poorly constrained
since their lines appear saturated and may be highly con-

taminated by Ly! forest absorption. We see weak C iv and
Si iv absorption that has very di!erent velocity structure
from the low-ionization metals.

The O i absorption suggests that two components will be
needed to model the velocity distribution of the gas that
shows the D. O i provides the best indication of the velocity
distribution of the H i and D i absorption, because O i/H i
is similar to O/H in gas of low ionization (O’Meara et al.
2001). The O i 1302 transition is in a high S/N region of the
spectrum well separated from other lines. In Figure 4 we see
that this line is asymmetric, with extra absorption at larger
wavelengths. We fit the O i with the two components that
we list in Table 3.

The O imight have a di!erent velocity structure from the
H i and the D i if O/H varies and is correlated with velocity.
For example, we can imagine that all of the H i, D i, and O i

TABLE 2

Resolution and S/N of Spectra

Spectrograph
Slit

(arcsec)
PixelWidth
(km s!1)

S/Na

(3250 Å)
S/Na

(4250 Å)
FWHM
(km s!1)

Kast ............................ 2 105b 20 60 283" 25
ESI.............................. 1 11.5 . . . 40 63.2" 3.0
HIRES........................ 1.14 2.1 10 90 8.0" 0.2

a S/N per pixel.
b Mean value.Wemeasure variation with wavelength and from spectrum to spectrum.

Fig. 1.—Spectra of Q1243+3047 from the KAST spectrograph (top), HIRES (middle), and ESI (bottom). We show the complete wavelength coverage for
the Kast and HIRES spectra, but not for the ESI, which extends to 10,000 Å. We have applied relative flux calibration to all three spectra. The emission lines
blend to give a continuously undulating continuum level from 4400–5000 Å. The vertical marks above the Kast and HIRES spectra show the positions of the
Lyman series lines in the absorption system at z # 2:526 that gives the D/H-value. The Ly! absorption line of this system, from which we get the H i column
density, is near 4285 Å, just to the left of the peak of the Ly! emission line.

No. 1, 2003 D/H TOWARD Q1243+3047 3

Kirkman et al.
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New Point from Pettini and Cooke

zem = 3.03
zabs = 3.04984

– 6 –

Fig. 3.— The Ly! region in J1419+0829. Top panel: Observed QSO spectrum in black and

best-fitting model spectrum in red. Middle panel: The normalized QSO spectrum, obtained
by dividing the observed spectrum by the model spectrum, is shown in black together with

the best fitting damped Ly! absorption profile (see section 3.2) in red. The neutral hydrogen
column density is log N(H i)/cm!2 = 20.391±0.008. Bottom panel: Expanded central portion

of the middle panel. In all three panels the 1" error spectrum is shown in blue.

Is the uncertainty 
in the continuum 

included?
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4He
Measured in low metallicity extragalactic HII 

regions together with O/H and N/H

Aver, Olive, SkillmanData from Izotov and Thuan
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Results for He dominated by systematic effects

•Interstellar Redding (scattered by dust)
•Underlying Stellar Absorption
•Radiative Transfer
•Collisional Corrections

Aver, Olive, Skillman

MCMC statistical techniques have proven 
effective in parameter estimation

mine the best fit point in the multidimensional parameter space along with their associated
uncertainties. Indeed, the uncertainties are the primary focus of this work.

The Monte Carlo approach of ref. [20] and AOS took each set of measured fluxes and
built a Gaussian distributed dataset of fluxes based upon their measurement uncertainty. For
each of 1000 such datasets, a best-fit solution was found for the helium abundance as well as
the physical input parameters using the “self-consistent” method which determines the set of
input parameters with a !2 based on the derived helium abundance from each of six helium
emission lines. The final result was computed from the average and standard deviation of the
set of solutions. Using the fluctuation of the minimum is, however, not a direct measure of the
!2’s parameter dependence. Furthermore, it is also not as robust as desired. Each solution
was restricted to physically meaningful parameter space (e.g., positive densities), potentially
biasing the solution. Additionally, as was manifested in AOS and will be discussed further
in §4, !2 functions lacking a well constrained temperature and density can produce unlikely
high density and low temperature solutions that greatly skew the results. Ultimately, these
considerations, tempered by the required computational e!ciency, motivate this work.

The !2 function defined here, and used for parameter fitting, is modified from that
used in previous work. Rather than defining y+ implicitly, as the average of six individual
line abundances, and minimizing the deviation between the lines, y+ is demoted to an input
parameter, no di"erent than the others (e.g., temperature and density). Instead, here, we
use all of the input parameters (described below) and calculate synthetic fluxes which are
then compared to observed flux, weighted by the observed uncertainty, allowing for a more
standard definition of !2,

!2 =
!

!

( F (!)
F (H") !

F (!)
F (H")meas

)2

"(#)2
, (2.1)

where the He flux at each wavelength # relative to the flux in H$ is given by

F (#)

F (H$)
= y+

E(#)

E(H$)

W (H")+aH (H")
W (H")

W (!)+aHe(!)
W (!)

f# (#)
1 + C

R (#)

1 + C
R (H$)

10!f(!)C(H"). (2.2)

The !2 in eq. 2.1 runs over He and H lines, and the ratio of H fluxes is defined analogously,

F (#)

F (H$)
=

E(#)

E(H$)

W (H")+aH (H")
W (H")

W (!)+aH (!)
W (!)

1 + C
R (#)

1 + C
R (H$)

10!f(!)C(H"). (2.3)

For the above flux equations, six measured helium emission line fluxes (#3889, 4026, 4471,
5876, 6678, and 7065) and three hydrogen emission line fluxes (H%, H&, H'), each relative

to H$ ( F (!)
F (H")), along with their equivalent widths (W (#)) are used. The predicted model

fluxes are calculated from an input value of y+ and emissivity ratio of H$ to the helium or
hydrogen line, E(H")

E(!) , with corrections made for reddening (C(H$)), underlying absorption

(aH & aHe), collisional enhancement, and radiative transfer. The optical depth function,
f# , and collisional to recombination emission ratio, C

R , are both temperature (T) and density
(ne) dependent (the emissivities are also temperature dependent). Additionally, the hydrogen
collisional emission depends on the neutral to ionized hydrogen ratio ((). Therefore, there are
a total of eight model parameters (y+, ne, aHe, ) , T, C(H$), aH , (). The physical model itself,
the equations relating the abundance and correction parameters to the flux, is unchanged from

– 3 –
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Using χ2 as a discriminator

Aver, Olive, Skillman
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Marginalized χ2 He from MCMC analysis:
the bad and the good

Aver, Olive, Skillman
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Final Result

Aver, Olive, Skillman
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Leo P: A new extremely 
metal poor galaxy
(Giovanelli et al. - 

2012)

Wednesday, May 22, 13



Newer Final Result

Skillman et al.

– 38 –
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O/H X 105

Y

Aver12
PLP07
Leo P

Aver12 regression
WMAP YP

Fig. 8.— The helium mass fraction (Y) and oxygen abundance for Leo P compared to the abun-

dances in emission line galaxies from the sample of Izotov et al. (2007b) as analyzed by Aver et al.

(2012, Aver12) and the sample from Peimbert et al. (2007, PLP07). The single line is the regression

to the data from Aver et al. (2012). Note that the low value of O/H and the comparable error

in Y for Leo P make this an important contribution in the determination of the primordial He

abundance. Two of the galaxies are common to both comparison samples, I Zw 18 (at low O/H)

and Haro 29 (also known as I Zw 36 and Mrk 209, at intermediate O/H) and their points are

connected by lines. The narrow band marked WMAP7 is the range of values (± 1!) estimated for

the primordial helium abundance following the calculation by Cyburt et al. (2008) from the 7-year

WMAP value for the baryon-to-photon ratio (Komatsu et al. 2011) and assuming the neutron mean

life from the Particle Data Group collaboration (Nakamura et al. 2010).

Yp = 0.2520 ± 0.0072 + (69 ± 90) (O/H)
Wednesday, May 22, 13



4He Prediction: 
0.2485 ± 0.0002

Data: Regression: 
0.2520 ± 0.0072

Mean: 
0.2567 ± 0.0034
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Li/H
Measured in low metallicity dwarf halo stars 
(over 100 observed)
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At the Planck 
value for η:  
Li/H = 

Cyburt, Fields, KAO

cf. data at 

mass, m3/2, the gaugino mass, m1/2, the ratio of Higgs vacuum expectation values, tan!,
and the gravitino abundance, "3/2, characterized by

"3/2 !
m3/2n3/2

n!
= m3/2Y3/2#, (4)

where n3/2 is the gravitino number density, Y3/2 = n3/2/nB, and # = 6.19 " 10!10 is the
baryon-to-photon ratio from WMAP year 7 [42]. For our present $2 analysis, we restrict our
attention to the elements that have definite observational abundances with which we can
make a comparison, namely the following.

D/H: We use the deuterium abundance as determined in several high-redshift quasar
absorption systems, which have a weighted mean abundance [43–49]

!

D

H

"

p

= (2.82 ± 0.21) " 10!5; (5)

where the uncertainty includes a scale factor of 1.7 due to the dispersion found in these
observations. Since the D/H ratio shows considerable scatter, it is likely that systematic
errors dominate the uncertainties. In this case it may be more appropriate to derive the
uncertainty using sample variance (see e.g. [24]) which gives a more conservative range D/H
= (2.82±0.53)"10!5. We comment further on this below. The standard BBN result for D/H
at the WMAP value for # is (2.52 ± 0.17) " 10!5, showing potentially a slight discrepancy
with the observed value, unless one adopts the larger uncertainty.

4He: The 4He abundance is determined from observations of extragalactic H II regions.
These abundance determinations are known to su!er from large systematic uncertainties [50].
A recent analysis found [51]

Yp = 0.256 ± 0.011, (6)

and a similar central value was found in [52]. The standard BBN result for Yp at the WMAP
value for # is 0.2487 ± 0.0002, which is consistent with observations, given the error in (6).

7Li/H: The 7Li abundance is derived from observations of low-metallicity halo dwarf
stars. Some ># 100 such stars show a plateau [53] in (elemental) lithium versus metallicity,
with a small scatter consistent with observational uncertainties. An analysis [54] of field halo
stars gives a plateau abundance of

!

Li

H

"

halo"

= (1.23+0.34
!0.16) " 10!10, (7)

where the errors include both statistical and systematic uncertainties. As in the case of 4He,
the errors are dominated by systematic uncertainties. For example, the lithium abundance
in several globular clusters, tends to be somewhat higher [55–60], and we make some com-
parisons below to the result found in [60] of 7Li/H = (2.34 ± 0.05) " 10!10. However, the
standard BBN result for 7Li/H at the WMAP value for # is (5.12+0.71

!0.62)"10!10, which di!ers
significantly from the observed value, hence the 7Li problem [28]. Note that the central
values for the BBN abundances used here di!er slightly from those in [28], primarily due to
the small shift in # as reported in [42].

5

�
Li
H

�

Gl.Cl.

= (2.34± 0.05)� 10�10,

(4.88+0.71
�0.62)⇥ 10�10
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Possible sources for the discrepancy

• Nuclear Rates

- Restricted by solar neutrino flux

Coc et al.
Cyburt, Fields, KAO

Boyd, et al.
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can see that the most important reaction that directly creates or destroys 7Li (or rather
7Be, and subsequently 7Li) is the reaction 3He(!, ")7Be (S34

2). The reactions n(p, ")d,
3He(d, p)4He, d(d, n)3He, and d(p, ")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, ")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
!i

i , where Ri represents a reaction or parameter, relative
to its fiducial value. The reaction 7Be(p, ")8B is completely negligible, with its logarithmic
derivative about !17 ! "10!6.

Reaction/Parameter sensitivities (!i)
#10/6.14 +2.04
n(p, ")d +1.31

3He(!, ")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, ")3He +0.54
n-decay +0.49

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

7Li(p, !)4He "0.072
t(!, ")7Li +0.040
t(d, n)4He "0.034
t(p, ")4He +0.019

7Be(n, !)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) = !(E)E exp(8"2#Z1Z2/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 = ⇧iR

↵i

i

Key Rates:
3He (α,γ) 7Be
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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(!, ")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(!, ")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(!, ")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

!

globular cluster Li (3)

Using the 7Li measurements of metal poor stars in the Galactic halo [29] would require a

change of
SNEW

34 (0) = 0.136 keVb
!S34

S34
= !0.73

!

halo star Li (4)

As one can see, shifts in the 3He(!, ")7Be cross section as large as that necessary to produce

SNEW
34 (0) are strongly excluded given the cited uncertainties for this reaction. Although ad-

justments in the nuclear cross-sections of this size are unlikely given the stated experimental

errors, one could worry that additional systematic e!ects are present, particularly given the

di"culties in establishing the absolute normalization for this reaction. As stated in the In-

troduction, these rates in particular can be bounded by another means. In the next section,

we will determine the maximum possible downward adjustment to S34 which is consistent

with solar neutrino fluxes.

The e!ect of changing the yields of certain BBN reactions was recently considered by

Coc et al. [27]. In particular, they concentrated on the set of cross sections which a!ect 7Li

and are poorly determined both experimentally and theoretically. In many cases however,

the required change in cross section far exceeded any reasonable uncertainty. Nevertheless,

it may be possible that certain cross sections have been poorly determined. In [27], it was

7

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(!, ")7Be reaction meets this criteria, both
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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(!, ")7Be reaction. Using the 7Li measurements of a metal poor globular cluster [35]

would require a change of
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As one can see, shifts in the 3He(!, ")7Be cross section as large as that necessary to produce

SNEW
34 (0) are strongly excluded given the cited uncertainties for this reaction. Although ad-

justments in the nuclear cross-sections of this size are unlikely given the stated experimental

errors, one could worry that additional systematic e!ects are present, particularly given the

di"culties in establishing the absolute normalization for this reaction. As stated in the In-

troduction, these rates in particular can be bounded by another means. In the next section,

we will determine the maximum possible downward adjustment to S34 which is consistent

with solar neutrino fluxes.

The e!ect of changing the yields of certain BBN reactions was recently considered by

Coc et al. [27]. In particular, they concentrated on the set of cross sections which a!ect 7Li

and are poorly determined both experimentally and theoretically. In many cases however,

the required change in cross section far exceeded any reasonable uncertainty. Nevertheless,

it may be possible that certain cross sections have been poorly determined. In [27], it was
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neutrinos

Table 4: Shown are the constraints placed on S34 using reaction rates from various sources.
Column 1 lists the adopted S17 constraint used, while Columns 2 and 3 show the compilation
used for the S11 and S33 reaction rates. The S34 numbers cited are the most likely values
and their 68% (95%) confidence intervals.

Adopted S17 (eV b) Adelberger-based [24] NACRE-based [25]

Adelberger [24]

S17 = 19.0+4.0
!2.0 S34 = 0.51+0.15 (0.34)

!0.12 (0.21) N.A.

NACRE [25]

S17 = 21.0 ± 2.31 N.A. S34 = 0.51+0.17 (0.38)
!0.12 (0.22)

Junghans [43]

S17 = 21.4 ± 0.5(expt) ± 0.6(theor) S34 = 0.48+0.10 (0.23)
!0.08 (0.15) S34 = 0.49+0.14 (0.30)

!0.11 (0.19)

Davids [44]

S17 = 18.6 ± 0.4(expt) ± 1.1(extrp) S34 = 0.57+0.13 (0.30)
!0.11 (0.19) S34 = 0.59+0.17 (0.39)

!0.13 (0.24)

systematic errors in the normalization of S34, in an attempt to fix the BBN 7Li problem, we

will adopt various experimentally-determined values of S17 to place constraints on S34. Once

a value of S17 is adopted, we convolve the x likelihood distribution with the experimental

S17 distribution to get our S34 likelihood.

Besides using the Adelberger and NACRE rate compilations for S17, we also use two

more recent determinations. We use the recommended values from Junghans et al. [43], and

Davids and Typel [44]. The Junghans quoted value, S17 = 21.4 ± 0.5(expt) ± 0.6(theor)

eV b, is based on several direct capture data sets. The Davids and Typel value, S17 =

18.6±0.4(expt)±1.1(extrp) eV b, is based on both direct capture and Coulomb dissociation

measurements, excluding the Junghans data set because it is systematically higher than the

other data sets. Had the Junghans data been used, the value of S17 would lie between the

two cited values. We will adopt the cited numbers, keeping in mind that the di!erence in

their values are a measure of this systematic di!erence.

Our constraints in Table 4 are based on the likelihood functions in figure 3. We find that,

S34 > 0.35 keV barn (20)

at 95% CL for the case of the NACRE S17 value. Other choices give slightly higher limits,

e.g., Adelberger with the Davids S17 gives S34 > 0.42 keV barn.

As shown in Table 2, these limits on S34 place essentially identical limits to 7Li produc-

tion in BBN. One way to illustrate this is to fix the reaction normalization to its 95%CL

limit of S34 = 0.35 keV barn, and then to propagate the other nuclear uncertainties in the

16

at 95% CL
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Resonant Reactions
Cyburt, Pospelov

Chakraborty, Fields, Olive
Broggini, Canton, Fiorentini, Villante

Is there a missing excited state providing a resonant 
reaction?

If the new reaction is to be important in solivng the Li problem, it must reduce the 7Be
abundance by a factor of Y new

7Be
/Y old

7Be
! 3 " 4 . This in turn demands via eq. (7) that

#!v$7BeCYC/#!v$7BenYn ! 2 " 3, i.e., the rate for the new reaction exceeds that of the usual
n " p interconversion reaction rate. A similar estimate can be made for 7Li.

This reasoning would exclude non-resonant rates as they would be required to have un-
physically large astrophysical S-factors in the range of order 105 " 109 keV - barn depending
on the channel. Thus we would expect that only resonant reactions can produce the req-
uisite high rates. Possible resonant reactions along with their properties namely, resonance
strength, !e! and energy, Eres in appropriate ranges capable of achieving the required de-
struction of mass 7 are listed in the next section. For those with known resonance energies,
this semi-analytical estimate can be extended trivially using the narrow resonance approx-
imation, to give an approximate expected strength. The details of these calculations are
in Appendix A. One can easily see, that known photonic channels with typical resonance
strengths of order few eVs or much less, are unlikely to have any e"ect. With these pointers,
the list in the next section is reduced and numerical analysis of the remaining promising
rates is done.

3 Systematic Search for Resonances

In this section we describe a systematic search for nuclear resonances which could a"ect
primordial lithium production. We first begin with general considerations, then catalog the
candidate resonances.

3.1 General Considerations

We breifly review the basic physics of resonant reactions to establish notation and highlight
the key physical ingredients. Consider a process 7Be + A % C! % B + D which destroys
7Be via a resonant compound state; a similar expression can be written for 7Li desruction.

In the entrance channel 7Be + A % C! the energy released in producing the compound
state is QC = #(7Be) + #(A)"#(Cg.s.), with # = m"Amu the mass defect. If an excited
state C! in the compound nucleus lies at energy Eex, then the di"erence

Eres & Eex " QC (8)

determines the e"ectiveness of the resonance. We can expect resonant production of C! if the
|Eres| <! !init, where !init is the width of the initial state. In an ordinary (“superthreshold”)
resonance we then have Eres > 0, while a subthreshold resonance has Eres < 0.

Once formed, the excited C! level can in decay via some set of channels. The cross section
for 7Be + A % C! % B + D is given by the Breit-Wigner expression

!(E) =
"

8#µE

!init!fin

(E " Eres)2 " (!tot/2)2
(9)

4
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• Excited states of 8Li (included)

• 8Be (some included) - large Eres

• 8B (included) 

• 9B - interesting state at 16.71 MeV

In principle, long list of possible resonance candidates
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7Be + d  → 9B (16.71)
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7Be + d  → 9B (16.71)

Recent results place state at 16.80
Scholl et al. 2011

cf. Kirsebom and Davids
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15.0
7Be + 3He

eg. if a 1- or 2- excited 
state of 10C were near 
15.0 MeV .....

• 10B - interesting state at 18.80 MeV

• 10C - potentially interesting state at 15 MeV

• 11C - negligible effect

Preliminary report from 
ORSAY SPLIT-POLE spectrometer

Possible Ex=15.05 MeV (Er=50 keV) level

reported by A. Coc - Paris Feb/12
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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)

Vauclaire & Charbonnel
Pinsonneault et al.

Richard, Michaud, Richer
Korn et al.
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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
=

.09

.5

dLi

dT
=

.08

100K
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Possible sources for the discrepancy

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

• Stellar parameters 

• Particle Decays

dLi

dlng
=

.09

.5

dLi

dT
=

.08

100K
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3 free parameters

Limits on Unstable particles due to 

and τX

ζX = nX mX/nγ = mX YX η,    mX ,

Electromagnetic/Hadronic Production and 
Destruction of Nuclei

•Start with non-thermal injection spectrum (Pythia) 

•Evolve element abundances including thermal (BBN) 
and non-thermal processes.
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FIG. 2: Abundance yields of D/H, 7Li/H, and 7Li/6Li in
an !bh

2 = 0.026 Universe as function of the hadronic de-
cay time ! of a putative primordial relic. The models are
decay of a m! = 10GeV particle (long-dashed), decay of a
m! = 200GeV particle (solid), decay of a m! = 4TeV par-
ticle (dashed-dotted), injection of monoenergetic nucleons of
Ekin = 250 MeV (short-dashed), and extended power-law in-
jection due to a m! = 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 $ D!0, ...). 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 e!cient at somewhat lower temper-
atures. Due to Coulomb losses of energetic 3H and 3He
production is only e!cient at T <

! 20 keV, whereas sur-
vival of the freshly synthesized 6Li against destruction via
6Li(p, ")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
# . 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 "bh2. In all models "bh2= 0.026
has been assumed. Hadronically decaying particle yields
(with the simplifying assumption that $ $ qq̄ yields the
production of a pair of quarks, the up-quark for definit-
ness) are shown for three particle masses: m! = 10 GeV
with "!h2 = 7.5 % 10"5 (long-dashed), m! = 200 GeV
with "!h2 = 1 % 10"4 (solid), and m! = 4 TeV [40]
with "!h2 = 6 % 10"4 (dashed-dotted). It is evident
that for decay times around # ! 103s an e!cient de-
struction of 7Li is obtained. For # much shorter than
103s the destroyed 7Be is regenerated, whereas for #
much longer, incomplete 7Li burning in the reaction chain
7Be(n, p)7Li(p, ")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 "!h2/m! ! 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

Injection of p,n with 
timescale of ~1000 s

7Be(n,p)7Li
followed by
7Li(p,α)4He
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CMSSM - Mastercode Best Fit Post LHC 2012
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How well can you do

SBBN: χ2 = 33.7 - field stars
SBBN: χ2 = 23.8 - GC stars

‘strongly-excluded’ range specified in Table 1, whereas in the red region the largest deviation
is in an ‘excluded’ range, and in the yellow region the largest deviation is in a ‘problematic’
range. In each panel, we see that there is a strongly excluded magenta region at smaller
m3/2 and larger !3/2 (where there are deviations for D/H and some other abundances) and
a disfavoured region at larger m3/2 and smaller !3/2 (where the 7Li abundance is similar to
that in standard BBN) separated by an unshaded banana-shaped strip where no calculated
light-element abundance disagrees significantly with observation. While the exact location
and shape of the unshaded banana di!ers in each model, its presence is a generic feature we
see not only in the four models displayed but in all ten we have studied.

As a refinement of this analysis of the compatibility between the di!erent light-element
constraints, we display in Fig. 4 contours of the global "2 function in the (m3/2, !3/2) planes
for the models listed in the first four rows of Table 2. The value of "2 is determined from

"2 !

!

Yp " 0.2534

0.0083

"2

+

!

D/H " 3.01 # 10!5

0.27 # 10!5

"2

+

!

7Li/H " 1.23 # 10!10

0.71 # 10!10

"2

+

#

"(3/2)
! h2

0.0045

$2

,

(4)
where

"(3/2)
! =

m!

m3/2

n"

#c
!3/2 (5)

is the density of neutralinos produced in gravitino decays, #c being the critical density of
the Universe 4. In each case, we see a narrow valley where "2 < 6.0 (blue line), representing
an acceptable solution to the cosmological 7Li problem. In each case, the rise to "2 = 9.2
(magenta line) is quite rapid, but the further rise at smaller m3/2 and larger !3/2 (due to a
combination of several constraints) is much more rapid than that at larger m3/2 and smaller
!3/2 (where it is due solely to the cosmological 7Li problem). At high !3/2 the WMAP
constraint plays a role in closing the contours for "2 = 6 and 9.2 as well as the bend and
flattening of the "2 = 33.7 and 50 contours respectively. The black crosses in Fig. 4 indicate
the best-fit points in the di!erent scenarios: their properties (m3/2, !3/2, $3/2, "2

min) are given
in the first four rows of Table 2. We see that the best-fit gravitino mass varies between
4.6 and 6.2 TeV, and its abundance in the narrow range between 1.0 and 2.6 # 10!10 GeV.
The best-fit gravitino lifetimes fall in an even more narrow range, $3/2 $ 210 " 280 sec.
Thus the models all show a close similarity in the best-fit gravitino abundance and lifetime
values. This behavior is typical of decaying particle models we and other have studied, and
indicates that these parameters exert the most sensitive control on the abundances of the
light elements.

All four of the models have a "2
min of about 3, which represents a significant reduction from

the SBBN value of 33.7 5. However, there is also a price to be paid, in that we have added

4We note that it would in principle be possible to adapt the parameters of the models listed in Table 2
so that the density of thermally-produced neutralinos is below the central WMAP value, in which case the

constraint on !(3/2)
! would be relaxed. However, since this constraint is not important in the neighbourhoods

of the best-fit points, we have not explored this option.
5The di"erences between these values and those found in [11] are due to a combination of factors, including

the updated D/H abundance as well as the revised value of !bh
2 as well as the new supersymmetric model

parameters.
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increased uncertainty in D/H 

ID Yp 105 D/H 1010 7Li/H !(3/2)
! h2 !2

min

1 0.2487 3.27 2.12 5.0 ! 10!4 2.81

2 0.2487 3.28 2.09 1.1 ! 10!3 2.86

3 0.2487 3.26 2.14 4.4 ! 10!4 2.82

4 0.2487 3.29 2.11 2.1 ! 10!3 3.14

5 0.2487 3.32 2.01 6.5 ! 10!4 2.87

6 0.2487 3.27 2.11 1.0 ! 10!3 2.86

7 0.2487 3.29 2.08 4.7 ! 10!4 2.87

8 0.2487 3.25 2.16 1.8 ! 10!3 2.96

9 0.2487 3.31 2.04 1.2 ! 10!3 2.91

10 0.2487 3.28 2.09 1.4 ! 10!3 2.89

11 0.2487 3.55 1.63 5.1 ! 10!4 1.25

12 0.2487 3.10 2.50 3.5 ! 10!3 0.52

13 0.2487 3.15 2.40 2.5 ! 10!4 0.37

Table 3: Predictions at the best-fit points for the models defined in Table 2 for light-element
abundances and the neutralino abundance !(3/2)

! h2 arising from gravitino decays.
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Possible sources for the discrepancy

• Particle Decays

• Axion Cooling

• Variable Constants

Erkin, Sikivie, Tam, Yang
Kusakabe, Balantekin,  Kajino, Pehlivan
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Limits on Nν

Figure 1: BBN abundance predictions as a function of the baryon-to-photon ratio !, for
N!,e! = 2 to 7. The bands show the 1" error bars. Note that for the isotopes other than
Li, the error bands are comparable in width to the thickness of the abundance curve shown.
All bands are centered on N!,e! = 3.

2 Formalism and Strategy

As is well known, BBN is sensitive to physics at the epoch t ! 1 sec, T ! 1 MeV. For

a given !, the light element abundances are sensitive to the cosmic expansion rate H at

this epoch, which is given by the Friedmann equation H2 = 8#G$rel ! g!T 4/m2
pl, and is

sensitive (through g!) to the number of relativistic degrees of freedom in equilibrium. Thus

the observed primordial abundances measure the number of relativistic species at the epoch

of BBN, usually expressed in terms of the e!ective or equivalent number of neutrino species

N!,e! [?]. By standard BBN we mean that ! is homogeneous and the number of massless

species of neutrinos, N!,e! = 3. In this case, BBN has only one free parameter, !. We will

for now, however, relax the assumption of exactly three light neutrino species. In this case,

BBN becomes a two-parameter theory, with light element abundance predictions a function

of ! and N!,e! .

In Figure ??, we plot the primordial abundances as a function of ! for a range of N!,e!

from 2 to 7. We see the usual o!set in 4He, but also note the shifts in the other elements,

particularly D, and also Li over some ranges in !. Because of these variations, one is not

2

Table 1: The table shows constraints placed on N! and ! by various combinations of observa-
tions. Shown are the 68% confidence limits determined by marginalizing the 2-D likelihood
distribution L(!, N!). Also shown are the 95% upper limits on "N! = N! ! 3, given that
"N! > 0.

Observations !10 " 1010! N! "N!,max

Yp + D/HA 5.94+0.56
!0.50 3.14+0.70

!0.65 1.59
Yp + !CMB 6.14 ± 0.25 3.08+0.74

!0.68 1.63
D/HA + !CMB 6.16 ± 0.25 3.59+1.14

!1.04 2.78
Yp + D/HA + !CMB 6.10+0.24

!0.22 3.24+0.61
!0.57 1.44

reflects the very tight CMB constraint on !. Table 1 shows the impact of the CMB on the

! and N! constraints. The resulting precision on ! is roughly doubled, to about a 4% (!)

measurement, dominated by the CMB contribution but for which the D/H contribution is

not negligible. The precision of the N! constraint remains essentially the same, reflecting

both the dominance of Yp in determining N! , as well as the near-independence of Yp on !.

In [16], it was noted that the primordial value of the 4He abundance based on a regression

with respect to O/H was only marginally statistically more significant that a weighted mean

which yields Yp = 0.252 ± 0.003. This result is also obtained using a Bayesian analysis in

which the sole prior is the increase in 4He in time [34]. The combination of the 4He abundance

based on the mean value and the CMB value for ! gives N! = 3.27± 0.24 with a 95% upper

limit "N!,max = 0.7. Recall, the constraint on "N!,max assumes N! > 3 or "N! > 0.

In all cases the preferred values for N! are consistent with N! = 3, and in many cases

are much closer to N! = 3 than 1#. This restates the overall consistency among standard

BBN theory, D and 4He observations, and CMB anisotropies. It also constrains departures

from this scenario. Our combined limit using BBN + light elements + CMB limit is:

2.67 # N! # 3.85 (5)

at 68% CL.

4.2 Constraints on the Variation of Fundamental Constants

As noted earlier, BBN also placed interesting limits on possible variations of fundamental

constants. Indeed, almost every fundamental parameter can be constrained by BBN if

it a!ects either the expansion rate of the Universe, the weak interaction rates prior to

nucleosynthesis, or of course the nuclear rates themselves. As quantitative examples of the

8
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“current” upper limit from He:
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Summary

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

• Li: Problematic
- BBN 7Li high compared to observations
• Important to consider:
- Nuclear considerations 
- Resonances 10C (15.04) !
- Depletion (tuned)
- Li Systematics - T scale - unlikely
- Particle Decays?
- Axion cooling??
- Variable Constants??? 
• 6Li: Another Story
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