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What we can (still) learn from big-bang nucleosynthesis (BBN)

Are the primordial abundances consistent with the weird but well-verified
“concordance” cosmology?

With 2% precise ΩBh
2 from cosmic microwave background, BBN gives very

precise predictions – deviations probe conditions in the early universe



BBN and rates: overview

Abundance evolution in BBN proceeds
through nuclear collisions

Cross sections are almost all empirical &
don’t require extrapolation (50 to 500
keV)

Only 12 processes matter∗, enumerated
by Smith, Kawano, Malaney (1993)

on the abundances of helium-3 and deuterium (see fig-
ure 1). Then François and Monique Spite at the Obser-
vatoire de Paris discovered that certain old stars in our
galaxy with very thin convective envelopes – rapidly cir-
culating regions of a star in which material is well mixed
– all contained roughly the same amount of lithium-7.
Since spectroscopic measurements show that stars in
this “Spite plateau” contain only very small amounts of
nuclei synthesized in previously existing stars, the stars
must have formed out of nearly primordial gas. This
meant that the amount of lithium-7 in Spite-plateau
stars could be interpreted as the amount of lithium-7
synthesized during BBN.

Measurements of light-element abundances con-
tinued to advance, and by 2000 they implied a mean
baryon density of 2! 10–31 g cm–3, give or take a factor
of three. On the one hand, this was a remarkable case of
diverse and difficult-to-obtain data all converging to
some value. On the other hand, the formal error bars
reflecting known sources of uncertainty had become so
small that the data points technically disagreed with one
another. While it was easy to imagine further system-
atic errors that could bring the results closer together,
due either to the observational techniques or to effects
involving the history of the material being observed, it
was much harder to quantify them.

Measurements of deuterium in distant concentra-
tions of gas lying between us and even more distant
quasars favoured a mean baryon density of about
4!10–31 g cm–3, while the simplest interpretation of the

lithium plateau and some of the helium-4 data favoured
values nearer 1!10–31 g cm–3 (see figure 2). As for the
primordial abundance of helium-3, the post-BBN his-
tory of these nuclei is too uncertain to be able to con-
strain the mean baryon density. This disagreement
prompted a vigorous programme of research by several
groups in an attempt to improve the measurements and
resolve the remaining discrepancies. In the mean time,
however, precision cosmological data had started to
give BBN a run for its money.

Elemental light
By the early 2000s, in the midst of the often heated
debate over what to make of the different abundance
measurements, BBN was no longer the only way to
determine the mean baryon density of the universe. In
1992 the COBE satellite revealed that the temperature
of the cosmic microwave background varies by a few
tens of microkelvin on angular scales of 5° or more, thus
providing evidence for density fluctuations in the early
universe that may have seeded cosmic structure. Then
in 2000 the BOOMERANG and MAXIMA experi-
ments detected fluctuations on angular scales smaller
than 1°. A key prediction of Big Bang theory, these fluc-
tuations are the imprints left by acoustic waves that
propagated through the plasma just before neutral
hydrogen atoms first formed, some 380 000 years after
BBN when the cosmic microwave background was
born. And since the properties of the plasma depend
on the baryon density, the amplitudes of these fluctu-

Big Bang nucleosynthesis (BBN) is a key component of the Big Bang
model that explains how the light nuclei deuterium, helium-3, helium-4
and lithium-7 were created during the first few minutes of the universe. 
Big Bang theory states that the universe started out some 13.7 billion
years ago in a very hot and dense state that has been expanding and
cooling ever since. As described by Einstein’s general theory of relativity,
the rate of expansion depends on the amount of mass and energy the
universe contains. Before BBN took place – when the universe was less
than 1 s old – matter and energy existed in the form of a hot, dense gas of
fundamental particles. As the universe cooled, particles with progressively
less energy populated the universe so that by 1 s only protons, neutrons
and lighter stable particles were present. Weak interactions between both
protons and neutrons and the much lighter electrons, positrons and
neutrinos maintained a thermal equilibrium that fixed the relative numbers
of neutrons and protons at a certain value. After this, the temperature of

the gas dropped to about 8!109 K, thereby preventing further weak
interactions. From this time onwards, there remained one neutron (n) for
every six protons (i.e. hydrogen nuclei, 1H).

During the next few minutes, nuclei formed. Deuterium nuclei (2H) were
produced by collisions between protons and neutrons, and further nuclear
collisions led to every neutron grabbing a proton to form the most tightly
bound type of light nucleus: helium-4. This process was complete after
about five minutes, when the universe became too cold for nuclear
reactions to continue. Tiny amounts of deuterium, helium-3 and beryllium-
7 were produced as by-products, with the latter undergoing beta decay to
form lithium-7. Almost all of the protons that were not incorporated into
helium-4 nuclei remained as free particles, and this is why the universe is
close to 25% helium and 75% hydrogen by mass everywhere we look. The
other nuclei are less abundant by several orders of magnitude.

By measuring the intensity of atomic spectral lines in astrophysical
objects, astronomers can infer the number of nuclei of a given type per
hydrogen nucleus. These nuclear abundances produced during BBN
depend on the density of matter (or baryon density) during those first few
minutes, which can be related directly to the baryon density we see today.
Any effect that changes the early thermal evolution of the universe or the
interactions between the nuclei would also leave traces in the abundances,
which means BBN provides an important probe of the early universe.

If we assume that only the particles and forces contained in the Standard
Model of particle physics were present during BBN, then the baryon density
measured by NASA’s WMAP mission (and corroborated by the deuterium
abundance) determines the initial chemical composition of the universe:
mostly hydrogen, with roughly 0.08 helium-4 atoms, 10–5 deuterium atoms,
10–5 helium-3 atoms and 10–10 lithium atoms per hydrogen atom, but no
detectable amount of anything else. All the other elements in the cosmos
were synthesized much later inside stars or in cosmic-ray collisions.

How Big Bang nucleosynthesis works
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Calculations with huge reaction networks and nuclei into CNO region have been
done

Weak p+l↔ n+l′ processes are all normalized to neutron lifetime (toublesome,
but at finer level than BBN) & computed from weak-interaction physics



BBN post-WMAP: Precise D/H predictions

Deuterium is a remnant of 4He production

At the end of BBN:

p(n, γ)d competes with
d(p, γ)3He, d(d, n)3He & d(d, p)3H

on the abundances of helium-3 and deuterium (see fig-
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galaxy with very thin convective envelopes – rapidly cir-
culating regions of a star in which material is well mixed
– all contained roughly the same amount of lithium-7.
Since spectroscopic measurements show that stars in
this “Spite plateau” contain only very small amounts of
nuclei synthesized in previously existing stars, the stars
must have formed out of nearly primordial gas. This
meant that the amount of lithium-7 in Spite-plateau
stars could be interpreted as the amount of lithium-7
synthesized during BBN.

Measurements of light-element abundances con-
tinued to advance, and by 2000 they implied a mean
baryon density of 2! 10–31 g cm–3, give or take a factor
of three. On the one hand, this was a remarkable case of
diverse and difficult-to-obtain data all converging to
some value. On the other hand, the formal error bars
reflecting known sources of uncertainty had become so
small that the data points technically disagreed with one
another. While it was easy to imagine further system-
atic errors that could bring the results closer together,
due either to the observational techniques or to effects
involving the history of the material being observed, it
was much harder to quantify them.

Measurements of deuterium in distant concentra-
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of the cosmic microwave background varies by a few
tens of microkelvin on angular scales of 5° or more, thus
providing evidence for density fluctuations in the early
universe that may have seeded cosmic structure. Then
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ments detected fluctuations on angular scales smaller
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years ago in a very hot and dense state that has been expanding and
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the rate of expansion depends on the amount of mass and energy the
universe contains. Before BBN took place – when the universe was less
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the gas dropped to about 8!109 K, thereby preventing further weak
interactions. From this time onwards, there remained one neutron (n) for
every six protons (i.e. hydrogen nuclei, 1H).
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collisions led to every neutron grabbing a proton to form the most tightly
bound type of light nucleus: helium-4. This process was complete after
about five minutes, when the universe became too cold for nuclear
reactions to continue. Tiny amounts of deuterium, helium-3 and beryllium-
7 were produced as by-products, with the latter undergoing beta decay to
form lithium-7. Almost all of the protons that were not incorporated into
helium-4 nuclei remained as free particles, and this is why the universe is
close to 25% helium and 75% hydrogen by mass everywhere we look. The
other nuclei are less abundant by several orders of magnitude.

By measuring the intensity of atomic spectral lines in astrophysical
objects, astronomers can infer the number of nuclei of a given type per
hydrogen nucleus. These nuclear abundances produced during BBN
depend on the density of matter (or baryon density) during those first few
minutes, which can be related directly to the baryon density we see today.
Any effect that changes the early thermal evolution of the universe or the
interactions between the nuclei would also leave traces in the abundances,
which means BBN provides an important probe of the early universe.

If we assume that only the particles and forces contained in the Standard
Model of particle physics were present during BBN, then the baryon density
measured by NASA’s WMAP mission (and corroborated by the deuterium
abundance) determines the initial chemical composition of the universe:
mostly hydrogen, with roughly 0.08 helium-4 atoms, 10–5 deuterium atoms,
10–5 helium-3 atoms and 10–10 lithium atoms per hydrogen atom, but no
detectable amount of anything else. All the other elements in the cosmos
were synthesized much later inside stars or in cosmic-ray collisions.
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Much progress has been made in 12 years since Nollett & Burles rates

Until 2006, the only d+ d data at 200 < E < 500

were very old (1950s) & poorly documented

Doug Leonard & collaborators at TUNL measured
d+ d cross sections to ∼ 2% – huge
improvement



BBN post-WMAP: Precise D/H predictions

Graph shows p(n, γ)d from year 2000
(There are more data now)

This case needs theory input: model curve & 5%
error came from a dispersion-model fit

But the nucleon-nucleon force is well-known:
better precision is possible

Effective field theory (EFT) produces an accurate
low-E cross section from a few measured
numbers (effective-range, σth, etc.)

EFT gives a quantified error of < 1%

“Traditional” potential-model nuclear physics with meson exchange currents
gives the same curve (so did the old fit!)



BBN post-WMAP: Precise D/H predictions

d(p, γ)3He also has sparse data at BBN
energies – just one modern experiment

There are now very nice data at lower E, solar &
just above

But modern nuclear theory can handle this
reaction quite well

The Pisa group used correlated hyperspherical
harmonics: Argonne v18 + Urbana IX
potential & consistent EM currents

Curve shape is p-wave vs. s-wave competition – also probed by good dσ/dΩ

and polarization measurements – scale confirmed at lower E

This ab initio rate is probably better than the empirical rate, I’ve assigned 7%
error from low-E data



BBN post-WMAP: Precise D/H predictions

So all four rates affecting D/H have improved significantly

Nuclear error is 2.5%

D/H ∝ (ΩBh
2)−1.6 so error from WMAP value of ΩBh

2 is 4%

Predicted D/H is then (2.42 ± 0.11) × 10−5, vs. (2.78 ± 0.22) × 10−5

observed [More recently (2.54± 0.05)× 10−5]

Beating down systematics is important for cosmological limits on neutrino &
other beyond-standard-model physics

The biggest lever for improvement is now d(p, γ)3He



BBN post-WMAP: Precise Li/H predictions

The lithium prediction has also improved recently – all goes through 3He(α, γ)7Be

Some inconsistency remains, but overall precision went from ∼ 10% to 7% in
Adelberger et al. (2011) Solar Fusion recommendations

From to

realistic treatment of contributions from 2.8 to 7.0 fm is
provided by potential models (Kim et al., 1981; Buck
et al., 1985; Buck and Merchant, 1988; Mohr et al., 1993;
Dubovichenko and Dzhazairov-Kakhramanov, 1995; Mohr,
2009), which generate wave functions from a Woods-Saxon
or similar potential, constrained by measured phase shifts.

Microscopic models take explicit account of nucleon short-
range correlations. In the RGM a simplified nucleon-nucleon
interaction is tuned to observables in the system being inves-
tigated (e.g., energies of the 7Be bound states), and the phase
shifts are computed, not fitted. The RGM wave functions are
sums of states consisting of simple cluster substructure; in
most 7Be calculations, they are antisymmetrized products of
Gaussians for 4He and 3He, multiplied by a function of the
coordinate describing cluster separation.

The RGM calculations of Kajino (1986) and the potential
model of Langanke (1986) (which employed antisymme-
trized many-body wave functions) predicted the energy de-
pendence of the 3Hð!;"Þ7Li reaction quite accurately,
prior to the precise measurement of Brune et al. (1994).
On the other hand, there is some variation of the computed
3Heð!;"Þ7Be S factors among RGM models using different
interaction types and different Gaussian widths within the
clusters. This variation has been shown to correlate with
measures of the diffuseness of the 7Be ground state
(Kajino, 1986; Csótó and Langanke, 2000). Substantial
changes in the S factor and phase shifts also occur when
6Liþ p configurations are added to the RGM wave functions
(Mertelmeier and Hofmann, 1986; Csótó and Langanke,
2000).

Calculations using highly accurate nucleon-nucleon poten-
tials are now possible. Nollett (2001) computed both bound
states using the variational Monte Carlo method, while the
relative motion of the initial-state nuclei was modeled by one-
body wave functions from the earlier potential-model studies.
This approach should provide additional realism to the nu-
clear wave function at short range, and it features initial states
that fit the measured phase shifts. It produced very nearly the
same S34ðEÞ energy dependence as Kajino (1986), and an
absolute S34ð0Þ that is lower by about 25%.

Through a numerical coincidence, the branching ratio for
captures to the two final states is very nearly constant at low
energy (Kajino, 1986). This circumstance and the external-
capture nature of the reaction suggest that laboratory data can
be extrapolated to low energy by fitting a single rescaling
parameter that multiplies a model S34ðEÞ to match the data.
Such a rescaling does not have a strong physical justification
for microscopic models, as they do not have undetermined
spectroscopic factors. However, rescaled microscopic models
should be at least as accurate as potential models and more
accurate than the hard-sphere model.

A different approach was followed by Cyburt and Davids
(2008), where a parametrized function fit was made to three
of the four modern data sets over a wider energy interval than
we used to determine our recommended S34ð0Þ (see below),
with the result S34ð0Þ ¼ 0:580% 0:043 keV b. Their fitting
function is motivated by recent work emphasizing external
capture and subthreshold poles in low-energy S factors
(Jennings et al., 1998a, 1998b; Mukhamedzhanov and
Nunes, 2002), and it matches expressions for zero phase shift

derived in Mukhamedzhanov and Nunes (2002). For S34, the
d waves have small phase shifts, and the function describes
d-wave capture quite well. In the more-important s-wave
capture, the function does not match detailed models of
S34ðEÞ, irrespective of fitted parameters; its closeness to the
expressions of Mukhamedzhanov and Nunes (2002) suggests
that some other functional form is needed to account for
nonzero phase shifts.

1. Model selection for S34ð0Þ determination

To determine S34ð0Þ from experimental capture data, we
use the microscopic models of Kajino (1986) and Nollett
(2001) (Kim A potential), rescaled to fit the data below E ¼
1 MeV (see below). We selected these two models based on
several factors.

(i) They both accurately reproduce the s-wave phase shifts
[as given by the phase-shift analysis of Tombrello and
Parker (1963b)] and the long-range asymptotics of the
7Be bound states. The Kajino model reproduces the
phase shifts without having been fitted to them.

(ii) They contain more short-range physics than hard-
sphere or potential models, which may extend the
energy range over which they describe the reaction
correctly.

(iii) They agree well with each other even though they
were generated by very different computational
approaches.

(iv) They reproduce the measured energy dependence of
S34ðEÞ well, up to at least E ¼ 1:5 MeV [see Fig. 5,
and also Fig. 3 of Di Leva et al. (2009)].

(v) They calculate other electromagnetic observables in
7Li and 7Be that are in reasonable agreement with
experiment.

2. Region of S34ðEÞ fitting

We restricted the energy range for fitting to E & 1 MeV.
The scatter among models (which differ mainly at short
range) becomes much larger at energies above 1 MeV,

FIG. 5 (color online). S34ðEÞ vs E. Solid curve—best fit
scaled Nollett theory to the data with E & 1:002 MeV. The band
indicates the %1# error band. Data are shown with statistical-plus-
varying-systematic errors only; overall systematic errors are not
included.

214 Adelberger et al.: Solar fusion cross . . .. II. The pp chain . . .

Rev. Mod. Phys., Vol. 83, No. 1, January–March 2011

Prediction is Li/H = (5.5± 0.4)× 10−10, only 2% from ΩBh
2

But that comes from Nollett/Burles estimation – probably better to use Adelberger
fit of norm to Nollett (2001) ab initio curve (or re-analyse with Neff curve)



BBN post-WMAP: Room for improvement in Li/H

Only one of the 12 known important rates
destroys 7Li at ΩBh

2 = 0.0226

Actually 7Be is destroyed via
7Be(n, p)7Li(p, α)4He

That rate is pretty well known & doesn’t
dominate the BBN error budget

on the abundances of helium-3 and deuterium (see fig-
ure 1). Then François and Monique Spite at the Obser-
vatoire de Paris discovered that certain old stars in our
galaxy with very thin convective envelopes – rapidly cir-
culating regions of a star in which material is well mixed
– all contained roughly the same amount of lithium-7.
Since spectroscopic measurements show that stars in
this “Spite plateau” contain only very small amounts of
nuclei synthesized in previously existing stars, the stars
must have formed out of nearly primordial gas. This
meant that the amount of lithium-7 in Spite-plateau
stars could be interpreted as the amount of lithium-7
synthesized during BBN.

Measurements of light-element abundances con-
tinued to advance, and by 2000 they implied a mean
baryon density of 2! 10–31 g cm–3, give or take a factor
of three. On the one hand, this was a remarkable case of
diverse and difficult-to-obtain data all converging to
some value. On the other hand, the formal error bars
reflecting known sources of uncertainty had become so
small that the data points technically disagreed with one
another. While it was easy to imagine further system-
atic errors that could bring the results closer together,
due either to the observational techniques or to effects
involving the history of the material being observed, it
was much harder to quantify them.

Measurements of deuterium in distant concentra-
tions of gas lying between us and even more distant
quasars favoured a mean baryon density of about
4!10–31 g cm–3, while the simplest interpretation of the

lithium plateau and some of the helium-4 data favoured
values nearer 1!10–31 g cm–3 (see figure 2). As for the
primordial abundance of helium-3, the post-BBN his-
tory of these nuclei is too uncertain to be able to con-
strain the mean baryon density. This disagreement
prompted a vigorous programme of research by several
groups in an attempt to improve the measurements and
resolve the remaining discrepancies. In the mean time,
however, precision cosmological data had started to
give BBN a run for its money.

Elemental light
By the early 2000s, in the midst of the often heated
debate over what to make of the different abundance
measurements, BBN was no longer the only way to
determine the mean baryon density of the universe. In
1992 the COBE satellite revealed that the temperature
of the cosmic microwave background varies by a few
tens of microkelvin on angular scales of 5° or more, thus
providing evidence for density fluctuations in the early
universe that may have seeded cosmic structure. Then
in 2000 the BOOMERANG and MAXIMA experi-
ments detected fluctuations on angular scales smaller
than 1°. A key prediction of Big Bang theory, these fluc-
tuations are the imprints left by acoustic waves that
propagated through the plasma just before neutral
hydrogen atoms first formed, some 380 000 years after
BBN when the cosmic microwave background was
born. And since the properties of the plasma depend
on the baryon density, the amplitudes of these fluctu-

Big Bang nucleosynthesis (BBN) is a key component of the Big Bang
model that explains how the light nuclei deuterium, helium-3, helium-4
and lithium-7 were created during the first few minutes of the universe. 
Big Bang theory states that the universe started out some 13.7 billion
years ago in a very hot and dense state that has been expanding and
cooling ever since. As described by Einstein’s general theory of relativity,
the rate of expansion depends on the amount of mass and energy the
universe contains. Before BBN took place – when the universe was less
than 1 s old – matter and energy existed in the form of a hot, dense gas of
fundamental particles. As the universe cooled, particles with progressively
less energy populated the universe so that by 1 s only protons, neutrons
and lighter stable particles were present. Weak interactions between both
protons and neutrons and the much lighter electrons, positrons and
neutrinos maintained a thermal equilibrium that fixed the relative numbers
of neutrons and protons at a certain value. After this, the temperature of

the gas dropped to about 8!109 K, thereby preventing further weak
interactions. From this time onwards, there remained one neutron (n) for
every six protons (i.e. hydrogen nuclei, 1H).

During the next few minutes, nuclei formed. Deuterium nuclei (2H) were
produced by collisions between protons and neutrons, and further nuclear
collisions led to every neutron grabbing a proton to form the most tightly
bound type of light nucleus: helium-4. This process was complete after
about five minutes, when the universe became too cold for nuclear
reactions to continue. Tiny amounts of deuterium, helium-3 and beryllium-
7 were produced as by-products, with the latter undergoing beta decay to
form lithium-7. Almost all of the protons that were not incorporated into
helium-4 nuclei remained as free particles, and this is why the universe is
close to 25% helium and 75% hydrogen by mass everywhere we look. The
other nuclei are less abundant by several orders of magnitude.

By measuring the intensity of atomic spectral lines in astrophysical
objects, astronomers can infer the number of nuclei of a given type per
hydrogen nucleus. These nuclear abundances produced during BBN
depend on the density of matter (or baryon density) during those first few
minutes, which can be related directly to the baryon density we see today.
Any effect that changes the early thermal evolution of the universe or the
interactions between the nuclei would also leave traces in the abundances,
which means BBN provides an important probe of the early universe.

If we assume that only the particles and forces contained in the Standard
Model of particle physics were present during BBN, then the baryon density
measured by NASA’s WMAP mission (and corroborated by the deuterium
abundance) determines the initial chemical composition of the universe:
mostly hydrogen, with roughly 0.08 helium-4 atoms, 10–5 deuterium atoms,
10–5 helium-3 atoms and 10–10 lithium atoms per hydrogen atom, but no
detectable amount of anything else. All the other elements in the cosmos
were synthesized much later inside stars or in cosmic-ray collisions.
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But there is another rate that biases Li/H by 1% & is assigned no error in most
studies

Moshe Gai is planning to measure 7Be(n, α)4He and 7Be(n, γα)4He at SARAF
(I’m the theory guy)

Current rate is p-wave (σ ∝ v) extrapolation of a very old upper limit σth

Dividends could be large...



BBN post-WMAP: Room for improvement in Li/H

Only one of the 12 known important rates
destroys 7Li at ΩBh

2 = 0.0226

Actually 7Be is destroyed via
7Be(n, p)7Li(p, α)4He

That rate is pretty well known & doesn’t
dominate the BBN error budget

on the abundances of helium-3 and deuterium (see fig-
ure 1). Then François and Monique Spite at the Obser-
vatoire de Paris discovered that certain old stars in our
galaxy with very thin convective envelopes – rapidly cir-
culating regions of a star in which material is well mixed
– all contained roughly the same amount of lithium-7.
Since spectroscopic measurements show that stars in
this “Spite plateau” contain only very small amounts of
nuclei synthesized in previously existing stars, the stars
must have formed out of nearly primordial gas. This
meant that the amount of lithium-7 in Spite-plateau
stars could be interpreted as the amount of lithium-7
synthesized during BBN.

Measurements of light-element abundances con-
tinued to advance, and by 2000 they implied a mean
baryon density of 2! 10–31 g cm–3, give or take a factor
of three. On the one hand, this was a remarkable case of
diverse and difficult-to-obtain data all converging to
some value. On the other hand, the formal error bars
reflecting known sources of uncertainty had become so
small that the data points technically disagreed with one
another. While it was easy to imagine further system-
atic errors that could bring the results closer together,
due either to the observational techniques or to effects
involving the history of the material being observed, it
was much harder to quantify them.

Measurements of deuterium in distant concentra-
tions of gas lying between us and even more distant
quasars favoured a mean baryon density of about
4!10–31 g cm–3, while the simplest interpretation of the

lithium plateau and some of the helium-4 data favoured
values nearer 1!10–31 g cm–3 (see figure 2). As for the
primordial abundance of helium-3, the post-BBN his-
tory of these nuclei is too uncertain to be able to con-
strain the mean baryon density. This disagreement
prompted a vigorous programme of research by several
groups in an attempt to improve the measurements and
resolve the remaining discrepancies. In the mean time,
however, precision cosmological data had started to
give BBN a run for its money.

Elemental light
By the early 2000s, in the midst of the often heated
debate over what to make of the different abundance
measurements, BBN was no longer the only way to
determine the mean baryon density of the universe. In
1992 the COBE satellite revealed that the temperature
of the cosmic microwave background varies by a few
tens of microkelvin on angular scales of 5° or more, thus
providing evidence for density fluctuations in the early
universe that may have seeded cosmic structure. Then
in 2000 the BOOMERANG and MAXIMA experi-
ments detected fluctuations on angular scales smaller
than 1°. A key prediction of Big Bang theory, these fluc-
tuations are the imprints left by acoustic waves that
propagated through the plasma just before neutral
hydrogen atoms first formed, some 380 000 years after
BBN when the cosmic microwave background was
born. And since the properties of the plasma depend
on the baryon density, the amplitudes of these fluctu-

Big Bang nucleosynthesis (BBN) is a key component of the Big Bang
model that explains how the light nuclei deuterium, helium-3, helium-4
and lithium-7 were created during the first few minutes of the universe. 
Big Bang theory states that the universe started out some 13.7 billion
years ago in a very hot and dense state that has been expanding and
cooling ever since. As described by Einstein’s general theory of relativity,
the rate of expansion depends on the amount of mass and energy the
universe contains. Before BBN took place – when the universe was less
than 1 s old – matter and energy existed in the form of a hot, dense gas of
fundamental particles. As the universe cooled, particles with progressively
less energy populated the universe so that by 1 s only protons, neutrons
and lighter stable particles were present. Weak interactions between both
protons and neutrons and the much lighter electrons, positrons and
neutrinos maintained a thermal equilibrium that fixed the relative numbers
of neutrons and protons at a certain value. After this, the temperature of

the gas dropped to about 8!109 K, thereby preventing further weak
interactions. From this time onwards, there remained one neutron (n) for
every six protons (i.e. hydrogen nuclei, 1H).

During the next few minutes, nuclei formed. Deuterium nuclei (2H) were
produced by collisions between protons and neutrons, and further nuclear
collisions led to every neutron grabbing a proton to form the most tightly
bound type of light nucleus: helium-4. This process was complete after
about five minutes, when the universe became too cold for nuclear
reactions to continue. Tiny amounts of deuterium, helium-3 and beryllium-
7 were produced as by-products, with the latter undergoing beta decay to
form lithium-7. Almost all of the protons that were not incorporated into
helium-4 nuclei remained as free particles, and this is why the universe is
close to 25% helium and 75% hydrogen by mass everywhere we look. The
other nuclei are less abundant by several orders of magnitude.

By measuring the intensity of atomic spectral lines in astrophysical
objects, astronomers can infer the number of nuclei of a given type per
hydrogen nucleus. These nuclear abundances produced during BBN
depend on the density of matter (or baryon density) during those first few
minutes, which can be related directly to the baryon density we see today.
Any effect that changes the early thermal evolution of the universe or the
interactions between the nuclei would also leave traces in the abundances,
which means BBN provides an important probe of the early universe.

If we assume that only the particles and forces contained in the Standard
Model of particle physics were present during BBN, then the baryon density
measured by NASA’s WMAP mission (and corroborated by the deuterium
abundance) determines the initial chemical composition of the universe:
mostly hydrogen, with roughly 0.08 helium-4 atoms, 10–5 deuterium atoms,
10–5 helium-3 atoms and 10–10 lithium atoms per hydrogen atom, but no
detectable amount of anything else. All the other elements in the cosmos
were synthesized much later inside stars or in cosmic-ray collisions.

How Big Bang nucleosynthesis works
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But there is another rate that biases Li/H by 1% & is assigned no error in most
studies

Moshe Gai is proposing to measure 7Be(n, α)4He and 7Be(n, γα)4He at
SARAF (I’m the theory guy)

Current rate is p-wave (σ ∝ v) extrapolation of a very old upper limit σth

Dividends could be large...



7Li: A puzzle in the oldest stars

Charbonnel & Primas mean of many
metal-poor stars:
Li/H = (1.6+0.4

−0.3 )× 10−10

(fairly stable over 30 years)

Theory gave (5.5± 0.4)× 10−10

Factor of 3.4 (5σ) mismatch

So what gives?

Bad cross sections? Unlikely

Missing cross sections? Unlikely

Misinterpreted spectra? Unlikely

Exotic particle physics? Possible

Deep mixing in the stars? Maybe



Solar neutrinos: Another place for percent-level precision

Solar-neutrino experiments also require percent-level nuclear rates

The solar neutrino problem has been solved in that we can see νe that became
νµ & ντ

However, there are lingering problems with the solar model: agreement with
helioseismology was broken ∼ 10 years ago (by revised composition)

Precision in the model inputs is needed for ν properties & the remaining model
difficulties
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Radiative capture in the heart of the Sun

There are three radiative captures in the pp-chain:

d(p, γ)3He processes everything but is downstream from the slower pp capture:
its rate doesn’t matter

3He(α, γ)7Be competes with 3He(3He, pp)4He to affect whether there are
neutrinos

7Be(p, γ)8B competes with 7Be decay to affect neutrino spectrum

p+ p −→ 2H + e+ + νe

↓
2H + p −→ 3He + γ −→ 3He +3 He −→ 4He + 2p (86%)

↓
3He + 4He −→ 7Be + γ −→ 7Be + e− −→ 7Li + νe

↓ 7Li + p −→ 2 4He (14%)
7Be + p −→ 8B + γ

8B −→ 2 4He + e+ + νe (0.02%)



Radiative capture rates for the Sun

Unlike BBN, solar reactions do require low-energy extrapolation from the data
(alleviated a bit by Gran Sasso measurements at or near the solar Gamow
peak; higher-E information is still useful)

Like 3He(α, γ)7Be, 7Be(p, γ)8B has also
seen great improvements in experiments
this last decade

“Officially:” S17(0) =

20.8± 0.7(expt)± 1.4(theor) eV · b

For both reactions, experimental error is
mainly in systematic differences between
experiments

in Solar Fusion I. Total errors, including systematic errors, are
shown on each data point, to facilitate a meaningful com-
parison of different data sets. All data sets exhibit a similar
S17ðEÞ energy dependence, indicating that they differ mainly
in absolute normalization.

Following the discussion in Sec. IX.B, we determine our
best estimate of S17ð0Þ by extrapolating the data using the
scaled theory of Descouvemont (2004) (Minnesota calcula-
tion). We performed two sets of fits, one to data below the
resonance, with E # 475 keV, where we felt the resonance
contribution could be neglected. In this region, all the indi-
vidual S17ð0Þ error bars overlap, except for the Bochum
result, which lies low.

We also made a fit to data with E # 1250 keV, where the
1þ resonance tail contributions had to be subtracted. We did
this using the resonance parameters of Junghans et al. (2003)
(Ep ¼ 720 keV, !p ¼ 35:7 keV, and !! ¼ 25:3 meV), add-
ing in quadrature to data errors an error of 20% of the
resonance subtraction. In order to minimize the error induced
by variations in energy averaging between experiments, we
excluded data close to the resonance, from 490 to 805 keV,

where the S factor is strongly varying and the induced error is
larger than 1.0 eV b. Above the resonance, the data have
smaller errors. Only the Filippone et al. (1983) and
Weizmann group error bars overlap the UW–Seattle/
TRIUMF error bars.

Figure 9 shows the best-fit Descouvemont (2004)
(Minnesota interaction) curve from the E # 475 keV fit [to-
gether with the 1þ resonance shape determined by Junghans
et al. (2003), shown here for display purposes]. Our fit results
are shown in Table VII. The errors quoted include the in-
flation factors, calculated as described in the Appendix. The
main effect of including the inflation factors is to increase the
error on the combined result by the factor 1.7 for E #
475 keV, and by 2.0 for E # 1250 keV. Both the S17ð0Þ
central values and uncertainties from the combined fits for
these two energy ranges agree well, the latter because the
added statistical precision in the E # 1250 keV fit is mostly
offset by the larger inflation factor.

We also did fits in which the low-energy cutoff was varied
from 375 to 475 keV and the high-energy exclusion region
was varied from 425–530 to 805–850 keV. The central value
of S17ð0Þ changed by at most 0.1 eV b. On this basis we
assigned an additional systematic error of &0:1 eV b to the
results for each fit region.

To estimate the theoretical uncertainty arising from our
choice of the nuclear model, we also performed fits using the
shapes from other plausible models: Descouvemont (2004)
plus and minus the theoretical uncertainty shown in Fig. 8 of
that paper; Descouvemont and Baye (1994); the CD-Bonn
2000 calculation shown in Fig. 15 of Navrátil et al. (2006b);
and four potential-model calculations fixed alternately to
reproduce the 7Liþ n scattering lengths, the best-fit 7Beþ
p scattering lengths, and their upper and lower limits (Davids
and Typel, 2003). The combined-fit results for all these
curves, including Descouvemont (2004), are shown in
Table VIII.

We estimate the theoretical uncertainty on S17ð0Þ from the
spread of results in Table VIII: &1:4 eV b for the E #
475 keV fits, and þ1:5

'0:6 eV b from the E # 1250 keV fits

(the smaller error estimate in the latter case reflects the
exclusion of the poorer potential-model fits). We note that
the estimated uncertainties are substantially larger than those
given by Junghans et al. (2003) and by Descouvemont
(2004).

FIG. 9 (color online). S17ðEÞ vs center-of-mass energy E, for E #
1250 keV. Data points are shown with total errors, including
systematic errors. Dashed line: scaled Descouvemont (2004) curve
with S17ð0Þ ¼ 20:8 eV b; solid line: including a fitted 1þ resonance
shape.

TABLE VII. Experimental S17ð0Þ values and (inflated) uncertainties in eV b, and "2=dof deter-
mined by fitting the Descouvemont (2004) Minnesota calculation to data with E # 475 keV and with
E # 1250 keV, omitting data near the resonance in the latter case.

Fit range E # 475 keV E # 1250 keV
Experiment S17ð0Þ # "2=dof S17ð0Þ # "2=dof

Baby 20.2 1.4a 0:5=2 20.6 0.5a 5:2=7
Filippone 19.4 2.4 4:7=6 18.0 2.2 15:8=10
Hammache 19.3 1.1 4:8=6 18.2 1.0 12:5=12
Hass 18.9 1.0 0=0
Junghans BE3 21.6 0.5 7:4=12 21.5 0.5 12:3=17
Strieder 17.2 1.7 3:5=2 17.1 1.5 5:1=6

Mean 20.8 0.7 9:1=4 20.3 0.7 18:1=5

aWe include an additional 5% target damage error on the lowest three points, consistent with the
total error given in the text by Baby et al. (2003a) [M. Hass, 2009 (private communication)].
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The range of plausible theoretical models is a significant source of the quoted
error in both reactions



Modeling captures

The two reactions are very similar: E1 transitions from s- to p-wave states, d
becoming more important as E increases

7Be(p, γ)8B is more peripheral, since 8B has a 138 keV p-separation energy
(1.1 & 1.6 MeV for 7Be→ α 3He)

So how do you model these?

1. Pure external capture (but temptation is to make places too close to r = 0

“external”; source of confusion to experimentalists with 3He(α, γ)7Be right
now)

2. Potential models (Woods-Saxon or Gaussian, more convincing with phase
shift information)

2′. R-matrix or EFT (Fit same data as potential models, similar physics, hard
to prove that they’re better)



How to model captures

3. Microscopic (RGM or semi-ab-initio; mainly good antisymmetry, but scale of
σ(E) often bad)

RGM with crude (no-tensor) interactions seems good on E dependence but not
overall scale (mainly ANC?)

Semi-ab-initio models (Nollett ’01 & Navratil ’06) had “real” bound states but
potential model for the scattering

Short-range stuff there is wrong at some level, maybe worse for 7Be(p, γ)8B

because scattering constraints lacking



How to model captures

4. Real ab initio models: Realistic NN interaction with tensor, plus minor fudging
for separation energy

These look good – Neff ’11 3He(α, γ)7Be Fermionic Molecular Dyanamics &
Navratil ’11 7Be(p, γ)8B from NCSM/RGM

Neff calculation shows non-asymptotic states (initial & final) out to ∼ 10 fm

An interesting puzzle in the A = 7 systems:

Both Nollett & Neff find E dependences that match both 3He(α, γ)7Be &
3H(α, γ)7Li data

Nollett matches scale of 3H(α, γ)7Li data, 20% too low on 3He(α, γ)7Be

Neff matches scale of 3He(α, γ)7Be data, 20% too high on 3H(α, γ)7Li

Hints that consistency requires 3H(α, γ)7Li data to be wrong? There’s less of
it (disagreement is with “definitive” experiment of Brune)



Quantum Monte Carlo

I can’t speak to what lies ahead in most many-body methods, but I can say a
bit about quantum Monte Carlo

We’ve done semi-ab initio calculations of d(α, γ)6Li, 3H(α, γ)7Li, 3He(α, γ)7Be

(faked our way through scattering)

We’ve done a fair amount of electroweak transitions in particle-stable states
(i.e., Saori’s talk)

We’ve also done some actual scattering (4He + n published, some preliminary
probing of 3H + n)

It would be good to combine these last two developments for electroweak
reactions



QMC developments for electroweak reactions

I expect particle-in-box treatment of scattering to be harder for us with extended
nuclei (2H, 7Be), but there’s no in-principle problem

The 3H + n scattering benchmark is important for us – compare with Pisa,
Lisbon for same interaction

Each of these scattering calculations is a labor-intensive endeavour

Useful approximations may come from recent work on integral relations for
ANCs, decay widths, phase shifts (Kievsky ’10, ’12; Romero-Redondo ’11,
Suzuki ’09, ’10, Nollett ’11, ’12)

ANCs are useful in themselves for some unmeasured cross sections

Integral relations (essentially Pinkston-Satchler overlaps) might provide a path
to generate accurate “potential models” from microscopic variational wave
functions



Summary

There is a need for interaction between astrophysics & the physics of light nuclei

We need to try to do things that actually are improvements:
Reproducing potential-model results with fancier methods doesn’t count

The main need for theory is in data-fitting & maybe data-weeding – theory that
demonstrably beats all data will be hard to generate

Truly ab initio models have finally arrived, but:

Neff α-captures may be one-offs (helped a lot that 4He is 0+)

It will be much better when we have multiple computational methods to check
against each other (not much to check NCSM/RGM now)

QMC methods would have complementary strengths & weaknesses (e.g., three-
body forces easier, but calculations generally more labor)


