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BBN in three easy steps

At temperatures above T ∼ 1010 K, the ratio of neutrons to protons is governed
by equilibrium enforced by weak interactions:

νe + n←→ p+ e−

and “crossed” diagrams

Nucleosynthesis starts at T ∼ 1010 K, when the rates for processes maintaining
equilibrium become slower than the universal expansion

The neutron/proton ratio freezes out at

nn

np
= exp[−(mn −mp)/kT ] ∼

1

7

followed by free neutron decay

This is Weak Freezeout



BBN in three easy steps

At the time of weak freezeout, relative amounts of light nuclei are in Nuclear
Statistical Equilibrium (NSE)

Almost all nucleons are free, small amounts
of D, 3He, 3H, and 4He

Dropping T gradually favors A = 3 and 4

At ∼ 5 minutes, almost all neutrons are in
4He (large per-particle binding energy)

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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physicsworld.comFeature: Big Bang nucleosynthesis

22 Physics World  August 2007

Low ρ and T , Coulomb barriers, disappearance of neutrons, fragility to proton
reactions, and lack of stable A = 5,8 nuclei all cause Final Freezeout



BBN in a nutshell

1. Weak Freezeout
(∼ 1 second)

2. Statistical
equilibrium &
quasi-equilibrium
(∼ 1 second
to 5 minutes)

3. Final Freezeout
(> 5 minutes)
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BBN today

The Big Question is now

Are the primordial abundances consistent
with the standard cosmology?

The only ΛCDM parameter that BBN
depends on is ΩBh

2 ∝ nB/nγ

With 2% precise ΩBh
2 from CMB, BBN

gives very precise predictions

If the answer is “no,” there are interesting
things to be learned about:

neutrinos model atmospheres
gravity stellar evolution
all of the above none of the above

...but we can’t tell a priori which one(s)



Standard BBN as a precise theory

YP counts neutrons, only cares about weak freezeout

YP = 0.2484± 0.0002(theory)± 0.0003(τn)± 0.0002(ΩBh2)

Deuterium nuclear inputs have improved considerably in the last decade, now
dominated by d+ p −→ 3He + γ

D/H = (2.42± 0.11)× 10−5 (2.5% nuclear, 4% ΩBh
2)

3He/H = (1.07± 0.04)× 10−5, mostly nuclear

A major logjam in 3He + α −→ 7Be + γ precision broke in the ’00s

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



BBN: The neutrino’s point of view

Neutrinos do two things in BBN:

Each (doublet) species carries ∼ 15% of
energy density

−→ the sum sets expansion timescales

νe participate in the weak n←→ p rates that
set n/p ratio & YP

They also affect BBN at two clearly distinct
times:

YP depends on the number of neutrons, set
at 1 second

Other yields depend on nuclear burning at
5–30 minutes

Neff = 0 to 10 shown



Counting neutr(on|ino)s

BBN has a long history of ν counting based on the sensitivity at 1 second

More neutrinos −→ faster expansion −→ weak freezeout at higher T
−→ more neutrons −→ higher YP

Since YP also depends (weakly) on ΩBh
2, another input is needed

We can use ΩBh
2 from CMB + assumption that nB/nγ is unchanged

Or we can fit jointly with another light-element yield (which mostly drives ΩBh
2)



Deuterium & lithium as clocks

Nuclear processing of scraps continues after 4He has been assembled

D burns via d(p, γ)3He, d(d, n)3He,
d(d, p)3H

3He is destroyed via 3He(n, p)3H &
3He(d, p)4He

7Li burns via 7Li(p, α)4He

7Be is produced via 3He(α, γ)7Be 10!1100101102
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Faster expansion means less time for this
−→ more D & 3He, less 7Li (at CMB ΩBh

2)



Tipping the scales

The baryon number of the universe is small, nB/nγ ∼ 10−10

A much larger lepton asymmetry could hide in the neutrinos: nν ≡ nν−nν̄ 6= 0

|nν/nγ| & 10 affects BBN timescales noticeably (through ρ via µν)

A bigger effect (Kang, Abazajian, Mangano. . . ):

nνe 6= nν̄e favors either n or p by exp[−(∆m− µν/kT )] at early times

Particularly with θ13 6= 0, an asymmetry in one SM ν flavor infects them all

|nν/nγ| & 0.05 shifts YP significantly

nν 6= 0 can patch BBN models or make them (with νs) more interesting



Helium: Percent compositions from 70 Mpc away?

He/H is inferred from nebular emission in
blue compact dwarf galaxies (BCD)

Peimbert et al. 2007 study 5 objects in
some detail, 0.2477± 0.0029

Izotov & Thuan (most recently 2010)
study 86 objects, 0.2565± 0.006

Aver, Olive, Skillman have explored error
estimation for subsets of Izotov,
currently 0.2574± 0.0036

YBBN = 0.2483± 0.0006
No. 1, 2010 THE PRIMORDIAL ABUNDANCE OF 4He L69

(a) (b)

Figure 1. Linear regressions of the helium mass fraction Y vs. oxygen abundance for H ii regions in the HeBCD sample. The Ys are derived with the He i emissivities
from Porter et al. (2005). The electron temperature Te(He+) is varied in the range (0.95–1) × Te(O iii). The oxygen abundance is derived adopting an electron
temperature equal to Te(He+) in (a) and to Te(O iii) in (b).

7. The equivalent width of the He i λ4471 absorption
line is chosen to be EWabs(λ4471) = 0.4 Å, follow-
ing Izotov et al. (2007) and González Delgado et al.
(2005). The equivalent widths of the other absorption
lines are fixed according to the ratios EWabs(λ3889)/
EWabs(λ4471) = 1.0, EWabs(λ5876)/EWabs(λ4471) =
0.8, EWabs(λ6678)/EWabs(λ4471) = 0.4 and EWabs
(λ7065)/EWabs(λ4471) = 0.4. The EWabs(λ5876)/
EWabs(λ4471) and EWabs(λ6678)/EWabs(λ4471) ratios
were set equal to the values predicted for these ratios
by a Starburst99 (Leitherer et al. 1999) instantaneous
burst model with an age of 3–4 Myr and a heavy ele-
ment mass fraction Z = 0.001–0.004, 0.8 and 0.4, re-
spectively. These values are significantly higher than the
corresponding ratios of 0.3 and 0.1 adopted by Izotov
et al. (2007). We note that the value chosen for the
EWabs(λ5876)/EWabs(λ4471) ratio is also consistent with
the one given by González Delgado et al. (2005). Since the
output high-resolution spectra in Starburst99 are calculated
only for wavelengths ! 7000 Å, we do not have a prediction
for the EWabs(λ7065)/EWabs(λ4471) ratio. We set it to be
equal to 0.4, the value of the EWabs(λ6678)/EWabs(λ4471)
ratio.

8. The He ionization correction factor ICF(He++He++) is
adopted from Izotov et al. (2007).

3. THE PRIMORDIAL He MASS FRACTION Yp AND THE
SLOPE dY/dZ

Two Y–O/H linear regressions for the HeBCD galaxy sample
of Izotov et al. (2007), with the above set of parameters, are
shown in Figure 1. The two regression lines differ in the way
oxygen abundances have been calculated. For the first regression
line (Figure 1(a)), oxygen abundances have been derived by
setting the temperature of the O++ zone equal to Te(He+),
while for the second (Figure 1(b)), they have been derived
by adopting the temperature Te(O iii) derived from the [O iii]
λ4363/(λ4959+λ5007) line flux ratio.

The primordial values obtained from the two regressions in
Figure 1, Yp = 0.2565 ± 0.0010 and Yp = 0.2560 ± 0.0011,
are very similar but are significantly higher than the value Yp =
0.2516 ± 0.0011 obtained by Izotov et al. (2007) for the same

galaxy sample. The 2% difference is due to the inclusion of the
correction for fluorescent excitation of H lines, the correction
for a larger correction for collisional excitation to the Hβ flux,
and larger adopted equivalent widths of the stellar He i 5876,
6678, and 7065 absorption lines. We adopt the value of Yp from
Figure 1(a), where both O/H and Y are calculated with the same
temperature Te = Te(He+).

We have varied the ranges of some parameters to study how
the value of Yp is affected by these variations. We have found
that varying the fraction of fluorescent excitation of the hydrogen
lines between 0% and 2%, and/or setting Te(He+) = Te(O iii)
or changing Te(He+) in the range (0.9–1.0)× Te(O iii) (instead
of making it change between 0.95 and 1.0 × Te(O iii)), result in
a change of Yp between 0.254 and 0.258. Additionally, adding
a systematic error of 1% caused by uncertainties in the He i
emissivities (Porter et al. 2009) gives Yp = 0.2565 ± 0.0010
(stat.) ± 0.0050 (syst.), where “stat” and “syst” refer to statistical
and systematic errors, respectively. Thus, the value of Yp derived
in this Letter is 3.3% greater than the value of 0.2482 obtained
from the three-year WMAP data, assuming SBBN (Spergel et al.
2007). However, it is consistent with the Yp = 0.25+0.10

−0.07 obtained
by Ichikawa et al. (2008) from the available WMAP, ACBAR,
CBI, and BOOMERANG data (actually, the peak value in
their one-dimensional marginalized distribution of Yp (their
Figure 3) is equal to 0.254).

Using Equation (3), we derive from the Y – O/H linear
regression (Figure 1(a)) the slopes dY/dO = 2.46 ± 0.45(stat.)
and dY/dZ = 1.62 ± 0.29(stat.). These slopes are shallower than
the ones of 4.33 ± 0.75 and 2.85 ± 0.49 derived by Izotov et al.
(2007).

4. DEVIATIONS FROM SBBN

We now use our derived value of the primordial He abundance
along with the observed primordial abundances of other light
elements to check the consistency of SBBN. Deviations from
the standard rate of Hubble expansion in the early universe can
be caused by an extra contribution to the total energy density, for
example, by additional flavors of neutrinos. The total number of
different species of weakly interacting light relativistic particles
can be conveniently be parameterized by Nν , the “effective
number of light neutrino species.”

Izotov & Thuan 2010

Errors as small as 0.0015 have been claimed in the past

Changes in atomic data shifted everyone up ∆YP ∼ 0.010 a few years ago



Helium: Percent compositions from somewhere?

The history of YP error estimation is not encouraging

The nebular lines won historically with
small errors, low metallicity

Extended nebulae or ensembles thereof
are unresolved

Nothing smaller than Izotov ±0.005

atomic-data systematics seems
prudent

Less-primordial Y were used before –
should we go back?

Table 1
Estimates of primordial helium mass fraction

Objects >
!

Method Ref.! Problems

Sun (0.28$0.02 Interior 1 !; Eq. of st; " prob.
Sun (0.28$0.05 Prom. He I 2 Level pops.
B stars (0.30$0.04 Abs. lines 3 Precision

# Cas 0.23$0.05 Bin. orbit 4 Precision
Field sd 0.19$0.05 Main seq. 5 Plx; ¹

"##
; conv.

Globular clusters 0.23: RR, $m 6 Physical
0.23$0.02 N(HB)/N(RG) 7 basis of stellar evolution
0.23$0.02: M15 HB 8

40.24$0.02 47 Tuc HB 9
Gal. 0.22$0.02 Plan. neb. 10 Self#gal enr.
neb. 0.22: H II reg. 11 He"; gal. enr.

Extra-galactic 0.233$0.005 Irr.#BCG 12 He"; data
(0.243$0.010 BCG 13 II Zw 40

0.228$0.005 Irr.#BCG 14 I Zw 18
H II regions 0.234$0.002 Irr.#BCG 15

0.244$0.002 BCG 16

!References: 1. Turck-Chièze and Lopez (1993). 2. Heasley and Milkey (1978). 3. Kilian (1992). 4. Haywood et al. (1992).
5. Carney (1983). 6. Caputo et al. (1987). 7. Buzzoni et al. (1983). 8. Dorman et al. (1991). 9. Dorman et al. (1989).
10. Peimbert (1983). 11. Mezger and Wink (1983). 12. Lequeux et al. (1979). 13. Kunth and Sargent (1983). 14. Pagel et al.
(1992). 15. Olive et al. (1997). 16. Izotov and Thuan (1998a).

(Walker et al., 1991; Sarkar, 1996), where N! is the e!ective number of light neutrino families, %
!

is
the mean life of a neutron and &

#"
is the baryon : photon ratio in units of 10$#". Thus, >

!
is fairly

insensitive to the baryon density, which is better deduced from estimates of primordial D and %Li,
but sensitive to N! , for which Yang et al. (1984) deduced an upper limit of 4 from the evidence on
primordial abundances then available, and this is probably still the best safe limit from this type of
argument.

2. Approaches to >
!

Table 1 gives some estimates or limits on the primordial helium abundance based on various
di!erent methods, many of which were discussed at the ESO Workshop on Primordial Helium
(Shaver et al., 1983).

Because some helium is synthesized in stars and ejected along with heavier elements (&metals') in
supernova ejecta, stellar winds and planetary nebulae, its abundance in metal-rich objects with
ZK0.02 like the Sun (where> can be deduced by "tting models to its known mass, age, luminosity
and Z/X, and also from prominence spectra) and nearby B-type stars (that are hot enough to show
helium lines in absorption) is a "rm upper limit to >

!
. Apart from this limitation, the "gures are

Plrep=979=EM=VVC=BG

B.E.J. Pagel / Physics Reports 333}334 (2000) 433}447 437

Helioseismology + solar models are particularly promising (thanks, Mike):
Y� = 0.2703± 0.0072



Deuterium: The baryon density across the universe

Very few quasars are suitable for D/H
measurement

D/H has been convincingly measured in 8
systems (+2 today)

Dispersion suggests slightly underestimated
errors

There is imperfect agreement between BBN
prediction and measurement:

Standard BBN says (2.42± 0.11)× 10−5

Spectra said (2.78± 0.22)× 10−5

Today (Pettini): (2.63± 0.12)× 10−5



7Li: Neutrinos don’t help

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 Neff = 0 to 10 shown



Digesting the data: A simple model

Gil & I have concentrated on a simple model:

ρν =
Neff

3
ρν,0; also, Hamann et al.

First check: Are BBN & CMB consistent?

Second: Can the data be combined in useful
ways?

Third: Can we avoid YP?

Constraint Nν
CMB, no YP constraint 3.43± 1.0
BBN + D/H + YP (Izotov) 3.82± 0.45
BBN + D/H + YP (Peimbert) 3.13± 0.21
CMB & 0.22 < YP < Yproto 3.87± 0.81
CMB with BBN consistency 3.89± 0.60
CMB + BBN + D/H 3.90± 0.44

arXiv:1112.2683[astro-ph.CO]

Blue region is WMAP+SPT D-burning rate matters, τn not so much



What next?

D/H sample is expanding again, maybe gaining precision (0.01 dex today!)

Improvement in YP would also be nice:

Asteroseismology? Revisit stellar evolution? High resolution spectra?

Making best use of the data:

Leverage on specific models at distinct times (1 second, 5 minutes, 400 000 years)

nB/nγ can vary between BBN & CMB, but generally comes with other effects
(early matter domination, nuclide reprocessing from late decays)

Standard ΛCDM at least provides a good null hypothesis


