
NEUTRINOS AND
WEAK INTERACTIONS

IN THE EARLY UNIVERSE
Evan Grohs

University of California Berkeley
16 Apr 2019

Nuclei as BSM Laboratories – ECT*



OUTLINE

❖ Big Bang Nucleosynthesis Theory
➢ Overview: Physics and Computation
➢ Neutron-to-proton ratio
➢ Nuclear Freeze-Out

❖ Primordial-Abundance Observations
➢ Helium-4
➢ Deuterium and the Cosmic Microwave Background
➢ Lithium Isotopes

❖ Lithium Problem(s)
➢ Lithium-6 Status
➢ Stellar Solutions to Lithium-7
➢ Nuclear Solutions
➢ Particle solutions
➢ Aside: Coming age of Precision Cosmology

❖ Summary and Conclusions



EPOCHS OF INTEREST Equilibrium initial conditions
Nonequilibrium evolution

time

Temp
.



Standard BBN - Physics
Definition: Primordial synthesis of ≥ 9 light elements

After weak decoupling (100 keV):

After e± annihilation (10 keV):

High Entropy per Baryon in relativistic components

Relativistic species in thermally populated states

Initial equilibrium (10 MeV)
Conservation of comoving 
entropy per baryon



Standard BBN - Computation
Numerical treatments:
Ø First complete calculation: Wagoner, Fowler, Hoyle (1967)
Ø Updated calculation: Smith, Kawano, Malaney (1993)
Ø Modern codes: PArthENoPE; AlterBBN; PRIMAT

Neutrinos preserve Fermi-Dirac shape:

25 Nuclear Reactions:

Evolution of three thermodynamic/cosmological variables:

Isotropic and Homogeneous geometry



Neutron to proton rates
6 Neutron-to-proton rates set n/p

!" capture on neutron, normalized to neutron lifetime



Neutron to proton ratio – Primordial Helium

Common Approximation at late times after Weak Freeze-
Out (WFO):

n/p(t) = e��mnp/TWFOe�(t�tWFO)/⌧n

How Accurate is the WFO approximation? YP ' 2n/p

1 + n/p

����
f.o.

Equilibrium:
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Nuclear Reaction
Network

26 nuclides

88 reactions

18 nuclides

60 reactions

9 nuclides

25 reactions

Figure 16. Reaction network.

25 strong, electromagnetic, 
and weak nuclear 
reactions

Thermally averaged 
reaction-rate coefficients



Equilibrium initial conditions
Nonequilibrium evolution

Freeze-Out from NSE



Theoretical Predictions



Observations of Primordial Helium

Figure 5. Helium abundance (mass fraction) versus oxygen to hydrogen ratio regression calculating
the primordial helium abundance.

to O/H = 9.2 × 10−5. Adopting the same metallicity cut with the dataset of this work
decreases the intercept slightly to 0.2441±0.0147. Using all 93 observations included in their
HeBCD sample, ITS07 determined Yp = 0.2516 ± 0.0011. Their much smaller uncertainty
is achieved primarily though the use of the full sample of observations. In a more recent
analysis using their HeBCD sample and observations from the SDSS and VLT, Izotov et al.
[46] find Yp = 0.254 ± 0.003.

Finally, we also include analysis of the recently discovered extremely metal deficient
dwarf galaxy Leo P [47]. Because of Leo P’s low metallicity it is particularly valuable in
determining Yp, and its best fit solution and regression parameters are given in table 5.
Leo P satisfies all of the same quality and reliability criteria as our qualifying dataset, and
including it in a regression with the qualifying points returns an intercept of 0.2463± 0.0090
and a slope of 97 ± 115. Leo P agrees very well with the regression determined by the
qualifying dataset alone (eq. 5.1), and as a result, the regression is essentially unchanged
by the addition of Leo P, except for a small decrease in the intercept’s uncertainty. Table 6
summarizes the calculated regression Yp and slope, as well as the mean, < Y >, for several
subsets of the Final Dataset found in this work.

6 Discussion

Given the central role emissivities play in H II region analysis, we have updated our analysis
to incorporate the new PFSD emissivities, which utilize the most recent atomic data. Follow-
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Aver et al (2013)

Also see Izotov
and Thuan

Linear regression of HII 
regions in metal-poor 
galaxies 

Competitive CMB 
measurements 
forthcoming



Observations of Primordial Deuterium

Cooke et al (2018)

Planck (2015)



Observations of Helium-3

Bania, Rood, Balser (2002):

Cooke (2015): Proposal to measure ratio 3He/4He in DLAs



Observations of Lithium

Spite and Spite (1982):
Pop II Halo stars
Abundance vs. Temperature

19
82
A&
A.
..
11
5.
.3
57
S

26 Asplund et al.

diffusion shows that plausible (rotationally-induced mix-
ing) and seemingly inevitable (diffusion) processes may
solve the 7Li problem, but the observers’ challenge to
fit the Spite plateau’s shallow slope with respect to Teff
and [Fe/H] and its smoothness are as yet unmet. These
potential solutions to the 7Li problem indicate that the
observed 6Li abundance is almost certainly a lower bound
to the initial 6Li abundance. Some solutions lead to very
high initial 6Li abundances that, if correct, imply that
our understanding of the pre-galactic and Big Bang nu-
cleosynthesis is poor indeed.

7.4. Lithium Production in the Early Universe

The observed 6Li abundance is several orders of mag-
nitude larger than that predicted from the standard Big
Bang. On the assumption that the standard Big Bang
sequence is the correct representation of the primordial
fireball, synthesis of 6Li is attributed to collisions in the
intergalactic or interstellar medium between high-energy
particles (cosmic rays) and ambient nuclei. The two lead-
ing processes are the α+α fusion reactions and spallation
reactions involving protons (also, αs) and 16O (also 12C
and 14N) nuclei. Both processes also produce 7Li with
7Li/6Li∼ 1 to 2 (Mercer et al. 2001). Only the spalla-
tion reactions produce 9Be, 10B, and 11B. In the classical,
or direct, Galactic cosmic ray spallation scenario as for-
mulated by Reeves et al. (1970) and Meneguzzi et al.
(1971), the accelerated particles are the protons etc hit-
ting ambient interstellar CNO nuclei. As a consequence,
this reaction is secondary in nature: [Be/H]∝[O/H] 2.
In inverse spallation the collisions instead occur through
fast CNO nuclei and interstellar protons and α-particles.
Since the CNO nuclei are both produced and acceler-
ated by supernovae, the resulting spallation yields will
be essentially independent of the metallicity, a primary
process: [Be/H]∝[O/H]. One possible way of achieving
this is through superbubbles (Higdon et al. 1998; Parizot
& Drury 1999 but see Prantzos 2005, 2006 for a critique
of this scenario): a sequence of supernovae in rapid con-
cession in a cluster or OB association accelerates nuclear-
process enriched material. Establishing the behaviour of
[O/Fe] with metallicity is clearly important for estimat-
ing the spallation production rate but unfortunately no
unanimous verdict have appeared to date in this regard
(e.g. Israelian et al. 1998, 2001; Boesgaard et al. 1999;
Asplund & Garćıa Pérez 2001; Nissen et al. 2002; Ful-
bright & Johnson 2003; Garćıa Pérez et al. 2006).
Since spallation reactions are thought to be the sole

process by which Be is synthesised and the Be abundance
is obtainable for stars on the Spite plateau (Boesgaard
et al. 1999; Primas et al., in preparation), the efficiency
of a proposed scenario invoking spallation may be rather
well calibrated using observed Be abundances. The si-
multaneous production from the α + α fusion reactions
is not simply calibratable. The observed 6Li/Be ratio
shows that the 6Li must be produced primarily from the
fusion reactions at low metallicities with Be necessarily
from spallation; the meteoritic 6Li/Be ratio (≈ 6) is a
representative measure of the production ratios for spal-
lation but the ratio is ≈ 40 for HD 84937 (Smith et al.
1998) and may reach ≈ 150 for LP815-43 (Primas et
al., in preparation). The initial 6Li/Be ratios were likely
even greater due to 6Li depletion, underscoring the need
for α+ α fusion reactions.

Fig. 23.— Upper panel: Observed logarithmic abundances of
7Li (open triangles) and 6Li (solid circles) as a function of [Fe/H]
for our program stars; 3σ upper limits to the 6Li abundances are
denoted with arrows. Also shown as open circles are the 6Li detec-
tions in the halo turn-off star HD84937 (Smith et al. 1993, 1998;
Cayrel et al. 1999) and in the two Galactic disk stars HD68284
and HD130551 (Nissen et al. 1999). The large circle correspond to
the solar system meteoritic 6Li abundance (Asplund et al. 2005),
while the horizontal solid line is the predicted 7Li abundance from
Big Bang nucleosynthesis and the baryon density as determined
by WMAP (Spergel et al. 2003; Coc et al. 2004; Cuoco et al.
2004; Cyburt 2004). The (lower) solid, dashed, (lower) dotted and
dash-dotted lines correspond to the models for cosmic ray 6Li pro-
duction by Prantzos (2006), Ramaty et al. (2000), Fields & Olive
(1999) and Vangioni-Flam et al. (2000), respectively; see text for
details. The higher dotted line shows the 7Li abundance assum-
ing the Fields & Olive model with a 7Li/6Li production ratio of
1:1.5 and a primordial abundance of log ϵ7Li = 2.1. Lower panel:
Same as in the upper panel but taking into account the predicted
pre-main sequence 6Li depletion from Richard et al. (2002, 2005;
and 2005, private communication) to the observed 6Li abundances;
these are the minimum values corresponding to negligible 7Li de-
pletion (see Sect. 7.3 for details).

A large number of Galactic chemical evolution mod-
els including spallation and α-fusion reactions have been
presented in recent years and compared with observed Li,
Be and B isotopic abundances (e.g. Yoshii et al. 1997;
Fields & Olive 1999; Parizot 2000; Vangioni-Flam et al.
2000; Ramaty et al. 2000; Suzuki & Yoshii 2001; Al-

Asplund et al (2006): 
Abundance vs. Metallicity

Slope?



A Lithium-6 Problem?

Asplund et al (2006): Modeled dwarf stars with 1D and 3D Local 
Thermodynamic Equilibrium (LTE) analyses.  Detected blending of 
670.8 nm line.

Cayrel et al (2007): NLTE effects important in modeling redward
wing of 670.8.  Previous detections should be taken as upper 
limits.  Very little affect on 7Li abundance.

Lind et al (2013): More sophisticated 3D NLTE model with Li, Na, 
and Ca.  Reached same conclusions.

No evidence for 6Li anomaly.

Detection of 6Li would create strong tension with SBBN



Stellar Solutions to Lithium-7

Frebel et al (2019): Single star with Fe/H < −6.3 and * Li = 1.7

A&A 522, A26 (2010)

Fig. 15. A unified view of A(Li) vs. [Fe/H] from some studies for which
a common temperature scale can be assumed. Blue circles, Asplund
et al. (2006) data, red triangles, Aoki et al. (2009) data, magenta
squares, CS 22876–032 from González Hernández et al. (2008), filled
symbol primary star, open symbol secondary star. Black diamonds, this
work, BA temperature scale. Dot-dashed gray line, best linear fit to
Asplund et al. (2006) data, continuous dark gray line, best fit to our
data. Typical error bars for our data are displayed.

average IRFM plateau placement and their own, and can account
in principle for their failure to detect the slope, assuming their
temperature scale and ours diverge progressively at low metal-
licities.

Lithium abundances for two extremely metal poor stars
(HE 0233–0343 and HE 0945–1435) were recently presented
by García Pérez et al. (2008). Both stars show extremely low
Fe content ([Fe/H] ∼ −4), but probably because of the weakness
of Fe II lines, the estimation of gravity is uncertain. This affects
the determinations of both the evolutionary status (either MS or
early SGB) and Teff, which is derived from Hα wing fitting in a
way similar to that used with our BA scale. The stars appear to
be fairly cool, 6000 K ≤ Teff ≤ 6250 K, which would place them
among the “cool stars” of our sample as described in Sect. 7.4,
and both objects show significantly depleted Li, A(Li) ∼ 1.8.
Owing to the uncertainty of the parameters determination we did
not include these stars in Fig. 15.

8. Possible biases

8.1. Binary stars

Two potential biases can, in principle, be responsible for produc-
ing systematically low Li abundances, and a trend of A(Li) with
metallicity. The first one is of course the presence of undetected
binaries, for which the veiling by the secondary star will sys-
tematically reduce the EW of the lines of the primary, leading
to an underestimate of both metallicity and Li abundance. The
true impact of this effect is difficult to evaluate, mainly because
little is known about the fraction, and mass-ratio distribution, of
binaries at low metallicities. Duquennoy et al. (1991) report, for
G dwarfs in the solar vicinity, a fraction of 44% of stars hav-
ing a companion with q= M2/M1 > 0.1, about 1/3 of which
have q> 0.5. Latham et al. (2002, and references therein) found
that the halo binary population does not differ significantly from
the disk one, although we note that they did not explore signifi-
cant numbers of stars with metallicities as low as the stars in our
present sample.

It nevertheless seems unlikely that undetected binaries pol-
lute our sample significantly. We checked for binarity by inspect-
ing the Mg b triplet lines (e.g., see Fig. 13). Our spectra have a
typical S/N ∼ 100 or higher, and Mg b lines have a typical EW
of 10 pm. A line with central residual intensity of 0.95 would
be detected at least at the 5σ level in this typical spectrum, and
have a typical EW of 0.8 pm. As per González Hernández et al.
(2008), to reduce a 10 pm line to 0.8 pm, a ratio of the continua
fluxes of about 11.5 is needed. If we roughly assume that the
total luminosity scales accordingly, this corresponds roughly to
q= 0.5 (since L ∝ M3.2 on the main sequence, see Kippenhahn
& Weigert 1990). A similar flux ratio in the Li doublet range
would lead to a correction of the Li doublet EW for the primary
star of about 8%, corresponding to 0.03 dex in A(Li). In other
words, every binary star requiring significant veiling correction
on the primary spectrum would also be promptly detectable be-
cause of the double line system. This system could only stay
undetected if the radial velocity separation of the two stars was
quite small at the moment of the observation(s), so that the two
line systems remained blended.

In addition to the above, if we take the figures of Duquennoy
et al. (1991) at face value, find that about 13.5% of the bina-
ries are characterized by a significant veiling of the primary
(i.e. q> 0.5). Our original sample comprised 30 stars, which
implies that there are 4 expected “significant binaries”. Three
stars have already been rejected from the sample, one of them
(HE 1148–0037) being indeed a binary. Two more (CS 22882–
027 and CS 22188–033) exhibit significant lithium depletion or
no Li doublet at all, and were excluded from all statistical anal-
yses. They are clearly the most likely candidates to be binaries,
albeit neither one shows a double line system7. One could thus
expect one more “disguised” binary to be biasing the sample.
While this is quite possible, it would hardly influence any of our
results.

8.2. 3D NLTE effects on Fe ionization equilibrium

The second problem relates to the use of Fe I-Fe II ionization
equilibrium to estimate gravity. From preliminary computations,
it appears that 3D corrections of Fe lines with excitation poten-
tials of the same order as employed in the present work could
be quite large at low metallicities for stars similar to those that
we study. Moreover, corrections for Fe I appear to be negative
(of about 0.2 dex), while they are positive (about 0.1 dex) for
Fe II lines, for a Teff = 6500, log g = 4.5, [Fe/H] = −3.0 star. The
phenomenon is mainly caused by the overcooling that 3D treat-
ment produces in the outer layers of atmospheres at low metal-
licities, and appears to be of similar magnitude at [Fe/H] = −2
(due to the stronger saturation of Fe lines, which drives their
contribution function to higher layers), but would most likely
disappear above. If taken at face value, a 0.3 dex Fe I-Fe II im-
balance would lead to an overestimate of log g of about 0.5 dex
when analyzed using 1D LTE models (as is our case regarding
metallicity and gravity estimation). We do indeed find higher
gravities than expected from evolutionary tracks. On the other
hand, we do not currently have a 3D NLTE spectrosynthesis
code for iron; we are thus unable to account for NLTE effects,
which are likely to counterbalance the 3D effect because of over-
ionization occurring in the upper layers where overcooling is
present in 3D models. A similar mechanism is indeed active for

7 We have another UVES spectrum of CS 22188–033, taken at a differ-
ent epoch, which does not show radial velocity variations with respect
to the one used in the present work, nor signs of a double line system.
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Sbordone et al (2010):
Spite plateau breakdown for
Fe/H ≲ −2.8; no slope

above

Aguado et al (2019): Fe/H < −6.1 and * Li = 2.02 ± 0.08

Proposed solutions:
1. Atomic diffusion w/ turbulence
2. Gravity Waves
3. Rotational Mixing
4. Combination….



Primordial Nuclear Solutions to Lithium-7

Krauss and Romanelli (1990): MC 
variation of rxn. cross sections

19
90
Ap
J.
..
35
8.
..
47
K

Hou et al (2017): Tsallis statistics for 
baryons – reevaluate !"

Civitarese and Mosquera (2013): Put 
in resonances in 7Li rxn. chain



Particle Solutions to Lithium-7

Coc and Vangioni (2017):

Blue, green, red dots: neutron
oscillations

Light blue dots: resonant annihilations

Pink dots: particle decay

Green line: nonresonant annihilations

Red line: qualitative explanation
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Fig. 6. Each dot is the prediction of a model57 in the space (D/H, 7Li/H). The rectangle corre-
sponds to the D/H observational limits of Ref. 19 together with those from Ref. 13 for lithium.
The blue, red and green dots correspond to n-n’ oscillation models the light blue dots correspond
to resonant annihilation models and the pink dots to particle decay models. The green curve with
filled circles corresponds to the non–resonant annihilation model. The dashed line is a qualitative
explanation of this anti–correlation.20 This demonstrates that no model can be in agreement with
both lithium-7 and deuterium

The reason for this anti–correlation is that besides 7Be destruction by 7Be(n,p)7Li,
late time neutron injection, unavoidably generate extra deuterium by the 1H(n,γ)D
reaction.20, 58 Neglecting all other reactions, at the relevant temperature when 7Be
is formed, one obtains20 the dashed curve in Fig. 6. The lower limit for lithium
abundance appears at Li/H≈ 6 × 10−11 (Fig. 6). It comes from the enhanced 3H
production [by 3He(n,p)3H] that feeds the 3H(α, γ)7Li branch (“Low ΩB” on Fig. 3)
while 7Li may not be efficiently destroyed anymore by 7Li(p,α)4He, because of the
lower temperature.

7. Deuterium cosmic evolution

Starting from our new BBN D/H value at redshift of z ≈ 108, it is interesting
to follow the cosmic deuterium evolution. This isotope is a good tracer of stellar
formation since it can only be destroyed from the BBN epoch due to its fragility



Other Solutions to Lithium-7

Partial List:
1. Primordial Magnetic Fields (1806.01454)
2. Neutrino secret interactions (1712.04792)
3. Long-lived Negatively Charged Massive Particles 

(1706.03142)
4. Decays of Axion-like particles (1501.04097)
5. Gravitino decays (1303.0574)
6. Neutral Fermion Decays (1303.2291)
7. Metastable charged sparticles (1209.1347)
8. Hadronic Decays (astro-ph/0408426)

Note: Extra radn. energy density and/or ! degeneracy not viable



Dark Photons

include the in-medium photon propagator in the thermal
bath, and the fermion wave functions. Among these
modifications the most important ones are those that lead
to the resonant production of dark photon states. However,
resonant production occurs at much earlier times [3], at
temperatures T2

r ≥ 3m2
V=ð2παÞ≃ ð8mVÞ2, and turns out to

be parametrically suppressed relative to continuum pro-
duction; the details of the corresponding calculation are
included in Appendix A. The dominant continuum pro-
duction corresponds to temperatures of mV and below
where the T-dependence of

P
jMll̄j2 can be safely

neglected. In the present model it is given by

X
jMll̄j2 ¼ 16παeffm2

V

!
1 þ 2

m2
l

m2
V

"
: ð8Þ

The same matrix element determines the decay width,

ΓV→ll̄ ¼
αeff
3

mV

!
1 þ 2

m2
l

m2
V

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4
m2

l

m2
V

s

: ð9Þ

The right hand side of (7), that can be understood as the
number of V particles emitted per unit volume per unit
time. In the MB approximation, it can be reduced to

1

ð2πÞ3
1

4

Z

Eq : 11
dEldEl̄e

−
Elþ El̄

T

X
jMll̄j2; ð10Þ

where the integration region is given by

$$$$
m2

V

2
−m2

l −ElEl̄

$$$$ ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
l −m2

l

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
l̄ −m2

l

q
: ð11Þ

In the approximation where only electrons are allowed to
coalesce and their mass neglected, ml ≪ mV < 2mμ, (11)
reduces to ElEl̄ ≥ m2

V=4 and the integration leads to the
familiar modified Bessel function,

s _YV ¼ _nV þ 3HnV ¼ 3

2π2
ΓV→ll̄m2

VTK1ðmV=TÞ; ð12Þ

where YV ¼ nV=s is the number density normalized by the
total entropy density, and ΓV→ll̄ ¼ αeffmV=3, without
ðm2

l =m
2
VÞ-suppressed corrections, is used for consistency.

The final freeze-in abundance via a given lepton pair is
given by

Yl
V;f ¼

Z
∞

0
dT

_Yl
V

HðTÞT
: ð13Þ

The integrals are evaluated numerically using

HðTÞ≃ 1.66
ffiffiffiffiffiffiffiffiffiffiffi
g%ðTÞ

p T2

Mpl
; sðTÞ ¼ 2π2

45
g%ðTÞT3; ð14Þ

where g%ðTÞ is the effective number of relativistic degrees
of freedom, evaluated with the most recent lattice and
perturbative QCD results (see Appendix A for details).

FIG. 2. Illustration of the coalescence production of the dark
photon V via an off-shell photon.

FIG. 1 (color online). An overview of the constraints on the
plane of vector mass versus kinetic mixing, showing the regions
excluded due to their impact on BBN and the CMB anisotropies,
in addition to various terrestrial limits [1,8], including the more
recent limits [9]. These excluded regions are shown in more detail
in later sections.

COSMOLOGICAL CONSTRAINTS ON VERY DARK PHOTONS PHYSICAL REVIEW D 90, 035022 (2014)

035022-3

Fradette et al (2014):
Dark photon decay during and after BBN

n to p interconversion

enhanced photodissociation

entropy dilution (in progress)



Proton Transmutation

Vasquez et al (2012):
Sensitivity study late-time neutron 
injection by transmuting protons
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FIG. 2: Same as Fig. 1 but for 6Li, 9Be, 10B, 11B and CNO isotopes.

nihilations with λ0 = (3−5)×10−9 s−1 (Figure 3) help solve
the 7Li problem. Figure 4 shows the time evolution of the
lightest elements for the SBBN and neutron injection from
decaying exotic particle scenarios. The major impact of the
injected neutrons is on 7Be and 7Li helping diminish the pri-
mordial yield in 7Li while the deviation on other light species
show minor changes.
In figures 1 and 3 the different observational constraints are

given (green hatched zones). As previously stated, the 7Li/H
abundance is obtained from [3]. The abundance of D is mea-
sured in quasar absorption systems. The weighted mean value
of the observations is D/H=(3.02± 0.23)× 10−5 (see [31]
for details). Note that two recent observations of D/H could
slightly modify this value [32] and [33]). Finally, the deter-
mination of the 4He abundance in extragalactic H2 regions
is fraught with difficulties due to systematic errors. Conse-
quently, as shown in figures 1 and 3, the weighted mean value
is Yp = 0.2566± 0.0028 still carries a large uncertainty [34].

IV. DISCUSSION

While in our SBBN code, the neutrons are injected at
equilibrium, it is likely that extra neutrons from any kind
of beyond the Standard Model physics are produced out-of-
equilibrium. It is, therefore, important to consider the ther-
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FIG. 3: 4He, D, 3He and 7Li abundances as a function of neutron
injection rate for case (4) i.e. decay, with τx = 40 mn (solid) and
case (5) i.e. annihilation with Tc = 0.3 GK (dash). Hatched zones
represent the observational outcome (see the text for details).

malization process of neutrons during BBN before they decay,
through which channels they do so, and to estimate the pos-
sible perturbations to SBBN abundances. As mentioned by
Jedamzik [23, 24], the thermalization process calculation of
energetic nucleons is simplified greatly by two facts: first, the
Hubble time is much greater than the mean time between any
of the interactions under consideration τH ≈ 300

( T
90KeV

)−2 s,
and second, the interactions between non-thermal and ther-
mal nucleons are unlikely. The decay time of free neutrons
(τ0 = 881s) is even greater than the Hubble time.
There are 3 main classes of reactions: (1) elastic and inelas-

tic n− p scattering, (2) the afore-mentioned spallation of 4He
with production of 3He, and (3) both elastic and inelastic scat-
tering n− 4He. All of these processes contribute to thermal-
ization, but the spallation to non-thermal 3He might disturb
the abundance of 6Li [35] through the following reactions

n + 4He → 3He + 2n
4He + 3He → 6Li + p. (1)

Firstly, we justify the claim that the injected neutrons in-
deed thermalize before they decay and secondly, we estimate
the production of 3He and 6Li.

Red-dashed linesSolid-blue lines



Heavy Sterile Neutrino Decay

Dashed Lines:

Sterile neutrino 
decays into mesons 
and leptons



THE COMING ERA OF
PRECISION COSMOLOGY
I. CMB Stage-IV and others

A. Simons Observatory - Atacama Desert, Chile
B. South Pole Observatory - South Pole
C. Other CMB experiments - CLASS and QUIET

II. Thirty-meter class telescopes
A. EELT and GMT - Atacama
B. TMT – Mauna Kea, Hawaii

III. Surveys
A. DES - Cerro Tololo, Chile
B. DESI - Kitt Peak, AZ
C. LSST – Cerro Pachón, Chile



Summary and Conclusions
1. Standard BBN theoretically well-understood
2. Observations

a) D/H excellent agreement with CMB
b) Potential to measure !" to same precision as D/H

3. Lithium is a problem
a) No evidence for stellar solutions
b) Primordial solutions must preserve D/H

4. Precision Cosmology next decade

Observations
will drive
the Theory!
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