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Production of lithium in primordial supernovae
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Abstract. The first generation of stars is quite unique. The absence of metals likely affects
their formation, with current models suggesting a much more top-heavy initial mass fraction
than what we observe today, and some of their other properties, such as rotation rates and bi-
narity, are largely unknown or constrained by direct observations. But even non-rotation single
stars of a given mass will evolve quite differently due to the absence of the metals: the stars
will mostly remain much more compact until their death, with the hydrogen-rich later reaching
down ten teems deeper in radius than in modern stars. When they explode as supernovae, the
exposure to the supernova neutrino flux is much enhanced, allowing for copious production
of lithium. This production will not be constant for all stars but largely vary across the mass
range. Such production even more challenges the presence of the Spite Plateau.
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1. Introduction

The tension between the clear predictions for
big bang nucleosynthesis (BBN) production of
7Li on the one hand (Pitrou et al. 2018), and the
observation of the much lower “Spite Plateau”
(Spite & Spite 1982) in metal-poor or ultra-
metal poor (UMP) stars persists to the present
day and topic of many other contributions in
these proceedings. A common explanation of
the past (but see other ideas in these proceed-
ings) has been to suggest a fixed and universal
depletion/destruction process for 7Li from the
BBN initial abundance. In this contribution we

set out to introduce an additional production
mechanism for 7Li that should be present in the
first generation of stars which also make the
metals that are found in the stars of the Spite
Plateau. This adds some extra variation in the
initial 7Li abundance of the material of which
the Spite Plateau stars have formed.

2. Massive Population III stars

The theory of formation of Population III stars
suggest that the first generation of stars has
been quite massive (e.g., Bromm et al. 2002;
Abel et al. 2002; Hirano & Bromm 2017), with
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Fig. 1. Pre-supernova structure, i.e., density (y-axis)
as a function of mass coordinate (x-axis), for 15 M�
stars of zero metallicity (Z = 0, z15), [Z] = −4
(u15), and solar metallicity ([Z] = 0, s15). The den-
sity in the hydrogen envelope is much higher in the
Pop III model than in the ultra-metal poor (UMP)
star or that of solar composition.

typical masses maybe in the tens to hundreds
of solar masses. Understanding what the initial
mass function (IMF) of the first generation of
stars really is, however, remains an open ques-
tion. Here we will assume they are in the mas-
sive star range.

It is this first generation of stars that make
the first heavy metals in the universe, the met-
als that we find in the most metal-poor low-
mass stars of our galaxy today. The most iron-
poor star found to date only has an upper
limit for its iron abundance (Keller et al. 2014;
Bessell et al. 2015). To match the observed
abundances, the best progenitor candidate was
a 40 M� star, with large fallback (Zhang et al.
2008; Chan et al. 2018), low amount of mixing
(Joggerst et al. 2009), and a low dilution fac-
tor of ∼ 30 for the supernova (SN) ejecta with
primordial material as the initial abundance for
the “Keller Star”. Remember that last number
for the Conclusions Sections.

3. Neutrino-induced Li production

Based on the large compilation of non-rotating
single Pop III star models and explosive yields
by Heger & Woosley (2010), we assessed the
production of 7Li in supernovae from primor-
dial stars. These stars uniquely lack any initial

Fig. 2. Pre-supernova hydrogen density as a func-
tion of mass coordinate for same models as in
Figure 1. The hydrogen density in the Pop III star
is much higher at the base and keeps high density
throughout. For the solar composition star only the
very bottom mass fraction of the envelope has high
hydrogen density.

Fig. 3. Pre-supernova hydrogen density as a func-
tion of radius coordinate coordinate for same mod-
els as in Figure 1. The hydrogen reaches down to
lower radii in the Pop III star model compared to
the UMP star or solar composition.

heavy elements needed for hydrogen burning
by the CNO cycle. Instead, they contract until
the onset of helium burning by the triple-alpha
process, making a small trace of carbon, just
sufficient to start the CNO cycle burning pro-
cess. The same applies to hydrogen shell burn-
ing, and, as a result, the entire hydrogen shell
remains quite compact and dense until the su-
pernova stage as compared to more metal-rich
stars (Figure 1). This leads to much higher hy-
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Fig. 4. Key abundances at pre-supernova stage (dot-
ted lines) and 100 s after supernova explosion (solid
lines) of a 15 M� primordial star (z15) with an ex-
plosion energy of 1.2 B. 7Be will still decay to 7Li
at a later time. We see large production of 3He at
the base of the hydrogen shell (compare to Figure 2)
that burns to 7Be at the very bottom of the hydrogen
shell. The deuterium that was initially made by cap-
ture of the neutrons from neutrino interaction has all
been burnt to 3He by the SN shock wave.

Fig. 5. Same as Figure 4 but for Model u15. There
is production of 2H but no significant production of
7Li or 7Be in the hydrogen envelope; there is some
notable production of 7Be from neutrino spallation
in the CO core.

drogen density in the envelope (Figure 2) and
deeper into the star (Figure 3).

Unique to Pop III stars, the supernova neu-
trinos can now convert protons to neutrons that
uniquely react onward to make 7Li by the reac-
tion chain
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Fig. 6. Same as Figure 5 but for Model s15. There
is no relevant explosive nucleosynthesis in the hy-
drogen envelope, but some notable production of
7Be from neutrino spallation in the CO core simi-
lar to Model u15.

Fig. 7. Production factor [Li/H] in the ejecta of a
15 M� primordial star (z15) as a function of ex-
plosion energy (final kinetic energy of ejecta). The
compression and heating by the explosion in the
dense hydrogen envelope allows for efficient pro-
duction of 7Li by 3He + 4He→7 Be.

leading to high production of 7Li in the hydro-
gen envelope (Figure 4), that is easily ejected.
In contrast, in stars of higher initial metallic-
ity we do not find 7Li production in the hydro-
gen envelope, but spallation reactions may pro-
duce 7Be in the CO core (Banerjee et al. 2016,
shown here in Figures 5 and 6). The resulting
7Li yield in the ejecta may still be comparable
to the solar abundance level.

Interestingly, the neutrino-induced neutron
production alone is not the only ingredient.
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Fig. 8. Production factor [Li/H] in the ejecta of a
primordial stars with an explosion energy of 1.2 B as
a function of initial stellar mass. For stars of higher
mass fallback sets in, reducing the 7Li yield above
40 M�; for higher explosion energies than the 1.2 B
case shown here, however, the 7Li production re-
mains high.

When the supernova shock runs through the
dense hydrogen envelope, the extra heating
boost the fusion reaction that lead to 7Li
production, and hence there is a sensitivity
to supernova explosion energy, as shown in
Figure 7. The neutrino energy and flux used to
compute the neutrino-induced spallation was
kept the same for all explosion energies.

4. Stellar mass summary

The mechanism presented here operates in su-
pernovae; for star below the supernova mass
limit it does not operate. We find about solar
production from the onset of supernova explo-
sion up to ∼ 12 M� (Figure 8). We then find
a plateau of Li production factor of [Li/H] =
1.3 . . . 1.5 from ∼ 12 M� up to ∼ 45 M� for ex-
plosions of E = 1.2 B. At higher initial mass,
fallback removes the 7Li production, but for
higher explosion energies, e.g., hypernovae,
high 7Li production would persist provided the
neutrino flux does not cut off, otherwise there
would be little production beyond ∼ 45 M�.

We expect no production for very mas-
sive stars: For pulsational pair instability su-
pernovae (PPSN) much of the hydrogen enve-
lope would either be removed by the pulses
(Woosley 2017) or the envelope would have

much higher entropy and lower density due
to the pulses preceding the final collapse. For
higher masses, the pair instability supernovae
will not make a compact remnant (Heger &
Woosley 2002) and hence not produce a sig-
nificant neutrino flux during the explosion
(Wright et al. 2017).

As a word of further caution, the calcula-
tions presented here do not include rotation or
interacting binary star evolution. Mixing pro-
cesses or transfer of enriched material may
reduce the 7Li production significantly if it
causes a more effective hydrogen burning by
the CNO cycle, which would reduce the den-
sity of the hydrogen envelope.

5. Conclusions

Massive Pop III stars can uniquely make 7Li
by the neutrino-process due to their exception-
ally compact hydrogen envelope that brings the
protons closer in and to higher densities than
in later generations of stars. The high densi-
ties uniquely allow for a reaction chain that
leads to the production of 7Be that later de-
cays to 7Li. The 7Li production is induced
by charged current reaction on protons and is
therefore sensitive to electron anti-neutrino en-
ergies. The interaction occurs in the hydro-
gen envelope outside typical neutrino oscilla-
tion density and can therefore be affected by
neutrino flavour oscillations. The process is not
present in pair instability supernovae (PSNe)
from Pop III stars due to lack of neutrinos
nor in pulsational pair instability supernovae
(PPSNe) due to loss of the hydrogen envelope.

If a dilution factor of ∼ 30, as derived
for the Keller Star, is typical for (some) Pop
III SN, the production can be well above
big bang nucleosynthesis for top-heavy initial
mass functions (IMF) of Pop III stars, as is of-
ten assumed. This would result in variations of
the initial 7Li abundances of second genera-
tions stars such as the Keller star by a factor
2 or more. It would make it difficult to explain
the flatness of the Spite plateau by some de-
struction mechanism acting on the BBN 7Li
abundances at an about constant efficiency. The
origin of 7Li abundances in the Spite Plateau
would have to be of a different nature.
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Observations of 7Li variations in second-
generation initial abundances may provide im-
portant constraints on many properties of Pop
III stars, such as internal mixing processes, ro-
tation rates, or their initial mass function.
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