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Abstract. The first generation of stars in the universe may have been different from
stars in the present-day universe. They may have been typically more massive than
stars that form today, or may have rotated faster and hence their evolution, explosion,
and overall nucleosynthesis yield could have been quite different. Theoretical models
are needed to qualify and quantify these differences. Here we present nucleosynthesis
results from the first generations of stars in the universe and how they may be connected
to observed abundance patterns from ultra-metal poor stars.

1. Introduction

Our ultimate goal is to understand the history of the universe from the big bang until
today, including the history of light - things we can observe like stars and supernovae
- and structure - galaxies, clusters, superclusters and the cosmic web, as well as the
history of elements from the big bang till today. Often, people refer to the epoch of
the universe from recombination until the formation of the first stars the “Cosmic Dark
Ages” because there were no new sources of light (and though the “light echo” of the
big bang was still around). But the physics of what happened in that epoch is reasonably
well understood (e.g., Abel et al. 2000; Bromm et al. 1999). Semantically more similar
to the historic dark age, perhaps, is what followed then in terms of our knowledge of it.
How did early structure form, how did the first galaxies form and re-ionize the universe,
how did the first stars affect the formation of the first galaxies, and what actually were
the first stars like? Most of all, what did the first stars “look like”: What were there
masses and how did they die? Our approach here is that of a forensic criminologist,
looking at the evidence left behind, the nucleosynthesis fingerprint preserved in ultra-
metal poor (UMP) stars we find in our galaxy and compare to the nucleosynthesis as
predicted by our stellar models.
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Figure 1. (color online) Instabilities that develop inside an exploding pair-
instability supernova from a 250M� star (Chen et al. 2011) using the CASTRO code
(Almgren et al. 2010).

2. Very Massive Stars

The basic evolution of massive stars has been understood since a long time (e.g.,
Woosley et al. 2002, for a review), and we also have some general understanding on
how we expect them to die (e.g., Heger et al. 2003). What has excited the community
over the last dozen years is the prediction from first principle calculations and numeri-
cal models that the first stars may have been rather massive, with characteristic masses
possibly in the range 30M�−300M� (Bromm et al. 1999, 2002; Abel et al. 2000, 2002;
O’Shea & Norman 2006). This is in contrast to the present-day universe where the char-
acteristic mass is around 1M�. The interesting prediction about this was it included the
domain of “very massive stars” that can explode as pair-instability supernovae (PSN)
(Heger &Woosley 2002; Umeda &Nomoto 2002). The evolution of such stars was also
long known and studied in the past history (Barkat et al. 1967; Bond et al. 1984; Glatzel
et al. 1985; Woosley 1986), but interestingly, the predicted abundance pattern Heger &
Woosley (2002) shows a very strong elemental odd-even effect that does not match any
abundance pattern ever observed in any star - no star has formed of the debris of such a
star’s explosion. A possible ways out is “mixing” inside those big stars (e.g., Heger &
Woosley 2005) as found, e.g., by Heger et al. (2000); Woosley et al. (2010); Yoon et al.
(2012). We are currently also exploring the effect of multi-dimensional instabilities on
the nucleosynthesis in PSN (Chen et al. 2011, Figure 1).
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Figure 2. Fit of nucleosynthesis yield from primordial stars Heger & Woosley
(2010) to the recent “most primitive” star from Caffau et al. (2011) using the SF
package (starfit.org). Left Panel: The best fitting supernova out of stars in the
range 10M� − 100M� is from a 10.6M� star. Right Panel: Probability distribution
of stellar progenitor masses by quality of fit (Vo et al. 2012).

3. Massive Stars

Though there is some observational indication that very massive stars are still born in
the universe today (e.g., Eta Car) and some possibly even explode as pair-instability
supernovae, they may not be the dominant source of early chemical enrichment; they
would, e.g., not be very good at making the r-process to the best of our knowledge.
Recently, numerical simulations have found that there may actually be a significant
fraction of binary stars among the first stars (Turk et al. 2009) and hence their masses
may be lower than we had though. Whereas in the past a minimum metallicity of
maybe [Z] = −3.5 was considered necessary to have a “normal” Salpeter-like initial
mass function (IMF) with low-mass stars, the recent discovery of a star with [Z] . −4
(Caffau et al. 2011) seems to invalidate this picture. So maybe the first stars were not
all very massive.

We studied about 120 stellar masses in the mass range 10M� − 100M� and fol-
lowed a dozen different explosion models (explosion energies) for each model, plus
added varying amounts of mixing, and then put all of this into a data base to com-
pare with observations (Heger & Woosley 2010). A first interesting result was that
the amount of mixing due to Rayleigh-Taylor instabilities in the supernova explosion
needed to be much less than what is needed to explain the supernova light curve of
modern stars. And this difference in magnitude of mixing is in very good agreement
with multi-dimensional simulations of the mixing in supernova explosions (Joggerst
et al. 2009).

A second discovery was that we may obtain rather good fits with low-mass super-
novae, maybe not even needing to modify the IMF from Salpeter at all, at least not for
massive stars. Figure 2 shows a fitted abundance pattern and probability distribution
of progenitor masses (binned) for the star from Caffau et al. (2011). The best fitting
model, indeed, is a 10.6M� star; more massive stars give much worse fits.

In order to reconstruct the IMF from the first generation of stars - or at least of the
progenitors of the UMP stars in the halo of our galaxy - we fitted stars from the Cayrel
et al. (2004) and Barklem et al. (2005) data sets. The result is shown in Figure 3. We
can clearly see that the strong preference for the lowest masses remains; there seems to
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Figure 3. Probability distribution by mass of best fitting stellar models from pri-
mordial nucleosynthesis model yields Heger & Woosley (2010) for the data sets of
Cayrel et al. (2004, Left Panel) and Barklem et al. (2005, Right Panel). Both were
fitted using the same selection of elements.

be a gap just above 20M� and then a secondary peak at 30M�. In both cases we obtain
very similar results.

There are limitations, however: The fits do have some sensitivity to the available
data and the elements fitted (we tried to make this as homogeneous as possible), and
there are large uncertainties in both the observational data and the numerical models.

As a final note, the mixing of ejecta from early supernovae may have been inho-
mogeneous. In that case, maybe most metals went into not-so-low metallicity stars of,
e.g., [Z] ≈ −2 and very few went into stars of [Z] ≈ −4: it would require the metals in
100 of the later stars to enrich just one of the former. Koch et al. (2008), e.g., has found
stars that may show such abundance patterns, though in the bulge, where we actually
do expect material from the regions of first star formation to go. We would like to en-
courage observers to identify stars with overall primordial abundance pattern but also
at high levels of metallicity.

4. Summary

The IMF of the first stars – and hence how they come to pass – still remains elusive
without direct observational data. Major uncertainties in fates of the first stars largely
come from uncertainties in their initial properties: mass, rotation, binarity. Significant
uncertainty also exists in the modeling of the stellar physics of primordial stars and very
massive stars in general. As with all theory, this is particularly true when there is no
experimental (observational) constraint as in the case of Pop III stars. Stellar forensics,
i.e., determining abundance patterns of what the first stars left behind, may be our best
tool in the near future (e.g., to place constraints on PSNe).

Discussion

Nomoto: Could the rotation-induced mixing in the progenitor in pair-instability super-
novae reduce the odd-even effect in the abundance pattern of the ejecta?
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Heger: Yes, if there is mixing between the core and the envelope during helium burning
this would reduce the odd-even effect due to the production of 14N from primary carbon
(e.g., Heger & Woosley 2005). Such mixing could be due to rotation (Woosley et al.
2010) but occur even without rotation (Heger et al. 2000).

Nomoto: The [Zn/Fe] ratio is very sensitive to the explosion energy. How good is the
agreement between the observed [Zn/Fe] and your model?

Heger: Our Pop III models with spherically symmetric explosion, e.g., using a standard
IMF over the entire mass range and a fixed explosion energy of 1.2B for all masses pro-
duces an about solar [Zn/Fe] ratio (Heger & Woosley 2010), which is not in disagree-
ment with Cayrel et al. (2004). Strong super-solar values may require higher entropy
or asymmetric explosions. The production of high values of [Zn/Fe] has been predicted
already by, e.g., Truran & Arnett (1971).

Kajino: How does the uncertain mass loss along evolutionary track of massive stars
change the BH-forming SN rate?

Heger: The mass loss rate and its dependency on metallicity does affect the relation
of initial mass to remnant type (Heger et al. 2003; Zhang et al. 2008) and there are
major uncertainties in this mass loss rate, in particular for the red supergiant phase in
more metal-rich stars. But even for massive stars that do not lose the entire hydrogen
envelope, the mass limit for those that make supernovae in contrast to those that may
make just black holes without a supernova may be rather low from observational data
(Smartt 2009). Hence for single stars the effect may not be as big; an important factor,
however, could come from binary star evolution.

O’Shea: Does “normal” IMF imply a Salpeter-like slope, or a normal (1 B) SN explo-
sion?

Heger: Both. Our finding is that we obtain good fits for the abundances of ultra-metal
poor stars like the data set from Cayrel et al. (2004) but also individual stars when using
a standard Salpeter IMF and “normal” 1B explosion energies; what we do require,
however, is a much lower mixing than what is needed for solar metallicity to reproduce
observed light curves (Rauscher et al. 2002; Woosley & Weaver 1995), as predicted by
hydro simulations (Joggerst et al. 2009).

O’Shea: What has the low-mass cutoff in progenitors for your fit to observations?

Heger: I am not sure I understand this question. Let me try to reply as well as I can. In
contrast to the predictions from simulations of first star formation (Bromm et al. 1999,
2002; Abel et al. 2000, 2002; O’Shea & Norman 2006), and possibly even for binary
stars (Turk et al. 2009), we do not find a clear indication of a low-mass cutoff in the fits
of nucleosynthesis patterns.
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