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And again.. CHAPTER 1. INTRODUCTION
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Figure 1.2: Predicted mass range of the first stars as a function of the year of publication. Courtesy
of T. Hartwig (adapted from a plot by N. Yoshida). No distinction is made between Pop III.1 and
Pop III.2 stars (see text for details).

implemented in the simulation (see Table 1 of Stacy et al. 2016, for an overview of the characteris-
tics of some simulations of first star formation).

1.2 Origin of the elements

If gravity were the only force in stars, they would collapse in less than one hour (the free-fall
timescale is about 30 minutes for the Sun). Stars have to produce energy to counteracts their own
gravity. The Kelvin-Helmholtz timescale ⌧KH gives an estimate of how long a star would shine
with its current luminosity if the only power source were the conversion of gravitational potential
to heat. For the Sun, ⌧KH = GM2

�/(R�L�) ' 30 Myr. A lifetime of 30 Myr for the Sun is however
too short in regards to geological and biological evidences that the Earth is billions of years old.
Nuclear fusion provides another source of energy that sustains stars for a much longer time. Stars
gain energy by fusion only up to iron because it is the most bound nucleus. Beyond iron, no fusion
can occur. Massive stars with initial masses Mini > 8 M� undergo successive shorter and shorter
core burning stages, lasting from millions of years to fractions of days, and ultimately leading to
the onion-like structure shown in Fig. 1.3. At the end of each core burning phase, the burning
continues in a shell. As evolution proceeds, more and more burning regions are present in the
massive star (Fig. 1.3). Nucleosynthesis in massive stars is discussed in more details in Sect. 3.1.

As mentioned, stellar fusion can synthesize elements up to iron. The main processes building
elements beyond iron are neutron capture processes (Burbidge et al. 1957). Neutrons are captured
by nuclei that can experience a ��decay reaction (a neutron is transformed into a proton) if they
are unstable. Neutron capture processes are generally separated into two categories: slow and
rapid (s- and r-processes), that are both expected to contribute to synthesize about 50 % of the
nuclei beyond iron. For the r-process, neutron captures operate on much smaller timescales than
for the s-process, giving the possibility to reach very neutron rich (unstable) isotopes that finally
decay to the valley of stability (i.e. to stable isotopes, see Fig. 1.4). For the s-process, the neutron
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▸ They are rare stellar relics of the early universe. 

▸ They have records of the “First” Population III 
stars recorded in their atmospheres

Cosmic Timeline (Not to Scale)
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UMP & HMP stars : Fossils of the Cosmic Dawn



๏ Comparing UMP & HMP stellar abundance patterns to First 
stars SNe nucleosynthesis yields to determine First stars 
progenitor properties: Mass, SNe energy, Mixing fractions,..                   

๏ Depends on derived elemental abundances : need complete and 
precise abundances

the explosion energy, more than 75% of the stars with
measured nitrogen show 0.3 10 erg51´ , regardless of the
progenitor mass ranges listed above. This can either be an
indication of the nature of these progenitors or a numerical
artifact since this is the lowest available energy within the
model grid. In one particular case (HE 2239−5019), the
explosion energy is the maximum value allowed by the models
(10 10 erg51´ ). This spurious result could be explained by the
lack of carbon and nitrogen abundance measurements (see the
explanation below in Sections 4.2.2 and 4.2.3) or by the
behavior of the abundance pattern for the light elements.

For the stars with measured nitrogen, interesting differences
in the progenitor population arise for the lowest-metallicity
stars in the sample; one example is the difference in the CNO
pattern of HE 0107−5240 and HE 1327−2326. Even though
these two stars have Fe H[ ] values within 0.2 dex of one
another and estimated progenitor masses within 5%, HE 1327
−2326 has a log N( )� two orders of magnitude higher than HE
0107−5240. In the context of this work, this difference could
be explained by changes in mass and explosion energy
(0.6 10 erg51´ for HE 0107−5240 and 0.3 10 erg51´ for
HE 1327−2326) and does not require additional models to
describe the progenitor population. Another less extreme
comparison is for CS 30336−049 and HE 1424−0241: their
metallicity, carbon, and nitrogen abundances are within 0.02,
0.16, and 0.29 dex, respectively, and both share the same best
model fit ( M21.5 : and 0.3 10 erg51´ ). For SDSS J1742+25
( Fe H 5.07[ ] < - ), even though the progenitor mass and

explosion energy ( M23.0 : and 0.6 10 erg51´ ) are similar to
other stars in the same Fe H[ ] range, the small number of
determined abundances (C and Ca) clearly affects the fitting
procedure (see the discussion below). Additional abundance
measurements for these stars, as well as the discovery of more
stars in this Fe H[ ] range are needed for further investigation.
For the most iron-poor star known, SMSS J0313−6708, even
though our results are consistent with the models described in
Bessell et al. (2015), the lack of nitrogen abundance
measurements is possibly affecting the progenitor mass
determination.

4.2.2. Robustness of Best Model Fits

The starfit procedure gives the ten best model fits for a
given set of input abundances, ranked by their 2c value. To test
the robustness of the best solution, we analyzed the 2c
variation between the ten best models for each star and how
they affect the progenitor mass. For instance, a flat 2c
distribution with a wide range of progenitor masses is an
indication that the solutions are not very robust. Ideally, the 2c
value should rapidly increase between the first and second-best
solutions.
Figure 11 shows the evolution of the 2c values as a function

of the model rank. Each line represents a star in Table 6,
labeled by its “Star ID.” The numbers above each point are the
variations (in %) of the 2c value for a given model, compared
to the 2c value of the best model fit. The point size is

Figure 9. Abundance ratios X H[ ] as a function of charge number Z for the second nine UMP stars. Red filled squares are abundances taken from the literature (see
the text for comments on carbon and nitrogen). Thesolid line is the best fit for each star, with the model mass shown in the upper right. Arrows represent upper limits.
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The Astrophysical Journal, 809:136 (18pp), 2015 August 20 Placco et al.

Placco et al. (2015)  
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Can be used to infer First stars and SNe properties

“Mixing and Fallback” models (Heger & Woosley 2010)



(Quasi) Spherical models are not able to produce Fe Peak elements

Fig. 6.—Comparison between the [X/Fe] trends of observed stars (crosses: the previous studies [e.g., Gratton & Sneden 1991; Sneden et al. 1991; Edvardsson et al.
1993; McWilliam et al. 1995a, 1995b; Ryan et al. 1996;McWilliam 1997; Carretta et al. 2000; Primas et al. 2000; Gratton et al. 2003; Bensby et al. 2003]; open circles: CA04;
open squares: HO04) and those of individual starsmodels ( filled circles: normal SNe; filled triangles: HNewith caseA; filled rhombus: HNewith case B) and IMF integration
( filled squares). The parameters are shown in Table 1.

Fig. 7.—Same as Fig. 3, but for MMS ¼ 25 M", E51 ¼ 5.

Fig. 8.—Comparison between the abundance pattern of the C-rich EMP star
(circles with error bars: CS 29498#043; Aoki et al. 2004) and the theoretical
faint SN yields (solid line: 25F). The mixing-fallback parameters are determined
so as to reproduce the abundance pattern of CS 29498#043.

Tominaga et al. (2009)  
366 HEGER & WOOSLEY Vol. 724

(A)

(C)

(B)

(D)

(E) (F)

Figure 12. Fits to Cayrel et al. (2004). Cr is ignored (hollow circle). Cu (no data from by Cayrel et al.) and Sc may have other nucleosynthesis contributions and we
treat them only as theoretical lower limits (hollow triangles). A list of fits and their properties is given in Table 11. (A) Gauss IMF fit with M = 10.0 M⊙ ± 0.3 dex
(truncated at 10 M⊙), E = 0.6 B, Eexp = −1.0, mixing = 0.0398, χ = 0.836. (B) Best power-law IMF and IMF power-law exponent (also best power-law fit with
fixed mass range): M = 10–100 M⊙, Γ = 1.35, E = 0.6 B, Eexp = −1.0, mixing = 0.0398, χ = 0.709 (overall best fit). (C) Second best power-law IMF fit with
M = 11–15 M⊙, Γ = −0.650, E = 0.9 B, Eexp = −1.0, mixing = 0.0158, χ = 0.729 (overall second best fit). (D) Best power-law IMF fit with fixed explosion
energy: M = 10–15 M⊙, Γ = −0.65, E = 1.2 B, Eexp = 0.0, mixing = 0.0158, χ = 0.739. (E) “Standard” IMF fit: M = 10–100 M⊙, Γ = 1.350, E = 1.2 B,
Eexp = 0.0, mixing = 0.1, χ = 1.967. (F) High explosion energy case; IMF fit with fixed mass-dependent energy, full mass range, and Salpeter IMF (mixing was
allowed to float): M = 10–100 M⊙, Γ = 1.350, E = 1.8 B, Eexp = 1.0, mixing = 0.1, χ = 2.532.
(A color version of this figure is available in the online journal.)

higher explosion energy is imposed on a standard IMF, 1.8 B
at 20 M⊙ and proportional to M thereafter. The production of
Co is not improved and the quality of the overall fit is reduced.
Since Ni and Co are both made by the α-rich freezeout here, it
is hard to raise Co without overproducing Ni.

Other possibilities are explored in Panels (A)–(D). The best
overall power-law fit, not surprisingly, is achieved in Panel (B)
when the code is allowed to vary simultaneously all degrees
of freedom—mixing, explosion energy, slope of the IMF, and
upper and lower mass limits. Essentially everything is fit except
Na and Cr. The parameters the code finds for this good fit are
interesting. It prefers to have stars in the limited mass range

11–15 M⊙, a flatter IMF than Salpeter, very little mixing in
the explosion, and a low explosion energy that decreases with
increasing mass. The low energy and reduced mixing suppress
the contribution of the heavier stars because their synthesis
mostly falls back into the remnant. Panel (A) shows again
this preference for low-mass stars and low explosion energy
when the IMF is allowed to be a Gaussian rather than a power
law.

It should be noted, however, that the goodness of the fit, both
by eye and formally, in the χ , for Panels (A)–(D) and even
Panel (E), does not differ greatly and no particular significance
should be attached to any one set of parameters. Panel (F) on

Heger & Woosley (2010)  

Spherical and quasi-spherical (Mixing & Fallback) SNe models 
unable to produce Fe-peak elements (Co, Zn)
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Umeda & Nomoto-San (2002)



ZN IS ENHANCED RELATIVE TO FE IN METAL-POOR STARS

JINABASE (Abohalima & Frebel 2018)
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[Fe/H]

[Zn/Fe] Literature



HE 1327-2326 : Mono-Enriched star by single SNe eventMono-enriched second-generation stars 1803

(equation 4). Consequently, the probability to have only one SNe
per minihalo is very low, of the order 1 per cent. Instead, we expect
second-generation stars to form from gas that has been previously
enriched by several SNe. This analytical estimate is very power-
ful and flexible because it predicts the probability of having more
than one SN per minihalo for any possible IMF or stellar mass.
The chances to create mono-enriched second-generation stars are
highest in the smallest minihaloes because the available gas mass
to form stars is lower and hence it is more likely for these haloes to
host only one Pop III star that explodes as an SN.

4 C H E M I C A L S I G NATU R E O F
S E C O N D - G E N E R AT I O N STA R S

We aim to find the optimal diagnostic and selection criteria for EMP
stars that are promising mono-enriched candidates, given that only
relatively few elements are observable in EMP stars with reasonable
effort. We thus need to quantify the likelihood for star-forming gas to
have experienced only one prior enrichment event. We first use our
semi-analytical model to find which abundances are best suited for
this purpose. Then, we present a novel diagnostic that is independent
of any model for primordial star formation and only depends on the
assumed SN yields.

4.1 Signature based on our cosmological model

In Fig. 11, we display as an example the distribution and probability
of finding mono-enriched second-generations stars, calculated for
the [Mg/C] ratio. The mono-enriched second-generation stars popu-
late specific regimes, different from those of multi-enriched second-
generation stars. In general, the probability of mono-enrichment is
a decreasing function of metallicity and we find even individual
mono-enriched second- generation stars with solar metallicities in
our model. The abundance ratio [Mg/C] adds an additional con-
straint with the lowest probability for mono-enrichment around
[Mg/C] ∼ 0 and higher probabilities for higher and lower values
of [Mg/C]. Such probability maps can be created for all abundance
ratios and in higher dimensions. We limit the discussion to this 2D
representation to illustrate the concept since [Mg/C] can be observed
with little effort and already provides a solid additional constraint.

We also take into account the theoretical uncertainty in the val-
ues of the SN yields and the typical observational uncertainties for
derived stellar abundances. Ishigaki et al. (2018) compile the ob-
servational errors from recent high-resolution spectroscopic studies
(Cohen et al. 2013; Yong et al. 2013; Roederer et al. 2014) for
the typically observed yields in EMP stars, which are in the range
of 0.1−0.5 dex, depending on the element and spectral resolution.
Nomoto et al. (2013) compare the predicted metal yields from differ-
ent groups for Pop III SNe (Tominaga et al. 2007; Heger & Woosley
2010; Limongi & Chieffi 2012) and find a scatter between indepen-
dent models of on average 0.3 dex for the elements carbon to zinc.
We have additionally compared the theoretical yields from Ishigaki
et al. (2018) to the predictions from Heger & Woosley (2010) and
find a discrepancy for some elements of >1 dex. Although the com-
bined observational and theoretical uncertainty should be evaluated
individually for every element, we assume for simplicity 0.5 dex,
which is a reasonable average of the various sources of uncertainty.
We consequently smooth the abundance-dependent distributions
with a Gaussian convolution kernel with the width σ = 0.5 dex to
express that we cannot make exact predictions on finer scales.

We do not account for observational or theoretical uncertainties
in the top panel of Fig. 11. This is why the probability map in the

Figure 11. Top: Mono-enriched second-generation stars populate specific
regions in this plot (green), compared to the distribution of multi-enriched
second-generation stars, illustrated by the purple probability contours.
Mono-enriched stars can be found at all metallicities up to almost solar,
although most have [Fe/H] < −2, and so the metallicity alone is not a re-
liable diagnostic for whether the star is mono-enriched or multi-enriched.
[Mg/C] further helps to quantify the likelihood of the gas being enriched only
once. Bottom: Probability of mono-enrichment, p = Nmono/(Nmulti + Nmono),
for the same elemental ratios as in the top panel. There are regions of the
parameter space in our model with a probability of almost 100 per cent for
finding second-generation stars that formed from gas that was enriched by
only one previous SN. However, this probability does not reflect how many
stars in total are expected in these regions, as we can see by comparing the
two panels.

lower panel extends to regions that are not sampled in the top panel.
The two events at [Fe/H] < −6 and [Mg/C] ∼ 0.6 correspond to a
very small hydrogen dilution mass and a star in this region would
have a probability close to 100 per cent to be mono-enriched (see
lower panel). However, there are no observed stars in this abundance
regime yet (Suda et al. 2008; Abohalima & Frebel 2017).

4.2 The divergence of the chemical displacement

In this section, we propose a new, alternative method to identify
mono-enriched EMP stars based on their chemical composition.
This method is independent of the star formation model, compu-
tationally efficient, and the qualitative results are insensitive to as-
sumptions about the IMF or the fraction of faint SNe. We first
introduce the underlying analytical arguments of this new diagnos-
tic, compare it to the results from our cosmological model, and
finally apply it to observed EMP stars.

MNRAS 478, 1795–1810 (2018)
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HE 1327-2326        

Hartwig et al. (2018)‣ V=13.5 (Frebel et al. 2005) 

‣ Low [Fe/H] (Non-LTE) = -5.20  
       (Ezzeddine et al. 2017) 

‣ [Mg/C] = -1.49 
         — [Mg/H](Non-LTE) = -3.71 
             (Sitnova et al. submitted) 

          — [C/H](3D) = -2.22 
             (Frebel et al. 2008) 

‣ Well studied in the Optical region 
    (e.g., Frebel et al. 2005, 2008;  
    Aoki et al. 2006; Korn et al. 2009,…)
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‣ UV HST/COS spectrum 

‣ ZnI detection at 
2138.58 Angstroms 

‣ First Zn abundance 
measurement in an HMP 
star ([Fe/H]<-5) 

‣ [Zn/Fe] = 0.80 ± 0.25 

‣ Enhanced abundance         
relative to Fe 

‣ What about NLTE? 

  [Fe/H]  —> YES 
  [Zn/H]  —> no 

Ezzeddine et al. submitted

First detection of Zn in HMP star in UV HST/COS spectrum

, BUT any “small” correction would only increase [Zn/H]
(Takeda et al. 2016)
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Also FeII and SiI detected for the first time
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Ezzeddine & Frebel (2018)
‣ UV/Optical abundance 
shift detected for FeII 

‣ Negligible NLTE effects 
for Fe II 

‣ Possible 3D effects 
(Amarsi et al. 2016) 

‣ Missing UV opacities? 

‣ Roederer & Barklem (2018) 
found no ZnI & ZnII 
abundance discrepancies 
b/w optical and UV.  

  



Ezzeddine et al (submitted)
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Comparison to spherical SNe models

Enhanced Zn requires high 

entropy environment. 

Cannot be reproduced 

with spherical or (quasi) 
explosions. 

(Tominaga 2007; Grimmett & 
Heger 2018) 
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Comparison to (quasi) spherical SNe models

Best fit - 82% (27.0 Mo / 0.3x1051 erg)

18% (27.0 Mo / 0.6x1051 erg)

<<1% (20.5 Mo / 0.3x1051 erg)

<<1% (27.0 Mo / 0.9x1051 erg)
[X
/H
]

Element

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

C N O Na Mg Al Si Ca Sc Ti Cr Mn Fe Co Ni Zn

Placco et al. (2016)

starfit.net (Heger & Woosley 2010)

Statistical fit 
to 10,000 re-
sampled chemical 
abundance 
patterns of 
HE1327-2326 

(Placco et al 
2016) 

http://starfit.net


Ezzeddine et al (submitted)
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Comparison to aspherical SNe models

Aspherical explosion with 
bipolar-outflows can 
reproduce the Zn in 
HE1327-2326 

First direct evidence of 
Aspherical explosions taking 
place in the First stars!! 

Confirming predictions by 
Tominaga-San (2007), 
Grimmett & Heger (2018) 

Tominaga (2007)



Jet-like supernova 
exploding in an 
asymmetric fashion 
at t = 50s. 

Colors represent 
densities of 
dominant ejected 
elements: Fe and Zn, 
C and O

Aspherical SNe with bipolar-outflows
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Tominaga 2007

/1
06 

 [k
m

]

v=10,000 Km/s



N

0C

Na

Mg
Al

Evidence from Rotation
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Aspherical SNe driven 
by fast rotation of 
PopIII stars  

 (Maeda & Nomoto 
2003; Meynet et al. 
2006; Ekstrom et al. 
2008; Tsujimoto & 
Nishimura 2018) 

Explains CNO 
enhancements: 

HE 1327-2326            
[N/Fe] = 3.98 

HE 0107−5240           
[N/Fe] = 2.57 

SD 1313−0019          
[N/Fe] = 3.46 

Arthur Choplin (priv comm) 

HE 1327-2326



Implications on chemical enrichment
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MinihaloMinihalo

Minihalo



Implications on chemical enrichment
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MinihaloMinihalo

Minihalo Stars like HE 1327-2326 could 
have formed from ex-situ 
enrichment!(Smith et al. 2015, 
Jeon et al. 2017) 

Could explain inhomogeneities 
found in stars with          
[Fe/H]<-4.5 relative to higher 
[Fe/H] (Aoki 2013)  

Outer halo (possibly accreted) 
nature of HE1327-2326 confirmed 
by Gaia DR2 

Pop II HE 1327-2326



▸ First detection and measurement of Zn abundance in HMP star: 
HE 1327-2326! 

▸ Enhanced [Zn/Fe] ratio could be produced by aspherical SNe 
with bipolar jets 

▸ Direct evidence that aspherical explosions could take place 
in the First stars, driven by fast rotations (+magnetic 
fields)!  

▸ Implications on subsequent chemical enrichment —> ejecta 
could enrich neighboring minihalo —> stars like HE 1327-2326 
could formed in ex-situ —> supported by outer halo nature 
(Gaia DR2) 

▸ This scenario could explain the abundance inhomogeneities 
found in UMP stars [Fe/H]<-4.0 —> Presence of different 
enrichment channels in the early Universe 
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Takeaway points


