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ABSTRACT
We quantify the role of Population (Pop) III core-collapse supernovae (SNe) as the first
cosmic dust polluters. Starting from a homogeneous set of stellar progenitors with masses in
the range [13–80] M�, we find that the mass and composition of newly formed dust depend
on the mixing efficiency of the ejecta and the degree of fallback experienced during the
explosion. For standard Pop III SNe, whose explosions are calibrated to reproduce the average
elemental abundances of Galactic halo stars with [Fe/H] < −2.5, between 0.18 and 3.1 M�
(0.39–1.76 M�) of dust can form in uniformly mixed (unmixed) ejecta, and the dominant grain
species are silicates. We also investigate dust formation in the ejecta of faint Pop III SN, where
the ejecta experience a strong fallback. By examining a set of models, tailored to minimize
the scatter with the abundances of carbon-enhanced Galactic halo stars with [Fe/H] < −4,
we find that amorphous carbon is the only grain species that forms, with masses in the range
2.7 × 10−3−0.27 M� (7.5 × 10−4−0.11 M�) for uniformly mixed (unmixed) ejecta models.
Finally, for all the models we estimate the amount and composition of dust that survives the
passage of the reverse shock, and find that, depending on circumstellar medium densities,
between 3 and 50 per cent (10–80 per cent) of dust produced by standard (faint) Pop III SNe
can contribute to early dust enrichment.

Key words: stars: low-mass – supernovae: general – ISM: clouds – Galaxy: halo – galaxies:
evolution.

1 IN T RO D U C T I O N

Dust grains play a fundamental role in the evolution of stellar pop-
ulations at high redshift. Population III stars (hereafter Pop III), so
far undetected, are responsible of the first chemical enrichment of
the high-redshift interstellar medium (ISM). Given the current the-
oretical limits on the mass of the first stars (Hosokawa et al. 2011,
2012), early metal enrichment is likely to be mostly driven by the
first core-collapse supernovae (SNe), with a possible contribution
from more massive pair-instability SNe (although this may strongly
depend on the poorly constrained tail of the stellar initial mass
function; Hirano et al. 2014, 2015; Susa, Hasegawa & Tominaga
2014).

Yet, the amount and properties of grains that can be injected
in the high-redshift ISM and contribute to the enrichment depend
on the dust condensation efficiencies in SN ejecta and on the de-
struction suffered by thermal and non-thermal sputtering during the
passage of the reverse shock of the SN, on time-scales of 104 yr

� E-mail: stefania.marassi@oa-roma.inaf.it

(Bianchi & Schneider 2007; Nozawa et al. 2007). Depending on
the density of the circumstellar medium where the explosion takes
place, the mass fraction of newly formed dust that is able to survive
ranges between 2 and 20 per cent for circumstellar medium densities
in the range 10−25 < ρ/(g cm−3) < 10−23, which corresponds to
number densities in the range 0.06 < nISM/(cm−3) < 6 (Bianchi &
Schneider 2007; Nozawa et al. 2007; Silvia, Smith & Shull 2010,
2012; Marassi et al. 2014). In addition, the passage of the reverse
shock significantly alters the grain size distribution and modifies the
grain cross-section, changing the dust cooling efficiency (Schneider
& Omukai 2010).

Dust formation in SN ejecta has been investigated following two
different methods: classical nucleation theory (CNT) and a chem-
ical kinetic approach (Cherchneff & Dwek 2009, 2010; Sarangi
& Cherchneff 2013). Theoretical models, developed in the frame-
work of CNT, have shown that dust formation can take place in SN
ejecta a few hundred days after the explosions and provide predic-
tions on the mass, composition and size distribution of the newly
formed grains (Kozasa, Hasegawa & Nomoto 1989, 1991; Todini
& Ferrara 2001; Nozawa et al. 2003, 2008, 2010, 2011; Schnei-
der, Salvaterra & Ferrara 2004; Bianchi & Schneider 2007). These
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models predict dust masses ≈[0.2–0.6] M� for SN progenitors with
masses [12–40] M� and metallicities [0.1–1] Z� (Schneider et al.
2014), in agreement with the dust mass inferred from recent Her-
schel and ALMA observations of SN 1987A (Matsuura et al. 2011;
Indebetouw et al. 2014) and Cas A (Barlow et al. 2010). Although
in the past the applicability of CNT in astrophysical context has
been questioned (Donn & Nuth 1985; Cherchneff & Dwek 2009),
mainly due to the assumption of chemical equilibrium at nucleation,
recently Paquette & Nuth (2011) showed that this assumption has
a lower impact on the grain mass and size distribution than previ-
ously thought. Similarly, Nozawa & Kozasa (2013) demonstrated
that CNT is a good approximation in SN ejecta, at least until the
collisional time-scales of the key molecule is much smaller than the
time-scale with which the supersaturation ratio increases.

The goal of this study is to investigate the role of Pop III core-
collapse SN as dust polluters, adopting a homogeneous set of metal-
free progenitors with masses in the range [13–80] M�. Under the
assumption that the observed metal-poor stars likely formed from
gas clouds enriched by Pop III SNe, we use properly calibrated SN
explosion models (Chieffi & Limongi 2002) to calculate the for-
mation of dust in the ejecta, applying CNT and accounting for the
process of grain growth. We quantify the impact of ejecta mixing on
the final dust masses and grain size distributions, analysing both uni-
formly mixed models within the helium core and unmixed/stratified
cases. To obtain a more realistic estimate of the dust mass that is
able to enrich the ISM, we also consider the effects of the reverse
shock (Bianchi & Schneider 2007).

Motivated by the observed surface elemental abundances of
Carbon-Enhanced Metal-Poor (CEMP) stars, i.e. stars with an ob-
served overabundance of light elements compared to Fe and – in
particular – with [C/Fe]>1 (Beers & Christlieb 2005), we also in-
vestigate dust formation in the ejecta of faint Pop III SN, where the
ejecta experience mixing and fallback (Umeda & Nomoto 2002,
2003). Recently, Marassi et al. (2014) showed that dust can be
produced in faint Pop III SN ejecta (see Kochanek 2014 for dust
formation in solar metallicity faint SNe).

Here, we extend this previous analysis and we simulate a large set
of faint Pop III SN models, searching for a combination of mixing
and fallback that provides the best fit to the observed abundance
pattern of all currently known C-enhanced hyper iron-poor stars
(Beers & Christlieb 2005; Yong et al. 2013; Ishigaki et al. 2014;
Keller et al. 2014). For these faint SN models we also explore the
impact, on the final dust masses, of ejecta mixing and reverse shock.

The plan of the paper is as follows. In Section 2 we briefly sum-
marize the Bianchi & Schneider (2007) dust nucleation model and
we describe the upgraded molecular network. In Section 3 we illus-
trate the main features of Pop III SN progenitors that are modelled
using FRANEC stellar evolutionary code (Limongi & Chieffi 2006,
2012) and their calibration. In Section 4 we present the resulting
dust yields for Pop III core-collapse SNe. In Section 5 we describe
how we construct, using the mixing and fallback procedure (Umeda
& Nomoto 2002), faint Pop III ejecta calibrated with the same pro-
cedure described in Marassi et al. (2014). In Section 6 we show
the results on dust yields obtained in Pop III faint SN ejecta. In
Section 7 we discuss all the results and their dependence on the
fallback, ejecta mixing and reverse shock, and we draw our conclu-
sions. In the appendix we present our final dust data grids that will
be available to the community.1

1 The resulting dust and metal yields will be available in electronic format
for interested researchers upon request.

2 D U S T FO R M AT I O N M O D E L

To model dust formation in SN ejecta we follow the Bianchi &
Schneider (2007) model, where CNT in steady state conditions
was applied (see Nozawa et al. 2003; Bianchi & Schneider 2007
and references therein). For our calculation, we use a previously
developed code that has been applied to core-collapse (Todini &
Ferrara 2001; Bianchi & Schneider 2007) and pair-instability SNe
(Schneider et al. 2004). This theoretical model has allowed us to
successfully reproduce the dust masses observed in SNe and young
SN remnants (Schneider et al. 2014; Valiante & Schneider 2014). In
Bianchi & Schneider (2007) the chemistry of molecular formation
is implemented following Todini & Ferrara (2001), but relaxing
the assumption of steady state. In the gas phase, the formation of
carbon monoxide (CO) and silicon oxide (SiO) was assumed to be
driven by radiative association reactions and destroyed by Compton
electrons coming from radioactive decay of 56Co. Seven different
grain species are formed in SN ejecta: amorphous carbon (AC),
iron, corundum (Al2O3), magnetite (Fe3O4), enstatite (MgSiO3),
forsterite (Mg2SiO4) and quartz (SiO2). In this work, we follow the
formation of the above grain species assuming that seed clusters are
formed by a minimum of two monomers, which subsequently grow
by accretion of other monomers. The accretion process is regulated
by the collisional rate of the key species and depends on the sticking
coefficient (defined as the probability that an atom colliding with a
grain will stick to it) which we have assumed equal to 1 for all grain
species. A discussion of the dependence of the dust yields on these
two parameters can be found in Bianchi & Schneider (2007), where
it is also possible to find a description of the adopted properties of
SN dust species to which we refer for more details.

2.1 Upgraded molecular network

It is well known that CO and SiO molecules play a fundamental
role in the dust formation process: CO formation subtracts C-atoms
and limits the formation of AC grains. SiO is required to form
silicates, such as Mg2SiO4and MgSiO3. Due to the important role
of molecules in the dust formation pathway, we have enlarged our
molecular network taking into account other formation/destruction
processes involving CO/SiO molecules and their interactions with
O2 and C2. These molecular processes are crucial in subtracting
gas-phase elements from the ejecta (in particular oxygen and car-
bon, which are very abundant; see left-hand panel of Fig. 2), that
otherwise are free to form dust. We follow the evolution of CO, SiO,
O2 and C2 which form through different channels (reaction rates),
respectively: (i) radiative association reactions where the formation
of molecules takes place through the emission of a photon which
carries off the excess energy released during the formation process;
(ii) bimolecular, neutral–neutral reactions that involve molecules
and atoms. For these two-body reactions, the formation rates of
molecules k(T) are given by the usual Arrhenius-type expression,

k(T ) = α

[
T

300 K

]β

exp

[−γ

T

]
cm3 s−1, (1)

where T is the temperature of the ejecta gas in K and γ the activation
energy in K. In Table 1 we report the rates expressed in the Arrhenius
form according to the UMIST data base for astrochemistry 2012
(McElroy et al. 2012).2 This data base is a compilation of molecular
rates that have different origin, some are theoretically calculated,

2 http://udfa.ajmarkwick.net
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4252 S. Marassi et al.

Table 1. Molecular processes considered in this work: the rate coefficients are taken from the UMIST data base for astrochemistry 2012; where
the origin of the reaction rates is different the corresponding reference is indicated.

Type Reaction Rate coefficient Reference

RA1 C + O → CO + hν kRA1 = 1.58 × 10−17(T/300)0.3exp (−1297.4/T) Dalgarno, Du & You (1990)
RA2 Si + O → SiO + hν kRA2 = 5.52 × 10−18(T/300)0.3 UMIST
RA3 C + C → C2 + hν kRA3 = 4.36 × 10−18(T/300)0.3exp (−161.3/T) Andreazza & Singh (1997)
RA4 O + O → O2 + hν See text Babb & Dalgarno (1995)

NN1 C + O2 → CO + O kNN1 = 5.56 × 10−11(T/300)0.4exp (26.90/T) UMIST
NN2 O + C2 → CO + C kNN2 = 2.0 × 10−10(T/300)−0.1 UMIST
NN3 C + CO → C2 + O kNN3 = 2.94 × 10−11(T/300)0.5exp (−58 025/T) UMIST
NN4 O + CO → O2 + C See text –
NN5 Si + CO → SiO + C kNN6 = 1.30 × 10−9 exp(−34 513/T) UMIST
NN6 C + SiO → CO + Si kNN8 = 1.00 × 10−16 UMIST

others are directly measured in the laboratory. Clearly, there is a
degree of uncertainty related to the rate calculations: in some cases
we decided to refer to other rate estimates present in the literature
that are more robust. This is the case for the radiative association
rate coefficient of O2 (RA4), for which we have chosen to fit the
expression of the rate coefficient, as a function of temperature,
obtained from theoretical calculations in Babb & Dalgarno (1994).
In addition, we found that the neutral backward reaction NN4 is
negligible (Omukai, private communication).

In standard nucleation theory, dust condensation is described in
terms of a nucleation current that depends on the abundance of the
key species. Hence, contrary to other studies which adopt a chem-
ical kinetic approach (Cherchneff & Dwek 2009, 2010; Sarangi &
Cherchneff 2015), we do not follow the formation of carbon chains
as a pathway to solid carbon clusters. Thermal fragmentation of the
chains through collisions with gas particles, in addition to oxidation
reactions similar to NN2, may limit the formation of carbon chains.
However, if all C2 were to contribute to carbon dust formation, the
estimated carbon dust mass would need to be corrected upwards by
MC2 .

We take into account the destruction due to Compton electrons
coming from the 56Ni decay in the ejecta. As observed in SN 1987A,
destruction by Compton electrons has a deep impact on the ejecta
chemistry. As shown by Woosley, Pinto & Hartmann (1989), the
explosion of SN 1987A has produced 56Ni which decays in ∼6 d
into 56Co; the subsequent decay of 56Co into 56Fe deposits energy
as γ -rays in the SN ejecta, powering the observed light curve. In SN
1987A, the emitted light curve is very well reproduced if 0.075 M�
mass of 56Co was ejected during the SN explosion.

Here we assume molecules to be destroyed by the impact with
energetic electrons produced by the radioactive decay of 56Co, with
a rate coefficient kd that depends also on the mean energy per ion
pair Wi. According to Woosley et al. (1989), this rate coefficient can
be estimated as follows: the thermalized γ -ray energy input rate for
a given 56Co mass is given by

Lγ = 9.54 × 1041

(
M56Co

0.075 M�

)
fγ (k56)e−t/τ56 erg s−1, (2)

where 0.075 M� was the adopted mass of 56Co produced in the
original Woosley et al. (1989) model, τ56 = 111.26 d is the e-folding
time of 56Co decay, and the function fγ is the deposition function
and it is given by 1 minus the fraction of energy that escapes in
photons in the X-ray and γ -ray bands,

fγ (k56) = 1 − e[−k56φ0(t0/t)2], (3)

where φ0 = φ(t0) represents the column depth of the SN at some
fiducial time t0 (for t0 = 106 s φ0 = 7 × 104 g cm−2) and k56 =
0.033 cm2 g−1 is an average opacity to γ -rays from 56Co decay. The
above-quoted values of k56 and φ0 have been derived by Woosley
et al. (1989) for SN 1987A and we will assume these to hold for all
the explored SN progenitors. In particular, we assume that once a
γ -ray Compton scatters with electrons, it is completely absorbed.
Thus, the Lγ can be considered as the electron energy input and
the energy transferred to a single gas particle per unit time can be
computed as

Le = Lγ /Npart, (4)

where Npart is the number of gas particles in the ejecta. To compute
the destruction rate, kd, it is necessary to divide Le by the mean
energy per dissociation, Wi. For example, to compute the destruction
rate of neutral CO we divide Le by the mean energy per dissociation
Wi,CO, obtaining

kd(CO) = Le/Wi s−1. (5)

Finally, we assume that all the radioactive energy is deposited uni-
formly in the ejecta. As it will be clear in what follows, the effi-
ciency of molecule formation/destruction processes depends on the
chemical composition and on the thermodynamics of the ejecta. In
Section 4, we give a detailed description of the relevant processes
for some selected SN models.

3 POP I I I SN PROGENI TO RS’ MODELS

The pre-SN models adopted in this paper are the ones presented
and discussed in details in Limongi & Chieffi (2012). These models
span a range of mass between 13 and 80 M� and have a pris-
tine Big Bang initial composition. The evolution of these models
has been followed from the pre-main sequence up to the onset of
the iron core collapse by means of the FRANEC stellar evolutionary
code (Limongi & Chieffi 2006). The explosion of the mantle and
the consequent explosive nucleosynthesis have been computed in
the framework of the ‘artificially induced explosion’. Then, for each
model, the mass cut (Mcut), i.e. the mass coordinate which separates
the final remnant from the ejected portion of the mantle, has been
fixed by requiring a best fit to the element abundance pattern of the
Cayrel average star, as extensively described in Limongi & Chieffi
(2012). In Table A1 we summarize the main properties of the SN
explosion models.

We construct the Pop III ejecta models, requiring that the thermal,
dynamical and chemical evolution of the ejecta evolve consistently
with the explosive nucleosynthesis simulation (see next section for

MNRAS 454, 4250–4266 (2015)

 at IN
A

F A
rcetri Firenze (O

sservatorio A
strofisico di A

rcetri Firenze) on N
ovem

ber 23, 2015
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/


The metal and dust yields of the first stars 4253

Figure 1. Pre-SN chemical structure for three selected models: 15 M� (left-hand panel), 30 M� (central panel), 50 M� (right-hand panel). The shaded
region extends up to the mass coordinate of the He core. Different shaded regions indicate the layers that we will consider in the unmixed SN models (layers
A, B and C from left to right).

Figure 2. Left-hand panel: initial metal abundances in the ejecta of the adopted SN models as a function of the progenitor stellar mass (the abundance of Al
has been multiplied by 102). Right-hand panel: mass of dust grains, before the passage of the reverse shock, as a function of the progenitor mass. SIL is the
total mass in silicates, including Mg2SiO4, MgSiO3 and SiO2.

details). We have performed dust formation calculations assum-
ing uniform mixing of the elemental abundances in the He core.
However, due to the uncertainties related to the efficiency of mix-
ing in metal-free SNe (Joggerst, Woosley & Heger 2009; Heger &
Woosley 2010), for some models we also present the results ob-
tained assuming unmixed ejecta. In Fig. 1 we show the chemical
structure (elemental mass fraction) as a function of the mass co-
ordinate for three selected pre-SN models, 15, 30 and 50 M� (for
a detailed description of the differences emerging in the convec-
tive zones we refer the reader to Limongi & Chieffi 2012). The
shaded region extends up to the mass-coordinate of the He core,
different colours indicate the layers that we will consider in the un-
mixed SN models, in Section 4. The left boundary of the innermost
shaded region corresponds to the adopted mass-cut coordinate. In
the left-hand panel of Fig. 2 we show, for each SN model, the initial
abundance of metal species which participate to molecules and dust
formation; for all the SN models, the ejecta are very rich in carbon
and oxygen and the total mass of metals is an increasing function
of the progenitor mass. The ejecta mass Meje, as expected, is an in-
creasing function of the progenitor mass and explosion energy (see
Table A1).

4 R ESULTS: POP I I I SN DUST Y I ELDS

This section presents the calculated dust yields that we obtain for
Pop III core-collapse SN models. As stated in the previous section,
we construct the ejecta models using as initial conditions the ther-
modynamical properties obtained by the SN explosion simulation
outputs (Limongi & Chieffi 2012). The ejecta follow an adiabatic
expansion and the temperature evolution is given by

T = T0

[
1 + veje

R0
(t − tini)

]3(1−γ )

, where veje =
√

10 Eexpl

3 Meje
(6)

is the ejecta expansion velocity, γ = 1.41 is the adiabatic index
and T0 and R0 are the temperature and radius of the He core at the
initial time t = tini. This initial time tini is fixed by requiring that
the gas temperature at the radius of the He core, RHecore , reaches
a temperature of T0 = 104 K. For all uniformly mixed SN ejecta
models (labelled with the progenitor mass) Table A1 reports the
thermodynamical properties, the metal yields of the key elements
in the nucleation process, the total amount of dust, the mass of
molecules and the mass of dust in each grain species. In what
follows, we discuss these results in details.

MNRAS 454, 4250–4266 (2015)
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Figure 3. Temperature (left-hand panel) and number density (right-hand panel) evolution for 15 M� (solid), 30 M� (dotted) and 50 M� (dashed) ejecta
models.

Figure 4. Time evolution of molecular (dashed lines) and dust masses (solid lines) for three metal-free SN progenitors: 15 M� (left-hand panel), 30 M�
(middle panel) and 50 M� (right-hand panel).

4.1 Dust formation in uniformly mixed ejecta

In the right-hand panel of Fig. 2 we plot the mass of dust for different
grain species as a function of the progenitor mass. We find that (i) the
total dust mass produced increases with the progenitor mass, ranging
between [0.18–3.1] M�, and it is dominated by silicates; (ii) the
second most abundant dust species is magnetite, due to the initially
high iron abundance present in the ejecta (see left-hand panel of
Fig. 2) plus the iron produced by 56Ni decay; (iii) AC forms only in
less massive models, with progenitor masses ≤30 M�. This is due
to the larger mean ejecta density of more massive progenitors, which
increases the rates of the major processes leading to the formation of
CO molecules, locking carbon atoms and preventing the formation
of AC grains (we will return to this point later); (iv) alumina is the
less abundant dust species, reflecting the lower abundance of Al in
the ejecta.

Using three representative SN progenitors with masses 15, 30
and 50 M�, Fig. 3 shows the evolution of the ejecta temperature
and number density: when the He core of the three SN progen-
itors reaches T0 = 104 K, we fixed the initial time tini, which
varies between (1.78–3.96) × 106 s (see Table A1). At these initial
times, the three ejecta models have radii of 2.44 × 1014(15 M�),

4.68 × 1014(30 M�), and 2.51 × 1014(50 M�) cm, and start the
adiabatic expansion with velocities in the range (2960–3086) km
s−1 (see equation 6), and the temperature decreases. As shown in
the right-hand panel of Fig. 3, the initial number densities, n0 =
7.18 × 1011(15 M�), 7.39 × 1011(30 M�), 1.24 × 1013(50 M�)
cm−3, also decrease, showing a step-decrease corresponding to the
condensation of the gas-phase elements.

In standard nucleation theory, dust grains condense when the
gas becomes supersaturated. For each grain species, this depends
on the temperature, density and abundances of the corresponding
key element in the ejecta. Fig. 4 shows that grains form between
45 and 120 d after the explosions. Although these time-scales are
smaller than the values found by Nozawa et al. (2003) for core-
collapse Pop III SN with a 25 M� progenitor, due to the different
thermal evolution of the ejecta, the resulting dust masses and grain
size distribution are consistent because grain condensation occurs
in similar physical conditions.

Molecules form according to the formation/destruction rates de-
scribed in Section 2.1 and are also partially destroyed by the
interaction with Compton electrons produced by destruction re-
actions rates D1–D4 (see Table 2), up to the point where the

MNRAS 454, 4250–4266 (2015)
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Table 2. Compton electron destruction reactions and the corresponding
mean energy per ion pair Wi.

Type Reaction Wi (eV)

D1 CO + e− → C + O + e− Wi,CO = 125
D2 SiO + e− → Si + O + e− Wi,SiO = 110
D3 O2 + e− → O + O + e− Wi,O2 = 125
D4 C2 + e− → C + C + e− Wi,C2 = 125

temperature reaches the condensation window and dust grains start
to form. The ejecta density is a strong function of the initial pro-
genitor mass: when the ejecta temperature enters the condensation
regime, at around T ∼ 2000 K, the corresponding density can vary
by one order of magnitude, although the dependence on the progen-
itor mass is not monotonic. Clearly, the chemical evolution of the
ejecta depends on the temperature and density at each given time: in
Fig. 4 we show, for the same set of SN models, the time dependence
of the mass of CO, SiO and of the newly formed dust species.

We start analysing the 15 M� model plotted in the left-hand
panel of Fig. 4: CO and SiO start forming at around 27 d after the
explosion, when T ∼ 5400 K. At this time, the CO formation rate is
dominated by the neutral process NN2 that rapidly depletes all the
available C2. SiO molecules form through the neutral channel NN5
and radiative association process RA2. At around 44 d, when T ∼
2000 K, the impact with Compton electrons (D1) dominates over
the other rates and partially destroys CO molecules. The free carbon
atoms form AC, which is the first dust species to form, due to its
higher condensation temperature. When the temperature decreases
to ∼1764 K, alumina grains form, which rapidly deplete aluminium
from the ejecta. When T drops to ∼1530 K, Mg2SiO4 starts forming
– at the same time of MgSiO3 – but Mg2SiO4 reaches supersatu-
ration first (because it has the largest nucleation current), rapidly
consuming Mg and SiO and inhibiting the growth of MgSiO3. Fi-
nally, when T ∼ 1400 K, Fe3O4 and SiO2 form, depleting completely
the remaining SiO and iron from the ejecta.

The central panel of Fig. 4 shows the evolution of molecules and
dust grains for the 30 M� model: at ∼57 d, when 5400 ≤ T ≤ 4250,
the dominant process is radiative association of C2 which – due to
the large oxygen abundance – is then rapidly depleted in CO through
the reaction O + C2 → CO + C. When T decreases, at around 66 d,
the dominant CO formation process becomes radiative association
RA1. Around 93 d, the temperature reaches ∼2000 K, nucleation
starts, D1 efficiently destroys the CO molecule, leaving C atoms
free to form AC and – as in the 15 M� model – the CO formation
processes are not equally efficient in re-forming the molecule. As a
result, AC grains form.

For the more massive model the evolution changes, as shown
in the right-hand panel of Fig. 4. The interplay between the larger
ejecta density and the richer oxygen content (the mass of oxygen is
18 per cent of the mass of the ejecta) leads to the efficient formation
of O2 molecules through radiative association RA4 and also acti-
vates efficiently the bimolecular process NN1, which exceeds the
destruction rate D1, and becomes the leading process in CO forma-
tion. This depletes all the C atoms, inhibiting AC grains condensa-
tion. As for the two previous models, at 5400 ≤ T ≤ 5000 the main
CO formation channel is O + C2 → CO + C. When T decreases,
it becomes C + O2 → CO + O and it remains so for the subse-
quent evolution. At 64 d, the nucleation process starts, the grain
condensation proceeds as described for the two previous models,
because the condensation sequence of the grain species reflects the
corresponding condensation temperatures (Todini & Ferrara 2001;
Schneider et al. 2004).

We summarize our results on mixed ejecta models in
Table A1. The total mass of CO molecules is in the range
[9.60 × 10−3−5.66] M�, and increase with the mass of the ejecta
due to the initial abundances of oxygen and carbon. SiO molecules
form efficiently through NN5 (at early times) and through RA2, but
it is completely depleted in silicates at the end of the nucleation
process. C2 molecules are consumed at very early time in the for-
mation process of CO, through the channel NN2. For models less
massive than 30 M�, O2 is underproduced (and consumed rapidly
in CO formation process), with respect to more massive models.
When M > 30 M� the higher mean ejecta density and oxygen
abundance cause radiative association rate RA4 to become the dom-
inant process. This enables a very efficient NN1 reaction rate which
overcomes the destruction rate D1, locking all carbon atoms in
CO molecules.

4.2 Dust formation in unmixed ejecta

The mixing efficiency in SN events is still debated, due to com-
plexity of physical processes associated to core-collapse, such as
asphericity and growth of Rayleigh–Taylor instabilities which ac-
company shock propagation. Besides, these effects are multidimen-
sional and this adds an extra source of uncertainty related to emerg-
ing differences in 1D–3D numerical simulations (see Joggerst et al.
2009; Heger & Woosley 2010, and references therein). In particu-
lar, the occurrence and the growth of Rayleigh–Taylor instabilities
depends on stellar mass and metallicity. It has been shown that the
more compact is the star, the more rapid is the reverse shock prop-
agation, giving less time to these hydrodynamical instabilities to
grow (Joggerst et al. 2009). For this reason, we have decided to in-
vestigate the impact of ejecta mixing on dust formation and we have
considered stratified models, as the limiting cases when Rayleigh–
Taylor instabilities do not grow. The unmixed case is based on the
hypothesis that, due to inefficient mixing, the elemental abundances
reflect the pre-SN stratified composition: this means that more in-
ternal elements, such as magnesium and silicon are not present or
present in very little amount in the more external layers of the star,
reducing the probability to form silicates.

In Fig. 1, for each progenitor model, the shaded regions represent
the layers that we consider in the stratified models, which extend
from the mass-cut coordinate to the outer radius of the He core
(RHecore ). The number and extent of the layers have been selected
based on the criterium of constant abundances of the relevant ele-
mental species within each layer. Hence, the outer radius of layer A
corresponds to the mass coordinate where the Si abundance rapidly
drops, and the outer radius of layer B is where the abundance of C
(Ne) rapidly increases (decreases).

For the 15, 30 and 50 M� models, we report in Tables A2–A4 the
thermodynamical properties, the initial elemental composition, the
masses of molecules and dust for all the layers. The time evolution
of the molecular and dust masses for each of the three layers of
the 30 M� progenitor is shown in Fig. 5. In the stratified ejecta,
due to the different temperature evolution of the layers, CO starts
to form earlier in the evolution with respect to the corresponding
mixed case, and the same is true for SiO, where present. It is worth
to note that, compared to the mixed case where O2 is completely
depleted in CO, in layers A and B the O2 molecule forms, while
AC forms only in layer C. Silicates and alumina form in the two
internal layers A and B where Al, Si and Mg are present. Magnetite
forms only in layer A where iron is present. The total mass of dust
for the 30 M� progenitor is 1.2 M�, about 90 per cent of the mass
formed in the mixed case.
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Figure 5. Time evolution of molecular (dashed lines) and dust (solid lines) masses for the 30 M� unmixed model: layer A (left-hand panel), layer B (middle
panel), layer C (right-hand panel).

Figure 6. Mass of dust grains, before the passage of the reverse shock, as a
function of the progenitor mass for the three selected unmixed models. SIL
is the total mass in silicates, including Mg2SiO4, MgSiO3 and SiO2.

Fig. 6 summarizes the results obtained for unmixed ejecta models.
The mass of dust for different grain species is shown as a function
of the progenitor mass. We find that the total dust mass is in the
range [0.39–1.76] M�, and it is dominated by silicates. Contrary
to the fully mixed cases, for the 15 and 50−M� SN progenitor
models, solid iron is able to form due to the initially high iron
abundance present in the most internal layer of the ejecta plus the
iron produced by 56Ni decay. As a result, in these models the total
dust mass formed is ∼3–10 per cent larger than in the mixed case.
The CO mass, differently from the mixed case, is not increasing
with the progenitor mass, but varies depending on rate formation
efficiency which is a function of temperature, mean density and
composition of each layer.

4.3 Dust destruction by the reverse shock

To describe the impact of the reverse shock on the dust grains formed
inside the expanding ejecta and to estimate the surviving dust mass,
we follow the approach described in Bianchi & Schneider (2007)
for which we summarize the key points: (i) the dynamics of the

reverse shock is treated using Truelove and McKee analytic ap-
proximations (Truelove & Mckee 1999) which follow the forward
and reverse shock evolution as a function of the main ejecta param-
eters, such as kinetic energy, Eexpl, ejecta mass, Meje, and density
of the ISM, ρISM; (ii) the distribution of dust grains in the ejecta
is uniform and the size distribution is the same everywhere; (iii) to
quantify the role of ρISM we analyse three different cases with nISM

= 0.06 (rev1), 0.6 (rev2) and 6 cm−3 (rev3). As previously shown in
Todini & Ferrara (2001) and Nozawa & Kozasa (2003), the nu-
cleation and accretion processes lead to a typical lognormal grain
size distribution: in the right-hand panel of Fig. 7 we show the grain
size distribution of the 30−M� SN model with mixed ejecta, before
and after the passage of the reverse shock. The grain sizes are in the
range [10−3−0.5] µm, depending on the grain species and on the SN
ejecta models. Since AC is the first grain species to condense, it has
sizes larger than the other grains because grain accretion is more
efficient at larger densities. For the same reason, alumina grains
have the smallest sizes due to the low initial abundance of Al in
the ejecta. As a result, the latter grain species is almost completely
destroyed by the reverse shock, while the other grain species suf-
fer a partial destruction, with the grain size distribution flattening
towards smaller grain sizes.

The dust mass which survives the impact of the reverse shock is
reported for all mixed SN models in Table A5, where we have also
specified the dust mass of each grain species. In the left-hand panel
of Fig. 7 we show, for all Pop III mixed SN models, from top to
bottom, the total mass of dust at the end of nucleation and after the
impact of the reverse shock for the three increasing values of nISM.
In the worst scenario, when the SNe explode in the densest ISM,
the reverse shock travels faster and encounters a higher density
gas inside the ejecta, increasing the sputtering and causing that
only ∼3 per cent of the newly formed dust mass survives. Clearly,
the percentage of surviving dust depends on the ejecta model and
ranges from 48 to 3 per cent. In Fig. 8 the same histograms are
reproduced for 15, 30 and 50−M� mixed models, showing the
impact of the reverse shock on the different grain species. We can
see that alumina grains are completely destroyed. Depending on
nISM, after the passage of the reverse shock, we see that (i) in the
15 M� model the dominant species becomes AC, differently from
the no-rev case, where AC and silicates have comparable masses;
(ii) in the 30 M� model silicates always dominate the mass of dust;
however, the smaller destruction suffered by AC grains, compared
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Figure 7. Left-hand panel: the mass of dust at the end of nucleation, and after the passage of a reverse shock of increasing intensity for all the mixed SN
models considered in this study. From top to bottom: no reverse shock models (no-rev), models with a circumstellar medium density of nISM = 0.06 (rev1), 0.6
(rev2) and 6 cm−3 (rev3). Right-hand panel: size distribution function of the grains for a 30 M� progenitor model before (no-rev, left) and after the passage of
the reverse shock (rev1, right).

Figure 8. Histograms showing the mass of dust in the different compounds at the end of nucleation, and after the passage of a reverse shock of increasing
intensity for three mixed SN models of 15, 30 and 50 M�. From top to bottom: no reverse shock models (no-rev), models with a circumstellar medium density
of nISM = 0.06 (rev1), 0.6 (rev2) and 6 cm−3 (rev3).

to other grain species, alters the original dust composition and after
the passage of the reverse shock the mass of AC and silicates are
comparable and AC grains are more abundant than Fe3O4 grains;
(iii) in the 50 M� model, silicates dominate all the grain species,
as in the no-rev case.

Fig. 9 illustrates the dust mass which survives to the impact of
the reverse shock for the three selected unmixed models (see also
Table A6 for the amount of grains of different species in the three
layers). After the passage of the reverse shock, depending on the
density of the ISM and on the progenitor mass, the percentage of
surviving dust ranges from 16 to 100 per cent. Also, compared to the
fully mixed models, we note that in each case dust is destroyed to a
minor degree. In fact, in all the three unmixed models, most of the
dust mass is produced in the innermost layer (layer A). At the time
the reverse shock reaches this region of the ejecta, density is low
and the effect of the reverse shock is less destructive. In Table A6
we note that, while layer B and C are highly affected by the passage
of the reverse shock, dust in layer A survives in large quantities
and represents almost the totality of the survived dust mass. These
calculations have been performed with an updated version of the
code by Bianchi & Schneider (2007) which considers also stratified
ejecta, taking into account the gas (density, temperature, elemental

Figure 9. Mass of dust grains, after the passage of the reverse shock, as a
function of the progenitor mass for the three selected unmixed models. From
top to bottom: no reverse shock models (no-rev), models with a circumstellar
medium density of nISM = 0.06 (rev1), 0.6 (rev2) and 6 cm−3 (rev3).
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abundances) and dust (composition, size distribution) properties in
each shell depending on the position within the ejecta.

These results suggest that the effect of the reverse shock must be
taken into account in order to have a reliable estimate of the final
dust mass and composition.

5 PO P I I I FA I N T SN PRO G E N I TO R S

We know from observations that a fraction of ∼10–20 per cent of
iron-poor stars observed in the Galactic halo with [Fe/H] < −2 are
carbon rich (Yong et al. 2013; Placco et al. 2014 and references
therein). Most notably, the observed frequency of CEMP stars that
do not show overabundances of neutron-capture elements, the so-
called CEMP-no stars, increases to 80 per cent at [Fe/H] < −4,
with interesting implications for chemical evolution models and the
formation pathway of these hyper iron-poor stars (de Bennassuti
et al. 2014).

Different scenarios have been proposed to explain the observed
elemental abundances of CEMP-no stars (see Norris et al. 2013 and
references therein). Among these are, stellar winds of fast-rotating
massive stars (Maeder, Meynet & Chiappini 2015), a single Pop III
SN, experiencing mixing and fallback after the explosion (Umeda &
Nomoto 2002; Iwamoto et al. 2005; Tominaga, Umeda & Nomoto
2007; Tominaga 2009; Heger & Woosley 2010; Yong et al. 2013;
Ishigaki et al. 2014; Marassi et al. 2014; Tominaga, Iwamoto &
Nomoto 2014), or in terms of an almost failed Pop III SN (with a
large fallback) exploding in an environment pre-enriched by one or
more normal Pop III SNe (Limongi, Chieffi & Bonifacio 2003).

In Marassi et al. (2014) we interpreted the surface element abun-
dances of SMSS J031300, the recently discovered CEMP-no stars
with [Fe/H] <−7.1 (Keller et al. 2014), in the framework of the
mixing–fallback scenario. In particular, in that paper dust forma-
tion in the ejecta of Pop III faint SNe was investigated for the first
time, showing that – depending on the extent of mixing experi-
enced by the ejecta and on the partial destruction by the SN reverse
shock – between 0.025 and 2.25 M� of carbon dust forms. These
dust masses are large enough to activate dust-driven fragmentation
(Schneider et al. 2012) in the parent star-forming cloud of SMSS
J031300, even accounting for the dilution and mixing of the SN
ejecta with the surrounding pristine gas (Marassi et al. 2014).

In this section, we use the same procedure applied in Marassi et al.
(2014) to estimate the mass and composition of dust that forms in
the ejecta of faint Pop III SNe. The SN models have been selected
by comparing the predicted elemental yields with the observed sur-
face elemental abundances of the four C-enhanced, hyper iron-poor
stars currently known, namely HE1327−2326 (Frebel et al. 2005),
HE0107−5240 (Christlieb et al. 2002), HE0557−4840 (Norris et al.
2007) and SMSS J031300 (Keller et al. 2014). For each of these,
we vary the mixing and fallback efficiencies so as to minimize the
scatter between the observed abundance pattern and the elemental
yields predicted by Pop III SN models (Limongi & Chieffi 2012).3

The surface chemical abundances of HE1327−2326,
HE0107−5240 and HE0557−4840 have been taken from
the recent compilation by Norris et al. (2013, see their table 4;
here we normalize to the solar abundances of Asplund et al. 2009),
which are based on high-resolution data, but are determined using

3 In Marassi et al. (2014) we estimate that in less than 1 Myr the ejecta
material can be well mixed and diluted with pristine gas, enriching the gas
cloud out of which second-generation C-enhanced stars form with a [Fe/H]
consistent with the observed values.

1D, LTE model-atmosphere analysis. The upper limit on silicon
for HE1327–2326, HE0107–5240 and HE0557–4840 is taken from
Yong et al. (2013). For consistency, we consider the observed
elemental abundances of SMSS J031300 as derived from 1D
model atmosphere (Marassi et al. 2014). In Fig. 10 we show the
comparison between the observed elemental abundances and the
best-fitting models for each of the four stars. We find that the data
are reproduced by Pop III SNe with progenitor masses in the range
[20–80] M� that experience strong fallback. For all the models
we have identified the mass-coordinates that defines the extent of
mixing and fallback that better reproduce the observed abundances,
with particular attention on [C/Ca], [Mg/Ca] and [O/Ca] – that are
extremely important for dust formation – without exceeding the
upper limits on [Fe/Ca]. In the following, we discuss the properties
of the faint Pop III SN progenitors inferred from the observed
abundances of each star, which we also report in Table 9.

For HE1327−2326, nitrogen has been detected and the observed
abundance shows comparable value of [N/Ca] and [C/Ca]. Since a
substantial amount of N is produced only by Pop III SN models with
progenitor masses in the range [25–35] M� (see Limongi & Chieffi
2012 for more details), we have limited the exploration of the mixing
and fallback procedure to this mass range. The best agreement for
HE1327–2326 is provided by the 30−M� progenitor model with
a mass cut of 5 M� and an ejected mass of M(56Ni) of 3.68 ×
10−7 M�. Note that a [Si/Ca] ratio close to the observed upper limit
implies a substantial underproduction of [(Na,Mg,Al)/Ca] ratios.
Since the amount of Si in the ejecta plays a crucial role in the dust
formation process, we chose to fit the [Si/Ca] ratio, even if the
abundances of Na, Mg and Al are underproduced.

The same procedure has been applied to HE0107−5240 finding
the best agreement for a SN progenitor model with 35 M�, a mass
cut of 8 M� and an M(56Ni) mass of 9.12 × 10−7 M�, which re-
produces the observed [C/Ca] and [O/Ca] and predicts an [Na/Ca]
ratio close to the observed one.

For HE0557−4840 we have searched for progenitors which
favour low [N/Ca] due to the low upper-limit inferred from ob-
servations. We select a 20 M� progenitor with Mcut = 5 M�
and M(56Ni) = 9.19 × 10−7 M�, that reproduces also the ob-
served [C/Ca] and [Mg/Ca] abundances. We note that none of
the models is able to reproduce, at the same time, the observed
[O/Ca] and [Mg/Ca] abundances (see also Limongi & Chieffi 2012;
Ishigaki et al. 2014), particularly the low-mass progenitors, which
have lower value of [Mg/O] in the ejecta.

Finally, for SMSS J031300 we have reported only the best fit
obtained for the 80 M� model [Mcut = 24 M� and M(56Ni) = 1.43
× 10−7 M�] selected by Marassi et al. (2014), to which we refer
the reader for a detailed discussion.

6 DUST Y I ELDS FRO M FAI NT POP I I I SN

This section presents the results of the dust formation calculation for
Pop III faint SN progenitors. To enable a comparison with the results
by Marassi et al. (2014), we first discuss the results for uniformly
mixed ejecta, which are presented in Table A7 in the appendix,
where we give – for each of the four selected faint SN progenitors
– the explosion parameters, the thermodynamical properties, the
metal yields of the key elements in the nucleation process, the total
amount of dust and the masses of molecules. Similarly to Marassi
et al. (2014) we find that for all the progenitor models investigated,
the only grain species that is able to condense and grow is AC. This is
a consequence of the extensive fallback, which determine an ejecta
composition dominated by carbon atoms, with an amount of Mg, Si
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Figure 10. Comparison between the observed elemental abundance ratios of the CEMP-no stars and the chemical yields of Pop III faint SN with progenitor
masses of 30, 35, 20, and 80 M�. Mixing and fallback are chosen so as to minimize the scatter with the observations (black points). Dots with arrows show
upper limits and filled points with error bars indicate the detections.

and Al which is too low to enable the condensation of other grain
species (Marassi et al. 2014). We find that the molecular reactions
involving SiO are negligible. The mass of AC is in the range [2.7 ×
10−3−0.269] M�, depending on the initial carbon abundance and
on the mean ejecta density and temperature evolution. Due to the
interplay of these quantities it is not possible to establish a direct
correspondence between progenitor mass, ejected mass and the dust
mass produced. As shown in Marassi et al. (2014), AC grains do not
forms if the formation channels of carbon monoxide are efficient
in subtracting carbon atoms from the ejecta, and this efficiency is
greater when the mean ejecta density is larger. As a consequence,
we note that HE0557–4840 have the greater condensation efficiency
but the smaller AC mass is produced. Equally important is the
temperature evolution which, in the case of HE0107–5240, enables
the formation of C2, subtracting C atoms from the ejecta.

In faint SNe, mixing occurs due to Rayleigh–Taylor instabilities
up to a mass-coordinate that is very close to the mass cut (Umeda &
Nomoto 2002); as a consequence, the material beyond the mass cut
is likely to be stratified, and dust nucleation in unmixed ejecta gives a
more reliable estimates of the total mass of dust produced. Table A8
shows the results for the unmixed ejecta model. For three of the four
progenitor models, the stratified ejecta is composed of two layers A
and B that have different average temperature, density and chemical
composition. In particular, in all three unmixed models analysed,
the internal layers A have mean ejecta density larger compared to
the external layers B, enabling a very efficient formation of CO
which inhibits the formation of AC.

The consequence of stratification is a reduction of the total mass
of dust produced, that is in the range [7.5 × 10−4−0.11] M�. In
the left-hand panel of Fig. 11, we plot the total mass of dust before

Figure 11. Left-hand panel: the mass of dust at the end of nucleation
for mixed and unmixed ejecta for the four faint SN progenitors. Cen-
tral panel: the mass of dust at the end of nucleation and after the pas-
sage of a reverse shock of increasing intensity for the four faint SN pro-
genitors with mixed ejecta considered in this study. Right-hand panel:
the same as in the central panel but for faint SN models with stratified
ejecta. From top to bottom: no reverse shock models (no-rev), models with
nISM = 0.06 (rev1), 0.6 (rev2) and 6 cm−3 ( rev3).

the passage of the reverse shock for mixed and unmixed models.
Similarly to what has been done in Section 4, we have studied
the impact of the reverse-shock on the above dust masses. The
grain sizes originally follow a lognormal distribution in the range
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[0.03–0.22] µm. As expected, after the passage of the shock the
distribution flattens and shifts to lower grain sizes, due to the erosion
of the larger grains caused by sputtering. In the central and right-
hand panels of Fig. 11, we show the mass of dust that survives
in uniformly mixed and stratified ejecta models, respectively. We
find that, depending on the progenitor model, dust can be totally
destroyed (as in the case of HE0557−4840) or that between 10 and
80 per cent of the original mass can survive. The passage of reverse
shock in the unmixed case is less destructive than in the case of
the fully mixed model. As discussed in Section 4, dust in external
layers is highly affected by the reverse shock. On the contrary dust
produced in internal layers, as in the case of HE0107 − 5240, is
able to survive in large quantities, finding itself in milder conditions
compared to the external layers.

7 C O N C L U S I O N S

In this study we have estimated the dust mass produced in the
early Universe by Pop III standard and faint core-collapse SNe.
For standard core-collapse events, which do not experience a
strong fallback, the metal-free progenitors are calibrated to repro-
duce the average elemental abundances of Galactic halo stars with
[Fe/H] < −2.5. We have enlarged our study to include Pop III faint
SNe, which are fine-tuned to reproduce the abundance patterns ob-
served on the surface of the sub-sample of carbon-enhanced hyper
iron-poor stars.

To estimate the dust mass produced that survives the subsequent
impact of the reverse shock, we have updated the previously de-
veloped code of Bianchi & Schneider (2007) to include forma-
tion/destruction processes of CO, SiO, C2 and O2 molecules that
are crucial in subtracting gas-phase elements from the ejecta. We
have investigated how our poor knowledge of mixing can affect the
resulting dust yields by analysing both uniformly mixed and strat-
ified ejecta. Finally, to have a more realistic estimate of the dust
mass that will be injected into the ISM, we have analysed the effect
of the passage of the reverse-shock. Our main results are as follows.

(i) Standard core-collapse Pop III SNe are efficient dust produc-
ers when the ejecta are uniformly mixed; the newly formed dust
mass is in the range [0.18–3] M� and is dominated by silicates.
Depending on the density of the ISM, the impact of the reverse

shock on the newly formed dust is to reduce the original dust mass
by a factor which ranges between 3 and 48 per cent, changing the
relative abundance of different dust species. The mass of dust pro-
duced depends on the degree of mixing experienced by the ejecta.
In general, silicates, magnetites and alumina grains are formed in
the internal layers, while AC forms only in the external layers that
are carbon and oxygen dominated. In stratified ejecta dust does
not form at the same time in each layer, with silicates forming in
the inner layers before AC in the external ones. For the same SN
progenitor model, the mass of dust formed in unmixed ejecta can
be smaller or higher than in the corresponding mixed case, with
variations which amount to 3–10 per cent.

(ii) We confirm the results found by Marassi et al. (2014) that
dust can form in the ejecta of faint Pop III SNe. As a consequence
of the larger fallback experienced with respect to standard core-
collapse Pop III SNe, the ejecta is lacking in silicate, magnesium
and alumina and the only dust grain that forms is AC. The total
amount of carbon dust produced in the uniformly mixed case varies
in the range [0.2–0.27] M�, and in the stratified case in the range
[7.4 × 10−4–0.11] M� depending on the model. After the passage
of the reverse shock, the dust that survives ranges between 10 and
80 per cent.
The mass and composition of dust formed in the ejecta of Pop
III SNe depends on the degree of fallback. In standard Pop III
SNe, the mass-cut corresponds to a mass coordinate in the range
[1.48–2.44] M�. As a result, almost all the mantle is ejected with
a greater amount of internal elements, such as silicon and magne-
sium, favouring the condensation of silicates. The observed elemen-
tal abundances of CEMP stars with [Fe/H] < −4 require Pop III
SN progenitors with masses in the range [20–80] M� which expe-
rience a strong fallback, with mass cut which corresponds to mass
coordinates in the range [5–24] M�. These faint SNe leave a much
larger remnant behind and eject a smaller amount of metals, with
mantles dominated by light elements. These properties of the SNe
largely affect the mass and composition of dust which condense
in the ejecta, as shown by Fig. 12, where we summarize our re-
sults showing the mass of metals and of the dominant grain species
produced by standard (left-hand panel) and faint (right-hand panel)
Pop III SNe. Note that for each SN model, we have rescaled
the mass of metals and dust as M∗

met = MejeMmet/(Mmet + Mdust)
and M∗

dust = MejeMdust/(Mmet + Mdust), to clearly display these

Figure 12. Mass of the SN progenitor, of the remnant, of metals and dust mass as a function of the progenitor mass for standard (left-hand panel) and faint
(right-hand panel) Pop III SNe. Note that the mass of metals and dust have been multiplied by Meje/(Mmet + Mdust) (see text).
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physical quantities. Finally we have constructed, starting from our
set of metal-free progenitors, a dust data grid for Pop III SNe which
provides the initial conditions required to simulate the properties
of the first metal-enriched star-forming regions at high redshift. In
addition, we plan to extend this analysis to higher metallicity to
incorporate these new mass- and metallicity-dependent yields in
chemical evolution models with dust.
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APPENDI X A : FI NAL DUST G RI DS
A N D TA B L E S

In this appendix we report all the useful tables: for all progenitors
we report chemical composition (yields), mass of molecules, mass
of dust etc.
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Table A1. Properties of the Pop III SNe, including the explosion energy (1051 erg), the ejecta velocity (km s−1), the mass of the ejecta, the mass cut and the
mass of the helium core (M�), the gas number density (cm−3) and the radius of He core, R0 (cm) at t = tini (s) when adiabatic expansion starts (see text); the
initial masses of C, O, Mg, Si, Al, Fe and 56Ni which decays in 56Co fuelling γ -luminosity (see equation 2), the mass of molecules, CO, SiO, O2, C2 and the
grains formed in the expanding ejecta (M�). Each model name identifies the progenitor mass.

Pop III SN – fully mixed ejecta models

13 M� 15 M� 20 M� 25 M� 30 M� 35 M� 50 M� 80 M�
Eexp 0.5 0.7 1.0 1.1 1.6 1.3 2.6 5.2
veje 2696 2960 3027 2805 3086 2557 3017 3351
Meje 11.52 13.38 18.28 23.42 28.14 33.30 47.84 77.55
Mcut 1.48 1.62 1.72 1.58 1.86 1.70 2.16 2.44
MHecore 2.81 3.40 5.18 5.37 7.22 11.13 18.11 31.94

R0 2.65 × 1014 2.44 × 1014 1.47 × 1014 3.75 × 1014 4.68 × 1014 1.98 × 1014 2.51 × 1014 4.78 × 1014

tini 2.11 × 106 1.78 × 106 1.58 × 106 3.72 × 106 3.96 × 106 3.11 × 106 3.12 × 106 4.14 × 106

n0 2.71 × 1011 7.18 × 1011 8.34 × 1012 9.31 × 1011 7.39 × 1011 1.26 × 1013 1.24 × 1013 3.65 × 1012

M(56Ni) 2.20 × 10−2 3.85 × 10−2 7.12 × 10−2 9.54 × 10−2 2.10 × 10−1 1.81 × 10−1 2.86 × 10−1 4.86 × 10−1

MC 7.52 × 10−2 1.56 × 10−1 2.99 × 10−1 4.48 × 10−1 7.02 × 10−1 6.21 × 10−1 1.44 2.43
MO 1.38 × 10−1 2.91 × 10−1 9.31 × 10−1 1.96 2.96 4.35 8.60 18.22
MMg 1.83 × 10−2 3.61 × 10−2 9.99 × 10−2 9.34 × 10−2 1.33 × 10−2 2.15 × 10−1 2.03 × 10−1 3.66 × 10−1

MSi 4.42 × 10−2 8.49 × 10−2 1.12 × 10−1 1.59 × 10−1 3.23 × 10−1 1.72 × 10−1 4.46 × 10−1 8.22 × 10−1

MAl 6.63 × 10−4 1.42 × 10−3 3.11 × 10−3 2.50 × 10−3 2.31 × 10−3 3.49 × 10−3 1.85 × 10−3 3.61 × 10−3

MFe 2.31 × 10−2 4.03 × 10−2 7.39 × 10−2 1.00 × 10−1 2.18 × 10−1 1.87 × 10−1 2.95 × 10−1 5.04 × 10−1

MCO 9.60 × 10−3 3.43 × 10−2 0.65 0.896 1.25 1.45 3.36 5.66
MSiO – – – – – – – –
MO2 – – – – – 0.77 1.41 1.64
MC2 – – – – – – – –

MAC 7.10 × 10−2 0.14 1.80 × 10−2 6.36 × 10−2 0.16 – – –
MMgSiO3 2.17 × 10−4 5.10 × 10−5 – 3.86 × 10−4 5.62 × 10−3 – 3.23 × 10−6 5.76 × 10−4

MMg2SiO4 5.28 × 10−2 0.104 0.29 0.27 0.38 0.62 0.59 1.06
MFe3O4 3.00 × 10−2 5.65 × 10−2 0.11 0.14 0.30 0.263 0.41 0.70
MSiO2 2.12 × 10−2 4.93 × 10−2 0.11 0.21 0.46 0.102 0.70 1.31
MAl2O3 1.25 × 10−3 2.67 × 10−3 5.88 × 10−3 4.72 × 10−3 4.36 × 10−3 6.60 × 10−3 3.50 × 10−3 6.83 × 10−3

Mdust 0.176 0.35 0.54 0.68 1.32 0.99 1.71 3.07

Table A2. Properties of the 15-M� Pop III SN unmixed ejecta model. In unmixed models R0 and n0 are the
mean radius and density of the layers.

15-M� unmixed ejecta model

Eexp =0.7 MHecore = 3.40 veje = 2960 Meje = 13.38

Zone A (1.62–1.98) M� Zone B (1.98–2.22) M� Zone C (2.22–3.40) M�
R0 3.50 × 1014 1.96 × 1014 2.22 × 1014

tini 3.19 × 105 1.77 × 106 1.78 × 106

n0 7.18 × 1012 7.50 × 1012 2.37 × 1011

M(56Ni) 3.85 × 10−2 – –
MC 1.88 × 10−3 9.48 × 10−2 5.95 × 10−2

MO 0.17 0.12 7.50 × 10−3

MMg 3.52 × 10−2 8.87 × 10−4 –
MSi 8.45 × 10−2 3.60 × 10−4 –
MAl 1.38 × 10−3 3.36 × 10−5 –
MFe 4.04 × 10−2 – –

MCO 4.38 × 10−3 0.18 1.32 × 10−2

MSiO – – –
MO2 3.00 × 10−2 – –
MC2 – – 1.34 × 10−2

MAC – 1.69 × 10−2 4.03 × 10−2

MMgSiO3 – – –
MMg2SiO4 0.10 1.77 × 10−3 –
MFe3O4 7.46 × 10−2 – –
MSiO2 0.14 – –
MAl2O3 2.61 × 10−3 6.36 × 10−5 –
MFe 1.25 × 10−2 – –

Mdust 0.33 1.88 × 10−2 4.03 × 10−2
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Table A3. Properties of the 30-M� Pop III SN unmixed ejecta model.

30-M� unmixed ejecta model

Eexp =1.6 MHecore = 7.22 veje = 3086 Meje = 28.14

Zone A (1.86–3.99) M� Zone B (3.99–5.20) M� Zone C (5.20–7.22) M�
R0 3.29 × 1014 3.63 × 1014 4.52 × 1014

tini 3.13 × 106 3.28 × 106 3.96 × 106

n0 1.97 × 1012 1.37 × 1013 1.50 × 1012

M(56Ni) 2.10 × 10−1 – –
MC 1.26 × 10−2 0.23 0.45
MO 0.75 1.19 1.00
MMg 9.91 × 10−2 3.39 × 10−2 1.94 × 10−5

MSi 0.32 1.59 × 10−3 –
MAl 1.65 × 10−3 6.60 × 10−4 –
MFe 0.22 – –

MCO 2.95 × 10−2 0.53 1.04
MSiO – – –
MO2 1.97 × 10−3 0.46 –
MC2 – – –

MAC – – 9.32 × 10−3

MMgSiO3 – – –
MMg2SiO4 0.29 7.96 × 10−3 –
MFe3O4 0.30 – –
MSiO2 0.56 – –
MAl2O3 3.11 × 10−3 1.25 × 10−3 –
MFe – – –

Mdust 1.15 9.21 × 10−3 9.32 × 10−3

Table A4. Properties of the 50-M� Pop III SN unmixed ejecta model.

50-M� unmixed ejecta model

Eexp =2.6 MHecore = 18.11 veje = 3017 Meje = 47.84

Zone A (2.16–4.31) M� Zone B (4.31–11.51) M� Zone C (11.51–18.11) M�
R0 2.16 × 1013 3.45 × 1013 1.11 × 1014

tini 4.76 × 105 6.75 × 105 3.12 × 106

n0 1.47 × 1014 1.24 × 1014 6.60 × 1012

M(56Ni) 2.86 × 10−1 – –
MC 2.76 × 10−3 0.56 0.87
MO 1.05 5.49 2.05
MMg 9.56 × 102 0.106 6.60 × 10−4

MSi 0.44 5.40 × 10−3 –
MAl – 8.3 × 10−4 –
MFe 0.29 – –

MCO 6.44 × 10−3 1.31 1.76
MSiO – – –
MO2 0.46 3.46 1.38 × 10−3

MC2 – – –

MAC – – 0.12
MMgSiO3 2.42 × 10−2 – –
MMg2SiO4 0.26 2.71 × 10−2 –
MFe3O4 0.20 – –
MSiO2 0.82 – –
MAl2O3 – 1.58 × 10−3 –
MFe 0.31 – –

Mdust 1.61 2.87 × 10−2 0.12
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Table A5. The total mass of dust and of each grain species after the passage of the reverse shock of increasing strength for all Pop III SN ejecta models.

Pop III SN – reverse shock – fully mixed ejecta models

rev1

13 M� 15 M� 20 M� 25 M� 30 M� 35 M� 50 M� 80 M�
MAC 4.78 × 10−2 9.82 × 10−2 6.71 × 10−3 3.59 × 10−2 0.10 – – –
MMgSiO3 3.45 × 10−5 1.19 × 10−5 – 1.20 × 10−4 1.58 × 10−3 – 1.44 × 10−6 1.68 × 10−4

MMg2SiO4 7.72 × 10−3 2.13 × 10−2 0.17 7.45 × 10−2 9.41 × 10−2 0.39 0.24 0.27
MFe3O4 1.25 × 10−3 3.49 × 10−3 2.35 × 10−2 1.21 × 10−2 2.85 × 10−2 5.54 × 10−2 7.06 × 10−2 5.77 × 10−2

MSiO2 2.22 × 10−3 8.59 × 10−3 4.76 × 10−2 6.33 × 10−2 0.15 3.37 × 10−2 0.37 0.47
MAl2O3 7.29 × 10−5 1.34 × 10−4 6.82 × 10−4 2.75 × 10−4 2.89 × 10−4 6.33 × 10−4 1.52 × 10−4 2.24 × 10−4

Mdust 5.9 × 10−2 0.13 0.25 0.19 0.38 0.48 0.68 0.80

rev2

13 M� 15 M� 20 M� 25 M� 30 M� 35 M� 50 M� 80 M�
MAC 2.43 × 10−2 5.53 × 10−2 2.83 × 10−3 1.71 × 10−2 5.31 × 10−2 – – –
MMgSiO3 1.11 × 10−5 3.86 × 10−6 – 4.18 × 10−5 5.30 × 10−4 – 5.68 × 10−7 5.55 × 10−5

MMg2SiO4 2.48 × 10−3 6.76 × 10−3 7.82 × 10−2 2.49 × 10−2 3.01 × 10−2 0.16 8.96 × 10−2 8.66 × 10−2

MFe3O4 5.36 × 10−4 1.13 × 10−3 7.07 × 10−3 3.58 × 10−3 8.07 × 10−3 1.63 × 10−2 1.98 × 10−2 1.43 × 10−2

MSiO2 7.72 × 10−4 2.72 × 10−3 1.87 × 10−2 2.22 × 10−2 5.61 × 10−2 1.17 × 10−2 0.16 0.17
MAl2O3 3.73 × 10−5 6.66 × 10−5 2.30 × 10−4 1.25 × 10−4 1.06 × 10−4 2.32 × 10−4 7.13 × 10−5 1.11 × 10−4

Mdust 2.8 × 10−2 6.6 × 10−2 0.11 6.8 × 10−2 0.15 0.19 0.27 0.27

rev3

13 M� 15 M� 20 M� 25 M� 30 M� 35 M� 50 M� 80 M�
MAC 9.27 × 10−3 2.40 × 10−2 9.16 × 10−4 5.80 × 10−3 1.95 × 10−2 – – –
MMgSiO3 5.11 × 10−6 1.34 × 10−6 – 1.28 × 10−5 1.59 × 10−4 – – 1.67 × 10−5

MMg2SiO4 1.17 × 10−3 2.39 × 10−3 2.67 × 10−2 7.62 × 10−3 9.55 × 10−3 5.50 × 10−2 2.62 × 10−2 2.69 × 10−2

MFe3O4 4.17 × 10−4 7.37 × 10−4 2.32 × 10−3 1.81 × 10−3 2.80 × 10−3 5.45 × 10−3 6.43 × 10−3 5.91 × 10−3

MSiO2 4.57 × 10−4 1.11 × 10−3 5.97 × 10−3 7.02 × 10−3 1.65 × 10−2 3.87 × 10−3 5.05 × 10−2 4.97 × 10−2

MAl2O3 2.80 × 10−5 5.11 × 10−5 1.29 × 10−4 8.39 × 10−5 6.69 × 10−5 1.52 × 10−4 5.26 × 10−5 1.03 × 10−4

Mdust 1.1 × 10−2 2.8 × 10−2 3.6 × 10−2 2.2 × 10−2 4.9 × 10−2 6.4 × 10−2 8.3 × 10−2 8.3 × 10−2

Table A6. The total mass of dust and of each grain species after the passage of the reverse shock of increasing strength for selected unmixed Pop III SN ejecta
models.

Pop III SN – reverse shock – unmixed ejecta models

rev1

15 M� 15 M� 15 M� 30 M� 30 M� 30 M� 50 M� 50 M� 50 M�
A B C A B C A B C

MAC – 1.19 × 10−2 3.47 × 10−2 – – 3.06 × 10−3 – – 1.19 × 10−1

MMgSiO3 – – – – – – 2.42 × 10−2 – –
MMg2SiO4 0.10 – – 0.21 2.05 × 10−5 – 0.26 1.96 × 10−2 –
MFe3O4 7.45 × 10−2 – – 0.13 – – 0.20 – –
MSiO2 0.12 – – 0.56 – – 0.82 – –
MAl2O3 1.27 × 10−3 – – – – – – 4.13 × 10−4 –
MFe 1.20 × 10−2 – – – – – 0.31 – –

Mdust 3.16 × 10−1 1.19 × 10−2 3.47 × 10−2 8.94 × 10−1 2.05 × 10−5 3.06 × 10−3 1.61 2.0 × 10−2 1.19 × 10−1

rev2

15 M� 15 M� 15 M� 30 M� 30 M� 30 M� 50 M� 50 M� 50 M�
A B C A B C A B C

MAC – 1.19 × 10−2 1.35 × 10−2 – – 1.11 × 10−3 – – 7.02 × 10−2

MMgSiO3 – – – – – – 2.42 × 10−2 – –
MMg2SiO4 9.53 × 10−2 – – 3.79 × 10−2 – – 0.26 6.37 × 10−3 –
MFe3O4 4.69 × 10−2 – – 4.84 × 10−4 – – 0.20 – –
MSiO2 7.22 × 10−2 – – 0.30 – – 0.82 – –
MAl2O3 1.01 × 10−5 – – – – – – 4.50 × 10−5 –
MFe 4.24 × 10−3 – – – – – 0.31 – –

Mdust 2.19 × 10−1 1.19 × 10−2 1.35 × 10−2 3.37 × 10−1 – 1.11 × 10−3 1.61 6.42 × 10−3 7.02 × 10−2
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Table A6 – continued

Pop III SN – reverse shock – unmixed ejecta models

rev3

15M� 15 M� 15 M� 30 M� 30 M� 30 M� 50 M� 50 M� 50 M�
A B C A B C A B C

MAC – 3.84 × 10−3 2.77 × 10−3 – – 9.08 × 10−4 – – 1.61 × 10−2

MMgSiO3 – – – – – – 2.42 × 10−2 – –
MMg2SiO4 3.12 × 10−2 – – – – – 0.26 6.53 × 10−4 –
MFe3O4 4.17 × 10−3 – – – – – 0.20 – –
MSiO2 8.36 × 10−3 – – 1.26 × 10−2 – – 0.81 – –
MAl2O3 – – – – – – – – –
MFe 1.74 × 10−5 – – – – – 0.31 – –

Mdust 4.38 × 10−2 3.84 × 10−3 2.77 × 10−3 1.26 × 10−2 – 9.08 × 10−4 1.61 6.53 × 10−4 1.61 × 10−2

Table A7. Properties of the faint Pop III SN progenitors, including [Fe/H], the explosion energy (1051 erg), the mass of
the helium core, the ejecta velocity (km s−1), the mass of the ejecta, the gas number density (cm−3) and the radius of He
core, R0 (cm) at t = tini (s) when adiabatic expansion starts (see text); the initial masses of C, O, Mg, Si, Al and Fe, and
the mass of molecules, CO, SiO, O2, C2 and the grains formed in the expanding ejecta ( M�).

Pop III faint SN – fully mixed ejecta models

HE1327−2326 HE0107−5240 HE0557−4840 SMSSJ031300

[Fe/H] −5.76 −5.54 −4.81 −7.1

30 M� 35 M� 20 M� 80 M�
Eexp 1.6 1.3 1.0 5.2
MHecore 7.22 11.13 5.18 31.94
veje 3273 2833 3301 3943
Meje 25 27 15 56
Mcut 5 8 5 24

R0 4.68 × 1014 1.98 × 1014 1.47 × 1014 4.78 × 1014

tini 3.96 × 106 3.11 × 106 1.58 × 106 4.14 × 106

n0 3.27 × 1011 1.36 × 1012 2.46 × 1010 5.17 × 1011

M(56Ni) 3.68 × 10−7 9.12 × 10−7 9.19 × 10−7 1.43 × 10−7

MC 0.51 0.297 2.76 × 10−3 0.887
MO 1.19 0.195 6.37 × 10−4 1.973
MMg 9.74 × 10−5 3.02 × 10−5 3.37 × 10−5 3.26 × 10−3

MSi 2.81 × 10−5 2.07 × 10−5 3.78 × 10−5 5.19 × 10−6

MCa 1.50 × 10−6 1.50 × 10−6 2.21 × 10−6 3.82 × 10−7

MFe 1.58 × 10−5 2.24 × 10−6 2.82 × 10−5 4.7 × 10−6

MCO 0.74 0.342 1.12 × 10−4 1.44
MSiO 4.0 × 10−5 2.7 × 10−5 1.8 × 10−7 3.5 × 10−6

MO2 1.2 × 10−5 – – 2.4 × 10−5

MC2 – 2.6 × 10−2 – –

MAC 0.196 0.124 2.71 × 10−3 0.269
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Table A8. Properties of the faint Pop III SN unmixed models, including the explosion energy (1051 erg), the mass of the ejecta, the initial masses of C, O,
Mg, Si, Al and Fe, and the mass of CO and the grains formed in the expanding ejecta ( M�). Each model name identifies the progenitor mass.

Pop III faint SN – unmixed ejecta models

HE1327−2326 HE1327−2326 HE0107−5240 HE0107−5240 SMSSJ031300 SMSSJ031300

30 M� 30 M� 35 M� 35 M� 80 M� 80 M�
A B A B A B

Eexp 1.6 1.6 1.3 1.3 5.2 5.2
Meje 25 25 27 27 56 56
veje 3273 3273 2833 2833 3943 3943
Mcut 5 5 8 8 24 24

R0 2.18 × 1014 4.73 × 1014 1.45 × 1014 2.21 × 1014 2.29 × 1014 4.57 × 1014

tini 1.90 × 106 2.45 × 106 2.66 × 106 1.84 × 106 2.24 × 106 4.14 × 106

n0 1.76 × 1013 2.4 × 109 1.98 × 1012 2.96 × 109 2.33 × 1013 3.31 × 1011

M(56Ni) 3.68 × 10−7 – 9.12 × 10−7 – 1.43 × 10−7 –
MC 0.508 6.35 × 10−3 0.296 7.61 × 10−4 0.547 0.339
MO 1.162 2.60 × 10−2 0.192 3.77 × 10−3 1.948 0.024
MMg 9.74 × 10−5 – 3.00 × 10−5 – 3.26 × 10−3 –
MSi 2.81 × 10−5 – 2.06 × 10−5 – 5.19 × 10−6 –
MCa 1.50 × 10−6 – 1.50 × 10−6 – 3.82 × 10−7 –
MFe 1.58 × 10−5 – 2.23 × 10−5 – 4.7 × 10−6 –

MCO 1.18 3.80 × 10−4 0.33 3.21 × 10−5 1.276 0.043
MSiO – – – – – –
MO2 0.11 – – – 0.513 –
MC2 – – 9.05 × 10−2 – – 0.21

MAC – 6.18 × 10−3 6.21 × 10−2 7.47 × 10−4 – 0.112

Table A9. The total mass of dust after the passage of the reverse shock of increasing strength for all faint Pop III
SN ejecta models.

Pop III faint SN – reverse shock – fully mixed ejecta models

HE1327−2326 HE0107−5240 HE0557−4840 SMSSJ031300

30 M� 35 M� 20 M� 80 M�
rev1

MAC 0.11 0.10 8.3 × 10−4 0.15

rev2

MAC 5.7 × 10−2 6.2 × 10−2 3.0 × 10−4 7.8 × 10−2

rev3

MAC 1.99 × 10−2 2.8 × 10−2 9.0 × 10−5 2.8 × 10−2

Table A10. The total mass of dust after the passage of the reverse shock of increasing strength for selected unmixed faint Pop III SN ejecta models.

Pop III faint SN – reverse shock – unmixed ejecta models

HE1327−2326 HE1327−2326 HE0107−5240 HE0107−5240 SMSSJ031300 SMSSJ031300

30 M� 30 M� 35 M� 35 M� 80 M� 80 M�
A B A B A B

rev1

MAC – 7.54 × 10−4 6.20 × 10−2 5.88 × 10−5 – 7.19 × 10−2

rev2

MAC – 1.54 × 10−4 6.20 × 10−2 1.54 × 10−5 – 1.39 × 10−2

rev3

MAC – 1.02 × 10−4 6.20 × 10−2 – – 8.65 × 10−3
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