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ABSTRACT

Context. The CEMP-no stars are long-lived small mass stars presenting a very low iron content and overabundances of carbon with
no sign or only very weak signs of s- or r-elements. Although the origin of this abundance pattern is still a matter of debate, it was
very likely inherited from a previous massive star, which we call the source star.
Aims. We rely on a recent classification of CEMP-no stars arguing that some of them are made of a material processed by hydrogen
burning that was enriched in products of helium burning during the nuclear life of the source star. We examine the possibility of
forming CEMP-no stars with this material.
Methods. We study the nucleosynthesis of the CNO cycle and the Ne-Na Mg-Al chains in a hydrogen burning single zone while
injecting the helium burning products 12C, 16O, 22Ne, and 26Mg. We investigate the impact of changing density, temperature and the
injection rate. The nuclear reaction rates involving the creation and destruction of 27Al are also examined.
Results. 14N, 23Na, 24Mg, and 27Al are formed when injecting 12C, 16O, 22Ne, and 26Mg in the hydrogen burning zone. The 12C/13C ra-
tio is constant under various conditions in the hydrogen burning zone. The predicted [Al/Fe] ratio varies up to ∼2 dex depending on
the prescription used for the reaction rates involving 27Al.
Conclusions. The experiments we carried out support the view that some CEMP-no stars are made of a material processed by
hydrogen burning that comes from a massive star experiencing mild to strong rotational mixing. During its burning, this material was
likely enriched in helium burning products. No material coming from the carbon-oxygen rich core of the source star should be added
to form the daughter star, otherwise the 12C/13C ratio would be largely above the observed range of values.
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1. Introduction

The content of iron at the surface of a star is often used as
an indication of the chemical enrichment of its environment.
A very small amount of iron relative to the sun indicates a re-
gion similar to the early universe where only few nucleosyn-
thetic events occurred. A way to obtain new clues on stars in
the early universe is then to examine the most iron deficient
objects. Carbon-enhanced metal-poor stars (CEMP) are a sub-
class of iron deficient stars that have an excess of carbon rel-
ative to the sun and also an excess of oxygen and nitrogen in
general. Although it can vary a bit from one author to another,
the two common criteria defining a CEMP are1 [Fe/H] < −1.0
and [C/Fe] > 0.7 (Aoki et al. 2007). The range of [C/Fe] covers
∼3.5 dex, from [C/Fe] = 0.7 to [C/Fe] = 4.26 for HE1327-2326
(Norris et al. 2013; Allen et al. 2012). The frequency of CEMP
seems to rise toward lower [Fe/H] (Lee et al. 2013), but also with
increasing distance from the Galactic plane (Frebel et al. 2006)
or moving from inner to outer halo (Carollo et al. 2012). The so-
called CEMP-no subclass is characterized by its low content in
s- or r-elements, contrary to the other sublasses of CEMP stars:
CEMP-s, CEMP-r, and CEMP-r/s (Beers & Christlieb 2005).
CEMP-no stars are of particular interest since they dominate at
[Fe/H] . −3 (Aoki 2010; Norris et al. 2013).

Among the scenarios explored to explain CEMP-no stars,
we note the “spinstar” scenario (Meynet et al. 2006, 2010;
Hirschi 2007; Chiappini 2013; Maeder et al. 2015) and the

1 [X/Y] = log10(NX/NY) – log10(NX�/NY�) where NX,Y is the number
density of elements X and Y, and � denotes the abundances in the sun.

“mixing and fallback” scenario (Umeda & Nomoto 2002, 2005;
Tominaga et al. 2014). The latter explains CEMP-no with a
model of faint supernovae from Pop III stars with mixing and
fallback. The mixing considered in these models occurs just be-
fore or during the explosion. The zone of mixing and the mass
cut2 are free parameters of the models adjusted differently in
each star to reproduce observed abundance patterns of CEMP-no
stars.

According to the spinstar scenario, CEMP-no form in a
region previously enriched by material that comes from low
metallicity, rotating massive stars. During their nuclear lifetimes,
spinstars experience mass loss and strong mixing triggered by
rotation. As developed in Maeder et al. (2015), although they
are different, these two models appear more complementary than
contradictory. Processes like strong internal mixing in the source
star, winds, or faint supernova may all have happened. Recently,
Takahashi et al. (2014) has presented results based on rotating
models with strong fallback (but no mixing in the sense of the
works by Umeda & Nomoto) and tried to deduce the initial ro-
tation of the source stars from comparisons with observed abun-
dance patterns from three CEMP-no stars.

Maeder et al. (2015) proposed the idea that the variety of ob-
served ratios is likely due to material being processed back and
forth by hydrogen and helium burning regions in the spinstar.
In other words, these two burning regions are exchanging ma-
terial between them. These exchanges are triggered by the rota-
tional mixing. In a first step, the helium burning products diffuse

2 The mass cut delimits the part of the star expelled from the part which
is kept in the remnant.
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Fig. 1. Schematic view of the “back and forth” process at work in the spinstar. It occurs during the core helium burning phase and it is an exchange
of chemical species between the helium burning core and the hydrogen burning shell.

into the hydrogen burning shell. More specifically, 12C and 16O
synthesized in the helium core diffuse in the hydrogen burning
shell, boosting the CNO cycle and creating primary 14N and 13C
(see left panel of Fig. 1). In turn, the products of the hydrogen
burning shell (among them 14N) diffuse back into the helium
core. The isotope 22Ne is synthesized through the nuclear chain
14N(α, γ)18F(,e+νe)18O(α, γ)22Ne. The isotope 26Mg can also be
synthesized thanks to the reaction 22Ne(α, γ)26Mg (middle panel
of Fig. 1). Some 25Mg can also be created through the reac-
tion 22Ne(α, n)25Mg. Neon and magnesium can enter the hydro-
gen burning shell again, boosting the Ne-Na and Mg-Al chains
and therefore creating sodium and aluminium (right panel of
Fig. 1). Through these back and forth exchanges between the
hydrogen and helium burning regions, a series of isotopes can
be formed. The abundances can vary a lot depending on the
strength and number of these exchanges and thus such models
can easily account for the variety of the abundance ratios ob-
served at the surface of CEMP-no stars. For a given initial mass
and rotation rate, the rotational mixing responsible for the ex-
changes described above is stronger at low metallicity. This ef-
fect is mainly due to the higher compactness of low metallicity
stars (Maeder & Meynet 2001).

Putting aside the complexity of stellar models, we realize
in this work simple nuclear experiments in order to illustrate
the idea of Maeder et al. (2015) and to constrain the conditions
needed in the source stars that would lead to the appropriate nu-
cleosynthesis required to form CEMP-no stars. We study the im-
pact of injecting 12C, 16O, 22Ne, and 26Mg in a hydrogen burning
single zone at typical temperatures and densities of the hydrogen
burning shell of a 20−60 M� source star model at very low
metallicity (Z = 10−5). Different sets of nuclear rates are tested
for the three main reactions involving 27Al. We compare our re-
sults with a subsample of five CEMP-no stars which have a sim-
ilar metallicity to that considered in our models and which are,
according to Maeder & Meynet (2015), made of a material pro-
cessed by hydrogen burning coming from the source star. We
note that the active hydrogen burning shell in the source star
can be enriched in products of helium burning, as explained

previously. Although limited, these numerical experiments, by
focusing mainly on the nucleosynthesis of the problem, allow us
to explore just what nuclear physics can do and how the results
are sensitive to only some nuclear aspects of the problem. As we
shall see, even these very simple numerical experiments allow us
to obtain very interesting constraints on the sources of CEMP-no
stars, constraints that are particularly strong since they are based
on the most simple numerical experiments that we can imagine
doing.

In Sect. 2, we recall briefly the classification of CEMP-no
stars made by Maeder & Meynet (2015) and select the subsam-
ple of CEMP-no stars used in this work. The experiments we
carried out are described in Sect. 3 and the results obtained in
Sect. 4. Sections 5 and 6 are dedicated to a discussion about the
12C/13C ratio, the lithium and aluminium abundances. In Sect. 7,
we discuss the possible astronomical origin of the CEMP-no
stars considered. Conclusions are given in Sect. 8.

2. CEMP-no stars in classes 2 and 4

Maeder & Meynet (2015) provided a method for classifying the
abundance patterns observed at the surface of CEMP-no stars
based on two main ideas: the first is that some material can be
exchanged between the hydrogen and helium burning regions
inside the star. As noted in the previous section, the hydrogen
burning reactions can transform the material enriched in helium
burning products. This will boost the abundance of some iso-
topes, for instance 14N. This 14N can in turn diffuse into the
helium burning region where it is transformed into 22Ne, and
22Ne can migrate into the hydrogen burning region, being trans-
formed (at least in part) into 23Na. Focusing on hydrogen burn-
ing regions, we speak of secular mixing of first order when the
CNO cycle processes material enriched by the normal products
of helium burning (typically C and O), and of second order when
the nuclear reactions process material enriched in helium burn-
ing products resulting from material that was enriched in hydro-
gen burning products (typically 22Ne, resulting from α-captures
on 14N). Similar definitions can be made for the helium burning
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Table 1. Type (MS if Teff ≥ 5500 K and log g ≥ 3.25, RGB otherwise), class, and abundance data for the CEMP-no stars considered in this work.

Star Type Class [Fe/H] [C/Fe] [N/Fe] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [12C/13C] A(Li) Ref.
CS 22945-017 MS 4++ –2.52 2.28 2.24 <2.36 – 0.61 – – –1.17 <1.51 4, 6, 9
CS 22949-037 RGB 4+ –3.97 1.06 2.16 1.98 2.10 1.38 0.02 0.77 –1.35 <0.13 7, 9
CS 22958-042 MS 4 –2.85 3.15 2.15 1.35 2.85 0.32 –0.85 0.15 –1.00 <1.33 4, 6, 9
CS 29498-043 RGB 4 –3.49 1.90 2.30 2.43 1.47 1.52 0.34 0.82 –1.17 <–0.05 7, 9
CS 30322-023 RGB 4++ –3.39 0.80 2.91 0.63 1.04 0.80 – 0.58 –1.35 <–0.3 1, 4, 5, 6
HE 0057-5959 RGB 2+Na –4.08 0.86 2.15 <2.77 1.98 0.51 – – >–1.65 – 7
HE 1300+0157 MS 2 –3.75 1.31 <0.71 1.76 –0.02 0.33 –0.64 0.87 >–1.47 1.06 2, 6, 7
HE 1310-0536 RGB 2+ –4.15 2.36 3.20 <2.80 0.19 0.42 –0.39 <0.25 –1.47 <0.8 10, 11
HE 1327-2326 MS 4++ –5.76 4.26 4.56 3.70 2.48 1.55 1.23 – >–1.25 <0.62 3, 6, 7
HE 1410+0213 RGB 2+ –2.52 2.33 2.94 2.56 – 0.33 – – –1.47 – 4, 6
HE 1419-1324 RGB 4++ –3.05 1.76 1.47 <1.19 – 0.53 – – –0.87 – 4, 6
HE 2331-7155 RGB 4 –3.68 1.34 2.57 <1.70 0.46 1.20 –0.38 – –1.25 – 11

SMSS 0313-6708 MS 4++ <–7.1 >4.50 – – – >3.3 – – – 0.7 8

References. 1 – Masseron et al. (2006); 2 – Frebel et al. (2007); 3 – Frebel et al. (2008); 4 – Masseron et al. (2010); 5 – Masseron et al. (2012);
6 – Allen et al. (2012); 7 – Norris et al. (2013); 8 – Keller et al. (2014); 9 – Roederer et al. (2014); 10 – Hansen et al. (2014); 11 – Hansen et al.
(2015).

region. Different families of abundance patterns resulting from
hydrogen and helium burning and secular mixing of various or-
ders can result from these back and forth exchanges.

The second idea is that a second type of mixing can be envis-
aged; this one occurs between the stellar ejecta when the nuclear
reactions have stopped. We call this type stellar ejecta mixing.
Typically, some CEMP-no stars show signs of being made of
material processed by hydrogen and helium burning and then
mixed once ejected into the ISM. The material processed by hy-
drogen burning can result from secular mixing of various orders.

Using these lines of reasoning, Maeder & Meynet (2015) di-
vided the CEMP-no class in five subclasses.

– Class 0: the CEMP-no is made of a material processed by hy-
drogen burning, but not enriched in helium burning products
(no secular mixing, no mixing of the ejecta).

– Class 1: the CEMP-no is made of a material processed by he-
lium burning, but not enriched in hydrogen burning products
(no secular mixing, no mixing of the ejecta).

– Class 2: the CEMP-no is made of a material processed by
hydrogen burning enriched in the normal products of he-
lium burning (secular mixing of first order, no mixing of the
ejecta).

– Class 3: the CEMP-no is made of a mixture of ejecta in-
volving material processed by both hydrogen and helium
burning. The material processed by hydrogen burning re-
sults from a secular mixing of first order, and the material
processed by helium burning results from a secular mixing
of second order (which means that the material processed by
helium burning has been enriched by hydrogen burning prod-
ucts that have transformed helium burning products). For in-
stance, large amounts of 14N and 13C coming from the trans-
formation of 12C and 16O, enter the helium core by mixing.
Then, successive α-captures on 14N create some 22Ne and
25,26Mg.

– Class 4: the CEMP-no is made of a material processed by hy-
drogen burning (no mixing of the ejecta) resulting from sec-
ular mixing of second order. This means that the hydrogen
burning transforms material that was processed two times
by helium burning. Typically, neon and magnesium enter the
hydrogen shell again, boosting the Ne-Na and Mg-Al chains.

In each of the classes, refinements are made depending on how
advanced the nuclear burning is. For instance, the Mg-Al chain
may have acted to a greater or lesser degree in the source star

so that more or less aluminium has been be created. A “+” after
the class number indicates a material that is more processed. A
material that is even more processed is indicated with “++” after
the class number. We see that classes 1 and 3 are, at least partly,
made of helium burning products while classes 0, 2, and 4 are
made of hydrogen burning products. Maeder & Meynet (2015)
attributed a class to 30 out of 46 CEMP-no stars: 4 belonging to
class 2, 17 to class 3, and 9 to class 4.

In the present work, we focus on CEMP-no stars in classes 0,
2, and 4, i.e. made of a material processed by hydrogen burning
that was eventually enriched in helium burning products. A char-
acteristic shared by both stars in classes 2 and 4 (to date there are
no observed CEMP-no in class 0) is a relatively low 12C/13C ra-
tio, between 2 and 12 with a mean of 5.1. This value is character-
istic of the CNO processing. The other CEMP-no stars generally
have a higher 12C/13C (up to 50). Part of the helium burning re-
gion (12C-rich and 13C-poor) expelled by the source star is used
to form classes 1 and 3, which explains the higher 12C/13C ratios
for class 3 CEMP-no stars (there are no observed CEMP-no in
class 1).

Our subsample is finally made of 13 CEMP-no stars in
classes 2 and 4 with a mean [Fe/H] of −3.9. Table 1 gives
the type, the class, and the abundance data for the sample of
CEMP-no stars considered in this work. We note the class 2+Na
for HE 0057-5959; “Na” stands because of the high [Na/Fe] ra-
tio. The interpretation is the following: owing to a sufficiently
high temperature, a significant amount of 20Ne was synthesized
in the helium burning core of the source star. Some of it dif-
fused in the hydrogen burning shell, boosting the Ne-Na chain
and therefore creating some 23Na.

We note that among those 13 CEMP-no stars, 5 are dwarfs
(MS, cf. Table 1) and 8 are giants (RGB, cf. Table 1) accord-
ing to the following criteria: the stars with Teff ≥ 5500 K and
log g ≥ 3.25 are dwarfs, the others are giants. The RGB CEMP
may have undergone a dredge-up event, modifying their surface
abundances. Such a dredge-up decreases the 12C surface abun-
dances and increases the 13C and 14N surface abundance. The
abundances of O, Ne, Na, Mg, and Al elements will not change
since the temperature inside the hydrogen burning shell of such
a low mass star is likely too low to activate the ON, Ne-Na, and
Mg-Al cycles. If we look at the plots [C/Fe] and [N/Fe] versus
log g for the observed CEMP-no stars (cf. Choplin et al. 2016,
Fig. 1) we see that the dispersion of the carbon and nitrogen
abundances with respect to iron are quite similar for MS and
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RGB stars. This means that the effect of the first dredge-up does
not change the abundance of carbon and nitrogen significantly
with respect to the changes related to the dispersion of the ini-
tial abundances (about 4 dex). Based on stellar evolution models,
Placco et al. (2014) have determined a correction

∆[C/Fe] = [C/Fe]ini − [C/Fe]after 1DUp (1)

to apply to the [C/Fe] ratio of 505 metal-poor stars in order to
recover their initial [C/Fe]. This correction corresponds to the
effect of the first dredge-up (if any). Any dredge-up would de-
crease [C/Fe] so that ∆[C/Fe] ≥ 0. We note that ∆[C/Fe] = 0
for MS CEMP since they likely did not experience the first
dredge-up. Five out of the eight RGB CEMP considered here
belong to this sample; three have ∆[C/Fe] < 0.1, one ∆[C/Fe] =
0.31 (CS 29498-043), and one ∆[C/Fe] = 0.74 (CS 22949-037).
These corrections are small compared to the observed range of
[C/Fe] ratios.

In addition, because the CNO equilibrium value of 12C/13C
is obtained at the surface of the MS stars, this implies that such
low values, at least in these stars, cannot be due to a dredge-up
event. Moreover, the highest 12C/13C belong to HE 1419-1324,
a RGB CEMP, showing that the RGB feature is not necessar-
ily associated with a low 12C/13C ratio, as expected by the ef-
fect of the dredge-up. Correcting the CNO abundances of the
evolved CEMP-no stars is of course important in general, but
in the framework of the present work we focus on the range of
observed abundances rather than of individual stars, and hence
these small corrections have no impact on our conclusions.

3. Presentation of the experiment

The conducted experiment consists in injecting products synthe-
sized in the helium burning core of massive stars like 12C, 16O,
22Ne, or 26Mg in a hydrogen burning single zone of 1 M� (here-
after H-box) with a constant temperature T and density ρ. The
H-box schematically reproduces the convective hydrogen burn-
ing shell during the core helium burning phase of the source star.

To set the initial conditions in the H-box, we rely on a ro-
tating 60 M� model computed with the Geneva code. The ini-
tial metallicity is Z = 10−5. It corresponds to [Fe/H] = −3.8
for the initial mixture we considered (α-enhanced). The initial
abundances in the H-box are taken from the hydrogen burning
shell of this model, at the beginning of the core helium burning
phase, when the mass fraction of 4He in the core Xc(4He) = 0.98.
Figure 2 shows the temperature and density profiles of this model
during the core helium burning phase. The variable Mr is the
mass coordinate and Xc(4He) the central mass fraction of 4He.
We see from this figure that T and ρ in the convective hydro-
gen burning shell take values of 30−80 MK and 1−5 g cm−3,
respectively. For a 20 M� model, the ranges of T and ρ are
30−60 MK and 1−10 g cm−3. As a first step, we fix T = 50 MK
and ρ = 1 g cm−3 in the H-box. Different temperatures and den-
sities in the H-box are discussed later. The simulation is stopped
either when the hydrogen in the box is exhausted (when the mass
fraction of hydrogen in the H-box X(1H) < 10−8) or when the
time t exceeds 10 Myr. We note that depending on the stellar
model chosen for setting the initial abundances in the H-box,
we can have a slightly different initial chemical composition in
the H-box. This will depend on the chemical composition of the
model in its hydrogen burning shell, at the core helium burn-
ing ignition (Xc(4He) = 0.98). The CNO abundances in the hy-
drogen burning shell at the core helium burning ignition do not
change significantly from a 20 M� to a 60 M� model. The abun-
dances of neon, sodium, magnesium, and aluminium do vary a

Fig. 2. Mr as a function of Xc(4He), the central mass fraction of 4He for a
rotating 60 M� model at a metallicity Z = 10−5 (similar to a Kippenhahn
diagram). Shown in color is the temperature T6 in MK (upper panel)
and the density ρ in g cm−3 (lower panel) in the convective hydrogen
burning shell during the core helium burning phase from Xc(4He) =
0.98 to Xc(4He) = 0.

bit more owing to the difference in temperature that implies a
slightly different nucleosynthesis in the hydrogen burning shell
at the very beginning of the core helium burning phase.

Regarding the nuclear reaction rates, we took the ones used
in the Geneva code (see Ekström et al. 2012). These rates are
mainly from Angulo et al. (1999) for the CNO cycle, but al-
most all rates for Ne-Na Mg-Al chains are from Hale et al.
(2002). Only 20Ne(p, γ)21Na and 21Ne(p, γ)22Na are taken from
Angulo et al. (1999) and Iliadis et al. (2001), respectively. We
note that the final abundance of 26Al in the H-box is added
to the one of 26Mg since 26Al is a radioactive isotope (t1/2 =

7.17 × 105 yrs) decaying into 26Mg.
In order to reproduce schematically the diffusion of 12C,

16O, 22Ne, and 26Mg from the helium core to the hydrogen
shell, we inject a constant mass per year into the H-box, which
comes from a reservoir composed only of the considered species
(12C, 16O, 22Ne, or 26Mg). We consider injection rates of 10−10,
10−8, and 10−6 M� yr−1 for 12C and 16O and 10−12, 10−10, and
10−8 M� yr−1 for 22Ne and 26Mg. More details about the method
for injecting the species and the justification of the adopted in-
jection rates are given in the Appendix. Four cases are tested in
the present experiment:

– no injection is made in the H-box;
– 12C and 16O are injected;
– 12C, 16O, and 22Ne are injected;
– 12C, 16O, 22Ne, and 26Mg are injected.

We note that in a real star, the mass is conserved and thus any in-
jection into the hydrogen burning shell implies that some matter
has to diffuse away from that region. In complete stellar models,
the elements that are more abundant in the hydrogen burning
shell than in one of the two adjacent regions will diffuse into
the region(s) where this element is less abundant. However to
keep the model as simple as possible we do not consider that
complication here. The present work can be seen as a numerical
experiment and not as an attempt to model all the details of what
happens in stars. Indeed, the most important gradients of abun-
dances are those from the difference in the abundances between
the helium core and the hydrogen burning shell. Diffusion from
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Fig. 3. Abundances in the H-box as a function of the logarithm of X0(H) − X(H). The four panels (from left to right) correspond to the four
considered cases: when no injection is made; when 12C and 16O are injected; when 12C, 16O, and 22Ne are injected; and when 12C, 16O, 22Ne, and
26Mg are injected. Density and temperature in the box are ρ = 1 g cm−3 and T6 = 50 MK.

the helium core to the hydrogen burning shell is therefore clearly
the dominant feature, blurring all the other diffusion processes.
In complete stellar models, injection of nitrogen into the he-
lium core occurs dominantly by convection when the helium
core slightly grows in regions left over by the hydrogen burn-
ing shell, not by diffusion from the hydrogen to the helium burn-
ing region. Also, as we show, the results obtained from complete
stellar models (that follow in a consistent way the mixing of the
elements) are well reproduced by our simple box model. Thus
we are quite confident that our simple approach grasps the es-
sentials of the process.

We also note that the origin of the iron is not investigated
in the present work. By choosing a non-zero metallicity, we as-
sume that the small iron content observed at the surface of the
CEMP-no stars is already present in the source star (and in the
H-box). Our sample of class 2 and 4 CEMP-no stars is expected
to be made of a material processed by hydrogen burning that
comes from the source star, i.e. from the outer layers of this star.
The iron abundance in those outer layers is likely not affected
by the nucleosynthesis and remains equal to its initial value. As
a consequence, a comparison of the models with the observed
ratios like [C/Fe] or [N/Fe] can be made, provided that the iron
content in the models (the [Fe/H] ratio) is similar to the iron con-
tent of the CEMP-no stars. In our models, [Fe/H] = −3.8 so that
the observed CEMP-no stars around this value can be consis-
tently compared with the models.

4. Results of the experiment

Figure 3 shows the mass fraction of elements as a function of
log(X0(H) − X(H)) (i.e. the logarithm of the initial mass frac-
tion of hydrogen minus the current hydrogen mass fraction in
the H-box) for the four cases presented in Sect. 3. The initial
mass fraction of 1H in the box is equal to 0.33, the temperature
and density are set to T = 50 MK and ρ = 1 g cm−3, and the in-
jection rates are 10−8 M� yr−1 for 12C and 16O and 10−10 M� yr−1

for 22Ne and 26Mg. We describe now the four panels in Fig. 3,
from left to right:

1. When no injection is made only 4.28 × 10−2 of hydro-
gen (in mass fraction) is consumed at the end of the lim-
ited time, which we fixed at 10 Myr. No transient regime
is seen for the CNO elements since the CNO cycle is al-
ready at equilibrium at t = 0. The initial increase of X(23Na),
the mass fraction of sodium, is due to the effect of the

Ne-Na chain. It finally drops, like X(20Ne), in favour of
X(24Mg) owing to the reaction 23Na(p, γ)24Mg. At T6 =
50, since the 24Mg(p, γ)25Al reaction is weak, it does not
transform efficiently the 24Mg synthesized so that the 24Mg
abundance increases. A small amount of 27Al is destroyed
when little 1H remains in the shell and is transformed ei-
ther into 28Si through 27Al(p, γ)28Si, or into 24Mg through
27Al(p, α)24Mg, both channels being almost equal at this
temperature.

2. When 12C and 16O are injected, the CNO cycle is boosted
and primary 14N and 13C are created. The CNO elements are
more and more abundant so that more and more hydrogen is
burnt. It is finally exhausted after ∼0.8 Myr. The reactions in
the CN cycle are fast so that an equilibrium is almost instan-
taneously reached for 12C, 13C, and 14N. Since the reaction
16O(p, γ)17F is much slower, the injected 16O accumulates
before being transformed into 17F. These two regimes can be
seen in the second panel of Fig. 3: the curve showing 16O
first increases until log(X0(H) − X(H)) ∼ −3 (accumulation)
and then becomes flatter for −3 < log(X0(H) − X(H)) < −1
(16O destruction becomes important). No permanent regime
is attained for 16O. At the end 12C and 16O rise dramatically
because the hydrogen is almost exhausted: the CNO cycle
works less and less, implying an accumulation of the injected
12C and 16O. Regarding the other elements, we see that 22Ne
decreases in favour of 23Na, but the duration of the simula-
tion is too short in this case for the Ne-Na and Mg-Al chains
to operate significantly.

3. When the same experiment is performed and some 22Ne is
also injected, 23Na and 24Mg are synthesized through the
reactions 22Ne(p, γ)23Na and 23Na(p, γ)24Mg. Some 20Ne
is also created when the reaction 23Na(p, α)20Ne occurs.
At this temperature and for the selected rates, the (p, α)
channel is 1.6 higher than the (p, γ) channel so that 23Na
is almost equally destroyed in 20Ne and 24Mg. The reac-
tion 24Mg(p, α)25Al is too slow to activate the Mg-Al chain.
Since neon, sodium, and magnesium are much less abundant
than the CNO elements, the hydrogen is not burnt signif-
icantly quicker than in case 2 when only 12C and 16O are
injected.

4. When injecting 26Mg as well there is a ∼2 dex increase
in 27Al due to the direct transformation of 26Mg into 27Al
thanks to a proton capture. For the temperature, density, and
time of simulation considered, the 27Al destruction through
either the (p, α) or (p, γ) channels is not significant.
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Fig. 4. [X/Fe] ratios in the H-box for the four considered cases (from left to right). The [12C/13C] ratio is also shown (i.e. 12C/13C ratio relative to
the sun, in logarithm). The red points show the CEMP-no stars of Table 1 with [Fe/H] = −3.8 ± 0.3. The abundance patterns in the box at t = 0
are represented by black lines with squares and the patterns at the end of the simulation by black lines with triangles. The lower and upper black
dotted lines represent the final composition in the H-box when the rates of injection are divided and multiplied by 102, respectively. The green
pattern on the second (third) panel shows the composition in the hydrogen burning shell at the end of the core helium burning phase of a complete
20 M� stellar model at 30% (70%) of the critical velocity on the ZAMS. Density and temperature in the box are ρ = 1 g cm−3 and T6 = 50 MK.

Figure 4 shows the [X/Fe] ratios for the four cases presented in
Fig. 3. The initial abundance pattern in the H-box (lines with
squares) and the final pattern (lines with triangles) are plotted.
The grey area corresponds to the range of values covered during
the simulation. The dotted lines correspond to the final patterns
in the H-box when the rates of injection are divided and mul-
tiplied by 100. The red points represent the observed ratios in
CEMP-no stars of similar metallicities ([Fe/H] = −3.8 ± 0.3) to
the metallicity considered in our numerical experiment ([Fe/H] =
−3.8). As mentioned in Sect. 3, it is important to focus on the
CEMP-no stars that have similar metallicities to the one in the
models since the iron abundance in our model is an initial condi-
tion that is not modified by the nuclear reactions occurring in the
H-box. Any change in the initial iron abundance in the models
will produce a shift of the [X/Fe] ratios predicted by the models.

Without injection, the abundance pattern in the H-box does
not change very much and all the [X/Fe] ratios (except [N/Fe]
and [Al/Fe]) stay below the observed values. This is not sur-
prising since the observed values correspond to classes 2 and 4,
while the present experiment (no injection) would instead cor-
respond to the CEMP-no stars in class 0. This class is made of
a material processed only by hydrogen burning and where no
mixing occurred between the hydrogen and helium burning re-
gions. Injecting some 12C and 16O enhances the corresponding
[X/Fe] ratios and the [N/Fe] (Fig. 4, second panel). Increasing or
decreasing the rate of injection by a factor of 100 (dotted lines)
changes the final pattern in the box, but not dramatically: from
the lower to the upper dotted line, the rate of injection is mul-
tiplied by 4 dex while the difference in [X/Fe] values does not
exceed 2 dex (for C, N, and O) because when injecting more
12C and 16O in the H-box, the hydrogen is burnt more rapidly
and hydrogen exhaustion occurs earlier. We have here a nega-
tive feedback process: increasing the rate of injection increases
the amount of injected species, but at the same time reduces the
available time for injecting those new chemical species in the
H-box. This explains qualitatively why injecting 12C and 16O
at a rate 104 higher does not lead to an increase of 4 dex in
the final [C/Fe], [N/Fe], and [O/Fe] ratios. The third case shows
enhancements of [Ne/Fe], [Na/Fe], and [Mg/Fe] ratios: protons
captured on the injected 22Ne create 23Na and then 24Mg. The fi-
nal patterns of the fourth case present enhancements of [Mg/Fe]
and [Al/Fe] ratios compared to case 3: owing to the injection of
26Mg, the Mg-Al chain is boosted, hence creating some 27Al.

Changing the temperature and the density in the H-box leads
to the results presented in Fig. 5. We tested temperatures of T6 =
50, 60, and 80 MK at a constant density ρ = 1 g cm−3 (left
panel) and densities of ρ = 1, 10, and 100 g cm−3 at a constant
temperature T6 = 50 MK (right panel). For both cases, the in-
jected species are 12C, 16O, 22Ne, and 26Mg and the injection
rates are 10−8 M� yr−1 for 12C and 16O and 10−10 M� yr−1 for
22Ne and 26Mg. In addition to the other [X/Fe] ratios, [Si/Fe] is
also shown. Increasing either the temperature or the density leads
to lower [X/Fe] ratios at hydrogen exhaustion (except for the
[Si/Fe] ratio at T6 = 80 MK). When raising the density for
instance, the rates of the nuclear reactions increase allowing a
quicker synthesis of the chemical species than at lower densi-
ties. At the same time, the hydrogen is burnt more rapidly so that
hydrogen exhaustion occurs earlier, leaving less time to inject
new species. Summing those two opposite effects finally leads
to lower [X/Fe] ratios at hydrogen exhaustion. For the same rea-
sons, similar results are found when varying the temperature,
although the dependance of the nuclear rates on temperature is
much stronger than the dependance on the density. This is the
reason why the various temperatures spanning a relatively small
range of values (see Fig. 5) change the [X/Fe] ratios much more
significantly than the various densities, even though they cover a
much larger range of values.

The initial [Si/Fe] ratio in the box is about 1 and it is lit-
tle affected by changes in temperature and density. However, in-
creasing the temperature to T6 = 80 MK leads to about 0.5 dex
more silicon at the end. The first reason is that the nuclear rates
associated with Mg, Al, and Si are generally 3−4 dex higher at
T6 = 80 MK than at T6 = 50 MK, allowing the synthesis of
some 28Si. The second reason is that the 27Al is destroyed ei-
ther to form 28Si thanks to the 27Al(p, γ)28Si reaction or to form
24Mg owing to the reaction 27Al(p, α)24Mg. When 27Al trans-
forms into 24Mg, the Mg-Al chain operates and synthesizes 27Al
again. Instead, 27Al is definitely destroyed when it is transformed
into 28Si. At T6 = 50 and 60 MK, both channels are roughly
equal. At T6 = 80 MK, the (p, γ) channel is ∼40 times higher
than the (p, α) channel. This tends to reduce Mg and Al and to
increase Si.

Also shown in Figs. 4 and 5 is the [12C/13C] ratio, i.e.
log(12C/13C) – log(12C/13C)�. The isotopic ratio in the Sun is
taken from Lodders (2003). In all cases, the [12C/13C] ratio does
not vary more than 0.5 dex, always staying around −1.5 because
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Fig. 5. Left: same as Fig. 4 but for three different temperatures in the H-box. The [Si/Fe] ratio is also shown. Only the final abundance patterns in
the box are plotted. The injected species are 12C, 16O, 22Ne, and 26Mg. Density is unchanged (1 g cm−3) and the injection rate is 10−8 M� yr−1 for
12C and 16O and 10−10 M� yr−1 for 22Ne and 26Mg). Right: same as the left panel but for three different densities in the H-box. The temperature is
set to 50 MK.

the equilibrium value is quickly reached when the CNO cy-
cle operates. After each injection of 12C, the equilibrium ratio
is reached again almost instantaneously compared to the cur-
rent timestep. In particular, [12C/13C] reaches similar final val-
ues under all the explored temperatures and densities. When the
CNO cycle operates, the [12C/13C] equilibrium ratio is indeed
almost temperature and density independent.

We see that the observed [X/Fe] ratios are best covered when
injecting 12C, 16O, and 22Ne (see the grey area in the third panel
of Fig. 4). We note, however, that the models always give values
that are too high for the [Al/Fe] ratios (see Sect. 6). For all the
other ratios, our very simple numerical experiment confirms the
need for some mixing between the helium and hydrogen burn-
ing zones in the source star to explain the general pattern ob-
served in CEMP-no stars in classes 2 and 4. The injection of
22Ne seems to be needed, which supports the view that a strong
mixing might be at work in the source star: 22Ne can enter the
hydrogen burning shell if 12C and 16O have first diffused in the
hydrogen burning shell, but also if the created 14N have entered
in turn in the helium burning core. For most of the ratios, how-
ever, we note that the grey region is wider than the ranges cov-
ered by the observations. We do not think this is a very serious
problem when considering that CEMP-no stars are not made of
pure hydrogen shell material. To be used to form new stars, this
matter needs to be ejected either by winds or at the time of the
supernova. In this process, the region where the CNO cycle is
active (hydrogen shell) is mixed with other layers of the star and
eventually with some interstellar medium. For instance, any mix-
ing with the outer layers of the star where the iron has the same
abundance as in the hydrogen shell – but where the CNO abun-
dances are smaller and close to their initial values (∼10−5 for a
model with Z = 10−5) – will shift the nitrogen abundance down-
ward. Therefore, in order to obtain the observed nitrogen abun-
dances in CEMP-no stars, it is likely needed that much higher
abundances are reached in the hydrogen burning shell. While
our box experiments provide some interesting constraints on the
nuclear processes that might be needed to reproduce the pecu-
liar abundance patterns of CEMP-no stars, only the computation
of complete stellar models that take into account the ejection

mechanism (both through winds and through the supernova ex-
plosion) and some possible mixing with the circumstellar mate-
rial can provide abundances ratios that might be compared with
the observed ratios in CEMP-no stars. This has to be kept in
mind when interpreting the comparison shown in Fig. 4.

We note also that injecting some 26Mg raises the [Al/Fe] ra-
tio far above the observed range. In stellar models, 26Mg comes
from the transformation of 22Ne which occurs at the very end
of the core helium burning phase. Thus, 26Mg could be injected
(if at all) only at the very end or after the core helium burning
phase, leaving little time for nuclear burning to transform this
26Mg into 27Al in the hydrogen burning shell. In this respect, the
present numerical experiments injecting 26Mg regularly all along
the burning of the hydrogen shell clearly overestimates what oc-
curs in real stars. Thus, the hypothesis without 26Mg injection is
by far the most probable.

It is interesting to note that detailed stellar models are quali-
tatively well enough reproduced by this simple one-zone model.
The two green patterns in Fig. 4 show the [X/Fe] ratio in the hy-
drogen burning shell of a complete stellar model at the end of
the core helium burning phase. The abundances are taken in the
hydrogen shell where the energy released by hydrogen burning
is the highest. The two stellar models are 20 M�, Z = 10−5 stars
computed at 30% (second panel) and 70% (third panel) of the
critical velocity on the ZAMS, which correspond to an initial
equatorial velocity of 280 and 610 km s−1, respectively. Increas-
ing the initial velocity can be modelled in the single-zone model
by increasing the injection rate and injecting some 22Ne in ad-
dition to the 12C and 16O. By comparing the two green patterns,
it is also interesting to see the strong impact of the initial rotation
on the [X/Fe] ratios in the hydrogen burning shell at core helium
exhaustion. This shows that the stellar rotation at low metallicity
is likely a non-negligible process.

One point that deserves more discussion is the constant value
found for the 12C/13C ratio under various conditions. What can
be learnt from this ratio? How can it be used in stellar evolution
models? The lithium content at the surface of the CEMP-no stars
can give interesting constraints as well. A deeper investigation
into the [Al/Fe] ratio also seems worthwhile because of the
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discrepancy we found between models and observations. Which
conditions or assumptions will favour a lower [Al/Fe] ratio,
closer to the observed values?

5. Dilution with material processed by helium
burning and with initial ISM

In the previous section we investigate the secular mixing be-
tween the hydrogen and helium burning regions during the nu-
clear life of the source star. We now discuss the mixing events
that can happen outside the star when the nuclear reactions are no
longer active. Different kinds of materials can be ejected by the
source star into the ISM. We consider two of them here: (i) the
material processed by hydrogen burning and (ii) the material
processed by helium burning. Outside the star, these materials
can be mixed together and/or with the ISM. We distinguish two
kinds of dilutions:

1. the dilution between the material processed by hydrogen
burning and the material processed by helium burning. This
corresponds to a mixing between different parts of the star.
By mixing we mean mixing of the ejecta (or stellar ejecta
mixing, as defined in Sect. 2), hence outside of the star and
without nuclear reactions.

2. the dilution between all the material ejected by the source
star (processed by either hydrogen or helium burning) and
the initial ISM, in which the source star formed. This is a
mixing of the stellar ejecta with the initial ISM.

Based on considerations of the 12C/13C ratio and the lithium
abundance, we investigate the possibility of constraining these
two kinds of mixing events.

5.1. Using the 12C/13C ratio to constrain the amount of ejecta
processed by helium burning

The 12C/13C ratio of the selected CEMP-no stars gives a strong
constraint on the kind of material needed to form these stars. As
we see in Fig. 4, this ratio is very close to the value found in a
CNO processed material. We see from Figs. 4 and 5 that inject-
ing some 12C into a hydrogen burning region does not change
the 12C/13C ratio under various densities, temperatures, and rates
of injection. However, when the nuclear reactions are switched
off (which is what happens when the material is ejected from
the source star) and the CNO processed material is mixed with
part of the region processed by helium burning, this ratio will no
longer stay around the observed values.

This point can be illustrated with a simple experiment. It is
possible to mix the two kinds of material ejected by the source
star, the ejecta processed by hydrogen burning and by helium
burning (hereafter H-ejecta and He-ejecta). It is interesting to
follow the evolution of the [12C/13C] ratio as adding more and
more He-ejecta to the H-ejecta. The left panel of Fig. 6 shows
[12C/13C] as a function of fmix defined as the fraction of He-
ejecta added to the H-ejecta. For instance, fmix = 10−2 means 1%
of He-ejecta with 99% of H-ejecta. We tested two compositions
for the H-ejecta. The first has mass fraction of 12C and 13C equal
to 1.11 × 10−7 and 3.10 × 10−8. It is called C-poor H-ejecta.
These mass fractions are the ones in the H-box at t = 0. The
second mixture has a 12C mass fraction of 2.01 × 10−4 and a
13C mass fraction of 5.45 × 10−5. We call it C-rich H-ejecta.
These values correspond to the mass fractions of 12C and 13C in
the H-box, a short time before hydrogen exhaustion when 12C is
injected.

Fig. 6. Left: [12C/13C] ratio as a function of the mixing factor fmix, which
represents the fraction of material processed by helium burning mixed
with the material processed by hydrogen burning. Two compositions are
tested for the material processed by hydrogen burning: a C-rich compo-
sition (red line) and a C-poor composition (black line). Right: green
histogram showing the distribution of the CEMP-no stars used in this
work. They belong to class 2 or 4. The grey histogram shows all known
CEMP-no stars with a measured 12C/13C ratio.

– The C-poor H-ejecta corresponds to the low rotational mix-
ing case. A small amount of 12C has diffused from the helium
core to the hydrogen shell so that the mass fractions of 12C
and 13C in the hydrogen burning shell stay around their initial
value, i.e. around 10−7. When this part of the star is expelled,
we get ejecta that is poor in carbon.

– The C-rich H-ejecta corresponds to the strong rotational
mixing case. A lot of 12C has diffused into the hydrogen
burning shell, raising its abundance and that of 13C far above
their initial values. At the time of the ejection, this material
is more enriched in carbon than in the previous case.

For the carbon abundances in the He-ejecta, we took the char-
acteristic values in the helium burning core. We set XHeb(12C) =
0.1 and XHeb(13C) = 0 as a correct approximation.

We see in the left panel of Fig. 6 that mixing 1% (i.e.
fmix = 10−2) of the He-ejecta with 99% of a C-rich H-ejecta
leads to a [12C/13C] of −0.6, which lies above the range of ob-
served values for the CEMP-no stars in classes 2 and 4 (see green
histogram in left panel of Fig. 6 and Table 1). If no rotational
mixing has occurred between the helium burning core and hy-
drogen burning shell of the source star, the H-ejecta is C-poor.
In this case, mixing the same amount of He-ejecta as before with
the H-ejecta material leads to a [12C/13C] ratio of 2.6, far above
the observed range. It seems that whatever the C-richness of the
H-ejecta, hence whatever the amount of helium products that
enter the hydrogen burning shell during the life of the source
star, the final contribution of the material processed by helium
burning coming from the source star should be null to form the
CEMP-no stars in classes 2 and 4. This strongly supports the
idea that the CEMP-no stars in classes 2 and 4 are only made of
the hydrogen envelope of the source star. More generally, since
12C/13C is highly sensitive to the burning region considered (it is
low for a hydrogen burning region and high for helium burning),
this ratio could be used to constrain the mass cut of spinstar mod-
els at the time of the supernova: the mass cut could be chosen in
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order to reproduce the observed 12C/13C ratio of the considered
CEMP-no star.

The grey histogram in the right panel of Fig. 6 shows the
distribution of all observed [12C/13C] ratios at the surface of
CEMP-no stars. It contains the 12 CEMP-no stars from Table 1
with a measured [12C/13C] ratio plus 15 other CEMP-no stars.
Some CEMP-no stars have higher [12C/13C] ratios, suggesting
the need for a small amount of material processed by helium
burning to form them. We see, however, that the amount of ma-
terial processed by helium burning needed should remain small
in any case ( fmix . 0.05): mainly the hydrogen envelope of the
progenitor should be used to form the CEMP-no stars. Neverthe-
less, we note that some CEMP-no stars only have a lower limit
for the [12C/13C] ratio (3 out of 12 in our subsample). An accu-
rate determination of this ratio for those stars would be interest-
ing in order to validate the previous statement regarding these
stars.

5.2. A(Li) to constrain the dilution with the initial ISM

In the previous section, we discussed the mixing of the stellar
ejecta: the regions processed by hydrogen and helium burning
ejected by the source star can be mixed together when the nu-
clear burning has stopped. The following discussion is related to
the mixing (or the dilution) of the whole stellar ejecta with the
initial ISM in which the source star formed.

Lithium is an interesting element that can be used to obtain
information on the amount of ISM that should be mixed with the
source star ejecta to form the CEMP-no stars. The abundance of
lithium A(Li) in the pristine ISM is equal to 2.72 according to
Cyburt et al. (2008). It is totally destroyed in massive stars. As
a consequence, as soon as the ejecta of the massive source star
is mixed with the ISM, the abundance of lithium is raised (in
the mixture made of initial ISM and source star ejecta). If we
assume that the lithium content at the surface of the CEMP-no
star reflects the lithium content in the cloud where it formed, then
the higher the lithium content at the surface of the CEMP-no
star, the more the source star ejecta was diluted with the ISM.
The dilution factor for mixing the progenitor ejecta with the ISM
can be chosen in order to obtain the observed A(Li) value of the
considered CEMP-no star.

One difficulty is that the lithium at the surface of the
CEMP-no star can be depleted by internal mixing processes in
the CEMP-no star itself. However, such processes might not be
able to explain the low content of lithium observed at the surface
of some CEMP-no stars. Meynet et al. (2010) pointed out that
the maximal depletion predicted by the models of Korn et al.
(2009) (1.2 dex) is unable to account for the A(Li) value ob-
served at the surface of HE 1327-2326 (A(Li) < 0.62, see
Table 1). According to the models of Korn et al. (2009), we
would indeed expect a minimum observed value of A(Li) =
2.72 − 1.2 = 1.52 i.e. the WMAP content minus the maximum
predicted depletion factor. We see that the depletion mechanism
cannot easily account for the lowest observed A(Li) values. The
alternative for HE 1327-2326 is that it formed from Li-poor ma-
terial.

The A(Li) values (or upper limits) for nine of the considered
CEMP-no stars are shown in Table 1. The lower panel of Fig. 3
in Meynet et al. (2010) shows the dilution factor MISM/Meje vs.
A(Li). According to this figure and if we consider that the lithium
was not depleted by the CEMP-no stars themselves, the dilution
factor should be less than ∼0.1 for the stars considered in this
work. The highest dilution factor being for CS 22945-017, which
has A(Li) < 1.51. The final mass fraction of 12C, 14N, and 16O

in the H-box when injecting 12C and 16O is at least 10−3 (see
Fig. 3). The mass fraction of the CNO elements in a Z = 10−5

ISM is about 10−6. Using 90% of 10−3 with 10% of 10−6 gives
∼10−3; the dilution does not play a significant role in this case.

We now suppose that the lithium was depleted by the
CEMP-no stars. We take the maximum depletion factor (1.2 dex)
from Korn et al. (2009) and we add it to the observed A(Li)
in order to get the initial A(Li) value before the depletion pro-
cess. The two highest A(Li) belong to CS 22945-017 (<2.71)
and CS 22958-042 (<2.53). Because A(Li) is close to the
WMAP value for CS 22945-017, it would imply a high dilu-
tion factor. However, for CS 22958-042 and all the other consid-
ered CEMP-no stars, the dilution factor should be less than ∼2.
There is still not enough ISM for the dilution to have a signif-
icant effect, except for CS 22945-017. Caution is needed when
considering these simple statements about the dilution between
ejecta and ISM, but in the framework of our simple model we see
that the dilution with the initial ISM might only play a limited
role because the metal abundances in the region processed by
hydrogen burning are much higher than the values in the initial
ISM and because the dilution factors derived from the lithium
abundance are small in most of the cases.

6. Al and Si abundances
The experiments presented in Sect. 4 show that the [Al/Fe] ratio
in the H-box at hydrogen exhaustion always lies above the ob-
served range of values. Even the initial [Al/Fe] – taken from the
hydrogen burning shell of a 60 M� model at the beginning of the
core helium burning phase – is just above the observed range (see
lines with squares in Fig. 4). We investigate now three effects on
the aluminium abundance: the injection (species and rate), the
temperature, and the nuclear reaction rates.

6.1. Impact of injection on Al: species and rate
First of all, a lower final [Al/Fe] ratio is expected if no 26Mg is
injected. If it is injected, some 27Al is created through the re-
action 26Mg(p, γ)27Al. This is illustrated in the third and fourth
panels of Fig. 4. We see indeed that injecting 26Mg leads to a
higher final [Al/Fe] than if no 26Mg is injected.

Figure 7 shows [Al/Fe] as a function of R22Ne: the rate of in-
jection of 22Ne at T6 = 50 MK (left panel) and T6 = 80 MK
(right panel). The injected species are 12C, 16O, and 22Ne. The
blue, black, and green lines are associated with three sets of nu-
clear reactions rates that we tested and that will be discussed
in Sect. 6.3. We focus on case 2 (black lines), which corre-
sponds to the nuclear rates used here so far. The horizontal black
line shows the initial [Al/Fe] ratio in the H-box and the black
line with triangles shows the final values. We see that the final
[Al/Fe] ratio at T6 = 80 MK (right panel of Fig. 7) is lower when
less 22Ne is injected. When the injection rate is low enough, over-
all there is more 27Al destroyed than created. We see that some
aluminium is created at the end if R22Ne > 3 × 10−11 M� yr−1

for the considered case. This aluminium comes mainly from the
injected 22Ne thanks to successive proton captures.

These two arguments suggest that a moderate amount of
22Ne coming from the helium burning core to the hydrogen burn-
ing shell together with no 26Mg would probably play in favour
of a lower final [Al/Fe] ratio.

6.2. Impact of temperature on Al
The final abundance of aluminium depends on the strength of
the nuclear reactions rates that create and destroy it. The nuclear
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Fig. 7. [Al/Fe] ratios in the H-box as a function of R22Ne, the rate of injection of 22Ne (12C and 16O are also injected). The temperature is
T6 = 50 MK (left) and T6 = 80 MK (right); the density ρ = 1 g cm−3; and 12C, 16O, and 22Ne are injected. The three lines with triangles show the
final [Al/Fe] ratios in the H-box when considering three different sets of nuclear rates for the three principal reactions implying 27Al (see text for
explanations). The horizontal blue, black, and green lines correspond to the initial [Al/Fe] in the H-box for the three considered cases. Observed
[Al/Fe] are shown by the red dashed lines for the CEMP-no stars that have [Fe/H] = −3.8 ± 0.3.

rates for the Ne-Na and Mg-Al cycles are generally 3−4 dex
higher at T6 = 80 MK than at T6 = 50 MK so that the syn-
thesis of aluminium is slower at T6 = 50 MK. Figure 7 shows
that indeed the final [Al/Fe] ratios deviate very little from their
initial values at T6 = 50 MK (left panel), while the difference
is much more significant at T6 = 80 MK (right panel). We note
however that the case 3 pattern at T6 = 50 MK lies largely below
its initial value (horizontal green line), but this is due to the 26Al
that has decayed into 26Mg at the end of the simulation (this re-
duces [Al/Fe] by about 1 dex). The green triangle at the abscissa
10−12 M� yr−1 also deviates from the others. The considered nu-
clear rates in this case disfavour the synthesis of 27Al (see dis-
cussion in Sect. 6.3). This, together with the low injection rate
that implies a longer time before hydrogen exhaustion, allows a
larger depletion of 27Al than at higher injection rates.

In addition, we saw in Sect. 4 (see also Fig. 5, left panel)
that increasing the temperature leads to a lower final [Al/Fe] ra-
tio (and a higher [Si/Fe]). This remains true as long as some
26Mg is injected: if 22Ne is injected but not 26Mg (as in Fig. 7),
[Al/Fe] can be higher when increasing the temperature. This
can be seen by comparing the left and right panels of Fig. 7 at
the abscissa 10−9 M� yr−1 for instance. In this case, no 26Mg
is injected so that 27Al comes mainly from the successive pro-
tons captured on the injected 22Ne. The chain leading to 27Al is
longer when starting from 22Ne than from 26Mg. In that chain,
the rate of 24Mg(p, γ)25Al at T6 = 50 MK is very low compared
to the other reaction rates. This reaction tends to stop the chain
at T6 = 50 MK so that the final content in 27Al is generally close
to the initial one, even with high injection rates of 22Ne. Inject-
ing some 26Mg is a way to avoid this bottleneck reaction and
synthesize some aluminium, even at T6 = 50 MK (see the fourth
panel of Fig. 4). The rate of 24Mg(p, γ)25Al strongly increases
from T6 = 50 to 80 MK (by about 7 dex) so that the chain lead-
ing to 27Al (and 28Si) is no longer blocked at T6 = 80 MK.

A moderate temperature in the hydrogen shell (∼50 MK)
is likely more compatible with a lower [Al/Fe] under various
amounts of 22Ne coming from the helium core to the hydrogen
shell. In the strong mixing case (high R22Ne) and at high temper-
atures, this could lead to a very high [Al/Fe] ratio (Fig. 7, right
panel).

6.3. Impact of changing the nuclear rates on Al

A point that deserves to be investigated is the uncertainties of
the nuclear rates. In a hydrogen burning region, the two reac-
tions destroying 27Al are 27Al(p, γ)28Si and 27Al(p, α)24Mg. The
reaction which creates 27Al is 26Mg(p, γ)27Al. The three nu-
clear rates associated with these reactions are very uncertain at
the considered temperatures. To illustrate this point, we com-
pared three sets of nuclear rates for the three reactions involving
27Al. We used rates provided by the JINA REACLIB database
(Cyburt et al. 2010).

– Case 1: the best scenario for the 27Al synthesis. We took the
maximum rate (at T6 = 80) for 26Mg(p, γ)27Al (Cyburt et al.
2010). The minimum rate was taken for both 27Al(p, γ)28Si
and 27Al(p, α)24Mg (van Wormer et al. 1994).

– Case 2: we used the rates taken from this work (see Sect. 3).
– Case 3: the best scenario for 27Al destruction. The minimum

rate for 26Mg(p, γ)27Al is from Angulo et al. (1999) and the
maximum rates for 27Al(p, γ)28Si and 27Al(p, α)24Mg are
from Cyburt et al. (2010).

To be consistent, we computed two other complete stellar mod-
els from the ZAMS to core helium burning ignition with the two
new sets of nuclear rates (cases 1 and 3). Depending on the set
of nuclear rates chosen, the initial abundances in the H-box are
taken from the hydrogen burning shell of the corresponding stel-
lar model. The three initial [Al/Fe] ratios taken in the H-box are
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shown by the blue (case 1), black (case 2), and green (case 3)
horizontal lines. We see that the scatter is significant. This occurs
because the Mg-Al cycle is already operating in the core of the
complete stellar model during the main sequence so that the alu-
minium abundance is affected if the nuclear rates are changed.
Depending on the set of nuclear rates, it finally leads to a dif-
ferent aluminium content in the hydrogen shell at core helium
burning ignition, hence in the H-box.

The lines with triangles correspond to the final [Al/Fe] ratios
in the H-box for the three cases. We verify that the rates con-
sidered in this work (case 2) lead to a final [Al/Fe] ratios that is
between the two extreme cases. Whatever the injection rate, at
least 1.5 dex separates the blue pattern from the green; the green
pattern gives lower [Al/Fe] since this is the case where 27Al is the
most destroyed and the least synthesized. A word of caution: for
case 3, the abundance of 26Al is higher than that of 27Al during
the burning, so that [Al/Fe] is significantly affected when 26Al
decays into 26Mg. For cases 1 and 2, 27Al is more abundant so
that decaying 26Al at the end reduces [Al/Fe] only a little.

Four out of five CEMP-no stars with [Fe/H] = −3.8 ± 0.3
have an observed [Al/Fe]. These ratios are represented by the red
dashed lines in Fig. 7. The scatter of the observed [Al/Fe] ratios
is covered well enough by case 3 (green pattern) when relying
on different values of R22Ne, the injection rate of 22Ne. If we se-
lect that set of rates, our model indicates that (i) the CEMP-no
stars with [Al/Fe] & 0 could be made of a material processed by
hydrogen burning at relatively high temperatures (about 80 MK)
because T ∼ 50 MK would not lead to a high enough aluminium
content (see left panel of Fig. 7) and (ii) only a high enough
injection rate of 22Ne can account for Al-enhanced CEMP-no
stars. The four stars considered here do not show such a high
[Al/Fe] ratio (except a modest enhancement in CS 29498-043).
This might tend to disfavour the progenitors where the mixing is
very strong (very high initial velocity) and with a high temper-
ature in the hydrogen shell (&60 M� stars). The two remaining
possibilities are either a high temperature (∼80 MK) in the hy-
drogen shell but a weak mixing (a low R22Ne), or a moderate tem-
perature in the hydrogen shell (∼50 MK) with a weak to strong
mixing. A moderate temperature in the hydrogen shell is more
likely achieved in ∼20 M� progenitors (30−60 MK) rather than
in ∼60 M� ones (30−80 MK, see Fig. 2).

6.4. Sensitivity of the Si abundance

The silicon abundance is also affected when changing the injec-
tion, temperature, or nuclear reaction rates. In the explored range
of parameters (temperature, injection rate, and nuclear reaction
rates; see Fig. 7) and for the injected species considered (12C,
16O, and 22Ne), the final [Si/Fe] ranges from 1 to 1.8.

At T6 = 50 MK, the final [Si/Fe] ratio depends very weakly
on the injection rate because the Ne-Si chain is stopped by the
24Mg(p, γ)25Al reaction (see Sect. 6.2). In this case, the final
[Si/Fe] ratio is almost equal to the initial value, which ranges
from 1 (case 1, lowest rate for 27Al(p, γ)28Si) to 1.2 (case 3,
highest rate for 27Al(p, γ)28Si).

At T6 = 80 MK, the final abundance of silicon is always
enhanced compared to the initial level. The 24Mg(p, γ)25Al reac-
tion no longer blocks the Ne-Si chain so that the injected 22Ne
synthesizes some 28Si. The final [Si/Fe] ratios range between 1.2
and 1.8.

Three CEMP-no stars with [Fe/H] = −3.8 ± 0.3 have a mea-
sured [Si/Fe]. The values are 0.77, 0.82, and 0.87. These val-
ues are closer to the results given by the model at T6 = 50 MK
(1 < [Si/Fe] < 1.2), which might indicate a moderate temperature

in hydrogen shell of the progenitor (T6 ' 50 MK), consistent
with the discussion in Sect. 6.3.

7. Possible astronomical sources of classes 2
and 4 CEMP-no stars

Through the present work, we suggest that the high observed
abundances of C together with that of N, O, Na, and Mg at the
surface of the CEMP-no stars are the signatures of a mixing be-
tween the helium and hydrogen burning regions of the source
star during its nuclear life. What objects are able to experience
such a mixing process? In the framework of our results, but also
in a more global context, we speculate on the possible progeni-
tors of classes 2 and 4 CEMP-no stars.

7.1. AGB stars

AGB stars are known contributors to s-process elements. They
are generally believed to be responsible for the enrichment,
by mass transfer, in s-elements observed at the surface of the
CEMP-s stars. In addition to the abundances, the models have
to reproduce the period of the binary system for instance, which
can give tight contraints but also increase the difficulty of finding
models matching the observations (see e.g. Abate et al. 2015).

In AGB stars, there is a mixing between the two shells. It
could also, in principle, be enhanced by rotation or, at the very
least, rotation may change the chemical structure of the star at
the beginning of the AGB phase (see e.g. the 7 M� model in
Meynet et al. 2010).

It seems however that there are at least two difficulties in
this scenario to explain the CEMP-no stars. First, the AGB stars
are experiencing the s-process and by definition, the CEMP-no
class is not enriched in s-elements (or is weakly enriched). This
feature would be difficult to explain relying on AGB stars. Sec-
ond, it seems difficult to account for the CEMP-no stars having
[Fe/H] . −4 with the AGB stars: such a low iron content likely
indicates that only the most massive objects, more massive than
the AGB stars, have contributed.

7.2. Faint supernovae, mixing and fallback

Tominaga et al. (2014) discussed the scenario of faint super-
novae from Pop III stars with mixing and fallback. In these mod-
els, only the outer layers are ejected from the progenitor. It is in-
deed needed to explain the observed CNO abundance patterns, as
well as the low 12C/13C ratios. This is in line with the discussion
about the mixing of the ejecta; we see in Sect. 5 that little or no
material processed by helium burning coming from the source
star should be mixed into the hydrogen rich envelope when the
nuclear life of the star is finished. In other words, mainly the hy-
drogen rich envelope of the progenitor would be needed to form
the future CEMP-no star.

On the other hand, these models are generally non-rotating,
leading to some difficulties in explaining the high nitrogen abun-
dance observed in some CEMP-no stars without invoking an
extra mixing process in the progenitor. Rotating models were
however considered in Takahashi et al. (2014), predicting higher
N/Fe ratios in the ejecta, almost in line with the observed val-
ues at the surface of two out of the three CEMP-no stars they
considered (HE 0107-5240 and HE 1327-2326).

7.3. Contribution of more than one source

Limongi et al. (2003) proposed a two-step scenario: a normal su-
pernova from a ∼15 M� progenitor responsible for the iron-peak
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elements, followed by a fainter one experiencing strong fallback
coming from a ∼35 M� progenitor. The second more massive
progenitor enriches the ISM in light elements: C, N, Na, and Mg.
These elements are produced thanks to a partial mixing between
hydrogen and helium burning shells that can occur in Z = 0 mod-
els, even in non-rotating models.

What seems to not match with the CEMP-no stars in
classes 2 and 4 is the predicted 12C/13C ratio of 240 for this two-
step model. The corresponding [12C/13C] ratio is 0.4 and this is
not compatible with the values of the CEMP-no stars considered
here (see Fig. 6, right panel). We note, however, that 3 out of
12 have only a lower limit for the 12C/13C ratio (see Table 1) so
that such a high predicted 12C/13C could be consistent with these
CEMP-no stars.

7.4. Spinstars

Several signatures of fast rotation at low metallicity have been
found over the past years. One strong signature is that the high
nitrogen abundances and the low 12C/13C ratios observed in nor-
mal very metal-poor (VMP) stars are much better reproduced
by low metallicity chemical evolution models when including
fast rotators, also called spinstars (Chiappini et al. 2006, 2008).
Because of the high rotation, the injection process we investi-
gate here operates in the spinstar and it could be a way to ob-
tain material enriched in C, N, O, Na, and Mg, together with a
low 12C/13C, that will ultimately form a CEMP-no star in class 2
or 4.

The spinstars and more generally the objects experienc-
ing mixing between hydrogen and helium burning regions ap-
pear to be interesting progenitor candidates for class 2 and 4
CEMP-no stars.

8. Conclusions

We studied the possibility of forming CEMP-no stars with a ma-
terial processed by hydrogen burning coming from the source
star. We carried out nuclear experiments where the convective
hydrogen burning shell of the source star was modelled by a hy-
drogen burning single zone (H-box). The mixing between the
helium burning core and the hydrogen burning shell was mim-
icked by injecting the products of helium burning 12C, 16O, 22Ne,
and 26Mg in the H-box. When injecting these species in the hy-
drogen burning zone 14N, 23Na, 24Mg, and 27Al are synthesized.
The 12C/13C ratio is constant under various densities, tempera-
tures in the H-box, and also under various injection rates. The
[Al/Fe] ratio in the hydrogen burning zone lies generally above
the observations. Using different nuclear reaction rates found
in the literature for the reactions involving 27Al leads to a bet-
ter coverage of the observed [Al/Fe] scatter. The high observed
[Al/Fe] ratios are reproduced at sufficiently high hydrogen burn-
ing temperature (80 MK) and if the injection rate of 22Ne is high
enough. This might point toward a massive (high temperature)
and fast rotating (high injection rate) progenitor.

Throughout this work, we suggest that the high observed
abundances of light elements at the surface of the CEMP-no stars
are the signatures of a mixing between the helium and hydrogen
burning regions of the progenitor during its nuclear life. It sup-
ports the CEMP-no star formation scenario of Maeder & Meynet
(2015) for classes 2 and 4. This scenario states that these stars
are made of a material processed by hydrogen burning only, but
were products of helium burning coming from the helium core
of the source star diffused into the hydrogen burning shell thanks
to the rotational mixing. This arrival of new elements boosts

the nucleosynthesis in the hydrogen burning shell. Considera-
tions on the 12C/13C ratio confirmed that the CEMP-no stars
in classes 2 and 4 are made of a material that was only pro-
cessed by hydrogen burning in the source star. This corroborates
the assumption that the CEMP-no stars formed mainly with the
hydrogen-rich envelope of the source star. The 12C/13C ratio is
highly sensitive to the burning region considered in the source
star (hydrogen or helium burning region). It could be used to
constrain the part expelled from the source star at the time of the
supernova in order to reproduce the observed 12C/13C ratio at the
surface of the CEMP-no stars.

The spinstars are interesting candidates for being the class 2
and 4 CEMP-no progenitors because of their rotation which in-
duces exchanges of material between the hydrogen and helium
burning regions. This gives some support to the idea that the ro-
tation played an important role in the early chemical evolution
of galaxies.
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Appendix A

Let us consider a box of initial mass m = 1 M�, where Xi denotes
the mass fraction of the element i. We also consider a reservoir
composed only of the element e, so that its mass fraction X′e in
the reservoir is 1. During a time ∆t, we inject a mass

∆m = Re∆t (A.1)

from the reservoir into the box. Re is the injection rate of the el-
ement e expressed in M� yr−1. After the injection, the new mass
fraction Xnew

e of the injected element in the box is

Xnew
e =

Xem + X′e∆m
m + ∆m

=
Xem + Re∆t
m + Re∆t

· (A.2)

The new mass fraction of the other elements in the box can be
expressed as

Xnew
i,e =

Xim
m + Re∆t

· (A.3)

We note that the H-box that was initially 1 M� grows in mass as
a result of the injection. Its final mass is generally similar to the
initial one and never exceeds ∼1.3 M� for the presented results,
which stays relatively close to 1 M�.

The point is now to estimate Re the injection rate. Let us con-
sider the example of the carbon. In stellar models, the primary
14N is synthesized through the diffusion of 12C and 16O from the
helium core to the hydrogen burning shell. The secondary 14N is
formed with the initial CNO elements in the star. It is possible to
roughly quantify Mprim

14N the mass fraction of primary 14N formed
during the core helium burning phase as

Mprim
14N =

(∫ M

0
X14N(Mr) dMr

)
Yc = 0

− (XC,ini + XN,ini + XO,ini)M,

(A.4)

where Yc is the central 4He mass fraction; X14N(Mr) the mass
fraction of 14N at coordinate Mr; XC,ini, XN,ini, XO,ini the mass
fractions of the CNO elements at the ZAMS; and M the total
mass of the star at the end of the core helium burning phase.
Mprim

14N is defined as the total amount of 14N in the star at core
helium exhaustion minus the amount of 14N that can be formed
with the initial CNO content (secondary 14N). We suppose that
all the 12C and 16O diffusing from the helium core to the hy-
drogen shell are transformed into 14N. In this case, to get a
mass Mprim

14N of primary nitrogen in the star at the end of core he-
lium burning, an average injection rate of (12C + 16O) is needed
in the hydrogen shell of

R12C+16O =
Mprim

14N

τHeB
, (A.5)

where τHeB is the duration of the core helium burning phase. For
a 60 M� model at Z = 10−5 and at 70% of the critical velocity at
the ZAMS, we find R12C+16O = 5 × 10−8 M� yr−1.

The amount of primary nitrogen synthesized (hence the value
of R12C+16O) can change significantly depending on the rota-
tion, the mass of the model, or the prescription for the rota-
tional mixing for instance. In the present work we consider
10−10 < R12C < 10−6 M� yr−1 (the chosen values are 10−10,
10−8, and 10−6 M� yr−1). In addition, we set R12C = R16O and
R22Ne = R26Mg = R12C/100. The factor 100 between the two
rates accounts at first order for the fact that 22Ne and 26Mg
are ∼100 times less abundant than 12C and 16O in the helium
burning core of a low metallicity massive stellar model, so that
∼100 times less 22Ne and 26Mg will enter by rotational mixing
into the hydrogen burning shell.
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