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Final Structures of Z = Z! and 0 Stars

(Woosley et al. 2002)FIG. 12. Initial-final mass function of nonrotating primordial stars (Z!0). The x axis gives the initial stellar mass. The y axis gives
both the final mass of the collapsed remnant (thick red curve) and the mass of the star when the event that produces that remnant
begins [e.g., mass loss in asymptotic giant branch (AGB) stars, supernova explosion for those stars that make a neutron star, etc.;
thick blue curve]. Dark green indicates regions of heavy-element (Z"2) synthesis and cross-hatched green shows regions of
partial helium burning to carbon and oxygen. We distinguish four regimes of initial mass: low-mass stars below !10M! that form
white dwarfs; massive stars between !10M! and !100M! ; very massive stars between !100M! and !1000M! ; and supermas-
sive stars (arbitrarily) above !1000M! . Since no mass loss is expected for Z!0 stars, the blue curve corresponds approximately
to the (dotted) line of no mass loss, except for !100–140M! where the pulsational pair instability ejects the outer layers of the
star before it collapses, and above !500M! where pulsational instabilities in red supergiants may lead to significant mass loss.
Since the magnitude of the latter is uncertain, lines are dashed. In the low-mass regime we assume, even in Z!0 stars, that mass
loss on the asymptotic giant branch removes the envelope of the star, leaving a CO or NeO white dwarf (though the mechanism
and thus the resulting initial-final mass function may differ from solar composition stars). Massive stars are defined as stars that
ignite carbon and oxygen burning nondegenerately and do not leave white dwarfs. The hydrogen-rich envelope and parts of the
helium core (dash-double-dotted curve) are ejected in a supernova explosion. Below initial masses of !25M! neutron stars are
formed. Above that, black holes form, either in a delayed manner by fallback of the ejecta or directly during iron-core collapse
(above !40M!). The defining characteristic of very massive stars is their electron-positron pair instability after carbon burning.
This begins as a pulsational instability for helium cores of !40M! (MZAMS!100M!). As the mass increases, the pulsations
become more violent, ejecting any remaining hydrogen envelope and an increasing fraction of the helium core itself. An iron core
can still form in hydrostatic equilibrium in such stars, but it collapses to a black hole. Above MHe!63M! or about MZAMS
!140M! , and on up to MHe!133M! or about MZAMS!260M! , a single pulse disrupts the star. Above 260M! , the pair
instability in nonrotating stars results in complete collapse to a black hole [Color].
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ing helium core and an essentially stationary red giant
envelope would halt the rotation of the former in far less
than a helium-burning lifetime. The iron cores of mas-
sive stars, for them, collapsed without rotation, and pul-
sars acquired whatever spin they have from asymmetries
in the explosion mechanism. The magnetic torque is pro-
portional to the product of the radial component of the
field Br and the poloidal component B! . The latter can
become quite large owing to differential winding, but
will still reach a maximum given by instabilities and re-
connection. The radial field, on the other hand, is given

almost entirely by instabilities. Spruit and Phinney took
Br"B! .

More recent work by Spruit (1999, 2002), which uses a
physical model to estimate Br , suggests an important
but diminished role for magnetic torques. Using Spruit’s
new prescription, Heger, Woosley, and Spruit (2002)
find angular momenta in their presupernova models
corresponding to pulsar rotation rates that, though rapid
("10 ms), are well below breakup. Clearly this is
an area of rapid development and current great uncer-
tainty. Unfortunately it is difficult to say today whether

FIG. 16. Initial-final mass function of nonrotating stars of solar composition, similar to Fig. 12. Mass loss reduces the mass of the
envelope (blue curve) until, for a mass above "33M! the helium core is uncovered before the star reaches core collapse. At this
point the star becomes a Wolf-Rayet star and the strong Wolf-Rayet mass loss sets in. We give two scenarios for the uncertain
strength of the Wolf-Rayet-mass-loss rate: The short-dashed red and blue lines are for a high mass-loss rate. Here a ‘‘window’’ of
initial masses may exist around 50M! , where neutron stars are still formed (bound by higher- and lower-mass stars that make
black holes). For a low Wolf-Rayet mass-loss rate (long-dashed red and blue lines) the final mass at core collapse is higher and the
‘‘neutron star window’’ may not exist. Then only black boles are formed above "21M!. ‘‘RSG,’’ ‘‘WE,’’ ‘‘WC,’’ and ‘‘WO’’
indicate the type of the last mass-loss phase and also the (spectral) type of the star when it explodes. The heavy-element
production (green and green cross hatched) is given only for the low-mass-loss case [Color].
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H and He burnings in Z=0 Stars

158 P. Marigo et al.: Zero-metallicity stars. I.

Fig. 2. Zero-metal evolutionary tracks (solid
lines) for selected initial masses (in M⊙) as in-
dicated. The evolutionary track of the (1M⊙,
Z = 0.004) model, calculated by Girardi et al.
(2000), is also shown for comparison (dotted
line)

Fig. 3. Evolution of central conditions (i.e.
density and temperature) for the whole set of
Z = 0 models. Approximate relations are used
to determine the boundaries (thick straight
lines) of the regions in which the equation of
state is expected to be dominated by differ-
ent pressure components, i.e. degenerate gas,
perfect gas, and radiation pressure. Labelled
lines indicate point loci as a function of the
stellar mass corresponding to the onset of cen-
tral H-burning (a); onset of the 3-α reaction
and hence the CNO-cycle (b); end of core H-
burning (c); onset of central He-burning (d);
end of core He-burning (e); energy balance (f)
between carbon burning and neutrino losses
(ϵc = ϵν). A few values of the initial stellar
masses are indicated (in M⊙)

(Marigo et al. 2001)
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(Marigo et al. 2001)

160 P. Marigo et al.: Zero-metallicity stars. I.

Fig. 5. Evolution of core convection during central H-burning
for a few selected models with masses (in M⊙) as indicated

CC93) and, at even lower Z, of the higher temperatures
reached in the centre when H-shell burning mainly occurs
via the p-p reactions (as is the case for the Z = 0 models).

Concerning Mup, its trend is not monotonic as it first
decreases with metallicity, reaches a minimum, and finally
increases again up to >∼7 M⊙−8 M⊙ when Z = 0. This be-
haviour is essentially controlled by the mass of the He-core
left at the end of the MS. For CNO-dominated H-burning,
lower metallicities correspond to more concentrated en-
ergy sources and larger convective cores, which explains
the initial decrease of Mup. As soon as the energy contri-
bution from the p-p reactions becomes competitive with
the CNO cycle, the central burning regions on the MS are
more extended, while the sizes of the convective cores tend
to be smaller. This explains the presence of the minimum
and the subsequent increase of Mup at decreasing Z.

Both behaviours of MHeF and Mup are in agreement
with the results of CC93. Their larger values of MHeF and
Mup at given metallicity essentially reflect the different
treatment of convective boundaries (i.e. Schwarzschild cri-
terion) with respect to ours (i.e. overshoot scheme; see
Sect. 4).

5.7. Growth of core convection during the He-burning
phase

Another remarkable evolutionary feature is found in stars
with masses M ∼ 1.2–2.5 M⊙, and M >∼ 30 M⊙. During
the central He-burning phase, the outer boundary of the
core overshooting zone is located very close to the bottom
of the H-burning shell.

Initially, we found that, if the convective core was left
to grow, it eventually reaches the H-shell and engulfs some
H-rich material, which is rapidly burnt in the core via the

Fig. 6. Critical masses MHeF and Mup as a function of the
metallicity according to the predictions of Girardi et al. (2000)
for values of Z ̸= 0, and those presently derived for Z = 0. The
results of Cassisi & Castellani (1993; and references therein)
are shown for comparison

CNO cycle. This causes a flash that expands the core,
so that central He-burning weakens and the convective
core recedes temporarily (in mass). After the flash has
occurred, the convective core starts growing again, possi-
bly approaching the bottom of the H-shell. This leads to
quasi-periodic H-flashes, the related growth/recession of
the core resembling some sort of breathing convection.

However, this picture is likely to be physically unsound
because of the treatment adopted in the evolution code.
In fact, the H-flash is caused by the fact that the engulfed
hydrogen is first mixed throughout the convective core,
and then burnt according to nuclear reaction rates which
are mass-averaged all over the convective layers. This pro-
cedure is a good approximation as long as the convective
lifetimes are shorter than the nuclear lifetimes, which is
usually the case for CNO-burning occurring in “ordinary”
conditions.

But at the very high temperatures (∼108 K) reached
at the bottom the H-burning shell, the nuclear lifetimes in-
volved in the CNO cycle (on the order of hours, days) can
be comparable or even shorter than the typical convective
timescales (on the order of months). Under these condi-
tions, a correct approach would require a time-dependent
solution scheme which couples simultaneously nucleosyn-
thesis and mixing (see e.g. Schlattl et al. 2001).

Leaving the full analysis of this point to a future in-
vestigation, we make the reasonable assumption in the
present study that hydrogen burns locally at the bottom
of the H-shell, before a complete mixing by core convection
can occur. Technically, this translates into the condition
that the maximum allowed extension of core convection is
set by the bottom of the H-burning shell.

H and He burnings in Z=0 Stars

pp-chain

3α + CNO cycle

Evolution on convective core during H burning

stellar mass
pp-chain is not effective
  for M > 20 M! stars.
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HR diagram of Z=0 Stars
158 P. Marigo et al.: Zero-metallicity stars. I.

Fig. 2. Zero-metal evolutionary tracks (solid
lines) for selected initial masses (in M⊙) as in-
dicated. The evolutionary track of the (1M⊙,
Z = 0.004) model, calculated by Girardi et al.
(2000), is also shown for comparison (dotted
line)

Fig. 3. Evolution of central conditions (i.e.
density and temperature) for the whole set of
Z = 0 models. Approximate relations are used
to determine the boundaries (thick straight
lines) of the regions in which the equation of
state is expected to be dominated by differ-
ent pressure components, i.e. degenerate gas,
perfect gas, and radiation pressure. Labelled
lines indicate point loci as a function of the
stellar mass corresponding to the onset of cen-
tral H-burning (a); onset of the 3-α reaction
and hence the CNO-cycle (b); end of core H-
burning (c); onset of central He-burning (d);
end of core He-burning (e); energy balance (f)
between carbon burning and neutrino losses
(ϵc = ϵν). A few values of the initial stellar
masses are indicated (in M⊙)

158 P. Marigo et al.: Zero-metallicity stars. I.

Fig. 2. Zero-metal evolutionary tracks (solid
lines) for selected initial masses (in M⊙) as in-
dicated. The evolutionary track of the (1M⊙,
Z = 0.004) model, calculated by Girardi et al.
(2000), is also shown for comparison (dotted
line)

Fig. 3. Evolution of central conditions (i.e.
density and temperature) for the whole set of
Z = 0 models. Approximate relations are used
to determine the boundaries (thick straight
lines) of the regions in which the equation of
state is expected to be dominated by differ-
ent pressure components, i.e. degenerate gas,
perfect gas, and radiation pressure. Labelled
lines indicate point loci as a function of the
stellar mass corresponding to the onset of cen-
tral H-burning (a); onset of the 3-α reaction
and hence the CNO-cycle (b); end of core H-
burning (c); onset of central He-burning (d);
end of core He-burning (e); energy balance (f)
between carbon burning and neutrino losses
(ϵc = ϵν). A few values of the initial stellar
masses are indicated (in M⊙)

(Marigo et al. 2001)
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Effect of Rotation
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Effect of Rotation
688 S. Ekström et al.: Effects of rotation on the evolution of primordial stars

Fig. 1. Evolution of Z = 0 models (with rotation: solid lines; without rotation: dotted lines). Left: Hertzsprung Russell diagram. The grey area shows
the zone of the diagram where He burns in the core of the rotating models. Right: central temperature vs. central density diagram. The ignition of
the different burning stages are given for the rotating models. The grey area indicates the zone of the diagram where the pair-creation instability
occurs. The dashed grey line shows the locus of the points where the perfect gas pressure is equal to the completely-degenerate non-relativistic
pressure.

We see that this expression depends also on the Eddington factor
Γ = L/LEdd = κL/(4πcGM) where κ is the electron-scattering
opacity.

Moreover, there is another situation in which the models can
lose mass: it is when the external layers of the star reach the
critical velocity. The over-critical layers are no longer bound to
the star, although it is not yet clear whether they are expelled
in the interstellar medium or remain in the surroundings, per-
haps in the form of a disc. However, the removal of these layers
brings the surface back to sub-critical velocity until the evolu-
tion of the star accelerates it again. In the present calculation,
as in Meynet et al. (2006), once the model reaches the break-up
limit, we adapted the mass loss rate to keep the surface just under
the critical velocity. This treatment was applied to all the models
except the 9 M⊙, which never reached the critical limit.

3. Evolution

3.1. Hertzsprung Russell diagram and central conditions

In the left panel of Fig. 1, we present the Hertzsprung Russell
diagram (HRD) of our rotating and non-rotating models, and in
the right panel, their tracks in the log Tc− logρc diagram. We no-
tice the expected characteristics of rotating models: the ZAMS is
shifted towards lower effective temperature and luminosity with
respect to the non-rotating case3. Then, when the evolution pro-
ceeds, the tracks become more luminous, and the main-sequence
turn-off is shifted to cooler temperature: the core of the rotating
models is refuelled by fresh H brought by the mixing. It thus
grows, leading to an enhancement of the luminosity.

The 9 and 15 M⊙ models are powered only by pp-chains
when they arrive on the ZAMS and thus they continue their
3 This shift is due to the sustaining effect of the rotation: the gravity is
counter-balanced both by the gas pressure and the centrifugal force in
such a way that the star behaves like a lower mass one.

initial contraction. It is only when they have produced a suf-
ficient amount of carbon through the 3α reaction (about 10−12

in mass fraction) that the CNO cycle can start, drawing a hook
in the log Tc − log ρc diagram. The onset of the CNO cycle in
these models can also be seen in the HRD: their tracks evolve
towards the blue side of the diagram, until the energy provided
by the CNO cycle stops the contraction and bends the tracks
back into the usual MS feature. In the rotating 9 M⊙ model, this
happens at an age of 12.2 Myr (when the central H mass fraction
is Xc = 0.439) while in the non-rotating one it happens a little
earlier, at an age of 10.9 Myr (but at a similar burning stage:
Xc = 0.439). In the case of the non-rotating 15 M⊙ model, it
happens after merely 1.5 Myr (Xc = 0.695), while it takes 2 Myr
(Xc = 0.677) in the case of the rotating one. Marigo et al. (2001)
find that the mass limit for CNO ignition to occur on the ZAMS
is 20 M⊙. Our results are consistent with that limit.

After central H exhaustion, the core He-burning phase
(CHeB) starts right away: the core was already hot enough to
burn a little He during the MS so it does not need to contract
much further. The transition between core H burning and He
burning is smooth because the model is continuously sustained
by central nuclear burning. This prevents the models from start-
ing a redward evolution, so they remain in the blue part of the
HRD at the beginning of CHeB. The H-burning shell is powered
only by pp-chains and remains radiative. The main part of the
luminosity is provided by the core (see in Fig. 2 left, the case of
the rotating 15 M⊙ model). Something particular happens to the
rotating models during the CHeB phase: because of rotational
mixing, some carbon produced in the core is diffused towards the
H-burning shell, allowing a sudden ignition of the CNO cycle in
the shell. This boost of the shell leads to a retraction of the con-
vective core and a decrease of the luminosity. At the same time, it
transforms the quiet radiative H-burning shell into an active con-
vective one (see Fig. 2 centre). Later, the model takes the struc-
ture of a higher metallicity one: a convective He-burning core,

The Astrophysical Journal, 794:40 (17pp), 2014 October 10 Takahashi, Umeda, & Yoshida

Figure 10. Nuclear chart with arrows showing fast reactions at a particular time, t ∼ 8.24 × 1013 s. Reactions at the base of the hydrogen-burning shell of the
nonrotating 140 M⊙ model are shown. Presented boxes correspond to different isotopes included in the reaction network, x- and y-axes show neutron and proton
numbers, respectively, colors show the mass fraction of each isotope, and red squares are for stable isotopes. Three different sizes of arrows show different magnitudes
of fluxes normalized by the fastest reaction. Black arrows correspond to thermonuclear reactions, while red arrows correspond to reactions involving weak interactions.
(A color version of this figure is available in the online journal.)
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hydrogen-burning shell by rotationally induced mixing. How-
ever, sodium and aluminum production by these proton capture
reactions is much less effective than the n-capture processes
explained above.
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Figure 12. H-R diagram of 12–140 M⊙, nonrotating (red solid lines) and rotating
(green dashed lines) models. Red squares show the end points for nonrotating
models, and green circles show those of rotating models.
(A color version of this figure is available in the online journal.)

Both the production ratios of sodium and aluminum have very
similar dependence on the initial mass. For less massive stars
of !40 M⊙, these production ratios show steep increase with
the initial mass. There is a plateau in the range from 40 M⊙ to
80 M⊙. And these odd elements are less produced in the most
massive stars of "100 M⊙. These trends in the initial mass are

10

HR-diagram

(Ekström et al. 2008)

(Takahashi et al. 2014)

non-rotating
rotating

500 km/s

800 km/s

800 km/s

210 km/s

270 km/s

S.-C. Yoon et al.: Evolution of massive Population III stars with rotationand magnetic fields

Fig. 1. Evolution of the models in the HR diagram for 10, 15, 20, 30, 60 and 100 M⊙. Evolutionary tracks for different initial rotational velocities
at a given initial mass are given in each panel as indicated by the labels. The end points of core hydrogen burning and core helium burning are
marked by an square and a cross, respectively, on each evolutionary track.

is larger: ∼0.3 HP and 0.2 HP are used in Marigo et al. and
Ekström et al., respectively, while 0.335 HP in the present study.
The larger overshooting parameter also has an impact on the size
of the stellar core and the evolutionary time. For example, the
main sequence lifetime (τH) and the helium core size (MHe−Core)
of our non-rotating 200 M⊙ model are 2.40 Myr and 114 M⊙,
respectively, (see Table 2), compared to 2.27 Myr and 102 M⊙
in Ekström et al.

Rotating models start at lower surface temperature and lu-
minosity in the HR diagram for larger vinit/vK, reflecting the ef-
fect of the centrifugal force on the stellar structure. Rotationally
induced mixing, on the other hand, tends to increase the size
of the convective core and the surface helium abundance. The

latter effect becomes dominant as the star evolves, leading to
higher luminosity and higher surface temperature than those in
the corresponding non-rotating models, for most of the time on
the main sequence. The evolutionary time also becomes system-
atically longer for higher initial rotational velocity because of the
larger convective core. The central temperature is initially lower
for higher initial rotational velocity because of the effect of the
centrifugal force, but becomes higher already in the early phase
of core hydrogen burning than those in a corresponding lower
velocity model, as the convective core becomes larger in the ro-
tating models due to rotationally induced chemical mixing. For
instance, the center of the 100 M⊙ star enters the pair instability
regime for vinit/vK = 0.6, while it does not in the corresponding

A113, page 7 of 29

(Yoon et al. 2012)

184 km/s
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Effect of Rotation

Transport of CNO elements in He core to H shell by rotational mixing
N production by CNO cycle in H shell 

The Astrophysical Journal, 794:40 (17pp), 2014 October 10 Takahashi, Umeda, & Yoshida
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Figure 2. Same as Figure 1, but for 20 M⊙ models. For the nonrotating model, MCO and ∆MHe are 5.730 M⊙ and 0.126 M⊙, while for the rotating model, these
values become 6.191 M⊙ and 1.628 M⊙. For the nonrotating model, a large mass fraction of hydrogen in the helium layer results from proton ingestion during core
carbon-burning phase.
(A color version of this figure is available in the online journal.)
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Figure 3. Same as Figure 1, but for 80 M⊙ models. For the nonrotating model, MCO and ∆MHe are 33.81 M⊙ and 3.674 M⊙, while for the rotating model, these values
become 42.48 M⊙ and 3.823 M⊙.
(A color version of this figure is available in the online journal.)

in the silicon production ratio, shown in Figure 8. Based on the
trend in the initial mass dependence, the pattern of the produced
alpha elements can be used as a probe of the progenitor’s initial
mass.

3.3. Calcium

Figure 9 shows the production ratio of calcium. For rotating
models, only the two most massive models of 120 M⊙ and
140 M⊙ show the enhancement. It is fast alpha capture reactions
at the base of the helium layer that synthesize calcium in these
rotating models. In this small region, other alpha elements of
28Si, 32S, and 36Ar are also produced, and by (α, p) reactions
on these alpha elements, some odd species of 31P, 35Cl, and
39K are synthesized as well. For nonrotating models, abundant

calcium production occurs for stars of !80 M⊙. Interestingly, a
totally different nuclear process accounts for the production in
nonrotating cases.

The calcium production in nonrotating models is attributed to
proton capture reactions in a hydrogen-burning shell. Similar to
helium shell burning, the temperature of the hydrogen-burning
shell increases as the core of the star contracts. If the base
temperature gets high enough, breakout reactions from the CNO
cycle take place (Wiescher et al. 1999). These reactions occur
at the base of the hydrogen envelope of nonrotating !80 M⊙
models in our calculation, resulting in production of proton-
rich isotopes, including 40Ca. Figure 10 shows how the reaction
goes in the nonrotating 140 M⊙ model after the central carbon-
burning phase. Since the model has the largest initial mass in

7

Nucleosynthesis through strong H shell and He burnings

(Takahashi et al. 2014)

N

N

Na

Al

Na and Al produced from 22Ne

80 M! star
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Effect of Rotation

Proton ingestion to He shell in C-core burning

MN ~ 10-4 - 0.1 M! in rotating models for Ekström+08, Takahashi+14
Rotating models in Yoon+12 indicate less N enhancement.

N production in non-rotating ~20 M! models

The Astrophysical Journal, 794:40 (17pp), 2014 October 10 Takahashi, Umeda, & Yoshida

Figure 10. Nuclear chart with arrows showing fast reactions at a particular time, t ∼ 8.24 × 1013 s. Reactions at the base of the hydrogen-burning shell of the
nonrotating 140 M⊙ model are shown. Presented boxes correspond to different isotopes included in the reaction network, x- and y-axes show neutron and proton
numbers, respectively, colors show the mass fraction of each isotope, and red squares are for stable isotopes. Three different sizes of arrows show different magnitudes
of fluxes normalized by the fastest reaction. Black arrows correspond to thermonuclear reactions, while red arrows correspond to reactions involving weak interactions.
(A color version of this figure is available in the online journal.)
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hydrogen-burning shell by rotationally induced mixing. How-
ever, sodium and aluminum production by these proton capture
reactions is much less effective than the n-capture processes
explained above.
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Both the production ratios of sodium and aluminum have very
similar dependence on the initial mass. For less massive stars
of !40 M⊙, these production ratios show steep increase with
the initial mass. There is a plateau in the range from 40 M⊙ to
80 M⊙. And these odd elements are less produced in the most
massive stars of "100 M⊙. These trends in the initial mass are

10

Nitrogen production is rotating Pop. III stars

(Takahashi et al. 2014)
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due to the temperature dependence of related nuclear reactions.
The lower production in less massive stars can be understood
as follows. The alpha capture by 22Ne requires a temperature
higher than ∼108.6 K; thus, less massive stars do not have a
sufficiently large flux of neutrons. In addition, less massive stars
do not have sufficiently abundant 24Mg as the seed element of
25Mg, since the alpha capture by 20Ne requires a temperature
higher than ∼108.7 K. This reduces aluminum production. On
the other hand, lower production in massive stars of !100 M⊙
is attributed to efficient destruction reactions. Alpha capture by
23Na reduces sodium production, and alpha captures by 25Mg
and 26Mg, seed elements of 27Al, reduce aluminum production.

In summary, a rotating model with an intermediate initial
mass of 30–80 M⊙ shows efficient production of sodium,
and a rotating model with an intermediate initial mass of
40–80 M⊙ shows efficient production of aluminum. Thus, these
odd elements are useful to support the existence of rotationally
induced mixing in the progenitor.

4. ABUNDANCE PROFILING OF HMP STARS

In this section, first the results of abundance profiling for
the three most iron-deficient stars are shown, and then model
comparisons with previous works are presented. The best-fit
models are listed in Table 3, showing initial masses and rota-
tional characteristics of models for each star. And in Table 4, the
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fin = 0.96 (blue short-dashed), nonrotating 70 M⊙ with fin = 0.97 (magenta
dotted), and nonrotating 80 M⊙ with fin = 0.98 (cyan dash-dotted). For the
definition of fin, see the text. A blue shadow shows the influence of changing
fin in the range of 0.92–1.00 for the 60 M⊙ model.
(A color version of this figure is available in the online journal.)

stellar yields of intermediate-mass elements are summarized. In
the following subsections, important characteristics of observed
abundance patterns and how the best-fit models are selected are
presented.

4.1. SMSS 0313–6708

SMSS 0313–6708 is the most iron-deficient star known so far.
Nondetection of iron has been reported by Keller et al. (2014),
and they estimate the upper limit of the iron abundance of
[Fe/H] < −7.1 (thus, strictly speaking, the star is not an
HMP star). Figure 15 shows the abundance pattern of observed
and fitted data for the star in terms of [X/H]. The observed
abundances and corresponding three-dimensional (3D) and non-
LTE corrections are taken from Keller et al. (2014). Selected
yield models are 50 M⊙ with fin = 0.97, 60 M⊙ with fin =
0.96, 70 M⊙ with fin = 0.97, and 80 M⊙ with fin = 0.98. Here
we define fin ≡ Min/MCO as the indicator of the depth of the
mass ejection. Each selected model is nonrotating. Labels of
yield models in the figure show their parameters. For example,
m50-nrot-0.97 means the yield of a nonrotating 50 M⊙ model
with fin = 0.97. The uncertainty range with different fin for
the 60 M⊙ model is shown as a blue shadow in the figure. The
range is chosen so that the observed upper limits of sodium and
aluminum are reproduced, and the values are fin = 0.92–1.00.

The star has small magnesium abundance compared with
carbon: [Mg/C] ∼ −2 for the one-dimensional (1D)-LTE value
and ∼−1 for the corrected value. Heavy massive models of
"100 M⊙ produce much magnesium in a helium layer and do
not reproduce the observation (Figure 16, 100 and 120 M⊙
models). On the other hand, the small production ratio of
magnesium can be explained by low-mass (12–40 M⊙) and
intermediate-mass (50–80 M⊙) models. For less massive stars,
the necessary amount of magnesium can be produced by the
inner carbon-burning layer, while magnesium production in a
helium layer can account for the ratio in the case of intermediate-
mass stars. Though sodium and aluminum have not yet been
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due to the temperature dependence of related nuclear reactions.
The lower production in less massive stars can be understood
as follows. The alpha capture by 22Ne requires a temperature
higher than ∼108.6 K; thus, less massive stars do not have a
sufficiently large flux of neutrons. In addition, less massive stars
do not have sufficiently abundant 24Mg as the seed element of
25Mg, since the alpha capture by 20Ne requires a temperature
higher than ∼108.7 K. This reduces aluminum production. On
the other hand, lower production in massive stars of !100 M⊙
is attributed to efficient destruction reactions. Alpha capture by
23Na reduces sodium production, and alpha captures by 25Mg
and 26Mg, seed elements of 27Al, reduce aluminum production.

In summary, a rotating model with an intermediate initial
mass of 30–80 M⊙ shows efficient production of sodium,
and a rotating model with an intermediate initial mass of
40–80 M⊙ shows efficient production of aluminum. Thus, these
odd elements are useful to support the existence of rotationally
induced mixing in the progenitor.

4. ABUNDANCE PROFILING OF HMP STARS

In this section, first the results of abundance profiling for
the three most iron-deficient stars are shown, and then model
comparisons with previous works are presented. The best-fit
models are listed in Table 3, showing initial masses and rota-
tional characteristics of models for each star. And in Table 4, the
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fin = 0.96 (blue short-dashed), nonrotating 70 M⊙ with fin = 0.97 (magenta
dotted), and nonrotating 80 M⊙ with fin = 0.98 (cyan dash-dotted). For the
definition of fin, see the text. A blue shadow shows the influence of changing
fin in the range of 0.92–1.00 for the 60 M⊙ model.
(A color version of this figure is available in the online journal.)

stellar yields of intermediate-mass elements are summarized. In
the following subsections, important characteristics of observed
abundance patterns and how the best-fit models are selected are
presented.

4.1. SMSS 0313–6708

SMSS 0313–6708 is the most iron-deficient star known so far.
Nondetection of iron has been reported by Keller et al. (2014),
and they estimate the upper limit of the iron abundance of
[Fe/H] < −7.1 (thus, strictly speaking, the star is not an
HMP star). Figure 15 shows the abundance pattern of observed
and fitted data for the star in terms of [X/H]. The observed
abundances and corresponding three-dimensional (3D) and non-
LTE corrections are taken from Keller et al. (2014). Selected
yield models are 50 M⊙ with fin = 0.97, 60 M⊙ with fin =
0.96, 70 M⊙ with fin = 0.97, and 80 M⊙ with fin = 0.98. Here
we define fin ≡ Min/MCO as the indicator of the depth of the
mass ejection. Each selected model is nonrotating. Labels of
yield models in the figure show their parameters. For example,
m50-nrot-0.97 means the yield of a nonrotating 50 M⊙ model
with fin = 0.97. The uncertainty range with different fin for
the 60 M⊙ model is shown as a blue shadow in the figure. The
range is chosen so that the observed upper limits of sodium and
aluminum are reproduced, and the values are fin = 0.92–1.00.

The star has small magnesium abundance compared with
carbon: [Mg/C] ∼ −2 for the one-dimensional (1D)-LTE value
and ∼−1 for the corrected value. Heavy massive models of
"100 M⊙ produce much magnesium in a helium layer and do
not reproduce the observation (Figure 16, 100 and 120 M⊙
models). On the other hand, the small production ratio of
magnesium can be explained by low-mass (12–40 M⊙) and
intermediate-mass (50–80 M⊙) models. For less massive stars,
the necessary amount of magnesium can be produced by the
inner carbon-burning layer, while magnesium production in a
helium layer can account for the ratio in the case of intermediate-
mass stars. Though sodium and aluminum have not yet been
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Na and Al

(Takahashi et al. 2014)

22Ne production: 14N(α,γ)18F(β+)18O(α,γ)22Ne
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Effect of Rotation
Chemically homogeneous evolution (CHE)

(Yoon et al. 2012)
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Effect of Rotation
Chemically homogeneous evolution (CHE)

(Yoon et al. 2012)

HR diagram for 20 M! models

CHE

S.-C. Yoon et al.: Evolution of massive Population III stars with rotationand magnetic fields

Fig. 1. Evolution of the models in the HR diagram for 10, 15, 20, 30, 60 and 100 M⊙. Evolutionary tracks for different initial rotational velocities
at a given initial mass are given in each panel as indicated by the labels. The end points of core hydrogen burning and core helium burning are
marked by an square and a cross, respectively, on each evolutionary track.

is larger: ∼0.3 HP and 0.2 HP are used in Marigo et al. and
Ekström et al., respectively, while 0.335 HP in the present study.
The larger overshooting parameter also has an impact on the size
of the stellar core and the evolutionary time. For example, the
main sequence lifetime (τH) and the helium core size (MHe−Core)
of our non-rotating 200 M⊙ model are 2.40 Myr and 114 M⊙,
respectively, (see Table 2), compared to 2.27 Myr and 102 M⊙
in Ekström et al.

Rotating models start at lower surface temperature and lu-
minosity in the HR diagram for larger vinit/vK, reflecting the ef-
fect of the centrifugal force on the stellar structure. Rotationally
induced mixing, on the other hand, tends to increase the size
of the convective core and the surface helium abundance. The

latter effect becomes dominant as the star evolves, leading to
higher luminosity and higher surface temperature than those in
the corresponding non-rotating models, for most of the time on
the main sequence. The evolutionary time also becomes system-
atically longer for higher initial rotational velocity because of the
larger convective core. The central temperature is initially lower
for higher initial rotational velocity because of the effect of the
centrifugal force, but becomes higher already in the early phase
of core hydrogen burning than those in a corresponding lower
velocity model, as the convective core becomes larger in the ro-
tating models due to rotationally induced chemical mixing. For
instance, the center of the 100 M⊙ star enters the pair instability
regime for vinit/vK = 0.6, while it does not in the corresponding

A113, page 7 of 29
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Effect of Rotation
Final fates (Yoon et al. 2012)S.-C. Yoon et al.: Evolution of massive Population III stars with rotationand magnetic fields
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Fig. 12. Phase diagram for the final fates of massive Pop III stars, in the plane of the mass and the fraction of the Keplerian value of the equatorial
rotational velocity on the zero-age main sequence. The dotted line denotes the limit above which the rotational velocity at the surface would
exceed the critical rotation velocity (vcrit in Eq. (2)). The thick solid line marks the boundary between the regimes for the chemically homogeneous
evolution (CHE), and the non-CHE evolution (normal evolution or transitionary evolution; see Sect. 3). The regions for different final fates are
divided by thin solid lines. Each acronym has the following meaning. SN IIP: Type IIP supernova, NS: neutron star, BH: black hole, SN II: type II
supernova, PISN: pair-instability supernova, Puls. PISN: pulsational pair-instability supernova, GRB: gamma-ray bursts, HN: hypernova, SNIbc:
type Ib or Ic supernova.

(see Sect. 6 for more detailed explanation on the figure). Our re-
sults indicate that CHE would not occur for MZAMS <∼ 13 M⊙
and MZAMS >∼ 190 M⊙. The limiting rotational velocity for CHE
continuously decreases from MZAMS = 13 M⊙ to about 60 M⊙,
and rapidly increases from about 150 M⊙ until it reaches the for-
bidden region at MZAMS ≃ 190 M⊙. The mass dependency of the
limiting vZAMS for CHE can be understood as follows.

In our models, chemical mixing is dominated by Eddington-
Sweet (ES) circulations. According to Kippenhahn (1974), who
we follow for the prescription of ES circulations in our models,
the circulation velocity in a radiative region is given as

ve :=
(
ωr

ωK,r

)2

ve,K,

where

ve,K :=
∇ad

δ(∇ad − ∇)
Lr

GMr

(
2(ϵn + ϵν)r2

Lr
− 2r2

Mr
− 3

4πρr

)
· (5)

Here ωr is the angular velocity at a radius r, ωK,r the local
Keplerian value, ϵn the nuclear energy generation rate, ϵν the

energy loss rate due to neutrino emission, and Lr the local lu-
minosity. The other symbols have their usual meaning. Note that
ve becomes ve,K when ωr = ωK,r.

The chemical stratification tends to slow down the circula-
tion velocity, and a correction is made for the actual circulation
velocity in our models (Heger et al. 2000):

vES = max (|ve| − |vµ|, 0), (6)

where

vµ :=
HP

τKH,r

φ∇µ
δ(∇ − ∇ad)

· (7)

Here τKH,r is the local Kelvin-Helmoltz time-scale at a radius r.
For the discussion below, we define three different time

scales:

τES,K :=
∫

Mrad

r
ve,K

dMr/Mrad, (8)

τES,0 :=
∫

Mrad

r
ve

dMr/Mrad, (9)
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Pair Instability SNe
e-e+ pair production after C burning

(Takahashi et al. 2016)

Energy generation rates and PISN 1325

Figure 1. Evolution of the case A zero metallicity models having initial
masses of 160 M⊙ (red), 240 M⊙ (blue), and 280 M⊙ (Magenta) in
a central density–temperature plane. The evolution and the hydrodynamic
codes are switched at the points of log Tc ∼ 9.1 indicated in the figure.

Figure 2. Evolution of the total energy during the explosion. Selected
models are 145, 160, 180, 200, 220, 240, 260, and 280 M⊙ case A zero
metallicity models.

This figure provides concise information about what kind of reac-
tions affect the evolution of these stars. The green line shows the
boundary of the adiabatic index γ ≤ 4/3. This reduction of γ is due
to electron−positron pair creation, which transforms the thermal
part of the internal energy to the rest mass, resulting in pressure
decrease. Therefore, as the stellar centre enters into the domain, the
evolution time-scale becomes shorter and shorter. The core contrac-
tion induces temperature increase. After core carbon burning, neon
starts to burn as the central temperature reaches log Tc ∼ 9.3. Since
neutrino cooling becomes active at that moment, heating by neon
burning has a small effect on the evolution, and the core continues
to contract. On the other hand, subsequent oxygen burning more
effectively heats the core. After the ignition of oxygen at log Tc ∼
9.5, the two less massive models explode, while the most massive
280 M⊙ model collapses.

In Fig. 2, the evolution of the non-relativistic total energy
as a function of the central temperature is shown for selected
case A zero metallicity models. The total energy is defined as∫

( 1
2 U 2 + etherm+pair − GMb

r
)dMb , where U is the radial velocity

of the gas. This figure clearly shows that two reactions are responsi-
ble for determination of the fate of a contracting very massive star.
The first reaction is oxygen burning, which ignites when the cen-
tral temperature becomes log Tc = 9.5. If oxygen burning supplies
enough energy to invert the core motion, the core starts to expand,

resulting in an explosion as a PISN. However, when the central tem-
perature reaches log Tc = 9.75, the total energy starts to decrease.
This is due to photodissociation reaction. This reaction, similar to
the pair creation reaction, transforms the thermal energy to the rest
mass and reduces the pressure. If destabilization by central photo
dissociation overcomes the energy inputs by surrounding oxygen
burning, the star collapses and forms a black hole. Therefore, change
of the fate can be seen through the difference among the maximum
temperatures reached during the explosion for different cores. Our
calculation shows that log Tc = 9.8 is the maximum temperature
for a CO core to invert the motion.

Explosion properties are well correlated with the CO core mass,
rather than the initial mass. For case A zero metallicity explosions,
the explosion energy as well as the yields of representative isotopes
are summarized as functions of the CO core mass in Fig. 3. The
explosion energy is roughly proportional to the CO core mass. On
the other hand, the yields of isotopes have more complicated de-
pendence. Isotopes are divided into three groups. The first group
is hydrostatic burning products: lighter elements than magnesium.
Their yields weakly depend on the CO core mass. The second group
is oxygen burning products, which consist of isotopes heavier than
silicon and lighter than calcium. Their yields have a peak at the
intermediately massive CO core of ∼100 M⊙. This is because a
less massive CO core yields less massive oxygen burning products,
while a certain amount of oxygen burning products are processed
in a more massive core. The ratio of these yields are almost inde-
pendent from the CO core mass. The last group is silicon burning
products, and most of them are dominated by 56Ni. For less mas-
sive models, almost no 56Ni is produced by the explosion, since
the maximum temperatures during the explosion are too small to
burn oxygen burning products. Massive models, contrastingly, yield
large amount of 56Ni, because the major part of the material in the
high temperature central regions are transformed into 56Ni. Hence,
silicon burning products show a strong dependence on the CO core
mass.

4.2 Comparison between stars with the two metallicities

Stars with the two different metallicities develop different envelope
structures. Zero metallicity stars retain their envelopes during the
evolution, while 1/10 Z⊙ stars completely lose them. Table 2 shows
that this difference affects the fate of less massive stars of 120–
140 M⊙.

With a fixed initial mass, CO core masses and thus explosion en-
ergies are similar for stars with the two metallicities. A star with 1/10
Z⊙ is much easier to explode, because nothing interferes with the
expansion. In contrast, a zero metallicity star fails to explode with
the same explosion energy. For these stars, core expansion forms a
shock at the core surface. When the shock passes the core/envelope
boundary, the momentum and the kinetic energy of the core is
consumed to accelerate the envelope. As a result, the core stops
expanding and falls back into the centre. Resulting mass ranges of
PISN are, for case A calculations, Mini ∈ [145, 260] M⊙ for zero
metallicity stars and it shifts to Mini ∈ [120, 245] M⊙ for Z=1/10
Z⊙ stars. For case B calculations, Mini ∈ [145, 300] M⊙ for zero
metallicity and Mini ∈ [120, 275] M⊙ for 1/10 Z⊙.

4.3 Difference due to adopting different energy generation
rates

By neglecting the thermal part in the chemical potential, the ap-
proximate entropy expression applied to the case B calculations
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O and Si burnings for a very short time scale (~ a few minutes)
Pair instability supernova!

Dynamical evolution

Mass range
M ~ 145 - 260 M!

MHe ~ 64 - 133 M! (Heger & Woosley 2002)

(Takahashi et al. 2016)

Pulsational pair instability Eruptive mass loss
MHe ~ 40 - 64 M! (Heger & Woosley 2002)
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Yields of Pop. III Pair Instability SNe
No current observed metal-poor star matches with the PISN abundance.

(Takahashi et al. 2018)

[Na/Mg] ~ -1.5; [Ca/Mg] ~ 0.5 - 1.3
star thus will show a much higher [Ca/Mg] ratio than the other
normal MP stars.

6.2. Detailed Comparisons with Metal-poor Stars

In order to specify other characteristic abundance patterns of
PISN yields, more detailed comparisons with nonrotating PISN
model yields have been conducted for 72 MP stars. They are
summarized in Tables 5 and 6. Most (71 out of 72) of those MP
stars are selected according to the low [Al/Mg] and the high
[Si/Mg] ratios, which are inside the red box of ([Al/Mg],
[Si/Mg])= (0.2, −1.0)–(1.1, −1.5) shown in Figure 14. In
addition, the abundance pattern of SDSS J0018–0939 (Aoki
et al. 2014) is analyzed, which is characterized by the low
[α/Fe] ratios of [C, Mg, Si/Fe] and by the exceptionally small
[Co/Ni] ratio. Since the metallicity of the stars, [Fe/H], is not
utilized during the selection, the sample includes MP stars with
metallicity as large as −1.86. As most of the previous works
except for Aoki et al. (2014) have considered only EMP stars
of [Fe/H] −3 to compare with PISN yield patterns, this high
maximum metallicity characterizes the sample of this work.
Most of these relatively metal-rich stars will show the results
not of one-time but of multiple metal pollutions in their
abundances. However, the wide range in metallicity can be
rather adequate for comparison with PISN yields, as some
theoretical works suggest that the high metallicity of ∼10−3 Z:

is reachable by a one-shot PISN in the early universe due to the
large metal production (Karlsson et al. 2008; Greif et al. 2010).
As an example, the surface abundance pattern of #23, CS

22942−011, is shown in Figure 15. The observation is compared
with theoretical models of nonrotating PISN abundances. First of
all, as a confirmation of the earlier findings, the figure shows that
this MP star neither has the low [Na/Mg] nor the high [Ca/Mg]
to match the theory. In addition, the abundance ratios of
[Sc/Mg] and [Zn/Fe] are found to be informative. The observed
ratios of [Sc/Mg]=−0.49 and [Zn/Fe]=0.53 are higher
than theoretical predictions, indicating that the MP star is not a
PISN-MP star.
An advantage of using these abundance ratios is their good

accessibilities: [Sc/Mg] is obtained for 71 stars including one
star with an upper limit, and [Zn/Fe] is obtained for 66 stars
including 12 stars with an upper limit as well. Moreover,
theoretical predictions give low upper limits of [Sc/Mg]<
−0.75 and [Zn/Fe]<−1.51, while only nine stars in the
sample (#13, 20, 33, 34, 50, 58, 62, 67, and 69) have
[Sc/Mg]<−0.7, and all zinc-detected stars have [Zn/Fe]
higher than the theoretical limit. Therefore, these ratios can be
used as constraints similar to [Na/Mg], though the high
accessibilities may be owing to the high occupancy in the
sample of the observation using high-resolution spectroscopy at
the Magellan Telescopes (Roederer et al. 2014a, 2014b).

Figure 12. [Na/Mg] vs. [Fe/H] collected from the SAGA database. Stellar data are plotted by points. The typical errors of±0.2 dex for [Na/Mg] and±0.1 dex for
[Fe/H] are shown by the purple cross. The ranges of the theoretical yields by changing the initial mass are shown by the cyan and orange bands for the nonrotating
and nonmagnetic results, respectively.

15

The Astrophysical Journal, 857:111 (22pp), 2018 April 20 Takahashi, Yoshida, & Umeda

A note for the scandium abundance is that a Pop III CCSN
yield also fails to reproduce the observed value of [Sc/Fe]∼ 0
(e.g., Kobayashi et al. 2006). In other words, a normal CCSN
model produces an amount of scandium that is too low to
match the observation. Hence, the origin of scandium in MP
stars is somewhat uncertain, while the too small production of
scandium may be solved by considering the ejection of high-
entropy material in a jet-induced explosion (Tominaga 2009;
Tominaga et al. 2014). Nevertheless, the result that PISN
models yield too little scandium to explain observations is still
valid, because the theoretical prediction of PISN yields is
robust, thanks to the clear understanding of the explosion
mechanism.

6.3. SDSS J0018−0939

SDSS J0018−0939 is an MP main-sequence star with a
metallicity of [Fe/H]=−2.46 discovered by Aoki et al.
(2013). Aoki et al. (2014) further observed the distinctive
abundance pattern, which is characterized by the low [α/Fe]
ratios of [C/Fe, Mg/Fe, Si/Fe] and by the exceptionally small
[Co/Ni]=−0.68 ratio. Despite the star having relatively large
metallicity, they assumed that the star possesses primitive
chemical abundances based on the low abundances of the
neutron-rich elements, [Sr/Fe]<−1.8 and [Ba/Fe]<−1.3.
One explanation given in their work is a single nucleosynthesis
by a very massive star occurring in the early universe. They
compare two theoretical yields with observation in this manner:
a Pop III 1000Me CCSN model that exploded with

6.67 1053´ erg (Ohkubo et al. 2006) and a Pop III PISN
model with a 130Me He core (Umeda & Nomoto 2002), and
discuss that the low [C/Fe, Mg/Fe] and the low [Co/Ni] can
be explained by these very massive models.
A comparison between the stellar abundances of SDSS

J0018–0939 (Aoki et al. 2014) and the nonrotating PISN
abundances is made in Figure 16. The most important result in
this comparison is [Ca/Mg]= 0.43, which is smaller than the
theoretical lower limit of [Ca/Mg]>0.46. This result will
already exclude the possibility that this MP star is a PISN-MP
star. Considering the large uncertainties in both theoretical
modeling and observation, a PISN from the least massive
progenitor may be adequate to explain the small [Ca/Mg] ratio.
However, the large stellar abundances of the iron-peak
elements of [(Cr, Co, Ni)/Mg] are then totally inconsistent
with the theory, because the most massive progenitor is
required for the large abundances in contrast. Another
inconsistency is the higher abundance ratios of [(Na, Al, V)/
Mg] than in the theoretical models. From these results, we
conclude that the abundance pattern of SDSS J0018–0939 is
not compatible with PISN models.

7. Discussion and Conclusion

The existence of PISNe in the early universe, if confirmed,
can be a direct proof of not only the hydrodynamical instability
due to electron–positron pair production, which is a funda-
mental consequence in the theory of very massive star
evolution, but also the prediction of the initial mass function

Figure 13. Same as Figure 12 but for [Al/Mg] vs. [Ca/Mg]. The typical errors of±0.2 dex for [Al/Mg] and±0.1 dex for [Ca/Mg] are shown by the purple cross.
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No significant difference between rotating and nonrotating models.
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Evolution of Metal-Poor Stars

(Cassisi & Castellani 1993)
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Evolution of Z = 10-10 - 10-4 stars up to C ignition

Favoring red-ward evolution for higher Z massive stars

Similar Z dependence is also seen in Hirschi (2007).
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Z Dependence of Massive Star Evolution

Initial mass: 
  Mi = 8, 10, 13, 16, 20, 25, 32, 40, 50, 65, 80, 100, 125, 160 M!

Evolution of metal-poor massive stars up to central C-burning

Metallicity: Z = 1.41×(10-10, 10-8, 10-7, 10-6, 10-4)

Evolution from ZAMS until log TC = 9.0 [K]

HOngo Stellar Hydrodynamics Investigator (HOSHI) code (tentative)
Stellar evolution code:

Calibration of overshoot parameter: similar to Brott et al. (2011) 

No mass loss

(TY, Tanikawa, Kinugawa, Umeda, Takahashi, in prep.)
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Prel
imin

ary

HR diagram

Z = 1.41×10-4

Blue/yellow supergiant
10 < M < 50 M! stars
Z = 1.41×10-10

Z = 1.41×10-8 -> 1.41×10-6

Toward red supergiant

These models will be used 
  for population synthesis.
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Summary
Metal-free (Z=0) massive stars

pp chain and 3α+CNO cycle in H burning
Blue supergiants in ~ 10 - 50 M!

Effect of rotation
Favoring red-ward evolution 
Production of N and odd-Z elements in H shell burning

Massive stars with Z ≦ 10-4

Higher Z stars favor red-ward evolution for Z ~ 10-8 - 10-6

Pair instability SNe
Chemically homogeneous evolution

(depending on overshoot parameter)

No current observed metal-poor star having PISN abundance
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